1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Opin Chem Biol. Author manuscript; available in PMC 2023 March 22.

Published in final edited form as:
Curr Opin Chem Biol. 2022 December ; 71: 102224. doi:10.1016/j.cbpa.2022.102224.

-, HHS Public Access
«

Study of Spatiotemporal Regulation of Kinase Signaling using
Genetically Encodable Molecular Tools

Danielle L. Schmitt}:2, Sohum Mehtal, Jin Zhang134~
1Department of Pharmacology, University of California San Diego

2Department of Chemistry and Biochemistry, University of California Los Angeles
SDepartment of Bioengineering, University of California San Diego

4Department of Chemistry and Biochemistry, University of California San Diego

Abstract

Precise spatiotemporal organization and regulation of signal transduction networks is essential
for cellular response to internal and external cues. To understand how this biochemical activity
architecture impacts cellular function, many genetically encodable tools which regulate kinase
activity at a subcellular level have been developed. In this review, we highlight various types of
genetically encodable molecular tools, including tools to regulate endogenous kinase activity and
biorthogonal techniques to perturb kinase activity. Finally, we emphasize the use of these tools
alongside biosensors for kinase activity to measure and perturb kinase activity in real time for a
better understanding of the cellular biochemical activity architecture.

Introduction

Spatial organization of biochemical processes, including signal transduction networks,

is essential for proper cellular function. Compartmentation of signaling machinery by
membranes, organelles, and other discrete microdomains allows cells to encode specificity
within networks and ensure appropriate cellular responses [1,2]. Of particular importance to
these networks are protein kinases, which phosphorylate much of the proteome to regulate
cellular behavior [3]. Through subcellular compartmentation, cells can locally direct kinase
activity towards specific targets to achieve precise spatial and temporal control of signaling
and accurate signal decoding. Our understanding of compartmentalized kinase activity has
been expanded by genetically encoded fluorescent protein (FP)-based biosensors, which
provide a real-time view of kinase activity dynamics in live cells [4]. Most kinase biosensors
utilize a kinase-specific substrate and phosphoamino acid-binding domain (PAABD) as

the sensing unit, which are linked to one or more FPs as the reporting unit. Binding

of the PAABD to the phosphorylated substrate induces a conformational change that

alters the fluorescence of the associated FP(s), such as by modulating Forster Resonance
Energy Transfer (FRET) efficiency, increasing intensity, or shifting the excitation/emission
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wavelength. Alternatively, kinase translocation reporters (KTR) couple a substrate peptide
to nuclear localization (NLS) and export (NES) sequences and use nuclear-to-cytoplasmic
shuttling of an FP as a readout for kinase activity (see [4-6] for more detailed discussion

of biosensors). These versatile molecular tools are an adaptable platform for observing the
activities of a variety of kinases [5]. Notably, integration of subcellular targeting motifs
that function as “molecular zip codes” enables biosensors to selectively monitor local
kinase activities at discrete microdomains, including near organelle membranes and within
spatial gradients [1,7]. This approach has greatly informed our understanding of the precise
coordination of cellular events by biochemical activity architectures [7].

In addition to the detailed spatiotemporal readout of kinase activity offered by biosensors,
molecular tools that enable similarly precise manipulation of kinase activities promise to
further transform investigations into how compartmentalized signaling events regulate the
behavior and function in living cells while maintaining the native biochemical activity
architecture. For example, correlating the specific activation or inhibition of kinase activity
at one organelle with downstream cellular events would help illuminate the distinct impact
of local pools of kinase activity on cell function. Towards this end, great strides have

been made in designing and engineering various molecular tools to enable spatiotemporally
selective modulation of kinase activity. These include fully genetically encoded modulators
such as inhibitory peptides, intrabodies, and direct optogenetic regulation of kinases, as
well as genetically encodable chemical biology (i.e., chemogenetic) approaches. In this
review, we highlight recent advances and strategies for modulating kinase activity in real
time in single cells and emphasize the joint applicability of these tools with biosensors

to concurrently measure and perturb kinase activities within live cells and elucidate the
mechanisms underlying local kinase signaling.

Modulating endogenous kinases via genetically encoded binders

Genetically encoded binders are protein-based molecular tools that modulate the target
kinase via direct binding to achieve inhibition. Here, we describe several techniques and
designs which have been successfully deployed to regulate endogenous Kinase targets.

Genetically encoded inhibitory peptides

Within cells, kinase activity is often gated by substrate-like sequences found within

intrinsic regulatory domains or accessory proteins. These pseudosubstrates bind the catalytic
site and block phosphorylation of downstream substrates until upstream signals trigger

a conformational change to promote activation [8-11]. Endogenous inhibitory proteins

such as the protein kinase A (PKA) inhibitor (PKI) similarly utilize pseudosubtrates to
regulate signaling via competitive inhibition [12]. The high specificity and selectivity of
these peptides has inspired the development of genetically encoded inhibitory peptides,
often based on pseudosubstrates or actual substrate sequences, as a general strategy for
modulating local kinase signaling in living cells via targeted competitive inhibition. As
with biosensors, spatial selectivity is achieved using localization sequences to target distinct
subcellular compartments. This approach has been successfully utilized for over a decade to
dissect spatial signaling via localized inhibition of several kinases, including PKA [13-15],
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AMP-activated protein kinase (AMPK) [16,17], calcium-calmodulin kinase Il (CaMKII)
[18,19], myosin light chain kinase [15], and Akt [20]. Modifying inhibitory peptide designs
to incorporate chemically inducible dimerization (CID) or optogenetic switches can further
allow for temporally precise manipulation of kinase activity. For example, we previously
combined an AMPK-inhibitory peptide with CID to dynamically block mitochondrial
AMPK activity [16] (Fig 1a, i), while Murakoshi et a/ more recently deployed an optically
caged CaMKII inhibitory peptide to probe the timing of CaMKI|I activity during synaptic
plasticity [19] (Fig 1a, ii).

Intrabodies for regulating kinase activity

Tools to perturb kinase activity must have high specificity to achieve efficient target
modulation. Antibodies, typically produced by B cells for defense against extracellular
pathogens, are highly specific for their target antigens. Recently, antibodies engineered

for intracellular use (intracellular antibodies, or intrabodies) have been derived from single-
chain antibodies in camelids or cartilaginous fish (nanobodies) or from fibronectin type

I11 domains (monobodies) [21,22]. Rather than being secreted, intrabodies are retained
inside cells and can be engineered or evolved to recognize a wide range of intracellular
targets for a variety of applications [23]. Their versatility and specificity make intrabodies
an attractive option for genetically encoded perturbation of kinase signaling. Intrabodies
have been developed that bind substrate docking sites, interaction interfaces necessary for
activity, and regulatory sites [24-29]. Intrabodies can globally modulate kinase activity but
subcellular targeting using localization sequences enables spatially selective regulation of
kinase activity. For example, by locally inhibiting plasma membrane ERK using a targeted
ERK monobody binder [29], Keyes et a/were able to demonstrate that plasma membrane
ERK signaling regulates Racl GTPase activity to control cell morphology and membrane
protrusions (Fig 1b) [30].

Direct modulation of kinase activity

In contrast to inhibitory peptides and intrabodies, which modulate kinase activity by binding
to the kinase of interest, several methods have been developed that directly manipulate the
target kinase, either by regulating kinase localization or through allosteric modulation of
kinase activity. These approaches allow for activation and/or inhibition of kinase activity
for more precise tuning with minimal off-target effects. Here, we highlight techniques for
directly regulating kinase activity using chemo- and optogenetic approaches.

Regulation of kinase activity using chemically inducible dimerization

CID systems, such as the rapamycin-induced interaction between FK506 binding protein
(FKBP) and the FKBP-rapamycin binding (FRB) domain of mechanistic target of rapamycin
complex 1 (mTORC1) [31], have long been popular tools for modulating signaling networks
via the recruitment of regulatory or effector proteins [16,20,32,33]. More recently, Karginov
et al developed the RapR kinase system, wherein kinase activity is allosterically regulated
by rapamycin [34] (Fig 1c). In RapR, a small fragment of FKBP is inserted into a flexible
loop in the kinase catalytic domain near the active site, effectively disrupting the active site
conformation and preventing activity. Addition of rapamycin induces FKBP dimerization
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with FRB, which stabilizes the kinase active site, turning the kinase on. Initially applied to
focal adhesion kinase, RapR has been adapted to regulate multiple kinases, including Src
[35,36]. An alternative CID approach deployed by Diaz et a/ involves FKBP-FRB-driven
fragment complementation of a target kinase. Specifically, Abl kinase was split into two
fragments, with one half fused to FRB and the other to FKBP, such that rapamycin induced
FRB-FKBP dimerization reconstitutes full-length, active Abl [37]. This system was used to
characterize downstream targets of Abl. Deletion of an internal NLS in Abl sequestered
the kinase to the cytoplasm and allowed for interrogation of cytoplasmic-specific Abl
targets. As kinase domain folds are highly conserved [38], the authors were also able to
apply this technique to other kinases, yielding split Src and split Akt [37]. Importantly,
CID provides temporal control over kinase activity, as the kinase can only turn on in the
presence of rapamycin, providing a “window” of activity. While the FKBP-FRB system

is largely irreversible, alternative CID systems have been developed that could enable
reversible manipulation of kinase activity [39,40]. Although not utilized in these examples,
subcellular targeting of these tools via localization sequences can permit greater spatial
control, enabling allosteric, spatiotemporal regulation of kinase activity.

Optogenetic regulation of kinase activity

Optogenetic approaches to reversibly regulate kinase activity have great appeal due to

the high spatial and temporal precision that can be achieved. Kinase activity can be
spatially regulated by selectively illuminating specific cellular regions, while localization
sequences can also be added to optogenetic tools to achieve even greater selectivity.

Thus, many optogenetic approaches have been developed to directly regulate kinases

and their signaling cascades [41-43]. For example, the blue light-inducible interaction of
Arabidopsis cryptochrome 2 photosensor (CRY2PHR) with itself or its binding partner
cryptochrome-interacting basic helix-loop-helix (CIB1) [44] has been used to engineer light-
controlled fibroblast growth factor receptor (FGFR) and Src activation [45,46]. Optogenetic
switches can also be incorporated directly into a kinase backbone (Fig 1d). An approach
developed by Zhou et af uses the light-induced dissociation of an engineered Dronpa FP
pair (photodissociable dimeric Dronpa; pdDronpa) to reversibly cage and uncage kinase
activity [47]. pdDronpa monomers are inserted into flexible loops N- and C-terminal to the
kinase domain, such that dark-state pdDronpa dimerization sterically hinders the catalytic
site. pdDronpa is photo-dissociated by blue light to expose the catalytic site and activate
the kinase, which is reversed by violet light. pdDronpa was successfully used to regulate
the MAPK signaling cascade in single cells and /n vivo. Inspired by the RapR CID
system, Shaaya et a/ engineered their LightR system based on the insertion of a tandem
pair of vivid photoreceptor domains (VVD) from Neurospora crassa, which homodimerize
upon blue-light illumination, into a flexible region of a kinase catalytic domain [43].

In the dark, LightR is monomeric, which disrupts the catalytic domain conformation,
whereas homodimerization of LightR VVD under blue light restores the catalytic domain
to activate the kinase. LightR has been applied to control several kinases, including Src,
Abl, and BRAF. Liaunardy-Jopeace et a/ utilized an alternative approach, deploying non-
natural amino acids to enable optical control over the Src-family kinase LCK [41]. A
lysine critical to LCK enzymatic activity was replaced with a photocaged lysine, granting
selective stimulation of LCK activity. While incorporation of non-natural amino acids is
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experimentally challenging, they potentially offer a more universal avenue for optically
controlling kinase activity that relies less heavily on protein engineering.

Measuring and perturbing kinase activity in real time

Genetically encodable kinase modulators can be used with a variety of assays to study
kinase signaling and downstream impacts on cellular function. One exciting application

for these tools is combined monitoring of kinase activity dynamics using biosensors. This
approach enables concurrent observation and modulation of kinase activity in the same

cell. Such studies provide a unique and unparalleled view of compartmentalized signaling.
Furthermore, using modulators in conjunction with biosensors enables assessment of single-
cell kinase activity dynamics that could be missed using ensemble measurements. Here, we
highlight applications combining genetically encodable kinase modulators with biosensors,
emphasizing how pairing these tools enabled mechanistic investigation of spatiotemporal
kinase signaling.

Inhibitory peptides unravel the regulation of nuclear mTORCL1 activity

MTORCL is a key metabolic regulator which senses and responds to a variety of intra-

and extracellular cues, including growth factors, amino acids, and cellular energy status
[48]. While canonical mTORC1 signaling is associated with the lysosome, mTORC1

has been detected at many subcellular locations. Using targeted versions of a genetically
encoded mTORCL1 activity reporter, TORCAR, which consists of the mTORC1 substrate
elF4E binding protein 1 flanked by a cyan and yellow FP FRET pair [49], we were
previously able to measure growth factor-stimulated mTORCL activity at various subcellular
locations, including the nucleus. However, the mechanism(s) controlling this nuclear pool of
mTORC1 were unclear. Nuclear mTORC1 activity could be due to either nuclear trafficking
of active cytosolic mTORCL or direct activation of nuclear-resident mTORCL. To probe
these possibilities, we focused on Akt, which acts at multiple steps to promote growth
factor-stimulated mTORC1 activity [50]. We hypothesized that a nuclear pool of mMTORC1
would depend on nuclear Akt for activation and thus sought to selectively perturb nuclear
Akt activity. We developed Akt Substrate-based Tandem Occupancy Peptide Sponge (Akt-
STOPS) [20], a genetically encoded tool for location-specific Akt blockade, by fusing three
tandem Akt substrate sequences derived from FOXO1 to mCherry. Targeting Akt-STOPS

to the nucleus completely inhibited the growth factor-induced response measured using
nuclear TORCAR, suggesting /n situ regulation of nuclear mTORC1 activity by nuclear
Akt. Indeed, further mechanistic dissection revealed that nuclear Akt activity controls the
nuclear recruitment of an mMTORC1 subunit to enable mTORC1 activity (Fig 2a). Combined
subcellular application of both TORCAR and Akt-STOPS thus allowed us to precisely
interrogate mechanisms of local mMTORCL1 regulation.

Optogenetic ERK regulation unveils a role for ERK in regulating apoptosis

As ERK signaling regulates cellular growth and proliferation, how short- and long-term
ERK activity regulate cell behavior is an area of intense study. Previous studies using an
ERK biosensor to investigate long-term ERK signaling in starved epithelial monolayers
demonstrated that EGF treatment stimulated pulses of ERK activity over the course of
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days to regulate cell proliferation [51]. To better understand how these ERK activity

pulses impact cell behavior, Gagliardi et a/used ERK-KTR to examine ERK activity [52].
ERK-KTR contains the FP-tagged Elk1 ERK docking site fused to an NES and NLS

whose effectiveness is regulated by phosphorylation [53]. Using ERK-KTR in monolayers
of starved epithelial cells stimulated with EGF, Gagliardi et a/observed waves of ERK
activity that propagated outward from apoptotic cells. To identify the signaling events that
induce these ERK activity waves, as well as their functional impact on cell health, Gagliardi
et al used two optogenetic regulators, optoFGFR and optoRAF, to achieve growth factor-
independent control of ERK activity. optoFGFR consists of FGFR fused to CRY 2, where
blue-light-induced CRY 2 homodimerization induces FGFR dimerization, mimicking growth
factor stimulation [45]. optoRAF uses the blue-light-induced interaction of CRY2 and
plasma membrane-localized CIBN to recruit CRY2-tagged RAF to the plasma membrane
and initiate ERK signaling independent of receptors [54]. OptoFGFR and optoRAF induced
ERK activity pulses like those triggered by apoptotic cells, as visualized with ERK-KTR
(Fig 2b). When ERK activity was stimulated with optoFGFR or optoRAF frequently over
the course of hours, starvation-induced apoptosis was reduced, revealing a role for pulsatile
ERK activity in promoting cell survival. By combining optogenetic modulators for different
nodes of the ERK cascade with an ERK biosensor, these studies were able to demonstrate
that ERK activity, independent of growth factor signaling, is sufficient to protect against
apoptosis, illuminating the importance of ERK activity waves for cell growth and survival.

Future Perspectives

Genetically encodable modulators of kinase activity have allowed for investigation of
mechanisms and functional roles of protein kinases /7 situ. Key to the success of these

tools will be expanded application beyond a limited set of kinases. In this regard, further
development of inhibitory peptides based on substrate or pseudosubstrate designs, aided

by dedicated efforts to identify and characterize kinase substrate motifs [55], presents a
straightforward opportunity to engineer genetically encodable modulators targeting more of
the kinome [16,20]. Meanwhile, ongoing tool development efforts continue to yield new
strategies for regulating cellular behavior. For example, Yu et a/engineered the light-induced
dimerization of a split intrabody, which they used to modulate the activity of gelsolin

and B2-adrenergic receptor [56]. Other tools like peptide disrupters of kinase localization
allow for the determination of the impacts of spatial kinase activity by relocalizing kinases
[57-59]. We hope to see new approaches to modulate Kinase activity using genetically
encodable tools that take inspiration from these emerging designs, allowing for new
strategies to regulate kinase activity.

Here, we differentiated between perturbation of endogenous kinases, including the use

of binding peptides and intrabodies, and direct modulation of kinases, including the use

of chemo- and optogenetic approaches. Regulation of endogenous kinases allows for

kinase activity to be perturbed while still maintaining the biochemical activity architecture.
Alternatively, using an engineered kinase where activity is allosterically regulated by CID

or light allows for a biorthogonal approach to directly modulate and tune kinase activity
independent of typical signaling cues. Use of these tools rely on overexpression systems, but
as CRISPR/Cas9 gene editing becomes more accessible, knock-in of these tools will allow
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for regulation of cellular signaling without overexpression and maintain the integrity of the
cellular biochemical activity architecture.

In this review, we highlighted efforts to combine application of genetically encodable
modulators with genetically encoded biosensors to both observe and perturb kinase activity
inside the same cell. This multiplexed approach provides a unique and powerful perspective
on spatiotemporal regulation of cellular signaling and can be used to uncover mechanisms
responsible for precisely tuning kinase signaling that might otherwise be missed. While
many existing modulators, including inhibitory peptides, intrabodies, and CID systems are
well-suited for use with biosensors, optogenetic systems pose a greater challenge given
their wide reliance on blue light, which overlaps with the wavelengths used to visualize
many popular biosensor classes [60]. Nevertheless, optogenetic tools are highly attractive
for their high spatiotemporal precision. Better compatibility with biosensors could be
achieved through incorporation of red-shifted FPs into biosensors by taking inspiration
from red-shifted biosensors for small molecules [61,62], or by using recently developed
red-shifted optogenetic systems [65]. KTRs, whose readout involves only FP translocation,
are easily modified [52]. Ultimately, these efforts will enable a deeper understanding of the
mechanisms governing cellular signaling.
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Figure 1. Design of Genetically Encodable Molecular Tools.
A, Examples of competitive kinase inhibitory peptides. (i) AMPK inhibitory peptide is a

substrate that binds to the active site of AMPK, functioning as a competitive inhibitor. Local
inhibition of AMPK is accomplished through fusion of AMPK inhibitory peptide to FKBP
and a fluorescent protein for visualization. CFP-FRB targeted to the mitochondria recruits
the FKBP-fused inhibitor to the mitochondria upon the addition of rapamycin, resulting in
targeted inhibition of mitochondrial AMPK activity. (ii) A CaMKII pseudosubstrate, termed
autocamtide-2 inhibitory peptide, binds to the catalytic site of CaMKI|I, and functions as a
competitive inhibitor. For temporal inhibition of CaMKII, autocamtide-2 inhibitory peptide
was fused to the Ja helix of the LOV domain, which is caged in the absence of blue

light. Upon blue light irradiation, the autocamtide-2 inhibitory peptide is uncaged, and
competitively inhibits CaMKII.

B, ERK monobody binder is a monobody engineered from the fibronectin type 111 domain
to specifically bind the docking site on ERK, preventing ERK interaction with downstream
effectors, inhibiting ERK activity.

C, The RapR system achieves temporal regulation of kinase activity via chemically
inducible dimerization through the insertion of FKBP, which disrupts the kinase catalytic
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site. Addition of rapamycin recruits FRB, which binds to FKBP and relieves active site
inhibition, enabling kinase activity.

D, Optogenetic regulation of kinase activity by insertion of light-regulated domains into
kinases. (i) Kinases can be caged by the inclusion of a dimeric Dronpa within the catalytic
domain, where dimerization of Dronpa blocks kinase activity by sterically hindering the
active site. Illumination with blue light triggers Dronpa photodissociation and uncaging
of the kinase active site, which can be reversed by illumination with violet light. (ii) In
LightR, regulation of kinases by light is accomplished through insertion of tandem vivid
photoreceptors into the kinase domain backbone. In the dark state, the catalytic site is
disrupted, but illumination with blue light induces vivid homodimerization and restoration of
the catalytic site.
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Figure 2. Examples of measuring and perturbing kinase activity in real time
A, Using the FRET-based mTORC1 activity reporter TORCAR with local inhibition of Akt

using the genetically encoded Akt inhibitor, Akt-STOPS, it was found that nuclear Akt
signaling regulates nuclear mTORC1 activation through the recruitment of the mTORC1
subunit Raptor.

B, The ERK reporter, ERK KTR, was used to reveal that apoptotic cells induce ERK
activity waves in epithelial monolayers. Through optogenetic regulation of ERK activity
using OptoFGFR, it was found that these pulses of ERK activity enhance cell survival.
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