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Abstract

How cells muster a network of interlinking signaling pathways to faithfully convert diverse
external cues into specific functional outcomes remains a central question in biology. Through
their ability to convert dynamic biochemical activities into rapid and precise optical readouts,
genetically encoded fluorescent biosensors have become instrumental in unraveling the molecular
logic controlling the specificity of intracellular signaling. In this review, we discuss how the use
of genetically encoded fluorescent biosensors to visualize dynamic signaling events within their
native cellular context is shedding light on the different strategies employed by cells to organize
signaling activities into discrete compartments, or signaling microdomains, to ensure functional
specificity.

Keywords
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Introduction

Signaling pathways form the communications and information-processing network through
which cells dynamically sense and respond to their changing environment. This network
utilizes the often transient biochemical changes and interactions among a diverse yet finite
complement of signaling molecules, including cell surface receptors, second messengers,
and enzymatic effectors, to decipher various stimuli and encode the flow of information
within the intracellular space. Considering the substantial number of components and the
multitude of signaling events occurring in parallel in cells, signaling pathways must be
carefully coordinated in both space and time to achieve faithful and specific functional
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outcomes (1). Indeed, the spatial organization, or compartmentation, of the intracellular
signaling machinery was first proposed over 40 years ago to explain how specific stimuli
can elicit distinct responses despite engaging the same pathway (2, 3). Rather than

being homogeneously dispersed throughout the intracellular space, signaling molecules

can instead be differentially recruited to, as well as produced or activated within, discrete
subcellular locations. Close proximity and dynamic assembly promote efficient functional
interactions among the participating signaling molecules while also enabling flexible
regulation of their signaling strengths/period. This uneven distribution leads to the formation
of various “signaling microdomains” that can enhance signaling specificity to achieve
biological diversity within cells and organisms.

Although spatially organized signaling is not an entirely new concept, signaling
microdomains have historically been challenging to study due to their highly dynamic
nature and tight dependence on the cell’s native molecular environment, which are difficult
to capture or recapitulate in vitro using traditional biochemical approaches. In contrast,
genetically encoded optical tools such as fluorescent protein (FP)-based biosensors can

be nondestructively introduced into living cells, thereby maintaining the native cellular
context, and with the nanosecond timescales and submicron spatial resolution enabling
direct, real-time visualization of dynamic signaling events in situ with high spatial and
temporal precision. More detailed spatial information can also be obtained by co-opting
the cell’s intrinsic protein expression machinery to send biosensors to specific subcellular
addresses, such as through the incorporation of discrete localization tags, thereby enabling
selective observation of signaling dynamics at distinct locations in the cell. The ongoing
development and application of FP-based biosensors over the last few decades has thus had
a transformative impact on the study of signaling microdomains, offering an unparalleled
window into their properties and regulation that begins to reveal their true biological
significance.

In this review, we first provide an overview of the basic principles of FP-based biosensor
design and then discuss how biosensors are helping to advance our understanding of
signaling microdomains and their underlying regulatory mechanisms. Although there is still
no clear classification of signaling microdomains, for the purpose of discussion, we group
currently reported microdomains into three classes based on their assembly characteristics
according to current knowledge: 1) Membrane-delimited signaling microdomains, 2)
signaling microdomains established through regulatory “fences” and 3) microdomains
formed through the assembly of signaling molecules.

Genetically Encoded Fluorescent Biosensors

Fluorescence has long been recognized as a valuable tool to permit detailed examination
of molecular and cellular phenomena (4), and countless fluorescent probes of varying
designs have been generated throughout the past century. The advent of genetically
encoded fluorescent probes, facilitated by the cloning of green fluorescent protein (GFP)
and the systematic engineering of the FP superfamily at the turn of the millennium (5,
6), transformed the development of these molecular tools by enabling the construction
and delivery of optical probes using straightforward recombinant DNA techniques.
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Conceptually, the design of a fluorescent biosensor involves coupling a sensing unit that

can detect a given biochemical event to a reporting unit that is responsible for producing

the optical readout. In a genetically encoded, FP-based biosensor, the sensing unit is

often derived from endogenous cellular components (i.e., protein sequences) that natively
participate in the pathway of interest, while the reporting unit consists of one or more

FPs fused to the sensing unit, such that the signaling input to the sensing unit alters the
fluorescence output of the FP. Below, we illustrate these concepts by discussing several

key biosensor classes. A more extensive accounting of the multitude of biosensor designs,
targets, and fluorescence readouts that have been reported can be found in a recent review by
Eric Greenwald and coworkers (7), as well as online via our Fluorescent Biosensor Database
(biosensordb.ucsd.edu).

Passive reporters

Similar to the practice of using FPs to tag proteins of interest, many simple biosensor
designs utilize the reporting unit as a passive bystander, with the fluorescent signal merely
highlighting the presence or location of the sensing unit within the cell. Because FPs
generally adopt the intrinsic subcellular localization of the sensing unit, passive reporters
can likewise be used to “tag” signaling molecules that the sensing unit binds and localizes
to. For example, phosphoinositides, which are critical lipid messengers produced in cellular
membranes (8), engage in signaling through the binding of lipid-binding domains and
recruitment of effector proteins that contain these domains (9, 10). Thus, by fusing an

FP to one such lipid-binding domain, the production or depletion of these phospholipid
messengers can be visualized according to the translocation of the biosensor to or from
specific cellular membranes. Early applications include the work of Péter Varnai et al.

and Alexander Gray et al., who tagged the pleckstrin homology domains of PLCS8, Akt

and GRP1 with GFP to selectively monitor the dynamics of PI(4,5)P, and PI(3,4,5)P3
signaling (11, 12). One limitation of this translocation-based design is its dependence on
natively occurring protein domains to generate the sensing unit. Thus, in addition to the

use of endogenous proteins, various sensors are also being developed using nanobodies
(13), which are well-suited for visualizing signaling molecules in living cells owing to their
exquisite specificity, small size, high solubility, and stability. Potential uses of nanobodies to
probe signaling have been widely reported, including the dynamic tracking of endogenous
proteins (14-16), as well as the development of conformation-sensitive fluorescent reporters
that can selectively highlight the active forms of signaling proteins (17, 18). Another

recent innovation is the development of engineered sensing units that translocate to a
specific subcellular compartment upon sensing the biochemical event of interest, rather than
translocating to the signal itself, an approach that enables visualizing the activity of protein
kinases through biosensor translocation (19, 20).

Active reporters

Whereas the fluorophore in a passive reporter is not directly affected by the sensing unit,

an alternative design strategy involves actively coupling the fluorescence properties of the
reporting unit to the molecular state of the sensing unit, which takes the form of a molecular
switch that undergoes a conformational change in response to a target biochemical input.
The fluorophore of an active reporter is thus sensitized to the “on” and “off” states of
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the molecular switch. Depending on the specific configuration of the sensing and reporting
units, this can lead to modulation of FP photophysical characteristics including fluorescence
intensity, spectrum, lifetime and even photochromism, as a readout for signaling pathway
dynamics. The switch itself can be derived from the intrinsic conformational switches
present in many native proteins or engineered from isolated domains that are linked together.
Given the diversity of molecular switches and the variety of fluorescent readouts, active
reporters are by far the largest and most diverse class of FP-based biosensors, capable of
reporting on a wide range of signaling events.

Single-fluorophore biosensors—A straightforward approach to controlling FP
fluorescence is to integrate a molecular switch directly within the pB-can of a single FP,

as distortion of the FP structure by the switch conformation will alter the local environment
of the fluorophore. This process was initially demonstrated through the development of
genetically encoded calcium indicators (GECIs). Geoffrey Baird and coworkers generated
camgarool by inserting Xenopus laevis calmodulin (CaM) into EYFP, whereby the binding
of calcium ion (Ca2*) causes CaM to adopt a compact conformation that enhances
fluorescence intensity (21). Nagai et al. and Nakai et al. subsequently generated pericam
(22) and GCaMP (23) by inserting both CaM and the myosin light chain kinase-derived M13
peptide into circularly permuted YFP (cpYFP) and cpGFP respectively. Including the CaM-
binding M13 peptide enables a more robust conformational change in the presence of Ca2*.
This strategy has since been adapted to yield numerous other genetically encoded indicators
for visualizing membrane potential (24—-26), second messengers such as CAMP (27-30) and
cGMP (31, 32), metabolites (33, 34), neurotransmitters (35-37), and even protein kinase
activity (38). Though most of these sensors exhibit a change in FP fluorescence intensity

at a single wavelength in response to their specific signaling input, others in fact show a
spectral shift between two different wavelengths. For example, ratiometric pericam shifts
its preferred excitation wavelength from 415 nm to 495 nm upon calcium binding, and the
biosensor response is read out as the ratio of fluorescence intensity at these two wavelengths
(22). Similar excitation-ratiometric responses are observed with the GECls GEX-GECO1
and REX-GECOL1 (39) and the NADPH sensor iNap (40), as well as our recently developed
series of excitation-ratiometric Kinase activity reporters (ExRai-KARs) (38). Meanwhile,
another GECI, GEM-GECO1, shifts its emission wavelength from 450 nm to 510 nm upon
Ca?* binding (39). Though somewhat more technically demanding to measure, ratiometric
responses are advantageous for cancelling out some of the experimental variations that

can interfere with single-wavelength imaging (e.g., differences in probe expression, cell
thickness, or illumination intensity) (41).

Multi-FP biosensors: Along with engineered modulation of the fluorophore environment,
the fluorescence of an FP can also be affected by the presence of a second FP in close
proximity. Many sensors therefore take advantage of this design principle by incorporating

a pair of FPs as the reporting unit such that the molecular switch will alter the relative
distance and orientation between the FPs and hence the fluorescence readout. The most
widely utilized example of this approach are sensors based on Forster resonance energy
transfer (FRET). FRET is an electrodynamic phenomenon of radiationless energy transfer
from an excited-state donor fluorophore (e.g., FP) to a ground-state acceptor fluorophore via
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dipole-dipole coupling (42). In addition to depending on photophysical properties such as
donor quantum yield, acceptor extinction coefficient, and overlap between donor emission
and acceptor absorption spectra, FRET efficiency is exquisitely sensitive to the relative
distance and orientation between donor and acceptor (42, 43), making the FRET change
between an FP pair an excellent reporter of conformational changes within a molecular
switch.

The earliest FRET-based biosensors included the very first GECI. Specifically, while
working with Roger Tsien, Atsushi Miyawaki constructed the CaZ* indicator cameleon

by sandwiching a Ca2*-sensitive molecular switch consisting of CaM linked to the
aforementioned M13 peptide between the FRET pair of BFP and GFP (44). The

reversible binding of Ca2* to CaM induces the binding of CaM to M13, and the ensuing
conformational change in the molecular switch alters the proximity of the two FPs, and thus
the FRET efficiency between them. A subsequently improved version, yellow cameleon,
incorporated CFP and YFP as a much more efficient FRET pair (45) and became the
template for nearly all subsequent FRET-based biosensor designs. Numerous FRET-based
biosensors have since been developed to monitor the dynamics of other metal ions such

as zinc (46, 47) and intracellular messengers such as cAMP (48-50), cGMP (51-53), and
phosphoinositides (54-56). The dynamics of enzyme activity can also be revealed using
this approach. Many genetically encoded kinase activity reporters (KARs), for instance,
utilize an engineered molecular switch wherein the consensus phosphorylation sequence
for a specific kinase is linked to a phosphoamino acid-binding domain (PAABD) and
sandwiched between an FP pair. Phosphorylation of the peptide by the kinase of interest
triggers binding by the PAABD, resulting in a conformational change that can be captured
by FRET. Various FRET-based KARs have thus been generated for different kinases such
as PKA (57, 58), PKC (59, 60), PKB/Akt (61), ERK (62), Aurora kinase (63), and many
others (7). Similarly linking a given GTPase to the binding domain from an effector has
yielded numerous reporters for visualizing GTPase signaling dynamics in cells (64-66).
Because FRET induces reciprocal changes in the emission intensity of the acceptor and
donor FPs upon donor excitation, FRET biosensor responses are commonly read out as the
acceptor-to-donor emission ratio. However, FRET also affects other photophysical properties
of FPs that enable additional readout modalities. Notably, FRET decreases the lifetime (<) of
the donor FP excited state, which can be monitored via fluorescence lifetime imaging (67).
FRET also affects the polarization of emitted light following polarized excitation, which
can be measured using fluorescence anisotropy imaging. This phenomenon recently yielded
a family of fluorescence anisotropy reporters based on homoFRET, or FRET between two
spectrally identical fluorophores (60).

Signaling Microdomains llluminated by Fluorescent Biosensors

With their dynamic readout, adaptable designs, and non-invasive nature, genetically encoded
FP-based biosensors have proven to be ideal tools for tracking biochemical processes

within the native cellular context. The formation of signaling microdomains has long

been hypothesized to play a central role in the spatial regulation of intracellular signaling
networks, and decades of research using FP-based biosensors have yielded invaluable
insights into the mechanisms and functions of these minute signaling compartments. In this
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section, we discuss how the use of FP-based biosensors and live-cell imaging approaches
are illuminating the organizing principles that govern signaling microdomains and revealing
the molecular processes that define their various boundaries: 1) association with membrane-
delimited structures; 2) dynamic “fencing” by regulatory factors; and 3) assembly of multi-
component molecular complexes.

Membrane-delimited signaling microdomains

Microdomains formed by membranes—~Physical compartmentation of the cell
interior by various membrane structures imposes numerous layers of spatial control

over biochemical processes. Membrane-bound organelles, for instance, form functionally
specialized subcellular compartments with distinct regulatory landscapes that provide
various unique platforms for compartmentalizing the actions of signaling molecules, and
such spatial heterogeneity can be elucidated using FP-based biosensors.

For example, G-protein-coupled receptors (GPCRs) are known to mediate signaling from
the cell surface by regulating the production of second messengers such as CAMP. This
“canonical” GPCR signaling has long been thought to occur exclusively at the plasma
membrane (PM) and cease when receptors undergo clathrin-mediated endocytosis following
B-arrestin binding. However, parallel work by Davide Calebiro et al. and Sébastien
Ferrandon et al. called into question the conventional wisdom on canonical GPCR signaling
by using FRET-based cAMP indicators to show that internalized thyroid stimulating
hormone receptor (TSHR) (68) and parathyroid hormone receptor (PTHR) (69) remain
active and promote sustained cAMP signaling from the endosomal surface. In a subsequent
study, Roshanak Irannejad and colleagues directly examined the subcellular distribution

of beta2-adrenergic receptor (B2AR) activation using the nanobody-based translocation
sensor Nb80-GFP (17). This sensor, which selectively recognizes the active form of p2AR,
translocates from the cytosol to the PM upon isoproterenol stimulation of 2AR. However,
following prolonged stimulation, Nb80-GFP relocalizes to intracellular puncta containing
internalized, endosomal B2AR, elegantly highlighting the distinct phases of B2AR signaling
occurring in different organelles (17). In addition to endosomes, recent studies using FRET-
based cAMP indicators have detected internalized TSHR and B1AR signaling on the Golgi
membrane (70, 71), while the use of translocation-based sensors has also shown that Golgi-
localized B1AR activity induces a local signaling axis to direct Golgi P14P depletion (72).
Combined, these studies exemplify the rapidly evolving paradigm of spatial GPCR signaling
(73).

Subcellular targetability is a key feature of genetically encoded biosensors that can be

used to greatly enhance the spatial selectivity of biosensor-based studies. By localizing
FP-based biosensors to different cellular membranes, researchers have been able to explore
the distinct biochemical microenvironments that surround various organelles and reveal

that specific biochemical pathways can exhibit dramatically different subcellular activity
patterns (74-77). Recently, Xin Zhou and colleagues applied this strategy to investigate

the spatial regulation of mechanistic target of rapamycin (mTOR) complex 1 (mTORC1)
(78). The serine/threonine protein kinase mTORC1 serves as a central hub connecting
nutrient signaling and cell growth with a wide range of environmental inputs (79). Although
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MTORCL1 has been reported to associate with different subcellular compartments, the

role of such spatial compartmentation in regulating mTORC1 signaling is still quite

unclear. To address this question, Zhou et al. constructed a first-generation FRET-based
MTORC1 activity reporter (TORCAR) by sandwiching the translation initiation factor
4EBP1, a known mTORCL substrate, between CFP and YFP (78). Using subcellularly
targeted variants of TORCAR, they successfully detected local mMTORC1 activity in
different subcellular regions, including the nucleus, where the existence of mMTORC1
signaling remains controversial. Notably, the authors also observed differential regulation of
subcellular mTORC1 in response to different inputs, with growth factor stimulation inducing
mTORC1 activity throughout the cell while nutrient sensing selectively induced lysosomal
and nuclear mTORCL1 activity, providing important insights into the regulation of mMTORC1
signaling by membrane compartments.

Microdomains formed between membranes—While the compartmentalization of
biochemical processes within distinct membrane-bound organelles has obvious advantages
for organizing eukaryotic cellular functions, it also poses challenges for the coordinated
regulation of these activities, requiring mechanisms for inter-organelle communication.
Indeed, the established view of intracellular organelles as discrete, isolated entities is being
upended by an emerging reality that recasts organelles as dynamic, interactive bodies that
communicate through the close juxtaposition (e.g., 10-80 nm) of organelle membranes

to allow molecular exchange without direct organelle fusion (80, 81). Although these
membrane contact sites (MCSs) were initially observed by early electron microscopists
(82, 83), it wasn’t until the recent development of more advanced imaging tools, including
FP-based biosensors, that the unique molecular features and specialized signaling function
of these submembrane microdomains could begin to be elucidated.

Since MCSs are small in size and quite dynamic, directly targeting genetically encoded
biosensors to these sites is an ideal strategy to study these relatively transient microdomains
in the cellular context. For example, cardiac contraction is regulated by intracellular Ca2*
release within the dyad, a membrane subdomain formed between the sarcoplasmic reticulum
(SR) and sarcolemma (84). Given that whole-cell Ca2* transients associated with cardiac
excitation-contraction coupling represent the sum of roughly 104 Ca2* sparks within dyads,
Wei Shang and colleagues sought to investigate the dynamics and regulation of elemental
Ca?" release events within these MCSs by fusing GCaMP6f (85), a highly sensitive GECI
with fast kinetics and high affinity, to the dyad junctional proteins junctin 1 and triadin
(Figure 1) (86). Both targeted sensors co-localized with ryanodine receptors (RyRs) within
discrete puncta corresponding to dyadic clefts. These targeted sensors allowed the authors to
observe spontaneous “nanosparks” corresponding to rapid Ca2* transients from single dyads,
including the operation of distinct RyR clusters within a dyad (86). Nanosparks displayed
much higher amplitudes compared with global Ca?* elevations, directly highlighting the
distinct signaling environment formed within these microdomains. By faithfully recording
the timing of these Ca?* release events, this strategy should facilitate deeper investigation
into aberrant Ca2* dynamics in diseases associated with dyssynchronous Ca?* release, such
as heart failure and cardiac arrhythmia.
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Moo Yeol Lee and coworkers employed a similar strategy to investigate plasma membrane
and sarco/endoplasmic reticulum (S/ER) contact sites (87). As with cardiac and skeletal
myocytes, PM-S/ER junctions are thought to play a key role in regulating Ca2* signaling
and homeostasis in neurons, glia, and smooth muscle cells (88). By fusing GCaMP2 to the
sodium pump a2 catalytic subunit, which localizes to the PM face of these submembrane
microdomains (89), or to the a1 catalytic subunit, which is more evenly distributed in

the PM, the authors were able to probe spatial control of junctional Ca2* signals. While
both targeted sensors reported Ca2* elevations in control cells treated with 5SHT (smooth
muscle) or ATP (astrocytes), only a2-fused GCaMP2 responded in cells loaded with the
Ca?* chelator EGTA, which buffers global Ca2* increases, thus revealing a spatially distinct
Ca?* microdomain at these MCSs (87).

A different strategy was applied by Amit Agarwal and colleagues to identify CaZ*
microdomains formed between branched membrane processes and mitochondria in
astrocytes, which are thought to be important for facilitating local homeostasis of neural
circuits (90). In this study, the authors monitored spontaneous Ca2* transients in acute brain
slices from transgenic mice expressing membrane-anchored GCaMP3 (91) (mGCaMP3)
only in astrocytes. Despite localizing throughout the PM, mGCaMP3 nevertheless revealed
discrete Ca2* spikes in individual microdomains. The authors then used a custom machine-
learning algorithm for Ca2* signal classification and decoding (CaSCaDe) to automatically
segment, analyze, and map active Ca2* microdomains in all astrocytes within a slice. Using
this approach, the authors characterized the dynamics of these Ca2* microdomains and also
traced their origin. Importantly, these Ca2* microdomains were found to colocalize with
mitochondria, which were also enriched in astrocyte branches and closely juxtaposed with
the PM. Meanwhile, blockade of the mitochondrial permeability transition pore, which can
trigger fast mitochondrial Ca2* release (92), dramatically reduced the frequency, duration,
and amplitude of microdomain Ca2* spikes, identifying mitochondria as the Ca2* source.
Functional assays also showed that superoxide and high extracellular glucose can enhance
microdomain Ca2* signals, suggesting that mitochondria are able to integrate changes in
ROS and metabolic status to regulate astrocyte Ca?* signaling (90). Given that astrocyte
Ca?* transients are altered by nervous system injury and disease (93), future work in this
area may offer crucial insights into pathological mechanisms.

Microdomains formed within membranes—Compartmentalized signaling
subdomains on the order of tens to hundreds of nanometers in size can also form

within individual cellular membranes through both transient and stable interactions
between membrane constituents. A particularly well-known example involves the selective
partitioning of cholesterol- and sphingolipid-rich regions of the plasma membrane into
so-called membrane “rafts” that serve as specialized platforms for organizing various
biochemical processes, including signaling pathways (94, 95). While the submicron scale
of these membrane subdivisions generally precludes direct observation in living cells, the
spatial selectivity of biosensor targeting is often used to reveal their role in signaling
compartmentation.

For example, a series of studies over the past decade have utilized lipid-modification
sequences known to direct proteins to different membrane microdomains (96) in conjunction
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with FP-based biosensors to examine spatial control of the growth factor-stimulated
P13K/Akt pathway, which is known to be linked to membrane rafts (94, 97). Using a FRET-
based Akt kinase activity reporter, Xinxin Gao and co-workers found that platelet-derived
growth factor (PDGF) stimulation preferentially induced Akt activity in membrane rafts
compared with non-raft regions (98). A follow-up study by Gao et al. then used a similarly
microdomain-targeted FRET sensor for measuring the activation of PDK1, an upstream
activator of Akt, to reveal that PDGF treatment induces PDK1 activation solely in membrane
rafts, due to the exclusion of the negative regulator PTEN from these regions (99). This
finding is supported by recent work from Jihye Seon and colleagues, who applied this
targeting strategy to a FRET-based sensor for monitoring the activity of the PDGF receptor
(PDGFR) itself (100). PDGFR was found to be uniformly activated in both raft and non-raft
membrane regions following PDGF stimulation, confirming that the differential regulation
of downstream cascades in different membrane microdomains is responsible for PI3K/Akt
pathway compartmentation.

Besides lipid partitioning, studies are increasingly showing that clustering of transmembrane
proteins such as cell surface receptors can also drive the formation of plasma membrane
microdomains that function as discrete signaling islands (101). For example, clustered T-cell
receptors (TCRs) are thought to serve as signaling platforms that initiate and amplify TCR
signaling during T-cell activation (102). To directly probe the dynamics of TCR clustering
and begin investigating their role in T-cell signaling, Yuanging Ma and colleagues developed
the FRET-based sensor CliF (clustering reported by intermolecular FRET), in which the
FRET pair YFP and RFP is tethered to the cytoplasmic tail of a specific receptor such

that changes in clustering will be reported as changes in intermolecular FRET between

CliF modules (103). Both FPs are truncated to remove their flexible termini and also

joined with a two-amino acid linker, thus minimizing the contribution from intramolecular
FRET changes. By applying CIiF to the TCR co-receptor CD3C, they were able to

observe stimulus-dependent differences in TCR cluster density and mobility within the
immunological synapse. These differences in TCR cluster dynamics and remodeling may
account for differences in the timing and duration of TCR signaling.

Signaling microdomains established through regulatory “fencing”

While intrinsic subcellular compartments provide ready-made staging platforms for spatially
defined signaling, cells must utilize additional mechanisms to locally confine the actions

of signaling molecules that might otherwise diffuse freely throughout the cell interior.
Studies using genetically encoded biosensors are revealing that, by delicately balancing the
forces controlling the local concentrations of active signaling molecules, such as production,
degradation, and buffering, cells can establish dynamic regulatory boundaries that “fence in”
signaling molecules and give rise to diverse signaling microdomains.

Locally concentrated channels, transporters and enzymes that produce signaling molecules
can generate “hot spots” of highly concentrated signaling activity. For instance, the existence
of a cAMP microdomain around the Ca2*-stimulated adenylate cyclase (AC) isoform

ACB8 was detected by using a targeted cCAMP indicator, suggesting the possibility that

ACs, the source of cAMP production, can be primary architects of cAMP signaling
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microdomains (104). To detect local fluctuations in cAMP caused by endogenous AC8
activity, Sebastian Wachten and colleagues tagged the catalytically dead AC8P416N mutant
with the cCAMP sensor Epac2-camps (49). By contrasting the response of this sensor with
that of diffusible or globally PM-targeted Epac2-camps, the authors found that thyrotropin-
releasing hormone-triggered Ca2* release in GH3Bg pituitary cells specifically elevated
CAMP levels near AC8 while at the same time suppressing global cAMP levels by inhibiting
AC5 and AC6 (104). Applying a similar strategy, Debbie Willoughby and coworkers used
the Ca?* sensor GCaMP2 (105) fused to either AC2 or AC8 to also reveal the presence of a
distinct Ca2* microdomain around AC8 that was specifically responsive to capacitative Ca2*
entry (106). These results suggested the existence of a finely tuned Ca2*-dependent cAMP
microdomain where the sources of cAMP and Ca2* are in close proximity.

Conversely, signaling microdomains can be shaped by the formation of “sinks” in which
signaling molecule concentrations are locally suppressed via degradation or buffering. For
example, CAMP is degraded into AMP by a family of enzymes called phosphodiesterases
(PDEs), and work by Christian Lohse and colleagues recently demonstrated using a PDE-
targeted cCAMP sensor that individual PDE molecules can effectively generate low-cAMP
zones in their immediate vicinity (107). Indeed, cAMP degradation by PDEs has long been
implicated as a prominent force responsible for setting the bounds of cAMP microdomains
by preventing cAMP from diffusing out of or into different signaling compartments (108,
109). This fencing ability was recently illustrated in work by Terri Clister and coworkers
investigating the regulation of nuclear cCAMP/PKA signaling (Figure 2) (110). Directly
targeting the FRET-based cAMP indicator ICUE3 (111) to a nuclear-localized A-kinase
anchoring protein (AKAP), AKAP95, revealed a microdomain in the immediate vicinity

of AKAP95 that was insulated from cAMP signals originating from the PM, despite clear
elevations in overall nuclear cCAMP levels under the same conditions. In contrast, selectively
inducing cAMP production from within the cytosol led to cAMP elevations in both the
general nucleus and AKAP95 microdomain. Further investigation revealed that AKAP95
forms a complex with PDE4D5 and that PDE4DS5 inhibition abolishes the fence surrounding
AKAP95, allowing PM-generated cAMP to penetrate this microdomain (110). Given the
previously established existence of a resident pool of nuclear PKA (112), this work identifies
the regulatory framework through which cells avoid spurious activation of nuclear PKA

by PM-derived cAMP while enabling selective activation by cytosolically generated cCAMP,
such as that triggered by internalized GPCRs (see above).

Modulating the balance among production, degradation, and diffusion enables cells to
promote global biochemical heterogeneities in the form of signaling gradients. For
instance, early studies using translocation-based sensors for 3-phosphoinositides (3-Pls;
e.g., P1[3,4,5]P3, PI[3,4]P,) revealed that chemotaxing cells exhibit a sharp gradient of
3-PI production directed toward the leading edge of the plasma membrane (113, 114).
Formation of these gradients was found to be partially regulated by PI3K and PTEN, which
produce and degrade 3-Pls, respectively, and localize oppositely along the front and rear
of migrating cells (115). A recent study using a membrane-targeted version of the Ca2*
indicator R-GECO1 (39) revealed a gradient of Ca2* sparklets oriented toward the rear of
cells migrating in response to fibroblast growth factor receptor (FGFR) activation (116).
The authors hypothesized that this Ca2* gradient was due to the asymmetric activation of
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L-type voltage-dependent Ca2* channels (LTCCs) toward the rear of the cell. LTCC activity
is regulated by two pathways downstream of FGFR, namely, PI3K and PKC. Kim et al.
found that the rapid rearward diffusion of 3-Pls produced by PI3K at the cell front, where
FGFR is activated, stimulates LTCC activity at the back of the cell, while PKC enriched at
the front of the cell simultaneously inhibits LTCC activity in this region. These antagonistic
pathways elicit site-specific effects through signal coupling in the leading or trailing regions
of a single cell, yielding a rear-oriented pattern of Ca2* sparklets (116).

Asymmetries in the production and degradation of cCAMP were similarly shown to play

an important role in forming signaling gradients during polarized growth in hippocampal
neurons. In a study using untargeted ICUE3, Kirill Gorshkov and coworkers observed

a gradient of increasing cCAMP levels that was oriented towards the elongating axon,

which resulted from high PDE/low AC activity in the soma and proximal axon versus

high AC/low PDE activity in the distal axon (117). Work by Isabella Maiellaro and
colleagues also revealed a high degree of cAMP compartmentalization in Drosophila motor
neurons expressing the cAMP sensor Epacl-camps. Specifically, the authors observed
cAMP elevations that were confined within individual synaptic boutons following localized
neurotransmitter application (118). Little response was detected from the axon and soma,
and this was found to arise from the absence of receptor expression, and thus cAMP
production, in the axon and high PDE accumulation in the cell body. Interestingly, high
levels of PDE expression were also observed within the processes joining neighboring
boutons, thereby preventing cAMP diffusion between boutons. The highly polarized and
intricate morphology of neurons lends itself to compartmentalized signaling (119), and
biosensor-based studies have even indicated that cellular geometry can directly influence the
production and degradation of signaling molecules to yield microdomains. For example, the
high surface-to-volume ratio of narrow dendritic processes has been shown to yield cCAMP
gradients simply by virtue of the fact that cCAMP is largely produced by PM-embedded ACs
and degraded by cytosolic PDEs (120).

Microdomains formed through the assembly of signaling molecules

Cells contain hundreds of different signaling molecules, which make up nearly 10% of all
expressed proteins (121). Yet signaling pathway function critically depends on the ability

of the correct molecular players to reliably find one another and react productively amidst

a crowded molecular background. Thus, cells frequently use protein-protein interactions

to coordinate the activities of pathway components by assembling them into dynamic
molecular complexes. For example, imaging studies using FP-tagged enzymes have revealed
the existence of protein complexes termed “purinosomes” (122) and “glucosomes” (123)

in which key enzymes involved in de novo purine biosynthesis and glucose metabolism,
respectively, assemble into molecular machines. Along these lines, detailed live-cell imaging
studies using FP-based biosensors are increasingly shedding light on how multi-protein
assemblies impose additional layers of spatial control over signaling activity.

The assembly of signaling molecules into protein complexes is often accomplished in
cells through the use of multivalent scaffolds, which coordinate signaling activities by
tethering different protein partners together, anchoring them to specific subcellular locations
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and downstream targets, and even directly modulating the behavior of bound enzymes

(124, 125). Spatial compartmentation of PKA signaling in particular is tightly regulated by
AKAPs, which comprise the most extensively studied family of scaffold proteins (126), and
numerous studies have revealed that AKAP complexes form unique signaling microdomains.
For example, by fusing different binding domains derived from mAKAP to the FRET-based
PKA activity reporter AKAR, Kimberly Dodge-Kafka and colleagues were able to directly
visualize the coordinated interplay among PDE4D3, ERKS5, the cAMP-activated guanine
nucleotide exchange factor Epacl, and Rapl GTPase in shaping the local activity dynamics
of co-anchored PKA (127). Besides PKA and PDE4D3, mAKAP is known to bind AC2 and
ACS, which it recruits into a signaling complex on the cytosolic surface of nuclear envelope
(128) to form a self-contained perinuclear microdomain (Figure 3). Tomasz Boczek and
coworkers were able to directly visualize PKA signaling within this compartment by fusing
AKAR to nesprin-1a, the protein responsible for bringing mAKAP to the nuclear envelope
(129). By selectively perturbing local cAMP production and degradation, they were also able
to show that mAKAP-anchored PKA signaling is necessary and sufficient to promote axon
growth in hippocampal neurons, and that anchored PDE activity was responsible for tuning
microdomain signaling activity.

The importance of molecular scaffolds extends well beyond PKA signaling. For example,
by using scaffold-targeted forms of the FRET-based PKC activity reporter CKAR (59),
along with isoform-selective kinase inhibitors, Tobias and Newton showed that the atypical
PKC isoform PKCC is allosterically activated upon binding by the scaffold proteins p62
and PARG (130). Numerous molecular scaffolds are also known to participate in the
regulation of MAP kinase cascades (131). The Shoc2 protein, for instance, has been
shown to facilitate Ras/Raf/MEK/ERK signaling by scaffolding the Ras-Raf interaction
(132). However, work by Sayaka Yoshiki and colleagues also identified a role for Shoc2 in
mediating the co-regulation of Raf-1 activity by Ca2* signaling. Specifically, they used the
FRET-based Raf-1 biosensor Prin-Rafl (133) to demonstrate that CaZ* signaling enhances
Raf-1 activation by displacing CaM from Shoc2, thereby promoting Ras binding (134). Rie
Matsunaga-Udagawa and co-workers similarly used a FRET-based Ras-Raf-1 interaction
sensor in conjunction with computational modeling to tease apart the kinetic impact of
scaffolding on this pathway, revealing that Shoc2 accelerates, rather than stabilizes, the
Ras-Raf interaction (135).

Genetically encoded FP-based biosensors clearly provide useful insights into the role of
molecular assemblies in generating and shaping signaling microdomains, yet the limitations
of conventional fluorescence microscopy obscure many of the finer spatial details associated
with these submicron compartments. Thus, while current approaches allow researchers to
infer the behavior of signaling microdomains, alternative methods are needed to directly
visualize the molecular-scale compartmentation of signaling activities. To this end, Gary
Mo and colleagues devised a biosensing strategy based on a novel phenomenon known

as Fluorescence fLuctuation INcrease by Contact (FLINC), wherein the red FP TagRFP-T
exhibits increased fluorescence intensity fluctuations (i.e., blinking) when brought into close
proximity to the green FP Dronpa, to directly observe the compartmentation of dynamic
signaling activities in super-resolution (136). Specifically, by linking Dronpa and TagRFP-T
together using the PKA-dependent molecular switch found in AKAR (57), they were able to
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couple changes in PKA activity to changes in TagRFP-T blinking behavior. When imaged

in combination with a fluctuation-based super-resolution imaging technique known as
photochromic stochastic optical fluctuation imaging (pcSOFI) (137), the resulting FLINC-
AKAR sensor revealed the presence of nanometer-sized domains of kinase activity along

the PM of HeLa cells following PKA stimulation (136). Additional super-resolution imaging
and co-localization studies demonstrated that these kinase activity puncta corresponded to
discrete clusters of AKAP79-scaffolded PKA at the PM, thereby offering an unprecedented
glimpse of the intricate signaling architecture formed by molecular complexes.

Applications Beyond Signaling

Although FP-based biosensors have predominantly been used to visualize the spatiotemporal
regulation of intracellular signaling, they are increasingly being utilized for more
translational applications. Indeed, dysregulated signaling is a factor in numerous diseases,
and many signaling molecules are important drug targets. The ability of biosensors to

track biochemical processes in real time thus lends itself to investigating the spatiotemporal
dynamics of drug action. For example, Max Nobis and colleagues used a FLIM-FRET Src
biosensor to monitor the efficacy of dasatinib, a Src inhibitor, in a transgenic mouse model
of pancreatic cancer (138). Specifically, they were able to track dasatinib clearance from the
tumor microenvironment through the recovery of Src activity, while greater Src activity at
increasing distance from the blood supply also revealed limited dasatinib penetration in deep
tumor tissues. Tatsuaki Mizutani and colleagues similarly utilized a FRET-based biosensor
for Ber-Abl (Pickles), a fusion kinase expressed in chronic myeloid leukemia (CML), to
monitor the efficacy of various tyrosine kinase inhibitors (139). Drug resistance caused by
Ber-Abl mutations poses a growing therapeutic challenge for CML, and the authors were
able to detect heterogeneous responses to both first- and second-generation drugs in cells
expressing Ber-Abl mutants. Introducing Pickles into mononuclear cells from CML patients
further enabled drug efficacy predictions for individual patients, a strategy that has recently
been applied for pretreatment evaluations of the clinical efficacy and safety of dasatinib
(140) and nilotinib therapy (141).

Improvements in biosensor signal-to-noise ratio (SNR) are also enabling their application
to high-throughput drug screening efforts. For instance, Yuzheng Zhao and colleagues
recently developed a high-SNR genetically encoded sensor, SoNar, for tracking cytosolic
NAD+ and NADH redox states that allowed them to screen >5,500 unique compounds

for new agents targeting tumor metabolism (142). They ultimately identified KP372-1,

a previously reported Akt inhibitor, which induced extreme oxidative stress and showed
selective toxicity to tumor cells in vivo by targeting NQO1-mediated futile redox cycling,
which is specifically activated in various cancers. A recent screening effort by Yasna
Contreras-Baeza and colleagues also suggests that FP-based biosensors can be used for
pre-clinical toxicity testing. Using a FRET-based lactate biosensor, Laconic (143), to
monitor lactate accumulation induced by mitochondrial toxicants, the authors performed

a pilot screen in Laconic-expressing MDA-MB-231 cells using commercial drugs that
were previously withdrawn from the market due to liver/cardiac toxicity issues (144). This
approach consistently reported the known cellular toxicities identified for these molecules,
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highlighting a potential strategy for direct assessment and early detection of mitochondrial
toxicity in the drug development pipeline, thus helping save time, money, and lives.

Current Limitations and Future Improvement

While the above examples illustrate the growing utility of genetically encoded biosensors to
illuminate the spatiotemporal dynamics of intracellular biochemistry, there are still various
limitations that must be taken into consideration when using fluorescent biosensors. One
frequent concern is the risk of perturbing endogenous signaling events. For instance, the
molecular switches of many sensors are derived from native proteins that may titrate or
buffer endogenous molecules when overexpressed. The use of subcellularly targeted sensors
where localization is achieved by directly tagging the biosensor to a protein of interest

can lead to similar concerns related to signaling protein overexpression. Improvements in
FP brightness and biosensor SNR can help alleviate some of these concerns by providing
robust signals at lower expression levels, while the use of genome-editing techniques to
directly express tagged sensors from endogenous genomic loci might offer another potential
solution. Nevertheless, rigorous controls and orthogonal approaches remain critical to ensure
that biosensor expression does not alter the pathway(s) being studied.

Another ongoing challenge is the use of FP-based biosensors for in vivo applications,
which is limited due to the fact that the fluorescence of most commonly used FPs cannot
penetrate well in tissues primarily due to light scattering. Because wavelengths in the
near-infrared (NIR) region of the spectrum are less prone to absorption and scattering

in mammalian tissues, a common strategy to facilitate in vivo biosensor applications is

the use of multiphoton excitation, which enables tissue and in vivo imaging of standard
FP-based biosensors using long-wavelength illumination (145). This approach is often used
in combination with single-FP sensors such as the Ca2* indicator GCaMP6 (85) and the
voltage indicator ASAP3 (25), as well as with FLIM-FRET sensors for enzyme activity
(58, 138). Meanwhile, considerable efforts are also being applied to the development and
optimization of FP variants that are excited and emit light at NIR wavelengths (6), and to
generate fluorescent biosensors based on these NIR-FPs. Recent efforts have already yielded
single-FP biosensors for monitoring caspase activity (146) and calcium dynamics (147), as
well as NIR variants of cyan/yellow FRET-based biosensors for monitoring GTPase (Racl)
and kinase (PKA, JNK) activities (148).

Concluding Remarks

Genetically encoded biosensors have already proven themselves to be powerful tools capable
of illuminating the landscape of intracellular signaling, yielding innumerable insights into
the molecular logic of compartmentation of signaling activities and the formation of

diverse signaling microdomains. Over the past two decades, our view of compartmentalized
signaling has expanded in parallel with the sophistication of the FP-based imaging toolkit,
and the recent demonstration of dynamic super-resolution activity imaging using FLINC-
based biosensors (136), as well as the development of new automated analytical workflows
such as CaSCaDe (90), highlight the continuing technological advances that promise to
further deepen our understanding in the future. Meanwhile, entirely new kinds of signaling
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microdomains await detailed investigation using FP-based biosensors. In particular, the
recent emergence of liquid-liquid phase separation, and the consequent formation of
“membraneless organelles”, as a general means of organizing biochemical activities within
discrete compartments in cells (149, 150) is expected to have significant implications for the
spatial regulation of signaling, given that the intrinsic disorder and multivalent binding that
characterize these biomolecular condensates are also common motifs in signaling pathways
(151, 152). FP tagging has already greatly facilitated the study of phase separation in situ,
and we anticipate that future investigations utilizing biosensors in place of these passive
highlighters will directly reveal the impact of phase separation on signaling activities.
Genetically encoded FP-based biosensors thus remain a guiding light on the frontiers of
signal transduction research.
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Abbreviations and Definitions

BFP
blue fluorescent protein

CFP
cyan fluorescent protein

GFP
green fluorescent protein

RFP
red fluorescent protein

YFP
yellow fluorescent protein

EYFP
enhanced yellow fluorescent protein

4EBP1
eukaryotic translation initiation factor 4E binding protein 1

AKAR
A-kinase activity reporter

CD
cluster of differentiation

CKAR
C-kinase activity reporter
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cAMP
3’,5’-cyclic adenosine monophosphate

cGMP
3’,5’-cyclic guanosine monophosphate

Epac
exchange protein directly activated by cAMP

ICUE
indicator of CAMP using Epac

PI3K
phosphoinositide 3-kinase

PDK 1
phosphoinositide-dependent kinase 1

Pickles
phosphorylation indicator of CrkL ern substrate

PARG
partitioning defective 6

PKA
protein kinase A

PKB
protein kinase B

PKC
protein kinase C

PTEN
phosphatase and tensin homolog

Nanobody
A genetically encodable fragment derived from heavy chain-only antibodies found in
Camelidae (e.g., camels, llamas, alpacas) and Chondrichthyes (e.g., sharks)

Molecular switch
A protein domain that can dynamically interconvert between two conformational states in
response to a specific input

Photochromism
Ability of an FP to stochastically and reversibly switch between fluorescent (bright) and
nonfluorescent (dark) states under specific illumination conditions

pB-can
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The 11-stranded B-barrel structure that surrounds the chromophore in GFP and related
fluorescent proteins

Ci

rcular permutation

Shifting the positions of the native N- and C-termini along a protein’s surface without
altering its overall structure and function

Quantum yield
The number of photons emitted by a fluorophore per photon absorbed

Extinction coefficient
The efficiency with which a chromophore absorbs light at a specific wavelength
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Figurel A Ca2* microdomain formed by opposing membranesin cardiomyocytes.

Close apposition of the sarcoplasmic reticulum (SR) and sarcolemma along T-tubules in

cardiomyocytes forms unique signaling microdomains known as dyads. These membrane
contact sites are characterized by clusters of ryanodine receptors (RyRs) on the SR surface,
which release Ca2* into the dyadic cleft. To selectively monitor Ca2* signaling within

1duosnuepy Joyiny

1duosnuely Joyiny

this microdomain, Shang et al. (86) tethered the Ca2* sensor GCaMP to either junctin or
triadin, which localize to the SR membrane in dyads. This approach allowed the authors

to detect and visualize discrete Ca2* “nanosparks” originating from the spontaneous firing
of individual RyR clusters. Inset: GCaMP consists of circularly permuted GFP (cpGFP)
sandwiched between the Ca2*-binding protein calmodulin (CaM) and the CaM-binding M13
peptide. Upon Ca?* binding, CaM forms a complex with the M13 peptide, leading to a
conformational change that increases the brightness of GFP.
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Figure 2. PDE activity fences off a sub-nuclear cAMP microdomain.

Phosphodiesterases (PDEs) catalyze the degradation of CAMP and play a major role

in compartmentalizing CAMP signaling. By limiting cAMP diffusion, PDEs can act as
fences that prevent cCAMP from exiting a particular microdomain. However, local cCAMP
degradation by anchored PDEs can alternatively act as a fence to exclude cAMP from
entering a microdomain. This was recently illustrated by Clister et al. (108), who were
able to observe the formation of a discrete sub-nuclear signaling microdomain when they
tethered the FRET-based cAMP sensor ICUE to the nuclear-localized scaffold AKAP95.
This tethered sensor was unable to detect cCAMP elevations originating from the plasma
membrane due to the activity of AKAP95-bound PDE4DS5, revealing the formation of

a signaling microdomain that is specifically insulated form plasma membrane cAMP

signaling. Inset: ICUE contains a fragment of the cAMP-binding protein Epacl sandwiched
between CFP and YFP. cAMP binding switches Epacl from a compact, closed conformation
to an open, extended conformation that results in a decrease in FRET between CFP and YFP.
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Figure 3. Formation of a perinuclear signaling circuit via molecular assembly.
CAMP signaling is a key regulator of multiple processes during nervous system

development, including axon growth in neurons. AKAPs help compartmentalize CAMP
signaling by facilitating the assembly of molecular complexes in which the machinery
needed to produce (AC), degrade (PDE), and transduce (PKA) cAMP signals form self-
contained local circuits. Boczek et al. (126) studied one such microdomain formed by
mMAKAP, which assembles AC5, PDE4D3, and PKA into a perinuclear microdomain. By
tethering the FRET-based PKA activity reporter AKAR to nesprin-1a, which localizes
mMAKAP to the nuclear envelope, they were able to visualize the regulation of PKA signaling
within the mAKAP microdomain and discover that local signaling by this perinuclear
circuit is crucial for driving axon elongation in hippocampal neurons. Inset: AKAR utilizes
a molecular switch containing a PKA substrate peptide linked to the phosphoamino acid-
binding FHA1 domain, which is sandwiched between CFP and YFP. Phosphorylation of
the substrate peptide by PKA triggers recognition and binding by FHA1, which causes the
sensor to adopt a more compact conformation that increases FRET between CFP and YFP.
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