
UC San Diego
UC San Diego Previously Published Works

Title
Biochemical Activity Architectures Visualized–Using Genetically Encoded Fluorescent 
Biosensors to Map the Spatial Boundaries of Signaling Compartments

Permalink
https://escholarship.org/uc/item/8193r9pr

Journal
Accounts of Chemical Research, 54(10)

ISSN
0001-4842

Authors
Mehta, Sohum
Zhang, Jin

Publication Date
2021-05-18

DOI
10.1021/acs.accounts.1c00056
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8193r9pr
https://escholarship.org
http://www.cdlib.org/


Biochemical activity architectures visualized – Using genetically 
encoded fluorescent biosensors to map the spatial boundaries 
of signaling compartments
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3Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 
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Abstract

All biological processes arise through the coordinated actions of biochemical pathways. How 

such functional diversity is achieved by a finite cast of molecular players remains a central 

mystery in biology. Spatial compartmentation – the idea that biochemical activities are organized 

around discrete spatial domains within cells – was first proposed nearly 40 years ago and 

has become firmly rooted in our understanding of how biochemical pathways are regulated to 

ensure specificity. However, directly interrogating spatial compartmentation and its mechanistic 

origins has only really become possible in the last 20 or so years, following technological 

advances such as the development of genetically encoded fluorescent biosensors. These powerful 

molecular tools permit direct, real-time visualization of dynamic biochemical processes in native 

biological contexts, and are essential for probing the spatial regulation of biochemical activities. 

In this Account, we review our lab’s efforts in developing and using biosensors to map the 
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spatial compartmentation of intracellular signaling pathways and illuminate key mechanisms that 

establish the boundaries of an intricate biochemical activity architecture. We first discuss the role 

of regulatory fences, wherein the dynamic activation and deactivation of diffusible messengers 

produces diverse signaling compartments. For example, we used biosensors for the Ca2+ effector 

calmodulin and its downstream target calcineurin to reveal a spatial gradient of calmodulin that 

controls the temporal dynamics of calcineurin signaling. Our studies using cAMP biosensors have 

similarly elucidated fenced cAMP domains generated by competing production and degradation 

pathways, ranging in size from cell-spanning gradients to nanoscale hotspots. Second, we 

describe the role played by intracellular membranes in creating unique signaling platforms with 

distinctive pathway regulation, as revealed through studies using subcellularly targeted fluorescent 

biosensors. Using biosensors to visualize subcellular ERK pathway activity, for example, led 

us to discover a local signaling circuit that mediates distinct plasma membrane ERK dynamics 

versus global ERK signaling. Similarly, our work developing biosensors to monitor subcellular 

mTOR complex 1 (mTORC1) signaling allowed us to not only clarify the presence of mTORC1 

activity in the nucleus but also identify a novel mechanism governing mTORC1 activation in this 

location. Finally, we detail how molecular assemblies enable precise spatial tuning of biochemical 

activity, through investigations enabled by cutting-edge advances in biosensor design. We recently 

identified liquid-liquid phase separation as a major factor in cAMP compartmentation aided by a 

new strategy for targeting biosensors to endogenously expressed proteins via genome editing, for 

instance, and have also been able to directly visualize nanometer-scale PKA signalosomes using 

an entirely new class of biosensors specifically developed for dynamic superresolution imaging 

of live-cell biochemical activities. Our work provides key insights into the molecular logic of 

spatially regulated signaling and lays the foundation for broader exploration of biochemical 

activity architectures across multiple spatial scales.

Graphical Abstract
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INTRODUCTION

Networks of biochemical reactions underlie all critical life functions. These diverse 

pathways are responsible for regulating cellular metabolism, growth, survival, and decision­

making, among other processes. However, the molecular machinery that comprises 

these networks is not floating aimlessly about the cell, engaging in random, haphazard 

interactions. Much like cells are divided into physical compartments defined by 

macromolecular structures, so too have we learned that the biochemical machinery is 

spatially compartmentalized to ensure the specificity and fidelity of cellular responses 

to dynamic environmental inputs. First proposed nearly 40 years ago,5 this idea of 

compartmentalized biochemical activities has blossomed into a model whereby the actions 

of biomolecules are spatially organized into a complex and intricate biochemical activity 

architecture6 coordinated across multiple spatial scales, ranging from individual molecules 

to entire cells and even tissues.

Our knowledge of how spatial compartmentation regulates biochemical activities has 

paralleled the expanding molecular toolkit for direct, real-time visualization of dynamic 

biochemical processes in native biological contexts, such as in living cells. While various 

optical probes have been developed over the years, few have been more influential 

in shaping the concept of biochemical activity architecture than genetically encoded 

fluorescent biosensors.6,7 These modular and versatile tools couple the intrinsic, genetically 

encoded fluorescence of green fluorescent protein (GFP) and its relatives8 with naturally 

occurring or engineered molecular switches to convert specific molecular events into a 

measurable optical readout. The molecular switch functions as a sensing unit, whereby 

a biochemical input triggers a conformational change that alters the fluorescence of a 
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reporting unit. While classic designs modulate fluorescence resonance energy transfer 

(FRET) between a pair of fluorescent proteins (FPs) flanking the sensing unit, biosensors 

have come to span multiple distinct classes featuring diverse readouts.7 The ongoing 

evolution of biosensor design has been essential for probing activity architectures with 

ever-increasing detail.

Here, we discuss several examples of our recent work developing and using fluorescent 

biosensors, as well as other genetically encoded tools, to probe the biochemical 

activity architecture of intracellular signaling networks. Our efforts have succeeded in 

illuminating a number of molecular processes that provide boundary conditions for spatially 

compartmentalized signaling: regulatory fences produced through activation/deactivation, 

physical barriers defined by cellular membranes, and discrete molecular assemblies.

DYNAMIC REGULATORY FENCING

Early, dye-based fluorescent indicators were among the first chemical biology tools to 

permit spatially resolved visualization of intracellular signaling dynamics in living cells, 

revealing the formation of striking gradients by the ubiquitous messenger calcium (Ca2+).9 

These pioneering approaches ultimately inspired some of the first genetically encoded 

fluorescent biosensors, which have in turn fueled deep explorations into the formation of 

biochemical activity gradients by numerous signaling molecules, revealing a heterogeneous 

biochemical landscape in which cells dynamically compartmentalize diffusible signals 

across different spatial scales through the action of pathway regulators (i.e., dynamic 

regulatory fences).

Initial designs for genetically encoded Ca2+ indicators (GECIs) universally relied on 

calmodulin (CaM), a major Ca2+ effector protein that undergoes a dramatic conformational 

change upon Ca2+ binding, as the Ca2+-sensing domain. Tethering CaM to a short peptide 

that selectively interacts with Ca2+-bound CaM (Ca2+/CaM) yields a robust molecular 

switch for controlling an optical readout such as FRET between a pair of FPs.10 However, 

CaM itself is a key regulator of diverse protein targets,11 and though most cellular 

CaM is constitutively bound to targets,12 in principle, a small pool of free Ca2+/CaM 

is freely exchangable. While countless studies have used GECIs to investigate spatial 

Ca2+ signaling,13 comparatively little has been revealed about the spatial regulation of 

Ca2+/CaM. Notably, sandwiching only a Ca2+/CaM-binding peptide between a FRET FP 

pair enables monitoring of Ca2+/CaM directly (Figure 1). When we used this FRET-based 

CaM biosensor14 to visualize Ca2+/CaM dynamics in pancreatic β-cells undergoing Ca2+ 

oscillations, we detected much higher free Ca2+/CaM levels in the cytosol than near the 

endoplasmic reticulum (ER) surface.15 Given the identical Ca2+ oscillation dynamics we 

observed at these locations, our data suggested that free CaM is unevenly distributed 

throughout the cell, presumably due to the differential abundance of CaM-sequestering 

proteins (Figure 1). This apparent CaM gradient had profound consequences on downstream 

Ca2+/CaM-dependent phosphatase calcineurin (CaN) activity. Using a FRET-based sensor in 

which the intrinsic, dephosphorylation-triggered conformational change in a CaN substrate 

modulates the relative distance between a pair of FPs,15,16 we detected contrasting step-like 

and oscillatory CaN activity dynamics from the cytosol and ER, which we were able to 
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invert by inhibiting and overexpressing CaM, respectively. Our study, alongside the parallel 

discovery of Ca2+/CaM nuclear shuttling,17 shows how CaM actively encodes context­

dependent spatial information during dynamic signaling events, modifying the prevalent 

view of CaM as passive adaptor. This example also demonstrated a more universal role for 

spatial gradients of regulatory biomolecules in patterning downstream signaling.

Spatial patterning plays a central role in 3’,5’-cyclic adenosine monophosphate (cAMP) 

signaling, where cAMP gradients were first visualized using fluorophore-conjugated 

subunits of cAMP-dependent protein kinase (PKA) in neurons.18 Polarized cAMP/PKA 

signaling is now strongly implicated in neuronal symmetry breaking, specifically to 

promote axon formation,19 and we recently became interested in how cAMP/PKA 

compartmentalization evolves across neuronal development. We set out to study this process 

in hippocampal neurons using our FRET-based indicator of cAMP using Epac (ICUE).20 

Like two other unimolecular cAMP biosensors developed around the same time,21 ICUE 

contains a fragment of the cAMP-dependent guanine-nucleotide exchange factor Epac, 

which undergoes a hinge-like conformational opening upon cAMP binding. In embryonic rat 

hippocampal neurons cultured for 5 days in vitro (DIV5), ICUE revealed an axon-directed 

gradient of cAMP accumulation, indicated by progressively higher responses towards 

distal regions of the axon, while no such gradients were observed in younger, DIV3 

hippocampal neurons.22 cAMP is synthesized by adenylate cyclases (ACs) and degraded 

by phosphodiesterases (PDEs), and we found that PDE activity was critical for mediating 

cAMP responses at both developmental stages: Inhibiting PDE activity suppressed the 

cAMP gradient found in DIV5 neurons and actually produced a cAMP gradient in DIV3 

neurons.22

PDEs play a central role in defining the spatial boundaries of cAMP signaling,23 often 

creating sharp barriers that block cAMP diffusion between cellular regions. For example, 

we and others previously identified a pool of PKA that resides in the nucleus,24,25 which 

we also discovered forms a complex with PDE4D5 via the A-kinase anchoring protein 

(AKAP) AKAP95.26 To probe this nuclear PKA pool, we took advantage of soluble AC 

(sAC),27 a non-transmembrane AC isoform that is selectively activated by bicarbonate, 

which we targeted to different subcellular regions to induce local cAMP production.24 By 

also localizing ICUE20 either throughout the nucleus or directly to AKAP95, we found 

that nuclear-ICUE, but not AKAP95-ICUE, detected cAMP originating from the plasma 

membrane, whereas both sensors responded to cAMP generated within the nucleus.26 Our 

results suggested that PDE4D5 protects AKAP95-anchored PKA from spurious activation, 

and indeed, disrupting PDE4 activity allowed AKAP95-tethered ICUE to sense membrane­

generated cAMP.26 Acute PDE4 inhibition in fact produced an immediate response from 

AKAP95-ICUE in the absence of any other treatment, suggesting that PDE4 basally 

excludes cAMP from this microdomain. Inhibiting PDE3, another major PDE isoform, 

similarly allowed AKAP95-ICUE to detect membrane-generated cAMP but had no effect on 

basal cAMP levels,26 suggesting that PDE3 activity functions to prevent cAMP from exiting 

the plasma membrane compartment, consistent with our previous work.28 Thus, our study 

further demonstrated how different PDE isoforms create multi-tier regulatory fences23 to 

enable precise spatial control of cAMP/PKA signaling.
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Whereas PDEs create sinks that consume cAMP,29 localized cAMP production by ACs 

can conversely generate cAMP hotspots.30 Recently, we observed how the juxtaposition 

of these opposing activities can yield discrete signaling domains. In pancreatic β-cells, 

glucose triggers intracellular Ca2+ and cAMP oscillations to drive insulin secretion,31 

and we previously showed that β-cell cAMP/PKA and Ca2+ form a tightly coupled 

oscillatory signaling circuit.32 Given that AKAP79 and its rodent ortholog AKAP150 

(AKAP79/150) anchor PKA to L-type voltage-gated Ca2+ channels (LTCCs),33,34 which 

control β-cell Ca2+ oscillations,35 we sought to investigate the role of AKAP79/150 

in this oscillatory circuit. We utilized a similar approach to that described above by 

expressing an enhanced version of the FRET-based cAMP sensor Epac2-camps (Figure 

2),36 which contains a minimal fragment of Epac2 as the cAMP-sensing unit,21 tethered 

directly to AKAP79 in a mouse β-cell line (MIN6). Using this probe together with a red­

fluorescent GECI,37 we observed cAMP levels to oscillate in-phase with cytosolic Ca2+.1 

Conversely, globally plasma membrane-tethered Epac2-camps revealed out-of-phase cAMP 

and Ca2+ oscillations, consistent with our previous observations in the cytosol (Figure 2).32 

Importantly, given that overexpression of AKAP79, or any scaffold, may perturb signaling 

complexes by titrating out binding partners, we had to carefully control for biosensor 

expression levels during these experiments.1 More advanced strategies are expected to limit 

this concern (see below).

Ca2+ and cAMP are coupled through several Ca2+-regulated PDEs and ACs, with 

Ca2+−activatable PDE1C and AC8 being highly expressed in β-cells and implicated in 

insulin secretion.38 Constructing a mathematical model of this pathway, we found that 

the balance between these two enzymes determined the cAMP/PKA and Ca2+ phase 

relationship. Specifically, PDE1C was predicted to drive global Ca2+/cAMP coupling 

and produce out-ofphase oscillations, as Ca2+ elevations promote cAMP degradation, 

whereas relative AC8 activity was predicted to tune the phase relationship by increasing 

cAMP production during Ca2+ elevations (Figure 2). As predicted, we found that treating 

oscillating MIN6 cells with a selective PDE1C inhibitor totally abolished cAMP oscillations 

despite continued Ca2+ oscillations. Conversely, overexpressing AC8 rendered plasma 

membrane Epac2-camps in-phase with Ca2+, while AKAP79-Epac2-camps became out­

of-phase upon AC8 knockdown.1 AC8 directly interacts with AKA79/150 in β-cells,39 

and given previous evidence of AKAP79/150 plasma membrane nanoclustering,4,40 

we hypothesized that AC8 clustering may be important for spatial compartmentation 

of oscillatory phase. Using stochastic optical reconstruction microscopy (STORM)41 

superresolution imaging in MIN6 cells, we observed endogenous AKAP150 and AC8 to 

form discrete, highly colocalized, plasma membrane nanoclusters.1 Additional modeling 

predicted that reducing the density of AC8 molecules per cluster would produce out-of­

phase cAMP signaling, and indeed, we found that overexpressing an AC8 N-terminal 

fragment to disrupt the AKAP79/150 interaction39 not only disrupted AC8 membrane 

clustering but also yielded out-of-phase cAMP oscillations from AKAP79-Epac2-camps.1 

Our results suggested the formation of a spatially distinct signaling microdomain, likely 

positioned directly at sites of Ca2+ influx through LTCCs (Figure 2),40 in which AKAP­

mediated AC8 nanoclustering allows precise control of local cAMP dynamics and thereby 

global Ca2+ oscillations.1 Thus, we revealed how dynamic fencing via closely juxtaposed 
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positive and negative regulators can establish minute signaling compartments with highly 

divergent behaviors.

INTRINSIC MEMBRANE COMPARTMENTS

Lipid membranes are a keystone of cellular organization. The plasma membrane defines 

the boundary between the cell and its environment, while in eukaryotes, a network 

of endomembranes creates functionally specialized organelles. Signals originating at the 

plasma membrane must be transduced throughout the cell to regulate specific processes 

at these distinct subcellular sites. Targeting genetically encoded biosensors to different 

membrane structures using various localization tags has proven invaluable for elucidating 

how this inherent compartmentation shapes biochemical activity architectures. Our own 

work has revealed not only the diverse spatial activity profiles exhibited by signaling 

molecules associated with different membrane compartments but also the distinct molecular 

mechanisms governing this spatial signaling diversity.

Global extracellular response kinase (ERK) signaling has long been known to exhibit 

different temporal dynamics in response to distinct upstream inputs, with epidermal growth 

factor (EGF) and nerve growth factor (NGF) stimulation notably inducing transient and 

sustained ERK signaling, respectively.28,42 Recently, we also discovered that local ERK 

signaling can display similarly divergent temporal dynamics in response to a single 

input.43 In this study, we utilized our newly developed 4th-generation, FRET-based ERK 

kinase activity reporter (EKAR4), which contains the same sensing unit found in previous 

EKARs,44,45 wherein an ERK-specific substrate/docking sequence is tethered to the 

phosphoamino acid-binding WW domain via an extended linker, but reverses the order of 

the FRET FP pair to help enhance the response.43 As with all FRET-based kinase activity 

reporters (KARs) that follow this design,7 phosphorylation of the substrate peptide induces 

binding by the phosphoamino acid-binding domain (PAABD), resulting in a conformational 

change that alters FRET (Figure 3). By targeting EKAR4 to the plasma membrane, cytosol, 

or nucleus in PC12 cells, we found that EGF stimulation induced markedly sustained ERK 

activity at the plasma membrane, versus the more transient activity pattern detected in the 

cytosol and nucleus.43 Although subcellular targeting may affect the dynamic range of the 

biosensor, the ratiometric FRET readout cancels some experimental variations and allows 

for quantification and comparison between different experiments.

Although typically mediated by Ras GTPases (e.g., HRas, KRas, or NRas), ERK signaling 

can also be triggered by direct binding and activation of B-Raf by Rap1 GTPase,46 

though conflicting reports have made this non-canonical Rap1/B-Raf/ERK axis somewhat 

controversial. To probe deeper into the molecular mechanism underlying sustained plasma 

membrane ERK activity, we utilized a suite of tools to monitor and perturb Rap1 activation. 

We first imaged a bimolecular FRET-based Rap1 activation biosensor 47 in which Rap1 is 

fused to mCerulean3 (donor) and the Rap1-binding domain (RBD) of RalGDS is fused to 

YPet (acceptor) such that binding of activated Rap1 to the RBD will yield a FRET increase, 

to directly observe EGF-induced Rap1 activation in PC12 cells.43 Monitoring the membrane 

translocation of GFP-tagged RalGDS48 further allowed us to confirm the activation of 

endogenous plasma membrane Rap1. We also overexpressed a Rap1 GTPase-activating 
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protein (Rap1GAP) to disrupt Rap1 activation, thus abolishing both Rap1 FRET and 

RalGDS responses, and observed the specific attenuation of the plasma membrane EKAR4 

response with no effect in the cytosol.43 Similarly disrupting Ras activation completely 

abolished the EGF-induced cytosolic EKAR4 response but only delayed the plasma 

membrane EKAR4 response, which ultimately reached the same magnitude observed in 

control cells.43 These results suggest that Ras controls initial plasma membrane ERK 

activation, whereas Rap1 is required for the sustained response, and further call to mind 

our previous observation that growth factor-induced cAMP/PKA signaling is restricted to 

the plasma membrane and required for proper ERK signaling in PC12 cells,28 hinting at 

a possible local regulatory circuit, given the ability of PKA to phosphorylate and activate 

Rap1.46

The sensitivity and selectivity afforded by subcellular biosensor targeting often illuminate 

previously obscured spatial dimensions of key signaling pathways. A telling example comes 

from our recent efforts to begin unravelling the spatiotemporal regulation of the mechanistic 

target of rapamycin (mTOR) complex 1 (mTORC1). mTORC1 is a critical signaling node 

that integrates diverse inputs, including growth factor and nutrient signals, as well as 

cellular stress and energy status, to regulate cellular metabolism.49 Both growth factor 

and nutrient stimuli trigger mTORC1 activation on the lysosome surface,49 the most well­

studied site of mTORC1 signaling. Yet mTORC1 has also been linked to other subcellular 

compartments.50 One of the most disputed sites of mTORC1 activity is the nucleus, with 

conflicting reports painting a unclear picture of nuclear mTORC1 signaling.50 We hoped to 

address the question of compartmentalized mTORC1 signaling by developing a FRET-based 

mTORC1 activity reporter (TORCAR).51 After initially pursuing the substrate/PAABD 

switch design found in other KARs, we ultimately succeeded in utilizing the full-length 

eukaryotic translation initiation factor 4E binding protein 1 (4EBP1), an mTORC1 substrate 

which undergoes an intrinsic conformational change upon phosphorylation, sandwiched 

between a Cerulean donor and YPet acceptor (Figure 4). When targeted to the nucleus, 

TORCAR exhibited robust FRET responses in cells treated with either growth factor or 

nutrient stimulation.2,51

Our results provided the first clear evidence of endogenous mTORC1 signaling within the 

nucleus and immediately raised questions as to how nuclear mTORC1 activity is regulated. 

Specifically, given the central role played by Akt in promoting mTORC1 signaling,52 we 

wondered if Akt also controls nuclear mTORC1 activity. To investigate this, we developed a 

genetically encoded tool containing 3 tandem copies of a high-affinity Akt substrate peptide, 

designed to buffer and thus disrupt Akt signaling in a location-specific manner, which we 

termed Akt Substrate-based Tandem Occupancy Peptide Sponge (Akt-STOPS) (Figure 4).2 

When we examined the FRET-response from an Akt activity reporter (AktAR), in which an 

Akt-specific substrate peptide and FHA1 domain are sandwiched between a FRET pair,51,53 

we found that Akt-STOPS targeted to the nucleus specifically blocked the FRET-response 

from nuclear AktAR without affecting cytosolic AktAR. Using Akt-STOPS, we then 

observed that selectively inhibiting nuclear Akt activity completely abolished the growth 

factor-induced nuclear TORCAR response (Figure 4). We also found that growth factor 

stimulation induced the nuclear trafficking of Raptor, a principal mTORC1 subunit, with 

nuclear Raptor being both necessary and sufficient to promote nuclear mTORC1 signaling. 
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Interestingly, Akt has been shown to regulate nuclear trafficking by phosphorylating nuclear 

Ran binding protein 3 (RanBP3) to facilitate nuclear import,54 and we in fact observed 

that expressing Akt-STOPS in the nucleus potently disrupted RanBP3 phosphorylation, 

highlighting an unconventional mechanism for spatiotemporal mTORC1 regulation via 

recruitment of a scaffolding protein to a specific subcellular location (Figure 4).2 We expect 

future studies using organelle-targeted sensors to reveal similarly novel spatial dimensions to 

key signaling pathways.

MOLECULAR ASSEMBLY

The cell interior is teeming with signaling molecules that can each engage with multiple 

targets. Ensuring that these diverse components participate in productive interactions, 

while avoiding unwanted interactions, is crucial for efficient information transfer during 

intracellular signaling. In addition to compartmentalizing signaling activities through 

boundaries defined by dynamic regulatory fences or organelle membranes, cells can 

precisely tune the organization of their biochemical activity architectures by collecting the 

signaling machinery into micro- and nanoscale molecular assemblies.

Perhaps the most striking examples of molecular assembly in cells are so-called 

membraneless organelles.55 Like their membrane-bound counterparts, these structures 

regulate discrete cellular processes by establishing biochemical environments distinct from 

the bulk intracellular milieu, but are formed via liquid-liquid phase separation (LLPS), a 

process whereby an initially homogeneous mixture spontaneously partitions into separate 

phases with distinct molecular compositions,56 similar to oil droplets in water. Biomolecular 

LLPS is typically governed by intrinsic disorder and multivalent binding,55 common 

features of signaling proteins.57 Multiple signaling proteins have been shown to undergo 

LLPS, indicating a potentially important role in the spatial regulation of intracellular 

signaling, though the precise impact is often unclear. Recently, we observed that the type 

I PKA regulatory (R) subunit, RIα, undergoes LLPS to form biomolecular condensates 

enriched in cAMP and PKA activity, which play a key role in cAMP compartmentation 

(Figure 5).3 Our efforts were greatly aided by a suite of molecular approaches designed 

to visualize and track the molecular behavior and signaling dynamics of endogenously 

expressed proteins. First, by utilizing an endogenous tagging approach based on split 

superfolder GFP,58 in which the 11th β-strand of GFP (GFP11) is expressed from a specific 

genomic locus via CRISPR/Cas9 editing and then allowed to spontaneously reconstitute 

with overexpressed strands 1–10 (GFP1–10), we were able to observe the formation of 

dynamic, liquid-like droplets by endogenously expressed RIα in living cells (Figure 5), 

findings that were corroborated by in vitro studies using purified RIα.3

Notably, RIα droplet formation mirrored the dynamics of cAMP elevation, and we also 

observed the PKA catalytic (C) subunit to co-phase separate with RIα, prompting us 

to investigate cAMP/PKA signaling within these endogenous droplets. We thus devised 

fluorescent sensors targeted to endogenous proteins (FluoSTEPs), a novel strategy for 

targeting FRET-based biosensors to proteins of interest based on the aforementioned split FP 

approach. Specifically, using GFP1–10 as the FRET donor and RFP as the FRET acceptor 

allows us to recruit a sensor to an endogenous GFP11-tagged protein (e.g., RIα) such 

Mehta and Zhang Page 9

Acc Chem Res. Author manuscript; available in PMC 2021 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that the biosensor is only functional when correctly localized. Applying this strategy to 

our cAMP sensor ICUE (Figure 5), we detected elevated cAMP levels within RIα liquid 

droplets and also found that cAMP accumulation in newly forming droplets outpaced 

than seen in diffuse regions.3 We were similarly able to detect PKA activity enrichment 

within RIα droplets using a FluoSTEP version of our A-kinase activity reporter (AKAR),59 

in which a PKA substrate peptide linked to an FHA1 domain serves as the molecular 

switch. FluoSTEPs are ideal for overcoming the limitations associated with large biosensor 

fusions (see above), although success strongly depends on the endogenous expression level 

of the target protein. Nevertheless, future improvements, such as brighter split-FPs, will 

undoubtedly yield FluoSTEPs with enhanced signals, further increasing their utility to probe 

signaling microdomains without perturbing their composition.

Further supporting these observations, we found that 99% of a fluorescently labeled cAMP 

analogue localized to RIα liquid droplets in vitro, indicating substantial enrichment. This 

dynamic sequestration of cAMP enabled RIα condensates to form traps that strongly buffer 

cAMP and promote compartmentalized signaling, which we revealed by taking advantage 

of a previously described cAMP compartmentation assay in which a FRET-based cAMP 

sensor is fused to an active PDE catalytic domain.29 Specifically, when we fused ICUE to 

the PDE4D2 catalytic domain (PDE4D2cat), we observed cAMP production to only induce a 

FRET response when PDE4 activity was inhibited, indicating that all cAMP in the vicinity 

of PDE4D2cat-ICUE was degraded. In contrast, disrupting RIα LLPS revealed clear cAMP 

elevations even in the absence of PDE inhibition, an effect that was lost when RIα was 

knocked out and enhanced when RIα was overexpressed.3 The prominent role of PDEs 

in cAMP compartmentation23 has long proven difficult to reconcile with the previously 

reported rates of cAMP diffusion (fast) and PDE catalysis (slow).3,29 Our study thus filled in 

crucial details regarding spatial cAMP signaling by revealing that RIα works in tandem with 

PDEs to establish a cAMP compartmentation system (Figure 5).

While LLPS often produces micron-scale biomolecular complexes, molecular assembly at 

the nanometer-scale is typically driven by multivalent scaffolds, proteins that bind and 

recruit various signaling enzymes to specific targets and subcellular locations.60 Scaffold 

proteins are involved in multiple pathways, including MAPK,61 GTPase,62 PKC,63 and 

PKA64 signaling. Arguably the most well-studied scaffolds are AKAPs, a diverse but 

functionally related class of proteins that bind and anchor PKA throughout the cell.64 

AKAPs are thought to regulate local PKA signaling through the formation of multi-protein 

signalosomes that integrate PKA with upstream regulators (e.g., PDEs, ACs), downstream 

targets (e.g., ion channels, cell-surface receptors), and even orthogonal signaling enzymes 

(e.g., PKC, CaN, ERK).64 While previous studies have utilized biosensors to probe the 

regulation of PKA activity dynamics within AKAP signalosomes, our recent work using a 

first-in-class superresolution reporter of PKA activity was able to demonstrate in remarkable 

detail the precision with which AKAPs shape local PKA signaling.4

This study arose from our serendipitous observation that the red-emitting FP TagRFP­

T65 exhibits stochastic fluorescence fluctuations (e.g., blinking) when brought into close 

proximity with the green-emitting FP Dronpa,66 a phenomenon we called Fluorescence 

fLuctuation INcrease by Contact (FLINC).4 Fluorophores that display stochastic fluctuations 
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between high-and low-intensity states (i.e., photochromism) are the basis for many 

superresolution imaging techniques;67 therefore, by sandwiching a PKA-dependent 

molecular switch composed of a PKA substrate peptide and FHA1 domain tethered 

by an extended linker44 between Dronpa and TagRFP-T, we were able to generate 

a superresolution biosensor, FLINC-AKAR, that shows increased blinking behavior in 

response to PKA activity elevations (Figure 6).4 The response from FLINC-AKAR is 

imaged via photochromic stochastic optical fluctuation imaging (pcSOFI),68 an accessible 

live-cell superresolution imaging technique that we developed previously. As with similar 

techniques, each superresolution map is constructed from a long image series, necessitating 

trade-offs between spatial and temporal resolution in order to minimize photobleaching. 

Nevertheless, FLINC offers unprecedented opportunities to visualize biochemical activity 

dynamics at molecular length-scales. Indeed, this approach enabled us to observe that 

PKA activity along the plasma membrane was confined to discrete hotspots, measuring 

~350 nm in diameter, upon pathway stimulation.4 Notably, we found that blocking AKAP­

PKA interactions using a peptide disruptor69 greatly reduced the sensor response following 

stimulation and largely abolished the appearance of highly active PKA hotspots, suggesting 

that AKAP anchoring plays a critical role in creating these submicron-scale PKA activity 

domains.4

The canonical model of PKA activation holds that C subunits dissociate from the 

holoenzyme following cAMP binding to R subunits.70 Given that AKAPs exclusively 

anchor PKA via R subunits,64 our results highlighted longstanding questions about how, 

specifically, AKAPs are able to confine diffusible PKA C. While the canonical model 

of PKA activation was recently called into question by studies suggesting that C and R 

don’t fully dissociate under physiological conditions,71 this point has proven somewhat 

controversial.72 Furthermore, our FLINC-AKAR imaging revealed that PKA activity 

microdomains form even under maximal, nonphysiological signaling conditions during 

which C subunits are still thought to dissociate.4,71 In pursuing this question, we performed 

additional superresolution imaging using STORM, which revealed that AKAP79, a well­

characterized membrane AKAP,73 forms discrete plasma membrane clusters that colocalize 

with PKA activity microdomains, visualized simultaneously via either 2-color STORM 

imaging of phosphorylated PKA substrates or FLINC-AKAR imaging.4 Based on these 

findings, we proposed a new model of PKA spatial regulation in which AKAP clustering 

promotes local enrichment of R subunits, leading to enhanced recapture of C subunits to 

locally confine PKA activity.

CONCLUSIONS AND OUTLOOK

Here, we have explored our lab’s use of molecular tools such as genetically encoded 

fluorescent biosensors to decipher the molecular logic governing the spatial regulation 

of intracellular signaling pathways. Our work emphasizes the contribution of multiple 

processes operating across multiple spatial scales in defining a global biochemical activity 

architecture to regulate cellular function. Critically, the evolving toolkit of genetically 

encoded biosensors has been indispensable in our efforts to traverse these different spatial 

scales. On their own, sensors based on early, now classic designs have helped reveal the 

formation of biochemical activity gradients spanning entire cells. Through increasingly 
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sophisticated methods of biosensor targeting, we have been able to uncover the importance 

of organelle membranes in shaping the biochemical landscape within cells and have even 

gained a new window into the role of liquid-like, membraneless organelles. Finally, an 

entirely new class of biosensors based on fluorescence fluctuations is providing molecular­

scale information through superresolution imaging of biochemical activity dynamics. Spatial 

regulation is a universal feature of biochemical pathways, and these techniques are readily 

generalized to investigate pathways and compartments not mentioned here. Indeed, we hope 

to see a continued expansion in the application of these approaches to capture the full scope 

of biochemical activity architectures.

Following on advances in elucidating the cellular and subcellular patterning of biochemical 

networks, we now find ourselves in the midst of an accelerating shift toward illuminating the 

tissue- and organism-scale dimensions of these activity architectures. Tracking biochemical 

activity dynamics in vivo presents a unique set of challenges, and biosensor engineering 

efforts are already shifting to meet these needs. Given the optical complexity of biological 

tissue and the subtle biochemical changes associated with physiological processes, a 

chief concern is maximizing biosensor dynamic range and signal-to-noise ratio (SNR), 

which determine how sensitively a biosensor can respond to a biochemical change and 

how robustly that response can be measured. To this end, biosensor engineering efforts 

increasingly favor incorporating a molecular switch directly into the barrel of a single FP. 

Combined with directed evolution, this approach can yield sensors with orders-of-magnitude 

higher dynamic range and sensitivity than FRET-based designs, enabling fairly robust in 

vivo imaging.7 We were recently able to apply this design to engineer a suite of high­

SNR, excitation-ratiometric kinase activity reporters (ExRai-KARs) that vastly outperform 

their FRET-based counterparts,74 using high-throughput screening to ultimately obtain 

an ultrasensitive PKA sensor (ExRai-AKAR2) capable of rapid, in vivo kinase activity 

imaging in the brains of awake mice.75 Future efforts to continue broadening the range of 

activities detected by this growing sensor class are likely to prove essential for mapping the 

biochemical activity architectures of living organisms (Figure 7).
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Figure 1. Visualizing calmodulin dynamics reveals a signaling gradient.
Using BSCaM, a FRET-based biosensor for measuring free Ca2+-bound calmodulin (Ca2+/

CaM), we revealed the nonuniform distribution of this key regulatory molecule between the 

cytosol and ER surface in pancreatic β-cells. CFP fluorescence images illustrate BSCaM 

localization in MIN6 pancreatic β-cells. Scale bars, 10 μm.
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Figure 2. Discrete patterning of oscillatory phase by cAMP production and degradation.
Studying subcellular cAMP dynamics in pancreatic β-cells using the cAMP sensor citrine/

cerulean (Ci/Ce) Epac2-camps reveals that, whereas plasma membrane (e.g., global) cAMP 

signaling is dominated by Ca2+-activated PDE1C, causing cAMP to oscillate out-of-phase 

with Ca2+, AKAP79/150 assembles a signaling complex in which Ca2+-stimulated AC8 

activity locally overcomes PDE activity, allowing cAMP to oscillate in-phase with Ca2+. 

Confocal images show YFP fluorescence from AKAP (left)- and plasma membrane (right)­

localized Epac2-camps in MIN6 pancreatic β-cells. Scale bars, 10 μm.
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Figure 3. Local control of plasma membrane ERK signaling.
Subcellularly targeted variants of our improved FRET-based ERK kinase activity reporter 

(EKAR4) revealed that epidermal growth factor (EGF) stimulation triggers sustained, local 

plasma membrane ERK activation through both Ras and Rap1 GTPase in PC12 cells. 

A separate pool of ERK regulated only by Ras is responsible for transient, global ERK 

signaling. CFP fluorescence images illustrate EKAR4 localization in PC12 cells. Scale bars, 

10 μm.
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Figure 4. Regulation of nuclear mTORC1 activation by nuclear Akt activity.
By combining real-time visualization of mTORC1 activity using the FRET sensor TORCAR 

with local perturbation of Akt activity using Akt-STOPS, we discovered that nuclear Akt 

signaling controls nuclear mTORC1 activation via nuclear recruitment of the mTORC1 

subunit Raptor. Inset CFP (left) and RFP (right) images show the nuclear localization of 

TORCAR and Akt-STOPS, respectively, in NIH3T3 cells. Images from cells both without 

(top) and with (bottom) Akt-STOPS expression are shown. Scale bars, 10 μm.
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Figure 5. A key role for phase separation in cAMP compartmentation.
The PKA regulatory subunit RIα forms phase-separated droplets that sequester cAMP, 

which is essential for PDEs to effectively compartmentalize cAMP signaling. We directly 

visualized cAMP levels within RIα droplets using FluoSTEP-ICUE, in which a FRET-based 

cAMP sensor is reconstituted at an endogenously expressed protein (e.g., RIα) via split 

FP complementation. Confocal image of GFP fluorescence shows phase-separated droplets 

formed by endogenously labeled RIα in HEK293T cells. Scale bar, 10 μm.
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Figure 6. Nano-scale organization of PKA activity by AKAP clustering.
(A) We have used a new, superresolution PKA activity reporter FLINC-AKAR to reveal that 

PKA activity is organized into discrete clusters along the plasma membrane, which likely 

correspond to clusters of AKAP-assembled molecular signalosomes. (B) A superresolution 

image of a representative HeLa cell expressing FLINC-AKAR, illustrating clear activity 

hotspots following PKA stimulation (magnified in inset). Scale bar, 10 μm (inset, 1 μm).
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Figure 7. Illuminating activity architecture across scales.
Continuing advances in biosensor engineering should illuminate biochemical activity 

architectures across molecular, cellular, and organism scales.
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