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Abstract:  

Synergistic advances in fluorescent protein (FP) engineering and live-cell imaging techniques 

in recent years have fueled the concurrent development and application of genetically 

encoded fluorescent reporters that are tailored for tracking signaling dynamics in living 

systems over multiple length and time scales. These biosensors are uniquely suited for this 

challenging task, owing to their specificity, sensitivity, and versatility, as well as to the non-

invasive and non-destructive nature of fluorescence and the power of genetic encoding. Over 

the past 10 years, a growing number of fluorescent reporters have been developed for 

tracking a wide range of biological signals in living cells and animals, including second 

messenger and metabolite dynamics, enzyme activation and activity, and cell cycle 

progression and neuronal activity. Many of these biosensors are gaining wide use and are 

proving to be indispensable for unraveling the complex biological functions of individual 

signaling molecules in their native environment, the living cell, shedding new light on the 

structural and molecular underpinnings of cell signaling. In this review, we highlight recent 

advances in protein engineering that are likely to help expand and improve the design and 

application of these valuable tools. We then turn our focus to specific examples of live-cell 

imaging using genetically encoded fluorescent reporters as an important platform for 

advancing our understanding of G protein-coupled receptor (GPCR) signaling and neuronal 

activity.  
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Introduction 

Cell signaling is the communications network that determines the responses of a cell at 

multiple levels, from molecular and cellular, to tissue and whole organism. At the molecular 

level, this network consists of signaling molecules that dictate information flow within the 

complex cellular environment through often transient changes and interactions. The 

choreographed interplay of signaling molecules in cellular space and time results in exquisite 

spatial organization and temporal regulation [1]. As such, it is imperative to study these 

signaling molecules and activities in their native context, the living cell, in order to elucidate 

the general working principles and underlying molecular mechanisms of cell signaling [2]. 

With a typical lifetime of nanoseconds, fluorescence is fast and capable of achieving 

single-molecule sensitivity and nanometer spatial resolution in living cells when combined 

with suitable imaging modalities [3]. Together with its desirable non-invasive and non-

destructive nature, fluorescence-based reporters, such as synthetic fluorescent indicators [4], 

have long been recognized as valuable tools for visualizing signaling dynamics with high 

spatial and temporal resolution in living systems. Conceptually, a fluorescent reporter 

comprises a fluorescent reporting element that is coupled to a specific signal-sensing element 

such that the fluorescence readout of the reporting element is modulated by the distinct 

molecular states of the sensing element, which correspond to the ON and OFF states of the 

target signal [5]. For example, Fura-2 [4], a widely-used fluorescent indicator for measuring 

Ca2+ dynamics in living cells, incorporates a fluorescent moiety, the reporting element, into a 

molecular scaffold derived from a Ca2+ chelator, EGTA, the sensing element. In this case, 

Ca2+ binding shifts the excitation peak of Fura-2 from 362 nm to 335 nm, thereby providing a 

dual-excitation ratiometric readout suitable for quantitative measurement of intracellular Ca2+ 

concentrations (Fig. 1A). The general success of synthetic fluorescent indicators, however, 

has been limited by the lack of suitable synthetic sensing elements for many of the known 

signaling molecules [6]. On the other hand, proteins are the workhorses of cellular signal 

processing in that nearly all signaling molecules and activities are mediated through protein 

molecules, be it ligand binding, chemical modification, or non-covalent interaction. Thus, in 

principle, a protein-based sensing element with suitable sensitivity and specificity for a given 

cellular signal of interest can often be derived from or engineered based on naturally 

occurring proteins. As an early example, FlCRhR [7], a fluorescent cyclic AMP (cAMP) 

reporter, was developed utilizing the cAMP-dependent protein kinase (PKA) holoenzyme as 

the sensing element. FlCRhR was constructed by labeling the purified catalytic and 
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regulatory subunits of PKA holoenzyme with two small molecule fluorophores, fluorescein 

and rhodamine, respectively. FlCRhR works by a mechanism known as fluorescence 

resonance energy transfer (FRET), as binding of cAMP to the regulatory subunits leads to the 

dissociation of the catalytic subunits from the regulatory subunits and therefore the loss of 

FRET (Fig. 1B), which is only effective when the two fluorophores are in close proximity 

[8]. The development of FlCRhR not only demonstrated the usefulness of FRET as a general 

working mechanism for reporter design, but its modular design employing two functionally 

distinct physical elements also suggests that a fully genetically encoded fluorescent reporter 

could be made possible with the availability of a genetically encodable fluorophore [9]. To 

this end, the discovery that the green fluorescent protein (GFP) from the jellyfish Aequorea 

victoria [10] is an intrinsically fluorescent protein truly revolutionized the field of live-cell 

imaging. FP-based genetically encoded fluorescent reporters have since been developed for 

dynamic visualization of a wide range of signaling molecules and activities in their native 

cellular environment and are still growing at a rapid pace [11–14]. 

Wild-type GFP is a 238-amino-acid, 27-kDa protein that folds into a unique, 11-stranded 

β-barrel structure of 2.4 nm diameter and 4.2 nm height [15], with an α-helix running through 

the central axis of the barrel cylinder, which proves to be a common structural feature shared 

by all currently known GFP-like FPs with intrinsic chromophores. The GFP chromophore – 

derived from the Ser65-Tyr66-Gly67 tripeptide – is located in the middle of the highly stable 

β-barrel structure and is effectively shielded from external influence, and its fluorescence is 

therefore largely insensitive to environmental changes [10]. Over the past 20 years, extensive 

protein engineering efforts have resulted in a dazzling color palette of FPs, encompassing the 

whole visible spectrum from ultraviolet (UV) to far-red [16,17]. The latest FPs have 

overcome many issues of early generations of FPs concerning expression, folding, 

maturation, brightness, excitation/emission spectra, photostability, oligomerization, and 

environmental sensitivity, thus becoming increasingly useful as the reporting element for 

building genetically encoded fluorescent reporters [18]. Based on their emission maxima, 

these color variants can be conveniently divided into the following spectral classes: UV (401-

440 nm), blue (441-470 nm), cyan (471-500 nm), green (501-520 nm), yellow (521-550 nm), 

orange (551-575 nm), red (576-630 nm) and far-red (631-660 nm). 

The burgeoning and expanding toolbox of FP-based biosensors is due, in large part, to 

continuous protein engineering efforts, as well as the availability of several modular and 

highly effective design strategies that exploit the unique spectral and structural features of 

FPs [19,20]. Here, we provide a brief overview of two such designs, namely FRET-based and 
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single FP-based biosensors, that typically employ a naturally occurring or engineered 

conformational switch specific for the target signal as the sensing element, to highlight 

several important design elements before turning our attention to more recent developments 

in protein engineering that are providing exciting new opportunities for the development and 

application of genetically encoded fluorescent reporters. 

FRET is an electrodynamic phenomenon of radiationless energy transfer from an excited-

state donor fluorophore to a ground-state acceptor chromophore due to dipole-dipole 

interaction between the pair [8,21]. FRET efficiency is dependent on the photophysical 

properties of both the donor and the acceptor, including quantum yield (QY) of the donor, 

extinction coefficient of the acceptor, and the spectral overlap between the donor emission 

and the acceptor absorption, as well as the relative distance between the donor and acceptor, 

which takes both the distance and the relative orientation between the pair into account. 

FRET is only effective when the donor and acceptor are in molecular proximity (i.e., <10 nm 

apart), and its efficiency is highly sensitive to the relative distance between the donor and 

acceptor; therefore, it can provide a sensitive measurement of conformational changes or 

protein-protein interactions that correspond to specific signaling activities [22,23]. The robust 

fluorescence properties of FPs due to their stable β-barrel structure make them ideal FRET 

pairs in FRET-based biosensors. In fact, finding FP pairs optimal for FRET was and still 

remains one of the major motivations for the continuous engineering and development of FP 

color variants [10,24]. Consequently, early FP-based biosensors, including the cameleon 

family of Ca2+ indicators [25], were mostly FRET-based. One notable feature of a cameleon-

type biosensor is that its sensing element employs an engineered two-module molecular 

switch comprising calmodulin (CaM) as the primary Ca2+-sensing module and M13, a CaM-

binding peptide, as the auxiliary module to ensure a reliable conformational change that can 

be readily detected by FRET measurement (Fig. 1C). Importantly, this modular design serves 

as a general blueprint for engineering conformationally responsive molecular switches for 

sensing a variety of signaling molecules and activities [26], even in cases where the 

biochemical signal of interest is not naturally associated with a significant conformational 

change [27,28]. Furthermore, the two functional elements, namely the CaM/M13 switch and 

the FRET pair, can be independently engineered and evolved for improved performance or 

additional purposes. For instance, fundamental properties of the sensing element, such as 

sensitivity and response kinetics, can be readily tuned or modified by re-engineering the 

CaM/M13 or an analogous two-module interface, independent of the FRET pair used. 
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On the other hand, single FP-based biosensors can also be engineered by taking advantage 

of either the intrinsic sensitivities, such as pH [29] and halide [30], of some FPs, or the 

distinct localization pattern of the sensing element to which an FP is attached [31]. 

Alternatively, using a single FP as a reporting element can also be based on fluorescence 

complementation [32] or fragment complementation [33] of FPs, although the largely 

irreversible nature of this process limits its use in monitoring signaling dynamics. However, it 

was not until the development of circularly permuted FPs (cpFPs) [34] that it became 

practical to modulate the fluorescence properties of an FP with a conformational switch. In a 

cpFP, the original C- and N-termini of the FP are joined together through a short peptide 

linker, and new C- and N-termini are created at specific sites within the original amino acid 

sequence. Therefore, it is conceivable that when the newly-created termini are coupled to a 

conformational switch and placed close to the chromophore, the fluorescence properties of 

the cpFP can be modulated by the conformational switch. This design was first proposed in 

the paper describing the development of cpFPs [34] and was subsequently realized in two 

series of single FP-based Ca2+ indicators, namely GCaMP [35] (Fig. 1D) and Pericam [36], 

by incorporating the CaM/M13 switch into cpGFP and cpYFP, respectively. 

 

Recent Advances in Biosensor Development 

Next, we highlight recent advances in the development of new and improved genetically 

encoded fluorescent reporters. We use select examples to illustrate the capabilities as well as 

the limitations of current biosensors and briefly discuss some future directions. 

 

Dimerization-dependent FPs (ddFPs) 

A ddFP [37,38] is a fluorescent heterodimer consisting of a monomeric non-fluorescent FP 

and a monomeric fluorogenic FP whose fluorescence, as the name suggests, depends on the 

heterodimerization of the two FPs. Typically, the binding affinity between a ddFP pair is 

engineered to be relatively weak such that heterodimerization is not significant at normal 

expression levels for fluorescence imaging (i.e., in the range of one to tens of micromolar). 

As a result, ddFP fluorogenesis requires additional interaction, which makes ddFPs suitable 

to serve as a reporting element by combining reversible fluorogenesis with single-color 

convenience. In addition, spectrally distinct pairs of ddFPs, green, yellow and red, can share 
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the same non-fluorescent FP partner, making them versatile tools for constructing new types 

of fluorescent reporters [39]. The utility of these ddFP pairs has been demonstrated in 

biosensors for a variety of biochemical activities, including Ca2+ and cAMP dynamics, 

protease activity, and more [38,39]. For example, ddGFP was applied to image the membrane 

contact sites between the endoplasmic reticulum (ER) and mitochondria, known as 

mitochondria-associated membranes (MAMs), which have emerged as major players in 

Ca2+ signaling and lipid metabolism between the two organelles in recent years [40]. Using a 

reporter for MAMs created by fusing the two distinct monomers of a ddGFP pair with the ER 

protein calnexin and the mitochondrial protein Tom20, respectively, MAMs were found to be 

clearly visible in both HeLa and wild-type MEF cells but not in knockout MEF cells lacking 

mitofusin-2, a MAM protein whose functional role at the ER/mitochondria interface was 

controversial [38]. This study thus provides important evidence that supports the notion that 

mitofusin-2 functions as a molecular tether at the interface between the ER and mitochondria. 

Although current ddFP pairs employ two FPs, the fact that the non-fluorescent FP 

monomer only serves as a fluorescence dequencher to modulate its interacting partner 

suggests that different protein modules [41] that can play essentially the same role could be 

developed and utilized to further extend the utility of ddFP-like protein tools. Additionally, 

because of their distinct working mechanism, ddFP-based biosensors can also be used to 

orthogonally validate results from using fluorescent reporters based on other designs such as 

FRET and fluorescence complementation. 

 

Photochromic FPs for super-resolution imaging and reporting 

It was recognized early on that some FPs can exhibit complex photochromic behaviors such 

as blinking under certain illumination conditions due to the chromophore switching between 

different molecular states [25,42]. Subsequent demonstration that FPs with controlled 

photochromism can be engineered and harnessed for novel live-cell imaging applications [43] 

catalyzed the rapid development of a variety of new imaging methods achieving 

subdiffraction spatial resolution and/or enhanced contrast [44], including photoactivated 

localization microscopy (PALM) [45] and many others [46]. As many fluorescent biosensors 

for live-cell imaging are FP-based [47], there has been a growing interest in developing 

photochromic FP-based biosensors to visualize signaling molecules and activities with 

improved spatial resolution and enhanced contrast. To date, several strategies based on the 

reconstitution of FPs that are suitable for super-resolution imaging have been reported for 
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nanoscale imaging of protein-protein interactions in living cells [48–51]. One such strategy, 

termed reconstituted fluorescence-based stochastic optical fluctuation imaging (refSOFI) 

[51], utilizes fragment complementation and the reconstitution of photoswitchable FPs 

induced by specific protein-protein interactions and subsequent fluctuation-based super-

resolution imaging to obtain super-resolved maps of protein complexes in living cells (Fig. 

2A). refSOFI was applied to probe the interaction between the ER Ca2+ sensor STIM1 and 

the pore-forming protein ORAI1 at ER-plasma membrane junctions and revealed that 

stimulation of store-operated Ca2+ entry results in an increase in the number of 

STIM1/ORAI1 interaction puncta rather than an increase in the size of existing puncta, two 

plausible mechanisms that are difficult to distinguish otherwise [51]. Despite improved 

spatial resolution, however, these fluorescence complementation-based methods are 

irreversible and therefore not suitable for tracking dynamic activities in super-resolution. To 

overcome this limitation, a new class of fluorescent reporters capable of visualizing dynamic 

kinase activity and protein-protein interactions in super-resolution has been recently 

developed [52]. These biosensors were developed based on the serendipitous discovery that 

fluorescence fluctuation of a red FP, TagRFP-T [53], significantly increases when it is in 

close proximity with Dronpa [54], a photochromic FP. This phenomenon, termed FLINC, is 

dependent on inter-FP distance and results from perturbation of the molecular environment of 

the TagRFP-T fluorophore by Dronpa. FLINC therefore forms the basis for a new class of 

biosensors in which the molecular proximity between Dronpa and TagRFP-T, and thus 

TagRFP-T fluctuation characteristics, could be modulated by engineered molecular switches 

in a similar manner as in FRET-based biosensors. When combined with pcSOFI [55], a 

super-resolution imaging method based on fluorescence fluctuation, a FLINC-based PKA 

activity reporter allowed mapping of PKA activity at super-resolution in living cells and 

uncovered a new functional role of clustered A-kinase anchoring proteins (AKAPs) in 

maintaining PKA signaling microdomains [52] (Fig. 2B). Importantly, this work further 

extends the realm of spatiotemporal regulation of cell signaling now that dynamically-

structured biochemical activity can be studied with unprecedented detail in cellular space and 

time. 
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Alternative FPs using endogenous cofactors 

The tremendous success of GFP-like FPs has also fueled further discovery and development 

of new FPs with alternative chromophores, in particular those with long-wavelength 

excitation/emission maxima (ex/em) between 650 and 900 nm, as these are missing from the 

existing toolbox of GFP-like FPs. Longer-wavelength FPs are preferable for cellular imaging, 

especially for in vivo imaging applications, owing to minimal autofluorescence, absorption, 

and light scattering from endogenous cellular components, and consequently improved 

contrast and deeper tissue penetration in mammalian systems [56]. The first demonstration of 

IFP1.4 (ex/em, 684/708 nm; QY, 0.07) [57], an infrared FP (IFP) derived from a bacterial 

phytochrome (BphP) [58], as a useful fluorescent tag for in vivo mammalian imaging has 

sparked the rapid development of a series of alternative FPs, including improved infrared 

IFPs [59,60] and iRFPs [61–63] based on BphPs, far-red smURFP (ex/em, 642/670 nm; QY, 

0.18) [64] evolved from a cyanobacterial phycobiliprotein, and green UnaG (ex/em, 498/527 

nm; QY, 0.51) [65] derived from a fatty acid binding protein in the skeletal muscle of 

Japanese eel. These FPs, unlike GFP, utilize endogenous cofactors, such as bilirubin (e.g., 

UnaG) and biliverdin (e.g., IFPs, iRFPs, and smURFP), as their chromophores, and have 

distinct structural domains, thus providing new scaffolds for engineering genetically encoded 

fluorescent reporters. Indeed, a number of biosensors have already been developed based on 

the unique features of these alternative FPs [66–68]. For example, a fluorogenic caspase 

activity reporter named iCasper [66] was developed by incorporating a caspase substrate to 

constrain the physical proximity between two conserved domains, known as the PAS and 

GAF domains, in an IFP, which is believed to be critical for its chromophore formation and 

therefore fluorescence. Cleavage of the substrate by the target caspase releases this constraint 

and allows fluorescence to develop (Fig. 1E). In contrast to FRET-based reporters, this type 

of caspase activity reporter in principle provides a more sensitive signal because its 

fluorogenic nature results in low background fluorescence signal. When applied to image 

apoptosis during fly embryonic development using spinning-disk confocal microscopy, 

iCasper revealed an interesting spatiotemporal correlation between apoptosis and 

morphogenesis [66]. In addition, iCasper has also been successfully used to study the 

dynamics of apoptosis during tumorigenesis in a Drosophila brain tumor model [66]. 

It is expected that further discovery and development of alternative FPs will continue to 

create exciting opportunities and new applications for live-cell imaging that are either 

challenging or not yet feasible with current GFP-like FPs. 
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Nano-lantern and luminescent proteins 

The requirement for excitation light in the case of conventional fluorescence microscopy can 

limit the use of fluorescent reporters in certain applications, in vivo imaging applications in 

particular, due to poor light penetration, phototoxicity, photobleaching, and high background 

autofluorescence from the sample. With luminescence, however, light is instead generated by 

a chemical reaction, thereby eliminating the need for an external light source. However, most 

luminescent proteins suitable for live-cell imaging, such as firefly luciferase (FLuc) and 

Renilla luciferase (RLuc), are dim compared with FPs and, as a result, provide relatively poor 

spatial and temporal resolution [69]. 

Nano-lantern [70], a bright luminescent protein, is a chimeric protein consisting of an 

enhanced RLuc variant fused to a bright YFP, Venus, which serves as a bioluminescence 

resonance energy transfer (BRET) acceptor of the energy generated by RLuc using its 

coelenterazine substrate. The resulting improved brightness, about 10 times brighter than 

wild-type RLuc (QY, ~0.2 for Nano-lantern vs ~0.02 for wild-type RLuc), enables real-time 

imaging of subcellular structural features such as microfilaments and microtubules in living 

cells and allows video-rate imaging of small subcutaneous tumors in freely moving unshaved 

mice [70]. Moreover, cyan and orange color variants of Nano-lantern have been engineered 

to enable high-speed multicolor luminescence imaging in living cells [71]. More recently, 

five bright new color variants, namely, cyan, green, yellow, orange and red, of enhanced 

Nano-lantern (eNL) [72], which is based on NanoLuc [73], the brightest luciferase currently 

available, have been developed to enable luminescence co-imaging of five distinct subcellular 

structures in living cells. Notably, Nano-lantern based biosensors for tracking Ca2+ (Fig. 1F), 

cAMP and ATP dynamics have been successfully created by inserting the corresponding 

sensing domains into the RLuc region of Nano-lantern, achieving up to 300%, 130%, and 

200% dynamic ranges, respectively, in living cells [70]. Similarly, an eNL-based Ca2+ 

biosensor has also been created with an impressive 500% dynamic range to allow fast and 

long-term Ca2+ imaging in cardiomyocytes to show drug effects on cardiomyocyte function 

[72]. These results suggest that new and improved biosensors may be developed by 

exploiting the structural features of different luciferases, such as the FLuc, NanoLuc, or 

RLuc. 

In another recent development of luminescent proteins, CyOFP1 [74], a bright cyan-

excitable orange FP, was used as a BRET acceptor for NanoLuc to create Antares [74], a 

highly bright red-emitting luminescent protein consisting of NanoLuc sandwiched between 
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two copies of CyOFP1. Compared with orange Nano-lantern, Antares is 20 times brighter 

overall and 28 times brighter at wavelengths longer than 600 nm under similar test 

conditions. Moreover, Antares is capable of producing much higher levels of detectable 

photon emission when expressed in deep tissues of living mice compared with the most 

commonly used luminescent protein, FLuc. Therefore, it is of great interest to see whether 

high-performance biosensors can be developed for in vivo imaging of cellular signaling based 

on Antares or similarly designed luminescent proteins. 

Luminescent proteins such as Nano-lantern and Antares hold great promise in enabling 

new applications of genetically encoded fluorescent reporters by eliminating the need for 

external illumination and are particularly suitable for applications such as live-cell drug 

screens and in vivo imaging, for which illumination is undesirable or difficult under certain 

conditions. In addition, luminescent protein-based biosensors are readily compatible with 

perturbation techniques that involve the use of light, such as optogenetics, making them 

valuable tools for all-optical analysis of cell signaling in living systems [75]. Moreover, 

eliminating the light source could also facilitate the development of compact or miniaturized 

optical microscopes [76] to enable more convenient and efficient high-content and in vivo 

imaging applications. However, significant improvements to current luminescent protein-

based biosensors, both in terms of brightness and dynamic range, are still required in order to 

achieve spatial and temporal resolution sufficient for a wide range of live-cell imaging 

applications. 

 

Nanobodies as a unique sensing element 

Owing to their high affinity and exquisite specificity, antibodies, typically consisting of two 

heavy chains and two light chains, are valuable tools for cell signaling research and are 

routinely used to visualize signaling molecules in fixed cells and tissues. Their application in 

living cells, however, is hindered by their large size (~150 kDa), poor solubility and low 

stability in living cells. On the other hand, some animals, including llamas and sharks, also 

produce antibodies devoid of light chains [77]. Importantly, the variable domain of these 

heavy chain-only antibodies, known as nanobodies [78], retains the full capability of specific 

antigen recognition. Nanobodies can be readily generated following established protocols and 

screened for desired affinity and specificity [79]. With their small size (~15 kDa), high 

solubility and stability, nanobodies are well suited for tracking specific targets in living cells 

[80]. Moreover, many nanobodies recognize conformational epitopes (i.e., a discontinuous 
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sequence of amino acids of a native protein that signifies its conformation) in functional 

proteins, making them ideal sensing elements for detecting distinct conformational states of a 

target protein directly in its cellular context [81]. The potential of nanobodies as a valuable 

tool for live-cell imaging has been demonstrated in a range of applications, including the 

dynamic tracking of endogenous proteins [82–84] and the development of conformation-

sensitive fluorescent reporters for real-time visualization of transient conformational changes 

in signaling molecules in living cells [85,86]. 

As a key member of the poly(ADP-ribose) polymerase (PARP) protein family [87], 

PARP1 plays an important role in DNA repair and other important cellular processes. Upon 

detecting DNA damage, PARAP1 binding to the damaged DNA initiates PAR chain 

synthesis on specific target substrates, including itself. These PAR chains in turn serve as a 

signal for the further recruitment of other DNA repair enzymes. Being at the starting point of 

the DNA repair process, PARP1 is also an attractive drug target for the development of anti-

cancer agents. To address the pressing need to better understand PARP1 dynamics in living 

cells, a fluorescent reporter for tracking endogenous PARP1, named PARP1 chromobody, 

was generated by fusing an FP to a well-characterized PARP1 nanobody [84]. Consistent 

with results from other studies, PARP1 chromobody was shown to be capable of tracking the 

dynamic localization patterns of endogenous PARP1 under various conditions, suggesting its 

potential as a useful tool for understanding the multiple functions of PARP1 in its native 

cellular environment. 

Current nanobody-based biosensors typically employ conventional FPs as the reporting 

element and may suffer from high background signals even in the absence of endogenous 

targets. One way to overcome this limitation is to match the expression level of the biosensor 

to that of the target protein [88,89]. Alternatively, nanobody-based sensing elements may be 

combined with other types of reporting elements, for example ddFPs [39] or split UnaG [90], 

to generate biosensors whose fluorescence properties change upon recognition of the target to 

improve signal sensitivity. Moreover, given the growing appreciation for the role of dynamic 

signaling complexes as critical regulators of cell signaling, nanobodies may also serve as a 

much-needed specific targeting motif [88] for targeting existing biosensors to specific 

signaling nanodomains to help elucidate their unique functional roles in more biologically 

relevant contexts. 
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Biosensors at Work 

GPCR signaling revisited 

Results from many live-cell imaging studies using fluorescent reporters have demonstrated 

unequivocally that spatiotemporal regulation is involved in practically all aspects of cell 

signaling, and therefore, it is critically important to understand the functional roles of 

signaling molecules in biologically relevant cellular context, even for those that have been 

well characterized both biochemically and biophysically. Here, we highlight some important 

contributions of this approach to the current understanding of GPCR signaling, including 

GPCR signaling from endosomes and β-arrestin signaling. 

With an estimated 800 or more members, G protein-coupled receptors (GPCRs), also 

known as seven-transmembrane (7TM) receptors, constitute the largest family of cell-surface 

receptors in the human genome. Functionally, GPCRs mediate distinct physiological 

responses by specifically transducing a vast array of extracellular stimuli into various 

intracellular signaling pathways, including the cAMP and phosphatidylinositol signaling 

pathways, via coupling to heterotrimeric G proteins. Traditionally, GPCRs are thought to 

signal to second messengers such as cAMP from the cell surface and become desensitized or 

switch to distinct signaling pathways upon agonist-induced internalization. This 

desensitization or switching process involves the action of GPCR kinases (GRKs) and 

subsequent interaction between the phosphorylated GPCR and β-arrestin. Depending on the 

nature of this interaction, GPCRs are commonly divided into two classes, namely, class A 

(weak interaction) and class B (strong interaction). However, recent studies using FRET-

based cAMP biosensors have shown persistent cAMP production from internalized GPCRs in 

living cells [91,92], indicating active intracellular G protein signaling from internalized 

compartments. These results have led to a series of studies to further investigate the 

underlying molecular mechanisms of such phenomena. 

To determine whether internalized GPCRs could remain active upon internalization, a 

GPCR conformation-specific nanobody-based biosensor named Nb80-GFP was generated to 

directly probe the activation process of the β2 adrenergic receptor (β2AR), a prototypical 

class A GPCR, in living cells [85]. Nb80-GFP was created by fusing GFP to a nanobody, 

Nb80, which specifically recognizes the activated form of β2AR. Live-cell imaging results 

showed two distinct phases of Nb80-GFP recruitment upon agonist stimulation: an early one 

to the plasma membrane and a later one to β2AR-containing early endosomes. This 
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observation of a second recruitment to endosomes suggests that internalized β2AR can indeed 

exist in an active conformation. To test whether internalized β2ARs could actually engage G 

protein coupling, another G protein conformation-specific nanobody-based biosensor was 

created by fusing GFP to a different nanobody, Nb37, which specifically binds the G protein 

in a transitional state, devoid of guanine-nucleotide, during activation. Consistent with the 

observations using Nb80-GFP, Nb37-GFP also showed a later recruitment to β2AR-

containing endosomes. Together with results from a luminescence-based live-cell cAMP 

assay, these findings support the notion that G protein signaling from internalized receptors 

might represent a general mechanism of GPCR signaling. Furthermore, using an optogenetic 

approach, it was also shown that cAMP production from different compartments, e.g., plasma 

membrane and endosomes, can lead to distinct cellular responses [93]. 

On the other hand, cAMP production triggered by internalized receptors has also been 

reported for a number of class B GPCRs, including the thyroid-stimulating hormone receptor 

(THSR) [91], parathyroid hormone receptor (PTHR) [92], and vasopressin type 2 receptor 

(V2R) [94], which have strong receptor-arrestin interactions. However, this is even more 

surprising given the prevailing paradigm that GPCR-arrestin and GPCR-G protein 

interactions are mutually exclusive. To look into this rather intriguing question, a recent study 

systematically tested the hypothesis that β-arrestin is actually capable of inducing receptor 

internalization without disrupting G protein coupling by forming a GPCR-G protein-β-

arrestin super-complex [95]. First, real-time cAMP measurements using a FRET-based 

biosensor [96,97] in living cells established that class B GPCRs can indeed continue to 

stimulate cAMP production after agonist-induced internalization. Second, cAMP production 

as a result of G protein signaling from internalized receptors was confirmed using a panel of 

BRET biosensors [98] in combination with an agonist-washout protocol. Third, fluorescently 

labeled receptor, β-arrestin, and G protein were shown to co-localize in endosomes after 

agonist stimulation using confocal microscopy. Furthermore, interactions between key 

components of the proposed super-complex at the internalized compartments were also 

validated with BRET measurements. Finally, in vitro preparation and isolation of the 

hypothesized super-complex was carried out using an engineered β2V2R receptor (a chimeric 

receptor in which the C-terminal tail of β2AR is replaced with the C-terminal tail of V2R), 

antibody-stabilized G protein and β-arrestin1; single-particle electron microscopy (EM) 

analysis revealed a novel structural architecture in which the chimeric receptor 

simultaneously binds to G protein and β-arrestin via its transmembrane core and C-terminal 

tail, respectively. Taken together, these results establish a new mode of GPCR signaling that 
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supports sustained G protein signaling, arising from the simultaneous interaction of both G 

protein and β-arrestin with the activated GPCR within internalized cellular compartments. 

Interestingly, several lines of evidence in this study also suggest that β2AR, a class A GPCR, 

does not seem to contribute significantly to this β-arrestin-mediated GPCR signaling from 

internalized compartments under these specific conditions. A follow-up study using a β-

arrestin mutant lacking the ability to interact with the transmembrane core of GPCRs further 

showed that β-arrestin interaction with the C-terminal tail of GPCRs alone is sufficient to 

cause receptor internalization but not desensitization [99], consistent with results from 

another recent study using a mutant GPCR that is deficient in its core interaction [100].  

It is increasingly clear from many studies, including those highlighted above, that 

spatiotemporal regulation is an integral part of GPCR signaling, and therefore, our 

understanding of the complexity and distinct physiological consequences of GPCR signaling 

is very much dependent on our ability to visualize various aspects of GPCR signaling in real 

time in relevant biological contexts, including important downstream signaling events such as 

cAMP production at different membrane compartments. For instance, a recent study 

uncovered yet another unexpected mechanism of crosstalk between two distinct GPCRs, 

namely PTHR and β2AR, at the site of PTHR-containing endosomes [101], which promotes 

endosomal cAMP production, suggesting the true complexity of GPCR signaling is likely to 

be much greater than currently appreciated (Fig. 3). Ultimately, live-cell imaging of GPCR 

signaling with high spatial and temporal resolution in living cells, tissues, and intact 

organisms will allow researchers to directly establish the causal links between the diverse 

molecular and mechanistic underpinnings and the distinct physiological effects of GPCR 

signaling. 

 

Illuminating neuronal activity in vivo 

The ability to measure neuronal activity in large populations of individual neurons in freely 

behaving animals is critical to advancing our understanding of how the nervous system 

works. Membrane potential changes such as action potentials (APs) are considered the 

common currency for neuronal activity, whereas Ca2+ signals serve as a proxy since APs 

often trigger intracellular Ca2+ changes. Over the past decade, both genetically encoded 

calcium indicators (GECIs) and genetically encoded voltage indicators (GEVIs) have been 

under active development for the imaging of neuronal activity in the intact brains of living 

animals [102,103]. 
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The first reported GECIs were FRET-based [25], using FP color variants such as the 

BFP/GFP or CFP/YFP pair. One such reporter, yellow cameleon-2 (YC2) is a fusion protein 

comprising enhanced CFP (ECFP), CaM, M13, and enhanced YFP (EYFP), from N- to C-

terminus (Fig. 1C). As described above, the CaM-M13 fusion functions as an engineered 

molecular switch, which alters its conformation upon Ca2+ binding to CaM and subsequent 

CaM/M13 complex formation, to modulate the FRET efficiency between the flanking FP 

pair. Many FRET-based GECIs have since been developed with improved performance 

and/or different characteristics for an increasingly broader range of applications in different 

living systems. For example, two independent approaches have been taken to minimize the 

perturbation of the YC signal due to endogenous CaM and CaM-binding proteins. In the TN 

series [104,105], a muscle-specific Ca2+ binding protein, troponin C, was used to replace the 

CaM/M13 switch; while in the D series of cameleon-type reporters such as D3cpV [106], the 

CaM/M13 binding interface was computationally redesigned using a bump-and-hole strategy 

so that they are no longer perturbed by endogenous CaM. 

As the first example of single FP-based GECIs, EYFP-calmodulin (also known as 

camgaroo-1, with CaM inserted into EYFP at position Tyr145) was the result of a rather 

fortuitous discovery that an ECFP mutant with an insertion of a six-residue peptide between 

residues 144 and 145 remained fluorescent [34]. This discovery also led to the creation of a 

family of cpFPs that proved to be useful for developing and improving single FP-based as 

well as FRET-based GECIs [107]. 

Early GECIs were not sensitive enough, in terms of signal-to-noise ratio (SNR) and 

response kinetics, to reliably detect the fast Ca2+ dynamics often associated with neuronal 

activity in vivo. Over the past 10 years, significant protein engineering efforts, together with 

large-library screening, have led to the development of many high-performing GECIs, with 

the most recent ones showing in vivo sensitivities matching or even surpassing the 

benchmark performance set by synthetic Ca2+ indicators [108]. For example, GCaMP6 

indicators [109], the current generation of GCaMP-type GECIs, are suitable for general in 

vivo imaging of neuronal activity in a variety of model organisms. In addition, a broad 

selection of GECI viral vectors and transgenic mice are now available, paving the way for 

widespread use of multi-scale in vivo brain activity imaging in freely behaving animals. In an 

effort to investigate the long-term place-coding dynamics of CA1 hippocampal place cells, 

the environment-specific neuronal activities of thousands of neurons in freely moving mice 

were monitored repeatedly across many sessions over a period of multiple weeks [110]. This 

was made possible by head-mounting a miniaturized fluorescence microscope [76] on the 
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target animal to allow Ca2+ dynamics in neurons expressing a GECI, in this case GCaMP3 

[111], to be tracked repeatedly while the mouse was freely exploring a familiar environment 

over many sessions. It was found that, at the cellular level, cells with place fields varied 

greatly from session to session, with only about 15-25% overlap between any two sessions 

ranging from 5 to 30 days apart; yet, at the ensemble level, this modest overlap was sufficient 

to preserve the spatial representation of the explored environment over the entire period, 

given the stable place fields of the cells. Furthermore, there was no discernable correlation 

between the overlapping cells and their activity patterns as revealed by Ca2+ imaging, 

suggesting that long-term CA1 place-coding is a dynamic network-level property. In another 

study, Ca2+ imaging of GCaMP6 transgenic mice was used to generate retinotopic maps of 

the visual cortex while mice were exposed to visual stimuli [112]. In this case, the superior 

SNR of GCaMP6 not only enabled rapid mapping but also helped to reveal 4 new regions 

that were not identified via previous methods, resulting in more complete coverage of the 

functionally distinct visual regions in the mouse cortex. 

Changes in membrane potential are spatially confined yet highly dynamic, and can be very 

fast in the case of APs. These intrinsic properties of membrane voltage signals proved to be a 

significant challenge for GEVI development. Early GEVIs utilizing voltage-sensing protein 

domains derived from various voltage-gated ion channels simply failed to properly localize to 

the plasma membrane in mammalian cells and are therefore not very useful [113]. More 

recently, the discovery of voltage-sensitive phosphatases [114] and the engineering of 

voltage-sensing microbial rhodopsins [115] with improved membrane localization and fast 

kinetics have provided more effective protein scaffolds for GEVI design and optimization, 

leading to the development of a series of increasingly better-performing GEVIs and many 

successful applications for reporting neuronal voltage dynamics in various animal models 

[116,117]. For example, Ace2N-4AA-mNeon [118], a fast and bright FRET-opsin type GEVI 

[119], created by coupling a fast opsin-based voltage-sensing domain to a bright FP, 

mNeonGreen [120], was shown to be capable of high-fidelity recording of single action 

potentials and subthreshold membrane voltage dynamics in cortical neurons of awake mice. 

Despite the impressive progress in recent years, however, more breakthroughs in the 

development of GEVIs, as well as major advances in related imaging modalities, are still 

needed in order to achieve the long-standing goal of long-term tracking of membrane 

potential changes in large populations of individual neurons in freely behaving animals. More 

comprehensive comparisons and discussions of current GEVIs can be found in several recent 

review articles [103,116,117]. 
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Whole-brain imaging of neuronal activity using a snapshot reporter, CaMPARI 

It has been well established that different behavioral tasks involve distinct populations of 

neurons in the brain. In this regard, whole-brain imaging of neural activity with single-cell 

resolution in living animals is probably the most straightforward approach to identify specific 

behavior-associated neural circuits in animal brains [121,122]. However, while genetically 

encoded fluorescent reporters for neuronal activity, such as GECIs, can be readily expressed 

in neurons of interest in a whole brain, current in vivo imaging modalities lack the capability 

to label specific neurons of interest for post hoc analysis and are also limited in their capacity 

to capture all the targeted neurons in an intact brain with sufficient spatial and temporal 

resolution. To address this challenge, a snapshot reporter concept was proposed [123] and 

recently materialized with the development of CaMPARI [124], a calcium-modulated 

photoactivatable ratiometric integrator.  

Briefly, CaMPARI is a single FP-based reporter that undergoes a Ca2+-dependent green-to-

red photoconversion upon violet-light illumination. CaMPARI is based on the GCaMP design 

but uses a photoconvertible FP, mEos2 [125], instead of cpGFP. Expressing this reporter in 

the brains of living organisms effectively turns the whole brain itself into an optical recording 

medium for brain activity, and upon temporally controlled illumination, active neurons in 

animals experiencing specific stimuli or performing certain behavioral tasks change color 

from green to red, while neurons with low activity at the same moment remain green due to 

differential photoconversion efficiency of the reporter in different Ca2+-binding states. This 

color switching is non-perturbing, effectively permanent and remains stable after fixation, 

making the reporter compatible with both in vivo and ex vivo analysis of the whole brain or 

selected regions [121,122,126,127]. Therefore, whole-brain imaging of neural activity with 

single-cell resolution can be performed retrospectively, and additional characterization and 

analysis using various techniques, including many single-cell analysis techniques, can be 

performed to obtain cellular activity-dependent neural circuit information at the single-cell, as 

well as whole-brain, level. The performance and utility of CaMPARI as a light-controlled 

snapshot reporter for neural activity in vivo have been validated and demonstrated in several 

model systems, including fish, flies, and mice [124]. For example, upon application of a 

photoconversion light that coincides with an odor stimulation, CaMPARI was used to label 

active neurons in response to specific odorant stimuli in the brains of adult files. The results 

are consistent with previous studies that used other methods such as real-time Ca2+ imaging 

with GECIs, but more importantly, it demonstrates the utility of CaMPARI as a permanent 
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activity marker in scenarios where real-time monitoring of Ca2+ signal might not be feasible, 

for example, when imaging a large field of view. In another example, whole-brain imaging of 

transgenic zebrafish expressing CaMPARI in all neurons under various conditions, such as 

freely swimming, anesthesia, heat, and cold, showed consistent activity patterns between fish 

that experienced the same condition but distinct patterns among fish that were exposed to 

different conditions, with cellular-level resolution. 

To properly utilize CaMPARI as a tool for labeling active neurons in vivo during behavior 

or stimulus, it is important to ensure that the photoconversion light used during the 

experiment does not alter the behaviors of the living organisms under study. In addition to 

having been validated in multiple model organisms under various established experimental 

conditions, CaMPARI can also serve as an internal control since it also functions as a regular 

GECI in either the original green state or the photoconverted red state. Consequently, Ca2+ 

signals measured before and after photoconversion light illumination can be compared with 

each other as well as its normal red/green ratio signal, which is indicative of integrated Ca2+ 

activity during the illumination period, to determine the potential impact of the illumination 

light on animal behavior. 

 

Conclusion 

In just 20 years, the toolbox of genetically encoded fluorescent reporters has grown from 

virtually non-existent to being a major resource for studying many aspects of cell signaling. 

Given the important role of genetically encoded fluorescent reporters in advancing our 

understanding of the spatiotemporal regulation of signal transduction in relevant biological 

contexts, current efforts are devoted to growing the diversity of the toolbox as well as 

improving the performance of the existing tools to be able to visualize essentially all 

signaling molecules in living cells. With synergistic advances in chemical biology, advanced 

optical imaging, computational modeling, and genomic editing, the future of illuminating cell 

signaling is bright. 
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Figure Legends 
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Fig. 1. An evolving toolkit for live-cell imaging of signaling events. (A) Synthetic fluorescent 

dyes have long enabled researchers to track the dynamics of various ions in living cells. For 

instance, Fura-2, which is related to the Ca2+ chelators EGTA and BAPTA, emits light at 

~510 nm but undergoes a shift in its preferred excitation wavelength from 362 nm in the 

Ca2+-free state (left) to 335 nm in the Ca2+-bound state (right). The fluorescence intensity at 

each excitation wavelength is directly proportional to the concentration of Ca2+, and 

calculating the emission intensity at each excitation wavelength (i.e., the excitation ratio) 

offers a quantitative readout of live-cell Ca2+ dynamics. Such dyes can be readily introduced 

into cells through the use of acetoxymethyl ester derivatives. (B) In the absence of chelators 

for larger cellular analytes, researcher subsequently turned to chemical labeling to generate 

fluorescent biosensor from purified proteins. As shown here, FlCRhR utilizes the cAMP-

dependent dissociation of the PKA holoenzyme to provide a FRET-based readout of cAMP 

levels in live cells by chemically linking the PKA Cα (catalytic) and RIα (regulatory) 

subunits with fluorescein and rhodamine dye, respectively. In the absence of cAMP (left), 

assembly of the PKA holoenzyme results in FRET between the fluorescein and rhodamine 

moieties. The complex dissociates when cAMP binds the regulatory subunit (right), leading 

to a decrease in FRET, which can be monitored by calculating the relative emission from 

rhodamine or fluorescein upon fluorescein excitation (i.e., the emission ratio). However, such 

biosensors must be microinjected into cells, potentially limiting their accessibility. (C and D) 

The advent of genetically encoded fluorescent biosensors introduced nearly endless 

possibilities for the live-cell detection of intracellular signaling processes. These modular 

tools couple a conformationally dynamic molecular switch, typically derived from 

endogenous cellular components, with a fluorescent protein (FP)-based optical readout. For 

example, cameleon (C) and GCaMP (D) both utilize a Ca2+-dependent molecular switch 

composed of calmodulin (CaM) and the CaM-binding M13 peptide, whereupon the Ca2+-
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induced binding of CaM to the M13 peptide produces a conformational change that (C) 

increases FRET between a flanking FP pair or (D) increases the intensity of a circularly 

permuted GFP (cpGFP). (E) Unlike GFP and related FPs, infrared fluorescent proteins (IFPs) 

derived from bacterial phytochromes require an exogenous cofactor, such as biliverdin, that 

covalently binds a catalytic cysteine residue to form the final chromophore. Researchers have 

taken advantage of this fact to develop fluorogenic protease sensors such as iCasper, in which 

the catalytic cysteine of a circularly permuted mIFP (cp-mIFP) is tethered by a short linker 

and prevented from interacting with the chromophore. Only when the target protease (e.g., 

caspase-3) cleaves its substrate sequence (e.g., DEVDG) is the chromophore formed. 

Importantly, whereas FRET-based protease sensors typically dissociate upon cleavage, 

iCasper is held together by split GFP, allowing it to highlight regions of protease activity 

during in vivo imaging. (F) Luminescence-based biosensors also require an external cofactor, 

but obviate the need for external illumination of the sample, which can increase contrast (i.e., 

reduce background) and limit phototoxicity. Furthermore, BRET-based probes such as the 

Ca2+ sensor Nano-lantern (Ca2+) incorporate a bright FP (e.g., YFP) to increase light output. 

Nano-lantern (Ca2+) utilizes a Ca2+-dependent molecular switch, like that found in cameleon, 

to control the complementation of a split form of Renilla luciferase (RLuc). In the presence of 

Ca2+, reconstituted RLuc is able to catalyze the oxidation of its substrate, coelenterazine, and 

subsequent energy transfer results in YFP fluorescence. 
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Fig. 2. Novel methods for super-resolution imaging of signaling activities. (A) Top – 

Reconstituted fluorescence-based stochastic optical fluctuation imaging (refSOFI) merges a 

standard bimolecular fluorescence complementation (BiFC) approach with spontaneous 

intensity fluctuations produced by reconstituted fluorescent protein such as Dronpa or, under 

certain illumination conditions, Venus (top). Subsequent analysis of the resulting intensity 

fluctuations over a period of time enables the generation of super-resolution maps of protein-

protein interactions. Bottom – Representative refSOFI images of HeLa cells expressing 

ORAI1 tagged with an N-terminal Venus fragment and STIM1 tagged with a C-terminal 

Venus fragment before and after treatment with thapsigargin (TG) to induce dimer formation 

and Venus reconstitution. (B) Top – Fluorescence fluctuation induced by contact (FLINC) 

utilizes a novel phenomenon in which the red fluorescent protein TagRFP-T (TT) undergoes 

spontaneous intensity fluctuations when brought into close proximity with Dronpa (Dp). 

Much like FRET, FLINC can be coupled to a conformational switch to yield genetically 

encoded biosensors for super-resolution imaging of enzyme activities. For example, FLINC-

AKAR contains a molecular switch composed of a PKA substrate fused to the phosphoamino 

acid binding domain FHA1, which are flanked by Dp and TT. Phosphorylation of the 

substrate by PKA promotes binding by the FHA1 domain, leading to a conformational 

change and an increase in TT intensity fluctuations. SOFI analysis of the TT intensity 

fluctuations at different time points yields a live-cell super-resolution map of PKA activity 

dynamics. Bottom – Representative images of HeLa cells expressing FLINC-AKAR before 

and after treatment with forskolin (Fsk) and 3-isobutyl-1-methyxanthine (IBMX) to activate 

PKA. 
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Fig. 3. Updated model of prolonged intracellular GPCR signaling based on live-cell imaging. 

In the traditional model of G protein-coupled receptor (GPCR) signaling, agonist-induced 

GPCR activation leads to second messenger production at the plasma membrane, such as 

Gαs-stimulated production of cAMP by adenylyl cyclase (AC), followed by activity-

dependent GPCR internalization and signaling desensitization through β-arrestin (β-arr) 

binding. However, several recent live-cell imaging studies using genetically encoded 

fluorescent biosensors have indicated that internalized GPCRs remain active and continue to 

signal from endosomal compartments, in some cases despite continued association with β-arr. 
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Indirect evidence also suggests the presence of endosomal AC activity, although further 

studies are needed to clarify how ACs reach the endosome (indicated by a question mark), 

and such persistent GPCR signaling may therefore be responsible for sustained cAMP 

production within the cytosol, in contrast to transient cAMP production from the plasma 

membrane, leading to the activation of PKA signaling within the nucleus.  

 

 


