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Discovery of the naturally evolved fluorescent proteins and 

their genetically engineered biosensors have enormously con-

tributed to current bio-imaging techniques. These reporters to 

trace dynamic changes of intracellular protein activities have 

continuously transformed according to the various demands 

in biological studies. Along with that, light-inducible optoge-

netic technologies have offered scientists to perturb, control 

and analyze the function of intracellular machineries in spatio-

temporal manner. In this review, we present an overview of 

the molecular strategies that have been exploited for produc-

ing genetically encoded protein reporters and various opto-

genetic modules. Finally, in particular, we discuss the current 

efforts for combined use of these reporters and optogenetic 

modules as a powerful tactic for the control and imaging of 

signaling events in cells and tissues. 
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DEVELOPMENT OF INTRACELLULAR DYNAMIC 
INDICATORS 
 

Since the first cloning of GFP from the jellyfish Aequorea 

Victoria (Shimomura et al., 1962), exploitation of the fluo-

rescence proteins have been indispensable in biological stud-

ies. Genetically encodable hues allowing direct conjugation 

in desired biological systems have offered the most benefits 

of these fluorescent proteins out of many previously developed  

chemical dyes. This paradigm shift of observational strategies 

in cell biology have led to the intensive development of GFP 

spectral variants allowing us to investigate a variety of physi-

cochemical events occurring in living cells and animals (Al-

ford et al., 2012). Accumulative adoption of GFP variants in 

biological researches have encouraged researchers to im-

prove photo-physical properties fluorescent proteins includ-

ing folding efficiency, brightness, pH-insensitivity (Ai et al., 

2006; Campbell et al., 2002; Heim et al., 1995; Shaner et al., 

2004; Tomosugi et al., 2009). In parallel, discovery of red FP 

(DsRed) and development of near infra-red FPs from antho-

zoa species and bacterial phytochrome largely expanded the 

palette of FPs that enable simultaneous detection of multiple 

fluorescence-labeled target signaling events in a broad range 

of wavelength (Davidson and Campbell, 2009; Shcherbako-

va and Verkhusha, 2013; Shcherbo et al., 2007). 

On the other hand, while these recombinant fluorescent 

fusion proteins originally report protein localization, morpho-

logical shapes, arising demands on technologies to address 

dynamic nature of protein activities led to the invention of 

dynamic indicators in order to visualize a broad range of 

intracellular signaling events. Thereby, various real-time visu-

alizing tools that is genetically encoded fluorescent proteins 

dramatically revolutionized our ability to monitor dynamic 

nature of physiologically intact cells and animals. Förster 

resonance energy transfer (FRET) is one of the remarkable 

techniques that utilizes genetic engineering of fluorescent 

proteins (Heim and Tsien, 1996; Ibraheem and Campbell,  
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2010; Miyawaki et al., 1997). FRET, in general, is an energy 

transfer process occurring when the two fluorophores locate 

in close proximity to each other, and this process is highly 

reliable on the proper spectral overlap and distance of donor 

emission and acceptor excitation. Biosensors based on this 

FRET principle was initially adopted to monitor intracellular 

Ca
2+

 influx in that cyan donor or yellow acceptor fluorescent 

proteins are fused to a calmodulin (CaM) at its C terminus 

and the calmodulin (CaM)-binding region of chicken myosin 

light chain kinase (M13) at its N terminus, respectively. Bind-

ing of Ca
2+

 causes interaction between M13 and CaM do-

mains leading to relocation of the two fluorescent probes in 

close proximity followed by an immediate energy transfer of 

donor fluorophore to acceptor fluorophore (Miyawaki et al., 

1997). Since then numerous genetically encoded biosensors 

have been increasingly shared to visualize the dynamics of 

signaling molecules including phosphoinositide lipids, small 

GTPases, membrane voltage indicators, protein kinases and 

many other protein-protein interactions (Aoki et al., 2004; 

Dimitrov et al., 2007; Fosbrink et al., 2010; Harvey et al., 

2008a; Kerppola, 2008; Nishioka et al., 2010; Pertz et al., 

2006). These new trends in developing visualizing tools 

largely contributed to our understanding of the spatiotem-

poral dynamics of signaling molecules in living cells and tis-

sues because it provides a new approach with distinct ad-

vantages over techniques of conventional biochemistry. 

Apart from visualizing tools, biologists have long shared a 

mutual concern that how one can dissect the sole function 

of molecules or cell-types within the complex signaling net-

works and organ systems, respectively. In general, cells com-

pose multidimensional signaling pathways to make their 

optimal fate decisions. Conventional biochemical approach-

es such as chemical treatment, western blotting and gene 

knock down, although useful, lack the capability of control 

in space and time to investigate a specific target signaling 

event. To address these issues, the recently emerged opto-

genetic technologies open exciting possibilities in that a 

number of signaling actuators are both temporally and spa-

tially controlled by the light stimulation of specific wave-

length. This profound achievement in modulating signaling 

processes enabled simple on-off system at desired temporal 

resolution, rapid reversibility, less off-target effects and the 

ability to dissect complex signaling networks at subcellular 

resolution in living cells (Bugaj et al., 2013; Crefcoeur et al., 

2013; Kennedy et al., 2010; Levskaya et al., 2009; Strickland 

et al., 2010; Wu et al., 2009; Zhang and Cui, 2015). Fur-

thermore, since the use of genetically encodable light-

sensitive proteins can restrict the expression at desired re-

gions of tissues in living organisms, optogenetic approaches 

established studies of molecular functions in intact tissues of 

animals such as manipulation of neuronal function in the 

brain at physiological condition (Berndt et al., 2011; Boyden 

et al., 2005; Gradinaru et al., 2007; Ishizuka et al., 2006; Li 

et al., 2005). Nevertheless, despite tremendous advantages 

devoted by the light-inducible regulation of actuators, the 

versatile utilization of these tools are lagged by the typical 

limitations of biosensors for accessing the dynamic infor-

mation of intracellular signaling events. In this review, we 

will mainly evaluate the versatile applications of optogenetic 

modules in various biological systems, accompanied by the 

perspectives of efforts in engineering their reporters, espe-

cially to directly visualize specific target activities under pre-

cise control of light-inducible systems in space and time. 

As most exemplified by FRET biosensors, a number of tar-

get activities have been visually analyzed by adopting fluo-

rescent protein based FRET probes allowing for ratiometric 

measurements. Among many of them, Cameleon, EKAR, 

JNKAR, AKAR, Raichu and other indicators for Rho GTPases 

have frequently adopted for targeting ERK, JNK, PKA, Ras 

and Rho GTPases (Fritz et al., 2013; Kiyokawa et al., 2011; 

Komatsu et al., 2011). These biosensors based on the princi-

ple of Förster resonance energy transfer, although shed new 

light on the studies of real time dynamics of signaling mole-

cules, often accompany intensive optimization by trial and 

error in their development processes. In order to improve the 

optimal performance of FRET-based sensors, developers 

have concerned mutual criteria that are high signal-to-noise 

and sensitivity. The sensitivity of most FRET-based sensors 

typically depends on brightness and dynamic range of do-

nor-acceptor pairs, and therefore, fluorescent proteins for 

optimal FRET pairs at their characteristic wavelength have 

been continuously generated through random or rational 

mutagenesis (Nguyen and Daugherty, 2005; Ouyang et al., 

2008; Vinkenborg Jan et al., 2007). In addition, since the 

construction of FRET sensors often necessitates optimal 

structure to enhance FRET efficiency between the donor-

acceptor pair, dimension and topology are taken into an 

account (Fritz et al., 2013). In other aspect, as a number of 

target proteins require a free N or C terminus motifs for lipid 

or other types of posttranslational modification, construction 

of FRET-based biosensors should maintain the functional 

domains of target molecules (Kiyokawa et al., 2011; Pertz et 

al., 2006). 

FRET sensors are generally classified into two types, inter-

molecular and intramolecular (Figs. 1A and 1B). Intermo-

lecular design often performs better FRET efficiency since the 

position of two interacting proteins of interest are physically 

isolated in their basal state, which enables substantial ratio 

change between on and off state of FRET. Despite high sig-

nal-to-noise of intermolecular FRET, intramolecular type 

have become more adopted as they provide experimental 

convenience such as the expression of an equal amount of 

interacting molecules that allowing reliable analysis of rati-

ometric images, easy loading into the cellular environment 

and the generation of viral plasmid. In addition, because the 

exogenously introduced molecules often perturb intracellular 

signaling by undesired interaction with endogenous mole-

cules, excessive intermolecular binding pairs are suggested 

to be minimal (Welch et al., 2011). In order to generate, 

intramolecular FRET sensors, a pair of fluorescent proteins 

have been suggested including a pair of BFP-GFP (blue-

green) (Miyawaki et al., 1997), CFP-YFP (cyan-yellow) (Ngu-

yen and Daugherty, 2005), OFP-RFP (orange-red) (Ouyang 

et al., 2010) and occasionally GFP-RFP (green-red) (Lam et 

al., 2012). In the first generation of FRET probes, a BFP-GFP 

pair was used as the donor and acceptor. However, they 

were later replaced with CFP and YFP since use of near ul-

traviolet light for the BFP excitation could potentially cause 
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Fig. 1. Strategies of engineering FRET-based 

biosensors. Schematics for the design of 

FRET-based dynamic biosensors as in (A) an 

intermolecular type or (B) an intramolecular 

type. (C) Strategy of linker design by varying 

size and sequences of amino acids. (D) Se-

lection of sensing module topology for op-

timal efficiency of FRET. (E) Modification of 

fluorophore orientation to ensure sufficient 

energy transfer between a fluorescence pair 

of donor and acceptor. 
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phototoxicity to the cells. Likewise cyan-yellow fluorescent 

proteins have been mostly exploited due to their optimal 

FRET efficiency (Nguyen and Daugherty, 2005; Ouyang et al., 

2008; Vinkenborg Jan et al., 2007). This cyan and yellow 

fluorescent proteins were then increasingly developed to 

optimize the FRET efficiency. For example, both brightness 

and quantum yield are enormously enhanced that would 

directly affect dynamic range of sensors with high resolution 

in space and time (Day et al., 2008; Goedhart et al., 2010). 

Among many ways to improve performance of FRET bio-

sensors, several strategies for the design of intermolecular 

FRET sensors are suggested. Considering the FRET is dis-

tance-dependent between the donor and acceptor, Matsu-

da and colleagues developed an optimized a general back-

bone of FRET biosensors for kinases and small GTPases (Ko-

matsu et al., 2011). In this technology, a long flexible amino 

acid linker called EEVEE linker as a general backbone of FRET 

biosensors were tested in various length and sequence com-

bination (Fig. 1C). In this approach, one can expect reduced 

basal FRET signal and increased dynamic range. 

One of other aspects in FRET sensor design is the orienta-

tion and topology in the conformational changes of FRET 

molecules. This key concept is especially important in gener-

ating intermolecular FRET biosensors since the structural 

constraints can be frequently found during the FRET pro-

cesses consisting of sensing module with compact domain 

or short peptide. As mentioned earlier, ideally designed 

probes could impose unique structural challenges due to 

their dimensions and topology. For these reasons, Olivier 

and colleagues shuffled variation of the domain topologies 

of the sensing modules by generically modifying fusion con-

structs (Fig. 1D). Furthermore, by applying circularly permu-

tation in the fluorescent proteins, various orientation of 

fused fluorophore were tested to find the best conformation 

(Fig. 1E). In such efforts, FRET biosensors generated to tar-

get RhoA and ERK activities were greatly improved in sensi-

tivity and resolution in space and time (Fritz et al., 2013). 

Apart from the CFP-YFP FRET pair, the GFP and red fluores-

cent protein (RFP) pair have been also adopted, especially 

with two-photon excitation microscopy for the deep tissue 

imaging of animal models (Harvey et al., 2008b; Yasuda et 

al., 2006). 

 

OPTOGENETIC IMPACTS PROVIDES VERSATILITY 
FOR BIOLOGICAL STUDIES 
 

While the genetically encoded reporters devoted a remarka-

ble contribution to help understand the dynamic nature of 

molecular activities at a high spatiotemporal resolution, re-

searchers in cell biology have long asked how intracellular 

signaling pathways respond to the external environment to 

make their best decisions. This issue in turn arose a method-

ological question that is how one can directly isolate the 

function of a gene or a protein in accordance with specific 

cellular output, especially when tracking back underlying 

mechanism of how the signaling processes are altered ab-

normally. Intracellular signaling pathways are function as 

circuits in that cells respond to their environment by trans-

ducing external stimuli such as growth factors and hor-

mones, leading to relevant internal signaling processing to 

make proper decisions. More importantly, such phenomena 

accompanies intricate cellular responses in that distinct cellu-

lar outputs that are induced by different growth factors that 

utilize the mutual signaling pathways (Santos et al., 2007). 

Unquestionably, the conventional methods including bio-

chemical perturbations and genetic modification have con-

tinued to elucidate underlying mechanisms of signaling pro-

teins that are responsible for specific cellular functions 

(Banaszynski et al., 2008; Doupé and Perrimon, 2014; 

Stockwell, 2004; Turgeon and Meloche, 2009). However, 
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Fig. 2. Versatile utilization of CRY2-based opto-

genetic signaling actuators. (A) Schematic de-

picts modes of CRY2 interaction induced by 

blue light stimulation. (B, C) Schematic of Opto-

TrkB and OptoFGFR1 activation by light-

inducible CRY2 homo-interaction upon blue 

light stimulation. (D) Sequestration of CRY2-

conjugated proteins by light-inducible trapping 

in clusters (LARIAT). (E) Schematic of intracellu-

lar membrane aggregation (IM-LARIAT) trig-

gered by the light-induced binding of CRY2- 

and CIB1-Rab. 

investigating protein functions in the dynamic nature of sig-

nal mechanisms have also been lagged mainly due to a lack 

of precisely controllable tools that access this dynamic infor-

mation, especially in the living cells. For these reasons, tech-

nologies exploiting light-sensitive proteins have been devel-

oped and expanded rapidly in various biological applications 

offering powerful means to overcome these limitations and 

to achieve the output specificity by directly regulating intra-

cellular signaling transduction in space and time. 

Since the first discovery of photoactivatable and light-

sensitive proteins including Rhodopsin (Boyden et al., 2005), 

light, oxygen, and voltage (LOV) domain (Christie et al., 

1999; Harper et al., 2003), Cryptochrome 2 (CRY2) (Kenne-

dy et al., 2010), Phytochrom B (PhyB) (Khanna et al., 2004), 

UV-resistance locus 8 (UVR8) (Crefcoeur et al., 2013), and 

Dronpa (Habuchi et al., 2005), these light sensitive modules 

have been intensively engineered to become controllable to 

regulate signal transduction under specific wavelengths. 

Depending on the photoreceptor, a number of signaling 

nodes have been spatiotemporally regulated by the combi-

natorial functions of light-sensitive and secondary signaling 

domains, ranging from microbial ion pumps, receptor-

tyrosine kinases, G-protein-coupled receptors and lipid bind-

ing domains (Bugaj et al., 2013; Chow et al., 2010; Han and 

Boyden, 2007; Levskaya et al., 2009; Strickland et al., 2010; 

Wu et al., 2009; Zhang et al., 2006; Zhou et al., 2012). 

Among many of available light-responsive interacting 

modules, cryptochrome 2 (CRY2PHR), the members of a 

module pair, is based on plant photoreceptors derived from 

Arabidopsis thaliana. This protein undergoes a conforma-

tional change and promotes binding with CIB1 (Zhang et al., 

2014) or homo-oligomerization (Bugaj et al., 2013; Park et 

al., 2017; Taslimi et al., 2014) upon blue light illumination 

(Fig. 2A). Because of its fast responsiveness with subsecond 

time resolution, subcellular spatial resolution, and no need 

for exogenous cofactors, CRY2PHR has been adopted for 

genetically engineered optogenetic modules for use in stud-

ies of intracellular regulatory proteins, together named 

optogenetic actuators. 

CRY2PHR is genetically encodable with various intracellu-

lar proteins that allow control of protein-protein interactions 

in mammalian cells in a light-dependent manner, thereby 

suitable for application to receptor systems that are activated 

by an interaction between receptor monomers, such as re-

ceptor tyrosine kinases (RTKs). RTK activation is typically in-

duced by ligand-mediated receptor dimerization, which in 

turn leads to autophosphorylation of tyrosine kinase do-

mains and recruitment of downstream signaling molecules. 

By applying the schematic, directly linked Trk receptors to 

photolyase homology region (PHR) of CRY2 were efficiently 

activated driven by the homo-interaction of PHR in response 

to light (Chang et al., 2014) (Fig. 2B). This CRY2PHR-based 

optogenetic actuator, optoTrk, enables rapid and subcellular 

activation of Trk A, B and C in a reversible fashion. Moreover, 

local control of optoTrkB allows to reveal spatiotemporal 

function of TrkB in the neurite outgrowth process with  
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Fig. 3. Simultaneous control and visualization of 

intracellular calcium signaling using a red-shifted 

reporter. (A) Schematic of optoSTIM1activation 

by blue light-inducible PHR homo-

oligomerization. A red-shifted calcium reporter, 

R-GECO can be simultaneously visualized under 

the precise control of spatiotemporal OptoSTIM1 

activation. (B) Pseudocolored fluorescence im-

ages of a red-shifted genetically encoded calci-

um indicator (R-GECO1). Three HeLa cells (R1, 

R2, and R3) co-expressing OptoSTIM1 and R-

GECO1 were sequentially stimulated with blue 

light at different time points. White dotted lines 

indicate cell boundaries. Scale bar, 20 μm. (C) 

Pseudocolor image of R-GECO1PM fluorescence 

in a HeLa cell co-expressing OptoSTIM1. White 

circles designate three subcellular regions (R1, 

R2, and R3) sequentially stimulated with blue 

light. Scale bar, 20 μm. Graph represents chang-

es in fold-changes of R-GECO1PM according to 

time at three subcellular regions. Red, green and 

blue arrows indicate time points of light stimula-

tion in R1, R2 and R3, respectively. 

unique observation of retrograde axonal transport of inter-

nalized TrkB in young hippocampal neurons. Notably, a tran-

sient or a persistent tune of light illumination can manipu-

lates modes of target activation that may help elucidate un-

derlying mechanisms of variable cellular responses to the 

same upstream input. 

Similar to the result of local neurite outgrowth by the per-

sistent induction of optoTrkB, asymmetric polarity was estab-

lished in fibroblast using light-inducible FGFR1 activation 

system (Kim et al., 2014). Chemotaxis has long been a relia-

ble system to study local function of molecules that are re-

sponsible for inducing cell polarization. However, such 

chemically induced systems could not dissect the function of 

a specific receptor within a bulk of receptor variants involved 

the similar output process. OptoFGFR1 consisting of 

CRY2PHR, the cytoplasmic region of human FGFR1 and a 

myristoylation signal peptide enables light-dependent ho-

mointeraction of CRY2PHR that brings FGFR1s into close 

proximity, and thereby leading to activation of the cytoplas-

mic domain of FGFR1 (Fig. 2C). In this technology, the suc-

cessful induction of cell polarity induction suggests the pos-

sibility of substitution of the microfluidics-based chemotaxis 

to phototaxis model in which directed cell migration can be 

induced through local and repeated blue light delivery. The 

light-driven phototaxis model in cell migration study over the 

conventional chemotaxis strategy allows for high reversibility 

and control of stimulation level. 

Also of note, despite the precise inhibition of target pro-

teins promises effective means to dissect complex signaling 

networks, current experimental strategies for downregulat-

ing target proteins are restricted to genetic mutation and 

small molecule-based inhibitors that often cause lethality 

and off-target effects. Moreover, irreversibility of these tech-

niques excludes much of temporal and subcellular infor-

mation in the case of region or tissue specific studies. In or-

der to address such issues, optogenetic tools have recently 

offered a versatile strategy that inhibits protein function by 

reversibly sequestering targets into large, optically assembled 

protein architectures in living cells. An optogenetic tool 

named, light-activated reversible inhibition by assembled 

trap (LARIAT), consists of a multimeric protein (MP) and a 

light-mediated heterodimerizer that traps target proteins 

under light stimulation by interconnections among MPs that 

form higher-order protein complexes, or ‘clusters’ (Fig. 2D) 

(Lee et al., 2014). As LARIAT is light-dependent, it offers a 

promising resource for controlling signaling cascades with 

rapid responses, reversibility and high spatiotemporal resolu-

tion. Using LARIAT, the inhibition of diverse proteins dramat-

ically modulate cytoskeleton, lipid signaling and cell cycle. 

Importantly, use of single-domain antibodies greatly extends 

the method to target proteins containing specific epitopes 

that are widely accessible. In addition, the principle of 

LARIAT system has recently been expanded to generate IM-

LARIAT in order to spatiotemporally regulate dynamic 

movement of intracellular membrane organelles (Fig. 2E) 

(Nguyen et al., 2016). Along with other methods, IM-

LARIAT provides a new method to spatiotemporally inhibit 

membrane functions using diverse Rab GTPases with a rapid  
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recovery and less side effects. Given that, light-induced local 

aggregation of Rab5-targeted endosomal membrane signifi-

cantly deduced the rates of protruding growth cone of rat 

hippocampal neurons (Nguyen et al., 2016). 

Using homo-oligomeric properties of CRY2, CRY2-

mediated oligomerization of STIM1 (optoSTIM1) activated 

endogenous Ca
2+

 release-activated Ca
2+

 (CRAC) channels, 

modulating upregulation of Ca
2+

 levels in zebrafish embry-

os and in human embryonic stem cells (Kyung et al., 2015). 

Similar to other CRY2-based optogenetic actuators, 

optoSTIM1 enables fine control of reversible and subcellular 

Ca
2+

 concentration which exemplifies the synergistic applica-

tion of optogenetic control and simultaneous visualization of 

red-shifted reporters (Figs. 3A and 3C). Notably, photo-

triggered induction of optoSTIM1 in mouse hippocampal 

neurons selectively reinforced contextual memory formation 

in vivo. This result suggests that the brain region and cell-

type specific spatiotemporal control of Ca
2+

 modulation is an 

attractable tool that would facilitate various application by 

neuroscientists. 

 

NEEDS OF OPTOGENETIC REPORTER; 
TRANSFORM INTO SINGLE FLUOROPHORE 
READOUTS 
 

Despite impressive achievements enabled by various opto-

genetic actuators, biological functions manipulated by the 

light-stimulation necessitates appropriate readouts that 

permits spatiotemporal target visualization. In other words, 

direct visualization and light control of relevant cellular pro-

cess has long been challenging, owing to the spectral over-

lap of available genetically encoded probes. Various optoge-

netic tools typically require spectrally compatible imaging 

probes since they respond to specific wavelength. Crypto-

chrome-2 (CRY2PHR), light-oxygen-voltage (LOV) and 

channelrhodopsins are the examples, all of which are acti-

vated with blue-green light. In consideration of dynamic 

visualization reporters, FRET biosensors based on cyan fluo-

rescent protein (CFP) and yellow fluorescent protein (YFP) of 

the green fluorescent protein (GFP)-like family have long 

been engineered and adopted in the fields of cell biology. 

Despite impressive array of available fluorescence hues from 

the engineered variant of Aequorea jelly fish GFP (Yang, 

1996) and Discosoma coral RFP (Shaner, 2004), FRET-based 

dynamic biosensors still rely on a relatively limited number of 

preferred fluorescent protein pairs (Miyawaki 1997). This 

can be explained by two important issues, first, cyan-yellow 

pair has become the most popular fluorophores since they 

provide the optimal FRET efficiency in the process of energy 

transfer between donor and acceptor which promises the 

highest dynamic range when visualized in live cells. Second, 

other available hues for a FRET acceptor and donor (e.g. RFP 

variants and near infrared (NIR) fluorescent proteins) often 

require particularized imaging methods that are relatively 

not generalizable, otherwise yield less FRET efficiency (De-

meautis et al., 2017; Grant et al., 2008). Nevertheless, in 

order to study spatiotemporal target activity under simulta-

neous control of blue light-activation system, red-shifted 

FRET or other types of readout are highly essential. Therefore, 

various strategic conversion from FRET to new type of bio-

sensors have been established for the last decade. The new 

trends in the generation of biosensors have been commonly 

subcategorized as non-FRET single FP-based reporters that 

utilize fluorescent proteins that is engineered to have a 

chromophore that is spectrally sensitive to its environment or 

to a protein conformational change that is caused by the 

changes in biochemical status of the analytes (Alford et al., 

2013). Among various single FP-based visualization tech-

niques, the widely adopted reporters that exploit red-shifted 

fluorescent proteins are R-GECO, BiFC and ddRFP. R-GECO 

was originally engineered as green version (G-CaMP) that 

detects intracellular Ca
2+

 changes sensing by complementa-

tion of per-mutated chromophore (Siegel and Isacoff, 1997, 

Baird1999, Nagai2001, Nakai2001). The molecular sensing 

elements for Ca
2+

 detection are the CaM domain and the 

M13 peptide that are fused to the N- and C-termini of circu-

larly permutated GFP (cpGFP). The conformational change 

driven by the Ca
2+

 binding promotes tight interaction of 

CaM and M13 that blocks the free access of solvent to the 

chromophore and restores fluorescence. Since R-GECO have 

been the most extensively used and allowed for compatible 

use of optogenetic modules, a number of Ca
2+

 signaling 

events were both manipulated and visualized in a precise 

space and time manner (Nagel et al., 2003; Ohkura et al., 

2012; Schröder-Lang et al., 2006; Zhao et al., 2011). 

BiFC gains fluorescent signal through the complementa-

tion of two non-fluorescent fragments that are split in the 

basal state. BiFCs are similar to R-GECO since they detects 

protein interactions. However practical use of BiFCs are re-

stricted to visualize dynamic signaling events due to the slow 

kinetics and irreversibility. Nevertheless, high signal-to-noise 

of BiFC has offered a robust assay in various high-

throughput strategies to identify proteins interactions (Ding 

et al., 2006; Jach et al., 2006; Kojima et al., 2011). Notably, 

the BiFC color palette has increasingly expanded and gener-

ated optogenetic reporters with both red (Fan et al., 2008; 

Jach et al., 2006) and far-red (Chu et al., 2009) hues that are 

now split and available as complementation-based optoge-

netic reporters. 

A recently reported strategy named ddFPs also share con-

ceptual similarities with BiFC (Alford et al., 2012a; 2012b). 

ddFPs combine two quenched fluorescent protein-derived 

monomers: copy A and B. The copy A chromophore pro-

duces bright fluorescence when heterodimerized with copy 

B. Copy A can be spectrally diversified into green (GA) or red 

(RA) hue by mutations on multiple amino acids, copy B vari-

ants can bind to both GA and RA with similar or distinct 

affinities (Ding et al., 2015), implying possible utilization for 

an optogenetic readout. Advances that make ddFPs differ-

ent from BiFCs is their relatively rapid kinetics and reversibility. 

As suggested from the studies (Alford et al., 2012a; Ding et 

al., 2015), ddFPs-based single colored biosensors efficiently 

visualized dynamic changes in caspase activity and Ca
2+

 level 

in live cells. Importantly, ddFPs could take less effort on the 

optimization process in developing interaction based biosen-

sors. This, in turn, may further suggest the potential general-

izability of ddFPs for various applications. 
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PERSPECTIVES 
 

In this review, we have discussed the overall stream of bio-

imaging technologies that have suggested solutions in order 

to visualize and control particular signaling events in dynamic 

nature of cells. Accumulating evidences suggest that ana-

lyzed responses of cell population would bring different re-

sults from single-cell studies owing to the intrinsic noise pro-

duced by heterogeneous single cell behaviors (Regot et al., 

2014). Similarly, as signal transductions in cell biology often 

encode complex cellular responses upon the slight changes 

in their environment, dynamic single-cell readouts that tar-

get multiple signaling events, or synthetic stimulus under 

tight control of spatiotemporal light illumination may hold 

the key to dissect a specific reaction over the number of mo-

lecular events. 

Expansion of a spectral palette for fluorescent proteins 

and their engineered biosensors have addressed these issues 

by directly monitoring biochemical changes of molecular 

status. Several systematic strategies in developing FP-based 

biosensors commonly pursue the mutual goals to enhance 

signal-to-noise, high time resolution and establishment of a 

generalized platform. Like red-shifted reporters with opto-

genetic actuators have dramatically changed approaches in 

cell biology, continuous generation of visualizing tools would 

further yield specialized biological readouts in their particular 

purposes such as super resolution-based single molecule 

imaging, tissue level imaging of awake animal models and 

single cell multiplexed visualization. 

Optogenetic applications to cell biology have replenished 

our experimental approaches that were previously challeng-

ing and may still leave a plenty of space for future studies. By 

spatially inducing the local activities of target molecules, one 

can distinguish the localized functions of molecules from 

micro to macro resolution in cells and tissues of animals. 

Furthermore, temporally dissected activities could reveal 

underlying mechanism of various cellular outputs by versatile 

kinetic modulation of light stimulation. 

Importantly, physicochemical limit of bioluminescence pro-

teins and light-sensitive receptors will rely greatly on parallel 

advancements of optical devices and systematic analysis that 

could enhance acquisition of high resolution and light deliv-

ery of currently available tools. In vivo applications would 

mainly focus on the light delivery system that efficiently pen-

etrate thick tissues of animals. This would involve increasing 

the sensitivity of both genetically encoded optogenetic actu-

ators and reporters. Furthermore, surgical approaches that 

allow effective light delivery to the desired regions of tissue 

would be useful. Additionally, the continuous development 

of red-shifted optogenetic actuators and reporters will accel-

erate the effective light penetration through the thick tissues 

and image acquisition for multi-photon microscopy. Togeth-

er, these optogenetic actuators and reporters should, in 

principle, be applicable to a wide range of biological re-

searches. 
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