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Abstract

Light-inducible optogenetic systems offer precise spatiotemporal control over a myriad of biologic 

processes. Unfortunately, current systems are inherently limited by their dependence on external 

light sources for their activation. Further, the utility of laser/LED-based illumination strategies are 

often constrained by the need for invasive surgical procedures to deliver such devices and local 

heat production, photobleaching and phototoxicity that compromises cell and tissue viability. To 

overcome these limitations, we developed a novel BRET-activated optogenetics (BEACON) 

system that employs biologic light to control optogenetic tools. BEACON is driven by self-

illuminating bioluminescent-fluorescent proteins that generate “spectrally tuned” biologic light via 
bioluminescence resonance energy transfer (BRET). Notably, BEACON robustly activates a 

variety of commonly used optogenetic systems in a spatially restricted fashion, and at 

physiologically relevant time scales, to levels that are achieved by conventional laser/LED light 

sources.

Graphical Abstract

Keywords

optogenetics; chemogenetics; bioluminescence; BRET; NanoLuciferase; LumiFluor

Optogenetics was first extensively applied in the field of neuroscience for the light-activated 

control of neuronal action potentials in an effort to map neural circuits in the brain.1 

However, the past decade has seen an explosion in both the identification of novel proteins 

responsive to varying wavelengths of light across the visible and near-infrared spectrum, and 

their use by the broader scientific community.1–3 Consequently, this has led to the creation 

of a wide variety of unique optogenetic systems that can be leveraged to precisely control a 

myriad of biologic processes, and in a spatiotemporally defined manner.2,4–8 Indeed, these 
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diverse optogenetic tool kits have been adopted by fields ranging from chemistry (drug 

uncaging)9 and synthetic biology (cell signaling circuits),10–12 to molecular biology 

(protein-protein interactions, recruitment, signaling and transcription)3,4,13,14 and cancer 

biology.15,16 However, despite the rapidly expanding adoption and application of 

optogenetics across diverse disciplines, there are several hurdles inherent to currently 

available technologies. In particular, supplying adequate light intensity and of an appropriate 

wavelength is a major issue that often requires expensive light sources (lasers/LED boards) 

that are specially engineered to deliver specific light requirements (wavelength, intensity, 

and duration) needed for different photosensitive proteins.17 This requirement for powerful, 

externally delivered light for extended intervals, via microscope illumination paths for in 
vitro studies, or using surgically implanted optical fibers for in vivo experiments, can 

provoke undesirable photobleaching, photoinactivation, and phototoxicity, all of which 

compromise cell viability and experimental outcomes.18,19 Thus, there is a clear need to 

develop noninvasive actuators in the form of spectrally tuned “in situ” light sources that can 

be deployed, either as surrogates or as a complementary activation paradigm, to 

conventionally used external light sources to enable spatial and temporal control over 

optogenetic systems. To address this need, we adapted self-illuminating biologic light 

sources with tunable emission intensity and wavelengths (LumiFluor)20 to develop and 

validate a chemo-optogenetic activation paradigm, coined BEACON (BRET-activated 

optogenetics). Here we report that the in cellulo biologic light generated with BEACON 

serves as a robust and tunable light source suitable for activating various light-responsive 

optogenetic systems.

RESULTS AND DISCUSSION

We recently reported the creation of novel bioluminescent-fluorescent proteins 

(LumiFluor)20 generated by fusing an ATP-independent luciferase (NanoLuc) to the 

enhanced Green Fluorescent Protein (eGFP) (Figure 1A). Using a similar strategy, additional 

LumiFluor-like spectral variants employing NanoLuc were subsequently generated.21 While 

several bioluminescence resonance energy transfer (BRET)-based molecules conceptually 

similar to LumiFluors have recently emerged, these have employed conventional luciferases 

like Renilla, Gaussia, or Firefly as the donor moiety.22–28 Compared to luciferases that have 

low quantum yield (QY) and consume 10- to 26-fold more substrate per photon emitted 

(e.g., Renilla, RLuc; QY = 0.02−0.1),29,30 or are subject to catalytic byproduct 

autoinhibition (e.g., Firefly),31 NanoLuc is resistant to autoinhibition and displays a stable, 

glow-type light emission with naturally high QY (≥0.34) per molecule of substrate catalyzed 

(Table S1).32,33 Importantly, LumiFluor molecules display even greater QY due to the 

natural resonance energy transfer phenomenon of BRET.34,35 Upon the addition of its 

catalytic substrate, furimazine (FZ), NanoLuc generates bioluminescent light that excites a 

proximally located acceptor molecule (eGFP), which then re-emits light according to its own 

emission spectra (Emmax ~ 510 nm), thereby effectively “tuning” the spectral light output 

(Figure 1A). We previously demonstrated that this green LumiFluor (dubbed GpNLuc) 

exhibits a >10-fold increase in light output compared to NanoLuc alone and is nearly 100× 

brighter than previously reported BRET fusion proteins that employ a “conventional” 

luciferase like RLuc (ex. NanoLantern).20,22 As expected, the enhanced quantum yield 
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offered by LumiFluor results in a significant ~3-fold increase (p < 0.0005) in overall power 

output compared to NanoLuc alone (Figure 1B). Thus, our optimized BRET-based biologic 

light sources can readily generate photon power outputs in the mW/m2 range, when 

expressed at physiologically relevant levels (μM). Given that most optogenetic systems can 

be activated by power densities within the mW/m2 to W/m2 range, and the liabilities 

associated with externally delivered light sources for the activation of optogenetic systems, 

we sought to evaluate the utility and robustness of our LumiFluors toward a BRET-activated 

optogenetics (BEACON) paradigm.

Optogenetic proteins responsive to a wide range of wavelengths ranging from the violet to 

red/far-red spectrum have been developed, yet optogenetic systems responsive to the blue-

green spectrum (Ex 420–520 nm) continue to dominate the field. While this green light 

source (GpNLuc, Figure S1B right) offers peak spectral emission in the 510 nm range, it 

suffers from less than optimal output in the 450–470 nm range (Figure 1C). Thus, we first 

sought to develop a “cyan” biologic light source that would be compatible with the most 

commonly used blue-green sensitive optogenetic systems. We created this cyan-based 

LumiFluor (CeNLuc, Figure S1B left) by fusing NanoLuc in-frame with a cyan fluorescent 

protein, mCerulean3, separated by a flexible five amino acid linker (DISGG). Due to its 

improved quantum yield (0.87), superior photostability, enhanced brightness and pH 

insensitivity, mCerulean3 was chosen as the BRET acceptor over other cyan fluorescent 

proteins like mTurquoise.36 Further, mCerulean3 lacks the photoswitching behavior 

manifest with mTurquoise and other cyan fluorescent proteins,36 an important variable given 

that photosensitive proteins can be inactivated by exposure to other wavelengths.3 Analysis 

of the spectral emission profiles of NLuc donor emission and mCerulean3 acceptor 

excitation predicts robust CeNLuc BRET signal due to the high J(λ) overlap integral 

between donor and acceptor.20 As expected, we confirmed high CeNLuc BRET efficiency as 

evidenced by a single, wide emission peak centered around the mCerulean3 emission 

maxima (~474 nm) (Figure 1C). Equimolar expression of each biologic light source from a 

retroviral based plasmid (using a PGK promoter, Figure S1A, top) revealed that while the 

total light output from GpNLuc and CeNLuc are nearly identical, they are both ~4 fold 

brighter than NanoLuc alone (Figure 1D).

To further characterize this “cyan” biologic light source we transiently transfected or stably 

transduced cells with lentiviral- or retroviral-based constructs that express CeNLuc at 

varying levels. The stably integrated cells achieved lower total light emissions compared to 

the transiently transfected conditions due to fewer reporter templates, which is also manifest 

as reduced CeNLuc mRNA expression levels (Figure 1E and Figure S1C). To define the 

temporal kinetics of light emission from our “cyan” biologic light source, we performed a 

furimazine dose titration using the CeNLuc-expressing stable cell lines generated in Figure 

1E. While a sustained light output is observed when using higher doses of furimazine, lower 

dose conditions displayed a shorter-lived, flash-type light emission profile (Figure S1D,E 

and Figure S3B), indicating that the kinetic profile for light emission can be readily fine-

tuned by modulating the concentration of the luciferase substrate. Furthermore, total photon 

output exhibits a strong linear relationship (R2 = 0.99) with cell number (Figure S1F–H), 

indicating that total light emission can also be fine-tuned by modulating both the number of 
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CeNLuc expressing cells present in the system (Figure S1F–H) and the CeNLuc expression 

level per cell (Figure S1D,E).

Prior to testing the utility of a CeNLuc-activated optogenetic paradigm, we next 

characterized the total photon power output and the photon power densities achieved by this 

biologic light source. Not surprisingly, the total photon power output displays a strong linear 

relationship (R2 = 0.97) with cell number (Figure S1I). Although CeNLuc expressing cells 

can only emit power densities in the low mW/m2 range, at a distance of ~2 cm (Figure S1J), 

light power densities are inversely related to the square of the distance from a point source. 

Therefore, the power densities generated in the immediate vicinity of CeNLuc (100s nm 

range) are orders of magnitude higher, and should therefore activate commonly used blue-

green optogenetic systems. While the CeNLuc expressing cells can collectively generate 

photon power densities in the mW/m2 range, the per cell photon output is only ~450 fW 

(femtoWatt) (Figure S1K). Thus, not only can cells expressing CeNLuc readily achieve 

photon emissions in the mW/m2 range, but the total light output and kinetic profile of light 

emission can be reliably fine-tuned by modulating both cell number and the amount of 

furimazine added to the system, respectively.

To assess the feasibility and range of applications of the BEACON system, we rigorously 

tested the ability of the CeNLuc LumiFluor to activate a diverse collection of blue-green 

optogenetic systems, including the cryptochrome-based CRY2-CIBN, LOV-based FKF1-Gi 

and iLID, and the VVD-based pMagnet systems. We first applied BEACON to several light-

activated transcriptional systems (Figure 2A), wherein the addition of furimazine leads to 

robust biologic light production (cytoplasmic), and subsequent activation of the optogenetic 

system (nuclear) to induce the expression of a reporter gene. We found that both GpNLuc 

and CeNLuc can equivalently activate the split Cre recombinase CRY2-CIBN dimerization 

system37 (Figure S2A) in a dose dependent fashion (Figure 2B), in keeping with the 

previously established spectral profile of CRY2-CIBN photoactivation.37,38 Notably, 

CeNLuc can potently activate the CRY2-CIBN system at levels comparable to 

conventionally used LED (~37 W/m2) light sources (Figure 2C, p < 0.0005). We next 

evaluated the utility of BEACON on a Gal4-DBD based FKF1-GI dimerization system39 

(Figure S2B) and found that the “cyan” biologic light source, CeNLuc, activated this 

optogenetic system to higher levels (~2-fold, p < 0.05) than GpNLuc (Figure 2D). Moreover, 

additional optimization of experimental variables (Figure S2C) demonstrated that CeNLuc-

based activation of FKF1-GI can reliably achieve ~40-fold gene induction (Figure 2E), 

which is superior to that seen with many other Gal4 fusion transcription factors such as 

CREB-Gal4.40 We also confirmed that beyond conventional optogenetic systems, BEACON 

is applicable and robust for activating newer, nascently emerging optogenetic systems. This 

includes a dCas9-gRNA based CRY2-CIBN dimerization system41 (Figure S2D) that takes 

advantage of gRNA targeting specificity for the precise and targeted activation of gene 

expression. Optimization of the experimental parameters (Figure S2E) revealed that 

CeNLuc-based activation of this system leads to robust (~20-fold, p < 0.0005) induction of 

reporter gene expression (Figure 2F), comparable to what others have observed for 

constitutively active dCas9-CRISPR transcription activation systems.42–44 We next applied 

BEACON to a recently described enhanced split Cre recombinase system based on a newly 

optimized, VVD-based, light-responsive optogenetic system (pMagnet).45,46 While CeNLuc 
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mediated activation of pMagnet only results in a modest induction of the reporter gene (~4-

fold), subcellular colocalization of CeNLuc (2xNLS-CeNLuc) and pMagnet leads to 

significantly enhanced (~10-fold, p < 0.0005) induction of the reporter gene (Figure 2G). 

Thus, the LumiFluor-based BEACON platform can potently activate a variety of widely 

used conventional blue-green optogenetic systems and does so to levels comparable to that 

achieved by traditional LED light sources. Moreover, the potency of CeNLuc-mediated 

activation of these optogenetic systems can be further enhanced by colocalizing the biologic 

light source and the light responsive proteins within the same subcellular compartment.

While optogenetic systems have widespread application as transcriptional activation 

systems, their true power lies in the ability to tightly regulate specific cellular processes in a 

spatiotemporally defined manner.37,47–49 Moreover, their unique ability to be rapidly 

switched on/off in a targeted, subcellular fashion has made them an indispensable tool for 

modern cell biologists.2 With this in mind, we tested the ability of our LumiFluor-based 

BEACON platform to activate optogenetic systems at physiologically relevant 

spatiotemporal scales. For this, we developed a modified version of the recently described 

LOV2 domain-based iLID system,5,50 wherein light stimulation induces a conformational 

change that exposes the SsrA peptide located on an outer mitochondrial membrane (OMM)-

anchored iLID-SsrA fusion (iLID-mito, charcoal-purple), which then promotes SsrA binding 

to SspB and recruitment of an otherwise cytoplasmically diffuse SspBR73Q-iRFP670 

(iRFPmicro, magenta-red) to the mitochondrial surface via direct interaction of the SsrA-

SspB peptides (Figure 3A). Interestingly, when expressed in a nontargeted manner, CeNLuc 

is incapable of reliably activating iLID-mito (Figure 3B and Figure S3A). In contrast, 

mitochondrial colocalization of CeNLuc (OMMCeNLuc) results in rapid and robust 

activation of the iLID-mito system (Figure 3B and Figure S3A). Most importantly, 

OMMCeNLuc can activate iLID-mito to levels nearly identical to those observed when 

using powerful conventional light sources (Figure 3B; hν = 680 W/m2 and Figure S3A; hν 
= 37 W/m2).

Given that GpNLuc and CeNLuc activate the CRY2-CIBN and FKF1-GI optogenetic 

systems with different levels of potency, we directly compared their ability to activate the 

iLID-mito system. We observed a strong preference (~2-fold, p < 0.0005) of the iLID-mito 

system for OMMCeNLuc compared to OMMGpNLuc (Figure 3C). While the apparent 

discrepancy between CeNLuc-versus GpNLuc-based activation of the iLID system seems 

counterintuitive, this is expected based on the absorbance/activation profile of the flavin-

based LOV2 optogenetic system. Although peak absorbance for the LOV2 domain is ~450 

nm, there is a precipitous drop in absorbance starting ~480–490 nm and light >500 nm has 

negligible effects in activating LOV2 domains. Importantly, CeNLuc has a broad emission 

peak centered at ~470 nm, which is ideally suited to activate the LOV2 optogenetic system 

compared to the narrower GpNLuc emission peak (centered ~510 nm). Thus, this apparent 

discrepancy of the LumiFluors toward activating iLID (CeNLuc ≫ GpNLuc) and the CRY2/

CIBN (CeNLuc ~ GpNLuc) optogenetic systems is expected based on their previously 

published photoactivation profiles.51–54 Next, we explored the ability of CeNLuc to 

dynamically activate iLID-mito translocation by performing a furimazine dose titration 

experiment intended to generate long-lasting versus pulsatile kinetics. Differential temporal 

kinetics of iLID-mito activation are readily achieved, wherein a low dose of furimazine (2.5 
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μM) generates a short-lived pulse of iLID-mito activation, a subsaturating dose (5 μM) 

generates a more sustained and long lasting activation, and saturating doses (10–20 μM) 

generate a large peak of initial activation followed by a modest decay but sustained and long 

lasting-steady state of iLID-mito activation (Figure 3D). Thus, CeNLuc activates the iLID-

mito system in a spatially restricted fashion and modulating the experimental parameters 

(i.e., FZ dosing) enables one to generate dynamic kinetic temporal activation profiles.

Apart from being able to modulate activation in a spatiotemporally defined fashion, most 

neurobiology and cell biology applications of optogenetics require repeated, and often 

pulsatile, stimulation. Unlike other luciferases, NanoLuc (the BRET donor in LumiFluors) is 

resistant to autoinhibition by its catalytic byproducts.33 To test if LumiFluors are amenable 

to repeated pulsatile activation paradigms without significant loss in overall light output, we 

designed studies based on the light signal decay kinetics from the FZ dose titrations 

performed on HEK293 cells stably expressing the retroviral CeNLuc construct (Figure S3B). 

We postulated that low doses of FZ (0.625–2.5 μM) could be repeatedly applied to generate 

pulsatile patterns of light output since this dosing regimen generates more acute bursts of 

light with a short half-life of 2–5 min (Figure S3B). Indeed, repeated pulses of FZ can be 

used to generate intense, but short-lived (5–10 min), pulsatile biologic light output without 

significant loss in overall light output over the course of the experiment (Figure S3C). 

Consequently, repeated 15 or 5 min pulsing of cells with FZ (see Figure S4 for experimental 

setup) leads to robust activation of the iLID-mito system, and this can subsequently be 

rapidly turned off by withdrawing FZ from the system (Figure 4A,B and Video S1). Notably, 

repeated pulses of FZ enables rapid and robust activation of iLID-mito with minimal signal 

loss over time. Thus, the BEACON platform can be applied for spatially restricted activation 

of optogenetic systems and leveraged for the repeated and pulsatile activation of optogenetic 

systems at physiologically relevant time scales (seconds to minutes).

Advantages of the BEACON system stem from the tunable nature of the “cold” biologic 

light that is produced, where the light intensity and wavelength generated by the BRET-

based LumiFluors in response to a chemical substrate enables precise spatiotemporal 

modulation of molecular and cellular processes. Importantly, this ability to dynamically 

control light in a remote manner creates opportunities to noninvasively interrogate complex 

biological processes in vitro and in vivo. Similar chemo-optogenetic approaches have been 

recently described, but these generally employ direct fusions of the luciferase to an 

optogenetic actuator of interest (Luminopsins), or require that the luciferase is in a 

molecular complex with the photosensitive protein (SPARK2).55–59 In contrast, we 

demonstrate that robust expression or colocalization of the LumiFluor with photosensitive 

proteins is sufficient to achieve robust activation across a variety of optogenetic systems, 

thus eliminating the need for additional engineering and functional validation of each new 

protein fusion pairs. These data suggest that the BEACON paradigm relies on a radiative 

excitation-emission process known as fluorescence by unbound excitation from 

luminescence (FUEL) capable of activating distant light sensitive proteins, as opposed to a 

direct intermolecular BRET based activation.60 On the basis of our results (iLID, Figure 3 

and Figure 4), the BEACON paradigm provides an opportunity to functionally dissect the 

importance of spatially localized signaling events,61 where LumiFluors allow one to 

selectively activate subcellular pools of light sensitive proteins while retaining the ability to 
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stimulate systemic (whole cell) pools using conventional light sources within the same 

experiment/cell. Thus, BEACON offers a unique tool for synthetic biology approaches that 

can be multiplexed with orthogonal chemogenetic-based protein recruitment systems such as 

FKBP-rapamycin-FRB62 or receptor activation systems such as DREADD.12,63–65 For 

example, this could be accomplished by combining the BEACON platform with FKBP-

rapamycin-FRB or eDHFR-TMP, enabling one to shuttle the LumiFluor light source 

between multiple subcellular compartments for selectively activating photosensitive proteins 

of choice in a spatially defined manner, while still preserving the ability to perform whole 

cell stimulations using conventional illumination approaches.66–69 Finally, similar 

LumiFluor-like molecules with additional spectral profiles have been recently described.21 

Thus, one could theoretically multiplex “biologic light” sources (e.g., GLuc + LumiFluor)70 

to selectively activate distinct pools of colocalized optogenetic systems (e.g., Luminopsin + 

iLID, respectively) due to the advent of ultrapotent and highly specific inhibitors for 

NanoLuc.71

While biologic light is not envisioned to replace all conventional light sources in 

optogenetics, we submit that BEACON offers a complementary noninvasive, affordable, and 

facile chemo-optogenetic approach to activate optogenetic systems that can be rapidly 

adopted toward a diverse variety of blue-green optogenetic systems. Moreover, we envision 

this optogenetic toolbox also including the rapidly expanding palette of novel luciferases 

(e.g., AkaLuc)72 and BRET-based “LumiFluor”-like molecules (e.g., Antares),73,74 which 

could be leveraged to activate additional red-shifted optogenetic systems. Finally, these 

LumiFluor tools could also be applied to the field of photochemistry,9,75 where light 

sensitive small molecules can be switched into an active state or uncaged/ photoreleased 

from pro-drug carriers76 to regulate diverse processes, including cell signaling, mitosis, 

motility, and proteolysis, or be activated as chemotherapeutic agents (photostatins).77 Thus, 

the BEACON platform expands both the optogenetic and the chemogenetic tool set to 

include the equivalent of small molecule-regulated molecular on/off light switches that 

enable one to dissect complex cellular processes involved in physiology and disease.

Supplementary Material
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Figure 1. 
Development and characterization of the LumiFluor biologic light sources. (A) Schematic of 

bioluminescent-fluorescent (“LumiFluor”) fusion molecules. The C-terminus of fluorescent 

proteins such as eGFP or mCerulean3 were fused to the N-terminus of NanoLuciferase using 

a short flexible 5 amino acid linker (DISGG). (B) Surface power densities generated by 

varying concentration of purified recombinant GpNLuc protein versus unmodified NLuc, 

(FZ = 100 μM, n = 4). (C) Spectral emission scans of transiently transfected HEK293T cells 

expressing NLuc, CeNLuc, and GpNLuc biologic light sources at equimolar levels (FZ = 50 

μM). (D) Total luminescence intensities of transiently transfected HEK293T cells expressing 

NLuc, GpNLuc, and CeNLuc at equimolar levels (FZ = 20 μM, n = 2). (E) Characterization 

of the luminescence intensities of LumiFluor-expressing HEK293 cells harboring the 

CeNLuc retroviral or lentiviral expression vectors in a transiently transfected versus stably 

integrated format (FZ = 20 μM, n = 2). Stable cells were selected by FACS or Puromycin, 

respectively. Data are expressed as mean ± SEM, n = biologic replicates, *p < 0.05, **p < 

0.005, ***p < 0.0005 as determined by a Student’s t-test. All experiments were performed 

with at least 2–4 technical replicates each.
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Figure 2. 
LumiFluors can activate diverse optogenetic systems. (A) Schematic of optogenetic 

transcription systems wherein biologic light generated by CeNLuc upon FZ administration 

(left) promotes interactions between light-responsive proteins partners (right). Biologic 

light-mediated optogenetic control is measured with a firefly luciferase reporter before 

(“Dark”) and after (“Light”) FZ-induced illumination (right). (B) Both the “green” 

(GpNLuc) and “cyan” (CeNLuc) LumiFluor light sources comparably activate the split Cre 

recombinase CRY2-CIBN system, and in a dose dependent fashion (FZ = 20 μM, n = 2). (C) 

CeNLuc (2 pulses of FZ) activates the CRY2-CIBN system at levels comparable to those 

seen when using a ~37 W/m2 LED light source (2 × 5 min pulses, n = 3). (D) CeNLuc 

(Emmax = 474 nm) is significantly more potent at activating the FKF1-GI system than the 

GpNLuc (Emmax = 508 nm) light source (FZ = 20 μM, n = 2). (E) Optimization of the 

FKF1-GI plasmid ratios reveals that CeNLuc mediated activation can achieve ~40-fold 

transcriptional induction (FZ = 20 μM, n = 2). (F) CeNLuc robustly activates a dCas9-based 

CRY2-CIBN transcriptional activation system (FZ = 20 μM, n = 2). (G) While CeNLuc only 

modestly activates the pMagnet optogenetic system, subcellular colocalization of CeNLuc 

with this optogenetic system robustly enhances pMagnet activation. All experiments were 

conducted using 20 μM FZ. All experiments were performed in transiently transfected 

HEK293T cells as indicated in the SI Materials and Methods. Data are expressed as mean ± 

SEM, n = biologic replicates, *p < 0.05, **p < 0.005, ***p < 0.0005 as determined by a 

Student’s t-test. All experiments were performed with at least 3–4 technical replicates each.
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Figure 3. 
Tunable wavelengths and power output coupled with targeted subcellular LumiFluor 

activation enables robust spatial control of optogenetic systems. (A) Schematic of the iLID-

mito recruitment system that is comprised of an outer mitochondrial membrane-targeted 

Venus-iLID-SsrA (charcoal-purple) and a diffusely expressed, cytoplasm-localized 

iRFP670-SspB (red-magenta). Under dark conditions (− FZ), the LOV2-based iLID protein 

sterically blocks (“cages”) the SsrA peptide from interacting with its natural obligate 

binding partner SspB. Exposure of iLID to light (+ FZ) induces a conformational change in 

the LOV2 Jα helix that exposes the SsrA peptide, enabling it to bind SspB, which promotes 

the rapid and robust recruitment of iRFP670-SspB to the mitochondrial surface. (B) 

Subcellular colocalization of the CeNLuc biologic light source and iLID-mito system leads 

to a rapid and robust activation of iLID, at levels comparable to a powerful light pulse 

provided by a traditional (680 W/m2) light source. Cytoplasm-localized CeNLuc 

(CytoCeNluc, n = 6 cells) or mitochondrially targeted CeNLuc (OMM, n = 9 cells) were 

cotransfected with the iLID-mito system into HeLa cells. Cells lacking Venus-iLID were 

used as negative controls (n = 6 cells). Experiments were conducted using 20 μM FZ and 

data are expressed as mean ± SEM. (C) While both CeNLuc and GpNLuc light sources can 

activate various optogenetic systems (Figure 2), only the cyan light source (CeNLuc) can 

activate the iLID-mito system. Experiments were conducted using 10 μM FZ and data are 

expressed as mean ± SEM (OMM-CeNLuc = 6 cells, OMM-GpNLuc = 3 cells). (D) 

Differential iLID-mito activation profiles can be generated by titrating the amounts of FZ to 

“tune” CeNLuc-based biologic light output levels. Data shown are the average of 3–6 cells 

Parag-Sharma et al. Page 16

ACS Synth Biol. Author manuscript; available in PMC 2021 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



per condition expressed as mean ± SEM. All experiments were performed in transiently 

transfected HeLa cells as indicated in the SI Materials and Methods.
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Figure 4. 
BEACON platform enables dynamic spatial and temporal control of optogenetic systems. 

(A) Representative images of HeLa cells cotransfected with the iLID-mito:iRFP670-micro 

system and OMM-CeNLuc (n = 4 cells) compared to control cells cotransfected with Cyto-

CeNLuc (n = 4 cells). (B,C) Representative images (B) and quantification (C) of biologic 

light-induced iRFP670-micro translocation to iLID-mito on mitochondria. Pulsatile addition 

of FZ enables repeated activation of the iLID-mito system, while washing out the FZ results 

in rapid inactivation of iLID-mito. A 680 W/m2 pulse of 474 nm blue light source was used 

as a positive control for Cyto-CeNLuc. All experiments were conducted using 10 μM FZ. 

Data shown are the average of 3–6 cells per condition expressed as mean ± SEM. All 

experiments were performed in transiently transfected HeLa cells as indicated in the SI 

Materials and Methods.
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