Response to Reviewers’ Comments
We thank the reviewers for their careful reading of the manuscript, their many thoughtful comments, and the great suggestions that all-in-all have made this protocol much better. Detailed responses to the issues raised are below.
Reviewers' comments:

Reviewer #1:
Crespo et al. summarized methods and protocols for bioluminescent optogenetics. They introduced five different optogenetics tools and described how to prepare cells and gene transfection for these experiments. In addition, they also explained how to set up an experimental environment such as a bench and a microscope. This manuscript will be better if the authors improve the following points.

1) The authors use "Biolight" as bioluminescence by luciferase. However, the word is not familiar in the category. They should be change it to "bioluminescence".
Changed throughout the manuscript.

2) In the manuscript, they focused on "non-ion moving photoreceptors" compared to "ion moving receptors" such as channels and pumps in neurons. If so, the title should be more limited. At this point, readers interested in luminopsin may misunderstand.
Bioluminescent optogenetics uses bioluminescence to activate photosensory proteins – opsins (ion moving molecules) are a subset of the much larger class of photosensory proteins. There are ample reports in the literature of applying bioluminescence for activating opsins. This collection of JoVE protocols is focused on non-opsin photoreceptors. However, the principle experimental instructions within this protocol apply to using bioluminescence for activating photosensory proteins including opsins. 
[bookmark: _Hlk76227553]3) It is important to match the wavelength of bioluminescence and the active wavelength of photoreceptor (sensor). Each information (the peak wavelength, spectrum, and spectral overlap) can help readers for developing new their own tools.
We added the information on emission wavelength of light emitters and activation wavelength of light sensors to Table 1.

4) Bioluminescent substrate, luciferin is essential for the reaction. In particular, coelenterazine species are easily oxidized in serum. They should add more explanation about the composition of the medium and the timing of substrate addition.
Added information on both aspects to protocol (lines 180-189):
Prepare a working solution of luciferin in cell culture medium. Use the medium the cells are normally grown in (DMEM, NeuroBasal, etc.). The concentration of the luciferin should be adjusted such that the final concentration of the luciferin is 100 μM. If the entire volume of medium will be replaced, the working solution will be 100 μM. If luciferin-containing medium is added to the cells, the concentration will be higher by the dilution factor (for example, adding 50 μl medium containing luciferin at a concentration of 300 μM to 100 μl medium in the well will result in a 1:3 dilution, and thus in a 100 μM final concentration of luciferin). Prepare all dilutions of CTZ in medium shortly before adding to the cells, as CTZ oxidizes over time.

5) Toxicity of the substrate should also be considered. Even temporarily, 100 μM coelenterazine is toxic to cells and in vivo. It should be understood that the assay will be carried out under conditions different from the normal environment.
We have addressed this by including a new paragraph in the Discussion (lines 458-467):
For experiments both in vitro and in vivo there are multiple options for tuning bioluminescent light emission, either by varying the concentration of the luciferin, and/or by varying the time the luciferin is made available to the respective sensor. The minimum amount and time are determined by the presence or absence of the effect expected with light activation, while the respective maxima are mainly determined by the tolerance of cells to high concentrations of luciferin over prolonged times. The concentration of CTZ chosen in the above examples, 100 µM, is close to the upper limit for various cell types, from HEK293 cells to neurons. The goal is to use as low a concentration as possible for the shortest time to achieve activation of the targeted photosensing domain. This will be achieved more readily using luciferases with high light emission and photoreceptors with high light sensitivity.
6) It would be appreciated if they mention what animal species are tested in vivo assay (mouse, zebrafish etc.) and what operational differences exist.

We have addressed this by including a new paragraph in the Discussion (lines 469-476):
[bookmark: _Hlk76308660]Bioluminescence for driving photoreceptors has been used in rodents (mice, rats) with photosensing proteins expressed in liver, muscle, spinal cord, and brain as well as via photoreceptor expressing cells transplanted subcutaneously, intracerebrally, or intraperitoneally. In principle, there are no limits preventing the approach to be applied to different species, from non-human primates to fish or flies. Depending on the permeability of the organism for the luciferin, application may be as easy as applying the luciferin to the surrounding water (e.g. in fish larvae30). Before using BL-OG in any new organism pilot experiments need to be conducted to ensure that the luciferin reaches its targets via the chosen application route.
Reviewer #2:
Manuscript Summary:
The MS describes a useful method allowing novel and potent control of optogenetic systems by utilizing light emerging from in cellulo reactions. Importantly, the results show that light emitted by nanoluc (or other luciferases), upon addition of the substrate is enough to turn on different optogenetic systems within minutes to levels that are comparable (or actually higher) than what can be obtained by classic blue-light stimulation with LEDs. Relevantly, the use of blue-light (at high intensity and for prolonged times) can have a negative effect of cell viability, something that should not occur with this biolight system.

Major Concerns:
- There are several clarifications that are needed in order to make this article more self-contained and extensively useful to a broad range of scientists. In particular, the authors do not provide a measurement of the amount of biolight that is generated and that is capable of activating the optogenetic systems. This is key in order to compare that to the classic LED stimulation.
We included the specific information reporting such measurements for luciferase-opsin combinations (Lines 65-66):
BL-OG activation of opsins was found to require an amount of bioluminescence of at least ~33 µW/mm2, with efficiency of activation increasing with higher light emission6,9.  
Such measurements have not been conducted for the activation of other photoreceptors, and these would be experiments beyond the scope of this protocol. The goal of this protocol is to provide detailed information enabling other investigators to carry out bioluminescence-driven activation of photoreceptors. By starting with the luciferases, photoreceptors, and conditions used in the experiments described in this paper together with those described in the literature referred to in this paper (Table 1), other researchers will be able to utilize bioluminescence for activating light sensing domains.
We also make clear that bioluminescence versus LED is not a question of what is better in an absolute sense, but what works best under the priorities of individual experiments (Lines 44-53):
For applications that require milli- or even femtosecond timescales and/or single cell spatial resolution, physical light sources (lasers and LEDs) are the only ones tunable to these scales. // However, many other applications for optical switches have different priorities, including extended spatial control, repeated application non-invasively and without light damage, yet defined temporal control in minute timescales and tunable intensities. Here, using luciferases as an alternative light source to activate light-sensing domains has several advantages.

- Since biolight appears to be so efficient. Could the authors comment on whether shorter times of CTZ addition/removal could also work fine?
We point out in the protocol that timing will have to be established for the individual experiments (Lines 191-195):
[bookmark: _Hlk76308997]Add luciferin-containing medium to cells and leave on for desired time of light stimulation. This can be as short as 1 minute or as long as 15 minutes, and might be even shorter or longer. The length of time for leaving the luciferin-containing medium on the cells depends on the half-life and kinetics of the selected luciferase – luciferin combination. 
In addition, we picked up the aspect of timing again in the Discussion (Lines 458-467):
[bookmark: _Hlk76307484]For experiments both in vitro and in vivo there are multiple options for tuning bioluminescent light emission, either by varying the concentration of the luciferin, and/or by varying the time the luciferin is made available to the respective sensor. The minimum amount and time are determined by the presence or absence of the effect expected with light activation, while the respective maxima are mainly determined by the tolerance of cells to high concentrations of luciferin over prolonged times. The concentration of CTZ chosen in the above examples, 100 µM, is close to the upper limit for various cell types, from HEK293 cells to neurons. The goal is to use as low a concentration as possible for the shortest time to achieve activation of the targeted photosensing domain. This will be achieved more readily using luciferases with high light emission and photoreceptors with high light sensitivity.

- For experiments depicted in 4, 5 and 6 it is key to establish a parallel on: a) how much LED light was used to activate the optogenetic system and b) how much bioluminescence was being generated upon CTZ addition.
We added the details on the settings for LED application and the concentrations of luciferase substrate used in each of the figure legends for figures 4-6 (lines 384-413):
Cells were exposed to LED (duty cycle 33%, 2 s on/4 s off for 40 minutes; 3.5 mW light power, 4.72 mW/cm2 irradiance) or to bioluminescence (100 µM CTZ final concentration)
[bookmark: _Hlk76309257]Again, it is beyond the scope of this paper to quantitatively compare luciferase and LED light emission. Rather, the examples illustrate the feasibility of using bioluminescence. We added this information to the beginning paragraph of Representative Results (lines 310-317):
[bookmark: _Hlk76309443]There are numerous intracellular events that can be manipulated with actuators responding to light, and that are amenable to bimodal activation with physical and biological light sources. Below are examples employing a photosensing calcium (Ca2+) integrator, light-induced protein translocation, a light sensing transcription factor, and a photosensitive recombinase. The examples illustrate the feasibility of using bioluminescence to activate various kinds of photoreceptors. The experiments presented were not specifically optimized with respect to LED application, the luciferase chosen, or with respect to concentrations and timing of luciferin application.

- Figure 6: There is no control showing what degree of activation is achieved with LED
We added this positive control to the panel and took out the less informative “no Cre” control (lines 418-421):
Twenty-four hours later cells were treated for 30 minutes with just medium (no CTZ) as a negative control, or with CTZ (100 µM final concentration), or with LED (duty cycle 25%, 5 s on/15 s off for 5 minutes; 14.81 mW light power, 20 mW/cm2 irradiance) as a positive control.

- Figure 5C. It is puzzling why vehicle gives higher signals than what was obtained in the dark (left panels)
We clarified the difference between ‘dark’ and ‘vehicle’ (lines 408-410):
Dark, plates were left untouched in the incubator between initial transformation of plasmids and FLuc measurement; VEH, plates were handled the same as those receiving hCTZ, but received vehicle instead.

- Figure 4. The experiment misses the dark control IVIS image
We added the image.

- Figure 4: Explicitly mention the intensity of LED light (and for how long was applied)
We added this information to the figure legend (lines 388-389):
[bookmark: _Hlk76227622]duty cycle 33%, 2 s on/4 s off for 40 minutes; 3.5 mW light power, 4.72 mW/cm2 irradiance

- In table 1 please indicate the wavelength emission of the different luciferases utilized as biolight modules. In addition, indicate the wavelength of emission of the reporter system (firefly luciferase)
We added the information on emission wavelength of light emitters and activation wavelength of light sensors to Table 1.
GLuc and FLuc produce light only with their specific luciferins (CTZ and D-luciferin, respectively), they do not cross-react. CTZ is added for light emission from GLuc for activation of photoreceptors. The effect of this light activation is measured by how much FLuc is produced. This is tested by adding D-luciferin at the terminal stage of the culture. The wavelength of FLuc emitted light is 550-570 nm, and it is very weak compared to GLuc and NanoLuc variants. Even if the light were to be strong enough and even if the wavelength were to match perfectly with the light sensor, such effect on FLuc transcription would not be picked up during the 1 second measurement of FLuc light emission.
We added a sentence making the reader aware of the absence of cross-reactivity between GLuc and FLuc (lines 329-331):
Note that the luciferases used for light activation (sbGLuc) and for reporting the effect of light activation (transcription of FLuc) only produce light with their respective luciferins (CTZ vs D-luciferin) and do not cross-react.

Minor Concerns:
- Line 284: "However, the presence of the transcription factor component alone resulted in considerable background signal."
Could the author comment whether this was due to spontaneous proteolysis or other cause?
We added this suggestion and rephrased to point out the increase in transcription with light (lines 337-339):
While the presence of the transcription factor component alone resulted in considerable background signal possibly due to spontaneous proteolysis, both physical light (LED) and bioluminescence (CTZ) robustly increased expression of FLuc as measured in an IVIS system. 

- In experiments depicted in Fig 5. Please indicate how where the fusion proteins achieved (luc fused at the N or C-terminus?)
We added this information to the figure legend (lines 404-405):
NanoLuc was either co-transfected or fused to the light-sensing moieties as depicted (N-NanoLuc-CRY-GalDD-C; N-NanoLuc-VP16-EL222-C).

- Please indicate Ionomycin and CaCl2 concentrations, as well as light intensity and pulse duration. Likewise, indicate what device (LED system/brand/duty cycle) was utilized as a source of light.
We added this information to the description of the experiment (lines 323-325) and to the figure legend (lines 387-389) and to the Materials Table:
In the presence of increased intracellular Ca2+ through exposure of cells to 2 µM ionomycin and 5 mM calcium chloride (CaCl2) application of blue LED led to robust expression of the fluorescence reporter
Cells were exposed to LED (duty cycle 33%, 2 s on/4 s off for 40 minutes; 3.5 mW light power, 4.72 mW/cm2 irradiance)
	LED Array Driver
	Amuza
	LAD-1

	LED Array for Multiwell Plates
	Amuza
	LEDA-x

	Prizmatix USB Pulser TTL Generator for Optogenetics 
	Goldstone Scientific
	



- Since the system is ready to act upon addition of the substrate, can the authors comments on the choice of promoters to provide strong and constitutive expression of the biolight (luciferase) modules?
We added this aspect to the protocol (lines 105-107 and 258-259):
The choice if promoters is dictated by the need to provide strong and constitutive expression of the light emitting module, such as enabled by the CAG and CMV promoters.
Choose strong promoters for expression of the light emitting modules, such as CAG or CMV.

- Regarding the step involving removing the luc substrate and changing media, could the authors comment on whether this step a) alters the status of the cells under analysis (stress), b) leads to loss of cells from the wells/plates.
Regarding the first point (stress for the cells): this depends on the cell type used and the experimental goal. It seems likely that the cells will experience stress. Depending on the goal of the experiment the investigator will have to weigh stress due to media change and stress due to LED exposure.
Regarding the second point (loss of cells): we have added a sentence in the protocol section about Cell Culture (lines 130-132) and the section about Bioluminescence Activation (lines 206-207):
If the cell type selected does not adhere well to the culture surface, plate cells on PDL-coated dishes.
If cells do not stick well to the culture surface, plate cells on PDL-coated dishes to avoid losing cells during washes.
- Red-light: Please indicate vendor and model of red-light in the Table of Materials, and if possible the intensity,
We added this information to the Table of Materials:
ABI 25W Deep Red 660nm LED Light Bulb 

- black microcentrifuge tubes. Provide brand/vendor in the Table of materials.
We added this information to the Table of Materials:
	Black Microcentrifuge Tubes, 0.5 ml, Argos Technologies
	Fisher Scientific
	03-391-166 

	Black Microcentrifuge Tubes, 1.5 ml, Argos Technologies
	Fisher Scientific
	03-391-161 


- Line 179: "Light emission at 100 μM final luciferin concentration can usually be observed by eye when the red light is turned off."
Could the authors indicate the expected amount of light that is generated (dark-adapted eyes, or eyes just adapting to light have different sensitivities). It is key to have a more objective estimate of the amount of light (by luminometer, plate reader etc) that the cells in the wells are yielding, as this is the "amount of light" giving responses that are then compared to the ones obtained with the LED system.
We specified when after turning off the red light bioluminescence becomes visible (lines 197-200):
Light emission at 100 μM final luciferin concentration can usually be observed by eye when the red light is turned off and eyes have adjusted to complete darkness for a few seconds. It can also be documented by taking a cell phone picture.
As to comparing responses obtained with bioluminescence versus the LED system: 
Quantitative comparative measurements have not been conducted by us or others, and such experiments would be beyond the scope of this protocol. The goal of this protocol is to provide detailed information enabling other investigators to carry out bioluminescence-driven activation of photoreceptors. By starting with the luciferases, photoreceptors, and conditions used in the experiments described in this paper together with those described in the literature referred to in this paper (Table 1), other researchers will be able to utilize bioluminescence for activating light sensing domains.
We underlined this by adding the following sentence to the first paragraph of the Representative Results section (lines 310-317):
There are numerous intracellular events that can be manipulated with actuators responding to light, and that are amenable to bimodal activation with physical and biological light sources. Below are examples employing a photosensing calcium (Ca2+) integrator, light-induced protein translocation, a light sensing transcription factor, and a photosensitive recombinase. The examples illustrate the feasibility of using bioluminescence to activate various kinds of photoreceptors. The experiments presented were not specifically optimized with respect to LED application, the luciferase chosen, or with respect to concentrations and timing of luciferin application.

- Figure 6B: It would help switching the order of the panels no CTZ first followed by no VVD-CRE and then at the right the key panel with VVD-CRE.
We improved this figure by re-ordering the panels and swapping the ‘no VVD-Cre’ panel with the LED induced response as a positive control (negative control = no CTZ; experimental = CTZ; positive control = LED).

Reviewer #3:
Manuscript Summary:
The authors of this manuscript provide a detailed description of step-by-step protocols and equipment for the use of bioluminescence to activate photosensory proteins in vitro and in vivo. They describe how to set up the tissue culture room, incubator, and microscope in order to perform Bioluminescent Optogenetics experiments. Moreover, they provide detailed information regarding the preparation and administration of luciferin for single, or multiple stimulations, for specific in vitro or in vivo applications. They also present several examples of the application of this method. I recommend this manuscript for publication in the journal JoVE after addressing the following comments:

Major Concerns:
-The authors use bioluminescence and biolight as synonyms. They provide a definition of biolight in the summary followed by the exact same definition for bioluminescence in the abstract. The two words are alternatively used in the title and within the body of the text. This is very confusing for the reader. I would recommend the author to use only the term bioluminescence consistently throughout the text, since this is the conventionally used definition for the tool used throughout the manuscript.
Changed throughout the manuscript.
[bookmark: _Hlk76227396]
-I would encourage the authors add a resource, preferentially a table, listing the possible combinations of luciferase-luciferin pairs that can be used to activate available photoswitches; specifically, they should list wavelength of light emitted by the pair, intensity of bioluminescence emitted, flash or glow kinetics etc… This table would help the reader when determining the best luciferase-luciferin pair to use for their desired application.
We added the information on emission wavelength of light emitters and activation wavelength of light sensors to Table 1.
While one could list all available light emitters and light sensors, we wanted to focus Table 1 on those combinations used successfully.

-In the introduction the authors state that "biolight emission can be tuned by varying the concentration of luciferin". However, in the majority of the experiments described in this manuscript, the photoreceptors are co-expressed in transient transfection with the luciferase encoding construct. With this experimental paradigm, different cells can express heterogenous level of luciferase enzyme resulting in inhomogeneous levels of activation despite the use of the same amount of luciferase. I recommend the authors discuss this point in the protocol or in the discussion. I suggest expanding upon this concept highlighting the advantage of generating a construct capable of expressing the "light emitter and light sensor" at a 1 to 1 ratio that could overcome this issue.
We alert the reader to the need for optimizing plasmid ratios (lines 137-139):
The ratios of the various plasmids work well for the selected examples but will have to be optimized for each light emitter/light sensor pair.   
Ultimately, stable cell lines or transgenic animal lines will always be preferable for better quantitative experiments. In the Discussion section we suggest co-transfection as a starting point (lines 449-456):
Simply co-transfecting light-emitting and light-sensing components is a good start. Variables are the molar ratios of emitter and sensor; unknowns are background levels of sensor activity in the dark, sensor activity in relation to light intensity and duration, and efficiency of sensor activation comparing physical and biological light. While fusion constructs have the advantage of keeping the molar ratio of emitter and sensor at 1:1 and of bringing the light emitter close to the light sensing domain, other considerations come into play, such as where to tether (N- or C-terminus) and how to link (linker length and composition) without impacting the performance of the actuator. 
[bookmark: _Hlk76227436]-I would suggest the authors articulate the concept of "luciferase-luciferin combination with flash or glow kinetics" mentioned in lines 176-177 and the effect of experimental consequences. If possible, I would specify in table 1 which combination was used for the experiments mentioned. If the author will add a table with a list of luciferin-luciferase pairs, this detail should be included.
We eliminated the distinction of flash and glow kinetics, as it was more confusing than informative in the context of bioluminescence used for photoreceptor activation. For activating a photosensitive domain the light emitted over the time between adding and removing the luciferin will determine activation, regardless of the types of kinetics (glow or flash). The distinction of flash vs glow is of more practical importance for luminometer plate readings: under flash kinetics the luciferin has to be injected right before the read in each well, while under glow kinetics the luciferin can be added to an entire 96 well plate, as light emission will be stable over the time needed to read all of the 96 wells.

Minor Concerns:
* Check the text for consistency (i.e. Hela line 106 vs HeLa in line 112).
Done

* For reproducibility the authors should specify the origin of the cell lines utilized (i.e ATCC reference number in the table of materials).
ATCC reference number added to table of materials:
	HEK293
	ATCC
	CRL-1573

	HeLa
	ATCC
	CCL-2


* In table 2: DNA/OPTI. Specify what is OPTI (I guess OPTI-MEM-I?). This reagent, source and code is not reported in the reagents list.
Spelled out in Table 2 and added to Table of Materials:
	Opti-MEM
	Thermo Fisher
	11058021


* Line 111: Fluorescence microscopy is more commonly used instead of "fluorescent microscopy "
Changed

* Use of acronyms. The authors should list the full name of a reagent the first time they mention it (PDL line 112, CTZ line 150 etc…).
Done

* The authors say that they use Lipofectamine 2000 for transfection, but the specific protocol used is not reported. Add "accordingly to manufacturer's instruction" if the transfection procedure can be found there (line 121).
Added (line 133-134):
Transfection is done by lipofection according to the manufacturer’s recommendation

* The authors should report the recipe of PBS and Tyrode solution or list the provider in the table of materials. They are not reported in the reagents table.
Added information on Tyrode’s solution to protocol (lines 219-224) and information on PBS to Table of Materials:
Set up the live cell imaging chamber and perfusion system with the desired solution for intake and the chamber outport leading to a waste container. Imaging solution can be, for example, Tyrode’s Solution (Sodium Chloride (124 mM), Potassium Chloride (3 mM), HEPES (10 mM), Calcium Chloride Dihydrate (2 mM), Magnesium Chloride Hexahydrate (1 mM), D-Glucose (20 mM)).
	D-PBS, no calcium, no magnesium
	Thermo Fisher
	14190144


* Line 256: Inject experimental animals with luciferin and controls with vehicle.
This sentence was confusing and we removed it (experimental animals are those expressing the light emitter and sensor and receiving luciferin; control animals are those expressing the light emitter and sensor and receiving vehicle or animals not expressing the emitter and/or receiver and receiving luciferin). Instead, we added (line 301):
[bookmark: _Hlk76212786]Inject animals with luciferin and vehicle, respectively.

* Line 272-275: Edit for clarity. The need of coincident Ca2+ increase and blue-light irradiation is not clear.
We changed the sentences to (lines 318-321):
[bookmark: _Hlk76212914]FLARE is an optogenetic system that allows transcription of a reporter gene with the co-incidence of increased intracellular Ca2+ and light23 (Figure 4A). The presence of Ca2+ is required to bring the protease in close proximity to the protease cleavage site that is accessible only with light stimulation, resulting in release of the transcription factor.

* Line 365. Add reference at the end of this sentence.
Added references (line 434):
[bookmark: _Hlk76212965]There is a range of luciferases and luciferins with light emission wavelengths matching activation spectra of photosensory proteins from blue to red light14,29.
