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Abstract: The biophysical characterization and engineering

of optogenetic tools and photobiological systems has been

hampered by the lack of efficient methods for spectral

illumination of microplates for high-throughput analysis

of action spectra. Current methods to determine action

spectra only allow the sequential spectral illumination of

individual wells. Here we present the open-source Rain-

bowCap-system,which combines LEDs and opticalfilters in a

standard 96-well microplate format for simultaneous and

spectrally defined illumination. The RainbowCap provides

equal photon flux for each wavelength, with the output of

the LEDs narrowed by optical bandpass filters. We vali-

dated the RainbowCap for photoactivatable G protein-

coupled receptors (opto-GPCRs) and enzymes for the control

of intracellular downstream signaling. The simultaneous,

spectrally defined illumination provides minimal interrup-

tion during time-series measurements, while resolving 10 nm

differences in the action spectra of optogenetic proteinsunder

identical experimental conditions. The RainbowCap is also

suitable for studying the spectral dependence of light-

regulated gene expression in bacteria, which requires illu-

mination over several hours. In summary, the RainbowCap

provides high-throughput spectral illumination of micro-

plates, while its modular, customizable design allows easy

adaptation to awide range of optogenetic and photobiological

applications.
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1 Introduction

Gene-expression of ectopic, light-sensitive proteins combined

with targeted light delivery allows for precise photocontrol of

various cellular functions. The method, commonly termed

optogenetics, has developed greatly in the last 20 years and is

now broadly applied in various areas of the life sciences

(Emiliani et al. 2022; Tan et al. 2022). Optogenetics is also

increasingly being explored as part of gene therapy strategies

for pathophysiological conditions such as blindness, hearing

impairment, cancer and neurodegenerative diseases (Kleinlo-

gel et al. 2020;Malogolovkin et al. 2022;Murphyet al. 2021; Sahel

et al. 2021). Essential for the successful application of light-

sensitive proteins in heterologous expression systems is the

understanding of their biophysical properties. The action

spectrum in living cells is particularly relevant, as it indicates

which wavelengths activate the photoreceptor and defines

peak sensitivity. A precise definition of the action spectra al-

lows reducing light intensities for activation and to minimize

side effects such as unintended pre-activation or phototoxicity.

In addition, knowledge of the action spectra enables the com-

bination with other optogenetic actuators and fluorescent

biosensors with complementary optical properties.

Several methods have been established to determine ac-

tion spectra. Electrophysiological readouts are ideal for study-

ing light-gated ion channels and light-driven ion pumps (Chow

et al. 2010; Klapoetke et al. 2014), because their activity can be

measured directly as electrical signal. However, the electro-

physiological determination of the action spectra of opto-

genetic proteins that trigger cell signaling cascades such as

light-activated G protein-coupled receptors (opto-GPCRs) and

opto-enzymes (Muhlhauser et al. 2017; Spangler and Bruchas

2017) is more challenging. A common strategy for monitoring

light-driven signaling mediated by second messengers like cy-

clic mononucleotides (cAMP or cGMP) is to record the subse-

quent activation of co-expressed ion channels. The activity of

opto-GPCRs or light-activated cyclases can bemonitored via the

activation of cyclic nucleotide–gated ion channels (CNG), such

as the cyclic adenosine monophosphate (cAMP)-gated potas-

sium channel SthK and the cyclic guanosine monophosphate

(cGMP)-gated CNG-A2 or BeCNG1 channels (Bernal Sierra et al.

2018; Henss et al. 2022; Scheib et al. 2015). Signaling of Gαi/o-

coupled opto-GPCRs has also been monitored by the activation

of G protein-gated inwardly rectifying potassium channels

(GIRKs) via the G protein βγ-subunits. This strategy was used

for cone opsins, melanopsin (Opn4) andmosquito Opn3 (Mahn

et al. 2021;Masseck et al. 2014; Spoida et al. 2016). However, such

recordings from single cells are labor-intensive and time-

consuming, as individual wavelengths have to be tested

sequentially (Spoida et al. 2016). In addition, repetitive

illumination with different wavelengths can lead to undefined

secondary photoreactions and bleaching effects. High-

throughput measurements of action spectra using micro-

plates and plate readers could overcome these limitations.

Light-induced changes of cyclic nucleotide levels can be

determined by immunoassays (Gao et al. 2015), but these end-

point measurements fail to provide information on the

signaling dynamics. Fluorescence-based measurements are

challenging for studying photo-activated proteins because the

fluorescent readout requires repeated light exposure of

the cells. In contrast, luminescence-based readouts do not

require illumination. These approaches rely on light-emitting

luciferases that increase their luminescence in response to an

intracellular signal. For example, the Ca2+-signal of the light-

activated human melanopsin has been monitored by coex-

pressing the Ca2+-dependent luciferase aequorin (Bailes and

Lucas 2013). The GloSensor assay is based on cyclic nucleotide-

dependent luciferases that generate luminescence in response

to cAMPor cGMP (Binkowski et al. 2011). This assay can be used

for detecting light-triggered alterations of intracellular cAMP-

or cGMP levels by opto-GPCRs and opto-enzymes such as

photoactivated cyclases and phosphodiesterases (Bailes and

Lucas 2013; Gerrard et al. 2018; Mahn et al. 2021; Sugiura et al.

2020; Yoshida et al. 2017). Ballister et al. (2018) developed an

elegant extension of the GloSensor assay that simplifies the

study of opto-GPCRs with different coupling specificities. This

“GsX” assay employs C-terminal chimeras of the Gαs protein, in

which the receptor-interacting part is replaced by the C-ter-

minus of different Gα subunits (e.g., Gαi, Gαo, Gαt, Gαq). Such

chimeric GαsX subunits displace the endogenous Gα subunits

that normally interact with the GPCR, and redirect the GPCR

signal into activation of the adenylyl cyclase and thus an in-

crease in cAMP levels (Ballister et al. 2018). The advantage of

this assay is that different coupling specificities of GPCRs canbe

investigated in a single assay. As receptor activation always

leads to an increase in the cAMP level, this can be easily

quantified with the GloSensor assay. Luminescence-based

measurements in combination with the GsX assay are there-

fore well suited for performing high-throughput experiments

on living cells to study opto-GPCR signal transduction in

microplates.

For microplates, various illuminations systems with

different specifications and complexities have been developed

in recent years (Kumar and Khammash 2022). Among these,

only one was specifically developed for action spectra (Richter

et al. 2015). The light from the color LEDswas transmitted into a

plate reader via an opticalfiber.While this design enables fully

automated illumination protocols, only one well could be illu-

minated at a time, causing non-simultaneous stimulation and

eventually long-time delays in the protocols. This limitation
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also applies to the use of built-in light sources of plate readers

for fluorescence measurements. In addition, using the unfil-

tered light from LEDs for stimulation can compromise the

determination of the action spectrum, since many LEDs emit

light with a Gaussian spectral shape that spans several 10 nm.

We therefore engineered the RainbowCap-system for

simultaneous spectral activation and measurement of action

spectra in 96-well microplates. Our system is based on color

LEDs,with their emission spectra narrowedwith opticalfilters.

LED intensities together with the filters were adjusted to pro-

vide a uniform photon flux. Light titration experiments can

be performed by varying the illumination time. We evaluated

the system on two prototypical eukaryotic opsins, bovine

rhodopsin and JellyOp, a visual opsin from the box jellyfish

Carybdea rastonii. For action spectra analysis,we implemented

an analytical pipeline that uses Bayesian statistics to fit the

Govardovskii template to the experimental values (Gabry et al.

2019; Govardovskii et al. 2000). Experiments with serum-free

cell cultures show that the retinal isomers 9-cis, 11-cis, and 13-cis

contribute significantly to the spectral properties of JellyOp.

Furthermore, we measured action spectra of photoactivated

adenylyl- and guanylyl cyclases, and extended the application

to the light-controlled gene expression system pDawn-DsRed

(Ohlendorf et al. 2012). We demonstrate that the Rainbow-

Cap is efficient for the simultaneous spectral illumination

of microplates, and that it allows determining quantitative

and high-quality spectra of various optogenetic tools.

2 Results

2.1 Engineering of the RainbowCap-system

We considered the following aspects when implementing

our illumination device: Preliminary experiments with

flashlights and transfected HEK293TN cells indicated that

simple commercial 5 mm LEDs are bright enough to activate

optogenetic proteins for cell signaling. Moreover, illumina-

tion times of a few seconds are sufficient for saturating

photostimulation. Therefore, no laser or cooling system is

needed. White microplates with opaque bottoms are most

efficient for luminescence assays, i.e. illumination must

come from above. Figure 1A shows the final design of our

spectral illumination system, the RainbowCap, which

comprises the illumination plate, a microcontroller, and a

power supply. The illumination plate itself consists of two

interconnected 3D-printed black subplates (Figure 1B and C,

Supplementary Figure 1). The base plate (filter plate) pro-

vides slots for optical filters with a diameter of 5 mm. The

lateral bracket simplifies handling and serves as a mounting

option. The upper plate contains the LEDs (LED plate) and

the electrical wiring. Both subplates were designed with

protruding edges aligned to the wells, which prevents light

scattering into adjacent wells. The electronic and optical

details are described in the Methods section and in the

Supplementary Figures 2–4.

Figure 1: The RainbowCap spectral illumination system for microplates. (A) The components of the RainbowCap. (B) Blow-up scheme illustrating the

assembly of the illumination plate aligned to a 96-well plate. The illumination plate consists of a bottom plate that holds the optical filters, and a top plate

that holds the LEDs. Both subplates are stably connected with screws. (C) Cross-section of a single well with the illumination plate placed on top.
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The key components of the RainbowCap are the LEDs

and optical filters, which we matched and adjusted to

achieve a uniform photon flux within the range of

381–661 nm. To this end, we first screened 23 narrow band

and 3 “white” LEDs from different suppliers at a constant

current of 20 mA and measured their intensities and

emission spectra (Figure 2A). Measurements of light spectra

and intensities were accomplishedwith a spectroradiometer

and a custom-made adapter that positioned the sensor below

the LEDs, thereby replicating the configuration of the

microplate (Supplementary Figure 5). LED intensities

differed by a factor of >100, and we observed considerable

spectral overlaps. We then narrowed the spectral output of

the selected LEDs with bandpass filters (Figure 2B and C,

Supplementary Figure 4). Using the spectroradiometer

adapter setup, the LED-filter pairs were calibrated to pro-

vide equal photon flux at each wavelength (1.3 × 1017 pho-

tons/m2s). Given the considerable variation in light output

among different types of LEDs, we had to drastically reduce

the brightness of some LEDs while operating others at

maximum output, which set the upper limit for the light

output. To fill spectral gaps at 445 and 556 nm, we combined

bandpass filters with wide-spectrum (“white light”) LEDs.

In the illumination configuration, the first 10 columns of the

96-well microplate are each illuminated with a defined

light color (Figure 2C). The 11th column is not illuminated

and serves as a dark control to detect possible pre-activation

or dark activity. The white light LED in the last column

serves as a positive control. For this LED, the blue light

component was normalized to the uniform photon flux

(Figure 2B, inset), but the total intensity integral of the white

light LED is significantly larger than that of the other LEDs.

2.2 Measurement of rhodopsin action

spectra

We tested the RainbowCap on JellyOp and bovine rhodopsin

(bovRho), two well-established opto-GPCRs, using the Glo-

Sensor assay as readout (Figure 3A). The JellyOp triggers Gαs

signaling, which has been applied for example to increase the

contraction frequency of cardiomyocytes (Bailes et al. 2012;

Koyanagi et al. 2008;Makowkaet al. 2019). BovRhowas thefirst

GPCR for which crystal structures in inactive and active states

Figure 2: Optimization of the optical components of the RainbowCap for

high spectral resolution and uniform photon flux. (A) Spectra and light

intensities of 26 LEDs from different manufacturers. All measurements

were donewith 20 mA current. Light intensities vary and spectral overlaps

are observed, while some spectral ranges are barely covered by the LED

output. Arrows indicate the LEDs selected for the illumination plate. Inset

shows measurements for three white light LEDs. Of these, two LEDs were

chosen for the 445 and 556 nm illumination (blue and green arrow,

respectively). The black arrow denotes the LED chosen for white light

illumination. (B) Spectra and light intensities of individual LEDs after

integration into the RainbowCap. Each line represents the spectral output

of an individual LED. LED-filter pairs were selected to achieve 10 different

colors evenly distributed over the visual spectrum. Electrical currents

were adjusted to achieve equal photon flux for all output wavelengths,

indicated by the curved gray line. (C) LED light output before and after

passing through the optical filters. Numbers indicate the central wave-

length of the bandpass filters and the maximum wavelength (in nm) of

the output spectra below the filter. White light LEDs combined with filters

were used for 445 and 550 nm. The 381 nm LED output appears dark due

to the insensitivity of the camera sensor to UV.
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were available (Choe et al. 2011; Palczewski et al. 2000; Park

et al. 2008; Scheerer et al. 2008), and rod rhodopsins from

bovine and rat were used in pioneering optogenetic experi-

ments (Khorana et al. 1988; Li et al. 2005). It provides scotopic

low-light vision and triggersGαt (transducin) coupled signaling

in vivo and in vitro, but Gαi/o signaling was also observed

in vitro (Ballister et al. 2018; Hofmann et al. 2009; Kanaho et al.

1984; Terakita et al. 2002). However, by using the GsX assay

(including the C-terminus of Gαt in chimeric Gαs), signaling of

bovRho can be redirected into Gαs signaling and a cAMP in-

crease (Ballister et al. 2018).

As outlined above, the major advantages of the Glo-

Sensor assay are its compatibility with living cells and that

no excitation light is required for the readout. A drawback

Figure 3: Recording action spectra of opto-GPCRs with the RainbowCap. (A) Scheme illustrating cAMP-dependent GloSensor activation by opto-GPCRs.

Jellyfish rhodopsin (JellyOp) directly stimulates the endogenous adenylyl cyclase (AC) via Gαs, which increases intracellular cAMP levels. Bovine rhodopsin

(bovRho) natively couples to Gαt (transducin). Coexpression of bovRho with a chimeric Gαst protein redirects the signal into stimulation of the adenylyl

cyclase. (B) Light-induced cAMP increase by illuminating JellyOp-expressing cells at different wavelengths for 10 s. Luciferin was added immediately after

illumination. Light-independent stimulation of the adenylyl cyclase with 10 µM forskolin (fsk) allows normalization of the measurements. (C) Inset

showing light-triggered response fromB. (D) Action spectra of JellyOp and bovRho after 10 s illumination. (E) Light titration of JellyOp. Data as in D but with

additional illumination times. (F) Dose response curves of JellyOp to determine the relative photosensitivity for each wavelength. (G) Action spectra based

on the relative photo-sensitivities of JellyOp and bovRho. (H) Action spectra of JellyOp 1–2 h after reconstitution with 1 µM of freshly purified retinal

isomers. Cells were illuminated for 10 s and cultured in serum-free medium. (I) Normalized spectra of JellyOp with data from subfigure H. Data points are

indicated as mean ± SEM (n-values in Supplementary Figure 10). Curve fits are performed with statistic modeling and the rhodopsin nomogram. The

errors of λmax and curve fits indicate the range in which the data are within a probability of 95 %.
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is that the substrate luciferin is fluorescent, with excitation

around 380 nm and emission in the range of 480–640 nm

(Supplementary Figure 6A). If the luciferin fluorescence

evoked by light of short wavelength excites rhodopsins, this

could lead to a distortion of the action spectrum as observed

with bovRho (Supplementary Figure 6C–F). We therefore

decided to use a measurement workflow with spectral

illumination preceding the luciferin application (Figure 3B,

Supplementary Figure 6B and C). After equilibrating the

plate in the reader and recording of shot noise, the cells were

illuminated with the RainbowCap and the plate was quickly

placed back into the plate reader. Immediately afterwards,

luciferin was added by automatic injection by the reader.

We kept the plate outside the reader for the shortest

possible duration, as cooling of the plate results in a tem-

perature artifact that occurs already after 1 min (Supple-

mentary Figure 7). Upon illumination for 10 s and luciferin

application, the signal of JellyOp reached a maximum after

3 min and returned to baseline after 20 min (Figure 3B and

C). At the end of the measurement, 10 µM forskolin (fsk), a

direct stimulator of the endogenous adenylyl cyclase, was

added per injection. Fsk served as a light-independent con-

trol for normalization. For the first tests we cultured cells in

serum supplemented with 1 µM all-trans retinal upon culti-

vation in microplates, resulting in a retinal-isomer mixture

after hours in the dark (Brueggemann and Sullivan 2002;

Deval and Singh 1988).

In order to determine the spectral activity, we imple-

mented a statistical model (Bayesian workflow) in combina-

tion with a template for rhodopsin spectra (Gabry et al. 2019;

Govardovskii et al. 2000). The Govardovskii template was

originally developed for fitting absorption spectra of animal

rhodopsins. The statistical method simulates the spectrum

multiple times and allows the incorporation of data from

different experimental settings (see Supplementary Materials

for details). We found greatly improved fits when relaxing the

parameters of the nomogram for calculating the action spectra

based on the Glosensor assay. Figure 3D shows the resulting

action spectra for JellyOp with λmax 479 ± 10 nm and bovRho

with λmax 478 ± 11 nm obtained just from a non-saturating 10 s

illumination (error range indicates 95 % probability).

To obtain a more precise estimation of the activity spec-

trum, we applied different light dosages to evaluate the rela-

tive spectral sensitivity of JellyOp and bovRho over a wide

dynamic range. The RainbowCap offers four adjustable

illumination times per plate, allowing experiments with

four different photon-dosages (Supplementary Figure 8). For

more illumination times, we compared the fsk-normalized

values from different plates. The resulting action spectra and

irradiance-response curves for JellyOp are shown inFigure 3E

and F (bovRho in Supplementary Figure 6GandH). For orange

and red light, we could not achieve saturation with 60 s illu-

mination, thus we extrapolated the irradiance-response re-

lations for these wavelengths (see Supplementary Materials).

The resulting relative photosensitivity spectra based on the

half-maximal light intensities are shown in Figure 3G. By

applying the statistical model and the Govardovskii template,

we obtained a λmax of 485 ± 5 nm for JellyOp and 483 ± 5 nm

for bovRho. These values are red-shifted by about 5–6 nm

compared to the activity peaks obtained by 10 s illumination

alone, probably reflecting a better determination of the red

light activation of the opsins with longer illumination times.

Next, we investigated how specific retinal isomers

contribute to the spectral properties of JellyOp. For this, we

established serum-free HEK293TN cultures, which we sup-

plemented with the specific retinal isomers 1–2 h before

illumination (Figure 3H and I). We observed highest activity

of JellyOp for 9-cis retinal (469 ± 10 nm), followed by 11-cis

retinal (λmax of 488 ± 10 nm). JellyOp also showed activity

after reconstitution with 13-cis retinal (λmax of 460 ± 8 nm),

but with less efficiency and significant dark activity. Of note,

we found that adding all-trans retinal to JellyOp induces

activity in the dark, which slowly decays over several hours

(Supplementary Figure 9). The effect is only observed

when cells are grown in absence of any retinal (compare to

Supplementary Figure 6B). Illumination with white light

abolishes the dark activity. In contrast, addition of 11-cis does

not elicit activity per se, but enables a robust light inducible

response. The dark activity can be explained by all-trans

retinal representing the chromophore of the active state,

and has also been reported for bovRho (Kono et al. 2008).

2.3 Action spectra of photoactivated

cyclases

We next tested our illumination plate with photoactivated

cyclases for direct manipulation of intracellular cyclic

mononucleotide signaling (Figure 4A). The soluble photo-

activated adenylyl cyclase bPAC from the bacterium

Beggiatoa sp. is a well-established optogenetic tool with

a blue light sensor using flavin adenine dinucleotide (BLUF)

as activator domain (Ryu et al. 2010; Stierl et al. 2011; Tan

et al. 2022). Purified bPAC has a peak absorbance at about

440 nm (dark adapted state), while the signaling state has a

maximum at 455 nm, with the dark state recovering within

19 s (Lindner et al. 2017; Stierl et al. 2011). Our action spectra

indicate amaximumbetween 440 and 460 nm (Figure 4B). To

benchmark the spectral resolution of the RainbowCap, we

compared the bPAC wildtype (bPAC-wt) with the S27A

mutant of bPAC, which shows a 10–15 nm red shift in the

absorption spectrum of the purified protein (Stierl et al.
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2014). Indeed, the action spectra indicated an increased

sensitivity at 503 nm of the bPAC-S27A mutant (Figure 4B),

but we could not observe a bathochromic shift of the peak

activity. However, light titration at 503 nm showed that the

difference between wt and S27A relate to a higher light

sensitivity of the mutant at longer wavelengths (Figure 4C,

Supplementary Figure 11C–G).

The red light-activated guanylyl cyclase DmPGC is a

novel engineered optogenetic tool that allows increasing

cGMP levels upon illumination. DmPGC is a recombinant

photoreceptor that harnesses biliverdin as chromophore,

and is comprised of the photosensory core module from

the Deinococcus maricopensis bacterial phytochrome and

the cyclase effector module Cya2 of Synechocystis sp.

PCC6803 (Xu et al. 2024). As expected for a biliverdin-

dependent photoreceptor, DmPGC showed peak activity at

>660 nm in our experiments (Figure 4B). Of note, bacterial

phytochromes are excited by red/far-red light and the

actual maximum is probably outside of the range of our

current RainbowCap (Tan et al. 2022). The moderate activa-

tion of DmPGC at 420 nm owes to the Soret band typical for

tetrapyrroles such as biliverdin (Xu et al. 2024).

2.4 Action spectra of an optogenetic gene

expression system

As a further application test, we applied our illumination

plate on the engineered light-regulated gene expression

system pDawn-DsRed, shown in Figure 5A (Ohlendorf et al.

2012). The pDawn system controls gene expression by a two-

step mechanism: The engineered photoreceptor (YF1/FixJ) of

pDawn is active in the dark state and drives the expression of

Figure 4: Action spectra of photoactivated cyclases. (A) bPAC is a blue light-activated adenylyl cyclase that uses flavin as chromophore. DmPGC is a red light-

activated guanylyl cyclase with biliverdin as chromophore. Changes in cAMP or cGMP levels are reflected by luminescence output generated by the GloSensor

plasmids 22F or 42F, respectively. (B) Action spectra of bPAC-wt, the mutant bPAC-S27A, and DmPGC determined after 15 s illumination. Both bPAC-wt and

bPAC-S27A are most effectively activated at 460 nm, but the mutant also shows a 10 nm red-shifted shoulder. DmPGC is strongly activated by light >630 nm.

Illuminations were performed in the presence of luciferin and plates were used repeatedly for light titration experiments. (C) Log-scale plot of light titration

experiments at 503 nm. At this wavelength, the bPAC-S27A mutant has a higher light sensitivity than the wt. All data points in B and C are indicated as

mean ± SEM (n-values are listed in Supplementary Figure 10). Curve fits are performed with spline fit in B and with the dose-response equation in C.

Figure 5: Evaluation of the RainbowCap for the light-regulated gene

expression system pDawn-DsRed. (A) Simplified schematic of the expression

system. Blue light initiates the expression of the fluorescent reporter protein

DsRed (see reference and text for details). (B) Agar plate with transformed

E. coli bacteria. Partial exposure of the agar platewith blue light-activated the

gene expression of DsRed. (C) Action spectra of pDawn determined with the

RainbowCap. The fluorescence of DsRedwas plotted against the illumination

wavelength of each sample (mean ± SEM, n = 4). (D) DsRed is visible in

bacterial pellets from blue light samples and the white light control.
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a repressor protein (Moglich et al. 2009; Ohlendorf et al.

2012). This repressor protein in turn inhibits the expression

of DsRed. Therefore, illumination of the photoreceptors

leads to expression of DsRed (Figure 5B). As bPAC, the YF1/

FixJ photoreceptor uses a flavin nucleotide as blue light

sensitive chromophore. For determining the exact action

spectrum of pDawn-DsRed, E. coli bacteria transformedwith

pDawn-DsRed were cultured to stationary phase and plated

in black 96-well microplates with transparent bottoms.

Plateswere illuminated overnight using the RainbowCap. On

the following day, we measured DsRed fluorescence in the

wells and calculated the resulting action spectrum, which

corresponds to that of flavin-based photoreceptors

(Figure 5C). For visualization, bacteria samples were then

pooled and centrifuged. Expression of DsRed can be seen in

pellets from cultures illuminated with 445 and 471 nm, and

in the white light control (Figure 5D).

3 Discussion

The RainbowCap offers simultaneous spectral illumination

of microplates, with considerable scope for spectral

screening and investigation of newnatural and recombinant

optogenetic proteins, but also with potential applications in

other areas of photobiology research. Earlier devices for

programmable illumination of microplates resorted to a

limited number of LEDs and did not incorporate optical

filters, or were optimized for spectroscopy (Baillargeon et al.

2019; Benman et al. 2023; Bugaj and Lim 2019; Gerhardt et al.

2016; Hohener et al. 2022; Kagel et al. 2019; Kumar and

Khammash 2022; Qi et al. 2018; Richter et al. 2015). Conse-

quently, the RainbowCap offers significant advantages

compared to these devices when it comes to the determi-

nation of action spectra. The combination of the Rainbow-

Cap with plate readers offers a high-throughput approach

compared to electrophysiological methods for determining

action spectra. Our strategy is also compatible with light

sensitive cells in suspension, whereas electrophysiological

methods are limited to adherent cells. We have shown this

for E. coli cultures, but the RainbowCap could also enable

optogenetic experiments on non-adherent eukaryotic cells

such as immune cells in the future (Malogolovkin et al. 2022;

Nguyen et al. 2021).

We validated the RainbowCap using optogenetic pro-

teins with different functions and chromophores. We

determined a peak activity at 485 ± 5 nm for JellyOp and

at 483 ± 5 nm for bovRho after supplementation of cells

with all-trans retinal (Figure 3G). These λmax-values likely

correspond to an isomer mixture as confirmed in our ex-

periments with purified retinal isomers (Figure 3H and I).

For the different isomers, we determined peak activities of

JellyOp at 469 ± 10 nm, 488 ± 10 nm, and 460 ± 8 nm in

presence of 9-cis, 11-cis and 13-cis retinal, respectively. The

difference in the peak activity of JellyOp observed in the

measurement in presence of 11-cis retinal, which is

approximately 12 nm different from the value reported by

Gerrard et al. (2018), could be attributed to differences in

the illuminationmethod and protocol or the implementation

of the curve fit. However, the shifts between the isomers

are in line with the absorption spectra of bovRho recon-

stituted with 11-cis retinal (497 nm), 9-cis (486 nm), and 13-cis

(467 nm) (Araujo et al. 2014). However, it should also be noted

that the absorption spectra of purified protein and the action

spectra in biological systems can be different (Coohill 1991;

Haxo and Blinks 1950). Furthermore, all our rhodopsin

spectra result from stationary illuminations that start from

the dark-adapted state and sequential absorption ofmultiple

photons causing secondary photoreactions cannot be

excluded.

In addition, we investigated the action spectrum of the

red light-activated guanylyl cyclase DmPGC and found

strongest activation at a wavelength >630 nm (Figure 4B).

This is of particular interest for in vivo optogenetic

applications, as red light has superior tissue penetration,

facilitating the activation of optogenetic proteins at low

light intensities. It may also be possible to combine DmPGC

with sensors or actuators sensitive in the 460–560 nm light

range with minimal optical crosstalk.

A potential caveat of using the GloSensor as readout is

that the luminescence itself could lead to the activation of

optogenetic proteins. However, we could not find evidence

for such effects in our spectral experiments. Optogenetic

proteins that are excited by luminescence exist (“luminop-

sins”), but in these cases the luciferase is fused directly to the

optogenetic protein or both components are in immediate

vicinity at the synapse (Gomez-Ramirez et al. 2020; Prakash

et al. 2022; Tan et al. 2022; Tung et al. 2015).

While the current illumination system is the result of

different testing strategies and incremental improvements

(see Supplementary Figure 12), we also see potential for

future improvements. One important aspect is to further

prevent light contamination in and around the illumination

setup, especially for long time illumination experiments

and highly light sensitive proteins with slow deactivation

kinetics. In this context, we would like to emphasize the

light spillover at the bottom and around the edges of white

microplates (see Supplementary Figure 13). In addition, the

RainbowCap could also be adapted for illumination from

below, which would make it possible to achieve sterile

conditions during long-term experiments. The integration of

temperature control and other environmental factors such
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as humidity is also conceivable. In the long term, a better

spectral resolution of the action spectra and an extension

with LEDs to the near infrared range is preferable. In its cur-

rent version, the RainbowCap is based on standard electronic

components that allows for easy replication and can be readily

integrated with any plate reader without any hardware

modification. Miniaturization of the components would be

advantageous, allowing electronic control of each LED to allow

eight different simultaneous illumination times or even adap-

tion to 384-well microplates. Especially for high-throughput

screening with multiple microplates, it will be helpful to inte-

grate the illumination plate into automated plate reader

screening systems. A further improvement could be achieved

by automatedfine adjustment of the LED intensities as recently

developed for a microplate illumination device for absorbance

and fluorescence readouts (Benman et al. 2023). Finally,

simultaneous spectral illumination of the entire microplate

within the plate reader would also be ideal, which would

permit measurements of shorter-lived light-induced activities

(<1min). Thus, the RainbowCap paves the way for highly par-

allelized, quantitative spectral characterizations of optogenetic

tools and photobiological processes.

4 Materials and methods

4.1 Construction of the RainbowCap

The 3D-printing files for the filter plate, the LED plate and

the photodiode adapter were created using the 3D Builder

software (Microsoft Corporation). Polyamide laser sintering

(PA2200) with black coloration was chosen for printing

(Murtfeldt Additive Solutions GmbH, Germany). The holes

for the screws were drilled after printing. Both plates were

connected after insertion of the optical filters and the

assembly of the LEDs and electronics (see Figure 1, Supple-

mentary Figures 1–4). The 11th column was covered with

black tape as dark control. Two LEDs of the same color

(i.e. four pairs per column, total 44 pairs) were connected

with a 500 Ω precision potentiometer (25 turns, WIW3296-y-

501, Shaanxi Hongxing Electronic Components) in row

with a bipolar transistor BC337-40 (NPN BC337-40, Diotec

Semiconductor) and a 1 kΩ fixed resistor (WIW3296-w-102,

Shaanxi Hongxing Electronic Components). These LED-pairs

were connected to the respective voltage converter (voltage

step-down modules, BN 2134134, Maker Factory) on an

additional supply boardwith six different voltages (4.22, 2.77,

2.50, 2.70, 2.48 and 3.30 V). For example, the UV and blue LEDs

run at 4.22 V, while the yellow and red LEDs were supplied

with 2.70 or 2.48 V. The required voltages were determined

beforehand (see next section for calibration of the LEDs). All

voltage converters were operated with a laboratory power

supply set to constant 9 V and a maximum of 500 mA

(NTP-5531, Manson Engineering Industrial Ltd). In addition,

all LED-pairs were connected to a microcontroller (Arduino

Board Mega 2560 Core or Joy-IT Mega 2560 R3). The micro-

controller controls all 44 transistors of the illumination plate

individually, therefore 44 different illumination protocols

(four per wavelength) could be implemented with our cir-

cuit. The 3D printing files, circuit plans, and the micropro-

cessor programs (sketches) are publicly available via github

(https://github.com/arvogt/RainbowCap-project).

4.2 Validation and calibration of LED-filter

pairs

We first measured current-voltage relationships, the

respective spectra, and the light intensities for each LED type

without optical filters, using an LED-Tester (M087N, KEMO

Electronic, Germany) and a spectroradiometer (CSS-45,

Gigahertz-Optik GmbH, Germany) (Supplementary Figures 4

and 5). Some diodes of the same manufacturer showed

considerable deviations and only comparable LEDs were

further used. After all electronic components and LED-filter

pairs were installed, we adjusted the voltages for the LEDs

to achieve uniform photon flux. For this purpose, we

measured light intensities of all LEDs individually and

fine-tuned the voltage via the adjustable resistors.

4.3 Molecular biology

Fusion constructs with mScarlet of genes encoding Jelly

rhodopsin from C. rastonii (JellyOp, UniProtKBB6F0Y5), bovine

rhodopsin (bovRho, UniProtKB P02699), bPAC from the bacte-

ria Beggiatoa sp. (UniProtKB A7BT71), or DmPGC (deposited at

Addgene, #220309) (Xu et al. 2024) were subcloned into the

pcDNA3.1 vector. The plasmid for the GsX-assay (Ballister et al.

2018) was obtained from Addgene (Gst-Ser, #109354).

4.4 Cell culture

HEK293TN cells (System Biosciences, SBI) were routinely

cultured in DMEM + GlutaMAX medium supplemented with

1% penicillin/streptomycin, 10% fetal bovine serum (FCS; all

ThermoFisher Scientific), and 1 µM all-trans retinal (Sigma-

Aldrich). For experiments involving retinal isomers, we estab-

lished HEK293TN cultures with serum-reduced conditions, as

FCS contains undefined amounts of vitamin A. FCS content of

the cultures was reduced to 2.5 % in three steps, each oneweek

apart, while replacing FCS with Panexin CD (P04-930500, Pan-
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Biotech).Morphology andmitotic rate ofHEK293TNcells grown

in DMEM with 2.5% FCS, 7.5 % Panexin CD and 1% penicillin/

streptomycin were indistinguishable from cells grown in 10%

FCS. Cells were seeded into black 96-well microplates with

white wells (15,000 cells per well, Porvair Sciences). These

microplates were exposed to UV light for 30min beforehand

for sterilization. After 24 h, cells were co-transfected with

plasmids encoding the optogenetic proteins, the Gst-Ser-protein

(if needed), and the plasmid for the luciferase-based cAMP-

biosensor (plasmid pGloSensor-22F, Promega) or cGMP-

biosensor (plasmid pGloSensor-42F, Promega) using Xtre-

meGENE 9 (Roche Diagnostics) as transfection reagent.

Medium was replaced 24 h after transfection with 80 μl/

well of the CO2-independent Leibovitz’s L-15 medium

(ThermoFisher Scientific), supplemented with 10 % FCS,

1 µM all-trans retinal, and antibiotics. Plates were incubated

for at least another 12 h at 37 °C in an incubator completely

protected from light in metal boxes.

For experimentswith specific retinal isomers, themedium

was replaced with 60 µl/well of L-15 medium supplemented

with 10% Panexin CD and antibiotics. 1–2 h prior to the mea-

surements, we added 20 µl L15 medium together with the

respective isomer to achieve a final concentration of 1 µM

retinal per well.

4.5 Retinal purification

The purification of retinal isomers (9-cis, 11-cis, 13-cis) was

conducted under dim red light conditions following published

protocols (Gundersen 2006; Noll 1996). For purification, the

Shimadzu HPLC System consisting of the LC20AR-PUMPE, SPD-

M20A-DETECTOR, Valve Unit FCV-20AH2, equipped with the

appropriate column (ReproSil 70 Si, 5 µm), was utilized. The

purification process began with 30mg of all-trans retinal

(Sigma-Aldrich) dissolved in 10ml of acetonitrile, followed by

illumination with bright white light for 25min on ice. Solvent

exchange from acetonitrile to 7% v/v diethyl ether was carried

out using a rotary evaporator, followed by an HPLC run at

1ml/min with manual sample collection For concentration

determination, the solvent was exchanged to ethanol, and

concentration was calculated using the following extinction

coefficients (9-cis: 36,070×M−1
× cm−1; 11-cis: 24,900×M−1

× cm−1;

13-cis: 35,500×M−1
× cm−1) (Horwitz andHeller 1973). The retinal

isomers were aliquoted and stored in light-tight containers

at −80 °C until usage.

4.6 Illumination of microplates

Transfected cells were transferred under red darkroom light

into a Mithras LB 940 plate reader (Berthold Technologies).

The plates were incubated in the plate reader for at least

30 min to equalize temperature. The instrument tempera-

ture was set to 29 °C and all measurements were performed

at this temperature. This was a compromise because the

reader cannot maintain room temperature in continuous

operation, and we wanted to keep the cells vital for hours,

but the luminescence is higher at lower temperature. The

microplate was taken out of the plate reader for illumina-

tion. Handling time was kept as short as possible to prevent

temperature artifacts (see Supplementary Figure 7). Great

care was taken to protect the samples from light, and only

red light or no light (for red light-activated DmPGC)was used

for room lighting. Ten microliter luciferin stock solution

(solved in L15 medium) was added via injectors to each well

(final volume of 90 μl per well with 0.6 mgml−1 sodium

D-Luciferin, 2 % v/v, Promega). Luminescence was recorded

with an integration time of 0.2 s per well. At the end of the

measurements, the adenylyl cyclase activator forskolin to

increase cAMP levels (Tocris; final concentration 10 µM) or

the nitric oxide (NO) donor sodium nitroprusside to increase

cGMP level (Sigma-Aldrich; final concentration 25 µM) were

injected via the plate reader as light-independent positive

controls.

4.7 Absorbance and fluorescence scan

Luciferin absorption spectrum, fluorescence excitation spec-

trum (emission at 535 nm) and emission spectrum (excitation

at 330 nm) were measured using a Tecan Spark multimode

plate reader. Since the spectral properties of luciferin are pH

dependent, luciferin was solved in L15mediumwith the same

supplements as in the GloSensor assay.

4.8 Data analysis

Luminescence values for eachwellwerefirst normalized to the

maximum of the light-independent positive control (10 µM

forskolin or 25 µM sodium nitroprusside). The highest value

after the illumination was always selected. The evaluation us-

ing the integral was not applied because the initial signal in-

crease could not always be fully measured, particularly with

the fast JellyOp (Supplementary Figure 6B). For JellyOp and

bovine rhodopsin, the resulting normalized data were used

directly for the statisticalmodel (see SupplementaryMaterials).

In the case of cyclase DmPGC, the high basal activity of the

GloSensor plasmid for cGMP was subtracted for each single

well as part of the normalization with sodium nitroprusside.

The normalized values of the dark controls were afterwards

subtracted from the normalized values of bPAC and DmPGC.
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Curve fits for the cyclases are performed with spline fits and

with the dose-response equation (y = [activitymax × time]/

[EC50 + time]). Numbers of replicates (n-numbers) are stated in

SupplementaryFigure 10. GraphPadPrism9 softwarewasused

for analysis and graphical presentation.

4.9 Bayesian framework for determining

rhodopsin action spectra

We implemented a Bayesianmodeling approach to analyze

the activity measurements (Gabry et al. 2019). The detailed

description of the method is provided as Supplementary

Materials. Functional activity of light titrations was used to

estimate the normalized spectral activity and activity peak

wavelength. As a basis for the estimation, we used the

template for visual pigment absorption spectra by Govar-

dovskii et al. (2000). However, this template only works

for values normalized to the maximum and does not ac-

count for inter-experiment variability. We modified the

approach to fit normalized spectral densities of opsins by

fitting α- and β-bands scaled by the activity amplitude. The

amplitude was estimated depending on the illumination

time using a dosage-saturation curve with additional

estimation of dark activity. Further we allowed the model

to estimate adjustments to the previously published fixed

parameters accommodating shape differences between

the Govardovskii template for absorbance spectral den-

sities and action spectra. Finally, we implemented a hier-

archical model to account for inter-experimental variance

using Stan (version 2.34.1) (Carpenter et al. 2017; Stan

Development Team 2023) via cmdstanr (version 0.7.1)

(Gabry et al. 2023). The fits are presented as the estimated

marginal mean (fits for experiments averaged over

construct) and the corresponding 95 % highest density

interval using bayestestR (Makowski et al. 2019). The

model and analysis are provided at https://github.com/

danielparthier/Vogt-et-al-2024.

4.10 Optogenetic gene expression in E. coli

All experiments were performed in the dark or, if neces-

sary, under red light. Single colonies of a standard

Agar-plate with E. coli transfected with the pDawn-DsRed

plasmid were grown in 100 ml overnight cultures (37 °C,

shaking). Cultures were cultivated to maximum density.

Two hundred microliter cell suspension/well was

dispensed into each well of a black microplate with clear

flat bottom (Greiner, 655090). The microplate was then

illuminated overnight for 16 h at room temperature

using the RainbowCap. The illumination protocol consisted

of 15 min of light alternating with 15 min of darkness.

Fluorescence was thenmeasured in the wells using a Tecan

Spark multimode plate reader in bottom reading mode

(excitation 530 ± 20 nm, emission 610 ± 20 nm). Cells were

briefly vortexed by the reader before fluorescence was

measured.
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