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SUMMARY:
This protocol describes how to perform optogenetic experiments for controlling gene expression with red and far-red light using PhyB and PIF3. Included are step-by-step instructions for building a simple and flexible illumination system, which enables the control of gene expression or other optogenetics with a computer.

ABSTRACT:
Controlling biological processes using light has increased the accuracy and speed with which researchers can manipulate many biological processes. Optical control allows for an unprecedented ability to dissect function and holds the potential for enabling novel genetic therapies. However, optogenetic experiments require adequate light sources with spatial, temporal, or intensity control, often a bottleneck for researchers. Here we detail how to build a low-cost and versatile LED illumination system that is easily customizable for different available optogenetic tools. This system is configurable for manual or computer control with adjustable LED intensity. We provide an illustrated step-by-step guide for building the circuit, making it computer-controlled, and constructing the LEDs. To facilitate the assembly of this device, we also discuss some basic soldering techniques and explain the circuitry used to control the LEDs. Using our open-source user interface, users can automate precise timing and pulsing of light on a personal computer (PC) or an inexpensive tablet. This automation makes the system useful for experiments that use LEDs to control genes, signaling pathways, and other cellular activities that span large time scales. For this protocol, no prior expertise in electronics is required to build all the parts needed or to use the illumination system to perform optogenetic experiments.

INTRODUCTION:
Optogenetic tools are becoming ubiquitous and new technology is constantly being developed to optically control biological processes such as gene expression, cell signaling, and many more1–3. The ability to control cellular processes with light allows for fast kinetics, tight spatial control, and dose-dependent regulation that can be controlled by light intensity and exposure time. To use these tools, a device to control these parameters is necessary. We have recently developed a genetically encoded PhyB-PIF3 mammalian gene switch that reversibly activates and deactivates genes using red/far-red light, respectively4. This system was tested in several mammalian cell lines and enabled the unparalleled induction of gene expression even with very small amounts of light, including pulses of light. Researchers wishing to use the PhyB switch and similar tools5,6 frequently request information on methods to control illumination intensity and duration. Therefore, we developed this protocol with step-by-step instructions to enable broader adoption of these tools for optogenetics.

Before the widespread use of LEDs, broadband light sources with filters were used to study light-responsive proteins such as phytochromes7. Recently, some LED illumination systems have been published along with optogenetic tools8–12, but those protocols can require significant expertise in electronics/software, require specialized equipment (e.g., 3D printers, laser cutting machines, or photomasks), or do not provide the step-by-step instructions some researchers would need to deploy for their research needs. While independent control of individual wells in a multiwell plate can be useful, it is often unnecessary when researchers only need to compare several different samples in light and dark or red light versus far-red light. Also, many existing commercial systems are expensive, with limited customization capability. However, the LEDs described in this protocol are cost-effective, bright, and can be mounted in many ways; therefore, they can be used to illuminate several different types of samples. With the protocol and the software provided, LEDs ranging from ultraviolet (UV) to NIR can be used and controlled with software to perform optogenetic experiments using UVR813,14, Dronpa15,16, LOV domains17,18, Step Function Opsins19,20, CRY221,22, PhyB4,23–25, bacterial phytochromes26–29 and other light-responsive systems30–32.

This protocol constitutes a tutorial for the assembly of the circuits and other hardware needed to control different parameters for light stimulation as well as the molecular/cellular tools to run an optogenetic experiment. In addition, we report plasmids optimized from Kyriakakis et al.4 that are smaller and more stable for cloning. Through this protocol, biologists without expertise in electronics and optics can build illumination systems that are flexible and robust. In a step-by-step fashion, we show how to build LED systems, removing the technical bottleneck for the broader adoption of optogenetic tools. This system can easily be used in most cell culture incubators, even if they do not contain wire ports. For example, we have kept the LED system in a humidified CO2 incubator continuously for more than 6 months with no decrease in performance. We also explain how to connect the LED system to a computer and interface it with open-source software we provide on GitHub (https://github.com/BreakLiquid/LED-Control-User-Interfaces). Building a system using this protocol provides researchers the basic knowledge to debug potential issues, replace parts, and improve/extend functionalities.

System overview

Building the illumination system involves (1) building the electronic circuit, (2) building the peripherals (power supply cord, power switch, etc.), (3) building the LEDs, (4) assembling all of these components, and (5) installing the software to control the LEDs with a user interface (Figure 1A). Once completed, the illumination system can control up to four LEDs independently with a user interface (Figure 1B). The user interface enables each LED to pulse at specified time intervals and shut off after a specified time. There is also a start-delay to begin illumination programs at a specified time. Potentiometers (POTs) regulate each LED’s intensity independently or can be used for manual LED control without a computer. The wires to the LEDs can be any custom length, allowing them to be easily placed in an incubator or lab space. Due to these LEDs’ high power, they can be used to illuminate a large area with a single LED from a distance.

LED driver description

To power and control the LEDs' intensity, this protocol will go through steps to build an “LED driver”. Each LED has a range of voltages in which it operates (Figure 1C). During operation, the regulator's output voltage, which controls the light intensity, can be tuned by a potentiometer. The POT varies the resistance, adjusting the output voltage/brightness. Tuning with a 1kΩ (1 kilo-ohm) POT gives what we call the “high-voltage circuit” and has a range of 1.35 V to 2.9 V. Since 2.9 V is too high for operating the lower voltage LEDs (Figure 1C), we show a single modification (Resistor 3 or “R3” Supplementary Figure 1A) that limits the range to match the low voltage LEDs. R3 serves to decrease the maximum voltage applied to the LEDs to 1.85 V (assembly detailed in Supplementary Figure 8) when in parallel with the potentiometer. By using voltage to control brightness instead of current, the system is more flexible for LEDs with different operating voltages. Figure 1C contains a list of the high and low voltage LEDs to guide the optimal circuit selection. This design keeps the minimum voltage low enough so that the LED is completely off when the potentiometer is off and does not allow the voltage to go above the typical operating voltage of the LED. For PhyB optogenetics, we use deep red and far-red LEDs, which use the low-voltage circuit. 

LED computer control system description

The LED illumination system can be used for constant illumination without a computer or microcontroller. However, for pulsing programs and for controlling individual LED timing, a microcontroller must be installed. To use a microcontroller to control the LEDs, a transistor is required to connect the microcontroller to the circuit. This transistor senses voltage from the microcontroller and switches from being conductive or insulating. To control the “on” and “off”, we use what is called an “NPN switching type transistor” (2N2222) as a controllable shunt across R2 (Supplementary Figure 1A). When the voltage from the microcontroller is applied to the transistor base, the transistor becomes conductive and makes the LED voltage low, turning the LED off. Thus, the LED and transistor on and off states are directly controlled by the microcontroller, which is controlled by the software installed on the PC.

For making the illumination system, the following steps are required: Build the electrical circuit; build the power supply, manual power switch, POTs, and microcontroller connection; build the LEDs; accommodate a black box to fit the illumination system; connect all of the wiring and devices; install the LED control software, stimulate the cells with light; measure gene expression using a dual luciferase assay.

[bookmark: _Hlk54008081]PROTOCOL:

1. Build the electrical circuit

NOTE: The protocol for building a single circuit for an available LED is described here. Instructions to expand this up to four LEDs are included in the supplementary info.

1.1. Turn on the smoke absorber and the soldering iron. Add water to the wiping sponge, have the solder at hand.

CAUTION: Make sure to take safety precautions to remove smoke and prevent burns.

1.2. Begin soldering circuit components to the printed circuit board (PCB board) in the order shown in the supplementary panels.

NOTE: Use a small amount of solder on the soldering iron tip to heat the metal of the component and the PCB board first and melt additional solder directly onto the components; flux can help a lot.

1.3. Solder jumper wires and components (Supplementary Figure 2 and Supplementary Figure 3).

1.3.1. For the jumper wires (the insulated wiring that connects two points on the circuit board), use two pieces of orange [7.6 mm (0.3 inch)] and yellow [12 mm (0.4 inch)] wires from the jumper kit.

1.3.2. Clip the PCB board onto the “helping hands” and insert the jumper wires in the following pinholes, bend the terminals 45 degrees and add flux (Figures 2, Supplementary Figure 2 and Supplementary Figure 3): a1 and a3 → ground (-) (orange), a7 → power supply (+) #7 (yellow), d2 → d6 (yellow).

1.3.3. Solder and then trim the back of the wires.

1.3.4. Insert LM317T voltage regulator in the following pinholes, bend the pins, and add flux (Figures 2 and Supplementary Figure 4): Adj → e5, Vout → e6, Vin → e7.

1.3.5. Solder the left and right terminals first, trim them, then solder and trim the middle terminal.

1.3.6. To set the low voltage range of the circuit, insert an 820 Ω resistor all the way down into pinholes, solder and trim c2 → c5 (Figures 2 and Supplementary Figure 5).

1.3.7. To enable LED control by the microcontroller, insert the transistor into b3–b5 (Figures 2 and Supplementary Figure 6): Collector → b3, Base → b4, Emitter → b5.

NOTE: Be aware of the orientation of the transistor to insert correctly; check the specs to find the Collector, Base, and Emitter designation.

1.4. Solder the wire-to-wire connectors for the POT, LED, microcontroller, and power source.

NOTE: Pay attention to the color of the wires of the wire-to-wire connectors and whether using a female or male wire-to-wire connector.

1.4.1. Determine whether a “low voltage” circuit or “high voltage” circuit is required for the desired LED (Figure 1C).

NOTE: If the LED is on the “low voltage” list, a resistor in parallel with the POT is required.

1.4.2. For the “low voltage” or “high voltage” circuit, place the wire from a female wire-to-wire connector through hole a5 (Supplementary Figure 7). Do not solder into place yet if making the low voltage circuit.

NOTE: Twist the bare wire ends so that the small wire hairs don’t flake out. If the wire seems too thick to push through the pinhole without fraying, cut 2–6 strands and then twist them back together (Supplementary Figure 7B–D).

1.4.3. If making the “high voltage” circuit, skip to step 1.4.5. If making the “low voltage” circuit, push a 560Ω resistor through the same hole (a5) and solder with the wire-to-wire connector lead.

1.4.4. Connect the other end of the resistor to the ground (Supplementary Figure 7G).

1.4.5. Insert the other end of the female wire-to-wire connector soldered into a5 hole connecting it to the ground and solder it (Supplementary Figure 8A,B).

1.4.6. For the microcontroller connection, insert one end of a male wire-to-wire connector into hole a4 and the other into a hole connected to the ground (Supplementary Figure 9A–C).

1.4.7. For the LED connection, insert one end of a female wire-to-wire connector into hole a2 and the other end into a hole connected to the ground (Supplementary Figure 9D,E).

2. Build power supply, manual power switch, POTs, and microcontroller connection

2.1. Build the power supply.

2.1.1. Solder an orange [7.6 mm (0.3 inch)] jumper from a29 to the ground (Supplementary Figure 10).

2.1.2. Solder a female wire-to-wire connector from a30 to the power supply (+) (Supplementary Figure 11A–C).

2.1.3. Solder a male wire-to-wire connector from c29 to c30 (Supplementary Figure 11D–F).

2.1.4. Cut the connector off a power supply cord, expose the wires, and strip them (Supplementary Figure 12A–C).

2.1.5. Add flux to the wires prior to soldering using a flux pen (Supplementary Figure 3G).

2.1.6. Place a 3.18 mm (1/8 inch) shrink tube around a male wire-to-wire connector and a thicker piece 4.76 mm (3/16 inch) over the power supply wire (Supplementary Figure 12D).

2.1.7. Twist the wires from the power supply and the male wire-to-wire connector together and solder (Supplementary Figure 12E, 13A,B).

2.1.8. Place the smaller diameter shrink tube 3.18 mm (1/8 inch) over the connections and shrink them with a heat gun (Supplementary Figure 13C,D).

2.1.9. Place a larger diameter shrink tube 4.76 mm (3/16 inch) over the smaller shrink tube 3.18 mm (1/8 inch) and heat again (Supplementary Figure 13E,F).

2.2. Build the manual power switch.

2.2.1. Place the shrink tube 3.18 mm (1/8 inch) over the wires for the switch (Supplementary Figure 14A).

2.2.2. Twist and solder the wires of a male wire-to-wire connector (Supplementary Figure 14B,C).

2.2.3. Place the shrink tube 3.18 mm (1/8 inch) over soldered sections and shrink with a heat gun (Supplementary Figure 14D,E).

2.3. Connect the male wire-to-wire connector to the POT.

2.3.1. Loop the wire-to-wire connector's black wire around the middle terminal of the POT (Supplementary Figure 15B).

2.3.2. Twist the wire that is looped tightly around the terminal and solder it (Supplementary Figure 15C).

NOTE: Small precision pliers can assist in making a tight twist.

2.3.3. Repeat with the red wire connection to the terminal, as in Supplementary Figure 15D.

2.3.4. Use pliers to break the metal tab near the red arrow (Supplementary Figure 15E,F).

2.4. Build the microcontroller connection (only necessary for computer-controlled LEDs).

2.4.1. If making a LED driver for more than one LED, cut off the black wires from all but one female wire-to-wire connector (Supplementary Figure 16A).

2.4.2. Crimp the ends of the wire-to-wire connectors, as shown (Supplementary Figure 16B–D).

2.4.3. Push the crimped ends through the rectangular connector (Supplementary Figure 16E).

3. Build the LEDs

3.1. Strip the wire ends (~5 mm) and apply flux using a flux pen as in Supplementary Figure 3G.

NOTE: To efficiently solder the wires onto the LED base, flux must be added to the contacts on the LED base and the wires.

3.2. Tin the wire by heating the wire from below and adding solder from the top (Supplementary Figure 17B).

3.3. Use the flux pen to place flux onto the surface contact of the LED base (Supplementary Figure 17C).

3.4. Place a generous amount of solder onto a large soldering tip (~4–5 mm) (Supplementary Figure 17D), use it to heat the LED base at the contact (Supplementary Figure 17E). After a few seconds, drag the solder across the contact (Supplementary Figure 17F). Repeat steps 3.3–3.4 on the other contact (Supplementary Figure 17G).

CAUTION: The LED base can get very hot during soldering. Place the LED base on a surface that will not melt or burn.

3.5. Clip the black wire onto the contact “C+” (the cathode) using the hair clips (Supplementary Figure 18A).

3.6. Place a generous amount of solder onto the large soldering tip (Supplementary Figure 18B) and press it down on the wire until the solder on the LED base melts (Supplementary Figure 18C). Hold down the wire (Supplementary Figure 18D) and remove the soldering iron while holding the wire in place (Supplementary Figure 18E).

3.7. Place a small amount of solder paste onto the pads for the LED connections (Supplementary Figure 19A,B) and place the LED over the pads using forceps (Supplementary Figure 19C).

NOTE: If the placement is a little off, it is okay; it will go into place once the solder paste melts.

3.8. Hold the red wire on the “A+” (anode) and clip it with a hair clip (Supplementary Figure 20A–C).

3.9. Place a generous amount of solder onto the large soldering tip (Supplementary Figure 20D) and press it down onto the wire until the solder on the LED base and the solder paste under the LED melts (Supplementary Figure 20E).

NOTE: After the solder paste melts, the color becomes silver (Supplementary Figure 20H,I).

3.10. Choose the length of the wire needed for the desired set up. Strip the LED wires, and a male wire-to-wire connector (Supplementary Figure 21A) then add flux as in Supplementary Figure 3G.

3.11. Place the shrink tube over the wires. Use a 3.18 mm (1/8 inch) shrink tube over the wire-to-wire connectors and a 4.76 mm (3/16 inch) shrink tube over the wire (Supplementary Figure 21B).

3.12. Clip the wire-to-wire connector with a “helping hands” and twist the connector end with the wire (Supplementary Figure 21C) and solder them. Repeat with the other wire (Supplementary Figure 21D,E).

3.13. Place the 3.18 mm (1/8 inch) shrink tubes over the solder and shrink (Supplementary Figure 21F–G).

3.14. Place the 4.76 mm (3/16 inch) shrink tube over the 3.18 mm (1/8 inch) shrink tube and shrink (Supplementary Figure 21H–I).

3.15. Clip the LED wires the “helping hands” with tape under it (Supplementary Figure 22A).

3.16. Mix epoxy according to the manufacturer’s instructions and spread over the top of the soldered LED (Supplementary Figure 22B). Leave overnight to cure.

3.17. If mounting using a touch fastener, cut a small piece of the touch fastener (Supplementary Figure 23A) and press it against the back of the LED for 30 s.

3.18. Use a high-speed rotary tool to make a notch on the lid of a black box (Supplementary Figure 23C–E).

3.19. Build a mounting for a single LED through a privacy film.

3.19.1. Using the spade drill bit, drill a 1.75 cm (11/16 inch) hole through the top of a black box where the LED will be placed (Supplementary Figure 24A).

3.19.2. Using a high-speed rotary tool, make a notch on one side of the hole to make room for the LED wire, as shown in Supplementary Figure 24A.

3.19.3. Cut a piece of privacy film (25–30 mm) and tape onto the inside of the black box covering the hole that the LED will illuminate through (Supplementary Figure 24A).

3.19.4. Place the LED outside the black box on top of the hole with privacy film and tape in place with electrical tape (Supplementary Figure 24B–E).

4. Accommodate a black box to fit the illumination system

4.1. For a four LED system, drill four 0.83 cm (21/64 inch) holes on the lid 3.81 cm (1.5 inch) apart where the potentiometers will be attached (Supplementary Figure 25).

4.2. Using a high-speed rotary tool, cut a 1.19 cm x 1.90 cm (0.47 inch x 0.75 inch) rectangular hole in the top-left corner (Supplementary Figure 25).

4.3. Using the spade drill bit, drill a 1.75 cm (11/16 inch) hole on the black box (Supplementary Figure 26).

4.4. File the holes and insert the grommet into the hole drilled in (Supplementary Figure 26).

4.5. For the computer-controlled LEDs, sandpaper the area where the microcontroller will be glued in a black box, as well as the bottom side of the microcontroller holder.

4.6. Snap the microcontroller onto the holder before securing the holder in the black box and then epoxy them in place (Supplementary Figure 27A).

4.7. Use sandpaper to sand the bottom of two clips and the area in a black box where the circuit will be placed and secure the clips inside the black box with the epoxy (Supplementary Figure 27A).

4.8. Secure the PCB board into clips (Supplementary Figure 27B).

4.9. Push the power switch through the square hole in the lid made in Supplementary Figure 25 and snap it into place (Supplementary Figure 28A).

4.10. Push the POTs through the holes on the lid, screw into place (Supplementary Figure 28A), and put the knob onto the POT (Supplementary Figure 28B).

5. Connect all of the wiring and devices

5.1. Label the wire-to-wire connectors (e.g., LED, POT, COM) (Supplementary Figure 29A).

5.2. Attach the crimped connectors made in step 2.4 (Supplementary Figure 16) to the male wire-to-wire connector between the two female connectors (POT and LED) (Supplementary Figures 7A and S37).

5.3. Connect the crimped ends into the microcontroller (Supplementary Figure 30).

5.4. Pull the USB cable through the grommet and plug it into the microcontroller.

5.5. Pull the wires for the LEDs through the grommet and connect to the female wire-to-wire connector on the left of the microcontroller connection (Supplementary Figures 9D and 38).

5.6. Pull the wire for the power supply through the grommet and connect it to the male wire-to-wire connector on the right side of the PCB board (Supplementary Figure 11D).

5.7. Connect the male wire-to-wire connector from the power switch to the female wire-to-wire connector on the right of the PCB board (Supplementary Figure 11A).

5.8. Connect the male wire-to-wire connectors from the POTs on the lid to the female wire-to-wire connectors on the PCB board (Supplementary Figures 8 and 36).

NOTE: Do not turn on the circuit without the potentiometers connected.

6. Install the LED control software

NOTE: See the detailed Software Installation Instructions in the supplementary file on Github. 
https://github.com/BreakLiquid/LED-Control-User-Interfaces  

6.1. Download and install the software for programming the microcontroller 

6.2. Download and install the package manager.

6.3. Program the microcontroller.

6.4. Download and install the runtime engine.

6.5. Download the user interface.

7. Stimulate the cells with light

7.1. Transfect HEK293 cells.

7.1.1. Plate HEK293 cells at 100k cells per well in a 24-well plate.

7.1.2. Use the example table to calculate serum-free media, Polyethylenimine (PEI), and DNA volumes (Supplementary Figure 39) and transfect using the manufacturer’s protocol.

7.2. Stimulating cells with light.

NOTE: Cells must be kept in the dark after transfection or handled using a light source that does not excite the optogenetic system.

7.2.1. Decide what type of stimulation will be used on the cells (continuous light, pulsing intensity, etc.).

7.2.2. With the POTs turned off (counterclockwise), turn on the LED power supply.

7.2.3. Place a light meter inside the black box where the cells will be placed and place the lid with the LED over the meter. Adjust the light intensity as needed.

7.2.4. If using the computer to control the LEDs, open the user interface software.

7.2.5. Program the user interface (Figures 5A,B).

7.2.5.1. On the top left panel, select the COM port for the microcontroller and click on Connect.

7.2.5.2. Use the panels on the right to program each LED. For continuous light, select any time except for zero in the “Time On” and set the “Time Off” to zero.

7.2.5.3. On the bottom right panel, program the main timing control.

7.2.5.3.1. To delay illumination, select a start delay (HH:MM).

7.2.5.3.2. To shut off all LEDs after a designated time, select a run time (HH:MM).

7.2.5.3.3. Start the illumination program by clicking on the Run button (Figure 5A).

8. Measure gene expression using a dual luciferase assay

8.1. Prepare luciferase reagent by mixing 10 mL of luciferase buffer with luciferase reagent and aliquot in 1 mL tubes to be stored at -80 °C for up to 1 year.

8.2. Prepare lysis buffer 5x into 1x for 100 µL for N + 2 wells. e.g., for 30 samples, 30 x 20 µL of 5X lysis buffer, and 30 x 80 µL of MQ H2O.

8.3. Prepare Renilla substrate solution: 20 µL of Renilla substrate for 1 mL of Renilla buffer (this amount is suitable for 10 assays).

8.4. Remove cells from the incubator, aspirate the media, add 100 µL of 1x lysis buffer per well and place it on a shaker at 100 RPM for 15 min.

8.5. Place in -20 °C for at least 1 h.

8.6. Add 100 µL of luciferase reagent per sample into a well of a white 96-well plate.

8.7. Set up the plate reader for luminescence. Using the luminometer module of the plate reader, set the integration for 1 s.

8.8. Add thawed lysates in wells below the luciferase reagent. Using a multichannel pipette, mix 20 µL of sample into the luciferase reagent and measure luminescence immediately.

8.9. After the readings plateau, add 100 µL of Renilla substrate solution and scan again.

8.10. Divide the Luciferase signal by the Renilla signal to account for transfection efficiency.

8.11. Compare luciferase signals normalized for transfection efficiency (e.g., compare the signal from red light illuminated and far-red light illuminated samples).

REPRESENTATIVE RESULTS:
Once the power circuit, power supply, power switch, the POTs, and an LED is assembled (up to Supplementary Figure 21), the circuit can be tested. With all the POTs in place, the POT will control the LED intensity. Once assembly is completed up to Supplementary Figure 29, the system can be used manually for optogenetics or other applications. The entire system power can be manually controlled with the power switch. The intensity of each LED can be controlled independently using the POT connected to each circuit.

After installing the software and programming the microcontroller, the user interface can communicate with the microcontroller. With the user interface, the LEDs can be controlled temporally in several ways: (1) each LED can be programmed to stay on for a specified time, (2) each LED can be programmed to pulse, (3) a global start delay (e.g., when transfecting and shining light 24 h later) can be programmed (Figure 6B), (4) the total time for the program to run after the delay. There are two User Interfaces, one with larger buttons that can control two LEDs at a time and another that can control four LEDs (Figure 5A,B). The two LED User Interface is optimized for tablets and is sufficient to control red and far-red LEDs for many experiments.

For larger experiments, the second user interface can be used to control up to four LEDs. When inducing gene expression, the anticipated result depends on several parameters. These include induction time, induction levels (e.g., amount of light or drug), and copy number of the inducible construct in the cell. To show this, we transfected the PhyB gene switch along with different amounts of reporter DNA (pPK-202) (0.5%, 1%, 2%, 4%, and 8% of the transfected DNA) (Figure 6A) and illuminated as shown in Figure 6B. In samples containing PhyB, but no plasmid to produce phycocyanobilin (PCB-chromophore) (i.e., unresponsive to light), luciferase gene expression/leakiness increases with the amount of reporter DNA (Figure 6C) (Far-red P < 0.0001, Linear regression followed by a Wald test), (Red P < 0.0001, Linear regression followed by a Wald test). In addition, when the entire PhyB gene switch, including the PCB-chromophore producing plasmid (light-sensitive cells), are illuminated for Far-red light, Luciferase expression also increases with the increasing reporter construct amounts in the transfection mix (Figure 6C,D) (Far-red light P < 0.0001, Linear regression followed by a Wald test). Similarly, when the light-sensitive cells are illuminated with red light, luciferase expression also increases with increased reporter amount (P < 0.0001, Linear regression followed by a Wald test). When comparing induction levels of the red light treated cells to the far-red light treated cells, we found a small decrease in the fold activation with increasing reporter amount (Figure 6E) (P = 0.0141, Linear regression followed by a Wald test).

FIGURE AND TABLE LEGENDS:

Figure 1: A basic circuit for a single LED. (A) A flow chart showing an overview of the steps needed to build the LED illumination system. (B) The LED illumination control system. (left) Control box for regulating LED intensity and timing. (middle) A PC tablet running user interface for controlling LEDs. (right) A black box for mounting LEDs and placing cells for optical stimulation. (C) Table for determining whether the LED requires a high or low voltage circuit.

Figure 2: Instructions for soldering the components into place. (A) An example of the step-by-step cartoon instructions for building the circuit. (B,C) Example instructions with pictures of the device being assembled. (D) Example instructions for assembling multiple circuits simultaneously.

Figure 3: Views of an assembled LED control system. (A) A top outside view of the assembled system. (B) An inside view of an assembled four LED illumination system.

Figure 4: Instructions for reflow soldering the LED onto the heat sink. (A) The LED base and a close up of a deep red LED. (B) Placement of solder paste onto the LED base. (C) Picture of soldered LED. Red arrows point to soldering pads. Compared to gray before soldering (A), after soldering, the solder appears metallic/shiny.

Figure 5: Software for controlling optogenetic experiments. (A) A two LED user interface with large buttons for easy use with an inexpensive tablet. (B) A four LED User Interface. Both interfaces allow independent LED control. For pulsing, LEDs can be programmed to turn on and off for specific pulse widths and specified durations. The pulsing can also have a start delay and a predetermined total run time. (C) The LED control tablet mounted onto a cell culture incubator. (D) Illustration of the PhyB gene system when illuminated with far-red light. Far-red light keeps the gene in the “off” or “dark” state. (E) Illustration of the PhyB gene system when illuminated with red light. Red light induces gene expression by promoting the interaction between PhyB and PIF3. This interaction localizes the gene activation domain (AD) fused to PIF3 to the UAS promoter, activating the reporter gene.

Figure 6: Anticipated results using the LED system to control PhyB. (A) A plasmid encoding PhyB+PIF3 two-hybrid partners (pPK-351), a plasmid encoding phycocyanobilin (PCB-chromophore) synthesis enzymes (pPK-352), and a Luciferase reporter plasmid (pPK-202). (B) Timeline of light induction experiments for C–E. (C) Basal transcription levels (AKA leakiness) with increasing amounts of reporter DNA. “Leak” samples are not transfected with pPK-352 (i.e., unresponsive to light), but are illuminated with red or far-red light. Light Switch (LS) samples include all light-gene switch plasmids and are illuminated with red or far-red light. (D) Light induction levels in response to red and far-red light. (LS-Far-red light is the same data in C and D.) (E) Fold induction of luciferase in cells illuminated with red light/far-red light.

Supplementary Figure 1: Electronic Driver Circuit for multiple LEDs. (A) The circuit diagram for a single LED system. (B) The circuit diagram for a four LED system.

Supplementary Figure 2: Placing the circuit Interconnections. (A) Clip your PCB board onto your helping hands. (B) Position of main circuit jumpers into the through holes in the picture. (C) Diagram of wire connectors mapping the coordinates. For the four LED systems, draw lines dividing each circuit as shown (black vertical lines). Supplementary Figure 31–38 describe the assembly of four circuits simultaneously.

Supplementary Figure 3: Soldering the wires onto the PCB. (A) Bend jumpers so that they make direct contact with the PCB and stay in place while soldering. (B) Another view of the bent wires. (C) Wires after soldering. (D) Trimmed wires on the PCB. (E) Shrunken insulation after heating with solder. (F) Moving the insulation into position to cover the ground through-hole (blue arrow) (G) Adding flux to a wire end or terminal.

Supplementary Figure 4: Soldering the voltage regulator into place. (A) Map of the voltage regulator coordinates. (B) Placement of the voltage regulator. (C) Bent voltage regulator leads. (D) Voltage regulator terminals after soldering.

Supplementary Figure 5: Soldering the R1 resistor into place. (A) Map of the R1 resistor (820Ω) coordinates. (B) Pulling the resistor through by the lead using pliers (C) The pulled resistor close to PCB. (D) The soldered resistor close to PCB.

Supplementary Figure 6: Soldering the transistor into place. (A) Map of the transistor coordinates and orientation. (B) Note the orientation of the transistor; the label in this model is facing the voltage regulator (LM317T). Double-check the specification of the transistor to make sure the “Emitter”, “Base”, and “Collector” are in the correct holes. (C) The transistor with the terminals bent before soldering.

Supplementary Figure 7: Soldering the wire-to-wire connector for the potentiometer into place (plus a 560Ω resistor for the low voltage circuit). (A) Map of the coordinates of the wire-to-wire connector (plus the R3-560Ω if building the low voltage circuit, the wire-to-wire connector is placed in the hole before the resistor). (B) A female wire-to-wire connector. (C) To facilitate fitting the resistor and the wire-to-wire connector into the through-hole, 3–5 strands of the braided wire are bent. (D) The strands are cut off with wire cutters as close to the insulation as possible. (E) Inserted red wire of a female wire-to-wire connector through the a5 through hole (for the low voltage circuit insert R3 through the same through hole). (F) Underside view of the resistor and wire-to-wire connector before soldering. (G) Image of the soldered R3 resistor connected to the ground (F = Female).

Supplementary Figure 8: Soldering the wire-to-wire connector for the potentiometer to the ground. (A) Map of the coordinates of the ground connection for the potentiometer wire-to-wire connector. (B) Top view of the potentiometer wire-to-wire connector in parallel with R3 (F = Female).

Supplementary Figure 9: Soldering the microcontroller and LED wire-to-wire connectors. (A) Map of the coordinates of the wire-to-wire connector for connecting the 2N222A and the ground to the microcontroller. (B) Soldered male wire-to-wire connector. (C) Top view of (B). (D) Map of the female wire-to-wire connector coordinates for connecting the input of the circuit and ground to the LED. (E) Soldered female wire-to-wire connector (F = Female, M = Male).

Supplementary Figure 10: Soldering the jumper for the power supply circuit. (A) Map of the coordinates of the orange jumper for connecting the power supply to the ground. (B) The orange jumper soldered in place. (C) The underside view of the jumper soldered in place.

Supplementary Figure 11: Soldering the power switch and power source wire-to-wire connectors. (A) Map of the coordinates of the female wire-to-wire connector for connecting the power switch. (B) The female wire-to-wire connector soldered in place. (C) Another view of (B). (D) Map of the coordinates of the male wire-to-wire connector for connecting the power source. (E) Soldered male wire-to-wire connector. (F) Another view of (E) (F = Female, M = Male).

Supplementary Figure 12: Connecting the power supply to a male wire-to-wire connector. (A) The unmodified power supply. (B) Cutting off the power supply wires. (C) The power supply wires stripped and with excess insulation cut away. (D) Placement of shrink tube around power supply wires. Tubing separating the two connections (red arrows) and tubing to hold the separated wires (yellow arrow). (E) Twisted wires connecting the power supply to the female wire-to-wire connector.

Supplementary Figure 13: Soldering and insulating the power supply connection to a male wire-to-wire connector. (A) The soldered connection between the power supply ground and a female wire-to-wire connector. (B) The soldered connection between the positive terminal of the power supply and a female wire-to-wire connector. (C) Shrink tube pulled over the soldered individual connections (red arrow). (D) Both power supply connections soldered and with heat-treated shrink tube. (E) Placement of shrink tube over individual connections (yellow arrow). (F) Completed power supply.

Supplementary Figure 14: Soldering the power switch to a male wire-to-wire connector. (A) Power switch with stripped wires and shrink tube placed over the wires (red arrows). (B) Wires connecting the switch and male wire-to-wire connector twisted together before soldering. (C) Placing the shrink tube over the soldered connections. (D) Connections covered with the heat-treated shrink tube. (E) A power switch assembled with a male wire-to-wire connector.

Supplementary Figure 15: Wiring a potentiometer to a male wire-to-wire connector. (A) The potentiometer parts. (B) A male wire-to-wire connector twisted and bent to hook around the middle terminal of the potentiometer. (C) A male wire-to-wire connector twisted around the middle terminal of the potentiometer. (D) Soldered wire-to-wire connections. (E) Red arrow pointing to the metal tab before removal. (F) The potentiometer after metal tab removal.

Supplementary Figure 16: Wiring the microcontroller connection. (A) Wires for female wire-to-wire connectors stripped and cut in preparation for crimping. (B) Placement of the crimp on the wire-to-wire connector. (C) Crimping of the wire-to-wire connector. (D) Crimped wire-to-wire connector. (E) Fully assembled microcontroller connection.

Supplementary Figure 17: Soldering wires and LED onto the LED base Part 1. (A) Materials needed to solder the LED to the LED base. (B) Tinning the tip of the stripped wire. (C) Applying flux onto the contact of the LED base. (D) Adding solder to the large soldering tip to tinning the LED base. (E) Placement of solder onto the contact to heat the LED base. (F) The LED base after dragging the soldering tip across the contact. (G) The same procedure on the other contact.

Supplementary Figure 18: Soldering wires and LED onto the LED base Part 2. (A) A tinned wire clipped to the contact using a hair clip. Note that the black wire is soldered to the cathode “C-”. (B) Addition of a generous amount of solder to the soldering tip. (C) The soldering tip pressing down on the wire, melting the solder on the LED base and the wire. (D) Holding down the wire so that it stays put when the soldering iron is removed. (E) Holding the wire in place until the solder hardens.

Supplementary Figure 19: Soldering wires and LED onto the LED base Part 3. (A) Using a sharp tip to place solder paste onto the LED base for mounting the LED. (B) The LED base with the soldering paste in place. (C) Placement of the LED onto the LED base such that the contacts of the LED and LED base match.

Supplementary Figure 20: Soldering wires and LED onto the LED base Part 4. (A) The black wire still clipped to the contact by the hair clip. (B,C) Using a second hair clip, the red wire is held into place. Note that the red wire is soldered to the anode “A+”. (D) Addition of a generous amount of solder to the soldering tip. (E) The soldering tip pressing down on the wire, melting the solder on the LED base and the wire as well as the solder paste under the LED. (F) The hot LED base cooling after soldering. (G) The LED base with the wires and LED soldered on. (H,I) Red arrows point to soldering pads. After soldering, the solder appears metallic/shiny (compared to gray before soldering (Supplementary Figure 16D)).

Supplementary Figure 21: Connecting the LED wire to a male wire-to-wire connector. (A) Stripped wires and male wire-to-wire connector next to the shrink tube cut in half (1/8 inch and 3/16 inch). (B) Shrink tube placement over the wires before soldering. (C) Wires twisted together before soldering. (D) The soldered connection from the wire to the wire-to-wire connector. (E) Both the red and black wires soldered together. (F) Placement of the 1/8 inch shrink tube over the soldered connection. (G) The shrink tube after shrinking with the heat gun. (H) Placement of the 3/16 inch shrink tube over the smaller shrink tube. (I) The connection soldered and sealed with the shrink tube.

Supplementary Figure 22: Securing the wires and LEDs to the LED base using epoxy. (A) Using a wooden applicator to place epoxy into the LED base. A tape is placed below to catch any dripping epoxy. (B) Epoxy is spread evenly over the entire surface. (C) The LED is left overnight to cure.

Supplementary Figure 23: Mounting LEDs inside a box lid. (A) An LED with a touch fastener piece attached for easy mounting. (B) Different color LEDs mounted on the inside of a black box using a touch fastener. (C) A notch on the black box's lid made by a high-speed rotary tool to make room for the LED wire. (D) A black box for stimulating the cells with touch fasteners for mounting the LED. (E) Placement of a multiwell dish inside of the touch fastener version of the LED box.

Supplementary Figure 24: Mounting LEDs outside a box lid. (A) Hole drilled into the black box's lid with a notch from the high-speed rotary tool to make room for the wire (red arrow). (B) LED placed into the hole with the wire in the notch, held in place with electrical tape. (C) Two more pieces of tape are used to secure the LED. The backside of the heat sink is exposed to maximize heat exchange. (D) Privacy film taped over the hole where the LED will be placed. The red arrow points to the privacy film. (E) A black box for stimulating the cells with an LED mounted outside the box and with privacy film for diffusing the illumination. (F) Placement of a multiwell dish inside of the external LED + privacy film version of the LED box.

Supplementary Figure 25: Drilling holes on the box lid for the power switch and potentiometers. (A) A CAD drawing with annotated dimensions of the box lid. (B) The box lid with the potentiometer and power switch holes.

Supplementary Figure 26: Preparing the wire outlet hole. (A) A CAD drawing with annotated dimensions. (B) Image of the drilled hole with the drill bit. (C) Smoothing of outlet hole with high-speed rotary tool or filing tool. (D) Placing grommet in outlet hole.

Supplementary Figure 27: Placement of the microcontroller and the PCB in the box. (A) The microcontroller holder (orange) and PCB holders inside the box. (B) The microcontroller and PCB secured into the box.

Supplementary Figure 28: Placement of the potentiometers and the power switch. (A) A front view of a box lid with a power switch and four POTs. (B) A front view of the box lid with potentiometer knobs added. (C) A rear view of the box lid with the attached components.

Supplementary Figure 29: The assembled LED control system. (A) An open control box with the wires labeled with a label printer and zip tied for organization. (B) The box once it is fully assembled with each POT labeled along with the PIN.

Supplementary Figure 30: Placement of the crimped wire-to-wire connector. (A) Picture of the crimped wire-to-wire connectors for a four LED-microcontroller system. (B) Placement of the crimped connector into the microcontroller ports.

Supplementary Figure 31: Placing the jumper wires. (A) A circuit board with the coordinates of the red jumper wires labeled. (B) A circuit board with the coordinates of the yellow jumper wires labeled.

Supplementary Figure 32: Placing the jumper wires. A circuit board displaying coordinates of the yellow jumper wires.

Supplementary Figure 33: Adding the voltage regulators. The LM317T voltage regulators are added to the circuit with their coordinates labeled in the diagrams.

Supplementary Figure 34: Inserting the 820Ω resistors. The R1 resistors are added to the circuit with their coordinates labeled in the diagrams.

Supplementary Figure 35: Inserting the transistors. The 2N2222A transistors are added to the circuit with their coordinates labeled in the diagrams

Supplementary Figure 36: Inserting the Female wire-to-wire connectors and Resistors (optional) for the POT connection. The wires and resistors are added to the circuit with their coordinates labeled in the diagrams. (A) Insert the red wire, followed by the R2 resistor (560Ω) (for the low voltage circuit only). (B) Insert the other end of the resistor into the indicated ground hole. (C) Insert the black wires into the marked holes to connect to ground. Note: R2 (560Ω) is parallel to the potentiometer.

Supplementary Figure 37: Inserting male wire-to-wire connectors for the microcontroller connection and power supply. The wires are added to the circuit with their coordinates labeled in the diagrams. (A) Insert the red wires into the indicated holes. (B) Insert the black wires into the marked holes.

Supplementary Figure 38: Adding LED wire-to-wire connectors. (A) Female wire-to-wire connectors with the red lead coordinates highlighted. (B) Female wire-to-wire connector with the black lead coordinates highlighted.

Supplementary Figure 39: Setting up a PhyB-PIF3 gene switch experiment. (A) An example table of a master mix containing Renilla for the internal control. (B) An example table for setting up the DNA mixture for a Dual-Luciferase Reporter Assay of a PhyB-PIF3 optogenetic experiment. (C) An example table for setting up PEI transfection reagent and aliquoting the mixture onto cells (dropwise). (D) Placement of the light meter for setting the LED brightness.

DISCUSSION:
The LED system described here has been used in our lab to optimize, characterize, and work with several optogenetic tools. In Kyriakakis et al.4, we tested many combinations of PhyB-PIF gene switches in parallel. We then used this system to test pulses of light at different frequencies to measure the gene switch kinetics and effective light intensity. This system was also used to optimize and characterize two optogenetic systems that use blue light for stimulation5,6. Since only one LED needed to be bright enough to activate most optogenetic tools, buying a system with large numbers of LEDs over each well is not always necessary. This setup is inexpensive, reliable, easy to reconfigure, and requires no prior electrical expertise to follow the assembly protocol.

In the supplementary Supplementary Figures 31–38, we describe how to incorporate up to four LEDs into the system. While this may limit some experiments requiring a large number of parallel conditions, more LEDs can be added by replacing the 9 Volt power supply used in this protocol with a higher wattage one. Similarly, several lower power LEDs can be connected in parallel to each circuit. In this latter arrangement, some LEDs will not be controlled individually, but this can be useful when many LEDs are required to cover a larger area. Once familiar with the electronics of this system, there are many ways to customize it. Additional strategies for customizing the system include placing the LED farther or closer to the sample and illuminating through filters/diffusers for homogenous illumination conditions or to prevent heating as in (Supplementary Figure 23) and Allen et al.5. Another notable feature of our LED design is that it is encapsulated in epoxy and has a touch fastener on the back; this allows the LED to be securely placed with ease virtually anywhere: in incubators, fish tanks, animal cages, walls, etc.

Many experiments that use optogenetics to control genes, signaling pathways, and other cellular activity often require pulsing, span large time scales, or need to be performed in an incubator, therefore requiring automatization or remote manipulation without a microscope. This LED system has been tested continuously for several months inside a humidified CO2 incubator without any issues. Additionally, with reversible systems such as PhyB optogenetic systems, the experimenter may need to program-specific pulsing illumination schedules. In our previous work4, we used pulsing programs to test the reversibility dynamics of a PhyB-PIF3 switch in mammalian cells through the user interface. Using the methodology described in this manuscript, programming a pulsing protocol is easy, providing the flexibility and autonomy needed for many types of optogenetic experiments in a user-friendly manner.

The most critical steps in building this system include putting together the electrical circuit on the PCB board and connecting the components, which are detailed in section 1 and section 2. It is essential to carefully follow each step in these sections and double-check the pinhole numbers line-by-line before soldering each component. Section 2 explains how to set up the components that will be connected to the circuit. So that the components connect in the correct orientation, it is particularly important to ensure that the colors of the black and red wires on the wire-to-wire connectors match. Small oversights in these two sections will very likely affect the system’s functionality. Indeed, the first step in troubleshooting this method will be to check that the circuit was built correctly and that all the connections are in place. Secondly, checking the soldering quality for loose connections and the wires for flaring wirehairs that may be shorting the circuit is of particular importance. A third step would be to ensure that the LEDs are working correctly, which can be done using a power supply or a 1.5 V battery by clipping the LED's two terminals with alligator clips. Another potentially critical consideration is to prevent heating (when using the LEDs at high power) or diffusing the light for wider spread illumination. To address these considerations, the LEDs can be mounted outside of a black box with “privacy film” on the inside, as described in Supplementary Figure 23 and Allen et al.5. Because of the simplicity of this system, taking it apart to verify, modify, upgrade, or repair modular components is not difficult.

Another critical factor for inducible gene systems is to consider how much activation is required or how much leakiness is acceptable for the biological system being controlled. As shown in Figure 6, these can vary with the amount of reporter DNA. In addition, the transfection efficiency and, therefore, the copy number of reporter constructs in each cell will vary. It may be advantageous for some experiments to make a cell line with a fixed amount of reporter or PhyB gene-switch components and screen for clones with the desired range of induced expression, as is commonly done with drug inducible systems. Due to the size and instability of lentiviral plasmid pPK-2304, we also made non-lentiviral plasmid versions of the PhyB switch in the pcDNA backbone pPK-351 (Addgene #157921) and pPK-352 (Addgene #157922).

By building this LED illumination system following this protocol, users have all the components necessary to perform a wide array of optogenetics experiments in vitro and in vivo. Combined with the instructions for using PhyB-PIF3 in mammalian cells, this protocol will allow non-engineers and biologists to, flexibly and effectively, use PhyB-based optogenetics in a variety of contexts.
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