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Authors, please fill out the brief questionnaire below.   

A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N microscope model is Nikon ECLIPSE Ti with TIRF illuminator.   

B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) Yes. 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps.  Step 5.1, 5.3, 6.6, 7.5, 8.3 and 8.6. 
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  
The most difficult aspect for this protocol is to achieve extremely low expression levels of membrane receptors on the cell surface (< 0.45 receptor particles/m2).  To ensure success, transfection conditions need to be optimized (e.g. amount of plasmid DNA and time after transfection). 


1. Introduction (Schematic Overview and Interview)

A. Schematic Overview (read by voice talent at JoVE):

Conceptual Narrative:

Video editor: graphics are in ‘51784_graphic_overview_Sungkaworn.pptx’

The overall goal of the following experiment is to visualize single receptors on the surface of living cells and analyze their location, motion and dynamic association into supramolecular complexes. (Intro)

This is achieved by expressing SNAP-tagged receptors at very low levels on the surface of living cells and labeling them with bright organic fluorophores to permit single-molecule detection. (Video editor: C1 cartoon: animate the red asterisks attaching to the SNAP tag) (C1)

As a second step, cells are visualized by total internal reflection fluorescence microscopy, which allows acquiring a fast image sequence of individual receptor particles moving on the cell surface. (Video editor: C2 cartoon: animate the TIRF objective being placed under the coverslip, at the same time fading the upper three receptors with SNAP-tag) (C2) 

Next, automated detection and tracking algorithms are applied to the image sequence in order to obtain the position and intensity of each receptor particle over time. (Video editor: show C3 cartoon: animate receptor moving along the line following arrow’s direction. The two receptors on the right will start from different positions but then meet and move together along the same line) (C3)

Results are obtained that show a precise analysis of the size of receptor complexes, in this example 2 adrenergic receptors, based on  a mixed Gaussian fitting of the intensity distribution of the particles at the beginning of the image sequence (Video editor: show C4 graph) (C4).



B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Davide Calebiro: This method can help answer key questions in the cell biology field, such as: How are receptors organized in nanodomains on the surface of living cells? How do they interact with each other to form dimers and oligomers? How are dynamic events at the basis of receptor signaling taking place? 
1.2. Titiwat Sungkaworn: The main advantage of this technique over standard biochemical and microscopy methods is that it investigates the behavior of single receptors in their natural environment, thus allowing us to study important aspects that are typically hidden in ensemble measurements. 


Protocol (read by voice talent at JoVE):

2. Coverslip cleaning

2.1. The coverslips for the samples must be extensively cleaned to minimize background fluorescence during imaging. Use clean tweezers to place 24-mm diameter glass coverslips into a coverslip holder that separates individual coverslips.

Shots:
2.1.0. MED: talent taking coverslips to the fume hood – all other reagents should already be set up in hood.
2.1.1. CU: Tweezers being used to place glass coverslips into a coverslip holder.

2.2. Put the holder with coverslips into a beaker, and add chloroform until the coverslips are covered. Cover the beaker with aluminum foil to reduce evaporation and sonicate in a bath sonicator for 1 hour at room temperature. (TEXT: 1 h; room temperature)

Shots:
2.2.0. MED: Talent putting holder into beaker and then adding chloroform until the coverslips are covered.
2.2.1. MED: Multiple takes from different angles of talent covering beaker with foil and then placing beaker into bath sonicator.  Shot will be repeated later.

2.3. After 1 hour, take the coverslip holder out of the beaker and let the coverslips dry.

Shots:
2.3.0. MED: Talent removing holder from beaker and letting coverslips dry.

2.4. Next place the holder with the coverslips into another beaker and add 5M NaOH solution until the coverslips are covered.  As before, cover the beaker with foil and sonicate for 1 hour at room temperature. (TEXT: 1 h; room temperature)

Shots:
2.4.0. MED: Talent placing holder into another beaker and then adding NaOH solution until the coverslips are covered.  
2.4.1. Use shot from 2.2.2.

2.5. Transfer the coverslip holder into a new beaker and wash three times with distilled water. 

Shots:
2.5.0. MED: Talent transferring holder into a new beaker that already contains water.
2.5.1. CU: Holder with coverslips being transferred successively through two more beakers of water.

2.6. Lastly put cleaned coverslips in a glass cell culture dish filled with 100% ethanol. 

Shots:
2.6.0. CU: Coverslips being placed in a glass cell culture dish filled with 100% ethanol. 

2.7. Shown here are coverslips before and after cleaning, imaged by total internal reflection fluorescence, or TIRF, microscopy. (Figure 2A)

Shots:
2.7.0. LAB MEDIA: panel A only from ‘Figure 2.tif’

3. Preparation of calibration samples

3.1. Calibration samples are used to estimate the intensity of single fluorescent molecules during TIRF microscopy. To prepare the samples, dissolve the fluorescent dye in the appropriate solvent. 

Shots:
3.1.0. MED: Talent setting out the dye and solvent in the hood.
3.1.1. CU: Fluorescent dye being dissolved in the appropriate solvent.

3.2. Prepare a 1:10 serial dilution of the fluorescent dye ranging from 1 pM to 1 nM in filter-sterilized water.

Shots:
3.2.0. MED: Talent preparing serial dilutions of the dye.
3.2.1. CU: A shot of the prepared serial dilutions.

3.3. Wash the previously cleaned coverslips by transferring them to a cell-culture dish filled with filter-sterilized water. After that place each coverslip in a well of a 6-well cell-culture plate and wait until they dry.  

Shots:
3.3.0. MED: Talent using tweezers to transfer coverslips from the dish with 100% ethanol (from 2.6) to a cell-culture dish filled with filter-sterilized water.
3.3.1. CU: Coverslips being transferred to the wells of a 6-well plate.

3.4. Spot 20 l of each fluorescent dye dilution on a separate cleaned coverslip. Let the coverslips dry under a sterile hood. Protect the coverslips from light and dust until use. 

Shots:
3.4.0. CU: 20 l of each fluorescent dye dilution being spotted on a separate cleaned coverslip.
3.4.1. CU: 6-well plate being set aside in the hood for the coverslips to dry.
3.4.2. MED: Talent covering 6-well plate with aluminum foil. 

4. Transfection

4.1. Prior to transfection, prepare a 6-well cell culture plate: wash the cleaned coverslips with sterile PBS, and place one coverslip into each well of the 6-well cell culture plate. 

Shots:
4.1.0. MED: Talent transferring coverslips from dish with 100% ethanol to a dish with PBS.
4.1.1. CU: Coverslips being transferred from PBS to wells of a 6-well plate.

4.2. The CHO cells to be transfected for this study are cultured at 37 °C in 5% CO2 in 1:1 Dulbecco's modified Eagle medium/nutrient mixture F-12 supplemented with 10% fetal bovine serum, penicillin, and streptomycin. (TEXT: DMEM/F12 + 10% FBS + 100 U/ml penicillin + 100 µg/ml streptomycin) 

Shots:
4.2.0. MED: talent taking cells out of the incubator

4.3. After trypsinizing and counting the cells following standard methods, seed at a density of 3x105 cells/well (TEXT: 3x105 cells/well) in the 6-well cell culture plate containing the coverslips.

Shots:
4.3.0. MED: Talent working by hood: transferring cell suspension (after trypsinization and counting of cells) to each well with coverslips in the 6-well plate.

4.4. Let the cells grow in an incubator for 24 hours in order to achieve approximately 80% confluency, which is the optimal cell density for transfection. (TEXT: 37 °C; 5% CO2; 24 h)

Shots:
4.4.0. MED: Multiple takes from different angles of talent putting the 6-well plate into the incubator.  Shot will be repeated many times later.
4.4.1. Talent – interview style to camera: “The most difficult aspect of this protocol is to achieve extremely low expression levels of membrane receptors on the cell surface.  To ensure success, transfection conditions such as the amount of plasmid DNA and time after transfection must be optimized.”

4.5. On the day of transfection, prepare the transfection reagents: for each well, dilute 2 g of the desired plasmid DNA in 500 l of OptiMem medium.  In another tube, for each well, dilute 6 l of Lipofectamine 2000 in 500 l of OptiMem medium.

Shots:
4.5.0. CU: plasmid DNA and OptiMem medium being mixed in a tube.
4.5.1. CU: Lipofectamine 2000 and OptiMem medium being mixed in another tube.

4.6. Incubate both tubes at room temperature for 5 minutes.

Shots:
4.6.0. MED: Talent setting aside both tubes at RT.

4.7. After 5 minutes, combine both solutions into one tube and mix to obtain a transfection mixture. Incubate the transfection mixture at room temperature for 20 minutes.

Shots:
4.7.0. CU: Both solutions being combined into one tube and mixed.
4.7.1. MED: Talent setting aside the tube at RT.

4.8. In the meantime, prepare the CHO cells.  Wash the cells twice with pre-warmed (37 °C) PBS. After the second wash, replace PBS with 1 ml/well of phenol red-free DMEM/F12 medium supplemented with 10% FBS but without antibiotics.

Shots:
4.8.0. MED: Multiple takes from different angles of talent at hood removing media from the wells and adding PBS.  Shot will be repeated later.
4.8.1. CU: Multiple takes from different angles of PBS being removed and new PBS added. Shot will be repeated later.
4.8.2. CU: PBS removed and 1 ml phenol red-free medium added per well.

4.9. Add 1 ml of the transfection mixture dropwise to each well, and gently rock the plate back and forth to ensure complete mixing.

Shots:
4.9.0. CU: 1 ml of the transfection mixture being added dropwise to a well and then plate is gently rocked.

4.10. Incubate at 37 °C in 5% CO2 for 2 to 4 hours before proceeding immediately to the protein labeling. (TEXT: 37 °C; 5% CO2; 2 - 4 h)

Shots:
4.10.0. Use shot from 4.4.1.

5. Protein labeling 

5.1. To begin this procedure, dilute 1 l of the fluorophore-conjugated benzylguanine derivative, or fluorophore-BG, stock solution in 1 ml of DMEM/F12 medium supplemented with 10% FBS to obtain a final concentration of 1 µM.

Shots:
5.1.0. MED: Talent diluting fluorophore-BG stock solution.

5.2. Retrieve the transfected cells from the incubator and wash twice with pre-warmed (37 °C) PBS.  Replace PBS with 1 ml of 1 µM fluorophore-BG solution and incubate at 37 °C in 5% CO2 for 20 minutes. (TEXT: 37 °C; 5% CO2; 20 min)

Shots:
5.2.0. MED: Talent retrieving 6-well plate from incubator.
5.2.1. Use shot from 4.8.1.
5.2.2. Use shot from 4.8.2.
5.2.3. CU: PBS being removed and 1 ml of 1 µM fluorophore-BG solution added per well.
5.2.4. Use shot from 4.4.1.

5.3. Next wash the cells three times with DMEM/F12 medium supplemented with 10% FBS, each time followed by a 5-minute incubation at 37 °C. (TEXT: Wash 3X with DMEM/F12 medium + 10% FBS)

Shots:
5.3.0. MED: Talent removing fluorophore-BG solution and adding medium.
5.3.1. CU: Use shot from 4.4.1.
5.3.2. CU: Medium being removed and fresh medium added.

5.4. Use tweezers to transfer coverslips with labeled cells to an imaging chamber. Wash twice with 300 l of imaging buffer. Add 300 l of fresh imaging buffer and proceed immediately to imaging. 

Shots:
5.4.0. CU: Tweezers being used to transfer a coverslip from a well of the 6-well plate to an imaging chamber, then the imaging buffer is added. 
5.4.1. CU: imaging buffer being removed and new imaging buffer added.
5.4.2. MED: Talent replacing imaging buffer with fresh buffer and then takes the imaging chamber away (for imaging).

6. Image acquisition

6.1. Images are acquired using a TIRF microscope, equipped with an oil-immersion high numerical aperture objective, suitable lasers, an electron multiplying charge coupled device camera, an incubator, and a temperature control. 

Shots:
6.1.0. WIDE/MED: talent approaching the microscope system.

6.2. Set the desired microscope parameters, i.e., laser line, TIRF angle, exposure time, frame rate and number of images per movie.

Shots:
6.2.0. MED/over the shoulder: talent at the computer setting the parameters.
6.2.1. LAB MEDIA: 51784_Step6.2.tif

6.3. Put a drop of immersion oil on the 100X objective of the microscope. Place the imaging chamber with the labeled cells onto the specimen holder of the microscope, and bring the cells into focus using brightfield illumination. 

Shots:
6.3.0. MED: Talent putting a drop of immersion oil on the 100X objective.
6.3.1. CU: imaging chamber with the labeled cells being placed onto the specimen holder of the microscope.
6.3.2. MED: Multiple takes from different angles of talent looking through the eyepiece to bring cells into focus.  Shot will be repeated later.

6.4. Switch to TIRF illumination.  Keep laser power as low as possible to allow searching for the desired cell but at the same time minimizing photobleaching.

Shots:
6.4.0. MED: Talent switching to TIRF illumination and looking for desired cell.

6.5. Select the desired cell and fine adjust the focus. (show 51784_Step6.5-1.tif) Increase the laser power to a level that allows visualization of single fluorophores. (show 51784_Step6.5-2.tif)

Shots:
6.5.0. LAB MEDIA: 51784_Step6.5-1.tif
6.5.1. LAB MEDIA: 51784_Step6.5-2.tif

6.6. Acquire an image sequence and save the raw image sequence as a .tiff file.

Shots:
6.6.0. MED/over the shoulder: talent acquiring image sequence and saving it.

6.7. For calibration, assemble each calibration sample in the imaging chamber and place on the microscope.

Shots:
6.7.0. MED: Talent placing an imaging chamber with a calibration sample on the microscope.

6.8. Choose a sample containing well-separated diffraction-limited spots that bleach in a single step. TIRF image sequences are subsequently acquired in the same way as demonstrated for the labeled cells. (show Figure 2B)

Shots:
6.8.0. Use shot from 6.3.3.
6.8.1. LAB MEDIA: panel B only from ‘Figure 2.tif’

7. Image analysis

7.1. To prepare an image sequence, use an image processing software such as ImageJ to crop the images. (show ‘51784_Step7.1-1.tif’) Save individual frames as separate .tiff images in a new folder, indicating the frame number on each image. (show ‘51784_Step7.1-2.tif’)

Shots:
7.1.0. MED: Talent at the computer using Image J.
7.1.1. LAB MEDIA: 51784_Step7.1-1.tif
7.1.2. LAB MEDIA: 51784_Step7.1-2.tif

7.2. Particle detection and tracking is performed with a non-commercial software such as u-track in a Matlab environment. From the Matlab command prompt, type “movieSelectorGUI” to open the movie selection interface. (show 51784_Step7.2-1.tif) Follow the instructions to create a new movie database starting from the previously saved separate images. (show 51784_Step7.2-2.tif)

Shots:
7.2.0. [bookmark: _GoBack][added] MED: talent at computer running the Matlab computations.
7.2.1. LAB MEDIA: 51784_Step7.2-1.tif
7.2.2. LAB MEDIA: 51784_Step7.2-2.tif

7.3. Provide the pixel size in nm, time interval in seconds, numerical aperture, camera bit depth, and emission wavelength of the fluorophore, required for particle detection and tracking. Save the movie database.

Shots:
7.3.0. LAB MEDIA: 51784_Step7.3.tif

7.4. From the movie selection interface, run the analysis, choosing “single-particles” as type of object.

Shots:
7.4.0. LAB MEDIA: 51784_Step7.4.tif

7.5. Run the detection algorithm. Then run the tracking algorithm. 

Shots:
7.5.0. LAB MEDIA: 51784_Step7.5.tif

7.6. Use the “movieViewer” routine contained in the u-track package to visualize the tracks and check the quality of the detection and tracking.

Shots:
7.6.0. LAB MEDIA: 51784_Step7.6.avi

7.7. Open the .mat file to see the position and amplitude (i.e., intensity) of the tracked particles at each frame.

Shots:
7.7.0. LAB MEDIA: 51784_Step7.7.tif (Video editor:  zoom in to top-right panel to show a table of the position and amplitude values.)

7.8. The size of particles can also be calculated from the data acquired. (TEXT: Refer to protocol text for methods of calculating particle size)

Shots:
7.8.0. MED: talent at computer running the computations.


8. Results: TIRF microscopy detects and tracks single receptors on the surface of living cells 

8.1. (Figure 3A) Shown here is the first frame of a typical TIRF image sequence of a cell transfected with SNAP-tagged 2-adrenergic receptors and labeled with a fluorophore-conjugated benzylguanine derivative. The spots represent single receptors or receptor complexes.

Shots:
8.1.0. LAB MEDIA: panel A from ‘Figure 3.tif’

8.2. (Figure 3B) A detection algorithm is applied to the same image sequence and each detected particle is indicated by a blue circle.

Shots:
8.2.0. LAB MEDIA: panel B from ‘Figure 3.tif’

8.3. (Figure 3C) Application of a tracking algorithm to the same image sequence results in trajectories of the individual particles, indicated in blue. Green segments represent merging events, and red segments represent splitting events.

Shots:
8.3.0. LAB MEDIA: panel C from ‘Figure 3.tif’

8.4. (Figure 3D) This method also captures dynamic events: in this example, two particles (Video editor: highlight blue and green lines) undergo a transient interaction (Video editor: highlight red line), move together for several frames, and split again. 

Shots:
8.4.0. LAB MEDIA: panel D from ‘Figure 3.tif’

8.5. (Figure 4) The trajectories of individual particles are used to calculate their diffusion coefficients. This representative result shows that the 2-adrenergic receptor has high mobility while the GABAB receptor has limited mobility.

Shots:  
8.5.0. LAB MEDIA: Figure 4.tif

8.6. (Figure 5) The size of receptor complexes can be precisely estimated by fitting the distributions of particle intensities with a mixed Gaussian model. This analysis can also reveal the coexistence of monomers and dimers (Video editor: zoom in to Figure 5A). 

Shots:
8.6.0. LAB MEDIA: Figure 5.tif

8.7. (Figures 5) Shown here are examples of a monomeric receptor particle bleaching in one step (Video editor: zoom in to Figure 5B) and a dimeric receptor particle bleaching in two steps (Video editor: zoom in to Figure 5C).

Shots:
8.7.0. LAB MEDIA: Figure 5.tif

9. Conclusion (said by authors on camera)
9.1. Titiwat Sungkaworn: This procedure can be extended and adapted to work with other cell-surface proteins, labeling methods or cell models.
9.2. Davide Calebiro: After watching this video, you should have a good understanding of how to produce cleaned coverslips, obtain low expression levels and efficient labeling with bright organic fluorophores, as well as to acquire and analyse TIRF image sequences, which represent key steps for the success of single-molecule microscopy experiments.


Provided Media

1A. ‘51784_graphic_overview_Sungkaworn.pptx’ - graphic overview of the protocol
2.7. panel A only from ‘Figure 2.tif
6.2. ‘51784_Step6.2.tif’ - screen of microscope control software shows the set parameters
6.5. ‘51784_Step6.5-1.tif’ - the desired cell with low laser-power illumination. 
6.5. ‘51784_Step6.5-2.tif’ - the desired cell after increase laser-power illumination shows single fluorophore.
6.8. panel B only from ‘Figure 2.tif’
7.1. ‘51784_Step7.1-1.tif’ - cropping image using ImageJ software 
7.1. ‘51784_Step7.1-2.tif’ - list of separate .tiff images in a folder
7.2. ‘51784_Step7.2-1.tif’ - Matlab screen with command “movieSelectorGUI” 
7.2. ‘51784_Step7.2-2.tif’ - start screen of u-track software
7.3. ‘51784_Step7.3.tif’- u-track screen to put particle detection and tracking parameters 
7.4. ‘51784_Step7.4.tif’ - u-track screen showing option “single particle”
7.5. ‘51784_Step7.5.tif’ - u-track screen to run detection and tracking algorithms
7.6. ‘51784_Step7.6.avi’ - single molecule movie with particle detection and tracking
7.7. ‘51784_Step7.7.tif’ - Matlab screen with opened result from the analysis (.mat file) 
8.1. panel A from ‘Figure 3.tif’
8.2. panel B from ‘Figure 3.tif’
8.3. panel C from ‘Figure 3.tif’
8.4. panel D from ‘Figure 3.tif’
8.5. Figure 4.tif
8.6.- 8.7. Figure 5.tif





General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions, as well as an introduction to your videographer, closer to your filming date.
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