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Author Questionnaire 
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  No  

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes, all provided. 

3. Filming location: Will the filming need to take place in multiple locations?   

Current Protocol Length

Number of Steps:  23
Number of Shots:  52

Introduction
1. Introductory Interview Statements

Videographer: Obtain headshots for all authors. 

REQUIRED: 
1.1. Min Ju Shon: Biomolecules undergo small and rapid structural changes, often in response to force. High-resolution magnetic tweezers can explore these dynamics under physiologically relevant forces. 
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 
1.2. Min Ju Shon: As the method makes nanoscale measurements with millisecond precision, it is possible to monitor subtle changes in nucleic acids and proteins in real time. 
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B.roll:5.1

OPTIONAL: 
1.3. Celine Park: Malfunctions in force-bearing and mechanosensitive proteins can potentially lead to cardiovascular and musculoskeletal disorders. Magnetic tweezers can provide insight on the working mechanisms of these proteins. 
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

1.4. Taehyun Yang: The setup must be properly aligned and calibrated to attain good resolutions. Also, care must be taken during the preparation and identification of molecular constructs for measurements. 
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B.roll:6.2	


Videographer: Obtain headshots for all authors. 



Protocol

2. [bookmark: _Hlk126314255][bookmark: _Hlk126314288]Apparatus Construction
2.1. Begin by setting up an inverted microscope on an anti-vibration optical table [1]. Next, install a high-speed CMOS (see-mos) camera and a frame grabber [2]. Vertically mount a motorized linear stage with more than 20 millimeter travel length [3] on a manual XY (X-Y) stage, to build a translation stage for magnet manipulation in 3D [4]. 	Comment by Sulakshana  Karkala: Authors please note that all pronunciation guides are given in red,italics. Please go through the same and change/provide alternate guides where necessary.
2.1.1. WIDE: Talent sets up an inverted microscope on an anti-vibration optical table. 
2.1.2. Shot of high-speed CMOS camera and a frame grabber being installed. 
2.1.3. Shot of a linear stage
2.1.4. Talent mounts the linear stage on a manual XY stage.
2.2. Next, install a rotary stepper motor and a belt and pulley system for magnet rotation [1]. Mount the magnets on an acrylic holder, in which the identical, parallel magnets are spaced 1 millimeter apart [2]. 
2.2.1. Talent installs a rotary stepper motor and a belt-pulley system 
2.2.2. Shot of magnets on an acrylic holder. 
2.3. Adjust the vertical position of the translation stage [1] so that the magnets’ bottom surface aligns with the sample plane at the lowest stage position [2]. 
2.3.1. Talent adjusts the vertical position of the translation stage. 
2.3.2. Shot of magnet’s bottom surface aligning with the sample plane. 
2.4. Using a low-magnification objective lens, align the magnets to the center of the field of view [1]. Check the magnet rotation to ensure that the displacement of the center of the magnet pair is limited [2]. 
2.4.1. Talent aligns the magnets to the field center, with a low-magnification lens. Following the shot, please show SCREEN: 65137_screenshot_5.mp4  00:01-00:08
2.4.2. Shot of magnet rotation causing small displacement of the magnet pair. Following the shot, please show SCREEN: 65137_screenshot_6.mp4  00:00-00:04 
2.5. Install a superluminescent diode for bead illumination [1]. Pass the beam through the magnet gap, ensuring the beam is properly collimated to fit in the gap [2] and the illumination is not shadowed by the magnets [3]. 
2.5.1. Talent installs a SLD . 
2.5.2. Shot of beam being passed through the gap. 
2.5.3. Shot of clear illumination, unshadowed by magnets. 
2.6. Now install a piezo lens scanner on the nosepiece [1] and mount a 100 x (hundred-ex) oil-immersion objective lens with a 1.45 numerical aperture, for bead tracking [2]. 
2.6.1. Shot of piezo lens scanner being installed on the nosepiece. 
2.6.2. Talent mounts a 100 x oil-immersion objective lens on the nose piece. 
2.7. Ensure that illumination is uniform with magnet movement, to avoid potential artifacts in bead tracking [1]. Finally, adjust the light to maximum brightness without pixel saturation [2]. 
2.7.1. Shot of magnets being moved with uniform illumination. Following the shot, please show SCREEN: 65137_screenshot_7.mp4  00:00-00:04
2.7.2. Talent adjusts light to maximum brightness. 
3. Flow Cell Fabrication
3.1. Begin by taking 2 glass coverslips, for the top and bottom of the cell [1-TXT]. Clean the coverslips by sonicating them in 1 molar potassium hydroxide for 30 minutes [2]. Next, rinse the coverslips in distilled water [3] and keep them immersed in water [4]. 
3.1.1. Talent takes 2 glass coverslips. TXT: Coverslip Dimensions: 24 mm x 50 mm, No. 1.5 thickness
3.1.2. Shot the coverslips being sonicated in 1 M KOH. 
3.1.3. Talent pours distilled water over the coverslips. 
3.1.4. Talent places the rinsed coverslips in water. 
3.2. PEGylate (pe-gi-late) the bottom coverslip and store at minus 20 degrees Celsius, until further use [1]. On the day of the experiment, blow dry the PEGylated coverslips with a nitrogen gun [2]. 
3.2.1. Talent places the PEGylated coverslip at -20 ˚C. 
3.2.2. Shot of PEGylated coverslips being blown dry with a nitrogen gun. 
3.3. To make the sample channels, prepare approximately 2 millimeter wide strips of double-sided tape [1] and lay down 4 strips parallel to each other, 5 millimeters apart, on the bottom coverslip [2]. 
3.3.1. Talent cuts 2 mm double-sided strips. 
3.3.2. Shot of 4 strips being placed on the bottom coverslip.
3.4. Now place a top coverslip in the center of the bottom coverslip, leaving about 5-millimeter space on the short edges for channel inlets and outlets [1]. Using tweezers, gently press the back of the top coverslip to firmly seal the channels [2]. 
3.4.1. Talent places the top coverslip in the center of the bottom one. 
3.4.2. Talent gently presses the top coverslip with tweezers. 
3.5. Trim the edge of a 200-microliter pipette tip [1] and cut out about 10 millimeters from the wider opening to allow it to hold more than 200 microliters of solution [2-TXT]. Prepare 3 syringe needles that fit the tubing for the syringe pump [3]. 
3.5.1. Talent trims the edge of a 200 µL pipette tip. 
3.5.2. Shot of 10 mm being cut from the wider pipette tip. TXT: Prepare 3 Tips for the 3 flow channels
3.5.3. Talent tests if the syringe needle fits the tubing for the syringe pump. 
4. Assembly of Bead-Tether Constructs
4.1. Connect a needle on the flow-cell channel exit to the syringe pump with polyethylene tubing [1]. Equilibrate the channels with PBS (P-B-S) [2]. 
4.1.1. Shot of needle being connected to the syringe pump.
4.1.2. Talent passes PBS through the channels. 
4.2. Resuspend bead aggregates by vortexing the bead solutions [1] then sequentially introduce the solutions into the channel by suctioning with the pump [2-TXT]. 
4.2.1. Shot of bead solutions being vortexed. 
4.2.2. Talent sequentially introduces the solutions into the channel. TXT: Introduction Sequence: NeutrAvidin; Target DNA Constructs; Reference Polystyrene Beads; DBCO-coated magnetic beads
AUTHORS: please pan across from the talent to the labeled solutions. 
4.3. Wash away any unbound beads while applying 0.1 piconewtons of force [1]. 
4.3.1. Shot of unbound beads being washed away. Following the shot, please show SCREEN: 65137_screenshot_8.mp4  00:00-00:08
5. Identification of Target Constructs
5.1. On the flow-cell channel surface, identify the magnetic beads tethered to single molecules of the DNA construct [1]. Locate a reference bead nearby [2]. Rotate the candidate bead to check that it swivels freely [3-TXT]. 
5.1.1. Talent identifies the magnetic beads. 
5.1.2. [bookmark: _GoBack]Shot of a reference bead. 
5.1.3. Shot of free swiveling bead. TXT: Beads exhibit constrained motion if tethered to multiple molecules Following the shot, please show SCREEN: 65137_screenshot_9.mp4  00:00-00:03
5.2. Rotate the beads for a few more turns and estimate the radius of rotation, choosing a bead with a smaller rotational radius [1]. Increase the force from 0 to 5 picoNewtons to identify good single-tethered beads by looking for a large change in the bead diffraction pattern resulting from a 5-kilo-base-pair tether stretch [2]. 
5.2.1. SCREEN: 65137_screenshot_1.mp4  00:02-00:16 Video Editor: Please speed up this video
5.2.2. SCREEN: 65137_screenshot_1.mp4  00:18-00:32
6. Calibration of Magnetic Force
6.1. Using the PCR (P-C-R), prepare 5 kilo-base-pairs of double-stranded DNA fragments labeled with biotin on one end and azide on the other end [1]. After preparing a flow cell with the PCR product, record the x and y coordinates of the tethered bead at 1.2 kilohertz and the magnets in the resting position [2]. 
6.1.1. Talent removes a vial from the PCR machine, containing PCR product. 
6.1.2. SCREEN: 65137_screenshot_2.mp4  00:01-00:16 Video Editor: Please speed up this video
6.2. Move the magnets closer to the flow cell [1] and repeat the bead-position measurements until the magnets barely touch the top of the flow cell [2]. Calculate the force at each magnet position d (d) using either of the alternative methods [3-TXT]. 
6.2.1. Talent moves the magnets closer to the flow cell. 
6.2.2. Shot of the magnets touching the top of the flow cell. 
6.2.3. SCREEN: 65137_screenshot_3.mp4  00:01-00:07. TXT: Refer manuscript for methods of force calculation
6.3. Repeat the force measurements for a few more DNA constructs, probing 3 to 5 beads to average out the force variability between the magnetic beads [1]. 
6.3.1. Shot of searching for new beads in the same flow cell. 
7. Bead Tracking for Extension Measurement
7.1. Once a proper magnetic bead is located together with a reference bead, click on the Calibrate button to start preparing for bead tracking [1]. Click on the beads in the image to define the locations of the beads [2]. 
7.1.1. SCREEN:65137_screenshot_4.mp4  00:01-00:05 
7.1.2. SCREEN:65137_screenshot_4.mp4  00:06-00:13 
7.2. For tracking in the z-direction, the software will generate a lookup table of diffraction images of the beads at different distances from the focal plane, by stepping the objective lens with a piezo scanner in equidistant steps and recording fluctuation-averaged bead images at each position [1]. 
7.2.1. SCREEN:65137_screenshot_4.mp4  00:14-00:25 
7.3. Enable tracking and autofocusing and click on the Acquire button to record the bead positions [1]. 
7.3.1. SCREEN:65137_screenshot_4.mp4  00:29:00:40 

Results

8. Results: Effect of Magnetic Force on DNA Constructs
9. AUTHORS: Please note that JoVe requires the Word limit in this section to be kept at 200 words. Please go through the section and strike out any results that may not be necessary for this video. 
9.1. [bookmark: _Hlk134458473]Force application to a DNA hairpin construct [1] resulted in the worm-like chain model of force-induced extension [2]. 
9.1.1. LAB MEDIA: Figure 5A of 65137fig05.jpg
9.1.2. LAB MEDIA: Figure 5C of 65137fig05.jpg Video Editor: please highlight the solid yellow line “closed” in the left image. 
9.2. [bookmark: _Hlk134458509]At 6 picoNewtons, the construct displayed fluctuations in extension, associated with reversible unzipping [1], which disappeared at 8 picoNewtons and snapped onto a new model curve [2]. 
9.2.1. LAB MEDIA: Figure 5C of 65137fig05.jpg Video Editor: please show the inset (right) image of 5C. 
9.2.2. LAB MEDIA: Figure 5C of 65137fig05.jpg Video Editor: please highlight the dotted yellow line “open” in the image. 
9.3. [bookmark: _Hlk134458523]Hairpin tracking experiments at 100 hertz showed an increase in extension [1], but the histograms did not resolve distinct populations [2]. At 1.2 kilohertz [3], the median-filtered trajectories revealed 2 distinct populations [4]. 
9.3.1. LAB MEDIA: Figure 5D of 65137fig05.jpg Video Editor: please show the inset (bottom) image of 5D. 
9.3.2. LAB MEDIA: Figure 5E of 65137fig05.jpg 
9.3.3. LAB MEDIA: Figure 5F of 65137fig05.jpg Video Editor: please show the inset (bottom) image of 5F. 
9.3.4. LAB MEDIA: Figure 5G of 65137fig05.jpg Video editor: Please emphasize the red lines . 
9.4. [bookmark: _Hlk134458553]The separation between the 2 populations remained the same in the unzipping force regime [1]. The upper open state became gradually dominant with increased force [2]. 
9.4.1. LAB MEDIA: Figure 5H of 65137fig05.jpg 
9.4.2. LAB MEDIA: Figure 5I of 65137fig05.jpg 
9.5. [bookmark: _Hlk134458565]Transition rates varied exponentially with applied force, favoring unzipping [1] and inhibiting rezipping [2]. 
9.5.1. LAB MEDIA: Figure 5J of 65137fig05.jpg Video Editor: Please emphasise the red line
9.5.2. LAB MEDIA: Figure 5E of 65137fig05.jpg Video Editor: Please emphasise the blue line
9.6. [bookmark: _Hlk134458579]In the intermediate force regime, an Allan deviation of 2 to 3 nanometers was obtained at the maximum speed [1].
9.6.1. LAB MEDIA: Figure 5L of 65137fig05.jpg Video editor: Please highlight the left-most points. 
9.7. [bookmark: _Hlk134458592]The DNA handles of a SNARE (snare) complex construct behaved as worm-like chain polymers [1]. When the force was relaxed from a higher regime, the extension returned to the original curve or followed a new model [2]. 
9.7.1. LAB MEDIA: Figure 6B of 65137fig06.jpg Video editor: Please highlight the black curve. 
9.7.2. LAB MEDIA: Figure 6B of 65137fig06.jpg Video editor: Please highlight the blue curve.
9.8. [bookmark: _Hlk134458604]At 14 picoNewtons, the SNARE complex failed to transition to the unzipped state [1], whereas an increased force allowed the transition [2]. The complete unfolding of the complex at higher forces was confirmed by refolding observed at 2 picoNewtons [3]. 
9.8.1. LAB MEDIA: Figure 6E of 65137fig06.jpg Video editor: Please highlight the orange line at 10.0 pN.
9.8.2. LAB MEDIA: Figure 6F of 65137fig06.jpg Video editor: Please emphasize the inset (right) image, highlighted by the green box under 14.3 pN, and the “unzipping” arrow. 
9.8.3. LAB MEDIA: Figure 6I of 65137fig06.jpg Video editor: Please highlight the black curve.



Conclusion
10. [bookmark: _Hlk27388131]Conclusion Interview Statements

10.1. [bookmark: _Hlk134706096]Sang-Hyun Rah: Identification of properly formed sample-bead tethers is the most important thing to remember when attempting our procedure. This step enables accurate selection, and thus analysis of the target structure. 
10.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll:5.1 and 5.2

10.2. [bookmark: _Hlk134654440]Sang-Hyun Rah: Magnetic tweezers can further be used to study DNA supercoiling by applying torque. Also, it could be coupled with fluorescence imaging to observe highly complex protein interactions or unfolding.
10.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 
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