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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) __N__ (If you can record images/videos using your own camera/software, then mark No)   If yes, please list make and model of your microscope: _____________________________________________
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) __N__ If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps by their protocol number. 

1.1 phase transfer of QDs from organic to aqueous phase

1.2 preparation of mQDs
3. labeling live cells with monovalent quantum dots

4. Microscopy & Analysis
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list the step by its protocol number. 1.2  preparation of mQDs

E.  Will the filming need to take place in multiple locations? (Y/N) __N__ If yes, how far apart are the locations? ___________________________________________________

1. Introduction (Schematic Overview and Interview)
A. Schematic Overview (read by voice talent at JoVE):

Procedural Narrative:
The overall goal of this procedure is to provide an easy and generalizable protocol for the preparation of monovalent quantum dots for single-molecule imaging of target membrane proteins in live cells. (Intro)
This is accomplished by first introducing a stoichiometric amount of a long poly-phosphorothioate oligonucleotide ligand to a quantum dot.  The long DNA completely wraps the quantum dot and prevents the binding of a second DNA molecule, thereby generating monovalent quantum dots exclusively and quantitatively. (P1)
Editors, please use step 1 (production of monovalent quantum dots) of Graphic overview.ai.  Animate by combining the polyphosphorothioate DNA and the quantum dot (circle labeled “QD”).  Then animate the red part of the DNA wrapping the quantum dot to result in the image to the right side of step 1.  
Separately, benzylguanine-functionalized DNA bearing complementary sequences is prepared to target SNAP-tagged membrane proteins expressed on live cells. (P2)
Editors, please use step 2 (production of targeting (benzylguanine-) DNA) of Graphic overview.ai.  Animate by bringing then two molecules on the left side of the arrow together and combine them to result in the image on the right side  
Next, the sequential treatment of live cells expressing SNAP-tagged membrane proteins with benzylguanine DNA followed by monovalent quantum dots leads to selective labeling of the targeted receptor. (P3)
Editors, please use step 3 (labeling live cells with monovalent quantum dots) of Graphic overview.ai.  Please animate by inserting the green tailed molecule into the blue circle (which represents the SNAP-tagged membrane protein).  Then, intercalate the blue tailed molecule to result in the image on the right side of step 3.
The final step is to image the target protein distribution and diffusion trajectories via single molecule fluorescence microscopy. (P4)
Editors, please use step 4 (Microscopy and Analysis) of Graphic overview.ai.
Ultimately, real-time dynamic spatiotemporal information of target proteins in live cells is extracted to reveal how the target molecules work in vivo. (P5)
Editors, please show JOVE Graphic_Figure 4B.ai as this point is narrated.
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Paste a copy of your graphic overview here.  The original file should be Adobe Illustrator (preferred) or Powerpoint (see instructions) and should be uploaded through your online submission on the JoVE website. Please keep all layers in the file (i.e., do not flatten the file).   

B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Zev Gartner: The main advantage of this technique is its simplicity and general accessibility.  Unlike other nanotechnologies requiring special skills or expertise, production of these monovalent quantum dots is very simple.  This protocol does not require any special techniques or equipment, and thus, researchers from any discipline can produce these high-performance and modular quantum dot imaging probes. 
1.1.1. MED: Zev or Young-wook speaks toward camera, interview style.

1.2. Young-wook Jun: We first had the idea for this method, when Young-wook (I) and I (Zev) began discussing how our expertise on DNA and nanoparticle synthesis could be combined to better control the reactivity of nanoparticles. We carried out the initial proof-of-principle experiments together over a weekend.  Encouragingly, our first trial worked successfully.  
1.2.1. MED: Zev or Young-wook speaks toward camera, interview style.

1.3. Justin Farlow: In this video, we use monovalent quantum dot probes for studying single molecule dynamics of Notch proteins in live cells as a model system.  However, these monovalent quantum dots should find broad utility in studies requiring real-time single-molecule imaging. 
1.3.1. MED: Justin speaks toward camera, interview style.

1.4. Kade Southard: Generally, individuals new to this method will struggle because not all quantum dots from commercial sources are the same, either geometrically or chemically.  Therefore, some optimization will be required for different types or sources of quantum dots.
1.4.1. MED: Kade speaks toward camera, interview style.
1.5. Daeha Seo: Visual demonstration of this method is critical as the phase transfer and phosphorothioate DNA addition steps could be intimidating to a laboratory without much synthetic chemistry experience.   
1.5.1. MED:  Daeha speaks toward camera, interview style.
Protocol (read by voice talent at JoVE):

2. Phase transfer of quantum dots from organic to aqueous phase
2.1. To begin, dilute 200 microliters of a 1 micromolar solution of organic phase quantum dots with 400 microliters of chloroform in a 5 milliliter glass vial.
2.1.1. MED:  Talent dilutes 200 microliters of 1 µM solution of organic phase quantum dots with 400 microliter of chloroform in a 5 ml glass vial.  Use labeled containers.
2.2. Combine these quantum dots with a mixture of 400 microliters of 0.3 Molar tetrabutylammonium bromide chloroform solution and 36 microliters of neat mPEG (pronounced “empeg”) thiol, and shake overnight. 
2.2.1. CU:  Mixture of TBAB chloroform solution and mPEG thiol as talent adds the quantum dots in chloroform.  Use labeled containers.
2.3. Then, add 800 microliters of a 0.2 Molar sodium hydroxide aqueous solution and shake for 30 seconds.  A phase transfer occurs within a few minutes, indicated by the transfer of the colored particles to the aqueous phase above the denser organic phase. 
2.3.1. MED-over the shoulder:  Talent pipettes 800 µl of a 0.2 M sodium hydroxide aqueous solution to the solution.
2.3.2. CU:
Quantum dots in organic phase, aqueous phase above
2.3.2.1. M/S: Shaking of quantum dots
2.3.2.2. CU: Quantum dots in aqueous phase, organic below

2.3.3. CU:  Solution as it shakes. Watching the actual phase transfer. 
2.3.4. MED:  Talent picks up the solution following phase transfer and inspects it.
2.3.5. ECU:  Phase transfer in tube showing the colored particles are in the top aqueous phase.
2.4. If the particles aggregate in a third phase between the aqueous and organic phases, increase the incubation time with the mPEG thiol.  
2.4.1. LAB MEDIA:  Figure 3A_right – Authors, please provide right-most figure of 3A.
2.5. If the aqueous phase remains clear, the quantum dots did not phase transfer.  Increase the concentration of mPEG thiol to alleviate poor phase transfer.
2.5.1. LAB MEDIA:  Figure 3A_left – Authors, please provide the left-most figure of 3A.  
2.6. Next, recover the colored aqueous phase.  Then, concentrate the collected quantum dots with a centricon spin column to 1 ml.
2.6.1. MED:  Talent pipettes the colored aqueous phase out of the tube.
2.6.2. CU:  Collected quantum dots a talent pipettes into the centricon spin column.  TEXT overlay: 30 kDa MWCO
2.7. Add the concentrated quantum dot solution into a Sephadex NAP10 (pronounced “Nap ten”) column pre-equilibrated with 10 milliMolar Tris buffer containing 30 milliMolar sodium chloride, pH 8.  Elute the quantum dots with 1.5 milliliters of elution buffer by gravity flow. 
2.7.1. MED-over the shoulder:  Talent pipettes the concentrated quantum dot solution into the pre-equilibrated Sephadex column.
2.7.2. CU:  Bottom of the column as the quantum dots elute out by gravity flow.  TEXT overlay: see text for elution buffer
2.8. Proceed to measure the concentration of quantum dots with absorption spectroscopy at 350 nm.
2.8.1. MED:  Talent at absorption spectrometer measuring the concentration.
3. Preparation of monovalent targeted quantum dots
3.1. To prepare monovalent targeted quantum dots, purchase or synthesize phosphorothioate DNA.  Prepare 1 milliliter of 100 nanoMolar quantum dot solution in 10 milliMolar Tris buffer containing 30 milliMolar sodium chloride, pH 8. 
3.1.1. MED-over the shoulder:  Talent on computer on website to purchase the phosphorothioate DNA.  TEXT overlay:  See text for sequence used
3.1.2. MED:  Labeled container as talent prepares the quantum dot solution in buffer. 
3.2. Next, add 500 microliters of the 100 nanoMolar phosphorothioate DNA solution drop-wise to the aqueous quantum dots for 1 minute while vigorously stirring.  Stir or place the mixture on a shaker for an additional 9 hours.
3.2.1. CU:  Pipette tip/quantum dots as talent adds 500 µl of the 100 nM phosphorothioate DNA solution drop-wise to the aqueous quantum dots while vigorously stirring.
3.2.2. MED-over the shoulder:  Talent leaves the mixture to shake for 9 hours.
3.3. Remove approximately 10 microliters of the quantum dot mixture to run on an analytical agarose gel.  Also remove a similar concentration of unconjugated quantum dots in aqueous phase. 
3.3.1. MED:  Talent removes 10 µl of the quantum dot mixture and pipettes into a labeled tube. 
3.3.2. CU:  Labeled tube of unconjugated quantum dots in aqueous phase as talent transfers to another labeled tube.
3.4. Then, add approximately 2 microliters of 6X Ficoll (pronounced “faikoul”) loading buffer to increase solution density.  Run these two samples together on a 0.8% weight-volume agarose gel in sodium borate buffer for 15 minutes at 150 Volts.  The result should be a single band in the unconjugated control lane migrating close to the well, and two bands in the lane with conjugated quantum dots.
3.4.1. MED:  Talent adds approximately 2 µl of 6X Ficoll loading buffer to each of the samples.
3.4.2. MED-over the shoulder:  Talent starts the gel to run for 150 V.
3.4.3. LAB MEDIA:  Figure 2B_first_gel – Authors, please provide a separate figure for the rightmost gel in figure 2B including the picture lane labels.
3.5. Calculate the unconjugated quantum dots fraction using the relative intensity of the two bands.  Then use that fraction to calculate the additional volume of 100 nanoMolar phosphorothioate DNA solution required to match the number of quantum dots. 
3.5.1. MED-over the shoulder:  Talent at the computer calculates the unconjugated quantum dot fraction using the relative intensity of the two bands.  TEXT overlay:  see text for equation
3.5.2. CU:  Screen or lab notebook as talent calculates the additional volume of DNA solution required to match the number of quantum dots.
3.6. Repeat the procedure once more with this calculated volume or until the conjugated quantum dots collapse into a single band on the gel indicating complete conjugation of all quantum dots.
3.6.1. LAB MEDIA:  Figure 2B_last_gel – Authors, please provide a separate figure for the rightmost gel in figure 2B including the picture lane labels as shown in the first gel.
3.7. Next, add 100 microliters of 10 milliMolar carboxy PEG6 alkane thiol to the conjugated monovalent targeted quantum dots, and shake for 10 minutes. 
3.7.1. MED-over the shoulder:  Talent adds 100 µl of 10 mM carboxy PEG6 alkane thiol in 10 mM Tris buffer containing 30 mM sodium chloride, pH 8, to the conjugated monovalent targeted quantum dots.  Use labeled containers.  TEXT overlay:  see text for recipe
3.8. To remove excess alkane PEG-thiol, add 0.5 milliliters of the quantum dots solution to a sephadex NAP5 column pre-equilibrated with elution buffer.  Then, collect the monovalent targeted quantum dots with 1 milliliter of elution buffer by gravity flow.
3.8.1. CU:  Column as talent adds 0.5 ml of the quantum dots solution to a sephadex NAP5 column pre-equilibrated with elution buffer.  TEXT overlay: see text for elution buffer
3.8.2. MED:  Talent collects the eluted quantum dots as the solution emerges from the column by gravity flow.
3.9. Concentrate the collected quantum dots with a centricon spin column.  These monovalent targeted quantum dots can be stored at 4 °C for months. 
3.9.1. MED-over the shoulder:  Talent places the centricon spin column with the collected quantum dot into the centrifuge.  TEXT overlay: 30 kDa
4. Labeling live cells with monovalent quantum dots
4.1. Passivate the monovalent quantum dots just prior to an imaging experiment using reagents such as casein or bovine serum albumin.
4.1.1. MED:  Talent adds casein or bovine serum albumin to the monovalent QDs from a labeled container.  
4.2. Plate cells expressing the SNAP-tagged protein on total internal reflection fluorescence, or TIRF, -quality glass.  For best results, use with a U2OS (pronounced as “U-2-O-S”) cell line expressing a SNAP-tagged Notch1 receptor and high quality glass surfaces.  
4.2.1. MED-over the shoulder:  Talent plates the cells expressing the SNAP-tagged Notch1 receptor onto TIRF-quality glass.  Match action in next shot.
4.2.2. CU:  High quality TIRF glass as talent plates the cells there.
4.3. After the cells have attached to the glass, remove the growth media and wash with phosphate buffered saline, or PBS.  Then, incubate the cells for 10 to 30 minutes at room temperature in PBS or cell media containing benzylguanine-DNA, prepared as detailed in the text protocol. 
4.3.1. MED:  Talent removes the growth media from the glass and washes with PBS.
4.3.2. CU:  Plated cells as talent pipettes the 1 µM benzylguanine-DNA over them.
4.4. After incubation with benzylguanine-DNA, carefully wash the cells with PBS or cell media. Then, incubate the cells for approximately 5 to 10 minutes with the monovalent quantum dots. 
4.4.1. MED-over the shoulder:  Talent carefully washes the cells.
4.4.2. CU:  Plated cells as talent pipettes the monovalent quantum dots over them from a labeled container.
4.5. Wash the unbound monovalent quantum dots and return the cells to a buffer or media suitable for both imaging and culture.  
4.5.1. MED:  Talent washes the unbound monovalent quantum dots and returns the cells to a buffer or media.
4.6. Image the cells using a TIRF microscope.  Because of the brightness of monovalent quantum dots, collect images at high frame rates in TIRF while imaging the basal side of a live cell. 
4.6.1. MED-over the shoulder:  Talent images the cells using a TIRF microscope.
5. Results: Production of monovalent quantum dots and labeling of SNAP-tagged proteins on live cells
5.1. Once the quantum dots are coated with the negatively-charged DNA they should migrate on a gel separately from the non-wrapped quantum dots. Using an aliquot of unwrapped quantum dots as a control, a second, faster-migrating band should appear upon addition of the phosphorothioate DNA.  
5.1.1. LAB MEDIA:  Figure 2B_first_gel.  Editors, as the second sentence is narrated, please highlight the bottom band in the right lane.
5.2. Complete formation of the monovalent quantum dots is demonstrated with the loss of the immobile band, and its collapse into the mobile band.  If an aliquot of the monovalent quantum dots product migrates as a single band separable from the unwrapped quantum dots, then the monovalent quantum dots are indeed monovalent and ready to be used in further steps.
5.2.1. LAB MEDIA:  Figure 2B_last_gel.  As the second sentence is narrated, please highlight the bottom band in the right lane.
5.3. Shown here is representative labeling of cells expressing a SNAP-Notch-mCherry construct at various monovalent quantum dot concentrations.  Monovalent quantum dots passivated with PEG12 co-localize with mCherry indicating specific labeling.  Lower labeling densities are generally preferable for single particle tracking. 
5.3.1. LAB MEDIA:  JOVE Graphic_Figure 4B.ai -or- Movie 1.  Editors, the authors will provide movie 1 if possible.  However if they are unable to provide it, please use figure 4B.  If 4B is used, please highlight the concentrations across the bottom as “various monovalent quantum dot concentrations” is narrated in the first sentence.  Then, highlight the bottom row of reddish cells as the second sentence is narrated.
6. Conclusion (said by authors on camera)
6.1. Zev Gartner: After watching this video, you should have a good understanding of how to prepare a fluorescent nanoparticle probe which is bright, monovalent, modular, and targeted.
6.1.1. MED:  Zev or Young-wook speaks toward camera, interview style.
6.2. Daeha Seo: Once mastered, this technique can be done in 2 days for preparation of monovalent quantum dots, and 1 hour for cell labeling if it is performed properly.
6.2.1. MED:  Daeha speaks toward camera, interview style.
6.3. Justin Farlow: While attempting this procedure, it’s important to remember that we can get a long trajectory of single molecule fluorescence due to excellent photo-physical properties of quantum dots with commercially available reagents as starting reagents. 
6.3.1. MED:  Justin speaks toward camera, interview style.
6.4. Kade Southard: Following this procedure, other proteins can be labeled with SNAP-tag fusions in order to answer additional questions about their molecular dynamics on a live cell.
6.4.1. MED:  Kade speaks toward camera, interview style.
6.5. Young-wook Jun: Don't forget that working with quantum dots can be extremely hazardous and precautions such as wearing gloves and lab coats should always be taken while performing this procedure.   
6.5.1. MED:  Zev or Young-wook speaks toward camera, interview style.
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Insert your media filenames here.
Graphic overview.ai

Figure 3A_right – Authors, please provide right-most figure of 3A.
Figure 3A_left – Authors, please provide the left-most figure of 3A.  
Figure 2B_first_gel – Authors, please provide a higher resolution version of the first gel in figure 2B including the picture lane labels.
Figure 2B_last_gel – Authors, please provide a higher resolution version of the last gel in figure 2B including the picture lane labels as shown in the first gel.
JOVE Graphic_Figure 4B.ai –or- Movie 1
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.
( 2013, Journal of Visualized Experiments


