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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_______ 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)_Y__Editor’s note: some screen capture files needed. Yes, we add screen capture files below.
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps_3.3, 4.2, 5.3, 5.5, and 6.2._________________________
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  ___6.3, In a cryoEM projection image, at a low magnification, the recognition of the shape and direction of a selected cell and sometimes counting holes on the grid are necessary to locate the correlated region in the EM field. Fluorescent latex beads are added to the sample for a more robust and accurate correlation.

	
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 demonstrate the usage of the correlative fluorescent light and cryo-electron microscopy method by imaging dynamic, small HIV-1 particles interacting with host HeLa cells. (Intro)

This is accomplished by first plating and growing HeLa cells on the gold finder EM grid in a glass-bottom culture dish, and infecting HeLa cells with GFP-labeled HIV-1 particles. (P1, the grid emerges out of the pink petri dish)

The second step is to collect time-lapse high-speed 3D live-cell confocal images of HIV-1 infected cells and analyze the images by automated 3D particle tracking for single particle dynamics. (P2, can you add in the images one at a time, starting with image 1 and ending with all nine images on the screen?)

After vitrifying the sample, the same viral particles from the live-cell imaging data are located in cryo-fluorescent images for further high-resolution 3D cryo-electron tomography analysis. (P3)

The final step is to collect tilted cryo-EM projection series for all the identified positions containing HIV-1 particles, and reconstruct 3D tomograms with a weighted back-projection algorithm using IMOD software. (P4)

Ultimately, advanced 3D correlative live-cell fluorescence microscopy and high-resolution cryo-electron tomography are used to directly visualize dynamic, diffraction-limited viral particles and their interactions with host cells. (P5)


Video editor: Schematic Overview graphics are in ‘Graphics_illustration.pptx’



B.  Interview: (Said by you on camera. Don’t forget to smile!)  

1.1. Sangmi Jun: Our work is aimed at developing a correlation method that permits direct visualization of early events of HIV-1 infection by combining live-cell fluorescent light microscopy, cryo-fluorescent microscopy, and cryo-electron tomography.
1.2. Sangmi Jun: In this manner, live-cell and cryo-fluorescent signals can be used to accurately guide the sampling in cryo-electron tomography. Furthermore, structural information obtained from cryo-electron tomography can be complemented with the dynamic functional data available through live-cell imaging of fluorescent labeled targets.
1.3. Gongpu Zhao: The main advantage of this technique over existing methods is that an advanced correlative high-speed 3D live-cell imaging with high-resolution 3D cryo-electron tomography approach is applied to study dynamic events that are by nature difficult to capture, such as HIV-1 and host cell interactions at early stages of infection.


Protocol (read by voice talent at JoVE):


2. HeLa cell culture on carbon-coated, gold EM finder grids

2.1. To prepare the grid for cell culture, glow discharge the carbon-side of a 200-mesh R2/2 Quantifoil gold EM finder grid under 25 mA for 25 seconds (TEXT: Glow discharge at 25 mA; 25 s)

Shots:
2.1.1. MED: Talent glow-discharging the gold EM finder grid.
2.1.2. LAB MEDIA: Figure2a.tiff

2.2. Coat the EM grid with fibronectin by floating it, carbon-side down, onto a 40 µl droplet of 50 µg/ml fibronectin solution. Leave it in a tissue culture hood under UV light for 2 hours for disinfection.

Shots:
2.2.1. CU: EM grid being floated carbon-side down, onto a 40 µl droplet of 50 µg/ml fibronectin solution.
2.2.2. MED: Talent placing the grid in the hood and switching on the UV light.

2.3. Plate HeLa cells onto the grid at a density of 2 x 104 cells/ml in a glass-bottom culture dish in DMEM with appropriate supplements (TEXT: 2 x 104 cells/ml in DMEM + 4.5 g/l L-glutamine and glucose, 10 % heat-inactivated fetal calf serum, 100 units/ml penicillin, 100 µg/ml streptomycin).

Shots: 
2.3.1. CU: HeLa cells being plated onto the grid in a glass-bottom culture dish.

2.4. Incubate cells at 37 °C with 5 % CO2 for approximately 18 hours before HIV-1 infection. (TEXT: 37 °C; 5 % CO2; 18 h)

Shots:
2.4.1. MED: Multiple takes from different angles of talent putting the dish into the incubator.  Shot will be repeated later.

3. HIV-1 infection and live-cell imaging (comment: Section 3 was filmed on 02-06-13, some of shots were repeated from previous session )

3.1. Prior to HIV infection, add a fluorescent cell tracker to the HeLa cells in the glass-bottom culture dish and incubate the dish at 37°C for 10 minutes to allow up-take of the fluorescent dye.
[bookmark: _GoBack]
Shots:
3.1.1. MED: Talent adding Red CMTPX to the cells in the glass-bottom culture dish. .(Repeat, use 02-06-13 shots)
3.1.2. Use shot from 2.4.1. (This may have been refilmed on 2-6-13, the notes say take 1,2, and 3)

3.2. Wash the cells with PBS and add 50 µl of pre-warmed fresh medium.

Shots:
3.2.1. MED: Talent adding PBS to dish and then aspirating PBS. (Repeated, use 02-06-13 shots)
3.2.2. CU: 50 µl of pre-warmed fresh medium being added to cells. (Repeated, use 02-06-13 shots).

3.3. Place the dish into the live-cell chamber, at 37 °C, of a Swept Field Confocal scanner microscope. Since cryo-EM requires relatively thin regions of the sample, select multiple fields that contain 1-3 cells per square, with the cells between two mitosis phases when they are most spread-out and flat (show Figure 2b). Store these positions with NIS-Elements software for future imaging. 

Shots:
3.3.1. MED: Talent putting the dish into the live-cell chamber of the confocal scope.
3.3.2. MED: Talent viewing the cells through the screen.
3.3.3. LAB MEDIA: Figure2b.tiff
3.3.4. MED/over the shoulder: Talent using NIS-Elements software to store the positions.

3.4. Next infect the cells with VSV-G pseudo-typed HIV-1 particles that contain GFP-Vpr. Add the virus particles into the bottom well of the dish, being careful not to disturb the EM grid, since the positions for imaging have already been selected and stored. 

Shots:
3.4.1. MED: Talent about to add the virus particles to the cells.
3.4.2. CU: Match action above: Virus particles being carefully added into bottom well without disturbing EM grid.

3.5. Immediately after addition of virions, collect time-lapse high-speed 3D confocal images, at the previously selected positions for 20-40 minutes. 

Shots:
3.5.1. MED/over the shoulder: Talent starting image acquisition with NIS-Elements software.

4. Frozen-hydrated EM sample preparation

4.1. Immediately after confocal live-cell imaging, place the culture dish onto an ice-cooled copper block and transfer it to the cryo-EM sample preparation room.

Shots:
4.1.1. MED: Talent placing culture dish onto an ice-cooled copper block.
4.1.2. WIDE: Talent taking the culture dish to the cryoEM sample preparation room.

4.2. Load the EM grid onto the specialized tweezers. Quickly blot away residual culture medium with filter paper. Immediately place onto the grid 4 µl of a 15-nm gold bead solution mixed with 0.2 μm fluorescent microspheres. The fluorescent microspheres are used to aid correlation between fluorescent and cryo-EM images (show Figure 2 e & f).

Shots:
4.2.1. CU: EM grid being loaded onto specialized tweezers.
4.2.2. CU: Residual culture medium being blotted away with filter paper.
4.2.3. CU/ECU: 4 µl of a 15-nm gold bead solution mixed with 0.2 μm fluorescent microspheres being placed onto the grid.
4.2.4. LAB MEDIA: Figure2e&f.tiff

4.3. Load the tweezers onto the vitrification device for plunge-freezing with the blotting parameters optimized to achieve the best results (TEXT: blot time, 7s; blot offset, 0; drain time, 1s; temperature, 22 °C; humidity, 100 %). 

Shots:
4.3.1. MED: Talent loading tweezers onto the vitrification device.
4.3.2. CU: Sample being vitrified.

5. Cryo-fluorescence light microscopy

5.1. To begin the procedure for cryo-fluorescence light microscopy, connect a dry nitrogen gas line to a sleeve placed over the objective lens to keep the lens warm and free of frost.

Shots:
5.1.1. Talent connecting a dry nitrogen gas line to a sleeve placed over the objective lens 

5.2. Mount a homebuilt cryo-fluorescence sample stage onto an inverted fluorescence light microscope. Connect the liquid nitrogen inlet of the cryo-sample stage to the self-pressurized dewar and place the liquid nitrogen overflow protection outlet into an appropriate container.

Shots:
5.2.1. MED:Talent mounting homebuilt cryo-fluorescence sample stage onto an inverted fluorescence light microscope

5.2.2. MED: Talent connecting liquid nitrogen inlet of the cryo-sample stage to the self-pressurized dewar and then placing the liquid nitrogen overflow protection outlet into an appropriate container.

5.2.3. WID shot of 5.2.2.

5.3. Place the frozen-hydrated sample grid into the EM specimen cartridge on the copper block and place a pre-cooled C-clip ring on top to keep the grid in place.

Shots:
5.3.1. CU: frozen-hydrated sample grid being placed into the EM specimen cartridge on the copper block.0
5.3.2. CU: pre-cooled C-clip ring being placed on top of the grid (Videographer: please include footage of the cartridge with the copper ring correctly in place.) (Comment: So small, can not see it. HR figure available in paper) (C-clip ring was used instead)

5.4. Place the cartridge in the inner chamber of the cryo-stage.

Shots:
5.4.1. CU: Footage of the empty inner chamber of the cryo-stage and then the cartridge being placed into the inner chamber.

5.5. Search and find the same virus particles from the live-cell imaging data. Since the EM grid has an index, it is straightforward to localize the same particle on the grid in both live-cell images and cryo-florescence images.

Shots:
5.5.1. MED: Talent at the microscope, looking for the virus particles.
5.5.2. LAB MEDIA: cryo_FLM_HIV_Step5.5.pptx 

5.6. Acquire cryo-DIC and fluorescence images at the identified positions under cryo-condition using a light microscope with a long working objective lens (TEXT: 2.7 mm-4 mm objective lens).

Shots:
5.6.1. MED/over the shoulder: talent acquiring images.

5.7. During the cryo-fluorescence imaging, periodically check the liquid nitrogen level in the cryo-stage and refill it with a self-pressurized dewar, as needed, to keep the sample stage below -170 C.

Shots:
5.7.1. MED: Talent refilling the liquid nitrogen in the cryo-stage with a self-pressurized dewar.


6. Cryo-electron tomography

6.1. For cryo-electron tomography, load the sample grid into the cryo-transfer station of an electron microscope equipped with a field emission gun.

Shots:
6.1.1. MED: Talent loading sample grid into the cryo-transfer station of an electron microscope.
6.1.2. CU: Match action above: sample being loaded into cryo-transfer station.

6.2. Under low-dose-search mode at a magnification of 140x, identify the regions or grid squares where cryo-fluorescence images have been acquired. Record a low magnification cryoEM image of the correlated area (show Figure 2c&d) and save the position into a stage file.

Shots:
6.2.1. MED: Talent at the microscope searching for regions/grid squares.
6.2.2. LAB MEDIA: Figure2c&d.tiff
6.2.3. MED/over the shoulder: Talent saving the position into a stage file.

6.3. Under low-dose-search mode at a magnification of 3,500x, insert a 100 μm objective aperture, search, and save all the positions correlated with GFP signals into a second stage file.

Shots:
6.3.1. MED: Talent selecting 3,500x magnification, inserting 100 μm objective aperture, and searching.
6.3.2. MED/over the shoulder: Talent saving the positions into a second stage file. 

6.4. Set up the tomography parameters for acquiring a tilt-series, including tilting angle range, electron dose, defocus value, and tilting schemes. [TEXT: tilt range = -70 to 70; tilt intervals = 3 (<30) and 2 (>30); dose = 1-2 e-/Å2; defocus = 8µm]

Shots:
6.4.1. MED/over the shoulders: talent setting up the tomography parameters for acquiring a tilt-series.

6.5. Acquire tilt-series for all the saved positions.

Shots:
6.5.1. MED: Talent acquiring tilt-series.

7. Three-dimensional reconstruction using IMOD

Video editor: author has submitted screen capture file ‘JOVE_correlative_microscopy_Step 7_screen.mp4’

7.1. To begin this procedure, configure the main window such that several stages of the tomogram computation can be adjusted or followed simultaneously.

Shots:
7.1.1. MED: Talent at the computer.
7.1.2. SCREEN: Main window being configured.

7.2. Modify the necessary parameters and execute the specific programs that are required by each processing step (TEXT: eTomo tutorial available at http://bio3d.colorado.edu/imod/doc/etomoTutorial.html)

Shots:
7.2.1. SCREEN: Parameters being modified.
7.2.2. SCREEN: Specific programs being executed.

7.3. At the final stage, create a full aligned stack with a mean residual error less than 0.6, and reconstruct tomograms using a weighted back-projection algorithm in IMOD.

Shots:
7.3.1. SCREEN: A full aligned stack being created.
7.3.2. SCREEN: Tomograms being reconstructed.



8. Results: observing dynamic behavior of small HIV-1 particles interacting with host HeLa cells

8.1. To characterize the dynamic behavior of virus particles, HeLa cells infected with HIV-1 were imaged by high-speed confocal live-cell microscopy and the particle movements were analyzed by automated 3D particle tracking (Figure 1). In this representative figure, a single green-fluorescent viral particle, indicated by the yellow arrowhead, was tracked in 3D confocal stacks with a 3-minute time interval between frames.

Shots:
8.1.1. LAB MEDIA: Figure1.tiff

8.2. To avoid the time lapse of several minutes that can occur between collection of the last confocal live-cell image and plunge-freezing, a cryo-fluorescence light microscopy stage (Figure 3) was designed and constructed for imaging frozen-hydrated samples, within cryoEM cartridges, on light microscopes.

Shots:
8.2.1. LAB MEDIA: Figure3.tiff

8.3. Panel a shows a self-pressurized dewar, filled with liquid nitrogen that is used to cool down the copper cryo-sample stage (Video editor: use the white arrow to indicate the cryo-sample stage).

Shots:
8.3.1. LAB MEDIA: Figure3.tiff

8.4. Panel b shows the top, inside view of the cryo-sample stage, with the inner chamber indicated by the white arrowhead. The sample grid is placed onto the EM specimen cartridge, which sits in the center of a copper block platform, indicated by the black arrow. This platform was added for use with non-Polara electron microscopes. Once loaded with the sample grid, the cartridge is transferred to the inner chamber for cryo-fluorescence light microscopy.

Shots:
8.4.1. LAB MEDIA: Figure3.tiff

8.5. Panels c and d show, respectively, the specimen cartridge before (c) and after (d) placing a copper ring (Video editor: use black arrowhead to indicate the copper ring) to keep the grid in place for use with a non-Polara cryo-electron microscope.

Shots:
8.5.1. LAB MEDIA: Figure3.tiff

8.6. The utility of the procedure for advanced correlative live-cell microscopy and cryo-electron tomography is demonstrated with direct visualization of fluorescently labeled HIV-1 particles interacting with a host HeLa cell (Figure 4). A DIC image recorded with a cryo-light microscopy stage, shown in panel a, is overlaid with a cryo-fluorescence image of GFP-tagged particles, shown in panel b. The tagged particles are colored red.

Shots:
8.6.1. LAB MEDIA: Figure4a&b.tiff

8.7. Panels c, d and e are low dose cryoEM images of the region containing a fluorescent particle circled in panels b and c at 140x (c), 3,500x (d) and 27,500x (e), respectively. The inset in panel e is an enlarged view recorded after acquisition of the tomographic tilt series.

Shots:
8.7.1. LAB MEDIA: Figure4cd&e.tiff

8.8. Panels f, g and h show three 4-nm-thick tomographic slices separated by a distance of 21 nm in the z direction. Connections between the particle and HeLa cell membrane are indicated by arrows in both the projection image in the inset in panel e, and tomographic slices in panels f and g.

Shots:
8.8.1. LAB MEDIA: Figure4fg&h.tiff


9. Conclusion (said by authors on camera)

9.1. Sangmi Jun: We have presented a straightforward set of protocols to provide an advanced correlative approach to analyze dynamic virus-cell interactions using time-lapse confocal live-cell fluorescence imaging followed by cryo-electron tomography.
9.2. Gongpu Zhao: While attempting this procedure, it’s important to remember that precise and reliable correlation between the fluorescence image and the electron microscopy image is critical to successful acquisition of cryo-electron tomography data. The procedure described will be useful for numerous applications involving dynamic cellular processes in cell biology, such as cell signaling, surface receptor internalization.

       

Provided Media

1A. Graphics_illustration.pptx
2.1. Figure2a.tiff
3.3. Figure2b.tiff
4.2. Figure2e&f.tiff
5.5. cryo_FLM_HIV_Step5.5.pptx
6.2. Figure2c&d.tiff
8.1. Figure1.tiff
8.2-8.5. Figure3.tiff
8.6. Figure4a&b.tif
8.7. Figure4cd&e.tif
8.8. Figure4fg&h.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.
 2011, Journal of Visualized Experiments

