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Author Questionnaire:
1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? Y
Can you record movies/images using your own microscope camera? N
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope.
Stereomicroscope connected to the Leica UC7 ultramicrotome.
2. Does your protocol include software usage? (Y/N) N

3. Which steps from the protocol section below are the most important for viewers to see? Please list 4-6 individual steps using the step numbers listed in this document. This information is important to prepare your Videographer for your shoot. (You do not need to include steps that will be screen captured. Please do not list entire sections.)
2.6, 3.3, 4.2, 5.5, 6.2, 6.3
4. What is the single most difficult aspect of this procedure and what do you do to ensure success? Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.)
1) Step 3.4 Maneuvering the sample cartridge after HPF. The sample and all tools must be kept under liquid nitrogen at all times. 
2) Step 5.5 Removing the membrane carrier from the sample pellet. This step is best accomplished slowly, by alternating the use of liquid nitrogen to separate the metal membrane carrier from the surrounding plastic, followed by careful scraping away of the resin around the metal. 
5. Will the filming need to take place in multiple locations? N
We will need to use two labs within one building, and the microscope is located in another building which is a 5-10 minute walk away.

Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

Authors, these headshots will be used for the JoVE Dedicated Author Webpage. Here is one example if you wish to take a look.

1. REQUIRED Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.

1.1. Seema Mattoo: This method combines the ability to stain for membrane proteins while preserving membrane integrity and subcellular architecture - and is therefore very powerful for accurately localizing membrane associated proteins [1].
1.1.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.

1.2. Elaine Mihelc: The main advantage of this technique is that it combines the use of the robust, genetically clonable tag APEX2 with state-of-the-art electron microscopy where samples are prepared by cryofixation and freeze substitution, which provide excellent cellular preservation. Together these allow precise protein localization within well-preserved cells [1].
1.2.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.

OPTIONAL Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.

1.3. Robert V. Stahelin: This protocol can be applied to dissect mechanisms by which viral proteins (during the infection scheme) hijack host proteins in order to replicate. Specifically, viruses harbor small genomes with which they are able to multitask. This technology has been instrumental to clearly label the subcellular localization and distribution of viral proteins as the viral infection progresses [1]. 
1.3.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.

1.4. Seema Mattoo: The technique proved critical for a recent collaborative study of a bacterial toxin that causes Golgi breakdown. Using cryoAPEX, we were successful in showing colocalization of the toxin with fragmented golgi pieces at high resolution - something that was difficult to discern using standard immunofluorescence techniques [1].
1.4.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.


Introduction of Demonstrator: (Said by you on camera)

1.5. Seema Mattoo: Demonstrating the procedure will be Elaine Mihelc, a graduate student, and Stephanie Angel, a Research Associate from our laboratories [1] [2].
1.5.1. Interview style: Author saying the above 
1.5.2. The named technician, post doc, student looks up from workbench or desk or microscope and acknowledges the camera.




Section - Protocol
2. [bookmark: _Hlk22125396]Transfection, Chemical Fixation and Peroxidase Reaction
2.1. After seeding HEK-293T (pronounce as H-E-K-2-9-3-T) cells in a dish, transfect the cells with APEX2 (pronounce as apex-2)-tagged mammalian expression plasmids using transfection reagent according to the manufacturer’s directions [1].
2.1.1. Talent adds agent into the dish with cells.
2.2. At 12-15 hours post-transfection, wash the cells once with PBS [1]. Then, wash off the cells with PBS from the dish into a 15-milliliter conical tube [2]. Centrifuge at 500 times g for 5 minutes [3].
2.2.1. Talent adds buffer into the dish, inverts and places into a centrifuge.
2.2.2. Talent washes the cells off the dish into a tube.
2.2.3. Talent places the tube in a centrifuge. Videographer: Take multiples shots, as this will be used later. NOTE: With this step, the videographer also took shots of removal of the tube from the centrifuge, which can be used in 2.4.3.
2.3. Carefully remove the supernatant and resuspend the pellet in 2 milliliters of 2% glutaraldehyde in 0.1 molar sodium cacodylate buffer at pH 7.4 at room temperature [3-TXT]. Place the sample on ice to incubate for 30 minutes [4].
2.3.1. CU: Talent removes the supernatant, and adds solution to resuspend the pellet. TEXT: CAUTION: Both glutaraldehyde and sodium cacodylate buffer are toxic. Videographer: Take multiples shots, as this will be used later.
2.3.2. Talent places the tube on ice.
2.4. Then, pellet the sample at 500 times g for 5 minutes at 4 degrees Celsius [1]. Wash the pellet three times for 5 minutes each with 2 milliliters of 0.1 molar sodium cacodylate buffer by centrifuging at 4 degrees Celsius [2]. After centrifugation [3] remove the supernatant [4-TXT].
2.4.1. Use 2.2.2.  NOTE: Incorrect step number. Please use 2.2.3 (placing the tube into the centrifuge)
2.4.2. Talent adds solution from the ice into the tube.
2.4.3. Talent takes the tube out of the centrifugation, NOTE: This step was shot after 2.2.3. and potentially was not labeled. This step was split into two, and 2.4.4. was added
2.4.4. NOTE: This is the 2nd part of step 2.4.3: Talent removes supernatant. TEXT: Wash 3x
2.5. To carry out the peroxidase reaction, wash the pellet by resuspending in 3 milliliters of DAB (pronounce as D-A-B) solution [1-TXT] followed by pelleting at 500 times g for 5 minutes [2].
2.5.1. Talent adds solution into the dish to resuspend. TEXT: CAUTION: DAB (3,3’-diaminobenzidine tetrahydrochloride) is toxic and a potential carcinogen.
2.5.2. Use 2.2.2. NOTE: Incorrect step number. Please use 2.2.3 (placing the tube into the centrifuge)
2.6. Then, resuspend the pellet in 3 milliliters of DAB solution with 5.88 millimolar hydrogen peroxide. Incubate for 30 minutes at room temperature [1]. The pellet becomes visibly brown-colored indicating the presence of the insoluble DAB reaction product [3].
2.6.1. Talent adds solution to resuspend the pellet and places the tube on a rack. 
2.6.2. Talent places the tube on a rack. NOTE: This step was combined with 2.6.1
2.6.3. CU: Talent shows the brown pellet. Important Step
2.7. After washing again with sodium cacodylate buffer and DMEM according to the manuscript, resuspend the cell pellet in 500 microliters of a cryo-protectant solution of DMEM containing 10% fetal bovine serum and 15% bovine serum albumin [1]. Transfer the cell suspension to a 0.5 milliliter microcentrifuge tube [2].
2.7.1. Talent adds solution into the tube to resuspend the pellet.
2.7.2. Added step: Transfer the suspension to a microcentrifuge tube
2.8. Pellet again, slightly increasing the centrifuge speed from 500 times g [1]. Discard the majority of the supernatant, ensuring that enough liquid is left so that the pellet will not dry out [2].
2.8.1. Talent places the tube into a centrifuge.
2.8.2. CU: Talent removes supernatant.
3. High Pressure Freezing
3.1. Wick away any remaining liquid from the cell pellet using the corner of a laboratory wipe or paper towel. Let enough liquid remain that the pellet forms a paste similar in consistency to toothpaste [1]. 
3.1.1. CU: Talent uses a wipe to remove the liquid from the pellet.
3.2. Aspirate 2-3 microliters of the cell pellet [1] and deposit it onto a membrane carrier. Fill the well of the membrane carrier completely, so that the surface tension creates a slight dome on top [2]. 
3.2.1. CU: Talent draws up part of the cell pellet.
3.2.2. CU: Talent deposits the pellet onto a carrier.
3.3. Slide the membrane carrier into the cartridge and secure [1]. Place the cartridge into the HPF (pronounce as H-P-F) machine that has been prepped and primed, and press Start to freeze [2].
3.3.1. Talent fixes the carrier into a cartridge. Important Step
3.3.2. Talent places the cartridge into a machine. Important Step
3.4. Keeping the cartridges immersed in liquid nitrogen, remove the membrane carrier from its cartridge, place into a plastic capsule [1], and place the plastic capsule into a cryo-vial full of liquid nitrogen [2].
3.4.1. Talent places the membrane carrier into a plastic capsule.
3.4.2. Talent places the plastic capsule into a vial of liquid nitrogen.
4. Freeze Substitution
4.1. In a chemical hood, prepare 1 milliliter per sample of a solution of 0.2% weight by volume tannic acid and 5% DI water in acetone in a cryo-vial [1] [2]. Place them into liquid nitrogen to freeze [3].
4.1.1. Talent prepares a solution in a cryo-vial.
4.1.2. Talent adds the solution into vials.  NOTE: Removed this step because only enough solution for 1 sample was prepared. The 1 ml of solution was prepared directly in the vial, labeled “Mix 1”
4.1.3. Talent places the vials into liquid nitrogen.
4.2. Place the freeze substitution mix 1 vials and the cryo-vials containing the frozen cell pellets into the freeze substitution unit’s sample chamber [1]. Transfer the inner capsule containing the membrane carrier from the liquid nitrogen vial into the corresponding vial containing freeze substitution Mix 1 [2].
4.2.1. Talent places the two kinds of vials into a sample chamber.
4.2.2. Talent transfers the capsule into vials. Important Step
4.3. Start a freeze substitution protocol at -90 degrees Celsius [1]. After 24 hours, pause the freeze substitution, and wash the samples three times for 5 minutes with acetone that has been cooled to -90 degrees Celsius [2].
4.3.1. Talent starts the unit, with screen showing -90 degrees Celsius. NOTE: The first take of this shot shows the incorrect settings on the screen. Please use the correct shot, which was recorded after step 4.5.3.
4.3.2. Talent adds agent to wash.
4.4. Next, in a chemical hood, prepare 1 milliliter per sample of a solution of 1% osmium tetroxide, 2% uranyl acetate, and 5% DI water in acetone in a cryo-vial [1] [2] and place them in liquid nitrogen to freeze [3].
4.4.1. Talent prepares a solution in a chemical hood.
4.4.2. Talent adds the solution into cryo-vials.
4.4.3. Talent places the cryo-vials into liquid nitrogen.
4.5. Place the cryo-vials with the freeze substitution mix 2 into the freeze substitution unit [1] and transfer the capsules from the third acetone wash into the freeze substitution mix 2 vials [2]. Incubate them in freeze substitution mix 2 for 72 hours at -90 degrees Celsius, followed by gradual warming to 0 degree Celsius over 12-18 hours [3].
4.5.1. Talent places the cryo-vials into the freeze substitute unit.
4.5.2. Talent transfers the capsules into the vials.
4.5.3. Talent adjusts the unit temperature and time settings. NOTE: As noted, the shot of 4.3.1 taken after this step contains the correct settings for 4.3.1.
4.6. Keep the temperature at 0 degree Celsius and add pre-cooled acetone into the vials to wash three times for 10 minutes each [1].
4.6.1. [bookmark: _GoBack]Talent adds agent into the vials to wash.
5. Resin Infiltration and Embedding
5.1. Prepare a resin mixture of choice in a plastic beaker according to the manufacturer’s directions [1-TXT], and add 2%, 4%, and 8% of resin into the vials to immerse the capsules. Incubate for 2 hours each at 0 degree Celsius [2-TXT].
5.1.1. Talent prepares resin in a beaker. TEXT: CAUTION: The resin is toxic prior to polymerization.
5.1.1B Added shot: Preparing full resin ( components ABCD). NOTE: This shot should be added after 5.2.2
5.1.2. Talent adds resin into vials. TEXT: Durcupan ACM resin - Components A (epoxy resin), B (964 hardener), C (964 accelerator) and D (dibutyl phthalate). NOTE: Only A, B and D components are used at this time
5.1.3. Added optional shot: Removing 2% and adding next percentage of resin into vial (4%)
5.2. Then, incubate in 15%, 30%, 60%, 90%, and 100% resin components of A, B, and D only for 4 hours each at room temperature [1]. After the 20 hours, prepare a mixture of resin components A, B, C, and D [1B-TXT] and incubate for 4 hours [2].
5.2.1. Talent places the capsules in resin
5.1.1B Added shot: preparation of full resin (components ABCD). TEXT: Durcupan ACM resin - Components A, B, and D, plus C (964 accelerator).
5.2.2. Talent places the capsules in resin. NOTE: This shot was filmed with 5.2.1 and not labeled separately as 5.2.2. The relevant part for 5.2.2 is at the very end, moving the gold membrane carrier from 100% resin (ABD) to “100 +C” resin (ABCD)
5.3. Place the membrane carriers with cell pellet side up into flat embedding molds [1] and fill with resin mixture A, B, C, and D [2]. Place them in an oven to polymerize at 60 degrees Celsius for 24-36 hours [3].
5.3.1. CU: Talent places the carriers into molds.
5.3.2. Talent fills the molds with resin.
5.3.3. Talent places the molds into an oven.
5.4. After polymerization, remove the blocks from the mold and place the sample in the vertical chuck of the ultramicrotome where it can be visualized with magnification [1]. 
5.4.1. Talent separates the blocks from the mold, and places them under the ultramicrotome
5.4.2. Talent places the sample under an ultramicrotome. NOTE: Filmed together with 5.4.1
5.5. Separate the membrane carrier from the block by a combination of dabbing liquid nitrogen on the membrane carrier to separate the metal from the plastic [1], and using a razor blade to chip away the resin around the membrane carrier [2].
5.5.1. CU: Talent dabs liquid nitrogen on the membrane carrier.
5.5.2. CU: Talent uses a blade to remove resin. NOTE: The videographer did not label this shot as 5.5.2. It was filmed directly after 5.5.1
5.6. When separated, gently lift away the membrane carrier leaving the cell pellet dome on the face of the block [1]. Place the block with the exposed cell pellet facing upward in a flat embedding mold that is slightly deeper than the first mold, and fill with resin components, A, B, C, and D [2]. Polymerize at 60 degrees Celsius for 24–36 hours [3].
5.6.1. ECU: Talent removes the membrane carrier. Important Step
5.6.2. CU: Talent places the block into a mold, and adds resin. 
5.6.3. Talent laces the sample into an oven.
6. Sectioning and TEM Imaging
6.1. Trim the block around the cell pellet using a razor blade [1]. Then place the block in the sample chuck on the sectioning arm of an ultramicrotome [2]. Using a glass or diamond knife, trim the block into a trapezoidal shape closely surrounding the cell pellet [3]. 
6.1.1. CU: Talent trims the block.
6.1.2. Talent places the block in the holder on the ultramicrotome.
6.1.3. CU: Talent trims the block.
6.2. Obtain 90-nanometer ultrathin sections of the cell pellet using a glass or diamond knife [1]. Pick up a ribbon of sections on a TEM grid [2]. Dry the grid by blotting the edge on a piece of filter paper [3], and store it in a TEM grid storage box [4].
6.2.1. SCOPE: Talent obtains sections of the pellet. NOTE: Not recorded by the videographer. We uploaded this file under the name: 
“6-2-1_Sectioning.mp4”Important Step
6.2.2. SCOPE: Talent picks up a ribbon of sections. NOTE: Not recorded by the videographer. We uploaded this file under the name: “6-2-2_Ribbon.mp4”  Important Step
6.2.3. Talent uses filter paper to dry the grid. 
6.2.4. Talent places the grid in a box.
6.3. Mount the grid on the TEM holder and place the holder into the microscope [1]. Use a Tecnai T12 (pronounce as Tek-nye-T-twelve) at 80 kilovolts for screening cryoAPEX samples. Acquire images of cells and subcellular structures of interest with APEX2 labeling [2].
6.3.1. Talent mounts the grid onto a holder, and places the holder into the microscope. Important Step
6.3.2. Talent operates on the computer to change the settings, and acquire images.






Section – Results
7. Results: TEM Images
7.1. In this study, preparation of the sample by traditional APEX methods resulted in clear labeling of OSER (pronounce as organized smooth endoplasmic reticulum) structures [1].
7.1.1. LAB MEDIA: Figure 2A–D
7.2. At high magnification, the stacked membranes appeared ruffled and non-uniform gaps were present between concentric membrane densities, indicating poor membrane preservation and lipid extraction [1].
7.2.1. LAB MEDIA: Figure 2A–D – Video editor: Emphasize Figure 2D.
7.3. The sample prepared by cryoAPEX also had clearly defined labeling of OSER structures [1]; however, the membranes were smooth and parallel, and little to no lipid extraction was seen [2]. 
7.3.1. LAB MEDIA: Figure 2E–H
7.3.2. LAB MEDIA: Figure 2A–H – Video editor: Emphasize Figure 2H.
7.4. TEM analysis of 90-nanometer thin sections revealed that HYPE (pronounce as huntingtin yeast interacting protein E) was present throughout the peripheral ER (pronounce as endoplasmic reticulum) [1] as well as the nuclear envelope [2].
7.4.1. LAB MEDIA: Figure 3A, and 3B
7.4.2. LAB MEDIA: Figure 3A
7.5. Additionally, the HYPE density was resolved into regularly spaced foci along the lumenal ER membrane [1]. HYPE distribution and foci were also visible in a sample prepared with traditional fixation and dehydration [2]; however, extensive membrane disruption and extraction were present, making the sample suboptimal [3]. 
7.5.1. LAB MEDIA: Figure 3C – Video editor: Emphasize the arrows.
7.5.2. LAB MEDIA: Figure 3D
7.5.3. LAB MEDIA: Figure 3E
7.6. APEX2 labeling was performed using three cellular markers, of which mito-V5-APEX2 (pronounce as mito-V-5-apex-2) provided specific staining of mitochondria only [1], and CAAX-APEX2 (pronounce as C-A-A-X-apex-2) produced distinct staining of the plasma membrane only. No labeling was observed in intracellular organelles [2]. Staining for the Golgi lumen was also assessed using a α-ManII-APEX2 marker, as described in our original Sengupta et al. manuscript, the plasmid for which will be deposited with Addgene for general use (Figure 4B).
7.6.1. LAB MEDIA: Figure 4A
7.6.2. LAB MEDIA: Figure 4C 



Section - Conclusion
8. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.
8.1. Elaine Mihelc: Following this procedure, three-dimensional methods such as electron tomography or focused ion beam scanning electron microscopy may be performed in order to investigate the 3D distribution of proteins of interest [1].
8.1.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.
8.2. Stephanie Angel: Many of the chemicals used in this protocol are toxic. Before use, safety datasheets should be consulted to ensure that chemicals are handled using proper personal protective equipment and disposed of according to institutional guidelines [1].
8.2.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.
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