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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) ___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)__No____ 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps___Section 2 (2.2-2.7)_______

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  ____2.6______________________
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 determine the structure and organisation of mitochondrial proteins in situ. (Intro)
This is accomplished by first generating a frozen-hydrated electron microscope grid containing the sample. (P1, Editor, begin with P1 here.  Start with the yellow mitochondria, then shrink it into a small dot and place in the center, blue half oval with the three red dots, then transition to the flatter version on the right, then place it into the container of blue liquid as shown.)
Next, a dose-limited tilt series of the sample is recorded in an electron cryo-microscope. (P2, Editor, bring in the panels in P2 one at a time as shown.)
Then the tilt series is processed to generate a tomographic volume. (P3, Editor, remove the arrows and blue and red lines in P2 with the arrows and stack of squares in the center of P3.)
Finally, the protein densities are averaged to determine the structure of the proteins and the membranes are segmented to reveal their 3D structure. (P4, Editor, begin with the bottom left panel in P4 then place the red rectangles into the same panel (see ‘Narrative procedure P4.pptx’) and bring in the X shaped structure for ‘protein densities are averaged’ and the blue blob at the top left for ‘the membranes are segmented’.)
By repositioning the averages of proteins back into the tomograms, the structure and organisation of proteins in the membrane is revealed. (P5, Editor, shrink the blue blob and x structure back into the bottom left square and then slowly fade in the blue and yellow structure at the top right over the gray square and fade out the gray square to leave only the blue and yellow blob.)
[image: image1.jpg]



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

1.1. Author name Prof Werner Kühlbrandt: We do electron cryo-tomography of mitochondria because we want to understand how they work at the molecular level. The main advantage of this technique over existing methods, like super-resolution light microscopy or electron microscopy of thin plastic sections, is that molecular details of the protein structure as well as its location in the membrane are preserved.   
1.2. Author name Dr. Bertram Daum: The technique of electron cryo-tomography can take some time to master but experienced users can acquire 5-6 good quality tomograms per EM session.

1.3. Author name Deryck Mills: The most difficult part of the procedure is to generate frozen-hydrated electron microscope grids with optimal ice thickness
Protocol (read by voice talent at JoVE):

2.  Preparation of Mitochondria for Electron Cryo-tomography
2.1. After isolating and pelleting mitochondria according to the text protocol, use 250 mM trehalose in 10 mM HEPES buffer to resuspend the pellet to a concentration of approximately 5 mg/ml of total protein.
2.1.1. WIDE Talent at bench picks up tube of mitochondrial pellet to resuspend

2.1.2. MED/CU Talent adds trehalose in Hepes buffer to pellet and begins to resuspend by pipetting up and down - have labeled buffer container visible

2.2. Glow-discharge holey carbon EM grids, carbon side up, in a vacuum device according to manufacturer’s instructions.
2.2.1. CU  of holey carbon grids (also provided 2 still images for this shot)
2.2.2. WIDE/MED Talent places grids into glow discharger 
2.3. Liquefy a few milliliters of ethane by directing a stream of ethane gas onto the inner side of a liquid nitrogen cooled aluminum container.
2.3.1. MED Talent directs a stream of ethane gas into inner side of liquid nitrogen cooled container
2.4. Use a pair of tweezers to pick up a glow discharged EM grid and place them on the bench.
2.4.1. CU/ECU Talent places a grid in tweezers, secures it and places on bench
2.5. Mix protein A-conjugated gold fiducial suspension 1:1 with the mitochondrial suspension and, immediately apply 3 µl of the solution to the grid. 
2.5.1. CU Talent adds A-conjugated gold fiducial suspension to equal volume of mitochondrial suspension

2.5.2. CU/ECU Talent adds 3 ul of the solution to the grid 

2.6. Next, place the tweezers in a vitrification device, such as a home-made guillotine.  With a wedge of filter paper, blot off the excess liquid from the grid and release the trigger to immediately plunge the grid into liquid ethane.
2.6.1. CU Talent places tweezers into home-made guillotine
2.6.2. CU/ECU Talent blots off excess liquid
2.6.3. CU Talent releases trigger and grid plunges into ethane
2.7. Then, to transfer the grid from liquid ethane into liquid nitrogen, remove the excess ethane from the grid by placing the tip of a fresh filter paper wedge into the liquid ethane.  As the liquid rises, gently drag the grid up the filter paper, keeping it below the liquid front and then immediately transfer it into liquid nitrogen.
2.7.1. CU Talent places wedge of filter paper into liquid ethane
2.7.2. ECU Ethane rising up on filter paper and talent gently drags grid up filter paper 
2.7.3. [added] CU Talent transfers grid to liquid nitrogen
2.8. To store for later use, place the grid in a grid box and store in a liquid nitrogen filled dewar.
2.8.1. CU Talent transfers grid to liquid nitrogen

2.8.2. CU Talent places grid into grid box

2.8.3. MED/CU Talent stores grid box in under liquid nitrogen dewar.
3. Recording Tomographic Tilt Series

3.1. To record a tomographic tilt series, begin by ensuring that the liquid nitrogen dewars are full and check that the temperature of the specimen stage and grid transfer device are below 100 Kelvin.
3.1.1. MED Talent tops up liquid nitrogen dewars 

3.1.2. MED/CU Talent checks temperature gauges

3.2. Confirm the electron microscope is well aligned by acquiring an image of a test grid (TEXT: holey carbon film with graphite and gold islands) and checking the quality of the Thon rings. Thon rings should be round and extend to the edge of the image. 

3.2.1. MED/CU Talent takes an image of a test grid (CU of clicking Acquire button, then move to screen capture video)
3.2.2. MED/CU Talent generates Fourier transform of test image

3.2.3. MED/CU Talent checks the number and roundness of the Thon rings, videographer, have talent point the Thon rings (number and roundness), Editor, point out the number and roundness of Thon rings. Replaced by screen capture video.
3.3. Next, insert a grid with frozen hydrated mitochondria.

3.3.1. CU Talent inserts grid
3.4. Then, in search mode, search for areas of appropriate ice thickness and specimen quality.  Take a six second search image of promising areas to determine suitability for data collection.

3.4.1. SCREEN/CU Talent clicks button to enter search mode

3.4.2. SCREEN/CU Talent searches for areas of appropriate thickness and specimen quality

3.4.3. MED/CU Talent takes 6 second search image

3.4.4. LAB MEDIA Six second search image

3.5. After locating a good specimen area, tilt the stage +/-60° to determine the maximum tilt range that is available, without obstruction of the exposure or focus area by grid bars or ice crystals.
3.5.1. MED/CU Talent tilts the stage to determine maximum range available (please mark position of focus and exposure area, and also grid bar when it comes in (see uploaded image and 3.10 footage for actually positions) – also if possible, please can you add a tilt angle value which changes during tilting.
3.5.2. SCREEN/CU Image tilting without obstruction of focus area
3.6. On a nearby ice-filled hole of similar appearance, change to exposure mode and adjust the beam intensity or image acquisition time so each recorded image has an electron dose of 30-50e-/pixel for CCDs or 6-8 e-/pixel/s for CMOS detectors. 
3.6.1. SCREEN/CU Talent changes to exposure mode on nearby area
3.6.2. CU Talent adjusts beam intensity or image acquisition time
3.7. Calculate the dose distribution ratio, or I0/I60, by dividing the average electron count for a 1s image acquired at 0° by that of a 60° image.
3.7.1. LAB MEDIA,  0° and 60° image + calculation of average dose for both images
3.7.1. TEXT ON WHITE BACKGROUND I0/I60 = average electron count for 1s image at 0°/ average electron count for 1s image at 60° 
3.8. Over an empty hole, acquire a 1s image in exposure mode and note the electron count per Å2.
3.8.1. SCREEN/CU Over open hole, talent acquires image, Videographer, have talent point out electron count and get enough footage for editor to point it out afterwards, Editor, point out electron count with VO
3.9.  Taking into account the dose distribution ratio, calculate the total number of images and tilt interval that can be recorded for a specific total electron dose.
3.9.1 LAB MEDIA Talent uses computer program to calculate total number of images and tilt interval for specific electron dose
3.9.1. TEXT ON WHITE BACKGROUND:  e.g. < 40 e-/Å2 for structure determination & ~160 e-/Å2 for morphology
3.10. Using appropriate automatic data collection software, set up and record a tomogram with the parameters just determined.  Typical tomograms for these samples start at +/- 20° and go through 0° before reaching high tilts.
3.10.1. LAB MEDIA Talent sets up tomogram with determined parameters
4. Creation and Segmentation of Tomographic Volumes
4.1. To create and segment tomograms, convert the tilt series to a file format appropriate for the reconstruction software. (TEXT: mrc stacks required for reconstruction with IMOD).
4.1.1. LAB MEDIA Talent converts tilt series to file format for reconstruction software
4.2. Using the IMOD tutorial (TEXT: http://bio3d.colorado.edu/imod/doc/etomoTutorial.html), align the images and generate a tomogram.
4.2.1. LAB MEDIA Talent in IMOD aligns the images 
4.2.2. LAB MEDIA Talent in IMOD generates a tomogram
4.3. Using the non-linear anisotropic diffusion filter distributed with IMOD, enhance the contrast of the tomogram. 

4.3.1. LAB MEDIA Talent opens a contrast enhanced tomogram from the NAD GUI
4.4. For visualization, use commercially available programs to manually segment the tomogram.  Assign voxels corresponding to the inner and outer membrane to separate layers and generate a surface. 
4.4.1. LAB MEDIA Talent opens software and assigns voxels to inner and outer membrane to separate layers and generate a surface 
4.5. Using the clicker option in the EM package plugin for AMIRA, mark the location of ATP synthase particles. 
4.5.1. LAB MEDIA Talent uses clicker option in EM package plugin AMIRA to mark the location of ATP synthase particles
5. Subtomogram averaging of ATP synthase dimers and fitting of X-ray structures

5.1. To calculate a subtomogram average of ATP synthase dimers, in 3dmod, open a contrast-enhanced tomogram with clearly visible ATP synthase densities. 

5.1.1. LAB MEDIA Talent opens a contrast enhanced tomogram in 3dMOD

5.2. Identify the position of ATP synthase dimers in the volume. ATP synthases are 10 nm particles located ~5 nm above the membrane surface. The distance between particles in a yeast ATP synthase dimer is ~28 nm from center to center, above a sharp bend in the membrane. 
5.2.1. LAB MEDIA Talent locates ATP synthase dimmers
5.2.2. LAB MEDIA Figure 4 Editor, zoom in slowly on the structure on the right with the second sentence to focus on the yellow dots  
5.3. Once a dimer has been identified, mark its location with a set of 4 points, two of them marking the centers of the two 10nm particles, the other two marking the position of the membrane.  
5.3.1. LAB MEDIA Talent marks a dimer with a set of 4 points, first two marking the centers of the two 10 nm particles and the second two marking the position of the membrane 
5.4. Next, calculate the coordinates that describe the central position between the two marked 10 nm particles and extract a subvolume around this point. 
5.4.1. LAB MEDIA Talent calculates coordinates that describe central position

LAB MEDIA Talent extracts subvolume around central position between two marked particles
5.5. Using simple trigonometry, determine the z, y, and x rotations required to bring all the 3-point sets to the same orientation. Rotate the subvolumes by these angles and average them to generate an initial reference.
5.5.1. LAB MEDIA Talent determines z, y, and x rotations required to bring all the three point sets to same orientation
5.5.2. LAB MEDIA Talent rotates subvolumes by these angles
5.5.3. LAB MEDIA Talent averages them to generate an initial reference
5.6. Convert the rotation angles and centroid file into a format required by the subtomogram averaging program and optimize the alignment of the subvolumes against the reference average just calculated.
5.6.1. LAB MEDIA Talent converts rotation angles and centroid file into file format required by averaging program
5.6.2. LAB MEDIA Talent optimizes the alignment of subvolumes against reference average
5.7. Using the marked particles as input, calculate a subtomogram average with an appropriate software package for example PEET. (TEXT: www.youtube.com/BL3DEMC)
5.7.1.  LAB MEDIA Talent calculates a subtomogram average

5.8. For a resolution estimate, calculate the Fourier shell correlation between two independently determined subtomogram averages.
5.8.1. LAB MEDIA Talent uses Fourier shell correlation to compare two independently determined subtomogram averages Image of Fourier shell correlation 

5.9. If available, use the rigid body fitting command in Chimera to fit known X-ray structures into the subtomogram average.

5.9.1. LAB MEDIA Talent uses rigid body fitting command to fit known X-ray structures into subtomogram average
6. Results: Analysis of Mitochondrial Electron Cryo-tomograms 
6.1. As seen in this figure, manual segmentation of the membranes in a mitochondrial electron cryo-tomogram reveals the structure of the cristae in a mitochondrion.
6.1.1. LAB MEDIA Figure 2, Editor, point out the cristae with the VO using the figures uploaded without the arrows
6.2. By imaging mitochondria from yeast knockout strains that lack certain proteins, the effect of these proteins on cristae morphology can by assessed.  Shown here is a mitochondrion from a yeast strain lacking ATP synthase subunit e, which is required for the formation of ATP synthase dimers. Unlike the normal lamellar cristae of wild-type mitochondria, these organelles instead contain a number of inner membrane structures that are either devoid of cristae or contain small balloon-shaped membrane invaginations.
6.2.1. LAB MEDIA Figure 3, Editor, point out the cristae with the VO ‘contain small balloon-shaped membrane invaginations’. Figures without arrows uploaded
6.3. In tomograms with good contrast, ATP synthase dimers are easily visible.  Subtomogram averaging allows the structures of proteins to be determined at resolutions of 4nm or better.  

6.3.1. LAB MEDIA Movie 1, Editor, bring this movie in with the first sentence
6.3.2. LAB MEDIA Movie 2, Editor, bring this movie in next to Movie 1 with the second sentence – both movies may need to be sped up
6.4. As seen in this example, average volumes may be placed back into the tomogram in order to assess the organization of individual complexes relative to each other and to other protein complexes in the membrane more precisely.
6.4.1. LAB MEDIA  Movie 3
7. Conclusion (said by authors on camera)
7.1. Author name Dr. Karen Davies: Our protocol demonstrates how electron cryo-tomography is used to determine the structure and organisation of large complexes in the mitochondrial inner membrane. In principle, the same procedure can be used to analyze the structure and organisation of similar-sized protein complexes in any cell membrane.

7.2. Author name Dr. Tobias Brandt: Sample preparation is the key skill for acquiring good tomograms. The frozen-hydrated grid must contain perfectly translucent vitreous ice of 70-150nm thickness. Normally, we screen 5-6 grids before we find an area of optimal ice thickness and specimen quality.   
7.3. Author name dr. Vicki Gold: For collecting cryo-tomograms, a 300kV transmission electron microscope with dedicated cryo stage, an energy filter and a camera with a direct electron detector is best, but a 200kV instrument with side-entry cryo-stage and CCD camera can also be used.

7.4. Author name Prof. Werner Kühlbrandt: After watching this video, you should have a good understanding of how to prepare a frozen-hydrated grid, collect a tilt series, reconstruct a tomogram and calculated a sub-tomogram average. These are the basic skills required to investigate how the organisation of proteins in cells affect that cell’s ability to perform biological functions such as efficient ATP production.

7.5. Author name Deryck Mills: Don't forget that working with liquid nitrogen and liquid ethane can be hazardous and safety glasses and cryo-protection gloves should be worn when handling liquid gas or any tools and objects cooled with liquid nitrogen.   

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, 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.
1A:       Procedural overview - 51228_WKuehlbrandt_Schematic_Overview.pptx
3.2.2 LAB MEDIA-51228_Kuehlbrandt_thon ring quality.avi

3.4.4 LAB MEDIA-51228_Kuehlbrandt_6s_search_image.psd

3.5.2a_LAB MEDIA-51228_Kuehlbrandt_0tilt.psd

3.5.2a_LAB MEDIA-51228_Kuehlbrandt_60tilt.psd

3.5.2a_LAB MEDIA-51228_Kuehlbrandt_minus60tilt.psd
3.7.1 LAB MEDIA-51228_Kuehlbrandt_calculate_ratio.avi

3.9.1 LAB MEDIA-51228_Kuehlbrandt_dose_calculator.mov

4.1.1 LAB MEDIA-51228_Kuehlbrandt_raw_image.mov

4.2.1 LAB MEDIA-51228_Kuehlbrandt_alignstack.mov

4.2.2 LAB MEDIA-51228_Kuehlbrandt_create_tomogram.mov

4.3.1 LAB MEDIA-51228_Kuehlbrandt_nad_align1.mov

4.4.1 LAB MEDIA-51228_Kuehlbrandt_assign_volxels_segment.mov

4.5.1 LAB MEDIA-51228_Kuehlbrandt_click_atpsynthase.mov

4.6.1 LAB MEDIA-51228_Kuehlbrandt_subtomogram_average.mov

4.7.1a-51228_Kuehlbrandt_FSC4.mov

4.7.1b-51228_Kuehlbrandt_FSC4.psd

4.8 Lab Media 51228_WKuehlbrandt_xrayfitting.mov
6.1.1    LAB MEDIA Figure 2 - 51228_WKuehlbrandt_figure2.psd  Wildtype mitochondrion, yeast
6.2.1    LAB MEDIA Figure 3 - 51228_WKuehlbrandt_figure3.psd  ∆e mutant mitochondrion, yeast
6.3.1   LAB MEDIA Figure 4 - 51228_WKuehlbrandt_figure3.psd Wildtype mitochondrion, Podospora anserina
6.3.1    LAB MEDIA Movie 1 - 51228_WKuehlbrandt_movie1.mp4  Wildtype mitochondrion, Podospora anserina
6.3.2    LAB MEDIA Figure 5, - 51228_WKuehlbrandt_figure5.psd ATP synthase dimer, yeast

6.3.2    LAB MEDIA Movie 2, - 51228_WKuehlbrandt_movie2.psd  ATP synthase dimer, yeast

6.4       LAB MEDIA Figure 6, -  51228_WKuehlbrandt_figure5.psd Isolated crista, Podospora anserina
6.4       LAB MEDIA Movie 3 - 51228_WKuehlbrandt_movie3.mp4  Isolated crista, Podospora anserina
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


