[image: ]FINAL SCRIPT: APPROVED FOR FILMING


Submission ID #:  63856
Scriptwriter Name: Debopriya Sadhukhan
Project Page Link: https://www.jove.com/account/file-uploader?src=19476128 


Title:   Advancing High-Resolution Imaging of Virus Assemblies in Liquid and Ice

Authors and Affiliations: 
Liza-Anastasia DiCecco1,2*, Samantha Berry1*, G. M. Jonaid1,3*, Maria J. Solares1,4, Liam Kaylor1,4, Jennifer L. Gray5, Carol Bator6, William J. Dearnaley1, Michael Spilman7, Madeline J. Dressel-Dukes8, Kathryn Grandfield2, Sarah M. McDonald Esstman9, Deborah F. Kelly1,5,6

1Department of Biomedical Engineering, Pennsylvania State University
2Department of Materials Science and Engineering, McMaster University
3Bioinformatics and Genomics Graduate Program, Huck Institutes of the Life Sciences, Pennsylvania State University
4Molecular, Cellular, and Integrative Biosciences Graduate Program, Huck Institutes of the Life Sciences, Pennsylvania State University
5Materials Research Institute, Pennsylvania State University
6Huck Institutes of the Life Sciences, Pennsylvania State University
7Applications team, Direct Electron
8Application Scientist, Protochips, Inc.
9Department of Biology, Wake Forest University


*These authors contributed equally to the work.


Corresponding Authors: 
[bookmark: _Hlk25233958]
Deborah F. Kelly			(Debkelly@psu.edu)

Email Addresses for All Authors: 

Liza-Anastasia DiCecco		(diceccol@mcmaster.ca)
Samantha Berry			(smb6509@psu.edu)
G. M. Jonaid				(gxj64@psu.edu)
Maria J. Solares			(msolares@psu.edu)
Liam Kaylor				(ltk5073@psu.edu)
Jennifer L. Gray			(jlg375@psu.edu)
Carol Bator				(czb221@psu.edu)
William J. Dearnaley			(william.dearnaley@psu.edu)
Michael Spilman			(mspilman@directelectron.com)
Madeline J. Dressel-Dukes		(madeline@protochips.com)
Kathryn Grandfield			(kgrandfield@mcmaster.ca)
Sarah M. McDonald Esstman		(mcdonasm@wfu.edu)
Deborah F. Kelly			(Debkelly@psu.edu)



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? yes  
Can you record movies/images using your own microscope camera?
yes  
We have a scope camera and a computer that attached to a stereoscope.
Authors: Please record the SCOPE shots using your microscope camera and upload them to your project page: https://www.jove.com/account/file-uploader?src=19476128

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

3. Filming location: Will the filming need to take place in multiple locations?   Two buildings on the same campus
How far apart are the locations? About 200 meters




Current Protocol Length

Number of Steps:  21
Number of Shots:  37 

Introduction
1. Introductory Interview Statements

Videographer: Obtain headshots for all authors. 

REQUIRED: 
1.1. Liza-Anastasia DiCecco: Interest in liquid-EM has skyrocketed in recent years as we can now observe real-time processes at the nanoscale. Improved knowledge of flexible structures can assist in the design of novel reagents to combat emerging pathogens, such as SARS-CoV-2.

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. B-roll: 5.5.1.mp4


1.2. Samantha Berry: Viewing biological materials in a fluid environment provides a unique glimpse of their performance in the human body. Here, we present new methods to investigate the minute properties of protein assemblies in liquid and in vitreous ice.

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. B-roll: LAB MEDIA: Figure 4 and Figure 5.

OPTIONAL: 
1.3. Maria J. Solares: Recent results include dynamic insights of vaccine candidates and antibody-based therapies imaged in liquid. Correlative liquid and cryo-EM applications advance our ability to visualize molecular dynamics, providing a unique context for human health and disease.

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. B-roll: LAB MEDIA: Figure 3.


1.4. G. M. Jonaid Liam Kaylor: Readers employing conventional TEM or cryo-EM technologies may consider using liquid-EM workflows to provide new, dynamic observations of their samples in a manner that complements their current strategies.

1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. B-roll: 5.1.1.


1.5. Madeline J. Dressel-Dukes: Commercially available systems provide flow and heating components essential for certain real-time imaging applications. Methods presented here describe an independent way to first view specimens in liquid before making the leap to using more complex instruments.

1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. B-roll: LAB MEDIA: Figure 3A.


Introduction of Demonstrator on Camera

1.6. Maria J. Solares: Jennifer Gray, a Research Assistant Professor in the Materials Research Institute at Penn State University, will help to demonstrate the procedure.
1.6.1. INTERVIEW: Maria Solares saying the above. 
1.6.2. The named demonstrator(s) looks up from workbench or desk or microscope and acknowledges the camera.

Authors: We have removed the names of Liza DiCecco and Samantha Berry from 1.6 as they will be introduced with a text overlay while delivering the interview statement. So, introducing them again is not required. 

1.7. 

Protocol
2. Loading the Specimen Holder for Liquid-EM
Videographer: Section 2 will be demonstrated by Madeline Dukes from Protochips Inc.
2.1. To begin, clean the silicon nitride microchips by incubating each chip in 150 milliliters of acetone for 2 minutes [1], followed by incubation in 150 milliliters of methanol for 2 minutes [2]. Allow chips to dry in a laminar airflow [3]. Videographer: This step is important!
2.1.1. Talent dipping the silicon nitride microchips in acetone.
2.1.2. Talent dipping the silicon nitride microchips in methanol.
2.1.3. Talent drying the microchips in a laminar airflow.
2.2. Plasma clean the dried chips using a glow-discharge instrument operating under standard conditions for 45 seconds using Argon gas [1-TXT]. Next, load a dry base microchip into the tip of the specimen holder [2] and add around 0.2 microliters of the sample to the base chip [3-TXT]. Videographer: This step is important!
2.2.1. Talent plasma cleaning the dried chips using a glow-discharge instrument. TXT: 30 W, 15 mA
2.2.2. Talent loading a dry base microchip into the tip of the specimen holder.
2.2.3. Talent adding sample to the base chip. TXT: Sample: 0.2–1 mg/mL virus assemblies in 50 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 10 mM CaCl2
2.3. After incubating for one to two minutes, place the top chip on the wet base chip containing the sample [1]. Clamp the assembly together [2] to form a hermetically sealed enclosure, held in place mechanically by three brass screws [3]. Videographer: This step is important!
2.3.1. SCOPE: Talent placing the top chip on the wet base chip containing the sample.
2.3.2. SCOPE: Talent clamping the assembly together.
2.3.3. SCOPE: A shot of the hermetically sealed enclosure.
Authors: Please record the SCOPE shots using your microscope camera and upload them to your project page: https://www.jove.com/account/file-uploader?src=19476128 
2.4. Pump the tip to 10-6 (ten to the power minus six) Torr using a turbo-pumped dry pumping station. The holder is now ready to be inserted into the TEM (pronounce as “T-E-M”) [1]. Videographer: This step is important!
2.4.1. Talent pumping the tip using a turbo-pumped dry pumping station.
3. Production of Microchip Sandwich Assemblies Videographer: Section 3 will be demonstrated by Liza DiCecco from McMaster University
3.1. Plasma clean the microchips and carbon grids using a glow discharge instrument for 45 seconds [1-TXT] and add around 2 microliters of sample to a glow-discharged microchip placed on a gel pack [2]. Remove the excess solution using filter paper or a pipette and incubate for one to two minutes [3]. Video Editor: This step is important!
3.1.1. SCOPE: Talent plasma cleaning the microchips and carbon grids using a glow discharge instrument. TXT: 30 W, 15 mA, Argon gas.  Same procedure as 2.2
3.1.2. SCOPE: Talent adding sample to a glow-discharged microchip placed on a gel pack.
3.1.3. SCOPE: Talent removing the excess solution using filter paper or a pipette.
3.2. Then, add the glow-discharged carbon grid to the wet microchip containing the sample [1]. Clamp the assembly together using a single-tilt specimen holder at room temperature to form a hermetically sealed enclosure [2]. Video Editor: This step is important!
3.2.1. SCOPE: Talent adding the glow-discharged carbon grid to the wet microchip containing the sample.
3.2.2. SCOPE: Talent clamping the assembly together using a single-tilt specimen holder.
3.3. Alternatively, use autoloader grid clips and place the sandwich assembly on the bottom C-clip [1]. Place the top clip on top of the assembly [2] and use the standard clamping tool to seal the assembly together. The specimen is now ready to be inserted into the TEM. Examine samples placed in autoloaders under cryo conditions or at room temperature [3]. Videographer: This step is important!
3.3.1. Talent placing the sandwich assembly on the bottom C-clip.
3.3.2. Talent placing the top clip on top of the assembly.
3.3.3. Talent sealing the assembly with a clamping tool.
3.3.4. Talent demonstrating flash freezing an assembly directly into liquid nitrogen.

4. Imaging Specimens Using a Transmission Electron Microscope  Videographer: Section 4 will be demonstrated by Jennifer Gray
4.1. For Liquid-EM (E-M) imaging, load the specimen holder into the TEM (T-E-M) equipped with a field-emission gun and operate at 200 kilovolts [1].
4.1.1. Talent loading the specimen holder into the TEM.
4.2. Turn on the gun [1] and adjust the eucentric height of the microscope stage with respect to the specimen by using the wobbler function, tilting the sample from minus 15 degrees to plus 15 degrees in the column. This procedure adjusts the stage in the Z-direction to accommodate the sample thickness and helps to ensure an accurate magnification during image recording [2].
4.2.1. Talent turning on the gun.
4.2.2. Talent adjusting the eucentric height of the microscope stage with respect to the specimen.
4.3. Record images as long-framed movies or individual images using the serial data collection software package, implementing automated imaging routines [2].
4.3.1. WIDE: Talent recording images as long-framed movies with the monitor clearly visible in the frame.
4.3.2. Talent recording individual images implementing automated imaging routines.
4.4. Acquire images under low-dose conditions at magnifications ranging from 28,000x (twenty-eight-thousand-X) to 92,000x and 40 frames per second [1]. 
4.4.1. Talent acquiring images under low-dose conditions. Videographer: Please film the screen.
4.5. Adjust exposure times to minimize beam damage to the specimen and use a defocus range of minus 1 to 4 micrometers at the specified magnification. If a thick solution is encountered, use higher defocus values or select a different region of interest [1].
4.5.1. Exposure time and a defocus range at the specified magnification being adjusted. Videographer: Please film the screen.
4.6. Ensure the solution is present in the samples throughout the imaging session by focusing the electron beam on a sacrificial area not used for data collection [1] until bubbles are formed [2].
4.6.1. The electron beam being focused on a sacrificial area not used for data collection. Videographer: Please film the screen.
4.6.2. Bubbles are formed. Videographer: Please film the screen.
4.7. For cryo-EM imaging, load the clipped EM grids or microchip sandwiches into the TEM equipped with a field-emission gun and operate at 300 kilovolts [1]. Turn on the gun and adjust the eucentric height of the microscope stage, using the similar procedure described for liquid-EM imaging [2]. Videographer: This step will be demonstrated by Jennifer Gray
4.7.1. Talent loading the clipped EM grids or microchip sandwiches into the TEM.
4.7.2. Talent turning on the gun.
4.8. Record individual images using the single particle analysis system integrated within the microscope system while implementing automated imaging routines. Then, record images under low-dose conditions using the single particle analysis direct electron detector having a pixel spacing of 14 micrometers at a magnification of 59,000x and 40 frames per second [1].
4.8.1. Individual images being recorded using the single particle analysis system while implementing automated imaging routines. Videographer: Please film the screen.
4.9. Use a defocus range of 1 to 4 micrometers at the specified magnification. If thick layers of vitreous ice are encountered, use higher defocus values, or select a different region for data collection [1].
4.9.1. A defocus range of 1 to 4 micrometers being selected at the specified magnification. Videographer: Please film the screen.

5. Analysis of SARS-CoV-2 Sub-Viral Assemblies in Liquid Videographer: Section 5 will be demonstrated by Samantha Berry
5.1. Analyze movies for SARS-CoV-2 (Sars-Co-V-two) particles using the RELION 3.0.8 (Relion-three-point-zero-point-eight) program or any other image processing software. Perform motion correction using MotionCor2 (Motion-Cor-two) program [1].
5.1.1. SCREEN: Motion correction being performed using MotionCor2 v1.2.3 program and LAB MEDIA: 5.1.1._motion-correction.jpeg 	Comment by Debopriya Sadhukhan: Authors: If possible, please open the software and instruct the videographer to film the screen while you are operating the software.	Comment by Kelly, Deb: We did not do this step…it requires a secure shell login to our main server and we cannot show these credentials or login steps for security purposes.
Videographer: Please film the screen for this shot.
Video Editor: Please use the fimed footage and the LAB MEDIA in combination.
5.2. Once corrected, extract particles using the auto-picking tool in the program software package. Typical box sizes are 330 pixels for liquid specimens and 350 pixels for ice specimens [1].
5.2.1. LAB MEDIA: 5.2.1._autopicking tool.jpeg.
5.3. Calculate initial reconstructions using C1 (C-one) symmetry with the program’s 3D initial model routine [1] and the ab-initio (A-B-initio) model options in the data processing software package. Use a regularization parameter of T = 4 (t equals 4) and a pixel size of 1.01 Angstrom for liquid specimens and 1.13 Angstrom for ice specimens [2].
5.3.1. LAB MEDIA: 5.3.1a_initial_reconstruction.jpeg.
5.3.2. LAB MEDIA: 5.3.1b_ab-initio-model.jpeg.
5.4. Then, perform refinement protocols in the data processing software. [1].
5.4.1. LAB MEDIA: 5.4.1-EM_map.tiff
5.5. Examine the results using a molecular structure analysis software package while assessing dynamic changes [1] 
5.5.1. [bookmark: Text2]SCREEN: 5.5.1.mp4.     

Results
6. Results: Representative structures of AAV, SARS-CoV-2 Sub-Viral Assemblies and Rotavirus DLPs Prepared in Liquid and Vitreous Ice Using the Microchip Sandwich Technique

6.1. A comparison of liquid-EM and cryo-EM structures of an adeno-associated virus subtype 3 or AAV (A-A-V) is shown here [1]. The representative images show the structure of AAV [2] in the solution [3] and in ice [4]. 
6.1.1. LAB MEDIA: Figure 3.
6.1.2. LAB MEDIA: Figure 3. 
6.1.3. LAB MEDIA: Figure 3. Video Editor: Emphasize A.
6.1.4. LAB MEDIA: Figure 3. Video Editor: Emphasize B.
6.2. The rotational views of the AAV VP1 subunit extracted from the liquid and ice structures are shown here [1]. 
6.2.1. LAB MEDIA: Figure 3D.
6.3. These images represent the dynamic values in the liquid structures generated using the morph map function in the molecular structure analysis software [1]. The averaged structures from multiple virus assemblies show conformational changes with an almost 5% diameter change, measured using EM data [2].
6.3.1. LAB MEDIA: Figure 3E.
6.3.2. LAB MEDIA: Figure 3E.
6.4. An image of SARS-CoV-2 (Sars-Co-V-two) sub-viral assemblies isolated from serum fractions from COVID-19 patients is shown here [1]. These white bubbles indicate the presence of liquid in the sample [2].
6.4.1. LAB MEDIA: Figure 4A.
6.4.2. LAB MEDIA: Figure 4A. Video Editor: Emphasize the two white bubbles in the top-right corner.
6.5. An EM reconstruction of the sub-viral assemblies is shown here with colored radial densities at 5 nanometers slices through the map [1].
6.5.1. LAB MEDIA: Figure 4C.
6.6. The representative image describes the analysis of rotavirus double-layered particles prepared in liquid using the microchip sandwich technique [1].
6.6.1. LAB MEDIA: Figure 5.

Conclusion
7. [bookmark: _Hlk27388131]Conclusion Interview Statements

7.1. Liam Kaylor: The use of detergents, glycerol, polyethylene glycols, and high levels of sugars should be minimized or avoided for liquid-EM imaging. These reagents may introduce artifacts or create excessive bubbling, hydrolysis products, and free radicals due to beam damage.

7.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. B-roll: 4.1.1.

7.2. Samantha Berry: The use of these protocols should permit scientists and engineers to better study dynamic processes at atomic detail across a large variety of samples encompassing life sciences, medicine, and materials research.

7.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. B-roll: LAB MEDIA: Figure 3E.

7.3. Liza-Anastasia DiCecco: The protocols presented here describe how state-of-the-art tools can provide an exciting means to visualize biological macromolecules through new eyes.The liquid-EM field may serve to elevate research on novel viruses that pose a threat to human health, perhaps even contributing to pandemic preparedness measures.

7.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. B-roll: 5.3.2.



 2022, Journal of Visualized Experiments		September 28, 2022           Page 9 of 9
image1.png




