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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? No. 
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? Yes. 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 using the step numbers listed in this document. 2.1, 2.2, 2.4, 4.1 and 4.2
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list the steps using the step numbers listed in this document. 2.4, use of refrigerated LC system to minimize back exchange during mass spectrometry analysis in ssHDX-MS.
E.  Will the filming need to take place in multiple locations? No. 



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 monitor the structure of a protein at high resolution using amide hydrogen/deuterium exchange and side-chain photolytic labeling, coupled with mass spectrometry. (Intro) 

This is accomplished by first lyophilizing the protein in the presence of different excipients. (P1: Start with one vial in center, with text of “Lyophilization” above it. “Excipients” appears next to vial, simultaneously have tiny green triangles [or other colored shape] appear in the white section in the tube, at mention of “in the presence…”) 

In solid-state hydrogen/deuterium exchange, the lyophilized protein is exposed to deuterium oxide vapor in a sealed desiccator under controlled relative humidity and temperature. (P2: Begin with one vial with the white powder plus excipients from P1, then have a similar vial without the cap but with the excipients [probably use a vial from P2 for this], and then slide across the vial across to make it into three vials. Vials shrink and move into the grey desiccator from P2. Desiccator should be large enough in frame for text of “Saturated salt in D2O” to be clear in the blue solution at the bottom of the dessicator. With the words “deuterium oxide vapor,” have shapes representing gas/vapor [like tiny orange or red circles] appear in desiccator over vial heads and then move into the white area in the vials.) 

For photolytic labeling, the protein is lyophilized with excipients and a photoreactive agent. The vial is then irradiated with UV light to covalently attach the agent to the protein. (P3: Begin with vial from P1 and add both the excipients from P1 and a photoreactive agent [use the red pLeu shapes from LAB MEDIA 52503_Topp_Figure1B_112414.pptx]. At the second sentence, slide vial across into three vials but without caps, shrink them and move them into the grey crosslinker as in P3. Text “UV Crosslinker” should appear above the crosslinker. Add lightening bolts, like DAM #945, to indicate UV irradiation.)

For each method, the samples are reconstituted and analyzed using a mass spectrometer at both intact protein and peptide level resolution. (P4: Begin with three vials, have their volume increase and animate a pipette [like DAM #2538] taking a small sample into an empty LCMS vial [like one of the tubes leading up to the graphs in DAM #2380]. With the word “intact”, appear P4 graph with axis labels, no caption underneath.)

These two methods provide complementary information. Formulations in which protein structure is highly retained show decreased deuterium uptake and increased photolytic labeling, whereas those with perturbed structure show increased deuterium uptake and decreased photolytic labeling. (P5: Change title of graphs from “ssHDX-MS” to “Hydrogen/Deuterium Exchange” and from ssPL-MS” to “Photolytic Labeling.” With the words “protein structure highly retained,” highlight all solid data points in green. Fade back to black after mention of “increased photolytic labeling” [in same sentence]. With words “perturbed protein structure,” highlight all hollow data points in blue.)

(52503_Topp_Schematic Overview_112414.pptx)
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B.  Interview: (Said by you on camera. Don’t forget to smile!)  

1.1. Balakrishnan S. Moorthy: Chemical labeling such as hydrogen/deuterium exchange and photo-cross-linking coupled with mass spectrometric analysis has been recently adopted to study protein structure and interactions in lyophilized powders.
1.2. Lavanya K. Iyer: The main advantage of these techniques over existing methods, like CD and FTIR spectroscopy, is that the protein structure and environment can be probed with high resolution in the solid-state. 


Protocol (read by voice talent at JoVE):

2. Solid-state Hydrogen Deuterium Exchange Mass Spectrometry for Intact Protein 

2.1. To begin, place 200 ml of deuterium oxide in the lower compartment of a desiccator and add 400 g of potassium carbonate to make a saturated solution. 

2.1.1. MED/WIDE: Talent takes D2O from desiccator. 
2.1.2. MED/CU: Talent adds potassium carbonate to make the solution.

2.2. Place the porcelain desiccator plate inside and seal the desiccator air-tight. Allow it to equilibrate at 5 ºC to reach a stable relative humidity, close to 43%. 

2.2.1. CU: Talent places the vial in the desiccator and seals it tightly. (TEXT: 5 ºC, 43% humidity)
2.2.2. CU: If possible, focus on humidity reading. Take 2 best

2.3. Next, place the uncapped vials containing lyophilized protein in the upper compartment of the desiccator. Seal the desiccator and incubate at 5 ºC to initiate the hydrogen/deuterium exchange reaction.

2.3.1. MED/CU: Talent places vials in upper compartment of desiccator (multiple usable takes, shot will be repeated later).
2.3.2. MED: Talent seals desiccator.

2.4. To collect a sample, cap the vial immediately after removing it from the desiccator, and then quench the reaction by flash freezing the vial in liquid nitrogen. Store the vial at -80 ºC until mass spectrometric analysis.

2.4.1. MED: Talent removes vial from desiccator, caps vial.
2.4.2. CU: Shot from above of Talent freezing a sample in a dewer containing liquid nitrogen. 
2.4.3. MED/WIDE: Talent places samples in freezer.

2.5. Use high resolution mass spectrometry to analyze the samples. To minimize back exchange, house the liquid chromatographic system inside a refrigerated box.

2.5.1. WIDE: Talent walks into room with instrument, walks over the LC-MS system.
2.5.2. MED: Shot of talent turning on refrigerated column system. 

2.6. To set up the instrument, first connect the sample loop… and the protein trap to the valve that controls the desalting and the elution processes. 

2.6.1. MED: Talent connects sample loop and protein trap.

2.7. Next, calibrate the system by injecting the low concentration tuning mix into the mass spectrometer and setting the mass to charge ratio range of 200 to 3200. Then cool the refrigerated system to a stable operating temperature of about 0 ºC.

2.7.1. ECU/CU: Shot of LC needle taking up sample for injection (multiple usable takes, will reuse shots later).
2.7.2. MED – Over the shoulder/MED: Talent at keyboard setting the m/z range, not necessary for computer screen to be in view (multiple usable takes, will reuse shots later). (TEXT: 200-3200 m/z) 

2.8. Prepare the quenching buffer containing 0.2% formic acid and 5% methanol in water, and chill it on ice. After transferring the samples to liquid nitrogen, carefully remove a vial…, and reconstitute the sample by the addition of 2 ml of quenching buffer.

2.8.1. MED: Talent mixes buffer and places it on ice.
2.8.2. MED: Talent removes sample from liquid nitrogen.
2.8.3. CU: Talent uncaps the vial and pipettes buffer into vial.

2.9. [bookmark: _Hlk403565988]Next, load an appropriate HPLC and mass spectrometry method to analyze the sample. Here, desalt 20 picomoles of myoglobin in the protein trap for 1.7 min with 5% acetonitrile and 0.1% formic acid. Then elute the protein over a 3.3 min gradient increasing to 80% acetonitrile and 0.1% formic acid.

2.9.1. Use 2.7.2.
2.9.2. SCREEN: Talent opens the appropriate file and points to the relevant desalting steps as described in the VO. Then the talent points out the gradient values for elution. (Video Editor: If the values mentioned in the VO are not clearly pointed out, please add the following TEXT: Desalting: 1.7 min, 5% ACN, 0.1% FA; Elution: 3.3 min gradient up to 80% ACN, 0.1% FA. Have the desalting text come with the first sentence and then fade out. Then have the elution text come in with the second sentence.)

2.10. Inject the sample…, and collect the mass spectra over a 200 to 3200 mass to charge ratio range. To determine the mass of the intact protein as a reference, use the same method with an undeuterated protein sample. 

2.10.1. ECU/CU: Shot of LC needle taking up sample for injection (multiple usable takes, will reuse shots later). 
2.10.2. SCREEN: Show representative data collection in this m/z range. (TEXT: 200-3200 m/z) 
2.10.3. MED/CU: Talent places sample in the rack prior to injection.

2.11. Obtain the protein mass by deconvoluting the raw spectra using data analysis software. For myoglobin sample analysis, set the mass range from 15 to 18 kilodaltons…, the mass resolution to 1 dalton…, and the peak height to 90%.

2.11.1. SCREEN: Talent opens a file, and sets the range, resolution, and peak height. 

3. Solid-state Hydrogen Deuterium Exchange Mass Spectrometry for Proteins at the Peptide Level 

3.1. For peptide analysis, prepare the samples using the same protocol as for intact proteins. When samples are ready to be analyzed, connect an immobilized pepsin column and an analytical column to the valve, and replace the protein trap with a peptide trap.

3.1.1. MED: Use shot 2.3.1.
3.1.2. CU: Talent connects immobilized pepsin column and analytical column.
3.1.3. CU: Talent replaces protein trap.

3.2. Calibrate the system for peptides as performed for intact proteins, but by setting the mass to charge ratio range of 100 to 1700. Then cool the refrigerated system to a stable operating temperature of about 0 ºC.

3.2.1. ECU: Use shot 2.7.1.
3.2.2. MED: Use shot 2.7.2. (Text: 100-1700 m/z)

3.3. Once the system is calibrated, program the appropriate HPLC and mass spectrometry method. Here, digest 20 picomoles of myoglobin on the pepsin column with 0.1% formic acid in water. 

3.3.1. SCREEN: Talent opens the appropriate file and points to the relevant digest step as described in the VO. (Video Editor: If the values mentioned in the VO are not clearly pointed out, please add the following TEXT: Digest: 0.1% FA. Have the text come in with the second sentence.) 

3.4. Program the method to trap and desalt the peptides in the peptide trap for 1.7 minutes with 10% acetonitrile and 0.1% formic acid; and to elute the peptides in 4 minutes with a gradient increasing to 60% acetonitrile and 0.1% formic acid.

3.4.1. SCREEN: The talent points out the gradient values for desalting and then elution. (Video Editor: If the values mentioned in the VO are not clearly pointed out, please add the following TEXT: Desalting: 1.7 min, 10% ACN, 0.1% FA; Elution: 4 min gradient up to 60% ACN, 0.1% FA. Have the desalting text come with the first sentence and then fade out. Then have the elution text come in with the second sentence.)

3.5. Next, inject the sample and collect the mass spectra over a mass to charge ratio range of 100 to 1700.

3.5.1. Use 2.10.1. 
3.5.2. SCREEN: Shot of sample chromatograph collecting data points. (Text: 100-1700 m/z)

3.6. Analyze an undeuterated peptide sample with tandem mass spectrometry to identify the peptic fragments. Then cross-check the experimentally determined fragment ions with software-generated predicted masses. 

3.6.1. Use 2.10.3.
3.6.2. SCREEN: Talent opens the relevant programs and checks the masses.

3.7. Next, set the mass cut-off to 10 parts per million to eliminate masses with high error. For peptides with matches, note the peptide sequence, charge state, and the retention time. 

3.7.1. SCREEN: Within software, Talent changes cut off to 10 ppm, then shows an example of one peptide with a match, pointing out the peptide sequence, charge state, and retention time.

3.8. Use the compiled peptide data to calculate the average number of deuterons incorporated per peptic fragment using the data analysis software.

3.8.1. SCREEN: Talent opens the program and begins to calculate average number of deuterons.

4. Solid-state Photolytic Labeling for Intact Protein

4.1. First, lyophilize the protein with the excipient and photo-leucine as indicated in the text protocol. After preparing the samples, switch on a UV crosslinker containing 365 nanometer UV lamps. Allow the lamps to warm for 5 minutes. 

4.1.1. WIDE: Talent opens lyophilizer, then carries samples to crosslinker.
4.1.2. ECU: Shot of UV lamp turning on, or talent pushing button on, or LED to indicate lamp is on, then show a timer with 5 min counting down. (TEXT: CAUTION: Never open the UV crosslinker when the lamps are on. Protect eyes and skin appropriately.)

4.2. Once the lamps have warmed, turn them off, and place the uncapped vials containing the formulation inside of the crosslinker chamber. Irradiate the samples with UV light for 40 minutes, and include samples without photo-leucine as a control.

4.2.1. MED/CU: Talent turns off lamps, places vials in chamber, closes door (multiple usable shots for later use).
4.2.2. CU: Talent sets UV irradiation for 40 minutes and starts crosslinker.

4.3. After irradiating, cap and store the vials at -20 ºC until mass spectrometric analysis. Prepare the samples for analysis by adding mass spectrometry grade distilled water to yield a final protein concentration of 2 micromolar.

4.3.1. MED: Talent turns off lamps, removes vials.
4.3.2. WIDE/MED: Talent removes a vial from the -20 freezer (multiple usable shots, will be repeated later).
4.3.3. ECU: Talent adds water to sample.

4.4. Next, analyze the samples using the same mass spectrometry method as for the intact, deuterated proteins, but do not use the refrigerated LC system. 

4.4.1. CU/MED: Talent loads sample into the system (multiple usable shots, will be repeated later).
4.4.2. MED: Talent at computer, LC/MS system within shot (multiple usable shots, will be repeated later). (TEXT: Do not use refrigerated LC system.)

4.5. Acquire mass spectrometry data for an unlabeled protein sample to determine the native mass of the protein. Perform the data analysis as for the deuterated samples.

4.5.1. Use 4.4.1.
4.5.2. SCREEN: Talent opens a file and begins data analysis.

5. Solid-state Photolytic Labeling for Proteins at the Peptide Level

5.1. For peptide level analysis, first perform solid state photolytic labeling with intact proteins and store them at -20 ºC.

5.1.1. Use 4.2.1.
5.1.2. Use 4.3.2.

5.2. Next, reconstitute the sample with 100 millimolar ammonium bicarbonate buffer to yield a final protein concentration of 10 micromolar. Mix the sample with trypsin in a 10 to 1 molar ratio of protein to trypsin, and incubate this mixture at 60 ºC for 16 hours.

5.2.1. [bookmark: _GoBack]MED-over the shoulder: Talent adds buffer, with bottle clearly labeled, to sample (TEXT: pH 8.0)
5.2.2. CU: Sample vial, talent adds trypsin
5.2.3. MED/WIDE: Talent incubates samples

5.3. In the meantime, connect the sample loop…, the peptide trap…, and the analytical column to the HPLC system valve. After digesting the protein, quench the reaction by adding 0.1% formic acid in water to yield a final protein concentration of 2 micromolar.

5.3.1. CU: System valve, talent connects sample loop, peptide trap, and analytical column.
5.3.2. MED-over the shoulder: Talent quenches the reaction. Use Take 2

5.4. Next, program the system with the HPLC and the mass spectrometry methods. Here, inject and desalt 20 picomoles of the digested myoglobin in the peptide trap for 1.5 minutes with 5% acetonitrile and 0.1% formic acid. 

5.4.1. Use 4.4.2. 
5.4.2. SCREEN: Talent opens the file and points out the desalting conditions. (TEXT: 1.5 min, 5% ACN, 0.1% FA)

5.5. Elute the peptides by increasing the gradient over 22 minutes to 55% acetonitrile, and collect the mass spectra over a range from 100 to 1700 mass to charge ratio.

5.5.1. SCREEN: Talent programs elution gradient. (TEXT: 22 min gradient up to 55% ACN, 0.1% FA)
5.5.2. SCREEN: Show sample collection with the UV and MS chromatographs. (TEXT: 100-1700 m/z) 

5.6. Use an online tool to calculate the theoretical mass of the peptide-photo-leucine adducts with the numbers of photo-leucine previously obtained from the intact protein analysis. Include at least 4 missed cleavages. Create a mass list in Excel for peptide-photo-leucine adducts.

5.6.1. MED-over the shoulder: Talent works at the computer.
5.6.2. SCREEN: Talent uses online predictive tool to calculate the theoretical mass, and includes the missed cleavages.

5.7. Next, match the theoretical mass list with experimentally observed masses by setting a cut-off point to identify masses with low error.  

5.7.1. SCREEN: Talent sets cut-off point in program.

6. Representative Results: Obtaining Backbone and Side-chain Exposure Information for Protein Formulations 

6.1. During hydrogen deuterium exchange, unfolding of the protein allows replacement of hydrogen with deuterium. Proteins that retain their structure are less prone to deuterium exchange.

6.1.1. LAB MEDIA: Figure 1A (52503_Topp_Figure1A_112414.pptx) (Video Editor: Remove the panel label. Start with the folded protein, and then bring in the unfolded protein at mention of “unfolding of the,” then bring in the unfolded, deuterated protein at “replacement of hydrogen.”) 

6.2. When solid-state hydrogen deuterium exchange mass spectrometry was performed on trehalose-containing and sorbitol-containing myoglobin formulations, the sorbitol-containing formulation showed 46% greater deuterium uptake, suggesting that the structure of myoglobin in sorbitol is more perturbed.

6.2.1. LAB MEDIA: Figure 3A (52503_Topp_Figure3B_112414.pptx)  (Video Editor: Start with graph and text of “Undeuterated” above the left-most, dotted line on the graph. Please label the solid line as “MbT” at mention of “trehalose-containing” and the dashed line as “MbS” at mention of “sorbitol-containing.” Then highlight the MbS curve at “the sorbitol-containing formulation…” and insert the red arrow between the two peaks and add text of “46%” at mention of “46% greater”.) 

6.3. During the photolytic process, photo-leucine cross-links to accessible amino acid side chains. 

6.3.1. LAB MEDIA: Figure 1B (52503_Topp_Figure1B_112414.pptx) (Video Editor: Start with the folded protein. Bring in the pLeu at “photo-leucine” and then bring in the UV and the folded, labeled protein at “cross-links to…”) 

6.4. Solid-state photolytic mass spectrometry analysis of the sorbitol- and trehalose-containing myoglobin formulations showed more photo-leucine uptake in the trehalose formulation than its counterpart. This suggests that the side chains remained accessible in the trehalose formulation.

6.4.1. LAB MEDIA: Figure 6A (52503_Topp_Figure6A_112414.pptx) (Video Editor: Leave text of “Unlabeled” above the first peaks. Indicate the “MbS” and “MbT” spectra at the first mention of “sorbitol” and “trehalose”, respectively. Then highlight the 1L, 2L, & 3L peaks on the MbT spectrum at mention of “more photo-leucine uptake…”, then highlight the small 1L peak on the MbS spectrum at “than its counterpart.”) 


7. Conclusion (said by authors on camera) 

7.1. Balakrishnan S. Moorthy: Both hydrogen/deuterium exchange and photolytic labeling use commercially available reagents and readily available MS instrumentation to characterize proteins in solid-state. For any given formulation, the total time required from sample preparation to complete data analysis is less than 2 weeks.
7.2. Lavanya K. Iyer: After watching this video, you should have a good understanding of how to obtain high-resolution information about protein structure and its importance in the design of stable, lyophilized protein formulations.

    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.

Schematic Overview – 52503_Topp_Schematic Overview_112414.pptx
6.1 – 52503_Topp_Figure1A_112414.pptx
6.2 – 52503_Topp_Figure3A_112414.pptx
6.3 – 52503_Topp_Figure1B_112414.pptx
6.4 – 52503_Topp_Figure6A_112414.pptx

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
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