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1. Introduction (Schematic Overview and Interview)

A. Schematic Overview (read by voice talent at JoVE):

Procedural Narrative:

Video editor: Schematic overview graphics are in ‘jove-videocover_v1.ai’

The overall goal of this procedure is to create an E. coli based cell free expression system, referred to as transcription-translation or “TX-TL.” (Intro)

This is accomplished by first making three initial components for TX-TL: crude cell extract, amino acid solution, and energy solution. (Video editor: show P1 from ‘jove-videocover_v1.ai’, but rearrange the three containers of reagents so they are in this order: crude cell extract, amino acid solution, energy solution) The amino acid solution and energy solution will be later combined to make the TX-TL buffer (Video editor: Show the amino acid solution tube and energy solution tube merging together to become the TX-TL buffer tube depicted in P3). 

The second step is to calibrate the crude cell extract to determine optimal magnesium (Mg), potassium (K), and DTT concentrations to produce TX-TL reactions with maximum levels of expression. (P2) (Video editor: show the crude cell extract graphic from P2 and then add the 3 graphs in this order: Mg calibration, K calibration and DTT calibration)

Next, the calibration results are used to make a three-tube TX-TL system made of buffer, (Video editor: show the amino acid solution, energy solution and Mg K DTT PEG-8000 coming together to make Tube 1) crude cell extract, (Video editor: show Tube 2) and DNA. (Video editor: show Tube 3 (P3).

The final step is to execute a TX-TL reaction using the reagents just made. (P4) (Video editor: show the tables in P4 followed by the graphics below of the TX-TL reaction in this order: tube of DNA, TX arrow, mRNA, TL arrow, protein)

Ultimately, TX-TL is used to demonstrate synthetic biology circuits as well as traditional cell-free expression applications. (P5) (Video editor: show the cartoon on the left with the light bulb followed by the graph) 


B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Zachary Sun: This method can help test circuits in the field of synthetic biology by providing an in vitro E.coli environment which emulates that in vivo.
1.2. Zachary Sun: The implications of this technique extend towards increasing the speed of synthetic biological design by removing the need to conduct all prototyping steps in vivo.
1.3. Zachary Sun: Assisting in the procedure will be Clare Hayes, a research assistant in our group. 
1.3.1. Interview style: Author saying the above.
1.3.2. The named technician, post doc, student looks up from workbench or desk or microscope and acknowledges the camera.


Protocol (read by voice talent at JoVE):

Video Editor: It’s possible that some of the shots were combined during the filming but not in this script. Here is a note from the author: “I didn't have the combinations of shots but I think those can be gleamed from title screen.”

2. Crude Cell Extract Preparation

a. Cell Lysis

2.1. In this protocol, the bacterial cells will be lysed using a bead-beater.  Keep all 50-ml Falcon tubes containing cell suspension on ice. For the purposes of this video, bead-beating will be demonstrated for only one tube.

Shots:
2.1.1. MED: Talent putting the 4 Falcon tubes on ice and then getting the beads ready.

2.2. [bookmark: _Ref341727738][bookmark: _Ref346807343]The beads must be added intermittently to the Falcon tube in three aliquots, each using 1/3 of the total beads. Add the first aliquot of beads to the tube, vortex for 30 seconds, and place on ice. In the same way, add the second aliquot of beads, vortex and place on ice.

Shots:
2.2.1. MED: Talent setting down 3 weighboats containing measured beads. 
2.2.2. CU: Talent adding first aliquot of beads to a Falcon tube.
2.2.3. MED: Multiple takes from different angles of Falcon tube being vortexed.  Shot will be repeated later.
2.2.4. MED: Multiple takes from different angles of Falcon tube being placed on ice.  Shot will be repeated later.
2.2.5. CU: Second aliquot of beads being added to the tube.
2.2.6. Use shot from 2.2.3.
2.2.7. Use shot from 2.2.4.

2.3. After adding the last aliquot and vortexing, ensure the beads are uniformly distributed. A thick paste should be formed after the third vortexing step. Place the tube on ice.

Shots:
2.3.1. CU: Third aliquot of beads being added, vortexing, and then beads are checked for uniform distribution.
2.3.2. CU/ECU: A shot of the contents of the tube after the 3rd vortex to show thick paste.
2.3.3. Use shot from 2.2.4.

2.4. [bookmark: _Ref341727796]Prepare a 5-ml volume pipet tip by using a sterile pair of scissors to cut off the end to create a 3-4 mm opening. Dial the pipet to 2 ml. 

Shots:
2.4.1. CU: End of a 5-ml pipet tip being cut with a sterile pair of scissors.
2.4.2. CU: Pipet being dialed to 2 ml.

2.5. Place 20 sterile bead-beating tubes on ice.

Shots:
2.5.1. MED: Talent placing 20 sterile bead-beating tubes on ice.

2.6. Use the modified pipet set to verify the high viscosity of the bead-cell solution. It should be viscous to the point of barely exiting the pipet tip during ejection. 

Shots:
2.6.1. CU: Pipet being used to pipet the bead-cell solution up.
2.6.2. CU/ECU: bead-cell solution being slowly ejected from the pipet tip – should be very viscous and barely exits the pipet tip. (Videographer: important shot!) (Video editor:  the footage here should look like Figure 3a)

2.7. [bookmark: _Ref341727682]Remove the bead-cell solution from the Falcon tube, and transfer into a bead-beating tube, filling it three-quarters full. Spin extremely briefly in a mini-centrifuge to remove air bubbles without redistributing the beads (TEXT: Spin for 1s).

Shots:
2.7.1. MED: Talent using modified pipet set to suck up the bead-cell solution from the Falcon tube and transferring to a bead-beating tube.
2.7.2. CU: Match action above: bead-cell solution being dispensed into a bead-beating tube, filling it three-quarters full.
2.7.3. MED: Talent putting the filled bead-beating tube into a mini-centrifuge and spinning for 1s.

2.8. [bookmark: _Ref341727775]Finish adding bead-cell solution to the tube to form a concave meniscus. 

Shots:
2.8.1. CU: More bead-cell solution being added to the tube.
2.8.2. ECU: A shot of the concave meniscus.

2.9. Next add a very small drop of bead-cell solution onto the inside of a bead-beating tube cap, being careful not to impede the outside lip of the cap; otherwise, the bead-beating tube will not close sufficiently. Tap the cap on a flat surface and verify that there are no air bubbles on the bottom of the cap.

Shots:
2.9.1. CU: A very small drop of bead-cell solution being added onto the inside of a bead-beating tube cap.
2.9.2. CU:  Cap being tapped on a flat surface.

2.10. [bookmark: _Ref341727668]Cap the bead-beating tube with the cap. If done correctly, the cap should be tightly sealed, no air bubbles should be visible, and little, if any, bead-cell solution should overflow.

Shots:
2.10.1. CU: Cap being placed on the bead-beating tube and screwed on.
2.10.2. ECU: A shot of the sealed tube showing no air bubbles and no bead-cell solution overflow.

2.11. From here on, two people are required to accomplish the bead-beating efficiently. Hand the filled tube to an assistant for bead-beating while the first demonstrator continues to fill more bead-beating tubes with the remaining bead-cell solution.

Shots:
2.11.1. WIDE: Show assistant joining the first demonstrator and the first demonstrator giving the filled tube to the assistant. (Videographer: if possible also include in this shot the 1st demonstrator filling more bead-beating tubes)

2.12. [bookmark: _Ref341728388]Take the filled bead-beating tube and place it on ice. Once two filled bead-beating tubes have been collected and have been on ice for at least a minute, begin bead-beating. 

Shots:
2.12.1. MED: Assistant putting the bead-beating tube on ice.
2.12.2. MED: Assistant receiving a second filled tube from demonstrator 1 and putting it on ice.

2.13. Beat one tube for 30 seconds at 46 rpm. Place upside down on ice for 30 seconds while beating the other tube. 

Shots:
2.13.1. CU: Multiple takes from different angles of tube being beat for 30 seconds. Shot will be repeated later.
2.13.2. MED: Multiple takes from different angles of talent placing first tube on ice and then starting to bead second tube.  Shot will be repeated later.

2.14. [bookmark: _Ref341728402]Repeat the beating and icing such that each filled bead-beating tube is beaten for a total of 1 minute (TEXT: Beat each tube for 1 min total).

Shots:
2.14.1. Use shot from 2.13.1.
2.14.2. Use shot from 2.13.2.

2.15. Once all filled bead-beating tubes have been processed, construct a filter contraption from a 15-ml Falcon tube. First add a new bead-beating cap, flat-part face up, to the bottom of the tube. Then, remove the cap from a processed bead-beating tube and press a micro-chromatography column firmly onto the end of the processed bead-beating tube until completely sealed.

Shots:
2.15.1. MED: Talent putting the last bead-beating tube on ice (next to tube(s)).
2.15.2. CU: A 15-ml Falcon tube is picked up and then a new bead-beating cap is added, flat-part face up, to the bottom of the tube.
2.15.3. CU: Cap from a processed bead-beating tube is removed and a micro-chromatography column pressed firmly onto the end of the tube until completely sealed.

2.16. Snap off the elution end of the micro-chromatography column, and place it, elution end down, into an empty bead-beading tube. Place this complex into the 15-ml Falcon tube.

Shots:
2.16.1. CU: elution end of the micro-chromatography column is snapped off and the column is placed, elution end down, into an empty bead-beading tube.
2.16.2. CU: The complex being placed into the 15-ml Falcon tube. (Videographer: please include footage of the fully assembled contraption) (Video editor: end result should look like in Figure 3e)

2.17. Construct the filter contraptions for all  filled bead-beating tubes and keep them on ice when complete. 

Shots:
2.17.1. MED: Talent placing  contraptions on ice.

2.18. [bookmark: _Ref350635886]Centrifuge the  filter contraptions, Falcon tube uncapped, at 6000 g for 5 minutes at 4C to separate extract and pellet from beads (TEXT: 6000 g; 5 min; 4C).

Shots:
2.18.1. MED: Talent putting 8 filter contraptions, falcon tube uncapped, into centrifuge.

2.19. [bookmark: _Ref342398600][bookmark: _Ref350635941]After centrifugation, verify that each bead-beating tube has produced viable extract. Properly beat extract will not be turbid, and the pellet will have two distinct layers, as illustrated by the tube on the left. Turbid tubes, as shown in the example on the right, must be discarded.

Shots:
2.19.1. LAB MEDIA: Figure 3f from ‘zsfig3_jove_v2.ai.pdf’


b. Extract Clarification

2.20. Transfer the supernatant from non-turbid tubes into individual 1.75-ml micro-centrifuge tubes, taking as little pellet as possible. Keep on ice until all bead-beating tubes have been processed. 

Shots:
2.20.1. CU: Supernatant being pipetted up from a non-turbid tube without taking the pellet and transferred to a 1.75-ml micro-centrifuge tube.
2.20.2. MED: 1.75-ml micro-centrifuge tubes being put on ice.

2.21. [bookmark: _Ref342399313][bookmark: _Ref342400565]Next spin down the micro-centrifuge tubes and collect the supernatant. After consolidating 500 µl of pellet-free supernatant into a new bead-beating tube, incubate the tubes, with caps removed, at 220 rpm and 37C for 80 minutes (TEXT: 220 rpm; 37C; 80 min). This will digest remaining nucleic acids using endogenous exonucleases released during the bead-beading process.

Shots:
2.21.1. MED: Multiple takes from different angles of talent putting all 1.75-ml micro-centrifuge tubes into the centrifuge.  Shot will be repeated later.
2.21.2. CU: Supernatant being collected from one of the tubes.
2.21.3. MED: Talent putting bead-beating tubes with caps off into a tissue culture tube.
2.21.4. MED: Tissue culture tube being placed into shaker incubator.

2.22. When the incubation is complete, the extract should look turbid. Consolidate extract in 1.75-ml micro-centrifuge tubes, up to 1.5mL per tube. Centrifuge at 12000 g for 10 minutes at 4C (TEXT: 12000 g; 10 min; 4C).

Shots:
2.22.1. ECU: A shot of a tube with turbid extract.
2.22.2. CU: Extract being consolidated into a 1.75-ml micro-centrifuge tube.
2.22.3. Use shot from 2.21.1.

2.23. [bookmark: _Ref346808264]Using a pipet, consolidate pellet-free supernatant into either a 1.75mL micro-centrifuge tube for smaller yields, or a 15-ml Falcon tube for larger yields, on ice. Cap the tube and mix well by inverting. Save 10 µl of supernatant on ice for later measurement of protein concentration. 

Shots:
2.23.1. MED: Talent consolidating pellet-free supernatant into a 1.75-ml micro-centrifuge tube on ice.
2.23.2. CU: A tube being capped and inverted to mix.
2.23.3. MED: Talent transfering10 µl of supernatant from a 1.75-ml micro-centrifuge tube to another tube and then putting the tube on ice.

2.24. Determine total amount of extract produced, and hydrate the necessary number of 10MWCO dialysis cassettes by submersing in S30B buffer for 2 minutes, assuming 2.5 ml of extract per cassette. 

Shots:
2.24.1. MED: Talent submersing appropriate number of 10MWCO dialysis cassettes in S30B buffer.

2.25. Load cassettes with up to 2.5 ml of extract. Each beaker can take up to 2 cassettes. Dialyze, stirring, at 4C for 3 hours (TEXT: Dialyze with stirring; 4C; 3 h).

Shots:
2.25.1. CU: A cassette being loaded with extract.
2.25.2. MED: Talent putting beaker with cassettes onto a stir plate and begins stirring (in cold room?)

3. [bookmark: _Ref348108781]Experimental Execution of a TX-TL Reaction

3.1. A basic transcription-translation  (TX-TL) reaction has 3 parts: crude cell extract, buffer, and DNA. 

Shots:
3.1.1. MED: Talent putting the 3 tubes of reagents on ice.

3.2. Although reactions can vary in volume, this protocol utilizes a pre-written template to conduct a 10 µl reaction. (show modified ‘TXTL_JoVE.xlsx’ table). Here, items in purple indicate user-input values, and items in blue indicate additional reagents to add to the reaction.

Shots:
3.2.1. LAB MEDIA: 50762_ TXTL_JoVE_modified for video.xlsx

3.3. Design the experiment in silico using the “Master Mix Preparation” section (Video editor: draw a box around the Master Mix preparation section in rows 10-17) and “DNA Preparation” section. (Video editor: draw a box around the DNA Preparation section in rows 19-26) Generally, constants can be put into the “Master Mix Preparation” section, while variables can be put into the “DNA Preparation” section. Minimize samples per experiment to avoid sample evaporation and experimental start time bias. A sample setup is shown in this table (show Figure 6a).

Shots:
3.3.1. LAB MEDIA: 50762_ TXTL_JoVE_modified for video.xlsx
3.3.2. LAB MEDIA: 6a from ‘zsfig6_jove_v3.ai.pdf’

3.4. [bookmark: _Ref345521884][bookmark: _Ref347309687]To prepare DNA samples, for each sample ID, aliquot out the indicated DNA, water, and user-supplied items into a micro-centrifuge tube, at room temperature.

Shots:
3.4.1. MED: Talent aliquoting out reagents into a micro-centrifuge tube.

3.5. [bookmark: _Ref346833814]Prepare the master mix consisting of buffer, extract, and any global user-supplied items, keeping on ice and vortexing after the addition of each item. 

Shots:
3.5.1. MED: Talent adding extract to a tube already containing buffer, vortexing, and putting on ice.

3.6. Add the appropriate amount of master mix to each DNA sample, and keep at room temperature. Treat this as the reaction start time.

Shots:
3.6.1. CU: Appropriate amount of master mix being added to each DNA sample.

3.7. [bookmark: _Ref347309718]Vortex each sample, and centrifuge at 10000 g for 30 seconds at room temperature to bring down any residual sample and to reduce bubbles. 

Shots:
3.7.1. CU: A sample being vortexed.
3.7.2. MED: Talent putting all tubes into the centrifuge.

3.8. Run the reaction in a 384-well plate at 29C. Run-times will vary depending on the experiment but typically last under 8 hours. At the completion of the run, the data can be read from a plate reader.

Shots:
3.8.1. CU: A sealed 384-well plate being placed in 29C incubator.
3.8.2. SCREEN: A kinetic read on the plate reader.


4. Results: assessment of TX-TL cell-free expression system

4.1. [bookmark: _Ref345686799]This paper presents a five-day protocol for the preparation of an endogenous Escherichia coli based transcription-translation or TX-TL cell-free expression system. The expression conditions of this system were optimized through testing the effects of different plasmid processing methods and the elution buffer. (show Figures 5a and 5b)

Shots:
4.1.1. LAB MEDIA: zsfig5_jove_v3.ai.pdf

4.2. (zoom in on Figure 5a) Certain variables introduced into the TX-TL system should be calibrated beforehand for toxicity. For example, in the comparison of plasmid processing methods, purification method 1 uses only a QiaPrep Spin Miniprep Kit, while in purification method 2, the plasmid is prepared using the same Miniprep Kit and then post-processed with a QiaQuick PCR purification kit. This graph shows endpoint fluorescence after 8 hours, as well as maximal rate of protein production based on a 12-minute moving average. Error bars are 1 standard deviation from four independent runs on different days.  The difference in expression observed is likely due to the difference in salt content.

Shots:
4.2.1. LAB MEDIA: 5a only of ‘zsfig5_jove_v3.ai.pdf’

4.3. (zoom in on Figure 5b) However, other items may show no effect on TX-TL, such as elution buffer. Different concentrations of Tris-Cl were compared in a cell-free expression reaction based on the expression of 1 nM of plasmid.  Concentrations given are final concentrations of Tris-Cl in the reaction; elution buffer used is 10 mM Tris-Cl. Error bars are 1 standard deviation from three independent runs on different days. 

Shots:
4.3.1. LAB MEDIA: 5b only of ‘zsfig5_jove_v3.ai.pdf’

4.4. (Figure 4a) This figure shows typical calibration plots for crude cell extract, calibrated for additional Mg-glutamate (Video editor: highlight the top graph), K-glutamate (Video editor: highlight the middle graph), and DTT levels (Video editor: highlight the bottom graph). Endpoint fluorescence after 8 hours, as well as maximal rate of protein production based on a 12-minute moving average, are shown. Note that every crude cell extract needs to be calibrated independently for these three variables.

Shots:
4.4.1. LAB MEDIA: 4a only of ‘zsfig4_jove_v3.ai.pdf’

4.5. [bookmark: _Ref347323799](Figure 4a) In general, the results indicate that the crude cell extract is most sensitive to Mg-glutamate levels, followed by K-glutamate levels. Based on these plots, an acceptable range of additional Mg-glutamate is 4 mM, K-glutamate is 60-80 mM, and DTT is 0-3 mM, erring on the lower side.

Shots:
4.5.1. LAB MEDIA: 4a only of ‘zsfig4_jove_v3.ai.pdf’

4.6. (Figure 4b) The end efficiency of each crude cell extract preparation can vary based on user proficiency and on environmental conditions, although typical yield variation is between 5-10%. Endpoint fluorescence of two crude extracts prepared on different dates is shown here. Error bars are 1 standard deviation from three independent runs on different days.

Shots:
4.6.1. LAB MEDIA: 4b only of ‘zsfig4_jove_v3.ai.pdf’

4.7. [bookmark: _Ref346571661]To demonstrate the cell-free expression system, a negative feedback loop based on tet repression{Becskei, 2000 #76}{Becskei, 2000 #76} was constructed and tested (Figure 6b).  The same circuit ran with and without aTc showed a 7-fold end-point expression change of deGFP reporter after 8 hours of expression (Figure 6c). Error bars are 1 standard deviation from three independent runs on different days. The genetic circuit is shown in the inset. 

Shots:
4.7.1. LAB MEDIA: 6b and 6c only of ‘zsfig6_jove_v3.ai.pdf’

4.8. [bookmark: _Ref347322549](Figure 2) This final figure depicts the cost and expression analysis of competing crude cell extracts. The pie chart in (a) breaks down the costs of labor and materials of the TX-TL cell-free expression system, based on costs of reagents as of December 2012, and labor costs of $14 per hour.

Shots:
4.8.1. LAB MEDIA: zsfig2_jove_v4.pdf

4.9. (Figure 2: zoom in on panel b) Panel (b) compares the TX-TL cell-free expression system costs vs. other commercial systems. Costs are broken down per µl, although reaction volumes may vary per kit.  Material costs for this system are about 3 cents per µl reaction, which is a 98% cost reduction compared to comparable commercial cell-free systems.

Shots:
4.9.1. LAB MEDIA: 2b only of ‘zsfig2_jove_v4.pdf’

4.10. (Figure 2: zoom in on panel c) Panel (c) shows a comparison of the TX-TL cell-free expression system yield vs. other commercial systems. This system can produce up to 0.75 mg/ml of reporter protein using either a sigma70-based promoter with lambda-phage operators or a T7-driven promoter. These comparisons indicate that the TX-TL cell-free expression system can produce equivalent amounts of protein as T7-based systems at a tremendous cost reduction to similar commercial systems.

Shots:
4.10.1. LAB MEDIA: 2c only of ‘zsfig2_jove_v4.pdf’


5. Conclusion (said by authors on camera)

5.1. Zachary Sun: We hope this technique paves the way for simplifying the engineering process in synthetic biology.

[bookmark: _GoBack]
Provided Media

1A. jove-videocover_v1.ai
2.19. 3f from ‘zsfig3_jove_v2.ai.pdf’
3.2. – 3.3. 50762_ TXTL_JoVE_modified for video.xlsx
3.3. 6a from ‘zsfig6_jove_v3.ai.pdf’
3.8. Screen shot of plate reader results (to be provided by author) (Will send ASAP)
4.1.- 4.3. zsfig5_jove_v3.ai.pdf
4.4. – 4.6. zsfig4_jove_v3.ai.pdf
4.7. 6b and 6c only of ‘zsfig6_jove_v3.ai.pdf’
4.8. – 4.10. zsfig2_jove_v4.pdf’


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.
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