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Authors, please fill out the brief questionnaire below.   
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) ___N______ 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)____N____ 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps_1) Gene isolation and operon construction; 2) Gene expression confirmation assays including a) single gene phenotypic assays and b) SDS-PAGE analysis; 3) Plasmid/operon transformation and strain selection; 4) Cell culture and assessment of plasmid stability; 5) Antibacterial bioassay.

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  The single most difficult step is ensuring active gene expression in the new host (step 2 above) which is why we use both gene expression and phenotypic assays to test for success.

1. Introduction (Schematic Overview and Interview)

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

Authors, please select from “Procedural Narrative” or “Conceptual Narrative” and complete the statements below. Please do not add additional steps.  Then, attach your finished graphic overview.  See accompanying instructions for details and examples.  
Conceptual Narrative:
This experiment aims to produce the antibiotic erythromycin in technically-convenient manner using a heterologous E. coli host system. (Intro)
First, isolate the gene cluster responsible for erythromycin formation from the original bacterial host (C1,)  and ensure successful gene expression within E. coli. (C1,). Then redesign the foreign genetic material in operon format, for coordinated expression of the complete enzymatic pathway required for natural product formation in E. coli (C2).  Proceed to culture_the E. coli strain carrying the heterologous erythromycin pathway (C2,). Then analyze production of the final erythromycin compound (C3), and use functional assays to confirm the compound’s antibiotic activity (C4,). Results  demonstrate that by using the concept of heterologous biosynthesis, the alternative production of complex natural products holds tremendous medicinal potential (LAB MEDIA: Figures 6 and 7B).

Video Editor: Adria is having a bioillustration done to replace the author’s illustration. Check with her for the new graphic. 
Paste a copy of your graphic overview here.  The original file should be Adobe Illustrator (preferred) or Powerpoint (see instructions) and should be uploaded through your online submission on the JoVE website. Please keep all layers in the file (i.e., do not flatten the file).   

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

Authors: Below are statements we would like you to complete that are complementary to the information contained within the schematic overview.   

· Only one statement should be chosen and completed per author who will be on camera demonstrating the protocol.    

· Enter the name of the individual who will say each line. 

· Please choose and fill out the statement(s) that convey the most important fact(s) about your protocol. You may revise the given prompts as necessary to improve the sentence flow.

· If any individuals will be doing demonstrations on camera but are not assigned a speaking part in this interview section, please use statement 1.8 to introduce these demonstrators (for example, the PI introduces students)

1.1. Blaine Pfeifer: Compared to metabolic production from the original hosts, heterologous biosynthesis using E. coli offers process speed and engineering potential. The idea for this method began 10-15 years ago, but a combination of improved technology and recent technical breakthroughs has allowed several notable success stories over the last 5 years.

1.2. Blaine Pfeifer:  The small molecule drugs for infectious diseases and cancer include natural products. Here, we will demonstrate the production of erythromycin, however the experimental system can be applied to other natural product systems, such as Taxol or similar therapeutic compounds that may benefit from an alternative production route.

1.3. Blaine Pfeifer: In this visual demonstration we will emphasized three primary steps that are difficult to learn, because each step involves a series of less-documented protocols that include their own pitfalls and proper internal controls are required for overall success.   

1.4. ** Blaine Pfeifer: Ming Jiang a post doc from my laboratory, will now demonstrate the experiment. 

1.4.1. Interview style: Author saying the above 

1.4.2. The named technician, post doc  looks up from workbench or desk or microscope and acknowledges the camera.

Protocol (read by voice talent at JoVE):

Authors:  In order to ensure that your protocol can be filmed in a single day, the protocol text must be limited to 30 steps – each step being defined as 3 lines of 12 pt text in our formatting style below.  This amounts to 3 pages of protocol text.  The scope of the scripted protocol text should include only those aspects of the procedure that require visualization in order to be well understood.     

2. Erythromycin A genetic cluster transfer
2.1. First design and order PCR primers to amplify all of the genes associated with the cluster within the chromosome (note: erythromycin A cluster in S. erythraea [Pronounced urythree-a]).  

2.1.1. WIDE/MED: Talent places primers in ice bucket.

2.2. For the polymerase chain reaction, use freshly prepared genomic DNA as a template. If the target genes contain high GC content, like the erythromycin A cluster in S. erythraea, add 4 (l of DMSO in a 50 (l reaction. 

2.2.1. CU/ECU: Talent pipettes DNA template for a 50 (l PCR  (get shot of S. erythraea on tube label)
2.2.2. ECU: Talent adds add 4 (l of DMSO 

2.3. Confirm the identity of the PCR products by sequencing. Then clone the PCR gene products into an E. coli expression system.

2.3.1. MED-over-the-shoulder: Talent looks at PCR chromatogram and sequence alignment.

2.3.2.  CU/ECU: Talent pipiettes a ligation reaction reagent into tube (get shot of the PCR gene products, pET21 and pET28 vectors, and ligase reagents in ice bucket).

2.4. Talent: For erythromycin A, we used the pET28 vector for certain genes since the inclusion of a 5’ leader sequence aided in protein expression.  

2.4.1. Interview style.

2.5. Next, confirm the expression of a functional protein preparation using RT-PCR, SDS-PAGE analysis, or convenient phenotypic assays.

2.5.1. MED/CU: Talent loads a SDS-PAGE well.

2.6. Now construct operons based upon genes successfully expressed from individual expression plasmids.  If possible design combinations of compatible-cohesive restriction enzymes to sequentially convert genes to operons.
2.6.1. SCREEN: Talent indicates a plasmid’s position in operon design.  Use figure 2-6-1_OperonDesign.tif {Comment: this is the same as Figure 3B}
2.6.2. SCREEN: Talent indicates locations of XbaI and SpeI sites. Use figure 2-6-1_OperonDesign.tif {Comment: this is the same as Figure 3B}
2.7. Talent: Ensure that the restriction sites chosen for operon construction do not reside within the isolated gene sequences.  If required, consider gene synthesis.  

2.7.1. Interview style.

2.8. Proceed to consolidate the 20 erythromycin A genes into expression plasmids, considering the factors detailed in the accompanying manuscript. 

2.8.1. SCREEN: Talent shows final scheme for consolidation of 20 genes into plasmids. Use figure 2-8-1_ExperimentalOperonConstruction.tif {Comment: this is the same as Figure 3A}
2.9. Now transform E. coli strain BAP1 with the newly designed biosynthetic plasmids, either sequentially or in combination. 

2.9.1. MED/CU: Talent places bacteria sample into electroporation system and starts reaction.

2.10. Plate the cells on solid LB medium containing a combination of antibiotics to select for plasmid maintenance.

2.10.1. CU/ ECU: Talent plates the cells on solid LB medium (end on shot of label on plate “ + tet, carb, kan, strep and apra”).

2.11. Talent: It is highly unusual to use six different selection antibiotics post-transformation of E. coli, but this simply reflects the total number of plasmids needed to allow for the final erythromycin A biosynthesis. 
2.11.1. Interview style.

3. E. coli biosynthetic reconstitution
3.1. This section establishes culture conditions for concerted activity of the full erythromycin A pathway. 

3.1.1. SECTION TITLE.

3.2. Talent: Strain BAP1 has been designed to provide the required substrates for erythromycin biosynthesis and to post-translationally modify the deoxyerythronolide B megasynthase.

3.2.1. Interview style.

3.3. Pick separate colonies of the freshly transformed BAP1 and inoculate three 1.5 mL cultures in LB media containing the required plasmid selection antibiotics; 100 µM IPTG and 2 mg/mL arabinose to induce gene expression; and 20 mM sodium propionate to support intracellular biosynthetic precursor formation.  

3.3.1. CU/ECU: Talent picks separate colonies of the freshly transformed BAP1 and inoculates three 1.5 mL cultures in LB media (note: long voice-over so film innoculation of all 3 colonies).

3.4. Culture the cells at 22°C and 250 rpm for 24-48 hours. Periodically, sample culture for analysis of plasmid stability during growth. Clarify the cultures by centrifugation at 10,000 rpm.  Remove the supernatant and store pellet at 4°C for analysis.

3.4.1. MED: Talent places the cells in shaking incubator.  

3.4.2. CU: Talent transfers small sample to microfuge tube.

3.4.3. MED: Talent places tube in centrifugation (show 10,000 rpm setting).

3.4.4. ECU: Talent removes the supernatant (get shot of pellet).

3.5. Talent: Several challenges might arise when attempting to scale-up and maximize product titers.  In the case of erythromycin A, lack of compound production was addressed by the inclusion of the GroES/EL chaperonin and the inclusion of additional gene copies. 

3.5.1. Interview style.

4. Product analysis: LC-MS
4.1. To confirm and quantify erythromycin A formation, inject the culture supernatant onto an LC-MS system.  

4.1.1. WIDE/MED: Talent injects the culture supernatant onto an LC-MS system.

4.2. Also run standard samples of commercially available erythromycin A. 

4.2.1. SCREEN: Talent monitors run of a standard sample of commercially available erythromycin A.  Use figure 4-2-1_ErythromycinSample.tif
4.3. Talent: For cases without commercially available standards, LC-MS analysis would require additional chemical characterization by NMR and high resolution mass spectrometry.  

4.3.1. Interview style.

4.4. Compare the production between the 3 preparations, and identify the highest producer. Prepare a glycerol stock from the colony source and store at -80°C.

4.4.1. SCREEN: Talent compares the production between the 3 preparations, and identifies the highest producer.  Use figure 4-4-1_SampleComparison.tif
4.4.2. MED/CU: Talent prepare a glycerol stock from the colony source (make sure label on tube matches colony ID from 4.4.1)

4.4.3. MED: Talent places glycerol stock in -80°C freezer.

5. Product analysis: functional assay
5.1. With the highest erythromycin A-producing stock, start a separate E-coli production culture. 

5.1.1. WIDE/MED: Talent inoculates an E-coli production culture.

5.2. Extract the final supernatant with 2 volumes of ethyl acetate. Then dry the extract in a speed vac. 

5.2.1. CU/ECU: Talent extracts the final supernatant with 2 volumes of ethyl acetate. 

5.2.1B  Move 5.2.3 here: Transfer extract to new vial.

5.2.2. MED/CU: Talent attaches extract to a rotary evaporator.

5.2.3. Transfer extract to new vial {Comment: this should follow 5.2.1}

5.3. Resuspend the pellet in 100 µL methanol. Then transfer the extract to a sterile filter disk and air-dry.  

5.3.1. ECU: Talent resuspends the pellet in 100 µL methanol.

5.3.2. ECU: Talent transfers the extract to a sterile filter disk. 

5.3.3. ECU: Talent places filter disk to air dry.

5.4. Separately, culture B. subtillis in LB liquid overnight.  Add 20 µL of the B. subtilis (Pronounced sutilis) culture to 20 mL of liquid LB agar at 45°C, and prepare a plate. 

5.4.1. MED/CU: Talent removes B. subtillis from incubator.

5.4.2. ECU: Talent adds 20 µL of the B. subtilis culture to 20 mL of liquid LB agar at 45°C, 

5.4.3. CU: Talent pours a plate.

5.5. Now place the filter disk of erythromycin A on the solid B subtilis-containing agar. Incubate at 37°C. 

5.5.1. ECU: Talent places the filter disk of erythromycin A on the solid B subtilis-containing agar. 

5.5.2. MED: Talent places plate at 37°C.

6. Results: Heterologous biosynthesis of Erythromycin A 
6.1. In this example, the erythromycin gene cluster from S. erythraea is transferred to E. coli. After the production of erythromycin A from the E. coli heterologous host, the bioactive product is analyzed.  

6.1.1. LAB MEDIA: 4346_Pfeifer_Figure1.tif

6.2. In the native S. erythraea chromosome, the erythromycin gene cluster is organized in 55 kb of total DNA.  Following expression, a complex biosynthetic pathway (requiring intracellular precursors and polyketide biosynthetic and tailoring enzymes) generates erythromycin A. 

6.2.1. LAB MEDIA: 4346_Pfeifer_Figure2A.tif

6.2.2. LAB MEDIA: 4346_Pfeifer_Figure2B.tif 

6.3. For the gene transfer, individual genes are first isolated through PCR. Then the genes needed for erythromycin A formation are 1) cloned individually into expression vectors to confirm protein production and activity (through SDS-PAGE and phenotypic assays) and 2) consolidated as operons for eventual complete pathway transfer to E. coli. 

6.3.1. LAB MEDIA: 4346_Pfeifer_Figure3A.tif 

6.3.2. LAB MEDIA: 4346_Pfeifer_Figure3B.tif

6.4. Certain genes required expression with a 5’ leader sequences resulting from the pET28 expression vector while others did not, and expression of the individual genes was first analyzed by SDS-PAGE.

6.4.1. LAB MEDIA: 4346_Pfeifer_Figure4A.tif

6.5. This result shows phenotypic assessment of the ErmE gene for erythromycin A resistance.  Erythromycin A within the solid medium is used to assay E. coli strains harboring plasmids with or without the ermE erythromycin A resistance gene.  Clearly, cell growth is rescued with ermE expression. 

6.5.1. LAB MEDIA: 4346_Pfeifer_Figure4B.tif

6.6. The mass spectrometry analysis confirms erythronolide B product formation when 6dEB was fed to E. coli cultures expressing eryF. {Comment: we have deleted the eryF phenotypic assay}
6.6.1. LAB MEDIA:  4346_Pfeifer_Figure4Bi.tif

6.7. Here, erythromycin A within the solid medium is used to assay E. coli strains harboring plasmids with or without the ermE erythromycin A resistance gene.  Clearly, cell growth is rescued with ermE expression.   

6.7.1. LAB MEDIA: 4346_Pfeifer_Figure4Bii.tif

6.8. The full erythromycin A pathway is then introduced to E. coli, including a plasmid for the GroEL/ES chaperonin (pGro7) and a plasmid containing an extra copy of eryK (Pronounced ury-K).  Electro-transformation (vs. chemical transformation) is used to introduce the plasmids to E. coli.  Plasmid stability is then assessed for the final strain. 
6.8.1. LAB MEDIA: 4346_Pfeifer_Figure5A.tif

6.8.2. LAB MEDIA: 4346_Pfeifer_Figure5B.tif

6.8.3. LAB MEDIA: 4346_Pfeifer_Figure5C.tif

6.9. LC-MS results confirm and quantify production of erythromycin A. 

6.9.1. LAB MEDIA: 4346_Pfeifer_Figure6.tif

6.10. Importantly, functionality is confirmed by antibacterial bioassays that produce zones of inhibition in lawns of B. subtilis bacteria (as a result of filter paper disks loaded with erythromycin A) or limit B. subtilis culture growth in serial dilutions of erythromycin A.  

6.10.1. LAB MEDIA: 4346_Pfeifer_Figure7A.tif

6.10.2. LAB MEDIA: 4346_Pfeifer_Figure7B.tif

INSTRUCTIONS FOR AUTHORS:

Please ensure that the representative results narration is appropriate and correctly describes your images, movies, or figures.  Our editors have ensured that the results are written in our format.   

We consider this section a critical aspect of the video, because here is where you provide validation for your experiments.  For example, if this is a cell culture preparation, this section is where the video will show your cells at various time points following culturing.  If this is an imaging prep, then this part is where you will show examples of your imaging experiments.  

Please limit the extent of narration to no more than 2-3 lines of text per image or movie file being described.   Figures with multiple panels submitted with the original protocol should be broken up so that each panel is a separate image.   Like the schematic, each image or movie file supplied in the results should be referenced by annotation in parenthesis, however for the results, the specific filename should be given in parenthesis.  

Below is an example of results text:

EXAMPLE REPRESENTATIVE RESULTS

5.  Evaluation of Morpholino Injection and Knockdown

5.1   Representative results of both morpholino injection and mRNA injection are shown here. The    

        uninjected control at 48 hours post fertilization looks normal, as expected 

        -LAB MEDIA: 0123_PIname_Figure1.tif  (Replace 0123 with your jove video #)

5.2   However, embryos injected with the morpholino heg_e3i3_egfr1, which knocks down Heg isoforms

                     containing the first of two EGF-like repeats, exhibit brain edema.


        -LAB MEDIA: 0123_PIname_Figure2.tif


5.3   Injection of heart of glass mRNA also produced an obvious phenotype. At 24 hours post fertilization, 

        the heads of the uninjected controls look normal 

        -LAB MEDIA: 0123_PIname_Figure3.tif

5.4   Conversely, some of the embryos injected with the mRNA exhibit cyclopia     

                     -LAB MEDIA: 0123_PIname_Figure4.jpg

Please visit the following URL to see an example of how the results will look when complete:

http://www.jove.com/video/1597/results-example-mably?access=ksw0bprj
7. Conclusion (said by authors on camera)

Authors: Below are statements we would like you to complete that summarize and conclude the video. Only one statement should be chosen and completed per author who will be on camera demonstrating the protocol. In addition to choosing and filling out the appropriate statement, please enter the name of the individual who will say each line. You may revise the given prompts if necessary to better fit your protocol.
7.1. Blaine Pfeifer: With this video on heterologous biosynthesis of complex natural products, you have the directions to successfully design, implement, and analyze the steps of genetic transfer, heterologous reconstitution, and product analysis. 

7.2. Blaine Pfeifer: Once mastered and with the appropriate resources, this technique can be performed properly in 6 to 9 months. Remember to check for successful completion of the individual steps required for final product formation. Consider follow-up with pathways optimization and diversification to maximize the product yield and evaluate whether new, more potent derivatives can be produced. 

7.3. Blaine Pfeifer: After its development, this technique paved the way for researchers in the field of metabolic engineering to explore intracellular balancing and optimization of required biosynthetic components for improved production of early-stage erythromycin intermediates in E. coli.  The technique can also be applied to completely new natural product systems.

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.  

Please see Results section above.

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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