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  Project overview: What is a polyketide?



  
    

Polyketides are produced using modular enzymes: each 
module is responsible for part of the molecule 



    Erythromycin synthase is a well-studied polyketide synthase 
(PKS) 



  Polyketide synthases (PKSs) are large, multi-activity proteins 



  Polyketide synthases (PKSs) are large, multi-activity proteins 



       Each domain in a PKS has an individual enzyme activity 



  
  

Polyketide synthases generally have Load and Extension 
Modules and some type of Termination 



   

    
       

What we are trying to do: engineer PKSs for production of 
commodity and specialty chemicals 

Develop a high throughput design-build-test-learn cycle for polyketide synthase (PKS) engineering, 
and test it by building a PKS to make the Nylon-6 monomer caprolactam, and novel caprolactam 9
derivatives. 



   

   

      

How is it done today and what are the limits 
Currently new PKSs are constructed via trial and error, and can take years to build successfully. 

A novel PKS producing adipic acid built via extensive trial and error 

(Hagen et al. ACS Synthetic Biology, 2015) 
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Why it is important 
• PKSs provide the potential to access a massive chemical space of useful small molecules, and

produce these from renewable carbon sources
• Potential to access new molecules with drastically improved properties
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What are the risks 

• Failure of protein folding or catalytic activity for unknown reasons
• Synthesizing and constructing DNA for large enzymes
• Expressing the engineered PKS in vivo
• Completing the Design-Build-Test-Learn cycle fast enough

Later in the presentation we will discuss how these risks are mitigated by our project 
plan. 
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Management: 
Team members 

Christopher Davinia Jay Keasling Bob Eunice 
Johnson Salvachua Haushalter Kim 

Tyler Sarah 
LaFrance Backman 

Matthias Schmidt Anna Lisa Fear Clem 
Fortman 

Hector Tijana 
Garcia Martin Radivojevic 

Christopher Jon Kristin Burnum- Young-Mo
Philip Peter Nicholas Petzold Magnuson Johnson Kim
Laible Larsen Dylla 



 

    
  

Program design 

Task 1 Tasks 2-6 Task 7 Tasks 8-9 Task 10 

Development of PKS Demonstration of pipeline capabilities 
automation pipeline for caprolactam and derivatives 



      
        

 
    

      
   

Communication and collaboration 
● Organized into Design, Build, Test, Learn teams
● We have bi-weekly meetings with all teams, and a rotating

presentation schedule
● Teams meet individually as needed
● We provide quarterly reports and progress update

presentations to the EERE
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Management: we collectively identified key risks and developed a 
plan to mitigate each 

Key Risks 

• Failure of protein folding or catalytic activity for unknown reasons
Mitigation approach: With an extremely large volume of PKSs built, some will likely work, and can
begin to inform models of why they sometimes fail.

• Synthesizing and constructing DNA for large enzymes
Mitigation approach: A large number of diverse designs will ensure that some will be successfully
constructed. Our approach is currently working for many different PKS designs.

• Expressing the engineered PKSs in vivo
Mitigation approach: We have successfully expressed PKSs in our host organism thus far, so a
high diversity and volume of designs can also overcome this risk.

• Completing the Design-Build-Test-Learn cycle fast enough
Mitigation approach: We have robotically automated the slowest and most time consuming steps.
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    Approach: DBTL Cycle for PKS Engineering 



   

     

      
 

  
  

 

  

  

 PKS build pipeline 

PKS Sequence 
outputs 

Primer design PCR Analytics/Size Redo PCR Analytic 
selection s 

E. coli plating Mix & Go E. coli transformation
E. coli picking

PCR Clean up & 
Concentrate 

Yeast 
assembly 

E. coli plasmid
isolation

Host 
transformation 

Host plating 
Host picking 

Yeast plasmid 
isolation 

DIVA-Seq Cherry picking E. coli 
(NGS) 



  

    
     

Machine learning models which can predict successful PKS 
designs will lower barriers to PKS engineering 

AI - 1 AI - 2 

ClusterCAD PKS Predict well-formed Predict PKS Activity 
Designs PKS structure 



     
      

        
  

       
        

  
  

     
      
  

Top potential challenges facing the 
technical approach, and mitigation strategy 

1. Failure of protein folding or catalytic activity for unknown reasons
Mitigation approach: With an extremely large volume of PKSs built, some will
likely work, and can begin to inform models of why they sometimes fail.

2. Synthesizing and constructing DNA for large enzymes
Mitigation approach: A large number of diverse designs will ensure that some
will be successfully constructed. Our approach is currently working for many
different PKS designs.

3. Expressing the engineered PKSs in vivo
Mitigation approach: We have successfully expressed PKSs in our host
organism thus far, so a high diversity and volume of designs can also
overcome this risk.
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Key Go/No-Go decision points ensure progress 
Go/No-Go #1: Verified status of ClusterCAD, throughput & speed of automatic
PKS synthesis platform, & final product & targeted proteomic analyses. Designs 
for initial caprolactam PKS and acyl-CoA precursor pathways (M3) 
Why it’s important: This demonstrates our baseline capabilities, to show we 
are capable of starting the project as planned. 

Go/No-Go #2: One round of DBTL cycle requires ≤9 mos to complete and have a 
throughput of 100 PKSs designed, built, tested, and learned from (100 PKSs 
constructed & transformed into P. putida, the engineered. P. putida grown & 
tested for PKS function, the data analyzed, and learnings input into design 
software) (M18) (UCB/LBNL, ABF) 
Why it’s important: This demonstrates that the speed and capacity of the PKS
DBTL cycle are sufficient to constitute a powerful platform for high throughput 
PKS engineering. 
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We will measure progress by rate of novel PKSs built and tested, 
and by production levels of the desired target molecules 

Metric 1: Speed of Design-Build-Test-Learn (DBTL) cycle
Basis: For largely unkown reasons, only a small fraction of engineered PKSs
function. Our metrics of increasing the speed and throughput of the DBTL cycle will 
allow us to improve the chances of finding functional PKSs, and building models to 
predict functioning PKSs. 

Metric 2: Titre, rate, yield of target molecules
Basis: These are standard metrics for biological production of valuable small
molecules, and help to set specific goals that can eventually make biological 
production of small molecules economically viable. 
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Impact: When successful, we will have lowered the barrier to successfully producing 
millions of new compounds biologically 

• Sustainable and carbon neutral
• Access novel chemicals previously inaccessible
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Dissemination of results 

• No results yet to disseminate
• We will make our platform available for the Agile BioFoundry

and others to engineer PKSs rapidly
• We will release software under open source licenses
• We will publish results in peer reviewed journals
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Project goals are progressing according to the management plan 

Subtask Due

Go/No-Go #1: Verified status of ClusterCAD, throughput & speed of 09/30/20 
automatic PKS synthesis platform, & final product & targeted 
proteomic analyses. Designs for initial caprolactam PKS and acyl-CoA 
precursor pathways (M3) 
Subtask 2.1: Expand ClusterCAD to include many machine curated 03/31/21 
PKSs (M4–9) 

Milestone 2.1.1: Automatically produce chimeric PKS designs (DNA) 12/31/20 
from a target chemical structure for 10 commercial chemicals and 10 
specialty chemicals (M6) (UCB/LBNL) 

Subtask 3.1: Integrate ClusterCAD with Device Editor and J5 software 06/30/21 
tools. (M4–12) 

Subtask 4.1: Construct pathways for acyl-CoAs/acyl-ACPs (M4–12) 06/30/21 

Subtask 5.1: Develop growth conditions and medium for PKS- 03/31/21 
engineered P. putida (M4-9 

% finished

100% 

20% 

100% 

20% 

10% 

20% 
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Key technical accomplishments to date and tasks 
that led to them 

• Completed a test round of the PKS build process
Tasks: developed automated (robotic) assembly pipeline

• Designed 384 caprolactam PKSs
Tasks: developed software to design PKS junctions

• Designed precursor pathways for project targets
Tasks: researched natural pathways, and obtained strains and/or
synthesized DNA

• Planned the engineering of P. putida metabolism to support PKSs
Tasks: identified from literature genes affecting degradation of lactams, and
other key genes

• Demonstrated a full retrobiosynthesis pipeline producing DNA from chemical
structures for 20 compounds
Tasks: developed PKS design software tools 26



       
      

 
  

   
   
 

    

All milestones for this phase of the project 
are on track 

• Milestone 2.1.1: Automatically produce chimeric PKS designs (DNA) from a
target chemical structure for 10 commercial chemicals and 10 specialty
chemicals
Due: 12/31/2020
Status: Completed, example Python code produces DNA.

• Milestone 3.2.1: No fewer than 100 successfully assembled and sequenced
PKS constructs made in six weeks
Due: 3/31/2021
Status: We have designed 384+ new PKSs and are in the process of
constructing them
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Results: We have completed designs and have completed PCR 
amplifications for assembling >100 caprolactam PKSs 

Linear PCR fragments encoding putative caprolactam synthase domains 

Linear PCR fragments encoding parts of putative caprolactam synthases are 
transformed into yeast to assemble a combinatorial library of plasmid vectors

yeast transformation ? 

Combinatorial library of PKS expression plasmids built by Q3 

We do not know the ideal caprolactam synthase components a priori, so we will assemble >100 synthases and test their activities to find the 
best enzyme 

We will construct >100 PKSs by performing combinatorial assemblies of hundreds of individual DNA parts into circular plasmid vectors that 
we can use to transform the caprolactam synthases into our host cell 

PCRs were analyzed by agarose gel and were found to be 80-90% successful. We anticipate that we will reach our milestone of >100 
unique circular constructs from the linear fragments in hand now. 



Summary
Key Takeaways
We are building a reusable and flexible high-throughput DBTL cycle for PKSs. 

ML algorithms + large PKS data may solve big outstanding problems in PKS 
engineering. 

Publications, presentations, and IP

Commercialization potential

None yet 

  

      

      
  

Novel caprolactam analogues may have improved biodegradability, flame resistance, 
or other properties. 
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Quad Chart Overview 
Timeline Project Goal

The goal of the proposed work is to develop a • Project start date: 2020.07.01 rapid, high throughput, Design-Build-Test-Learn • Project end date: 2023.06.30 (DBTL) cycle for polyketide synthases (PKSs) and 
demonstrate its utility for production of materials 
precursors. 

FY20 Total Award End of Project Milestone Costed • Production of caprolactam at ≥ 5 g/L, 25% of
theoretical yield, & 0.1 g/l/hr from cellulosic

DOE biomass1,189,999.00 (10/01/2019 – 
Funding • Production of 2 caprolactam derivatives at ≥ 0.5(negotiated total 9/30/2020) g/L, 2.5% theoretical yield, & 0.01 g/l/hr fromfederal share) cellulosic biomass

• One round of DBTL cycle requires ≤2 mos to
complete and have a throughput of 500 PKSs
designed, built, tested, and learned from per
cycle (500 PKSs constructed & transformedProject 1,935,000.00 into P. putida, the engineered. P. putida grownCost & tested for PKS function, the data analyzed,Share and learnings input into design software)

Project Partners Funding Mechanism
FY19 FOA DE-FOA-0002029 • University of California, Berkeley
Topic area: AOI 7- Advanced Bioprocessing and • National Labs: LBNL, NREL, PNNL, ANL Agile BioFoundry 
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 Additional Slides 

31 



 

    

Responses to Previous Reviewers’
Comments

• No previous reviewers’ comments (new project)
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Publications, Patents, Presentations,
Awards, and Commercialization

• None (new project)

33 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Monitor Color)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice
device
92.000]
>> setpagedevice
ments true
  /ParseDSCCommentsForDocInfo true
  /ParseICCProfilesInComments true
  /PassThroughJPEGImages true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /sRGBProfile (sRGB IEC61966-2.1)
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




