
Letter
https://doi.org/10.1038/s41586-019-0978-9

Complete biosynthesis of cannabinoids and their 
unnatural analogues in yeast
Xiaozhou Luo1,15, Michael A. Reiter1,2,15, Leo d’Espaux3,12, Jeff Wong3,12, Charles M. Denby1,13, Anna Lechner4,5,14,  
Yunfeng Zhang1,6, Adrian T. Grzybowski1, Simon Harth3, Weiyin Lin3, Hyunsu Lee3,7, Changhua Yu3,5, John Shin3,4,  
Kai Deng8,9, Veronica T. Benites3, George Wang3, Edward E. K. Baidoo3, Yan Chen3, Ishaan Dev3,4, Christopher J. Petzold3 &  
Jay D. Keasling1,3,4,5,10,11*

1California Institute of Quantitative Biosciences (QB3), University of California, Berkeley, CA, USA. 2Department of Biosystems Science and Engineering, ETH Zurich, Basel, Switzerland. 3Biological 
Systems and Engineering Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 4Department of Chemical and Biomolecular Engineering, University of California, Berkeley, CA, USA. 
5Department of Bioengineering, University of California, Berkeley, CA, USA. 6Key Laboratory of Industrial Biotechnology, Ministry of Education, Jiangnan University, Wuxi, China. 7Department of 
Chemistry, University of California, Berkeley, CA, USA. 8Department of Plant and Microbial Biology, University of California, Berkeley, CA, USA. 9Biotechnology and Bioengineering Department, 
Sandia National Laboratories, Livermore, CA, USA. 10Novo Nordisk Foundation Center for Biosustainability, Technical University of Denmark, Lyngby, Denmark. 11Center for Synthetic Biochemistry, 
Institute of Synthetic Biology, Shenzhen Institutes of Advanced Technologies, Shenzhen, China. 12Present address: Demetrix, Inc., Emeryville, CA, USA. 13Present address: Berkeley Brewing 
Science, Inc., Berkeley, CA, USA. 14Present address: Genomatica, Inc., San Diego, CA, USA. 15These authors contributed equally: Xiaozhou Luo, Michael A. Reiter. *e-mail: keasling@berkeley.edu

N A T U R E | www.nature.com/nature

SUPPLEMENTARY INFORMATION
https://doi.org/10.1038/s41586-019-0978-9

In the format provided by the authors and unedited.

https://doi.org/10.1038/s41586-019-0978-9
mailto:keasling@berkeley.edu
https://doi.org/10.1038/s41586-019-0978-9


SUPPLEMENTARY INFORMATION 

SUPPLEMENTARY METHODS 

Strain construction. DNA integrating sequences were constructed using a previously 

described method.1 Manufacturer protocols and standard recombinant DNA procedures were 

followed for DNA purification (Qiagen), DNA amplification (New England Biolabs, Q5® High-

Fidelity 2X Master Mix). All primers were designed using CASdesigner 

(https://casdesigner.jbei.org/). Briefly, DNA fragments to be integrated were PCR-amplified then 

co-transformed with a Cas9-based plasmid facilitating integration at the targeted locus. For 

transformations, a fresh overnight culture of target yeast was inoculated into 25 mL 2x-YPD in 

250 mL shake flask at OD600nm 0.2 and was incubated at 30°C and 200 RPM until the OD600nm 

reached 1.0. Then, 5 mL of the culture was harvested by centrifugation for 5 min at 3000 x g, 

washed twice with half volume H2O. The pellet was then resuspended with DNA fragments for 

integration (2 µg) and pCUT plasmid (0.25 µg) and then mixed with transformation mix (260 µL 

50% PEG3350, 36 µL 1 M LiOAc, 10 µL ssDNA, 4 µL H2O). The mixture was incubated at 

42°C for 40 min and the pellet was collected by centrifugation for 1 min at 5000 x g. The pellets 

were then resuspended with 500 µL H2O from which 100 µL was plated onto selective agar 

plates. The integration was validated by sequencing and the correct colony was used for 

downstream experiments after plasmid curing.      

NphB expression, purification and in vitro assay. eCAN01 was grown in 2000 mL 

shake flasks containing 500 mL terrific broth medium and Carbenicillin at 37°C. Cultures were 

induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside at OD600nm 0.8 and incubated at 

18°C overnight. Harvested cell pellets were resuspended in 20 mL lysis buffer (50 mM 



NaH2PO4, 300 mM NaCl, 10 mM imidazole, 20 mM β-mercaptoethanol, 0.01% (v/v) Lyonase 

(Merck KGaA), Protease Inhibitor Cocktail V (Calbiochem, Merck KGaA), pH 8.0) and 

sonicated. Lysates were centrifuged (19,000 x g, 4°C, 20 min) and supernatant subjected to 

nickel-nitrilotriacetitc (Ni-NTA) acid 6xHis-tag mediated affinity chromatography (5 mL Ni-

NTA resin = 1 column volume (cv)). Columns were equilibrated with 10 cvs equilibration buffer 

(50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 20 mM β-mercaptoethanol, pH 8.0). After 

loading, columns were washed with 30 cvs wash buffer (50 mM NaH2PO4, 300 mM NaCl, 50 

mM imidazole, 20 mM beta-mercaptoethanol, pH 8.0). 2 cvs of elution buffer (50 mM NaH2PO4, 

300 mM NaCl, 300 mM imidazole, 20 mM β-mercaptoethanol, pH 8.0) were used to elute 

protein. Eluate fractions were concentrated with centrifuge filter units (molecular weight cutoff: 

10 kDa, Amicon Ultra, Merck KGaA). Subsequently, 10% (v/v) glycerol was added. In vitro 

assays containing 5 mM GPP, 5 mM OA, 2.5 mM MgCl2 and 1 mg/mL NphB were incubated for 

24 h at room temperature and subsequently extracted as described above. 

HlPT in vitro assay. yCAN21, yCAN22 and yCAN23 microsomes were prepared as 

described above, except cells were grown for 48 h in complete supplement mixture synthetic 

dropout medium (-URA) with 2% galactose and the resulting microsome pellets were 

resuspended in 4.5 mL buffer (10 mM Tris-HCl, 10 mM MgCl2, 1 mM β-mercaptoethanol, pH 

7.0). In vitro assays, containing 5 mM GPP and 5 mM OA, were incubated for 24 h at 30°C and 

subsequently extracted as described above.  
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