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Cannabis sativa L. (Cannabis) has been cultivated and used around the globe for its medicinal 

properties for millennia.1 Some cannabinoids, the hallmark constituents of Cannabis, as well as analogues 

thereof have been investigated extensively for their potential medical applications.2 Certain cannabinoid 

formulations have been approved as prescription drugs in several countries for the treatment of a variety of 

human ailments.3 However, greater study and medicinal use of cannabinoids has been hampered by the 

legal scheduling of Cannabis, low abundances of nearly all of the several dozens of known cannabinoids 

in planta,4 and their structural complexity, which limits bulk chemical synthesis. Here, we report the 

complete biosynthesis of the major cannabinoids cannabigerolic acid (CBGA), Δ9-tetrahydrocannabinolic 

acid (THCA), cannabidiolic acid (CBDA), Δ9-tetrahydrocannabivarinic acid (THCVA), and 

cannabidivarinic acid (CBDVA) in Saccharomyces cerevisiae from the simple sugar galactose. To 

accomplish this, we engineered the native mevalonate pathway to provide high flux of geranyl 

pyrophosphate (GPP) and introduced a heterologous, multi-organism-derived hexanoyl-CoA biosynthetic 

pathway5 as well as the Cannabis genes encoding the enzymes involved in olivetolic acid (OA) 

biosynthesis,6 a previously undiscovered enzyme with geranylpyrophosphate:olivetolate geranyltransferase 

(GOT) activity, and corresponding cannabinoid synthases.7,8 Furthermore, we established a biosynthetic 

approach, harnessing the promiscuity of several pathway genes, for the production of cannabinoid 

analogues. Feeding different fatty acids to our engineered strains yielded cannabinoid analogues with 

modifications in the part of the molecule known to alter receptor binding affinity and potency.9 We also 

demonstrated that our biological system can be complemented by simple synthetic chemistry to further 

expand the accessible chemical space. Our work presents a platform for the production of natural and 

unnatural cannabinoids, which will allow for more rigorous study of cannabinoids and ultimately the 

development of new treatments for a variety of human ailments. 

We initiated construction of the cannabinoid-producing yeast by focusing first on production of OA 

(Fig. 1), an initial intermediate in the cannabinoid biosynthetic pathway. Two Cannabis enzymes, a 

tetraketide synthase (CsTKS)10 and an olivetolic acid cyclase (CsOAC),6 have been reported to produce 
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OA from hexanoyl-CoA and malonyl-CoA. To produce OA in yeast, we introduced a CsTKS and CsOAC 

expression cassette into S. cerevisiae to generate strain yCAN01 (Extended Data Table 1). The strain 

produced 0.2 mg/L OA from galactose (Fig. 2a), consistent with the fact that S. cerevisiae maintains low 

intracellular levels of hexanoyl-CoA.11 To increase the supply of hexanoyl-CoA, we fed 1 mM hexanoic 

acid, which can be converted to hexanoyl-CoA by an endogenous acyl activating enzyme (AAE), and 

observed six-fold higher OA production (1.3 mg/L) compared to no exogenous hexanoic acid feeding. A 

known byproduct of TKS, hexanoyl triacetic acid lactone (HTAL),6 was also detected (Extended Data Fig. 

1).  

To optimize the conversion of hexanoic acid to hexanoyl-CoA, we introduced into yCAN01 an 

AAE from Cannabis (CsAAE1), which is thought to catalyze this step in planta.12 The resulting strain 

(yCAN02) showed a two-fold increase in OA titer (3.0 mg/L) when fed 1 mM hexanoic acid (Fig. 2a). To 

produce hexanoyl-CoA from galactose and complete the OA pathway, we introduced into yCAN01 a 

previously reported hexanoyl-CoA pathway5. The resulting strain (yCAN03) produced 1.6 mg/L OA (Fig. 

2a). 

CBGA, the precursor to THCA, CBDA, and numerous other cannabinoids, is produced from the 

mevalonate pathway intermediate GPP and OA by GOT. GOT activity was detected in Cannabis extracts 

over two decades ago,13 and a Cannabis GOT (CsPT1) was patented ten years later.14 To enable in vivo 

testing of CsPT1, we constructed a GPP-overproducing strain (yCAN10) with an upregulated mevalonate 

pathway15 and a mutant gene of the endogenous farnesyl pyrophosphate synthase ERG20(F96W-N127W), 

which preferentially produces GPP over FPP.16 However, we were unable to observe any GOT activity 

when we expressed CsPT1 or truncations thereof in yCAN10.  

To identify an enzyme with GOT activity that would function in yeast, we searched for candidate 

prenyltransferase (PT) enzymes from Cannabis and other organisms. These included NphB, a soluble PT 

from Streptomyces sp.17 with GOT activity in vitro,18 as well as HlPT1L and HlPT2, two PTs involved in 

bitter acid biosynthesis in Humulus lupulus, a close relative of Cannabis.19 In addition, we mined published 
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Cannabis transcriptomes20,21 for GOT candidates. We searched full-length transcripts using Basic Local 

Alignment Search Tool (BLAST) against CsPT1, HlPT1L, and HlPT2, ultimately settling on six enzymes 

(CsPT2–7).  

For functional expression in yeast, we removed predicted N-terminal plastid-targeting 

sequences22,23 from all Cannabis and Humulus lupulus PTs resulting in CsPT2-T–CsPT7-T and HlPT1L-

T, HlPT2-T, respectively. Each GOT candidate was introduced into yCAN10, and the resulting strains 

(yCAN12–yCAN20) were cultured in 1 mM OA and assayed for CBGA production by liquid 

chromatography-mass spectrometry (LC-MS). Of the nine GOT candidates tested, only the strain 

expressing CsPT4-T (yCAN14) produced detectable amounts of CBGA (136 mg/L, Fig. 2b). CsPT4-T is 

predicted to have eight transmembrane helices24 and localized to the purified microsomal fraction when 

heterologously expressed in yeast (Extended Data Fig. 2a). Subsequent in vitro experiments with purified 

microsomal fractions from yCAN14 confirmed GOT activity and revealed a Michaelis-Menten constant of 

KM (OA) = 6.73 ± 0.26 µM and non-Michaelis-Menten type behavior for GPP (Extended Data Fig. 2b,c). 

Similar in vitro assays with the other GOT candidates (NphB, HlPT1L-T, and HlPT2-T) showed low and 

non-specific GOT activity or no activity (CsPT1-T) (Extended Data Fig. 3). CsPT4 clusters with other 

Cannabis PTs in a phylogenetic tree (Extended Data Fig. 2d) but bears only 62% homology with CsPT1. 

Next, we set out to produce CBGA from simpler precursors such as hexanoic acid or galactose by 

reconstituting the OA biosynthesis module in strain yCAN14. Adding CsTKS, CsOAC and CsAEE1 

generated strain yCAN31, which produced 7.2 mg/L of CBGA from 1 mM hexanoic acid. Finally, 

integrating the hexanoyl-CoA pathway into yCAN31 resulted in strain yCAN32, which produced 1.4 mg/L 

CBGA from galactose. 

Synthases for the conversion of CBGA to THCA25 (THCAS) and CBDA26 (CBDAS) in Cannabis 

were identified two decades ago. THCAS has been functionally expressed and assayed in vitro in insect 

cells27 and yeast.7,28 Yet, in vivo production of THCA, CBDA or other late cannabinoids from sugars has 

not been shown to date. To complete the cannabinoid biosynthesis pathway, we replaced the N-terminal 
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secretory signal peptides29 of THCAS and CBDAS with a vacuolar localization tag to enable their 

functional expression7,28 and integrated the resulting sequences into yCAN31 (resulting in yCAN40 and 

yCAN41) and into yCAN32 (resulting in yCAN42 and yCAN43). Culturing yCAN40 or yCAN41 with 1 

mM hexanoic acid yielded 1.1 mg/L THCA or 4.3 µg/L CBDA, respectively. Culturing yCAN42 or 

yCAN43 with galactose yielded 2.3 mg/L THCA or 4.2 µg/L of CBDA, respectively (Fig. 3a,b).   

Besides cannabinoids derived from OA, Cannabis also produces compounds originating from 

divarinolic acid (DA), an OA analogue wherein the C3-pentyl sidechain is substituted with a propyl 

moiety,30 suggesting promiscuity of at least some pathway enzymes. The precursor to DA presumably is 

butanoyl-CoA,10 an intermediate in our engineered hexanoyl-CoA pathway. Indeed, yCAN42 and yCAN43 

produced 1.2 mg/L of tetrahydrocannabivarinic acid (THCVA) and 6.0 µg/L cannabidivarinic acid 

(CBDVA), respectively (Fig. 3). Furthermore, peaks corresponding to the predicted m/z-values of DA and 

the propyl-variant of CBGA, cannabigerovarinic acid (CBGVA), were also detected (Extended Data Fig. 

4).  

In order to improve titers from galactose and identify bottlenecks in the pathway we introduced 

additional single copies of CsTKS-CsOAC, CsPT4-T or THCAS to yCAN42 (resulting in yCAN50, 

yCAN51, yCAN52). We assumed that the GPP supply was sufficient, since OA was converted efficiently 

to CBGA when supplementing the growth medium with 1 mM OA (Fig. 2b). When assayed, we observed 

a 3-fold increase in the concentration of intermediates as well as of THCA and THCVA for the TKS-OAC 

overexpression strain (yCAN50) in comparison to the parent strain (yCAN42) (Fig. 3c). Cannabinoid 

production remained essentially unchanged for yCAN51 and yCAN52 relative to the parent strain, 

suggesting that the pathway was primarily limited by malonyl-CoA and hexanoyl-CoA conversion to OA. 

Lastly, we added one more copy of THCAS to yCAN50 (resulting in yCAN53) to enhance conversion of 

the now higher CBGA pool. yCAN53 yielded increased titers of THCA (8.0 mg/L) and THCVA (4.8 mg/L) 

(Fig. 3c). Further gains could be achieved by fine-tuning TKS-OAC and THCAS expression as well as by 

upregulating upstream precursor production.  
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In addition to their natural counterparts, unnatural cannabinoid analogues are actively being 

investigated for improved medicinal properties. One of the major pharmacophores of interest in this search 

is the C3 sidechain of THC since its length, size, structure and chemistry have been shown to modulate 

cannabinoid receptor (CB1 or CB2) binding affinity, CB1/CB2 selectivity and potency, amongst others.9 

We set out to establish a biosynthetic approach for the production of this class of cannabinoid analogues 

from different fatty acids, hypothesizing that the observed promiscuity of our pathway towards butanoyl-

CoA would translate to other precursors (Fig. 4a). To probe the analogue production capability of our 

engineered strains, we fed yCAN31 an array of 19 different fatty acids with various chain lengths, branching 

and degrees of saturation (Extended Data Table 2). LC-MS analysis revealed the production of OA and 

CBGA analogues from pentanoic acid (II), heptanoic acid (III), 4-methylhexanoic acid (IV), 5-hexenoic 

acid (V) and 6-heptynoic acid (VI) (Fig. 4b, Extended Data Fig. 5). Subsequent supplementation of 

yCAN40 with this subset of fatty acids yielded the respective THCA analogues (Fig. 4b). Furthermore, the 

functionalization of the pharmacophore with an alkene (V) or alkyne (VI) terminal group enabled simple 

post-fermentation modification and thus the construction of side chains intractable to direct incorporation. 

As proof of concept, we performed copper-catalyzed azide-alkyne cycloaddition on the respective 6-

heptynoic acid CBGA (6hCBGA) as well as THCA (6hTHCA) analogues with an azide-PEG3-biotin 

conjugate. The corresponding products were detected by LC-MS (Fig. 4c) demonstrating that the accessible 

chemical space of our process can be further expanded. Our results illustrate a novel avenue towards the 

production of cannabinoid analogues with tailored C3 sidechains. 

In summary, we engineered yeast strains capable of producing the major cannabinoids found in 

Cannabis from galactose. Pending the identification of novel cannabinoid synthases, we expect to be able 

to produce a large fraction of this class of natural molecules. Additionally, we further expanded the 

chemical space of cannabinoids by establishing and harnessing the intrinsic promiscuity of the cannabinoid 

pathway to produce unnatural cannabinoids including molecules with side groups amenable to further 

chemical derivatization. This work lays the foundation for the large-scale fermentation of cannabinoids, 
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independent of Cannabis cultivation, which will enable the pharmacological study of these highly 

promising compounds and ultimately new and better medicines.  
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LEGENDS 

Figure 1 | Engineered biosynthetic pathway for synthesis of cannabinoids in S. cerevisiae. GPP 

was produced by introducing the E. faecalis genes EfMvaE and EfMvaS, overexpressing the native 

mevalonate pathway genes (ERG12, ERG8, ERG19, IDI1) and a mutated ERG20(F96W-N127W) (Erg20*). 

Hexanoyl-CoA was produced using a heterologous biosynthetic pathway, using genes from Ralstonia 

eutropha (ReBktB), Cupriavidus necator (CnPaaH1), Clostridium acetobutylicum (CaCrt) and Treponema 

denticola (TdTer) or by feeding hexanoic acid as a substrate for AAE (encoded by CsAAE1 from Cannabis). 

Expression of genes encoding CsTKS and CsOAC from Cannabis produced OA, which was prenylated by 

CsPT4 from Cannabis. The resulting CBGA was transformed to the cannabinoid acids THCA and CBDA 

using the cannabinoid synthases THCAS and CBDAS. Upon exposure to heat THCA and CBDA 

decarboxylate to THC and CBD, respectively. 

 

Figure 2 | Pathway engineering for OA and CBGA. a, OA production in yCAN01, yCAN02 and 

yCAN03 from galactose or 1 mM hexanoic acid 48 h after induction (hex-PW: hexanoyl-CoA pathway, 

error bars represent standard deviation around the mean, n = 3 biologically independent samples). b, In vivo 

production of CBGA by feeding OA. yCAN10 and yCAN14 cultures fed 1 mM OA were sampled 24 h 

after induction and extracts analyzed by LC-MS and signals compared to genuine standards (stds). All LC-

MS chromatograms were selected for the theoretical m/z-values of the respective compounds of interest 

(Extended Data Table 3).  

 

Figure 3 | In vivo production of THCVA, THCA, CBDVA and CBDA. All LC-MS 

chromatograms were selected for the theoretical m/z-values of the respective compounds of interest 

(Extended Data Table 3). a, yCAN42 produced THCVA and THCA from galactose. b, yCAN43 produced 

CBDVA and CBDA from galactose. yCAN32 is the parent strain to yCAN42 and yCAN43 and is shown 

as the negative control. Samples were extracted 96 h after induction. c, Introduction of additional copies of 
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pathway enzymes revealed bottlenecks and increased overall production (error bars represent standard 

deviation around the mean, n = 3 biologically independent samples). 

 

Figure 4 | Production of cannabinoid analogues and post-fermentation derivatization. a, 

Pathway assayed for incorporation of different fatty acid precursors into the corresponding OA, CBGA and 

THCA analogues. b, Ion-extracted chromatograms of the engineered strains (yCAN31 for OA and CBGA 

columns, yCAN40 for THCA column) grown in the presence of hexanoic acid (I), pentanoic acid (II), 

heptanoic acid (III), 4-methylhexanoic acid (IV), 5-hexenoic acid (V), or 6-heptynoic acid (VI) showed the 

production of OA, CBGA and THCA or their respective analogues. Detected analogue peaks shifted in 

retention time depending on their change in hydrophobicity relative to the OA, CBGA and THCA standards 

(stds). Feeding 1 mM hexanoic acid to the parent strain of yCAN31 (yCAN30) did not yield OA or CBGA, 

and correspondingly no THCA was produced by the parent strain of yCAN40 (yCAN31) (neg (I)). All LC-

MS chromatograms were selected for the theoretical m/z-values of the respective compounds of interest 

(Extended Data Fig. 6). c, yCAN40 was cultured in the presence of 1 mM 6-heptynoic acid (+ heptynoic 

acid) or 1 mM hexanoic acid (+ hexanoic acid). The corresponding extracts were reacted with an azide-

PEG3-biotin conjugate (+ azide) or water (− azide) under copper-catalyzed azide-alkyne cycloaddition 

conditions. The production of 6hCBGA-PEG3-biotin and 6hTHCA-PEG3-biotin was observed only in the 

presence of both 6-heptynoic acid and azide-PEG3-biotin conjugate. 
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METHODS 

Detailed description of the methods used for the generation of S. cerevisiae yCAN strains are 

provided in the Supplementary Information.  

General. Cannabinoid standards (CBGA, THCA, CBDA, CBGVA, THCVA and CBDVA) were 

purchased from Cerilliant Corporation (Round Rock, TX). OA was purchased from A1 Biochem Labs 

(Syracuse, NY). All other chemicals were obtained from Fisher Scientific and Sigma-Aldrich. 

Oligonucleotides and codon-optimized gBlock gene fragments were obtained from Integrated DNA 

Technologies (Skokie, IL). Yeast culture media were purchased from Becton, Dickinson and Company 

(Franklin Lakes, NJ), and all agar plates were obtained from Teknova (Hollister, CA). The project was 

registered with and under the regulation of University of California, Berkeley and Lawrence Berkeley 

National Laboratory controlled substances programs, Research Advisory Panel of California, and U.S. Drug 

Enforcement Administration. All researchers who have direct access to controlled substances or yeast 

strains capable of making such compounds have passed background screening. All work was conducted in 

a DEA-certified laboratory, and all protocols were reviewed by authorities, including the production log, 

product destruction and disposal. To prevent illicit use, standards, strains and samples were stored in a TL-

15 safe with group 1R lock. 

In vivo production, purification and LC-TOF-MS/LC-QTOF-MS analysis of cannabinoids. 

Strains were pre-grown in yeast extract peptone dextrose (YPD) medium overnight and then back-diluted 

to OD600nm 0.2 into yeast extract peptone galactose (YPG). When indicated, medium was supplemented 

with 1 mM OA or corresponding fatty acid (Extended Data Table 3). Strains were incubated for 24 h 

(yCAN10–yCAN20), 48 h (yCAN01–yCAN03, yCAN30–yCAN33) or 96 h (yCAN40–yCAN53) in 24 

deep-well plates (800 rpm) at 30°C while supplementing 2% (w/v) galactose every 24 h. Subsequently, 

samples were treated with 2U/OD Zymolyase (Zymo Research) (2 h, 30°C, 800 rpm) (step was skipped for 

extraction of analogues), followed by ethyl acetate/formic acid (0.05% (v/v)) extraction in a 2:1 ratio and 

bead-beating (30 s-1, 3 min). Organic and inorganic layers were separated by centrifugation at 12,000 × g 
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for 1 min. Samples were extracted three times. The combined organic layers were evaporated in a vacuum 

oven (50°C) and the remainders resuspended in acetonitrile/H2O/formic acid (80%:20%:0.05% (v/v)) 

(AHF). Lastly, samples were filtered with Ultrafree®-MC columns (0.22 μm pore size, PVDF membrane 

material). 

Products were analyzed using either high-performance liquid chromatography with UV detection 

(HPLC-UV, Agilent 1200 series) or LC-MS (Agilent 6210 TOF, time-of-flight, and Agilent 6545 QTOF, 

quadrupole time-of-flight, Agilent Technologies, Santa Clara, CA, USA) equipped with a reverse phase 

C18 column (Kinetex® 2.6 µM, 100×2.1 mm, XB-C18, Phenomenex, Inc., Torrance, CA, USA). The 

mobile phase was composed of 0.05% (v/v) formic acid in water (solvent A) and 0.05% (v/v) formic acid 

in acetonitrile (solvent B). Cannabinoids were separated via gradient elution as follows: linearly increased 

from 45%B to 62.5%B in 3.5 min, held at 62.5%B for 4.5 min, increased from 62.5%B to 97%B in 0.5 

min, held at 97%B for 4 min, decreased from 97%B to 45%B in 0.2 min, and held at 45%B for 2.8 min. 

The flow rate was held at 0.2 mL/min for 12.5 min, increased from 0.2 mL/min to 0.4 mL/min in 0.2 min, 

and held at 0.4 mL/min for 2.8 min. The total LC run time was 15.5 min. Cannabinoid analogues from 

different acids were separated via gradient elution as follows: linearly increased from 45%B to 73%B in 

5.6 min, increased from 73%B to 97%B in 0.6 min, held at 97%B for 5.1 min, decreased from 97%B to 

45%B in 1.4 min, and held at 45%B for 2.8 min. The flow rate was held at 0.2 mL/min for 5.6 min, increased 

from 0.2 mL/min to 0.3 mL/min in 0.6 min, and held at 0.3 mL/min for 9.3 min. The total LC run time was 

15.5 min. Sample injection volumes of 1 and 2 μL were used for QTOF-MS and TOF-MS, respectively. 

The sample tray and column compartment were set to 6°C and 40°C, respectively. For HPLC-UV, 

cannabinoids were detected by diode array detection at 270 nm. For TOF-MS, electrospray ionization (ESI) 

was conducted in the negative ion mode and a capillary voltage of 3,500 V was utilized. The fragmentor, 

skimmer, and OCT 1 RF Vpp voltages were set to 150 V, 50 V, and 170 V, respectively. Drying and 

nebulizing gases were set to 11 L/min and 30 lb/in2, respectively, and a drying-gas temperature of 330°C 

was used throughout. For QTOF-MS, ESI was conducted via the Agilent Jet Stream thermal gradient 
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focusing technology, where the sheath gas flow rate and temperature were set to 12 L/min and 350°C, 

respectively. Drying and nebulizing gases were set to 10 L/min and 25 lb/in2, respectively, and a drying-

gas temperature of 300°C was used throughout. All other conditions were the same as that of TOF-MS. 

Data files were processed by Agilent MassHunter Qualitative Analysis software via extraction of the 

corresponding [M-H]− ion counts (extraction window: +/- 20 ppm, mass accuracy: <5 ppm) and analyzed 

by Openchrom 1.2.0,31 custom Python 3.6 scripts utilizing Scipy(v.1.0.0),32 and Pandas(v.0.22.0)33 

packages. All plots were generated with Plotly (Plotly Technologies Inc.). 

In vitro enzyme assays of CsPT4-T. yCAN10 and yCAN14 were inoculated to OD600nm 0.2 in 200 

mL YPG medium and incubated for 20 h in baffled shake flasks (200 rpm). Harvested cells were 

resuspended in 50 mL buffer (50 mM Tris-HCl, 1 mM EDTA, 0.1 M KCl, pH 7.4, 125 units Benzonase) 

then lysed (Emulsiflex C3, Avestin, INC., 60 bar, 10 min). Cell debris was removed by centrifugation 

(10,000 × g, 10 min, 4°C). Subsequently, the supernatant was subjected to ultracentrifugation (150,000 × 

g, 1 h, 4°C, Beckman Coulter L-90K, TI-70). The resulting membrane fractions of yCAN10 and yCAN14 

were resuspended in 3.3 mL buffer (10 mM Tris-HCl, 10 mM MgCl2, pH 8.0, 10% glycerol) and 

homogenized with a tissue grinder. Then, 4% (v/v) of the respective membrane preparations were dissolved 

in reaction buffer (50 mM Tris-HCl, 10 mM MgCl2, pH 8.5) and substrate was added (500 µM OA, 500 

µM GPP) to a total volume of 50 µL. Samples were incubated for 1 h at 30°C. Assays were extracted three 

times by adding two reaction volumes of ethyl acetate followed by vortexing and centrifugation. The 

organic layer was evaporated as described above for 30 min, resuspended in AHF and filtered.  

CsPT4-T kinetics. To determine the kinetics of CsPT4, 4% (v/v) of yCAN14 microsomal 

preparation was incubated in 50 µL reaction buffer for 10 min at 30°C with a range of OA concentrations 

(0.25 µM–0.56 mM) and constant GPP (1.67 mM) or different GPP concentrations (0.25 µM–1.67 mM) 

and constant OA (1.67 mM). Assays were quenched with 50 µL ice-cold 32% HCl and extracted with 100 

µL ice-cold ethyl acetate. Product formation was detected by HPLC-UV as described above. Kinetic 
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parameters were determined by non-linear regression using Scipy.32 Kinetic studies were carried out in 

triplicate or quadruplicate. 

Click-chemistry. yCAN40 was pre-grown in YPD, subsequently diluted to OD600nm 0.2 in YPG 

with 1 mM 6-heptynoic acid or 1 mM hexanoic acid, cultured for 96 h and extracted as described above. 

After evaporation, samples were resuspended in 25 µL dimethyl sulfoxide (DMSO)/H2O (55%:45% (v/v)) 

and filtered. An aliquot of 8 µL of freshly prepared copper-catalyzed azide-alkyne cycloaddition master 

mix (1.25 mM Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, 1.25 mM CuSO4, 2.5 mM ascorbic acid, 

2.5 mM azide-PEG3-biotin conjugate in DMSO/H2O (38.75%/61.25% (v/v)) was added to 20 µL of sample 

and incubated for 24 h at 37°C. 

Identification of candidate Cannabis GOTs. Previously reported assembled transcripts and 

expression abundance estimations were retrieved from the Cannabis genome browser gateway 

(http://genome.ccbr.utoronto.ca/cgi-bin/hgGateway) and the Medicinal Plant Genomics Resource 

(http://medicinalplantgenomics.msu.edu). To select PTs for functional testing, published transcriptomes of 

Cannabis were mined using a BLAST search against CsPT1, HlPT1L and HlPT2.  

Phylogenetic analysis. Phylogenetic analysis was performed using the predicted amino acid 

sequences of Cannabis candidate PTs and related PTs (Extended Data Table 4). Sequence alignments were 

generated using MUSCLE with default parameters.34 Maximum likelihood analysis was conducted with 

the IQ-TREE web server (http://iqtree.cibiv.univie.ac.at/) and default parameters.35 The resulting tree was 

visualized using ETE3.36  

Statistics and Reproducibility. If not indicated otherwise, all experiments were conducted with n 

= 3 biological replicates. When representative traces are shown in the display items, all other traces were 

similar. In bar charts the mean of the individual measurements was used as measure of center and the 

standard deviation for error bars. 
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EXTENDED DATA LEGENDS 

Extended Data Figure 1 | OA production of yCAN03. All LC-MS chromatograms were selected 

for the theoretical m/z-values of the respective compounds of interest (Extended Data Table 3). a, yCAN03 

produced OA. An additional peak was observed for the byproduct HTAL (same m/z as OA), which has 

been reported previously. No Zymolase was added during extraction. Chromatography gradient for 

cannabinoid analogues was used. b, MS-spectrum of HTAL. Mass accuracy for observed m/z at a given 

retention time (RT) is reported in parts per million (ppm).  

 

Extended Data Figure 2 | CsPT4-T characterization. a, CsPT4-T localized to the purified 

microsomal fraction. All LC-MS chromatograms were selected for the theoretical m/z-values of the 

respective compounds of interest (Extended Data Table 3). Chromatography gradient for cannabinoid 

analogues was used. Signals were compared to genuine standards (stds). We incubated boiled microsomal 

fraction (mic ΔT), soluble fraction (sol) and microsomal fraction (mic) of yCAN14 in the presence of 500 

µM OA and 500 µM GPP for 1 h at 30°C and observed GOT activity only in the microsomal fraction. b, 

CsPT4-T OA kinetics. Using non-linear regression to fit the Michaelis-Menten kinetic model for varied 

OA (0.25 µM–0.56 mM) and constant GPP (1.67 mM) concentrations revealed a KM (OA) = 6.73 ± 0.26 

µM. (n = 4 technically independent samples, measurements were plotted individually). c, CsPT4-T GPP 

kinetics. Eadie-Hofstee linearization of Michaelis-Menten model showed non-Michaelis-Menten type 

behavior for CsPT4-T for varied GPP (0.25 µM–1.67 mM) and constant OA (1.67 mM) concentrations. 

Measurements do not fall on a line as would be expected. (R2: coefficient of determination, n = 3 technically 

independent samples, measurements were plotted individually). d, Phylogenetic tree of Cannabis and 

related PT’s. The numbers indicate the bootstrap value (%) from 1000 replications. Grey dashed lines depict 

branch offsets to accommodate labels. The scale bar shows the amino acid substitution ratio. PTs cluster 

by biosynthetic pathway. CsPT4 catalyzes CBGA production. The function of the other Cannabis PTs 

remains unknown. 
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Extended Data Figure 3 | In vitro activity of NphB and HlPT. All LC-MS chromatograms were 

selected for the theoretical m/z-values of the respective compounds of interest (Extended Data Table 3).  

Chromatography gradient for cannabinoid analogues was used. Signals were compared to genuine 

standards (stds). a, Purified NphB catalyzed the condensation of GPP and OA to CBGA when incubated 

with 5 mM OA and 5 mM GPP at room temperature for 24 h. The enzyme produced at least one other 

isomer of CBGA consistent with previous reports.28 Boiling NphB (NphB ΔT) abolished activity. b, 

Microsomal fractions were prepared from yCAN21, yCAN22 and yCAN23 which expressed HlPT1L-T 

(1L-T), HlPT1L-T and HlPT2-T (1L-T/2-T), and HlPT2-T (2-T), respectively. Incubation with 5 mM OA 

and 5 mM GPP for 24 h at 30°C yielded CBGA as well as several isomers. CBGA production was not 

observed when incubating HlPT1L-T and HlPT2-T with their native substrates phlorisovalerophenone and 

dimethylallyl diphosphate (neg). 

 

Extended Data Figure 4 | DA and CBGVA production. All LC-MS chromatograms were selected 

for the theoretical m/z-values of the respective compounds of interest (Extended Data Table 3). a, yCAN32 

produced an additional compound of m/z-value corresponding to DA compared to a strain lacking the OA 

synthesis pathway (yCAN14). The retention time of DA is reduced relative to OA due to its reduced 

hydrophobicity conferred by the shorter 5-propyl sidechain. No Zymolase was added during extraction. 

Chromatography gradient for cannabinoid analogues was used. b, MS-spectrum of DA. Mass accuracy for 

observed m/z at a given retention time (RT) is reported in parts per million (ppm). c, Accordingly, the 

prenylated variant of DA, CBGVA, was also detected. d, MS-spectrum of CBGVA with mass accuracy 

reported in parts per million. 

 

Extended Data Figure 5 | Production of cannabinoid analogues. All LC-MS chromatograms 

were selected for the theoretical m/z-values of the respective compounds of interest (Extended Data Table 
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3). When yCAN31 was grown in the presence of butanoic acid (II), nonanoic acid (III), 5-phenylpentanoic 

acid (IV), 6-phenylhexanoic acid (V) and 7-phenylheptanoic acid (VI) peaks corresponding to their 

respective OA and HTAL analogues were detected. Detected analogue peaks shifted in retention time 

depending on their change in hydrophobicity relative to OA and CBGA standards (stds). Feeding 1 mM 

hexanoic acid to yCAN30 yielded neither OA nor CBGA (neg (I)). Medium supplementation with butanoic 

acid did not increase production of DA or CBGVA over baseline levels. Feeding phenyl substituted acids 

yielded either only the corresponding HTAL analogues or OA analogues. 

 

Extended Data Figure 6 | LC-MS spectra of cannabinoid analogues. Mass accuracies for 

observed m/z at a given retention time (RT) are reported in parts per million (ppm).  a, MS spectra of 

cannabinoid analogues produced from fatty acids (I) to (VI). b, MS spectra of 6hCBGA and 6hTHCA. 

 

Extended Data Table 1 | Strains and plasmids used in this study.  

 

Extended Data Table 2 | Fatty acids tested for cannabinoid analogue production. y: detected 

OA/CBGA/THCA analogue. n: no detection of OA/CBGA/THCA analogue. *: feeding fatty acid did not 

increase OA/CBGA/THCA baseline levels. ?: possibly OA or HTAL analogue. -: not tested. 

 

Extended Data Table 3 | m/z-values of compounds analyzed in this study. All values are for the 

[M-H]− ion. 

 

Extended Data Table 4 | Accession numbers of (putative) PTs tested for GOT activity and PTs 

used for phylogenetic analysis. 
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DATA AVAILABILITY STATEMENT 

Nucleotide sequence data of Cannabis candidate prenyltransferases are available in the Third-Party 

Annotation Section of the DDBJ/ENA/GenBank databases (Extended Data Table 4). Strains and plasmids 

developed for this study (Extended Data Table 1), along with annotated sequences, have been deposited in 

the Synthetic Biology Engineering Research Center (Synberc) Registry (https://synberc-registry.jbei.org/) 

and are physically available from the authors upon reasonable request. Strains producing controlled 

substances or its direct precursors can only be provided to laboratories/institutions with appropriate 

approvals and licenses (e.g., DEA permits). Custom Python 3.6 scripts for data analysis are available from 

the authors upon reasonable request. 
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