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Natural products are widely used as pharmaceuticals, flavors, fragrances, and
cosmetic ingredients. Synthesizing and evaluating analogs of natural products
can considerably expand their applications. However, the chemical synthesis
of analogs of natural products is severely hampered by their highly complex
structures. This is particularly evident in isoprenoids, the largest class of nat-
ural products. Here, we develop a yeast cell-based biocatalytic method that
enables the systematic biotechnological production of analogs of different
classes of isoprenoids (including monoterpenoids, sesquiterpenoids, tri-
terpenoids, and cannabinoids) with additional carbons in their skeletons. We
demonstrate the applicability of this approach through two proof-of-concept
studies: the biosynthesis of the highly valued aroma ingredient ethyllinalool,
and the production of cannabinoid analogs with improved cannabinoid
receptor agonism. This method is simple, readily adaptable to any cell factory,

and enables the tailored expansion of the isoprenoid chemical space to
identify molecules with improved properties and the biotechnological pro-
duction of valuable compounds.

Isoprenoids constitute the largest class of specialized metabolites found
in terrestrial and marine organisms with over 180,000 known members
(http://terokit.qmclab.com)’. They are widely used as pharmaceuticals
(e.g., artemisinin, taxol, vinblastine, cannabinoids, QS-21 adjuvant)*”,
flavors and fragrances (e.g., linalool, geraniol, limonene)'®", colorants
(e.g., lycopene and B-carotene), and cosmetic ingredients (e.g., sclareol,
santalol, patchoulol). The utilization of isoprenoids could be expanded
further by producing isoprenoid analogs with improved or altered
properties, opening up numerous new applications. However, the pro-
duction of analogs has been greatly hindered by the structural com-
plexity of isoprenoids, often featuring multiple chiral centers, which
renders their chemical synthesis inefficient and frequently economically

inviable. Thus, developing systematic and efficient methods for the
production of analogs is essential to improve and expand the applica-
tions of this highly valuable group of natural products.

A cost-effective and sustainable solution to this problem would be
the development of a biotechnological method based on cell factories,
which can provide a scalable and green method for the production of
isoprenoid analogs. However, efforts in this direction have, so far,
made limited progress because they have been based on combinatorial
biosynthesis strategies”® that are confined to adding functional
groups to existing isoprenoid core scaffolds but cannot radically alter
the carbon backbone of the targeted structures. This is largely because
the biosynthesis of isoprenoids is governed by the isoprene rule.
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According to this, all isoprenoids are built up from two five-carbon
isoprene units, isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP). These two fundamental building blocks com-
bine, by successive head-to-tail additions, into larger prenyl dipho-
sphate precursors. Each of these precursors generates a distinct class
of hydrocarbon backbones by the action of terpene synthases, i.e.,
geranyl diphosphate (GPP) gives rise to monoterpenes (Cy), farnesyl
diphosphate (FPP) is converted to sesquiterpenes (C;s) and triterpenes
(C30), geranylgeranyl diphosphate (GGPP) produces diterpenes (Cyo)
and carotenoids (C40). Subsequently, the terpene backbones are con-
verted to a broad array of terpenoids by decorating enzymes, such as
cytochrome P450s, dehydrogenases, or glycosyltransferases. Mer-
oterpenoids, such as cannabinoids® and monoterpene indole alkaloids,
are also derived from the same prenyl diphosphate building blocks.
Almost all naturally produced isoprenoids discovered so far conform
to the isoprene rule, with only a few exceptions™"72',

Thus, to synthesize isoprenoids with carbon skeletons that do not
conform to the isoprene rule, it is essential to bypass the dependence
of isoprenoid biosynthesis on the Cs precursors DMAPP and IPP. As
these precursors are synthesized in all organisms mainly through the
mevalonate and the methylerythritol phosphate pathways?, surpass-
ing this restriction requires establishing alternative biosynthetic routes
that supply analogs of DMAPP or IPP (e.g., C¢ or C; precursors). Taking
advantage of the established promiscuity of the isoprenoid biosyn-
thetic enzymes™>*****? these alternative precursors could then be
incorporated into non-canonical prenyl diphosphates and converted
by downstream enzymes to modified terpene scaffolds. To establish an
alternative pathway to synthesize DMAPP and IPP analogs, we explored
the possibility of capitalizing on previous findings that reported that
the alcohols prenol and isoprenol could be converted to DMAPP and
IPP, respectively, by two successive phosphorylation reactions®. We
hypothesized that using a similar approach, alcohols with structures
analogous to prenol and isoprenol could be converted to the corre-
sponding DMAPP and IPP analogs as long as a suitable pair of kinases
could be identified. Such an alternative pathway could be incorporated
in an engineered microorganism or plant cell to bypass the endogen-
ous DMAPP- and IPP-supplying pathway and serve as the basis for the
systematic biotechnological production of tailored isoprenoid analogs
from defined building blocks.

Here, to implement this strategy, we select Saccharomyces cere-
visiae (baker’s yeast) as a platform, due to the ability of yeast to pro-
duce high-value isoprenoids and oxygenated derivatives economically
and sustainably at an industrial scale**'>?>?°, We identify a kinase,
Arabidopsis thaliana farnesol kinase (AtFKI), which has high efficiency
in converting isopentenol-like alcohols to the corresponding prenyl
monophosphates, and introduce a second kinase, A. thaliana iso-
pentenyl kinase (AtlPK), to convert the AtFKI-produced prenyl mono-
phosphates to non-canonical diphosphate building blocks (Fig. 1). We
then furnish this system with dedicated downstream pathways that
convert the non-canonical building blocks to analogs of each of the
different classes of isoprenoids, providing specific examples for the
production of analogs of monoterpenoids, sesquiterpenoids, and tri-
terpenoids. Finally, we demonstrate the applicability of this approach
to produce isoprenoid analogs with improved properties by two proof-
of-concept studies. First, we establish the biotechnological production
of the high-value aroma compound ethyllinalool, which is a less vola-
tile, sweeter, and less woody analog of natural linalool that cannot be
found in nature and until now could only be chemically synthesized. In
addition, we produce a set of linalool analogs with modified sensory
characteristics. Second, we engineer yeast cells to produce cannabi-
noid analogs that have higher bioactivity compared to canonical can-
nabinoids and thus have promise for pharmacological applications.
These two examples demonstrate the biotechnological potential of
this method and establish a systematic approach for the bespoke
expansion of the structural diversity of isoprenoids.

Results

Establishing an efficient isopentenol utilization pathway

For the proposed approach to be successful, it was essential to
establish an efficient engineered pathway for the conversion of
isopentenol-like alcohols to isoprenoid precursors, in yeast. Previous
studies had identified kinases that can convert prenol or isoprenol to
dimethyl phosphate (DMAP) or isopentenyl phosphate (IP)*%*2, but
it was unclear whether these kinases were sufficiently efficient in yeast
cells to support this approach. Therefore, we evaluated the efficiency
of the previously identified kinases (i.e., SfPhoN from Shigella flexneri,
ScCKI from S. cerevisiae, SCEKI from S. cerevisiae, and EcThiM from
Escherichia coli; Supplementary Table 1) in supporting the first phos-
phorylation reaction. For the second phosphorylation step, we selec-
ted Arabidopsis thaliana isopentenyl phosphate kinase (AfPK;
Supplementary Table 1), which had been shown to produce IPP and
DMAPP from IP and DMAP, respectively?.

All the corresponding ORFs were cloned into the yeast high-copy
number expression vectors pUUS™ (for SfPhoN, ScCKI, ScEKI, and
EcThiM) and pHUS (for A¢IPK) under the inducible P¢4,; promoter and
introduced into the W303-derived strain EGY48* (Supplementary
Tables 2 and 3, Supplementary Data 1 and 2). EGY48 was selected
because it does not contain any modifications boosting isoprenoid
production through the endogenous mevalonate pathway, thus pro-
viding a clean background to evaluate the performance of the recon-
structed pathway. Initially, we evaluated the selected kinases by
supplying prenol and applying solid-phase micro-extraction (SPME) to
analyze the produced volatile compounds by GC-MS. Typically, excess
synthesis of GPP or FPP in yeast results in the emission of linalool or
nerolidol, respectively, in the culture headspace'®**?**, However, we
could not detect any additional isoprenoid compounds produced by
yeast cultures supplemented with 0.01-1% prenol (Fig. 2a), suggesting
that the enzymes previously reported were not sufficiently active in
yeast cells. This prompted us to look for additional candidates for the
first step of this pathway. We identified the enzyme farnesol kinase in
A. thaliana (AtFKI) as a suitable candidate because it had been shown
to phosphorylate farnesol and to a lesser extent geraniol and
geranylgeraniol’*, suggesting it may have relatively relaxed specificity
and thus accept other prenol-like alcohols. To evaluate this candidate,
we introduced AtFKI and A¢PK into EGY48 to generate strain LWOS5
(Supplementary Table 3). When prenol was added, this strain pro-
duced one major additional peak corresponding to the monoterpene
alcohol linalool (Fig. 2a). This indicated that A¢FKI and A¢PK can con-
vert prenol to DMAPP, which, in turn, is combined with endogenous
IPP by the yeast farnesyl diphosphate synthase Erg20p to produce GPP.
When isoprenol was supplied instead of prenol, AtFKI was again found
to be the most efficient of all kinases evaluated for the first step,
although in the case of isoprenol, EcThiM also supported considerable,
albeit lower, linalool production (Fig. 2b).

After identifying AtFKI as an efficient enzyme for the first step, we
evaluated the performance of IPKs from different sources in the second
phosphorylation reaction. We tested four enzymes, AtIPK, MtIPK from
Methanothermobacter thermautotrophicus, TalPK from Thermoplasma
acidophilum, and its variant TalPK(K204G)* (Supplementary Table 1),
in combination with A¢FKI, for their ability to synthesize linalool in this
system. We found that AdPK and TalPK(K204G) were equally efficient
when prenol was supplied, while AfIPK clearly stood out when iso-
prenol was used (Supplementary Fig. 1). Therefore, the combination of
AtFKI with AfIPK was selected as the optimal configuration.

To further optimize the performance of the established pathway,
we first aimed to improve the catalytic efficiency of AtFKI. As AtFKI
possesses an N-terminal plastid transit peptide, we tested a truncated
form of AtFKI, named A65AFKI, lacking the first 65 amino acids pre-
dicted to correspond to the transit peptide by TargetP 2.0 (https://
services.healthtech.dtu.dk/services/TargetP-2.0/). Compared to the
full-length enzyme, the A65A¢FKI variant was 3.72 times more efficient
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Fig. 1| Overview of the developed approach. The developed isopentenol utili-
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are phosphorylated successively by AtFKI and AfPK to generate DMAPP and IPP,
respectively, which are then used to synthesize canonical terpenes. To produce
terpenoid analogs, we used seven isopentenol-like alcohols (3M2E, 3MH2E, 3 4-
DMP, 3E2E, 3MP, 4E3E and 3MHIE; see main text for full compound names), which
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Fig. 2 | Identification of an efficient kinase to support the first step of the
constructed isopentenol utilization pathway. Co-expression of kinase candi-
dates and AdPK in yeast cells to identify the optimal kinase for the first step of the
constructed pathway. Yeast cells containing the empty vectors (strain LW20; black)
or yeast cells with AfIPK and A¢FKI (strain LWO1) incubated in the absence of prenol
or isoprenol (light blue) are used as controls. a Linalool production evaluated by
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isoprenol. ¢ Comparison of linalool production by yeast cells containing the full-
length A¢FKI and or the truncated form A65A¢FKI and supplied with 0.1% v/v prenol.
Values represent the mean of three biological replicates (n=3) and error bars
correspond to standard deviation. Source data are provided as a Source Data file.
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Fig. 3 | Synthesis of monoterpene, sesquiterpene, and triterpene analogs

in yeast. a Isopentenol-like alcohols evaluated in this study. Alcohols that were
efficiently converted by the established isopentenol utilization pathway into prenyl
diphosphate analogs are indicated by a light green box. Structural differences from
the corresponding canonical isopentenol are shown in red. b SPME-GC-MS
extracted ion chromatogram (m/z 150; corresponding to Cy;H;g) showing the pro-
duction of 1 when the limonene synthase-containing yeast strain LW13 was supplied
with 0.01% 3M2E. Strain LW13 incubated in the absence of the corresponding
alcohol is shown as a control (blue). ¢ SPME-GC-MS extracted ion chromatogram

Retention time (min)

(m/z 164; corresponding to Cy;H,0) showing the production of 2 by LW13 cells
supplied with 0.005% v/v 3MH2E and 0.01% v/v isoprenol to facilitate the conver-
sion. d-f SPME-GC-MS extracted ion chromatogram showing that strain LW35 (co-
expressing SfCarS1 and ERG20(F96C)) produced one Cy4 analog (3) and two C;;
analogs (4 and §) when supplied with 0.05% v/v 3MP, 4E3E, or 3MHIE, respectively,
in the presence of 0.05% v/v isoprenol. g GC-MS extracted ion chromatogram
showing the production of 26-methyl-squalene (6) by strain LW36 (co-expressing
ERG9 and ERG20(F96C)) when supplied with 0.05% v/v 3MP and 0.05% v/v
isoprenol.

in converting prenol (Fig. 2c). Subsequently, we integrated the genes
for A65AtFKI and AtIPK into the genome of the yeast strain EGY48, to
ensure stable expression levels for further studies (strain LW12; Sup-
plementary Table 3).

Biosynthesis of prenyl diphosphate analogs

Having established an efficient alternative isoprenoid pathway, we next
employed it to generate non-canonical prenyl diphosphate precursors.
We searched for commercially available alcohols with structural simi-
larity to isopentenols and identified several candidates (Fig. 3a). To
investigate which of these alcohols could be accepted by AtFKI and
AtIPK to produce prenyl diphosphate analogs, we supplied them indi-
vidually to strain LWI12 and monitored the production of Cy or Cp
terpenes, likely derived from hydrolysis of the diphosphate products.
We found that seven of the candidates could be utilized by A¢FKI and
AtIPK to give rise to products with characteristic fragment ions (/2 150
or 164; Supplementary Figs. 2 and 3). These included the six-carbon
alcohols 3-methylpent-2-enol (3M2E) and 3-methylidenepentanol (3MP),
and the seven-carbon alcohols 3,4-dimethylpent-2-enol (3,4-DMP), 3-
ethylpent-2-enol (3E2E), 3-methylhex-2-enol (3MH2E), 3-ethylpent-3-en-
1-ol (4E3E) and 3-methylidenehexan-1-ol (3MHIE). These results sug-
gested that the isopentenol-like alcohols were phosphorylated by A¢FKI
and AdPK to produce the corresponding DMAPP and IPP analogs, which,

in turn, were combined with endogenous IPP or DMAPP to give rise to
GPP analogs with 11 or 12 carbon atoms (Fig. 1). Acid hydrolysis of these
Cy;i-GPP or Cp»-GPP precursors in the yeast medium resulted in the
production of the non-canonical C;; or Cy, terpenoids presented in
Supplementary Fig. 28202 By determining the level of alcohol con-
sumption, we observed efficient incorporation of prenol-like alcohols
into prenyl phosphates, with efficiencies ranging from 62.1% to 95.6%
(Supplementary Table 4). Isoprenol-like alcohols showed lower incor-
poration, between 20.6% and 44.7%, and required higher substrate
concentrations for optimal incorporation. The observed preference for
prenol-like alcohols likely reflects the natural substrate selectivity of
AtFKI, whose native substrate is a prenol-type alcohol (farnesol). Fur-
thermore, among the prenol-like alcohols, there was no clear preference
between 6- and 7-carbon substrates. Within the isopentenol-like cate-
gory, on the other hand, the 6-carbon alcohol (3MP) was more efficiently
incorporated than the 7-carbon options (4E3E and 3MHIE; Supplemen-
tary Table 4).

Terpene synthases use the non-canonical precursors

We then set out to utilize the yeast strains synthesizing DMAPP and IPP
analogs to produce different classes of isoprenoids, namely mono-
terpenes, sesquiterpenes, and triterpenes. We first examined the cus-
tom synthesis of monoterpene analogs by focusing on limonene. To
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produce non-canonical limonene-like molecules, we supplied 3M2E
and 3MH2E, two alcohols that could give rise to C¢ and C; analogs of
DMAPP, to the limonene synthase-containing strain LW13 (Supple-
mentary Table 3). Following GC-MS analysis of 3M2E-supplied cells,
one major product, 1, could clearly be detected, which was presumed
to be an 11-carbon terpene by GC-APCI-qToF-HRMS analysis and the
characteristic fragment ions observed in its mass spectrum (Fig. 3b and
Supplementary Fig. 4). When strain LW13 was supplied with 3MH2E,
one Cy, compound, 2, was detected (Fig. 3¢ and Supplementary Fig. 5).

We proceeded to investigate the possibility of applying the same
approach to produce sesquiterpene analogs. To evaluate the effi-
ciency of the system, we introduced the terpentetriene synthase
(Cyc2) from Kitasatospora griseola® to facilitate the production and
detection of sesquiterpene products (strain LW28; Supplementary
Table 3), as previous studies revealed that Cyc2 was able to accept
various Cy¢ terpene building blocks and synthesize non-canonical
terpenes?. Following SPME-GC-MS analysis, C;¢ (m/z 218) and Cy7 (m/
z 232) terpenes could be detected when 3,4-DMP, 3M2E, and 3MP,
were supplied (Supplementary Figs. 6 and 7). However, the levels of
these compounds were low, suggesting that the yeast FPP synthase
Erg20p may not be efficient in generating the larger C¢ and Cy;
building blocks. We reasoned that a GGPP synthase may be more
suitable to accommodate the larger size of the intermediates or
products. Thus, we examined a series of GGPP synthases from dif-
ferent organisms together with the variant Erg20p(F96C), which
functions as a GGPP synthase”. Co-expression of Cyc2 with the
selected GGPP synthases revealed that Erg20p(F96C) had superior
performance in accepting the non-canonical substrates to synthesize
Ci6 or Ci; prenyl diphosphates (Supplementary Fig. 6). Having
improved the production of the C;¢ and C;7 building blocks, we next
investigated the possibility to generate specific sesquiterpene ana-
logs. To this end, we focused on trans-f-caryophyllene as a repre-
sentative compound because of its application as a flavoring agent.
We co-expressed Erg20p(F96C) and the caryophyllene synthase
SfCarS1% in strain LW12 and supplied 3M2E, 3,4-DMP, 3E2E, 3MH2E,
3MP, 4E3E, or 3MHIE. We observed three SfCarS1 products, 3, 4, and
5, when each of the IPP-like alcohols 3MP, 4E3E, or 3MHIE, respec-
tively, was supplied (Fig. 3d-f and Supplementary Figs. 8-11). As the
prenol-like alcohols 3,4-DMP and 3M2E did not yield any SfCarS1
products, although they could be incorporated into Ci¢ and Cy7
prenyl diphosphates (Supplementary Fig. 6), we concluded that the
prenyl diphosphate analogs synthesized by these alcohols could not
serve as substrates for the caryophyllene synthase.

Subsequently, we investigated the production of non-canonical
triterpenes focusing on squalene, the common precursor of numerous
high-value triterpenoids. To establish the synthesis of squalene ana-
logs, we overexpressed the yeast squalene synthase gene ERG9 in an
Erg20p(F96C)-producing strain, based on the previous results on
sesquiterpenes showing that this variant can improve the production
of Ci¢ and Cy7 building blocks (strain LW36; Supplementary Table 3).
When 3MP was supplied, we observed the synthesis of a putative Cs;
squalene product, 6 (Fig. 3g). Following large scale production and
isolation, compound 6 was identified as 26-methyl-squalene by ana-
lysis of its NMR spectroscopic data (Supplementary Table 5, Supple-
mentary Fig. 12).

Taken together, these findings demonstrated that the established
approach can serve as a general strategy for the systematic production
of mono-, sesqui- and triterpenoid analogs. While the production of
diterpenoid and tetraterpenoid analogs is conceptually feasible with
this method, we were not able to generate GGPP analogs using the
same approach, likely due to the inability of Erg20p(F96C) to extend
the synthesized Cy¢ and Cy7 building blocks to the corresponding C,; or
C,, compounds. Further investigation to identify or engineer suitable
prenyltransferases could potentially overcome this barrier, enabling
the synthesis of diterpenoid and tetraterpenoid analogs.

Bio-based production of ethyllinalool and linalool analogs with
altered sensory characteristics

We next investigated whether this whole-cell biocatalytic method
could be applied to produce non-canonical high-value compounds on
demand using two case studies. The first case we focused on was the
linalool analog 3,7-dimethylnona-1,6-dien-3-ol (commercially known as
ethyllinalool). Linalool is widely used in perfumes, cosmetics, food and
beverage flavors, and household products due to its pleasant aroma.
Ethyllinalool has certain advantages over linalool, such as sweeter and
less woody notes, and lower evaporation rate. In Europe alone, the
annual registration of ethyllinalool is between 1000 and 10,000
tones®., However, ethyllinalool can only be synthesized chemically as a
mixture of geometric isomers. Flavor and fragrance ingredients can be
obtained from natural sources or chemically synthesized. Generally,
those obtained from natural sources (plants or microorganisms) are
highly sought after and command a higher price. As ethyllinalool has
until now only been available through chemical synthesis, we aimed to
develop an alternative method to produce ethyllinalool from a
microbial source, as a bio-based product.

Ethyllinalool is an analog of linalool with a methyl group at C-8.
Using a simple retrobiosynthetic rationale, we postulated that ethylli-
nalool could be synthesized from 8-methyl-GPP through the action of a
linalool synthase. The precursor, 8-methyl-GPP, could in turn be syn-
thesized from 4-methyl-DMAPP and IPP through a prenyltransferase
enzyme, while 4-methyl-DMAPP can be derived from 3M2E by AtFKI
and AdPK (Fig. 1). To establish this pathway, we introduced the GPP
synthase Erg20p(N127W) and the linalool synthase McLinS from Men-
tha citrata into strain LWI12 to establish strain LW37 (Supplementary
Table 3). When supplied with a mixture of (E)- and (2)-3M2E, strain
LW37 generated mainly (E)-ethyllinalool, 7, which was confirmed upon
comparison with a commercially available ethyllinalool standard
(Fig. 4a) and by NMR analysis of the purified compound (Supple-
mentary Tables 6 and 7, Supplementary Fig. 13). Only minor amounts
of (2)-ethyllinalool, 8 (Supplementary Tables 6 and 7, Supplementary
Fig. 13), were synthesized, suggesting that the stereoselectivity of
Erg20p(N127W) and/or McLinS could distinguish between the two 8-
methyl-GPP isomers produced. Furthermore, we evaluated the effi-
ciency of the reconstructed pathway at different alcohol concentra-
tions and determined that the optimal balance between (E)-3M2E
conversion and (E)-ethyllinalool titer was achieved at 0.003% (v/v) (E)-
3M2E (Supplementary Fig. 14). At this concentration, 51.5 + 1.7% of (E)-
3M2E was converted to (E)-ethyllinalool, obtaining a product titer of
21.94 + 0.73 mg/L (Supplementary Table 8).

The sensory characteristics of the produced and isolated (E)-
ethyllinalool (7) and (2)-ethyllinalool (8) were evaluated by a profes-
sional flavorist and were found to be significantly distinct. (E)-Ethylli-
nalool was found to be fruity and floral, with a strong impact, while (2)-
ethyllinalool was considerably less impactful, with prominent agrestic
notes (Fig. 4e). This analysis revealed that (£)-ethyllinalool is the
desirable odor-active component among the two isomers and
demonstrated that the biotechnological method for the production of
ethyllinalool results in a superior product consisting almost exclu-
sively of the desirable geometric isomer, while the chemical synthesis-
based method produces a mixture of the two isomers.

In addition to demonstrating the bio-based synthesis of ethylli-
nalool, these results suggested that it is possible to develop further
linalool analogs. Thus, by supplying strain LW37 with 3,4-DMP, we were
able to produce (F)-8,8-dimethyl-linalool (9; Fig. 4b) and confirm its
identity by NMR analysis (Supplementary Tables 6 and 7, Supple-
mentary Fig. 13). Similarly, by supplying 3E2E and 3MH2E, we were able
to synthesize 8,10-dimethyl-linalool (10; Fig. 4c) and (E)-8-ethyl-lina-
lool (11; Fig. 4d), respectively. The identity of the biosynthesized 8,10-
dimethyl-linalool and 8-ethyl-linalool was also confirmed by NMR
analysis of the isolated compounds (Supplementary Tables 6 and 7,
Supplementary Fig. 13).

Nature Communications | (2025)16:2098


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57494-2

a b
— LW37 + 3M2E — LW37+ 3,4-DMP + isoprenol
— LWa37 without alcohol — LW37 without alcohol
— Ethyllinalool standard
~ OH
HQ
B T N T S
[2] [
$ (2)-ethyllinalool (E)-ethyllinalool 5 9
= 8 7 <
% ©
2 2
kS kS|
& &
m/z 107 m/z 107
T T T T T T T T T T T T T T T T T T T T
9.4 9.6 9.8 10.0 10.2 105 106 107 10.8 10.9

Retention time (min) Retention time (min)

Floral

Tuity Spicy <i/\ Tuity

Floral
6

Spicy

Agrestic Zesty Agrestic Zesty

(Z)-ethyllinalool «=@== (E)-ethyllinalool

«=@== Synthetic ethylinalool (E)-8-dimethyl-linalool

==@== (E)-ethyllinalool

Fig. 4 | Synthesis of ethyllinalool and other linalool analogs in yeast. GC-MS ion-
extracted chromatograms (m/z 107) of the headspace of strain LW37 grown in the
presence of (a) 0.01% v/v 3M2E, (b) 0.005% v/v 3,4-DMP and 0.01% v/v isoprenol, (c)
0.005% v/v 3E2E and 0.01% v/v isoprenol, or (d) 0.005% v/v 3MH2E and 0.01% v/v
isoprenol, showing the production of ethyllinalool and linalool analogs (pink). An
ethyllinalool standard sample is shown in green in panel (a). Chromatograms from

c d
— LW37+ 3E2E + isoprenol — LW37+ 3MH2E + isoprenol
— LW37 without alcohol — LW37 without alcohol
A2
z M 2z AN
Z 2 1
c o
[} 5]
= E
o )
2 =
kS =
& e
m/z 107 m/z 107
T

T T T T T T T T T T T
o 107 10.9 111 11.3 11.5 11.7

Retention time (min)

108 109 11 0 111
Retention time (min)

Floral

Spicy &i./>ruty

Agrestic¢

Floral
6

Spicy 2 Fruity

¢

Zesty Agrestic Zesty

«=@== (E)-ethyllinalool
8-methyl-10-methyl-linalool

«=@== (E)-ethyllinalool
(E)-8-ethyl-linalool

yeast cells (strain LW37) not supplied with the respective alcohols are shown as
controls (blue). The sensory characteristics of each of the isolated linalool analogs
were evaluated by a professional flavourist and five quality attributes (floral, fruity,
spicy, zesty, and agrestic) were scored in the scale of 1-6 and plotted in the form of a
spider diagram (panels e-h).

For compounds 9-11, we determined the alcohol-to-product con-
version and product titer at different alcohol concentrations (Supple-
mentary Fig. 14). Overall, for (£)-3M2E, 3E2E, and 3MH2E, the alcohol-to-
product conversion was close to the alcohol consumption levels at the
corresponding concentrations (Supplementary Table 4). Thus, for these
alcohols, the first phosphorylation step of the pathway (A¢FKI) seems to
be the most crucial step. In the case of 3,4-DMP, the alcohol-to-product
conversion is lower than the alcohol consumption level, suggesting that
the substrate preference of the prenyltransferase Erg20p(N127W) or the
linalool synthase McLinS may be a limiting factor.

The three linalool analogs, 9-11, were also evaluated for their
sensory characteristics. (E)-8,8-dimethyl-linalool (9) was found to be
zesty, floral, fruity, and spicy, with agrestic notes (Fig. 4f), while 8,10-
dimethyl-linalool (10) was found to be mainly agrestic, zesty, and
spicy, with weak fruity and floral notes (Fig. 4g). (E)-8-Ethyl-linalool (11)
displayed a strong fruity pineapple-like character, with very weak zesty
and agrestic notes, and almost no floral character (Fig. 4h). Overall,
these results demonstrate that using the proposed methodology it is
possible to produce flavoring molecules with altered or improved
characteristics that can have specific applications as ingredients.

Cannabinoid analogs with improved cannabinoid receptor
activation

Cannabinoids are medicinally important isoprenoids with neuromo-
dulatory and immunomodulatory activities that have the potential to
delay the progression of neurodegenerative diseases, such as Alzhei-
mer’s, Huntington’s, and multiple sclerosis®**°. Cannabinoids exert
their activity by targeting the human cannabinoid receptors CB; and
CB,*"*2, In the cannabinoid biosynthetic pathway, olivetolic acid (OA)
and GPP are condensed by the action of the dedicated geranyl trans-
ferase CsPT4 to form cannabigerolic acid (CBGA)’. Since cannabinoid
analogs bearing modifications on the GPP-derived moiety may exhibit
altered bioactivity, we proceeded to investigate the production of
cannabinoid derivatives.

To produce CBGA analogs, we developed strain LW16 by incor-
porating CsPT4 and Erg20p(N127W) into strain LW12 (Supplementary
Table 3). We supplied LW16 with OA (0.1 mM) and each of the five
isopentenol-like alcohols and analyzed the ethyl acetate extracts of the
corresponding yeast cells by UPLC-HRMS for the biosynthesis of
CBGA analogs. Four of the alcohols (3M2E, 3,4-DMP, 3E2E, and 3MH2E)
gave rise to seven products (12-18, Fig. 5), likely formed by the con-
densation of OA with DMAPP or GPP analogs (Fig. 1). To confirm this
prediction, we isolated compounds 12-18 and elucidated their struc-
tures using NMR spectroscopy (Supplementary Tables 9 and 10, Sup-
plementary Fig. 15). 3M2E produced primarily 8-methyl-CBGA (12)
(Fig. 5a), while 3,4-DMP produced primarily 8',8-dimethyl-CBGA (13)
and lower amounts of the 4,4-dimethyl-DMAPP-derived compound 14
(Fig. 5b). 3E2E produced mainly 8’,10"-dimethyl-CBGA (15) and minor
amounts of the 4,5-dimethyl-DMAPP-derived compound 16 (Fig. 5c).
Finally, 3MH2E produced equal amounts of 8-ethyl-CBGA (17) and the
4-ethyl-DMAPP-derived compound 18 (Fig. 5d). By examining for
production efficiency of the cannabinoid analogs (Supplementary
Table 11), it was evident that in the case of the 3,4-DMP-derived com-
pounds 17 and 18, the obtained product titers and rates of alcohol
conversion into product were considerably lower, suggesting that
either Erg20p(N127W) is less efficient with 4,4-dimethyl-DMAPP or
CsPT4 is less efficient with 8,10-dimethyl-GPP.

Bioactivity evaluation of the cannabinoid analogs

To the best of our knowledge, compounds 12-18 are all novel mole-
cules whose synthesis or bioactivities have not been reported before.
Thus, to evaluate the bioactivity of the CBGA analogs, we studied their
ability to activate the human cannabinoid receptor CB,. To this end, we
employed a yeast cell-based assay that couples the activation of CB, to
a luminescence reporter®’. This assay uses yeast cells in which the
mating receptor Ste3p and the Ga protein Gpalp have been replaced
by the CB; receptor and a chimeric Gpalp whose last five amino acid
residues have been replaced with the corresponding residues of the
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v/v isoprenol, respectively (total ion chromatograms are shown). LW16 yeast
cells supplied only with OA and isoprenol but not any of the prenol-like
alcohols are shown as a control (blue). The retention time of CBGA in panels
(a) and (b) differs from panels (c) and (d) because these experiments were
carried out using different instruments.

human CB,-coupling Gai. Hijacking the yeast MAP kinase cascade, this
system translates CB, activation to chemiluminescence through the
expression of the nBit luciferase gene. This assay has been shown to
enable the facile and robust identification of CB, agonists and
antagonists in a high-throughput screening format and the discovery
of CB, ligands present in complex natural extracts*.

Yeast strain KM206** was incubated with a dilution series of
compounds 12-15, 17, and 18, which were isolated in sufficient
amounts. Following chemiluminescence quantitative analysis, the
obtained dose-response curves revealed that 15 exhibited reduced
activation of CB, in comparison to canonical CBGA, while 14 and 18
elicited a slight increase (Supplementary Fig. 16). Notably, 12, 13, and
17 displayed a strong enhancement in bioactivity. Compound 17
demonstrated the most potent effect compared to CBGA, exhibiting a
9.6-fold enhancement of the level of activation at a concentration of
10°M, while compounds 12 and 13 displayed 8-fold and 7-fold
improvement, respectively, at the same concentration (Fig. 6a and
Supplementary Table 12). To confirm that the CBGA analogs did not
have off-target (non-CB,-specific) activity, we used a control yeast
strain, KM207, that contains an unrelated receptor, in this case the
adenosine receptor 2A (A,4)*. No activation of the A,, receptor was
observed by any of the six CBGA analogs (Fig. 6a and Supplementary
Fig. 16), suggesting that these ligands did not interfere with non-
receptor components of the cell-based assay.

CBGA gives rise to numerous other cannabinoids. One of these
compounds is cannabigerol (CBG), which is used in neurological dis-
orders and inflammatory bowel disease***. Thus, evaluating the
bioactivity of CBG analogs holds promise for developing agents with
enhanced properties. Previous studies have indicated that CBG can be
generated by the decarboxylation of CBGA upon heating*®. Therefore,
we heated the non-canonical CBGA analogs 12-15, 17, and 18 at 99 °C
for 3 h. Subsequent UPLC-HRMS analysis revealed that approximately
70-90% of the CBGA analogs had been converted into the corre-
sponding non-canonical CBG analogs. Assessment of the bioactivity of
the six heat-treated CBGA analogs using the CB, cell-based assay
revealed that heat-treated 12, 13, and 17 demonstrated a significant
increase in bioactivity compared to CBG, with an 18.4-fold, 19.1-fold,
and 24.4-fold improvement, respectively, at a concentration of
3 x107*M, in comparison to canonical CBG (Fig. 6b and Supplementary
Table 12).

Discussion

Here, we develop an efficient and broadly applicable method to gen-
erate analogs of isoprenoids, the largest and most diverse group of
natural products. Our approach solves a key challenge in the devel-
opment of isoprenoid analogs with improved properties for applica-
tions such as therapeutics, flavors, and fragrances, which could not be
addressed by chemical synthesis because the latter requires the
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Fig. 6 | Bioactivity evaluation of cannabinoid analogs. a Dose-response curves of
the activation of the cannabinoid receptor CB, by CBGA and the cannabinoid
analogs 12, 13, and 17 as determined by measuring the resulting luminescent signal
using a plate reader. Blue lines indicate the receptor response to the cannabinoid
analog, while the black lines show the response induced by CBGA. Gray lines show
the response of the control strain expressing the A4 receptor, KM207, to the
corresponding cannabinoid analog. b Dose-response curves of the activation of
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CB, by CBG and the heat-treated cannabinoid analogs 12, 13, and 17. Blue lines
indicate the receptor response to the heat-treated cannabinoid analog, while the
black lines show the response induced by CBG. Gray lines show the response of the
control strain expressing the A4 receptor. Data are represented as the mean of
three biological replicates (n = 3) and error bars correspond to standard deviation.
Source data are provided as a Source Data file.

development of de novo, dedicated, and painstaking synthetic
schemes for each compound. The biocatalytic synthesis of isoprenoid
analogs using cell factories offers an effective solution, but efforts to
date have been constrained by limitations in product diversity, speci-
ficity, and yield preventing the efficient production, isolation and
functional characterization of analogs.

In earlier studies, the lepidopteran mevalonate pathway, which
condenses propionyl-CoA and acetyl-CoA, was introduced into E. coli
to produce the six-carbon building blocks of homo-IPP (HIPP) and
homo-DMAPP (HDMAPP)**5, However, this method was unable to
produce dedicated products and channeled the precursors to a mul-
titude of compounds whose structures could not be elucidated. The
same challenge was also encountered when a C-methyltransferase was
used to synthesize methyl-IPP in bacteria*’. Other efforts introduced
C-methyltransferases into bacterial or yeast cells to convert GPP or FPP
into non-canonical substrates for terpene synthases®®**°, However,
methyltransferases add only one carbon atom, limiting the chemical
diversity of isoprenoids that can be produced. Further limitations stem
from the small number of available methyltransferases and their
restricted regioselectivity, which limits the diversity of isoprenoid
structures accessible via these pathways. An in vitro chemoenzymatic
method using purified enzymes to convert prenol-like alcohols to FPP

analogs and subsequently to non-canonical terpenoids was also
developed®. However, this method is not readily scalable and, thus,
not suitable for the biotechnological production of isoprenoid analogs
for industrial applications.

Unlike previous efforts, the biocatalytic method presented here is
specific, enabling the incorporation of one or more carbon atoms at
defined positions of the isoprenoid scaffolds, giving rise to tailored
molecules. In the examples presented, we demonstrate the addition of a
single carbon, two single carbons at distinct positions, and two carbons
at one position. While we have showcased the potential of this method
using commerecially available alcohols, the possibilities can be expanded
by synthesizing alcohols with specific modifications or additional car-
bon atoms. Furthermore, this approach can be adapted to synthesize
isoprenoid analogs containing other elements, such as halogens.

This method is systematic and generalizable and can be readily
transferred into any existing cell factory for the production of iso-
prenoids, either prokaryotic or eukaryotic. There are numerous cell
factories already developed for isoprenoids'>***>**> which can easily be
refactored to produce analogs of the corresponding compounds using
the methodology presented here. Furthermore, additional cell fac-
tories can be established utilizing the multitude of known isoprenoid
biosynthetic pathways. As demonstrated by the two case studies
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presented here, this method provides access to a large number of
compounds whose synthesis or study was not possible before, while,
through coupling with functional assays (bioactivity, sensory, etc.), it
enables the facile exploration of the isoprenoid chemical space for
molecules with improved characteristics. Moreover, the identified pair
of kinases can be introduced into transformable plant, fungal, or
bacterial cells to synthesize analogs of the isoprenoids naturally pro-
duced in these organisms to expand bioprospecting efforts.

The approach is scalable and economical, limited only by the cost
of obtaining or synthesizing the modified alcohols (many of which are
available as bulk chemicals at a <10 $/kg price). The efficiency of
alcohol conversion and the overall yields of the method are sub-
stantial, as demonstrated here by the ability to readily synthesize and
isolate sufficient amounts of linalool or cannabinoid analogs for
structural elucidation and further functional and bioactivity studies.
This performance can be improved further by protein engineering of
the isoprenoid biosynthetic enzymes, as several previous studies have
established that prenyltransferases and terpene synthases have
relaxed substrate specificity which can be expanded further by protein
engineeringls,zo,n,24—27,33,35,54—56.

Furthermore, by introducing the two key genes, AtFKI and A¢PK,
into different organisms and supplying appropriate alcohol substrates,
our approach enables the production and integration of non-canonical
isoprenoids in place of their canonical counterparts, providing an
avenue to explore their physiological functions. For example, in yeast
cells, it can enable creating non-canonical sterols that can substitute,
partly or fully, for canonical sterols in the cell membrane, allowing to
systematically examine the effects of non-canonical sterols on mem-
brane integrity, fluidity, and overall yeast physiology. Similarly, intro-
ducing this pathway into bacteria would enable to study how
isoprenoid analogs influence cell survival, adaptation, or interactions
with other microorganisms. Additionally, such bacterial systems could
serve as platforms for producing non-canonical isoprenoid-derived
natural products to study their roles in microbial ecology. In model
plants, the integration of this pathway offers the potential to study the
function of terpenoid analogs in plant-insect and plant-microbe
interactions. Thus, this method will have applications beyond the
biotechnological production of isoprenoids, in natural product
chemistry, biochemistry, physiology, and microbiology.

Methods

Chemicals, enzymes and buffers

Standards used include: (R)-(+)-limonene (Sigma-Aldrich, 62118), CBGA
solution (Sigma-Aldrich, C-142), ethyllinalool (Amitychem), adenosine
(Sigma-Aldrich, A9251). Olivetolic acid (FD61416) was purchased from
Biosynth. Prenol (162353), isoprenol (129402), 2M2P (2-methyl-2-prope-
nol, 112046), 2B (2-butenol, 244341), 3B (3-butenol, 496839), 4Pen (4-
pentenol, 302481) and 4M3Pen (4-methyl-3-pentenol, 311200) were
purchased from Sigma-Aldrich. 3M2E (3-methyl-pent-2-enol, EN300-
141099), 3,4-DMP (3,4-dimethyl-pent-2-enol, EN300-365161), 3E2E (3-
ethylpent-2-enol, EN300-2524336), 3MH2E (3-methyl-hex-2-en-1-ol,
EN300-7017978) and 3MP (3-methylidene-pentanol, EN300-371708) were
purchased from Enamine MADE BBs. Isopropyl myristate and hexane
were purchased from PanReac AppliChem. All chemicals were of reagent
grade. Nano-glo luciferase reagent was bought from Promega, US.

DNA restriction enzymes, USER® Enzyme and T4 DNA ligase were
obtained from New England Biolabs (Herlev, Denmark) and used
according to the manufacturer’s instructions. Phusion High-Fidelity
DNA polymerase (New England BioLabs, M0530S) and MyTaq DNA
polymerase (BIO-21105, Bioline) were used in PCR amplifications.
QIAquick Gel Extraction Kit (Qiagen, ID: 28704) was used for gel
extraction and DNA purification. QlAprep Spin Miniprep Kit (Qiagen,
ID: 27104) was used for plasmid purification.

D-(+)-glucose monohydrate (16301, Sigma), D-(+)-galactose
(MGO05201, CarboSynth), D-(+)-raffinose pentahydrate (R1030, US

Biological), Yeast Nitrogen Base w/o AA (Y2025, US Biological), yeast
synthetic drop-out powder without histidine, leucine, tryptophan and
uracil (Sigma-Aldrich, Y2001), were used for yeast cultivation.

Gene cloning and expression in yeast
All primers used for cloning purposes are listed in Supplementary Data 1.
All plasmid constructions (Supplementary Table 2) were made using the
E. coli Mach1™ strain (Thermo Fisher Scientific, Roskilde, Denmark).
The kinase genes of A. thaliana FKI (AtFKI; GenBank NM _125242.4),
S. flexneri (SfPhoN; GenBank BAA11655.1), S. cerevisiae CKI (ScCKI; Gen-
Bank AAA34499.1), S. cerevisiae EKI (ScEKI; SGD S000002554), T. acid-
ophilum 1PK (TalPK; GenBank CAC112511), A. thaliana IPK (AdPK;
GenBank AANI12957.1), M. thermautotrophicus IPK (MtPK; GenBank
AAB84554.1) and terpene synthase genes of yeast codon-optimized
versions of Citrus limon (R)-(+)-limonene synthase (CILimS; GenBank 424
AF514287.1), Cannabis sativa geranyl transferase (CsPT4; GenBank
BK010648), Salvia fruticosa caryophyllene synthase (SfCarS; GenBank
0K356796) and M. citrata (R)-(+)-linalool synthase (McLinS; GenBank
AAL99381.1) were obtained by gene synthesis (GeneArt, Thermo Fisher
Scientific; Supplementary Data 2). E. coli ThiM (EcThiM; Genbank
CAD6009679.1) was directly amplified from E. coli genomic DNA. The
synthetic genes were PCR amplified using corresponding USER-Gene-FP
and USER-Gene-RP primers and cloned by uracil-specific-excision-
reagent (USER) cloning. Yeast expression vectors (pUUS, pWUS, pLUS,
pHUS) allowing uracil, tryptophan, leucine and histidine selection, as
well as yeast chromosome integration vectors all containing AsiSl/
Nb.Bsml cassettes, were used for cloning. The constructs were con-
firmed by sequencing.

Transformation procedures

E. coli competent cells were made by the Mix & Go! Kit (Zymo
Research) and transformed following the manufacturer’s protocol. S.
cerevisiae strains were transformed using lithium acetate'. The trans-
formations were screened using PCR amplification of the relevant
gene(s). All yeast strains generated in this study are listed in Supple-
mentary Table 3.

Small-scale production of monoterpenoid and sesquiterpenoid
analogs

The selected yeast strains were cultivated overnight in 5mL liquid
glucose media with appropriate amino acids at 30 °C. The overnight
pre-culture was pelleted and washed twice with sterilized Milli-Q water
to remove all traces of glucose. The washed pellets were transferred to
20 mL glass vials with magnetic screw caps (Mikrolab Aarhus A/S,
Denmark), each containing 2 mL of galactose/raffinose media supple-
mented with the respective alcohols. Yeast cultures were then incu-
bated (30 °C and 150 rpm) for 3 days before being subjected to GC-MS
or GC-APCI-qToF-HRMS analysis.

Evaluation of alcohol consumption by engineered yeast cells
To evaluate the consumption of supplied alcohols, yeast cells
expressing AtFKI and AdPK (strain LWI12) were incubated as above in
the presence of varying alcohol concentrations and the amount of
alcohol present in the sample at the end of the incubation period was
determined by SPME sampling and GC-MS analysis. Parent EGY48 cells
(not carrying the AtFKI and A¢IPK genes) were incubated in parallel in
the presence of the same alcohol concentration and also analyzed by
SPME/GC-MS at the end of the incubation period. For each alcohol, the
consumption was determined by comparing the levels or remaining
alcohol between LWI2 and EGY48 cells.

Small-scale production and extraction of triterpenoid analogs

Yeast strains were cultured overnight at 30 °C and 150 rpm in selective
glucose medium. Each culture was washed two times with sterilized
Milli-Q water and then transferred to a 100 mL glass flask containing
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10 mL of galactose/raffinose media supplemented with the respective
alcohols. Yeast cultures were incubated (30 °C and 150 rpm) for 3 days
prior to extraction. The yeast cultures were then centrifuged at
8000 x g for 5 min. The obtained pellets were resuspended in 500 L of
10% KOH in 80% EtOH solution and incubated at 70 °C for 2 h. Samples
were cooled at room temperature and overlaid with 300 pL of hexane
followed by vigorous vortexing prior to collecting the hexane phase.
The extraction was repeated three times and the collected hexane
phase (-0.9 mL) was washed three times with water (equal volume) and
evaporated down to 100 pL for GC-MS analysis.

Small-scale production and extraction of cannabinoids

Yeast strains were incubated (30 °C and 150 rpm) for 3 days in selective
galactose/raffinose media supplemented with 0.1 mM olivetolic acid
and the respective tested alcohols. Yeast cultures were then cen-
trifuged at 8000 xg for 10 min. The obtained pellets were resus-
pended in 500 plL of sterilized Milli-Q water, followed by the addition of
100 mg of glass beads. Subsequently, the samples were treated with
vigorous vortexing and extracted with a 1:1 mixture of ethyl acetate
and formic acid (0.05% v/v). This extraction process was repeated
three times, and the ethyl acetate fractions were pooled together and
the solvent was evaporated using a SpinVac. The remainders were
resuspended in a methanol and formic acid (0.05% v/v) mixture for
analysis by LC-MS.

GC-MS analysis conditions

GC-MS analysis was performed on a Shimadzu QP2020 NX (Shimadzu
Corp.) single-quadrupole instrument. The GC-MS Solution software
(Shimadzu Corp.) was used for data acquisition and quantification.

SPME analysis of monoterpenoids and sesquiterpenoids: Samples,
resulting from incubation of the SPME fiber for 30 min over the head
space of 2mL yeast cultures, were directly analyzed by gas chroma-
tography - mass spectrometry (GC-MS). GC-MS analysis was carried on
a DB-5 column with helium as the carrier gas at a constant velocity of
30 cm/s, using the following thermal program: initial temperature
40 °C, ramp to 80 °C with a rate of 3 °C/min, ramp to 110 °C with a rate
of 30 °C/min, ramp to 130 °C with a rate of 3 °C/min, ramp to 280 °C
with a rate of 30 °C/min, and hold for 3 min.

Analysis of hexane extracts containing triterpenoids: Samples
were analyzed using a DB-5 column with helium as the carrier gas at a
constant velocity of 30 cm/s, using the following temperature pro-
gram: initial temperature 60 °C, ramp to 300 °C with a rate of 10 °C/
min, ramp to 320 °C with a rate of 3 °C/min, hold for 3.5 min.

GC-APCI-qToF-HRMS analysis conditions

The GC-APCI-qToF-HRMS experiments were performed on a Scion 456
GC system coupled to a micrOTOF-Q Il (qToF) mass spectrometer
(Bruker Daltonics) and an atmospheric pressure chemical ionization
source (APCI)”. A BR-5ms capillary column (30 m x 0.25 mm ID x 0.25 ym
film thickness; Bruker Daltonics) was used for separation with helium as
the carrier gas (flow rate 1.0 mL/min). Perfluorotributylamine vapor
(PFTBA; Sigma Aldrich) was used for tuning at the beginning of each
injection. The thermal program was set as following: initial temperature
60 °C, hold for 1min, ramp to 280 °C at a rate of 15°C/min, hold for
3.67 min. Data was acquired using a combination of Compass CDS
(Version 3.0.1; Bruker Daltonics), Compass o-TOF Control (Version 3.4,
Bruker Daltonics) and Hystar (Version 3.2 SR4, Bruker Daltonics) soft-
ware, and analyzed using Compass DataAnalysis (Version 4.3, Bruker
Daltonics).

LC-MS analysis conditions

LC-MS analysis was performed on a DionexUltiMate® 3000 Qua-
ternary Rapid Separation UHPLC system (ThermoFisher Scientific,
Germering, Germany) equipped with a Kinetex XB-C18 column
(150mmx21mm id., 1.7 pm particle size, 100A pore size)

(Phenomenex, Inc., Torrance, CA, USA). The column was operated at
40°C, and the flow rate was maintained at 0.3 mL/min. The mobile
phases were water (A) and acetonitrile (B), both containing 0.05%
formic acid. Separations were performed using the following gradient
profile: 0 min, 2% B; 1 min, 2% B; 15 min, 98% B; 18 min, 98% B; 19 min,
2% B; 26 min, 2% B. All data were analyzed using the Data Analysis 4.3
(Bruker Daltonics) software program.

General procedures for isolation and structure elucidation

Vacuum and gravity column chromatographic separations were per-
formed with Kieselgel 60 (Merck, Darmstadt, Germany). Normal-phase
HPLC separations were conducted on a Pharmacia LKB 2248 liquid
chromatography pump (Pharmacia LKB Biotechnology, Uppsala,
Sweden) equipped with an RI-102 Shodex refractive index detector
(ECOM spol. s r.o., Prague, Czech Republic), using an Econosphere
Silica 10u (250 x10 mm, Grace, Columbia, MD, USA) column.
Reversed-phase HPLC separations were conducted using an Agilent
1100 liquid chromatography system equipped with a refractive index
detector (Agilent Technologies, Waldbronn, Germany), using a Luna
10u C18(2) 100 A (250 x10 mm, Phenomenex, Torrance, CA, USA)
column. Chiral HPLC separations were conducted on a Waters 515
liquid chromatography pump (Waters, Milford, MA, USA) equipped
with an RI-102 Shodex refractive index detector (ECOM spol. s r.o0.,
Prague, Czech Republic) using a Chiralcel OD 10 um (250 x10 mm,
Daicel Chemical Industries Ltd., Osaka, Japan) column. Thin layer
chromatography (TLC) was performed with Kieselgel 60 F,s, alumi-
num plates (Merck, Darmstadt, Germany) and spots were detected
after spraying with 20% H,SO, in MeOH reagent and heating at 100 °C.
NMR spectra were recorded on a Bruker DRX 400 spectrometer
(Bruker BioSpin GmbH, Rheinstetten, Germany) or a Varian 600 spec-
trometer (Varian, Inc., Palo Alto, CA, USA). Chemical shifts are given on
a & (ppm) scale using TMS as an internal standard. The 1D (H, ®*C, and
1D NOE) and 2D (COSY, HSQC, HMBC, NOESY) experiments
were performed using standard Bruker or Varian pulse sequences.
Low-resolution EI mass spectra were measured on a 5977B
mass spectrometer (Agilent Technologies). MSD ChemStation
F.01.03.2357 software (Agilent Technologies) was used for low reso-
lution EI-MS data acquisition and spectra analyses. Topspin 4.0.8
(Bruker), MestReC 4.9.9.9 and MestReNova 15.0.0-34764 (Mestrelab
Research) software were used for NMR data acquisition and analysis.

Isolation of compounds 6-18

A 2-L culture of LW37 cells (Supplementary Table 3) supplemented
with 3MP was centrifuged and the medium was extracted with hexane
at room temperature. After separation of the organic layer and eva-
poration of the solvent in vacuo, the organic extract (194.0 mg) was
fractionated by vacuum column chromatography on silica gel, using n-
hexane with increasing amounts of ethyl acetate as mobile phase, to
afford four fractions (1-4). Fraction 1 (n-hexane 100%, 13.5 mg) was
subjected to normal-phase HPLC, using n-hexane (100%) as eluent, and
subsequently to reversed-phase HPLC, using acetonitrile (100%) as
eluent, to yield 6 (2.0 mg) in pure form.

An ethyllinalool standard sample (Amitychem, 17.9 mg) was
repeatedly subjected to chiral HPLC, using n-hexane/iso-propanol
(99:1) as eluent, to yield 7 (1.2 mg) and 8 (0.8 mg) in pure form.

A 2-L culture of LW37 cells (Supplementary Table 3) supple-
mented with 3,4-DMP was centrifuged and the medium was extracted
with hexane at room temperature. After separation of the organic layer
and evaporation of the solvent in vacuo, the organic extract (194.6 mg)
was fractionated by vacuum column chromatography on silica gel,
using n-pentane with increasing amounts of diethyl ether, and then
ethyl acetate, as mobile phase, to afford 10 fractions (1-10). Fraction 9
(100% diethyl ether, 19.8 mg) was submitted to normal-phase HPLC,
using n-hexane/ethyl acetate (95:5) as eluent, to yield 9 (4.0 mg).
Fraction 10 (100% ethyl acetate, 67.9 mg) was fractionated by vacuum

Nature Communications | (2025)16:2098

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57494-2

column chromatography on silica gel, using n-hexane with increasing
amounts of ethyl acetate as mobile phase, to afford 8 fractions (10A-
10H), among which fractions 10 C, 10D and 10E (10-20% ethyl acetate
in n-hexane) were identified as 9 (52.3 mg) in pure form.

A 2-L culture of LW37 cells (Supplementary Table 3) supple-
mented with 3E2E was centrifuged and the medium was extracted with
hexane at room temperature. After separation of the organic layer and
evaporation of the solvent in vacuo, the organic extract (47.6 mg) was
subjected to vacuum column chromatography on silica gel, using n-
pentane with increasing amounts of diethyl ether, and then ethyl
acetate, as mobile phase, to afford 10 fractions (1-9), among which
fractions 7 and 8 (10-20% diethyl ether in n-pentane) were identified as
10 (18.5 mg) in pure form.

A 2-L culture of LW37 cells (Supplementary Table 3) supple-
mented with 3MH2E was centrifuged and the medium was extracted
with hexane at room temperature. After separation of the organic layer
and evaporation of the solvent in vacuo, the organic extract (85.0 mg)
was subjected to vacuum column chromatography on silica gel, using
n-pentane with increasing amounts of diethyl ether as mobile phase, to
afford six fractions (1-6). Fractions 3 and 4 (2-3% diethyl ether in n-
pentane, 17.4 mg) were subjected to normal-phase HPLC, using n-
hexane/ethyl acetate (92:8) as eluent, to yield 11 (9.1 mg) in pure form.

A 2-L culture of LW16 cells (Supplementary Table 3) supplemented
with 3M2E was centrifuged, and the pellets were resuspended in 15 mL
sterilized Milli-Q water. Subsequently, the suspension was subjected to
glass bead-beating for 6 min using a 3 mm microtip probe in a sound-
proof chamber, employing a Branson Digital Sonifier 250 (Branson
Ultrasonics, Danbury, CT, USA) operating at a frequency of 20 kHz. The
obtained sample was extracted with hexane at room temperature. After
separation of the organic layer and evaporation of the solvent in vacuo,
the organic extract (2.2 mg) was fractionated by vacuum column chro-
matography on silica gel, using cyclohexane with increasing amounts of
acetone as mobile phase, to afford 3 fractions (1-3), among which
fraction 2 was identified as 12 (0.2 mg) in pure form.

A 2-L culture of LW16 cells (Supplementary Table 3) supple-
mented with 3,4-DMP was collected and extracted as described for
LWI16 cells supplemented with 3M2E. After separation of the organic
layer and evaporation of the solvent in vacuo, the organic extract
(2.1 mg) was fractionated by vacuum column chromatography on silica
gel, using cyclohexane with increasing amounts of acetone as mobile
phase, to afford 3 fractions (1-3), among which fraction 2 was identi-
fied as 13 (0.5 mg) in pure form.

A 3-L culture of LW16 cells (Supplementary Table 3) supple-
mented with 3,4-DMP was collected and extracted as described for
LW16 cells supplemented with 3M2E. After separation of the organic
layer and evaporation of the solvent in vacuo, the organic extract
(29.0 mg) was fractionated by vacuum column chromatography on
silica gel, using cyclohexane with increasing amounts of acetone as
mobile phase, to afford 8 fractions (1-8). Fraction 6 (30% acetone in
cyclohexane, 3.7mg) was subjected to normal-phase HPLC, using
cyclohexane/acetone (10:90) as eluent, to yield 14 (1.0 mg).

A 2-L culture of LW16 cells (Supplementary Table 3) supple-
mented with 3E2E was collected and extracted as described for LW16
cells supplemented with 3M2E. After separation of the organic layer
and evaporation of the solvent in vacuo, the organic extract (78.9 mg)
was fractionated by vacuum column chromatography on silica gel,
using cyclohexane with increasing amounts of acetone as mobile
phase, to afford 7 fractions (1-7), among which fraction 4 was identi-
fied as 15 (9.0 mg) in pure form. Fractions 3 (8% acetone in cyclohex-
ane, 159 mg), 5 (20% acetone in cyclohexane, 9.4 mg), and 6 (30%
acetone in cyclohexane, 3.5 mg) were separately submitted to normal-
phase HPLC, using cyclohexane/acetone (10:90) as eluent, to yield 15
(8.9 mg) and 16 (0.8 mg).

A 2-L culture of LW16 cells (Supplementary Table 3) supple-
mented with 3MH2E was collected and extracted as described for

LW16 cells supplemented with 3M2E. Subsequently, the suspension
was subjected to glass bead-beating for 6 min using a Branson Digital
Sonifier 250 (Branson Ultrasonics, Danbury, CT, USA) operating at a
frequency of 20 kHz. The obtained sample was extracted with hexane
at room temperature. After separation of the organic layer and eva-
poration of the solvent in vacuo, the organic extract (59.8 mg) was
fractionated by vacuum column chromatography on silica gel, using
cyclohexane with increasing amounts of acetone as mobile phase, to
afford 8 fractions (1-8). Fractions 5 (20% acetone in cyclohexane,
6.9mg) and 6 (30% acetone in cyclohexane, 3.1 mg) were separately
submitted to normal-phase HPLC, using cyclohexane/acetone (10:90)
as eluent, to yield 17 (0.8 mg) and 18 (3.2 mg).

Structure elucidation of the isolated compounds

The chemical structures of compounds 6-18 isolated in pure form
(Fig. 1) were established on the basis of the homonuclear and hetero-
nuclear correlations observed (Supplementary Figs. 12, 13 and 15) in
their HSQC, HMBC, and COSY spectra, while the geometry of their
double bond(s) was determined on the basis of the cross-peaks and
enhancements observed in their NOESY and 1D NOE spectra, respec-
tively (Supplementary Tables 5-7, 9 and 10, Supplementary
Figs. 17-100, Supplementary Note 1 and 2).

Bioactivity evaluation of cannabinoids

Yeast strains (KM206 or KM207)** were grown until saturation.
Then cells were pelleted by centrifugation and cell density was set
to ODggo =5 by resuspending in fresh glucose media lacking uracil.
Subsequently, 100 pL of yeast cells were dispensed in 96-well plates
and the compound tested was added. The cells were then incubated
for 3h at 30°C with 200 rpm shaking. A 25puL aliquot of yeast
cells from each well was transferred to a black ProxiPlate™ Perkin-
Elmer (#6006270) and mixed with 25uL of luciferase reagent
(CeLytic Y with 4% Nano-glo reagent). After 10 min of incubation,
luminescence was measured with Molecular Devices SpectraMax-
M5 plate reader and SoftMax Pro 6.2.2 software with 0.5s
integration time.

Data analysis and illustrations

ChemDraw Professional 15.1 (PerkinElmer) was used to draw chemical
structures. Microsoft Excel was used for bar charts and graphs and
Microsoft Powerpoint was used for the preparation of illustrations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this work are available within the paper
and its Supplementary Information files. A reporting summary for this
Article is available as a Supplementary Information file. Source data are
provided with this paper.
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