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ABSTRACT
Cannabinoids, such as tetrahydrocannabinolic acid (THCA), cannabidiolic acid (CBDA) and cannabichromenic acid (CBCA), 
are bioactive and medicinally relevant compounds found in the cannabis plant (Cannabis sativa L.). These three compounds 
are synthesised from a single precursor, cannabigerolic acid (CBGA), through regioselective reactions catalysed by different 
cannabinoid oxidocyclase enzymes. Despite the importance of cannabinoid oxidocyclases for determining cannabis chemotype 
and properties, the functional evolution and molecular mechanism of this enzyme family remain poorly understood. To address 
this gap, we combined ancestral sequence reconstruction and heterologous expression to resurrect and functionally characterise 
three ancestral cannabinoid oxidocyclases. Results showed that the ability to metabolise CBGA originated in a recent ancestor 
of cannabis and that early cannabinoid oxidocyclases were promiscuous enzymes producing all three THCA, CBDA and CBCA. 
Gene duplication and diversification later facilitated enzyme subfunctionalisation, leading to extant, highly-specialised THCA 
and CBDA synthases. Through rational engineering of these ancestors, we designed hybrid enzymes which allowed identifying 
key amino acid mutations underlying the functional evolution of cannabinoid oxidocyclases. Ancestral and hybrid enzymes also 
displayed unique activities and proved to be easier to produce heterologously than their extant counterparts. Overall, this study 
contributes to understanding the origin, evolution and molecular mechanism of cannabinoid oxidocyclases, which opens new 
perspectives for breeding, biotechnological and medicinal applications.

1   |   Introduction

Cannabinoids are specialised metabolites produced by the plant 
Cannabis sativa L. (cannabis). The most abundant and well-
studied cannabinoids are (−)-trans-Δ9-tetrahydrocannabinol 
(THC) and cannabidiol (CBD). THC is primarily responsible for 
cannabis psychotropic effects, but it can also alleviate chronic 
pain, inflammation and nausea (Costa 2007; Jeddi et al. 2024). 
Contrarily, CBD is non-psychotropic and exhibits therapeutic po-
tential in managing anxiety, depression and epilepsy (Aderinto 
et  al.  2024; Han et  al.  2024). Over 120 other cannabinoids 

have been identified in cannabis, including cannabichromene 
(CBC), which may contribute to neuroprotection and modulat-
ing inflammation (Stone et al. 2020; Cammà et al. 2025). Given 
their medicinal relevance, the biosynthetic pathway of THCA, 
CBDA and CBCA has been fully elucidated and associated 
biosynthetic genes were identified (Figure  1a). Briefly, canna-
binoid biosynthesis begins with the formation of olivetolic acid 
(Taura et al. 2009; Stout et al. 2012; Gagne et al. 2012) and its 
prenylation into cannabigerolic acid (CBGA) (Fellermeier and 
Zenk  1998; Luo et  al.  2019). CBGA is then converted into (−)
-trans-Δ9-tetrahydrocannabinolic acid (THCA), cannabidiolic 
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acid (CBDA), or cannabichromenic acid (CBCA) by regioselec-
tive cannabinoid oxidocyclases named THCA synthase (THCA) 
(Taura et  al.  1995; Sirikantaramas et  al.  2004), CBDA syn-
thase (CBDAS) (Taura et  al.  1996, 2007) and CBCA synthase 
(CBCAS) (Morimoto et al. 1998; Laverty et al. 2019), based on 
their main product selectivity. Resulting cannabinoid acids can 
then undergo nonenzymatic decarboxylation (e.g., via heat ex-
posure) to yield their neutral counterparts (Figure 1a). Due to 
the regioselectivity of cannabinoid oxidocyclase enzymes, the 
presence/absence and relative expression of associated genes 
control cannabis chemotype and therapeutic potential (Gülck 
and Møller 2020).

Cannabinoid oxidocyclases are members of the Berberine 
Bridge-Like (BBL) enzyme family (Sirikantaramas et al. 2004; 
Taura et al. 2007), known for catalysing chemically challeng-
ing oxidoreductions via bi-covalent attachment to their flavin 
adenine dinucleotide (FAD) cofactor (Daniel et al. 2017). Over 
the past 20 years, cannabinoid oxidocyclase enzymes have 
been investigated through targeted mutagenesis and crystalli-
sation experiments. This led to the identification of residues in-
volved in catalysis, substrate or FAD binding (Sirikantaramas 
et  al.  2004; Taura et  al.  2007; Shoyama et  al.  2012; Zirpel 
et  al.  2018; Villard et  al.  2023; Dai et  al.  2024), and to the 
proposal of catalytic mechanisms for CBGA conversion into 
THCA (Shoyama et al. 2012; Villard et al. 2023). Despite these 
valuable advances, it is still unclear how exactly cannabinoid 
oxidocyclases interact with CBGA and what controls their 

product selectivity, meaning that key residues are yet to be 
identified.

More recently, comparative genomics has revealed that the 
THCAS, CBDAS and CBCAS genes originated from recent 
gene duplications within the Cannabis lineage, thus forming a 
cannabis-specific clade (Figure 1b) that is absent from Humulus 
lupulus L. (hop), a close cannabis relative (Vergara et al. 2019; van 
Velzen and Schranz 2021). This cannabis-specific clade comprises 
three main clades (A–C) and seven subclades (A1–A4, B1–B2, 
C) (van Velzen and Schranz  2021). THCAS and CBCAS belong 
to subclades A1 and A2, respectively, and share 96% nucleotide 
identity. CBDAS belongs to subclade B1 and shares 89% identity 
with clade A. Other subclades contain uncharacterised genes 
and pseudogenes. Interestingly, the sister of the cannabis-specific 
clade—hereafter referred to as clade H—comprises several canna-
bis sequences and a single uncharacterised hop gene (van Velzen 
and Schranz  2021), referred to as Hop-BBL (Figure  1b). Given 
that all characterised enzymes from the cannabis-specific clade 
can metabolise CBGA, and that hop does not produce cannabi-
noids, it was previously hypothesized that CBGA metabolisation 
originated within the Cannabis lineage (Vergara et al. 2019; van 
Velzen and Schranz 2021). However, this has never been experi-
mentally verified, meaning that the origin and functional evolu-
tion of cannabinoid oxidocyclases remain unknown.

To address this gap, we combined ancestral sequence re-
construction and heterologous expression to resurrect and 

FIGURE 1    |    Cannabinoid biosynthesis in Cannabis sativa. (a) Cannabinoid biosynthesis pathway. Enzymatic reactions are symbolised with black 
arrows, nonenzymatic decarboxylations with orange arrows and delta symbols. (b) Simplified phylogeny of Berberine Bridge-Like (BBL) enzymes. 
Clades A (blue), B (red) and C (yellow) form the Cannabis-specific clade (purple), as defined previously (van Velzen and Schranz 2021). Clade H 
(grey) comprises uncharacterised C. sativa sequences as well as the Humulus lupulus sequence referred to as Hop-BBL. Extant THCAS, CBCAS, 
CBDAS and Hop-BBL genes are detailed on the right; internal nodes corresponding to ancestral A1A2a, Ca and HCa are on the left. Abbreviated 
molecules: CBC, cannabichromene; CBCA, cannabichromenic acid; CBD, cannabidiol; CBDA, cannabidiolic acid; CBGA, cannabigerolic acid; FAD, 
flavin adenine dinucleotide; GPP, geranyl pyrophosphate; THC, (−)-trans-Δ9-tetrahydrocannabinol; THCA, (−)-trans-Δ9-tetrahydrocannabinolic 
acid. Abbreviated enzymes: CBCAS, CBCA synthase; CBDAS, CBDA synthase; CsPT4, C. sativa prenyltransferase 4; THCAS, THCA synthase.
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characterise three ancestral cannabinoid oxidocyclases. 
Ancestor HCa was defined as the most recent common ances-
tor (MRCA) of clade H and the cannabis-specific clade; Ca as 
the MRCA of the cannabis-specific clade, and A1A2a as the 
MRCA of THCAS and CBCAS (Figure 1b). Characterising these 
ancestors confirmed that CBGA metabolisation originated in a 
recent ancestor of the cannabis Cannabis lineage and demon-
strated that early cannabinoid synthases could produce all 
three THCA, CBDA and CBCA. We also engineered hybrid en-
zymes by swapping residues of ancestral and extant enzymes, 
thus highlighting key mutations underlying the emergence of 
CBGA metabolisation and subsequent subfunctionalisation 
toward highly-specialised THCAS and CBDAS. This work 
therefore contributes to the understanding of the functional 
evolution and molecular mechanism of cannabinoid oxidocy-
clases, which opens new perspectives for biotechnological uses.

2   |   Results

2.1   |   Reconstruction of Three Cannabinoid 
Oxidocyclase Ancestors

To reconstruct ancestral cannabinoid oxidocyclases, we se-
lected 77 BBL sequences from cannabis, hop and Trema orien-
tale (Data S1) and built a Bayesian gene tree (Figure S1), whose 
resulting topology was consistent with previous BBL classifica-
tion (van Velzen and Schranz 2021). Internal nodes correspond-
ing to ancestors A1A2a, Ca and HCa were identified and selected 
for ancestral sequence reconstruction (Figure S1). To ensure ac-
curacy, each ancestral sequence was reconstructed four times, 
using Bayesian inference (nucleotide) and Maximum Likelihood 
(nucleotide, codon, amino acid models, Table S1, Data S2). The 
Bayesian-inferred sequences, which shared over 99% identity 
with the Maximum Likelihood nucleotide ones, were selected 
as the most robust sequences. Average posterior probability was 
0.96 for A1A2a, 0.95 for Ca and 0.94 for HCa, indicating overall 
high confidence. Nucleotides associated with the lowest poste-
rior probabilities were carefully analysed and manually curated 
(Table S1, Data S3). The final A1A2a sequence shared ≈97% nu-
cleotide identity with THCAS and CBCAS. Ca shared 93%–95% 
identity with THCAS, CBCAS and CBDAS. HCa shared 81%–
82% identity with THCAS, CBCAS and CBDAS, and 88%–91% 
identity with clade H. Comparison of homologous genome se-
quences from cannabis and hop (Figure S2) revealed that most 
cannabinoid synthase genes and closely related BBLs are part of 
a large syntenic block that is conserved in both species, confirm-
ing that they result from local gene duplications.

2.2   |   Resurrection of Ancestral Enzymes Reveals 
the Origin and Specialisation of Cannabinoid 
Synthases

The coding sequences of ancestral A1A2a, Ca, HCa and extant 
THCAS, CBDAS and Hop-BBL were domesticated (Data  S4), 
synthesised, and expressed in yeast (Komagataella phaffii). 
Associated enzymes were purified and used for in  vitro ac-
tivity assays. To test whether these enzymes could metab-
olise CBGA, we first performed qualitative assays. Results 
showed that the THCAS and A1A2a enzymes could convert 

CBGA into THCA and CBCA, while the CBDAS and Ca en-
zymes produced THCA, CBCA and CBDA (Figure 2a). A1A2a 
and Ca also yielded traces of an unknown product, eluted at 
≈16 min. This product was too close to the detection limit to be 
quantified and will not be further mentioned. To the contrary, 
Hop-BBL and HCa did not convert CBGA into any detectable 
product (Figure  2a) despite being properly expressed in our 
yeast system (Figure S3). This demonstrates that the ability to 
metabolise CBGA emerged along the branch leading from HCa 
to Ca (summarised in Figure 2c).

Next, enzyme characterisation showed that Ca, the oldest active 
ancestor, could function at pH 4–8 (Figure  S4a). Maximal ac-
tivity was reached at pH 5.5, but pH 4–6 favoured THCA and 
CBDA production while pH 6–8 favoured CBCA production. Ca 
was also highly thermostable, with an optimum of 45°C–50°C 
(Figure S4b). These results are very similar to those of THCAS 
and CBDAS (Taura et  al.  1995; Zirpel et  al.  2018), meaning 
the overall pH and temperature activity profile of cannabinoid 
oxidocyclases did probably not undergo major evolutionary 
changes, and that ancestral and extant enzymes could be com-
pared under the same reactional conditions.

We therefore proceeded with quantitative assays to compare ac-
tive enzymes, using a pH of 5 (i.e., optimal for THCA and CBDA) 
and a temperature of 30°C (i.e., sub-optimal but physiologically 
relevant in cannabis). Results showed that the most active en-
zyme was THCAS (specific activity: 50.0 ± 0.8 μmol min−1 g−1), 
which also exhibited the highest selectivity for THCA produc-
tion, yielding 95% THCA and 5% CBCA (Figure 2b). A1A2a dis-
played similar performance, with slightly lower activity (84% 
relative to THCAS) and selectivity (87% THCA, 13% CBCA). Ca 
exhibited lower activity (50% relative to THCAS) and broader 
selectivity, yielding 60% THCA, 30% CBDA and 10% CBCA. 
Finally, CBDAS displayed the lowest activity (12% relative to 
THCAS) but the highest selectivity for CBDA (89% CBDA, 8% 
CBCA, 3% THCA, Figure 2b). These results highlight how gene 
duplications in ancestral cannabis plants led to the subfunc-
tionalisation of the broad product selectivity of Ca into extant, 
highly-specialised THCAS and CBDAS (Figure 2c).

2.3   |   Mutations Underlying the Origin of  
Cannabinoid Oxidocyclases

To investigate key mutations underlying functional evolution, 
we designed hybrid enzymes corresponding to ancestral en-
zymes (as backbone sequences) in which amino acid residues 
of interest were substituted with their equivalents from evolu-
tionary more recent oxidocyclases (as donor sequences). To keep 
consistency despite cannabinoid oxidocyclases sequence length 
variations, residues were numbered based on their homologous 
position in THCAS. Residues of interest were selected based 
on their structural context. For this, we defined two regions of 
cannabinoid oxidocyclases: the substrate binding region (SBR) 
and the FAD binding site (FBS, Figure 3). The SBR was defined 
as a large region comprising all residues that may contribute to 
shaping the substrate binding cavity and its surroundings. This 
includes the previously defined active site adjacent-loop (ASA-
loop, residues 354–380) (Villard et al. 2023) and some residues 
surrounding the FAD isoalloxazine ring. The FBS was defined 
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as the residues surrounding the FAD cofactor, which were not 
already part of the SBR (Figure 3).

To investigate the origin of CBGA metabolisation, we designed 
hybrids between HCa (backbone) and Ca (donor, Figure  4a). 
HCa and Ca share 77% amino acid identity, corresponding 

to 116 amino acid mutations and a four-residue insertion 
(Table  S2a). These evolutionary changes were highlighted in 
three-dimensional enzyme homology models (Figure  4a), 
showing that 39 mutations and the four-residue insertion oc-
curred in the SBR, while four mutations occurred in the FBS. 
The 73 remaining mutations were not located in known regions 

FIGURE 2    |    Activity and selectivity of cannabinoid oxidocyclases. (a) Functional screening: High-performance liquid chromatography (HPLC) 
separation profiles of extant, ancestral (left), and hybrid enzymes (right), incubated in the presence of CBGA. Cannabinoids were identified by com-
parison to standard molecules. An empty vector (Ø) was used as a negative control. (b) Specific activity of the enzymes able to metabolise CBGA. 
All incubations were performed in triplicates; error bars represent the standard deviation. (c) Functional evolution of cannabinoid oxidocyclases. 
Results from panels (a, b) were placed in the context of the BBL phylogeny. The gene tree was drawn based on Figure S1; the branch lengths reflect 
the relative number of substitutions per site. (d) Emergence of CBGA metabolisation and partitioning of Ca activity. The relative activities (grey bars) 
and product specificities (pie charts) of each enzyme were determined based on the results displayed in panel (b). Note that the hybrids are artificial 
and do not necessarily reflect ‘real’ evolutionary steps. Abbreviated molecules: CBCA, cannabichromenic acid; CBDA, cannabidiolic acid; CBGA, 
cannabigerolic acid; THCA, (−)-trans-Δ9-tetrahydrocannabinolic acid.
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of interest. We therefore designed three incremental hybrids: 
HCa → CaSBR corresponds to HCa with the 39 SBR mutations 
from Ca; HCa → CaSBR_Ins additionally includes the four-residue 
insertion; and HCa → CaSBR_Ins_FAD additionally includes the 
four FBS mutations (Figure 4a, Table 1).

Subsequent enzyme characterisation showed that all three hy-
brids could metabolise CBGA (Figure  2a), producing CBCA 
as the main product (Figure 2b). First, HCa → CaSBR exhibited 
low activity (28% relative to THCAS) but an almost perfect se-
lectivity for CBCA (> 99%) at every tested pH (Figure  S5a). 
The 39 mutations introduced in HCa were therefore enough 
to allow CBGA metabolisation. From a structural perspective, 
mutations such as E376G and Q448T significantly widened the 
substrate binding cavity, creating a larger opening toward the 
FAD (Figure 5a). This suggests that HCa may have metabolised 
smaller substrate(s) and that cavity opening may have been key 
to initiating CBGA metabolisation.

Compared to HCa → CaSBR, HCa → CaSBR_Ins exhibited a 3.6-
fold higher activity (100% relative to THCAS) and a broader 
selectivity, yielding 56% CBCA, 28% THCA and 16% CBDA 
(Figure  2d). This indicates that the four-residues insertion 
at position 359–362, which is part of the ASA-loop (Table 1), 
must have played a critical role in cannabinoid diversification 
(Figure 5a).

Compared to HCa → CaSBR_Ins, HCa → CaSBR_Ins_FAD displayed a 
1.3-fold activity increase (129% relative to THCAS) and a 1.6-
fold higher THCA/CBDA ratio (55% CBCA, 33% THCA, 12% 
CBDA, Figure 2d), highlighting how subtle adjustments around 
the FAD ribityl tail can impact enzyme activity. Finally, even 
though HCa → CaSBR_Ins_FAD and Ca possess similar SBR and 
FBS, they displayed distinct specific activity (2.6-fold difference) 
and main product (CBCA or THCA, Figure  2d). These differ-
ences must therefore result from the 77 mutations distant from 
the active site (Figure 4a).

2.4   |   Mutations Underlying the Specialisation 
of Cannabinoid Oxidocyclases

To investigate the subfunctionalisation of Ca, we designed 
hybrids combining Ca (backbone) with CBDAS or A1A2a 
(donors, Figure 4b,c). Compared with CBDAS, Ca shares 91% 
amino acid identity (45 mutations, one deletion) including 

14 mutations in the SBR and four in the FBS (Figure  4b, 
Table  S2b). We thus designed the hybrids Ca → CBDASSBR, 
corresponding to Ca with the 14 SBR mutations from CBDAS, 
and Ca → CBDASSBR_FAD, which additionally includes the 
four FBS mutations (Figure  4b, Table  2). Enzyme charac-
terisation showed that both hybrids were active (Figure  2a). 
First, Ca → CBDASSBR exhibited low activity (33% relative to 
THCAS) but its main product was CBDA (63% CBDA, 30% 
THCA, 7% CBCA, Figure  2b). Compared to Ca, the 14 SBR 
mutations introduced in Ca → CBDASSBR therefore reversed 
the THCA/CBDA ratio, at the expense of a 1.5-fold activity 
decrease (Figure  2d). Comparing Ca and Ca → CBDASSBR 
structures, we observed a rotation of residues 358–366, in 
the ASA-loop (Figure 5b–d). This rotation might result from 
the charge-altering mutations N361D, A363D, K366N and 
K343R, which caused residues D361 and D363 (negative) to 
move toward R343 (positive), carrying with them neighbour-
ing residues (Figure  5c,d). This rotation might alter CBGA 
binding and favour CBDA production. Second, compared to 
Ca → CBDASSBR, the Ca → CBDASSBR_FAD hybrid displayed 
a 1.2-fold higher activity (41% relative to THCA) and a 1.3-
fold higher selectivity for CBDA (81% CBDA, 13% THCA, 6% 
CBCA, Figure 2d, Figure S5b). Again, this highlights the im-
portance of residues around the FAD ribityl tail. Remarkably, 
Ca → CBDASSBR_FAD activity was 3.4-fold higher than that of 
extant CBDAS enzyme, resulting in a 3.1-fold higher CBDA 
production despite slightly lower selectivity (Figure 2b,d).

Compared with A1A2a, Ca shares 94% identity (29 mutations) 
including eight mutations in the SBR and two in the FBS 
(Figure  4c, Table  S2c). This led to the Ca → A1A2aSBR hybrid, 
corresponding to Ca with the eight SBR mutations from A1A2a 
(Figure  4c, Table  2). Because of Ca and A1A2a's high iden-
tity, FBS mutations were ignored. Ca → A1A2aSBR was about 
as active as Ca (54% relative to THCAS) but it did not produce 
CBDA, resulting in higher proportions of THCA (76%) and 
CBCA (24%, Figure 2b,d). The eight associated mutations were 
therefore enough to prevent CBDA production, without impact-
ing overall metabolisation. Structurally, mutations G379T and 
I446T slightly alter the shape of the substrate binding cavity 
(Figure 5b) and are therefore the most likely mutations to pre-
vent CBDA production.

Overall, the specialisation toward THCA production correlated 
with a significant activity increase, while specialisation toward 
CBDA correlated with lowered activity (Figure  2b–d). This 

FIGURE 3    |    Three-dimensional structure and main domains of the THCAS enzyme. The enzyme (3vte.1.A) is coloured in grey, with residues 
from the substrate binding region (SBR) in blue including the ASA-loop in green, and from the FAD binding site (FBS) in red. The FAD cofactor is 
dark red. The substrate binding cavity is circled with a black dotted line.
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FIGURE 4    |    Design of the hybrid enzymes. (a) HCa → Ca, (b) Ca → CBDAS, and (c) Ca → A1A2a hybrid enzymes. The HCa backbone is orange, 
Ca is purple, CBDAS is salmon, A1A2a is green, and the FAD cofactor is dark red. Based on the backbone-donor comparison, amino acids of inter-
est were highlighted in blue (substrate binding region), dark blue (four-residues insertion) and red (FAD binding site). AAs, amino acids; FBS, FAD 
binding site; SBR, substrate binding region.
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suggests mutations favouring CBDA and/or preventing THCA 
production may negatively impact catalysis, and/or that selec-
tion favoured cannabis plants with less active CBDAS.

2.5   |   Ancestral Enzymes Provide Relevant 
Backbones for Engineering

Building on previous results, we tried to engineer extant THCAS 
to make it produce CBDA. Indeed, since we successfully pre-
vented CBDA production in Ca → A1A2aSBR and increased it in 
Ca → CBDASSBR_FAD, we wondered if associated mutations could 
be leveraged in the highly active THCAS. We therefore designed 
the THCAS → CBDAS hybrid, corresponding to THCAS in which 
we reversed the eight Ca → A1A2aSBR mutations preventing CBDA 
production and introduced the 18 Ca → CBDASSBR_FAD mutations 
favouring CBDA production (Figure S6). Unfortunately, enzyme 
characterisation showed that THCAS → CBDAS was not able to 
metabolise CBGA (Figure 2a). This suggests that THCAS over-
all structure is now so specialised toward THCA production that 
modifying its active site is not enough to restore CBDA produc-
tion. Hence, ancestral enzymes like Ca could be used as more 
flexible entry points to engineer cannabinoid oxidocyclases than 
their highly-specialised, extant counterparts.

Finally, even though our goal was not to improve enzyme het-
erologous expression, we noticed that ancestral enzymes were 
more highly expressed than extant ones. Indeed, compared to 
THCAS, expression levels were about 2 times lower for CBDAS, 
3–4 times higher for A1A2a, 1.5–3 times higher for Ca, and 2–3 
times higher for HCa. Expression levels of the hybrids were 
similar to that of their ancestral backbone, with moderate influ-
ence from their donor (Table S3). It may thus be possible to use 
A1A2a, Ca and HCa to engineer cannabinoid oxidocyclases that 
are easier to produce for biotechnological applications.

3   |   Discussion

Cannabinoid oxidocyclases are key enzymes that regioselec-
tively convert CBGA into cannabinoids with different bioac-
tivities; therefore modulating cannabis therapeutic potential. 
Through resurrecting and characterising three ancestral canna-
binoid oxidocyclases, we experimentally tested the hypothesis 
(Vergara et al. 2019; van Velzen and Schranz 2021) that CBGA 
metabolisation emerged in a recent ancestor of cannabis. Our 

Bayesian gene tree (Figure  S1) suggests that HCa was pres-
ent prior to the divergence of cannabis and hop estimated at 
25–27 million years ago (McPartland  2018; Jin et  al.  2020), 
and that along the branch from HCa to Ca there was a loss in 
an ancestor of hop. In the absence of sequence data from an  
orthologous locus in the Humulus lineage, it is therefore cur-
rently impossible to determine whether cannabinoid biosyn-
thesis originated within the Cannabis lineage or in a common 
ancestor of both Cannabis and Humulus. In any case, our re-
sults confirm that the acquisition of cannabinoid oxidocyclase 
activity arose independently in the Cannabaceae and other 
phylogenetically distant, cannabinoid-producing taxa such as 
Rhododendron (Ericaceae) and Helichrysum (Asteraceae) (Taura 
et al. 2014; Pollastro et al. 2017; Berman et al. 2023).

Through characterising the ancestral Ca enzyme, we also 
demonstrated that early cannabinoid oxidocyclases were not 
CBDAS, as proposed earlier (Onofri et  al.  2015), but rather 
promiscuous enzymes yielding THCA as the main product. 
However, the ‘first’ cannabinoid oxidocyclase was likely not Ca, 
but an ancestor along the HCa–Ca branch with a putatively dif-
ferent activity. Based on the characterisation of the HCa → Ca  
hybrids, we hypothesize that early cannabinoid oxidocyclases 
that did not yet possess the 359–362 insertion could convert 
CBGA into only CBCA. As data from extant plants are insuffi-
cient to determine the chronological order of mutations between 
HCa and Ca, it is not possible to test this hypothesis. Nevertheless, 
CBCA is produced at neutral pH and could therefore have been 
a physiologically relevant product before cannabinoid oxido-
cyclases were excreted into acidic trichomes (Sirikantaramas 
et al. 2005). Additionally, CBCA is produced by all characterised 
cannabinoid oxidocyclases (Sirikantaramas et  al.  2004; Taura 
et  al.  2007; Laverty et  al.  2019). Finally, a BBL enzyme from 
Rhododendron dauricum produces daurichromenic acid (Taura 
et al. 2014) which is a CBCA farnesyl analog, and certain bac-
terial BBL enzymes produce CBC (Love et al. 2024), suggesting 
that BBL enzymes might be predisposed toward CBC(A) cyclisa-
tion. These various aspects suggest that CBCA might have been 
the ‘original’ product of cannabinoid oxidocyclases, with product 
diversification following the 359–362 insertion. Subsequent gene 
duplication and sequence evolution facilitated subfunctionalisa-
tion toward highly-specialised THCAS and CBDAS.

To identify mutations underlying functional evolution, we de-
signed hybrids by swapping residues between ancestral and ex-
tant enzymes. Across the various hybrid enzymes, 62 residues 

TABLE 1    |    Mutations introduced in the HCa backbone.

Note: Residues are numbered according to their THCAS equivalent. The raw “Structural location” distinguishes residues located in the FAD binding site (FBS, in 
red) and the substrate binding region (SBR, in blue), including the ASA-loop (ASA, in green). Amino acids associated to each enzyme are colored according to the 
physicochemical properties of their side chain: positive amino acids are in blue, negative amino acids in red, polar uncharged amino acids in green, hydrophobic amino 
acids in yellow, others in purple. In the HCa backbone, “-” means no amino acid (gap). In the hybrids, empty cells mean no mutation was introduced (i.e., same amino 
acid as in the backbone).
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were investigated. Among them, 15 had previously been studied 
and showed slight to major impacts on THCAS and/or CBDAS 
(Shoyama et al. 2012; Zirpel et al. 2018; Villard et al. 2023; Dai 
et al. 2024) (summarised in Table S4). For instance, the residues 
mutated in HCa → CaSBR included three known critical residues: 

residue H292, which is the most likely counterion to CBGA car-
boxylate (Shoyama et al. 2012); A116, which helps position the 
catalytic base (Zirpel et al. 2018); and S355, which ancestral state 
in HCa (N) inactivates THCAS (Garfinkel et  al.  2021; Villard 
et  al.  2023). Therefore, even though the acquisition of CBGA 

FIGURE 5    |    Major modifications in the substrate binding region of ancestral and hybrid cannabinoid oxidocyclases. (a, b) Comparison of the sub-
strate binding region of HCa (a), Ca (b), and associated hybrids. The HCa backbone is orange, the Ca backbone is purple, mutated amino acids are 
light blue, the four-amino acid insertion is dark blue, and the FAD cofactor is red. To improve three-dimensional visualisation, the cavity opening 
toward the FAD was coloured in transparent white. Mutated residues that strongly impact the shape of the substrate binding region are outlined in 
white; the line is solid on the surface of the enzyme and dotted where the residues are buried. (c, d) Licorice (up) and surface views (down) of region 
358–366 (ASA-loop) in Ca (c) and Ca → CBDASSBR (d). Residues 343, 358–362 and 366 are shown in yellow, with red oxygen and blue nitrogen atoms. 
The surface views show these residues in their context (grey). In the licorice views, names of residues with electrically charged side chains are high-
lighted in red (negative) and blue (positive). Names of residues mutated in Ca → CBDASSBR are underlined. The dotted grey line between D363 and 
R343 in panel d is 4.8 Å long. To improve readability, residues 363–365 were not detailed in the licorice view, as they overlap with others and did not 
undergo major modifications. Residues are numbered according to their THCAS equivalent.
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metabolisation likely required concerted evolution of many 
more residues in HCa → CaSBR, mutation of these three residues 
was probably essential. As far as we know, the remaining 47 res-
idues investigated in the various hybrids were never tested be-
fore and could be valuable targets for site-directed mutagenesis 
experiments, to further elucidate the cannabinoid oxidocyclase 
molecular mechanism.

Our results also showed that the ASA-loop—a flexible 
looped region that has so far received very little attention 
(Villard et al. 2023)—has undergone major, recent evolution-
ary changes. Indeed, out of the 26 residues comprising the 
ASA-loop (residues 354–380), 21 evolved from HCa to extant 
enzymes. These include critical modifications such as the 
abovementioned insertion of residues 359–362 from HCa to Ca, 
the loop rotation caused by mutations of residues 361 and 363 
from Ca to CBDAS, and the mutation of residue 379 from Ca 
to THCAS, which likely contributed to CBDA production loss. 
These suggest that the recent evolution of the ASA-loop was 
critical for the evolution of cannabinoid oxidocyclase substrate 
and product selectivity. Contrarily, residues known to be cru-
cial for general BBL activity (e.g., catalytic base, covalent FAD-
binding) (Shoyama et al. 2012; Zirpel et al. 2018) were strictly 
conserved from HCa to extant enzymes, suggesting that HCa 
and Hop-BBL are functional, even though their activities re-
main unknown.

Nowadays, medicinal cannabinoids are predominantly produced 
via cannabis cultivation (Adhikary et al. 2021). Biotechnological 
heterologous production represents a promising alternative, 
with potentially better scalability, but it is hampered by the low 
activity and expression levels of CBDAS and CBCAS (Carvalho 
et al. 2017; Luo et al. 2019; Schmidt et al. 2024). Interestingly, 
our reconstructed ancestors proved to be relatively easy to ex-
press and engineer, making them ideal backbones for designing 
suitable enzymes for biotechnological applications. For exam-
ple, Ca → CBDASSBR_FAD showed 3.1-fold higher CBDA produc-
tion and 2–3 times higher expression than wildtype CBDAS. 
Similarly, HCa → CaSBR exhibited almost perfect CBCA selec-
tivity and 3–4 times higher expression than wildtype THCAS. 
These enzymes could thus be used to help lift the classic bottle-
neck of cannabinoid production in microorganisms. As CBCA 
is typically present in low concentrations in most cannabis 

cultivars (Wishart et al. 2024), HCa → CaSBR could also be trans-
formed into cannabis plants to generate novel CBCA-dominant 
cultivars.

4   |   Experimental Procedures

4.1   |   Material

Standard solutions of cannabinoids 1.0 mg mL−1 in acetonitrile 
were purchased from Sigma Aldrich.

4.2   |   Phylogenetic Tree Inference and Gene 
Microsynteny Assessment

A BBL dataset was initially based on 248 nucleotide se-
quences from C. sativa, H. lupulus and T. orientale (Natsume 
et al. 2015; Van Velzen et al. 2018; Laverty et al. 2019; Vergara 
et  al.  2019; McKernan et  al.  2020; Gao et  al.  2020; Grassa 
et al. 2021), collected from a previous compilation (van Velzen 
and Schranz  2021) (Data  S5). This dataset was reduced to 
77 sequences by excluding redundant sequences, sequences 
with ambiguous nucleotides (e.g., potential chimeras), and se-
quences bringing irrelevant diversity for ancestral reconstruc-
tion (e.g., sequences with an almost perfect identity with others 
except for one or a few unique, evolutionary recent mutations). 
The remaining 77 sequences (Data S1) were representative of 
every subclade from the cannabis-specific clade and their clos-
est relatives in H. lupulus and T. orientale, and the outgroup 
was selected based on the phylogeny of Eurosid BBL genes 
(van Velzen and Schranz 2021). To allow subsequent analyses, 
frameshift-containing pseudogenes were altered by the addi-
tion of ‘N’ at the site of the indels (Data S1). BBL nucleotide se-
quences were then aligned with GENEIOUS (Geneious prime 
2019), relying on a Translation Alignment based on MAFFT 
v.7.450. The alignment was manually curated (Data S1), par-
titioned (CodonPos1 CodonPos2, CodonPos3) in MESQUITE 
v.3.6, and used to build a Bayesian gene tree on MRBAYES 
(Ronquist and Huelsenbeck 2003; Ronquist et al. 2012) v.3.2.7 
as described elsewhere (Villard et  al.  2021). The tree was 
drawn with FIGTREE v.1.4.4 and used to identify clades and 
ancestors of interest.

TABLE 2    |    Mutations introduced in the Ca backbone.

Note: Residues are numbered according to their THCAS equivalent. The raw “Structural location” distinguishes residues located in the FAD binding site (FBS, in 
red) and the substrate binding region (SBR, in blue), including the ASA-loop (ASA, in green). Amino acids associated to each enzyme are colored according to the 
physicochemical properties of their side chain: positive amino acids are in blue, negative amino acids in red, polar uncharged amino acids in green, hydrophobic amino 
acids in yellow, others in purple. In the hybrids, empty cells mean no mutation was introduced (i.e., same amino acid as in the backbone).
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To assess microsynteny of the selected BBL genes between can-
nabis and hop, we compared homologous sequences from hop 
chromosome 9 (accession NC_084801.1) and cannabis cultivar 
Jamaican Lion mother accessions JAATIP010000026.1 and 
JAATIP010000103.1 in Geneious prime v.2025.2.2. Jamaican 
Lion mother was selected because it comprises a large total 
number (26) of cannabinoid synthase genes (van Velzen and 
Schranz 2021).

4.3   |   Ancestral Sequence Reconstruction

Each ancestral sequence to reconstruct was inferred based 
on the curated alignment with both Bayesian statistics and 
Maximum Likelihood approaches. Bayesian inference was 
performed with MrBayes (Ronquist and Huelsenbeck  2003; 
Ronquist et  al.  2012) v.3.2.7, using the following parameters: 
nst = mixed, rates = gamma, shape = (all), 10 million gener-
ations, temperature heating 0.05, partitioning: CodonPos1 
CodonPos2, CodonPos3 (Data  S6). Maximum Likelihood re-
construction was performed on PAML (Yang 1997) v.4.9, using 
an unrooted version of the BBL gene tree. Three models were 
tested, based on nucleotide, codon and amino acid analyses. 
Parameters of the best-fit models were determined through 
likelihood ratio tests and were as follows: Nucleotide: baseml, 
model = 7, Mgene = 4, alpha = 1, ncatG = 5. Codon: codeml, 
model = 0, alpha = 0.5, ncatG = 20, CodonFreq = 1, aaDist = 1, 
NSsites = 0. Amino acids: codeml, model = 3, alpha = 0.5, 
ncatG = 10, aaRatefile = jones (Data  S7). For each ancestor to 
reconstruct, the sequences obtained with the four Bayesian 
and maximum likelihood methods (Data  S2) were manually 
processed. First, as ancestral inference places a nucleotide at 
each position of the alignment, even if it mostly consists of 
gaps, the position of ancestral gaps was manually predicted 
by carefully inspecting the multiple sequence alignment, and 
associated nucleotides or amino acids were deleted (Data S2). 
Specifically, most ancestral gaps originated from insertions 
in individual pseudogenes or outgroup sequences and could 
therefore be removed. There were two notable exceptions: (1) 
the four-amino acid insertion, present in every sequence of the 
cannabis specific clade and absent elsewhere, and (2) a one-
amino acid deletion found exclusively in all sequences of clade 
B1. Next, the sequences obtained with the different models 
were compared, and the sequences inferred with Bayesian sta-
tistics were selected as the most accurate ones (Table S1). To 
further validate the quality of the Bayesian sequences, poste-
rior probabilities were analysed: for each position of the align-
ment, nucleotides with a posterior probability above 0.6 were 
kept. When the nucleotide with the highest posterior probabil-
ity was below 0.6, the position was identified as ambiguous and 
alternative nucleotides were considered. For this, the results 
obtained with the Bayesian and maximum likelihood models 
were compared, and the potential impact of alternative nucle-
otides on the enzyme was investigated (e.g., silent or missense 
mutation, amino acid properties, residue location, phylogenetic 
patterns, functional relevance), as described in Table S1. When 
ambiguity could not be disregarded (e.g., not a silent mutation), 
we selected the combination of ambiguous character states 
that most effectively allowed testing the ancestor's functional 
hypothesis, by prioritising those facilitating the alternative 
hypothesis (e.g., in HCa, we selected the character states most 

likely to facilitate CBGA metabolisation, Table S1). This led to 
the replacement of two, one and one ambiguous codon(s) of the 
Bayesian HCa, Ca and A1A2a sequences, respectively, by their 
second-best alternative. Final ancestral sequences are avail-
able in Data S3.

4.4   |   Expression and Purification of BBL Enzymes

BBL enzymes were produced in yeast and purified following 
a previously described, THCAS-optimised protocol (Villard 
et  al.  2023). Briefly, His-tagged coding sequences of the 
THCAS (GenBank accession AB057805), CBDAS (GenBank 
accession NM_001397936.1), Hop-BBL (HopBase accession 
000840F.g23.t1), and associated ancestors and mutants were 
domesticated (Data  S4), synthesised by GenScript (Leiden, the 
Netherlands) and subcloned into the pPICZαA expression vector 
(Invitrogen, Thermo Fisher Scientific). Recombinant plasmids 
were transformed into the K. phaffii strain X-33 (Invitrogen, 
Thermo Fisher Scientific). Heterologous expression was achieved 
by culturing the recombinant K. phaffii in methanol-containing 
induction medium for 2 days. Resulting His-tagged enzymes were 
harvested, purified by affinity and exchanged in assay buffer  
(sodium citrate, 100 mM, pH 5.0) (Villard et  al.  2023). Purified  
enzymes were kept on ice and used immediately for activity assay. 
The presence of His-tagged protein in the purified solution was 
verified by Western blot, using 6x-His-tag Monoclonal Antibody 
coupled with alkaline phosphatase (Thermo Fisher Scientific). 
Protein concentrations were quantified by Bradford tests, using 
bovine gamma globulin as protein standard.

4.5   |   Enzyme In Vitro Assays

To determine which enzymes could metabolise CBGA, qual-
itative assays were performed using reaction conditions (e.g., 
buffer, pH, temperature) previously described for extant can-
nabinoid oxidocyclases (Sirikantaramas et  al.  2004; Taura 
et al. 2007; Zirpel et al. 2018). For these assays, 80–800 μg mL−1 
of freshly produced enzymes (depending on expression lev-
els) were incubated in 80 μL of sodium citrate buffer (100 mM, 
pH 5.0) containing 100 μM of CBGA. After 60 min at 45°C, 
700 rpm, reactions were stopped by the addition of 0.25 volume 
of acetonitrile 100%. Enzymes that did not metabolise CBGA 
under these conditions were also tested with variable pH (3–8) 
and temperatures (25°C–60°C).

To determine the optimal reactional pH of Ca, HCa → CaSBR 
and Ca → CBDASSBR_FAD, 83 μg mL−1 (Ca), 40 μg mL−1 
(HCa → CaSBR) or 74 μg mL−1 (Ca → CBDASSBR_FAD) of freshly 
produced enzymes were incubated in 80 μL of sodium citrate 
(100 mM, pH 3, 4, 4.5, 5 and 6) or potassium phosphate (100 mM, 
pH 7 and 8) containing 75 μM of CBGA. After 55 min at 30°C, 
700 rpm, reactions were stopped by the addition of 0.25 volume 
of 100% acetonitrile.

To determine the optimal reactional temperature of Ca, 
40 μg mL−1 of freshly produced enzyme was incubated in 80 μL 
of sodium citrate (100 mM, pH 5) containing 75 μM of CBGA. 
After 30 min at 30°C–60°C, 700 rpm, reactions were stopped by 
the addition of 0.25 volume of 100% acetonitrile.

info:refseq/AB057805
info:refseq/NM_001397936.1
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Due to the low solubility of cannabinoids in aqueous buffer 
(e.g., ≈150–200 μM for CBGA) (Zirpel et al. 2015), determining 
kinetic parameters of cannabinoid oxidocyclases is challeng-
ing. For instance, reported Km values for THCAS range from 
Km = 134 μM (Taura et  al.  1995) to 540 μM (Sirikantaramas 
et  al.  2004). Hence, performing standardised assays and de-
termining specific activities are common alternatives to com-
pare the performance of cannabinoid oxidocyclases (Shoyama 
et al. 2012; Zirpel et al. 2018; Villard et al. 2023). We there-
fore decided to perform standardised assays using 75 μM of 
CBGA, which ensures good solubility and remains well below 
the estimated Km of the THCAS (i.e., below substrate inhi-
bition). Standardised assays were performed by incubating 
30 μg mL−1 of fresh enzymes in 80 μL of sodium citrate buffer 
(100 mM, pH 5.0) containing 75 μM of CBGA. After 30 min at 
30°C, 700 rpm, reactions were stopped by the addition of 0.25 
volume 100% acetonitrile. All reactions were performed in 
triplicates.

4.6   |   Identification and Quantification 
of Cannabinoids

Reaction mixtures were filtered at 0.2 μm and analysed by 
high-performance liquid chromatography (HPLC) using 
previously described equipment, solvents and parameters 
(Villard et  al.  2023). The mobile gradient phase was modi-
fied as follows (A/B; v/v): 60:40 between 0 and 1 min, 25:75 at 
4 min, 10:90 at 19 min, 0:100 at 20 min and 60:40 between 25 
and 30 min. Compounds were detected based on UV scans at 
270, 254, 220 and 305 nm. Reaction products were identified 
by comparison of their retention time with those of standard 
molecules.

4.7   |   Homology Modelling and Design of Hybrid 
Enzymes

Three-dimensional (3D) homology models of the wildtype, 
ancestral and hybrid BBLs were generated on the basis of the 
THCAS crystal structure (Shoyama et al. 2012) (PDB ID: 3VTE), 
using the SWISS-MODEL protein homology modelling server 
(https://​swiss​model.​expasy.​org/​) (Guex et  al.  2009; Bienert 
et  al.  2017; Bertoni et  al.  2017; Waterhouse et  al.  2018; Studer 
et al. 2020). The BBL N-terminal signal peptide was not included 
in the modelling. Model quality was assessed using the GMQE 
and QMEAN scoring functions (Table S5). Ramachandran plots 
and local quality estimates were also checked. The 3D homology 
models were visualised, analysed and compared using PyMOL 
v.2.5.4 (Schrödinger LLC) to investigate residue spatial location 
(i.e., close to the active site, to the cofactor, or on the surface of 
the enzyme) and design hybrids (Tables S1 and S2). Figures were 
prepared using PyMOL v.2.5.4.

5   |   Accession Numbers

All sequences used to build the phylogenetic gene tree and re-
construct ancestors are available in GenBank (https://​www.​
ncbi.​nlm.​nih.​gov/​) and HopBase (https://​hopba​se.​cgrb.​orego​
nstate.​edu/​index.​html) data libraries.
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