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Abstract

Cannabis has been integral to Eurasian civilization for millennia, but a century of prohibition has limited
investigation. With spreading legalization, science is pivoting to study the pharmacopeia of the cannabinoids, and a
thorough understanding of their biosynthesis is required to engineer strains with specific cannabinoid profiles. This
review surveys the biosynthesis and biochemistry of cannabinoids. The pathways and the enzymes' mechanisms of
action are discussed as is the non-enzymatic decarboxylation of the cannabinoic acids. There are still many gaps in
our knowledge about the biosynthesis of the cannabinoids, especially for the minor components, and this review
highlights the tools and approaches that will be applied to generate an improved understanding and consequent
access to these potentially biomedically-relevant materials.
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Main text

Historical context of cannabis science

Cannabis sativa L. (C. sativa, see glossary) has been a
staple of Eurasian culture. It is documented in Chinese
texts since before 2000 B.C. (Russo 2014); the Hindu
Atharvaveda, composed between 1500 and 1000 B.C,,
where it is revered as a sacred plant for ritual and cere-
mony (Russo 2005); and in New Kingdom Egyptian texts
dating to 1550B.C. (Hallmann-Mikolajczak 2004).
Today, C. sativa is openly cultivated in more than 86
countries in Africa, the Americas, Asia, and Europe
(United Nations Office on Drugs and Crime 2005),
although the number is likely far higher. However, its
chemical characterization history is far briefer. A~ Tetra-
hydrocannabinol (THC), the primary psychoactive
component, was first isolated as an impure resin in
1942, when the structure was proposed (Wollner et al.
1942). In 1955, the first cannabinoid, cannabidiolic acid
(CBDA), was isolated in a pure form by Krejé¢i and
Santavy. As recently as the late 1960s, it was considered
that the active principles of cannabis were an unidenti-
fied mixture of tetrahydrocannabinols (Mechoulam
1970). A crystallizable A°-THC derivative was prepared
in 1964, allowing ready access to the parent compound
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and ensuring that its structure and stereochemistry were
correctly assigned (Gaoni and Mechoulam 1964), with
CBD following soon after (Santavy 1964). The literature
contains a series of foundational reviews covering the
chemistry of cannabinoids that contextualize the ad-
vancement of the field. Farnsworth’s 1969 review covers
botanical considerations of “marihuana,” the biological
evaluation of the plant and extracts, the known chemical
constituents, and the method for their identification
(Farnsworth 1969). Mechoulam’s 1970 influential review
on “marihuana chemistry” discussed nomenclature and
the chemical and the then-proposed biogenic synthesis
of cannabinoids (Mechoulam 1970). In 1975, Shoyama
et al. in their “biosynthesis of cannabinoid acids” dis-
cussed potential pathways used to synthesize cannabi-
noic acids from cannabigerolic acid (Shoyama et al
1975). Turner and coauthors discuss the natural constit-
uents and classes of metabolites of C. sativa in their
1980 review (Turner et al. 1980). However, the field has
progressed quickly in the decades since, rendering these
more of historical interest for the evolution of our un-
derstanding of cannabis. The most recent review on can-
nabis biosynthesis was authored by Flores-Sanchez and
Verpoorte in 2008, describing the biosynthesis of all
major secondary metabolites of C. sativa, e.g., flavonoids,
stilbenoids, terpenoids, alkaloids, lignanamides, and phe-
noic amides in addition to the cannabinoids (Flores-
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Sanchez and Verpoorte 2008). The field has evolved sig-
nificantly in the 12 years since, especially in a complete
revaluation of the synthesis of olivetolic acid, the com-
mon precursor of the cannabinoids (Taura et al. 2009).
This review complements recent reviews on cannabinoid
structural biology (Shahbazi et al. 2020), cannabinoid
biological activity (Kinghorn et al. 2017), and an excel-
lent short introductory review to cannabis science from
Reekie, Scott, and Kassiou (2017).

Cannabinoids are prenylated polyketides produced in
C. sativa (Taura et al. 2007a). More than 1600 chemical
compounds have been isolated from C. sativa, of which
over 180 are cannabinoids (Hanus$ et al. 2016) that can
be classified into 11 structural families (Table S1) (King-
horn et al. 2017; Taura et al. 2007a; Zirpel et al. 2018;
Merlin 2003). The most abundant cannabinoids (natur-
ally present as their corresponding carboxylic acid) are
A’-tetrahydrocannabinol (A°’-THC or THC, the main
psychoactive cannabinoid), cannabidiol (CBD), and can-
nabichromene (CBC); these are supplemented by other
classes archetyped by A®-trans-tetrahydrocannabinol
(A8-THCQ), cannabigerol (CBG), cannabinodiol (CBND),
cannabielsoin (CBE), cannabicyclol (CBL), cannabinol
(CBN), cannabitriol (CBT), and a miscellaneous group
(Kinghorn et al. 2017; Taura et al. 2007a; Merlin 2003;
Hampson et al. 1998; Lastres-Becker et al. 2005). In this
review, we will focus on the biosynthesis of major canna-
binoids, i.e., THC, CBD and CBC, as the best studied,
both in terms of biosynthesis and pharmacological prop-
erties (Scheckel et al. 1968; Pertwee 2008; Pertwee 2005;
FDA, FDA and Cannabis: Research and Drug Approval
Process (n.d.); Petrosino et al. 2018; Lewis et al. 2017).
For our limited knowledge about the biosynthesis of
other cannabinoids, readers are referred elsewhere
(Ferioli et al. 2000; Husni et al. 2014; Radwan et al. 2015;
Wakshlag et al. 2020), with the caveat and encourage-
ment that much work remains to be done in better un-
derstanding these biochemical pathways. Similarly,
readers interested in biotechnological synthesis of canna-
binoids are referred to Luo et al. (2019), and to Leahy
and coworkers for a clever example of their chemical syn-
thesis (Shultz et al. 2018). The biosynthesis of the cannabis
terpenes, present in small amounts in C. sativa (Hillig
2004; Fischedick et al. 2010; Booth et al. 2017; Booth and
Bohlmann 2019; Mudge et al. 2019; Zager et al. 2019) and
proposed to synergistically accentuate the pharmaco-
logical effects of cannabis consumption (Livingston et al.
2020; Russo 2011), is described elsewhere (Flores-Sanchez
and Verpoorte 2008; Page et al. 2006).

In C. sativa, cannabinoids are biosynthesized as phyto-
protectants: in fresh biomass, 95% of the THC, CBD,
and CBC exist as their acidic parents: tetrahydrocannabi-
nolic acid (THCA), cannabidiolic acid (CBDA), and can-
nabichromenic acid (CBCA) (United Nations Office on
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Drugs and Crime 2005). These decarboxylate to the
more familiar forms during storage, upon heating, or
under alkaline conditions (United Nations Office on
Drugs and Crime 2005; Ghosh et al. 1940; Adams et al.
1940; Taura 2009). “Tetrahydrocannabinolic acid” or
“THCA” has been used vaguely and can refer to several
constitutional isomers, making physiological and
pharmacological profiling confusing (Moreno-Sanz
2016). In 1965, Korte et al. (1965) identified tetrahydro-
cannabinolcarboxylic acid (2-carboxy-THC, Fig. 1) as a
major component of hashish. In 1969, Mechoulam re-
ported on a second THC acid isomer, the 4-carboxy-
THC (Fig. 1), and named Korte’s THCA-A and his
THCA-B (Mechoulam et al. 1969). THCA-B was only
found in hashish samples with little to no THCA-A, and
its overall concentration was generally lower than 0.5
weight percent. Subsequent studies, however, were not
able to confirm the occurrence of THCA-B (De Zeeuw
et al. 1972). Therefore, in this review, we will use only
the term THCA and it always refers to THCA-A (2-car-
boxy-THC, Fig. 1) unless stated otherwise.

The Cannabis genus comprises three species defined
by their phytocannabinoid content: the low-THC C.
sativa L., the high A°-THC, C. indica Lam., and an
intermediate species, C. ruderalis Janisch (Mechoulam
1970; Hartsel et al. 2016; Appendino et al. 2011; Thomas
and ElSohly 2016); however, as the three species readily
interbreed and many existing cultivars are hybrids, a
monotypic classification, C. sativa, is gaining traction
with subdivisions into chemotypes rather than species
(Pellati et al. 2018). Varieties used for drug consumption,
characterized by a high content of A°-THC, are often
not morphologically distinguishable from low-THC
fiber-type varieties. Biosynthesis proceeds through the
same pathways in all species.

Cannabinoids are synthesized through a common
pathway in trichomes

The cannabinoids are biosynthesized in the glandular
trichomes, or “marijuana bud” of female flowers;
trichome-poor male flowers are typically very low in
cannabinoids (Livingston et al. 2020). Trichomes are also
present on bracts, leaves, and on the underside of the
anther lobes of male flowers (Mahlberg et al. 1980). Tri-
choma, Greek for “hair” (Figure Sla) (Kenneth 2018), are
classified as stalked, sessile, or bulbous (Figure S1 b-d)
(Hammond and Mahlberg 1973). Bulbous trichomes, the
smallest in size, produce limited cannabinoids; the other
two morphologies are responsible for almost all canna-
binoid production. Sessile trichomes, supported by a
short stalk, have a globose head comprising a multicellu-
lar disc of secretory cells with a subcuticular metabolite
storage cavity (Hammond and Mahlberg 1977). Stalked
trichomes have a slightly larger globose head, rising
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Fig. 1 Structures of important Cannabis sativa cannabinoid classes: Ag-tetrahydrocannabinol (A°-THC or THC) and its acidic counterparts (THCA-
A/THCA-B), tetrahydrocannabivarin (THCV), cannabidiol (CBD) and its acidic counterpart (CBDA), cannabigerol (CBG), cannabichromene (CBC), and
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several hundred microns above the epidermal surface
(Mahlberg and Kim 2004). The relative contribution of
sessile and stalked trichomes to cannabinoid production
remains unclear (Livingston et al. 2020).

The biosynthesis of cannabinoids remains incom-
pletely understood at the molecular level (Fellermeier
and Zenk 1998). In brief, cannabinoids share a common
initial pathway: tetraketide synthase (TKS) (Kearsey et al.
2020), a type III polyketide synthase (PKS), catalyzes the
sequential condensation of hexanoyl-CoA with three
molecules of malonyl-CoA to yield 3,5,7-trioxododeca-
neoyl-CoA (Fig. 2a) (Taura et al. 2007b). This is cyclized
and aromatized, with the loss of Coenzyme A, by olive-
tolic acid cyclase (OAC), to olivetolic acid (OLA) (Gagne
et al. 2012). Aromatic prenyltransferase then inserts the
prenyl group at the highly nucleophilic 2-resorcinol pos-
ition to provide cannabigerolic acid (CBGA) (Fellermeier
and Zenk 1998). This core intermediate then diverges to
provide the cannabinolic acids (THCA, CBDA, and
CBCA) that proceed to THC, CBD, and CBC by non-

enzymatic decarboxylation (Fig. 2a) (Flores-Sanchez and
Verpoorte 2009).

Olivetol synthase and olivetolic acid cyclase cooperate to

deliver the key intermediate

Olivetolic acid (OLA), forms the polyketide nucleus of
the cannabinoids (Taura et al. 2009; Gagne et al. 2012;
Tan et al. 2018). TKS was long thought to be solely re-
sponsible for OLA biosynthesis, with spontaneous
cyclization and aromatization occurring following the
addition of the third malonyl group as shown in the sec-
ond step of Fig. 2a. However, while investigating the role
of the enzyme, Taura and co-workers used a cDNA, en-
coding olivetol synthase (OLS) cloned from C. sativa,
and found that their recombinant OLS did not produce
OLA, but only its decarboxylated form, olivetol (Fig. 2a)
(Taura et al. 2009). The authors also confirmed that
crude enzyme extracts of either flowers or early-growth
leaves, the two major cannabinoid-producing tissues of
C. sativa, also only provided olivetol (Taura et al. 2009;
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Fig. 2 Biosynthesis of cannabinoids. a Proposed cannabinoid biosynthetic pathway for A’-tetrahydrocannabinol (A%-THC), cannabidiol (CBD), and
cannabichromene (CBC) including by-product formation (pentyl diacetic lactone (PDAL), hexanoy! triacetic acid lactone (HTAL), and olivetol
shown in the dotted box) and highlighting the chemical conversion of CBD into THC, long thought to be the source of THC, but this conversion
does not occur in vivo. b Synthesis of geranyl pyrophosphate (GPP) from dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate

(IPP) catalyzed by geranyl pyrophosphate synthase

Dewick 2002). This strongly indicated that OLA biosyn-
thesis is not dependent on OLS alone, but may involve
other enzymes; however, they considered that olivetol
may be an artifact of in vitro enzyme assays as olivetol is
not detected in C. sativa (Taura et al. 2009). This con-
undrum, OLA cannot be prepared in vitro, but the
in vitro product, olivetol, is not observed in vivo, has
since been resolved by evidence that the process requires
olivetolic acid cyclase (OAC), to conduct the intramo-
lecular C2 — C7 aldol condensation without decarboxyl-
ation (Fig. 2a) (Gagne et al. 2012; Tan et al. 2018;
Kearsey et al. 2019). Kearsey et al. (2019) also confirmed
that, in the absence of OAC, a nonenzymatic C2 — C7

decarboxylative aldol condensation of the tetraketide
intermediate occurs forming olivetol instead of OLA
(Fig. 2a). Non-enzymatic background cyclization gener-
ates olivetol (Austin et al. 2004). The cyclase ensures
that the carboxylate survives biosynthesis.

This raises questions, however, as OLS does not inter-
act with OAC, so the metabolite is not directly trans-
ferred, rather it must diffuse from one enzyme to the
other through the cytosol (Tan et al. 2018). Kearsey
et al. also investigated the crystal structure of TKS in the
presence of CoA (Fig. 3a) and also performed a
structure-guided mutagenesis study to investigate why
the tetraketide intermediate is released prior to OAC-
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Fig. 3 X-ray diffraction structures of three key enzymes implicated in cannabinoid biosynthesis. Key active site residues are highlighted in green, and interaction
diagrams, generated by the authors using the Schrodinger computational software suite (Maestro 2020), of a) tetrameric tetraketide synthase (TKS) from C sativa in
complex with CoenzymeA (CoA, 6GIW/3), CoA is orange, with the four tetramers in red, orange, light green and cyan respectively (Kearsey et al. 2020); b) expansion
of the active site; ¢) Olivetolic acid cyclase (OAC) from C sativa (5B09) (Yang et al. 2016), the pentyl-binding pocket and its key residues are gray, olivetolic acid (OLA)
is orange, chain A is gray and chain B is in light orange; d) expansion of the active site, inverted; e) tetrahydrocannabinolic acid synthase (THCAS) from C sativa
(3VTF) bound to flavin adenine dinucleotide (FAD) and without ligand. FAD is orange and the protein navy; and f) expansion of the active site (Shoyama et al. 2012)
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free cyclization (Kearsey et al. 2019). Noel and co-
workers had suggested that an ‘aldol switch’ is necessary
to trigger tetraketide release, thereby enabling subse-
quent olivetolic acid production catalyzed by OAC
(Austin et al. 2004). However, Kearsey’s work does not
support the presence of a universal or predictable ‘aldol
switch’ consensus sequence. During the formation of
OLA, small quantities of pentyl diacetic lactone (PDAL)
and hexanoyl triacetic acid lactone (HTAL) are also
formed from non-enzymatic hydrolysis of the mono- and
di-malonylated intermediates respectively (Fig. 2a) (Taura
et al. 2007b; Gagne et al. 2012; Kearsey et al. 2019).

OLA is then converted into cannabigerolic acid
(CBGA) through the addition of geranyl pyrophosphate
(GPP) catalyzed by an aromatic prenyltransferase (APT)
(Lercker et al. 1992). GPP is synthesized by the conden-
sation of isopentenyl pyrophosphate (IPP) and dimethy-
lallyl pyrophosphate (DMAPP) catalyzed by geranyl
pyrophosphate synthase (Fig. 2b) (Davis and Croteau
2000; Bohlmann and Gershenzon 2009 ). CBGA then
converts to THCA, CBDA, and CBCA (Fig. 2a) (Tan
et al. 2018; Shoyama et al. 2012).

In 1960s and 1970s, numerous plausible hypotheses
have been advanced regarding the biosynthesis of
THCA; however, they all were lacking experimental sup-
port. THCA was thought to arise from CBDA through
cyclization (Mechoulam 1970; Gaoni and Mechoulam
1964; Shoyama et al. 1975; Taura 2009). This was en-
dorsed by Gaoni and Mechoulam, who, while establish-
ing the structures of CBD and THC, boiled CBD with
0.05% v/v HCI in ethanol for 2 h, obtained a mixture of
THC and starting material (Fig. 2a) (Gaoni and Mechou-
lam 1964). However, the reaction conditions of the
transformation do differ from those present during nat-
ural biosynthesis in the plants; moreover, isomerase
activity, which would be necessarily responsible for the
conversion of CBDA into THCA, has never been
detected in any enzyme assays using crude C. sativa en-
zyme extracts. Current thinking suggests it comes from
CBGA instead by either tetrahydrocannabinolic acid syn-
thase (THCAS) or cannabidiolic acid synthase (CBDAS),
both members of the p-cresol methyl-hydroxylase super
family (Taura et al. 2007b; Shoyama et al. 2012).

Structural and mechanistic nature of TKS, OAC, THCAS,
and CBDAS

The crystal structure of TKS has recently been released
by Kearsey et al. in 2019 (PDBID: 6GW3) (Fig. 3a)
(Kearsey et al. 2020). Two dimers are involved in the
asymmetric unit and there is no significant difference in
conformation between the four monomers. The resident
CoA forms five hydrogen bonds with residues CDS157,
LEU261, GLU299, LYS301, and ALA302 (Fig. 3a). The
active site is reasonably flexible to be compatible with a
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growing polyketide substrate. The CoA ligand sits with
the sulfur atom near the catalytic Cys157, which was ox-
idized to the sulfinic acid during crystallization. The pu-
tative catalytic water molecule is coordinated to both
Ser332, CSD157 and also interacts with other water
molecules.

Although the crystal structure of the full protein is un-
available, structural data from a truncated OAC and its
OAC-OLA binary complex, existing as a homodimer,
has been reported by Yang et al. (Fig. 3b) (Yang et al.
2016). OAC’s active-site cavity incorporates 18 residues;
nine of them form a long hydrophobic tunnel, the
pentyl-binding pocket, deep inside the active-site cavity
to selectively accommodate OLA’s pentyl chain (Fig. 3b),
ensuring OLA’s dihydroxy-benzoate moiety sits at the
entrance of the active-site cavity. OAC’s Tyr72 and
His78 form H-bond and m-m interactions respectively
with OLA, and also act as the acid and base catalysts to
assist cyclization.

Docking studies of the pentyl tetra-p-ketide CoA into
the OAC structure portended that His78 and Tyr72 are
involved in the catalytic mechanism. Yang et al. (2016)
proposed that His78 deprotonates the C2 carbon of 4.1,
and then protonates of the C7 oxygen in 4.2 to catalyze
the desired aldol cyclization to 4.3 (Fig. 4). Tyr72 acti-
vates the side chain of His78 (through deprotonation)
and the thioester carbonyl oxygen of the substrate
(through hydrogen bonding). No residues, metal ions, or
water molecules that may be involved in the thioester
bond cleavage and aromatization were observed in the
OAC-OA binary complex structure. This suggested that
OAC lacks both thioesterase and aromatase activities.
OAC consequently employs standard acid/base catalytic
chemistry for the formation of precursor 4.3, which then
dissociates from the enzyme and aromatizes and hydro-
lyzes to provide OLA (Yang et al. 2016).

In 1995, Taura and co-workers experimentally identi-
fied a new 76 kDa monomeric oxidoreductase, THCAS,
that converts CBGA into THCA (Taura 2009; Taura
et al. 1995) when CBGA was treated with an extract
from young leaves, high levels of THCA were produced.
The Taura group produced a cDNA sequence to sim-
plify its study through heterologous expression, the first
enzyme involved in cannabis biosynthesis to be cloned
The parent gene THCAS consists of a 1635-nucleotide
open reading frame, encoding a 545-amino acid poly-
peptide, the first 28 of which constitute the signal pep-
tide (Sirikantaramas et al. 2004). As an extension of this
effort, they developed a fermentation-friendly expression
system for THCAS, a requirement for the biotechno-
logical production of A’-THC (Sirikantaramas et al.
2004; Taura et al. 2007c). This vision has been fully real-
ized by the recent work of Keasling that allows for the
access of cannabinoids from yeast (Luo et al. 2019).
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In 2012 Kuroki and Morimoto reported an X-ray
crystal structure of THCA synthase that provides signifi-
cant mechanistic insight: the active site locks FAD in
place through two covalent bonds with His114 and
Cys176 (Fig. 3c) (Shoyama et al. 2012). This covalent
immobilization is supported by a series of key H-bonds
with 10 additional residues, making FAD a permanent
feature of the enzyme; this ligand, along the Cys37-
Cys99 disulfide bridge, drives proper folding of the rest
of the active site. These combine to immobilize CBGA
to facilitate hydride transfer to FAD setting up a formal
enantiospecific hetero Diels-Alder reaction (Zirpel
2018), although the mechanism likely proceeds through
a standard carbocation ionic pathway (Fig. 5a).

CBDAS is a 517-amino acid polypeptide with a theor-
etical mass of 59 kDa, although no crystal structure has
been obtained (Taura et al. 2007b; Lercker et al. 1992). Ex-
perimentally, it has been detected as a 74 kDa protein,
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possibly the result of posttranslational N-glycosylation of
seven Asn residues (Taura et al. 2007b; Taura et al. 1996).
Like THCAS, CBDAS is also a flavinated enzyme; His114
and Cys176 are the most likely FAD-binding sites based
on analogy with THCAS. Morimoto has proposed that the
mechanism of the two enzymes is likely very similar
(Taura et al. 2007b). The Morimoto group has proposed
that the significant difference between their primary mode
of action is in the proton transfer step: CBDAS abstracts a
proton from the terminal methyl group of CBGA instead
of from the hydroxyl group targeted by THCAS, this
change in regioselectivity determines the cyclization
(Fig. 5b, c¢) (Taura et al. 2007b; Taura et al. 2019).
Despite this minor difference in mechanism, THCAS
and CBDAS have 84% sequence identity (Taura et al.
2007b), with mutations at key active site residues likely
explaining their differing cyclization specificity (Fig. 6a)
(Onofri et al. 2015). they both generate eight different
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tetrahydrocannabinolic acid (THCA), cannabidiolic acid (CBDA) and cannabichromenic acid (CBCA) from cannabigerolic acid (CBGA); ¢
experimentally demonstrated oxidation (ox) and isomerization (is) reactions and metabolic fates (encircled) for A°-THCA and
A°Tetrahydrocannabinol (A°-THC)
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products, although in different ratios. Whereas THCAS
produces CBDA and CBCA as minor products, CBDAS
produces small amounts of THCA and CBCA in
addition to CBDA (Fig. 6b) (Zirpel et al. 2018). This
similarity can be exploited and a simple point mutation,
A414V in THCAS yields an analog with threefold higher
catalytic activity for the production of CBDA than
THCAS, but also with 19-fold higher production of
THCA and a broadened pH spectrum for the production
of CBDA, THCA, and CBCA (Zirpel et al. 2018).

Recently the sequence of CBCAS was reported by Page
and Stout (2019). The sequence identity between CBDAS
and THCAS is near identity: 96% (van Bakel et al. 2011).
Morimoto had previously purified the enzyme to apparent
homogeneity, but this sequence is not yet available in pub-
lic databases (Morimoto et al. 1998). CBCAS was isolated
and partially purified from young leaves of C. sativa
(Morimoto et al. 1998; Morimoto et al. 1997). In contrast
to CBDAS and THCAS, CBCAS seems to be homodimer
with a determined native molecular mass of 136 kDa and
a maximum activity at pH6.5. A molecular mass of 71
kDa was estimated for the monomers using SDS-PAGE.
According to kinetic data, CBCAS has a higher affinity for
CBGA than THCAS and CBCAS (Morimoto et al. 1998).
CBCA and its neutral form CBC are both racemic. Studies
by Morimoto suggested that both enantiomers of CBCA
are formed by a CBCAS catalyzed reaction in a molar ratio
of 5:1 (Morimoto et al. 1997). But it is still unknown
which of the two isomers is the major product (Taura
et al. 2007a; Morimoto et al. 1997; Gaoni and Mechoulam
1971). Much work remains to be done to better under-
stand this enzyme.

Decarboxylation of cannabinoid acids

The neutral cannabinoids, like A~ THC and CBD do not
occur at significant concentrations in the plants but are
readily accessed by nonenzymatic thermal decarboxyl-
ation when exposed to light or heat via smoking or bak-
ing (Tan et al. 2018) To characterize decarboxylation,
sensitive analytical methods are needed to quantify, in
real-time, the concentrations of both acids and neutral
cannabinoids in their complex matrix (Wang et al
2016). Temperature and heating duration are very im-
portant: over-heating directly decomposes cannabinoids
and prolonged reaction times induce side reactions in-
cluding over-oxidation, decreasing the yield and increas-
ing the impurity profile (Fig. 6¢). Chemical analyses are
usually reported as the sum of the acidic and neutral
forms of the cannabinoids; furthermore, THC levels are
reported as a combination of THC and CBN levels as
A°-THCA and A’-THC themselves readily oxidize re-
spectively to CBNA and cannabinol (CBN, Fig. 6¢) with
heat, oxygen, and light (Moreno-Sanz 2016; Pellati et al.,
2018; Dussy et al. 2005). These levels are measured
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primarily using either gas or liquid chromatography (GC
and LC) (Wang et al. 2016). Based on the work of many
analytical studies using gas and liquid chromatography
over recent years (for a detailed review of the contribu-
tions of various authors, please see the SI, Figures S2
and S3), the current proposed mechanism for thermal
decarboxylation invokes an intramolecular hydrogen
bond with the ortho-phenol (Figure S4) and appears to
be a commonality for this series of 2-hydroxybenzoic
acids (Perrotin-Brunel et al. 2011).

Stability and derivatization of THC and THCA

As discussed, A>THCA and A’-THC readily oxidize
into CBNA and CBN in the presence of oxygen and light
during thermal decarboxylation or even just upon aging
(Fig. 6¢) (Moreno-Sanz 2016; Pellati et al., 2018; Dussy
et al. 2005) in the same way, during storage or during
decarboxylation, A’-THC can also oxidize into an iso-
mer known as A®-THC, which is an artifact of the aging
process (Pellati et al., 2018). As decarboxylation is only
partial, THCA can be found, together with A°~THC, in
the oral fluid, serum, and urine of cannabis consumers
(Dussy et al. 2005; Jung et al. 2007; Moore et al. 2007).
This can be used forensically, as THCA does not convert
to A’-THC in vivo, displaying its own metabolic and
elimination pathways (Fig. 6c); consequently, the pres-
ence of THCA distinguishes between the use of plant-
based cannabis and prescribed synthetic A°-THC, e.g,,
Marinol® (Jung et al. 2009; Raikos et al. 2014). Although
still relevant in jurisdictions practicing prohibition, this
is likely to become far less important as legalization
spreads.

In 1970, Agurell et al. confirmed the existence of
acid metabolites of A°-THC (Agurell et al. 1970). The
authors injected radiolabeled A’-THC into rabbits;
urine analysis confirmed the presence of 11-nor-9-
carboxy-delta 9-THC (THC-COOH, Fig. 6¢). THC-
COOH produces no psychotropic responses in
humans, and is further metabolized into glucuronide
conjugates (Wall and Perez-Reyes 1981). THC-COOH
does not elicit cannabimimetic behaviors in mice and
shows no affinity for the CB1 receptor (Martin et al.
1995). A related carboxylate derivative of THC (car-
boxylic acid analog of A’-THC, Fig. 6¢c) was isolated
from high potency C. sativa plants (Husni et al
2014). This compound, improperly referred to as A®-
THC, displayed low affinity (in the mM range) for
both CB1 and CB2 receptors. This is in agreement
with a previous report, where A°-THCA was synthe-
sized as part of a structure—activity relationship study
conducted on the C-1 position of A’-THC (Burdick
et al. 2010). The analysis of the metabolites of the
other cannabinoids has not been extensively studied
and could prove fruitful; however, the low affinity of
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carboxylated cannabinoids for their receptors likely
implies that they will be inactive on this pathway.

Concluding remarks and future perspectives

Although much effort has been expended to investi-
gate the biosynthesis of cannabinoids, and their
mechanisms of decarboxylation and metabolism,
much remain unclear. We still lack structural data for
many of the enzymes involved, and we have little in-
formation about how the approximately 200 different
cannabinoids are each prepared. At a larger scale, the
relative role and gene expression profile of the differ-
ent trichomes in the plant is not understood. Re-
search into the physiological activity of cannabis has
been largely restricted to THC and CBD, but there is
clear evidence that some of the effects arise from the
other cannabinoids. As their promise for therapeutics
becomes ever clearer, we will need a better under-
standing of these pathways so that we can re-engineer
them, either in the plant or a recombinant vector, for
their selective production. Remarkable progress has
been achieved in the last two decades in cannabinoid
natural product chemistry, but much work remains to
be done to attain the goal of producing chosen can-
nabinoids in high quantities and purity for both
therapeutic and recreational purposes.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/542238-021-00062-4.

Additional file 1: Table S1. Classification of major cannabinoids based
on their chemical nature discovered from C sativa L. and change in their
numbers from 2005 to 2015. Figure S1. The three types of glandular
trichomes found on female cannabis flowers. (a) magnified trichomes
from the female plant, (b) schematic illustration of stalked trichome
showing different regions and storage of cannabinoids, (c-e) cryo-SEM
images of the three types of cannabis glandular trichomes, classified as
stalked (c), sessile (d), and bulbous (e); scale bars 20 um. Panels c-e are
reproduced from Livingston et al. 2020." Panel A is reproduced under a
creative commons licence. Figure S2. HPLC chromatograms recorded at
220 nm for the conversion of A9-THCA to A9-THC at different tempera-
tures by Dussy and coworkers. At higher temperatures (160 °C, 180 °C,
A9-THC is oxidised to form cannabinol, Reproduced from Dussy et al.
2005.° Figure S3. (a) UHPSFC/PDA (220 nm) chromatogram of a mixture
of cannabinoid standards. Peak assignment: (1) CBD, (2) A%-THC, (3) THCV,
(4) A°-THC, (5) CBN, (6) CBG, (7) THCA, (8) CBDA, (9) CBGA (see list of ab-
breviations at the end of the article for explanation, (b) concentration
(mM) of THCA, (¢) A°-THC (d) CBDA and (e) CBD as function of time and
temperature. Figures reproduced from Wang et al. 2016° Figure S4. De-
carboxylation of 2-hydroxybenzoic acid via a 3-keto acid intermediate as
proposed by Perrotin-Brunel.”

Acknowledgements

This work was partially funded by the Natural Sciences and Engineering
Research Council of Canada (NSERC) through Discovery Grants (RGPIN: 2017-
06611-SRG; 2018-06338-JFT), the Arthritis Society (STAR Career Development
Award-JFT (19-0451); and a MITACS award IT16195 to SRG and JFT. Both JFT
and SRG, also acknowledge the Faculty of Science and the Department of
Chemistry and Biochemistry at the University of Windsor for support. The

Page 10 of 12

authors would like to thank Sanaz Seifi for assistance with preparing the
TOC/Figure S1b graphic.

Authors’ contributions

Conceptualization, M.N.T, SR-G, JFT; Investigation MIN.T. and F.S.; Writing —
Original Draft, M.N.T,; Writing — Review and Editing, MN.T, FS, SR-G, JFT,;
Visualization, F.S,; Supervision, SR-G, JF.T,; Funding Acquisition, SR-G, J.F.T.
All authors have given final approval to the final version of the manuscript.

Declarations

Competing interests

This work was indirectly funded by SofTabs Technologies Inc. through a
MITACS research agreement with SRG and JFT. SofTabs Technologies played
no role in the conception, preparation, or review of this article; nor did they
review or approve it before publication as the scope of the review lies
outside the scope of the research agreement. The company had no
influence on the methodology, scope, or conclusions of the article.

Received: 21 September 2020 Accepted: 17 February 2021
Published online: 15 March 2021

References

Adams R, Baker BR, Wearn RB. Structure of cannabinol. Ill. Synthesis of
cannabinol, 1-hydroxy-3-n-amyl-6,69-trimethyl-6-dibenzopyran. J Am Chem
Soc. 1940;62(8):2204-7.

Agurell S, Nilsson IM, Ohlsson A, Sandberg F. Metabolism of cannabis. III.
Metabolism of tritium-labeled A 1-tetrahydrocannabinol in the rabbit.
Biochem. Pharmacol. 1970;19(4):1333-9.

Appendino G, Chianese G, Taglialatela-Scafati O. Cannabinoids: Occurrence and
medicinal chemistry. Curr Med Chem. 2011;18(7):1085-99.

Austin MB, Bowman ME, Ferrer J-L, Schroder J, Noel JP. An aldol switch
discovered in stilbene synthases mediates cyclization specificity of type Il
polyketide synthases. Chem Biol. 2004;11(9):1179-94.

Bohlmann J, Gershenzon J. Old substrates for new enzymes of terpenoid
biosynthesis. Proc Natl Acad Sci U S A. 2009;106(26):10402-3.

Booth JK, Bohlmann J. Terpenes in Cannabis sativa - From plant genome to
humans. Plant Sci. 2019;284:67-72.

Booth JK, Page JE, Bohlmann J. Terpene synthases from Cannabis sativa. Plos
One. 2017;12(3):e0173911.

Burdick D, De Orazio R, Guzzo P, Habershaw A, Helle M, Paul B, Wolf M. Synthesis
and structure-activity relationship of substitutions at the C-1 position of A9-
tetrahydrocannabinol. Bioorg Med Chem Lett. 2010;20(4):1424-6.

Davis EM, Croteau R. Cyclization Enzymes in the Biosynthesis of Monoterpenes,
Sesquiterpenes, and Diterpenes. In: Leeper FJ, Vederas JC, editors.
Biosynthesis: Aromatic Polyketides, Isoprenoids, Alkaloids. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2000. p. 53-95.

De Zeeuw RA, Malingre TM, Merkus FWHM. A1-Tetrahydrocannabinolic acid, an
important component in the evaluation of cannabis products. J Pharm
Pharmacol. 1972;24(1):1-6.

Dewick PM. Medicinal Natural Products, A Biosynthetic Approach. 2nd ed. West
Sussex: Wiley; 2002.

Dussy FE, Hamberg C, Luginbthl M, Schwerzmann T, Briellmann TA. Isolation of
A9-THCA-A from hemp and analytical aspects concerning the determination
of A9-THC in cannabis products. Forensic Sci Int. 2005;149(1):3-10.

Farnsworth NR. Pharmacognosy and chemistry of “Cannabis sativa”. J Am Pharm
Assoc. 1969;9(8):410-4 passim.

FDA, FDA and Cannabis: Research and Drug Approval Process. (n.d.) https://www.
fda.gov/news-events/public-health-focus/fda-and-cannabis-research-and-
drug-approval-process. Accessed 31 Mar 2020.

Fellermeier M, Zenk MH. Prenylation of olivetolate by a hemp transferase yields
cannabigerolic acid, the precursor of tetrahydrocannabinol. FEBS Lett. 1998;
427(2):283-5.

Ferioli V, Rustichelli C, Pavesi G, Gamberini G. Analytical characterization of
hashish samples. Chromatographia. 2000;52(1/2):39-44.

Fischedick JT, Hazekamp A, Erkelens T, Choi YH, Verpoorte R. Metabolic
fingerprinting of Cannabis sativa L., cannabinoids and terpenoids for
chemotaxonomic and drug standardization purposes. J. Phytochem. 2010;
71(17):2058-73.

Flores-Sanchez IJ, Verpoorte R. Secondary metabolism in cannabis. Phytochem
Rev. 2008;7(3):615-39.


https://doi.org/10.1186/s42238-021-00062-4
https://doi.org/10.1186/s42238-021-00062-4
https://www.fda.gov/news-events/public-health-focus/fda-and-cannabis-research-and-drug-approval-process
https://www.fda.gov/news-events/public-health-focus/fda-and-cannabis-research-and-drug-approval-process
https://www.fda.gov/news-events/public-health-focus/fda-and-cannabis-research-and-drug-approval-process

Tahir et al. Journal of Cannabis Research (2021) 3.7

Flores-Sanchez IJ, Verpoorte R. Plant polyketide synthases: A fascinating group of
enzymes. Plant Physiol Biochem. 2009;47(3):167-74.

Gagne SJ, Stout JM, Liu E, Boubakir Z, Clark SM, Page JE. Identification of
olivetolic acid cyclase from Cannabis sativa reveals a unique catalytic route
to plant polyketides. Proc Natl Acad Sci U S A. 2012;109(31):12811-6 S12811/
1-S12811/10.

Gaoni Y, Mechoulam R. Isolation, structure, and partial synthesis of an active
constituent of hashish. J Am Chem Soc. 1964;86(8):1646-7.

Gaoni Y, Mechoulam R. Isolation and structure of A+- tetrahydrocannabinol
and other neutral cannabinoids from hashish. J Am Chem Soc. 1971;
93(1):217-24.

Ghosh R, Todd AR, Wilkinson S. 264. Cannabis indica. Part V. The synthesis of
cannabinol. J Chem Soc. 1940;(0):1393-6.

Hallmann-Mikolajczak A. Ebers Papyrus. The book of medical knowledge of the
16th century B.C. Egyptians. Arch Hist Filoz Med. 2004,67(1):5-14.

Hammond CT, Mahlberg PG. Morphology of gladular hairs of cannabis sativa
from scanning electron microscopy. Am J Bot. 1973;60(6):524-8.

Hammond CT, Mahlberg PG. Morphogenesis of capitate gladular hairs of
Cannabis sativa (cannabaceae). Am J Bot. 1977,64(8):1023-31.

Hampson AJ, Grimaldi M, Axelrod J, Wink D. Cannabidiol and (-)-A9-
tetrahydrocannabinol are neuroprotective antioxidants. Proc Natl Acad Sci U
S A. 1998;95(14):8268-73.

Hanus LO, Meyer SM, Munoz E, Taglialatela-Scafati O, Appendino G.
Phytocannabinoids: A unified critical inventory. Nat Prod Rep. 2016;33(12):
1357-92.

Hartsel JA, Eades J, Hickory B, Makriyannis A. Cannabis sativa and hemp. In: Gupta
R, editor. Nutraceuticals: Efficacy, safety and toxicity, 1st ed. London: Eslevier:
2016. p. 735-54.

Hillig KW. A chemotaxonomic analysis of terpenoid variation in Cannabis.
Biochem Syst Ecol. 2004;32(10):875-91.

Husni AS, McCurdy CR, Radwan MM, Ahmed SA, Slade D, Ross SA, El Sohly MA,
Cutler SJ. Evaluation of phytocannabinoids from high-potency Cannabis
sativa using in vitro bioassays to determine structure-activity relationships for
cannabinoid receptor 1 and cannabinoid receptor 2. Med Chem Res. 2014;
23(9):4295-300.

Jung J, Kempf J, Mahler H, Weinmann W. Detection of A9-tetrahydrocannabinolic
acid A in human urine and blood serum by LC-MS/MS. J Mass Spectrom.
2007;42(3):354-60.

Jung J, Meyer MR, Maurer HH, Neusuess C, Weinmann W, Auwaerter V. Studies
on the metabolism of the A9-tetrahydrocannabinol precursor A9-
tetrahydrocannabinolic acid A (A9-THCA-A) in rat using LC-MS/MS, LC-QTOF
MS and GC-MS techniques. J Mass Spectrom. 2009;44(10):1423-33.

Kearsey LJ, Prandi N, Karuppiah V, Yan C, Leys D, Toogood H, Takano E, Scrutton
NS. Structure of the Cannabis sativa olivetol-producing enzyme reveals
cyclization plasticity in type lll polyketide synthases. FEBS J. 2019; n/a (n/a).

Kearsey LJ, Prandi N, Karuppiah V, Yan C, Leys D, Toogood H, Takano E,
Scrutton NS. Structure of the Cannabis sativa olivetol-producing enzyme
reveals cyclization plasticity in type Il polyketide synthases. FEBS J. 2020;
287(8):1511-24.

Kenneth Z. Greek and Indian physiognomics. J Am Orient Soc. 2018;138(2):313-25.

Kinghorn AD, Falk H, Gibbons S, Kobayashi J. Phytocannabinoids, vol. 103. Cham:
Springer; 2017.

Korte F, Haag M, Claussen U. Tetrahydrocannabinolcarboxylic acid, a component
of hashish. Angew Chem Int Ed Engl. 1965;4(10):872.

Lastres-Becker |, Molina-Holgado F, Ramos JA, Mechoulam R, Fernandez-Ruiz J.
Cannabinoids provide neuroprotection against 6-hydroxydopamine toxicity
in vivo and in vitro: Relevance to Parkinson's disease. Neurobiol Dis. 2005;
19(1-2):96-107.

Lercker G, Bocci F, Frega N, Bortolomeazzi R. Cannabinoid acids analysis.
Farmaco. 1992,47(3):367-78.

Lewis MM, Yang Y, Wasilewski E, Clarke HA, Kotra LP. Chemical profiling of
medical cannabis extracts. ACS Omega. 2017;2(9):6091-103.

Livingston SJ, Quilichini TD, Booth JK, Wong DCJ, Rensing KH, Laflamme-
Yonkman J, Castellarin SD, Bohlmann J, Page JE, Samuels AL. Cannabis
glandular trichomes alter morphology and metabolite content during flower
maturation. Plant J. 2020;101(1):37-56.

Luo X, Reiter MA, d'Espaux L, Wong J, Denby CM, Lechner A, Zhang Y,
Grzybowski AT, Harth S, Lin W, Lee H, Yu C, Shin J, Deng K, Benites VT, Wang
G, Baidoo EEK, Chen Y, Dev |, Petzold CJ, Keasling JD. Complete biosynthesis
of cannabinoids and their unnatural analogues in yeast. Nature. 2019;
567(7746):123-6.

Page 11 of 12

Maestro. 2020-4. New York: Schrédinger LLC; 2020.

Mahlberg PG, Hammond CT, Turner JC, Hemphill JK. Structure, development and
composition of glandular trichomes of Cannabis sativa L. Vancouver:
Symposium on Biology and Chemistry of Plant Trichomes, Vancouver, BC,
Plenum; 1980. p. 23-51.

Mahlberg PG, Kim ES. Accumulation of cannabinoids in glandular trichomes of
Cannabis (Cannabaceae). J Ind Hemp. 2004;9(1):15-36.

Martin BR, Compton DR, Prescott WR, Barrett RL, Razdan RK. Pharmacological
evaluation of dimethylheptyl analogs of A9-THC: Reassessment of the
putative three-point cannabinoid-receptor interaction. Drug Alcohol Depend.
1995,37(3):231-40.

Mechoulam R. Marihuana Chemistry. Science. 1970;168(3936):1159.

Mechoulam R, Ben-Zvi Z, Yagnitinsky B, Shani A. A new tetrahydrocannabinolic
acid. Tetrahedron Lett. 1969;28:2339-41.

Merlin MD. Archaeological evidence for the tradition of psychoactive plant use in
the old world. Econ Bot. 2003;57(3):295-323.

Moore C, Rana S, Coulter C. Simultaneous identification of 2-carboxy-
tetrahydrocannabinol, tetrahydrocannabinol, cannabinol and cannabidiol in oral
fluid. J Chromatogr B Analyt Technol Biomed Life Sci. 2007,852(1-2):459-64.

Moreno-Sanz G. Can you pass the acid test? Critical review and novel therapeutic
perspectives of A9-tetrahydrocannabinolic acid A. Cannabis Cannabinoid Res.
2016;1(1):124-30.

Morimoto S, Komatsu K, Taura F, Shoyama Y. Enzymological evidence for
cannabichromenic acid biosynthesis. J Nat Prod. 1997,60(8).854-7.

Morimoto S, Komatsu K, Taura F, Shoyama Y. Purification and characterization of
cannabichromenic acid synthase from Cannabis sativa. Phytochemistry. 1998;
49(6):1525-9.

Mudge EM, Brown PN, Murch SJ. The terroir of cannabis : Terpene metabolomics
as a tool to understand Cannabis sativa selections. Planta Med. 2019,85(9/10):
781-96.

Onofri C, de Meijer EPM, Mandolino G. Sequence heterogeneity of cannabidiolic-
and tetrahydrocannabinolic acid-synthase in Cannabis sativa L. and its
relationship with chemical phenotype. Phytochemistry. 2015;116:57-68.

Page JE, Nagel J. Biosynthesis of Terpenophenolic Metabolites in Hop and
Cannabis. In: Romeo JT, editor. Recent Advances in Phytochemistry, vol. 40.
Oxford: Elsevier; 2006. p 179-210.

Page JE, Stout JM. Cannabichromenic acid synthase from Cannabis sativa; 2019.

Pellati F, Borgonetti V, Brighenti V, Biagi M, Benvenuti S, Corsi L. Cannabis sativa L.
and nonpsychoactive cannabinoids: Their chemistry and role against
oxidative stress, inflammation, and cancer. Biomed Res Int. 2018;2018:
1691428.

Perrotin-Brunel H, Buijs W, Spronsen J v, Roosmalen MJE v, Peters CJ, Verpoorte R,
Witkamp G-J. Decarboxylation of A9-tetrahydrocannabinol: Kinetics and
molecular modeling. J Mol Struct. 2011,987(1):67-73.

Pertwee RG. Handbook of experimental pharmacology, vol. 168. Heidelberg:
SpringerVerlag; 2005.

Pertwee RG. The diverse CB; and CB, receptor pharmacology of three plant
cannabinoids: A9-tetrahydrocannabinol, cannabidiol and A9-
tetrahydrocannabivarin. Br J Pharmacol. 2008;153(2):199-215.

Petrosino S, Verde R, Vaia M, Allara M, luvone T, Di Marzo V. Anti-inflammatory
properties of cannabidiol, a nonpsychotropic cannabinoid, in experimental
allergic contact dermatitis. J Pharmacol Exp Ther. 2018;365(3):652-63.

Radwan MM, El Sohly MA, El-Alfy AT, Ahmed SA, Slade D, Husni AS, Manly SP,
Wilson L, Seale S, Cutler SJ, Ross SA. Isolation and pharmacological
evaluation of minor cannabinoids from high-potency Cannabis sativa. J Nat
Prod. 2015;78(6):1271-6.

Raikos N, Schmid H, Nussbaumer S, Ambach L, Lanz S, Langin A, Konig S, Roth N,
Auwarter V, Weinmann W. Determination of A9-tetrahydrocannabinolic acid
A (A9-THCA-A) in whole blood and plasma by LC-MS/MS and application in
authentic samples from drivers suspected of driving under the influence of
cannabis. Forensic Sci Int. 2014;243:130-6.

Reekie TA, Scott MP, Kassiou M. The evolving science of phytocannabinoids. Nat
Rev Chem. 2017;2(1):0101.

Russo E. Cannabis in India: ancient lore and modern medicine. In: Mechoulam R,
editor. Cannabinoids as Therapeutics. Basel: Birkhduser Verlag; 2005. p. 1-22.

Russo EB. Taming THC: Potential cannabis synergy and phytocannabinoid-
terpenoid entourage effects. Br J Pharmacol. 2011;163(7):1344-64.

Russo EB. The pharmacological history of Cannabis. In: Pertwee RG, editor.
Handbook of Cannabis. Oxford: Oxford University Press; 2014. p. 23-43.

Santavy F. Notes on the structure of cannabidiol compounds. Acta Univ Palacki
Olomuc. 1964;35:5-9.



Tahir et al. Journal of Cannabis Research (2021) 3.7

Scheckel CL, Boff E, Dahlen P, Smart T. Behavioral effects in monkeys of
racemates of two biologically active marijuana constituents. Science. 1968;
160(3835):1467-9.

Shahbazi F, Grandi V, Banerjee A, Trant JF. Cannabinoids and cannabinoid
receptors: The story so far. iScience. 2020;23(7):101301.

Shoyama Y, Tamada T, Kurihara K, Takeuchi A, Taura F, Arai S, Blaber M, Shoyama
Y, Morimoto S, Kuroki R. Structure and function of Al-tetrahydrocannabinolic
acid (THCA) synthase, the enzyme controlling the psychoactivity of Cannabis
sativa. J Mol Biol. 2012;423(1):96-105.

Shoyama Y, Yagi M, Nishioka |, Yamauchi T. Biosynthesis of cannabinoid acids.
Phytochemistry. 1975;14(10):2189-92.

Shultz ZP, Lawrence GA, Jacobson JM, Cruz EJ, Leahy JW. Enantioselective total
synthesis of cannabinoids—A route for analogue development. Org Lett.
2018;20(2):381-4.

Sirikantaramas S, Morimoto S, Shoyama Y, Ishikawa Y, Wada Y, Shoyama Y, Taura
F. The gene controlling marijuana psychoactivity: Molecular cloning and
heterologous expression of Al-tetrahydrocannabinolic acid synthase from
Cannabis sativa L. ) Biol Chem. 2004;279(38):39767-74.

Tan Z, Clomburg JM, Gonzalez R. Synthetic pathway for the production of
olivetolic acid in Escherichia coli. ACS Synth Biol. 2018;7(8):1886-96.

Taura F. Studies on tetrahydrocannabinolic acid synthase that produces the
acidic precursor of tetrahydrocannabinol, the pharmacologically active
cannabinoid in marijuana. Drug Discov Ther. 2009;3(3):83-7.

Taura F, Dono E, Sirikantaramas S, Yoshimura K, Shoyama Y, Morimoto S.
Production of Al-tetrahydrocannabinolic acid by the biosynthetic enzyme
secreted from transgenic Pichia pastoris. Biochem Biophys Res Commun.
2007¢;361(3):675-80.

Taura F, Morimoto S, Shoyama Y. Purification and characterization of
cannabidiolic-acid synthase from Cannabis sativa L. Biochemical analysis of a
novel enzyme that catalyzes the oxidocyclization of cannabigerolic acid to
cannabidiolic acid. J Biol Chem. 1996,271(29):17411-6.

Taura F, Morimoto S, Shoyama Y, Mechoulam R. First direct evidence for the
mechanism of Al-tetrahydrocannabinolic acid biosynthesis. J Am Chem Soc.
1995;117(38):9766-7.

Taura F, Sirikantaramas S, Shoyama Y, Shoyama Y, Morimoto S.
Phytocannabinoids in Cannabis sativa: Recent studies on biosynthetic
enzymes. Chem Biodivers. 2007a;4(8):1649-63.

Taura F, Sirikantaramas S, Shoyama Y, Yoshikai K, Shoyama Y, Morimoto S.
Cannabidiolic-acid synthase, the chemotype-determining enzyme in the
fiber-type Cannabis sativa. FEBS Lett. 2007b;581(16):2929-34.

Taura F, Tanaka S, Taguchi C, Fukamizu T, Tanaka H, Shoyama Y, Morimoto S.
Characterization of olivetol synthase, a polyketide synthase putatively involved
in cannabinoid biosynthetic pathway. FEBS Lett. 2009;583(12):2061-6.

Taura F, Tanaya R, Sirikantaramas S. Recent advances in cannabinoid biochemistry
and biotechnology. ScienceAsia. 2019;45:399.

Thomas BF, EISohly MA. The Analytical Chemistry of Cannabis: Quality
assessment, assurance and regulation of medicinal marijuana and
cannabinoid preparations. 1st ed. Amsterdam: Elsevier; 2016.

Turner CE, Elsohly MA, Boeren EG. Constituents of Cannabis sativa L. XVII. A
review of the natural constituents. J Nat Prod. 1980:43(2):169-234.

United Nations Office on Drugs and Crime. 2005 World Drug Report. 2005.

van Bakel H, Stout JM, Cote AG, Tallon CM, Sharpe AG, Hughes TR, Page JE. The
draft genome and transcriptome of Cannabis sativa. Genome Biol. 2011;
12(10):R102.

Wakshlag JJ, Cital S, Prussin R, Eaton SJ, Hudalla C. Cannabinoid, terpene, and
heavy metal analysis of 29 over-the-counter commercial veterinary hemp
supplements. Vet Med. 2020;11:45-55.

Wall ME, Perez-Reyes M. The metabolism of A9-tetrahydrocannabinol and related
cannabinoids in man. J Clin Pharmacol. 1981;21(51):1785-89S.

Wang M, Wang Y-H, Avula B, Radwan MM, Wanas AS, Antwerp J v, Parcher
JF, ElSohly MA, Khan IA. Decarboxylation study of acidic cannabinoids: A
novel approach using ultra-high-performance supercritical fluid
chromatography/photodiode array-mass spectrometry. Cannabis
Cannabinoid Res. 2016;1(1):262-71.

Wollner HJ, Matchett JR, Levine J, Loewe S. Isolation of a physiologically
active tetrahydrocannabinol from Cannabis sativa resin. J Am Chem Soc.
1942,64:26-9.

Yang X, Matsui T, Kodama T, Mori T, Zhou X, Taura F, Noguchi H, Abe |, Morita H.
Structural basis for olivetolic acid formation by a polyketide cyclase from
Cannabis sativa. FEBS J. 2016;283(6):1088-106.

Page 12 of 12

Zager JJ, Lange |, Srividya N, Smith A, Lange BM. Gene networks underlying
cannabinoid and terpenoid accumulation in cannabis. Plant Physiol. 2019;
180(4):1877-97.

Zirpel B. Recombinant expression and functional characterization of cannabinoid
producing enzymes in Komagataella phaffii. Dortmund: Technischen
Universitat Dortmund (Germany); 2018.

Zirpel B, Kayser O, Stehle F. Elucidation of structure-function relationship of THCA
and CBDA synthase from Cannabis sativa. J Biotechnol. 2018;284:17-26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Main text
	Historical context of cannabis science
	Cannabinoids are synthesized through a common pathway in trichomes
	Olivetol synthase and olivetolic acid cyclase cooperate to deliver the key intermediate
	Structural and mechanistic nature of TKS, OAC, THCAS, and CBDAS
	Decarboxylation of cannabinoid acids
	Stability and derivatization of THC and THCA
	Concluding remarks and future perspectives

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Declarations
	Competing interests
	References
	Publisher’s Note

