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(57) ABSTRACT

The present invention provides methods for producing can-
nabinoids and cannabinoid analogs as well as a system for
producing these compounds. The inventive method is
directed to contacting a compound according to Formula I or
Formula II with a cannabinoid synthase.

I

Ry

Rs

R;0 R,

Also described is a system for producing cannabinoids and
cannabinoid analogs by contacting a THCA synthase with a
cannabinoid precursor and modifying at least one property
of the reaction mixture to influence the quantity formed of
a first cannabinoid relative to the quantity formed of a
second cannabinoid.
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CHEMICAL ENGINEERING PROCESSES
AND APPARATUS FOR THE SYNTHESIS OF
COMPOUNDS

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] This application is a Continuation of U.S. applica-
tion Ser. No. 15/430,122, filed Feb. 10, 2017, incorporated
herein by reference in its entirety, which is a Continuation of
U.S. application Ser. No. 15/242,189, filed Aug. 19, 2016,
incorporated herein by reference in its entirety, which is a
Continuation of U.S. application Ser. No. 15/171,517, filed
Jun. 2, 2016, now U.S. Pat. No. 9,526,715, incorporated
herein by reference in its entirety, which is a Continuation of
U.S. application Ser. No. 14/836,339, filed Aug. 26, 2015,
now U.S. Pat. No. 9,359,625 issued Jun. 7, 2016, incorpo-
rated herein by reference in its entirety, which is a Continu-
ation of US Application PCT/US2014/018944, filed Feb. 27,
2014, incorporated herein by reference in its entirety, which
claims priority from Provisional U.S. Application 61/770,
766, filed Feb. 28, 2013, incorporated herein by reference in
its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to biosynthesis of
cannabinoids. More specifically, this invention relates to
methods for using protein kinase synthase enzymes, respon-
sible for the synthesis of cannabinoids in plants, to manu-
facture ex vivo milligram to gram or kilogram quantities of
cannabinoids suitable for pharmaceutical and nutraceutical
applications.

BACKGROUND OF THE INVENTION

[0003] Cannabinoids are compounds derived from Can-
nabis sativa, an annual plant in the Cannabaceae family. The
plant contains about 60 cannabinoids. The most well-known
naturally occurring cannabinoid is tetrahydrocannabinol
(THC), which is used for the treatment of a wide range of
medical conditions, including glaucoma, AIDS wasting,
neuropathic pain, treatment of spasticity associated with
multiple sclerosis, fibromyalgia and chemotherapy-induced
nausea. Additionally, THC has been reported to exhibit a
therapeutic effect in the treatment of allergies, inflammation,
infection, epilepsy, depression, migraine, bipolar disorders,
anxiety disorder, and drug dependency and withdrawal
syndromes. THC is particularly effective as an anti-emetic
drug and is administered to curb emesis, a common side
effect accompanying the use of opioid analgesics and anes-
thetics, highly active anti-retroviral therapy and cancer che-
motherapy.

[0004] Cannabinoids are increasingly being used for phar-
maceutical and nutraceutical applications. Cannabinoid
compounds used in such applications are almost exclusively
obtained from natural sources, for example, from plant
tissue. Thus, the prior art discloses obtaining cannabinoid
compounds from the trichomes of the C. sativa plant using
different solvent extraction methodologies. Some draw
backs associated with such methods include poor yields,
high costs associated with growing and maintenance of the
plant and costs associated with extraction and purification of
the plant extract. Security of plants is also an important
consideration that adds to the cost of producing pharmaceu-
tical grade cannabinoid compounds.
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[0005] However, the increasing importance of cannabi-
noid compounds, particularly, for treating nausea and vom-
iting associated with chemotherapy, pain, as agents for
stimulating appetite in AIDS patients suffering from the
wasting syndrome and for treatment of glaucoma have
prompted the present inventors to develop an ex vivo
enzyme catalyzed semi-synthetic protocol for the large scale
production of cannabinoids and cannabinoid analogs. The
inventive methodologies also permit the synthesis of can-
nabinoids and their analogs at reduced costs.

SUMMARY OF THE INVENTION

[0006] The foregoing general description and following
brief description of the drawings and the detailed description
are exemplary and explanatory and are intended to provide
further explanation of the invention as claimed. Other
objects, advantages, and novel features will be readily
apparent to those skilled in the art from the following
detailed description of the invention.

[0007] In one of its aspects the present invention provides
a method of producing a cannabinoid or a cannabinoid
analog by:

(a) selecting a compound according to Formula I;

Formula I

(b) selecting a cannabinoid synthase as a catalyst for trans-
forming the Formula I compound to the cannabinoid or
cannabinoid analog;

(c) contacting the Formula I compound with the cannabinoid
synthase; and

(d) isolating the product from step (b). Pursuant to this
synthetic strategy, the isolated product may be decarboxy-
lated.

[0008] In Formula I, R is selected from —OH, halogen,
—SH, ora—NR_R, group. Substituents R, and R, are each
independently selected from the group consisting of —H,
—C(O)R,, —OR_, an optionally substituted C,-C,, linear
or branched alkylene, an optionally substituted C,-C, , linear
or branched alkenylene, an optionally substituted C,-C,,
linear or branched alkynylene, an optionally substituted
C,-C,, aryl, an optionally substituted C,-C,, cycloalkyl,
(C5-Cyplaryl-(C,-Cp)alkylene, (C5-Cyplaryl-(Cy-C,p)alk-
enylene, and (C;-C, yaryl-(C,-C,)alkynylene.

[0009] For certain Formula I compounds, R, and R,
together with the carbon atoms to which they are bonded
form a C,-C,, cyclic ring. In one aspect, the C5-C,, cyclic
ring comprises one or more heteroatoms selected from
oxygen, sulfur or nitrogen. R, in Formula I is selected from
the group consisting of H, —C(O)R, and C,-C,, linear or
branched alkyl, while R, and R, are each independently
—H, —OH, —SH, —NH,, (C,-C,,) linear or branched
alkyl, or a C5-C,, cycloalkyl. The synthesis of tetrahydro-
cannabinol or cannabidiol, however, are not permitted by the
inventive method.
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[0010] Pursuant to this strategy, the cannabinoid synthase
is selected from the group cannabidiolic acid synthase, a
tetrahydrocannabinolic acid synthase or a cannabichromene
acid synthase.

[0011] R, in Formula I can be a linear alkylene, a C,-C,,
alkenylene, such as

< M;R; E{\g&"
E{E\R‘b WM »

Ry,

or a C,-C,, linear or branched alkynylene selected from

R,
=Ry, M or
Ry
M

For certain Formula I compounds R, is

ﬁ(\/©/

where X is selected from —OH, —SH, or —NR_R,.

[0012] In one of its aspects, the inventive method
describes the immobilization of a cannabinoid synthase to a
solid support. Cannabinoids and cannabinoid analogs pro-
duced according to the method described above exists as a
single enantiomer. The enantiomeric purity of these com-
pounds is from at least 95% to at least 99%.

[0013] According to another embodiment is provided a
method of producing a cannabinoid or a cannabinoid analog
according to Formula II, by:
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[0014] (a) reacting a compound according to Formula III
with a compound according to Formula IV;

11

R
Ry
R;0 Ry,
v
0
RS\/O\P/O—P—OH
J\ OH
d om

in the presence of an enzyme that catalyzes the reaction of
the Formula III and Formula IV compounds to form a
Formula II compound;

Formula IT

Ry
Rs

R;0 R,

[0015] (b) contacting the Formula II compound with a
cannabinoid synthase;

[0016] (c) isolating the product from step (b); and
[0017] (d) optionally decarboxylating the product from (c)
to obtain the cannabinoid or the cannabinoid analog.
[0018] Substituents R, R;, R, and R; are as defined above
and R is selected from the group consisting of a linear or
branched (C,-C,,)alkylene, a linear or branched (C,-C,,)
alkenylene, a linear or branched (C,-C,,)alkynylene,
—C(0)—(C,-C,alkylene, —C(O)—(C,-C,,)alkenylene
and —C(0)—(C,-C, p)alkynylene. Furthermore, for Formu-
lae II, III and IV compounds, any alkylene, alkenylene,
alkynylene, aryl, arylalkylene, or cycloalkyl group is further
substituted with one or more groups selected from the group
consisting of —OH, halogen, —NR,R_, —C(O)R ,, —C(O)
NR,R_, (C,—C,)alkyl, —CN, (C,-C,)alkoxy, (C,-C,)ha-
loalkyl, and (C,-C,)hydroxyalkyl and R,, R, and R_ can
each independently be —H, —OH, —SH, —NH,, (C,-C,,)
linear or branched alkyl, or a C5-C,, cycloalkyl.

[0019] Also provided is a method for producing a tetra-
hydrocannabinol, cannabichrome, or both tetrahydrocan-
nabinol and cannabichrome, or their analogs by:

[0020] (a) selecting a compound according to Formula V;

Formula V




US 2017/0159080 Al

[0021] (b) contacting the Formula V compound with tet-
rahydrocannabinolic acid synthase;

[0022] (c) modifying at least one property of a reaction
mixture comprising a Formula V compound and tetrahydro-
cannabinolic acid synthase to obtain a tetrahydrocannabinol,
a cannabichromene, or both tetrahydrocannabinol and can-
nabichrome, or their analogs as products.

[0023] For Formula V compounds, R is selected from
—OH, halogen, —SH, or a—NR_R, group, R, and R, are
each independently selected from the group consisting of
—H, —C(O)R,, —OR_,, an optionally substituted C,-C,,,
linear or branched alkylene, an optionally substituted C,-C, ,
linear or branched alkenylene, an optionally substituted
C,-C,, linear or branched alkynylene, an optionally substi-
tuted C,-C,, aryl, an optionally substituted C,-C,,
cycloalkyl, (C5-C,y)aryl-(C,-C,y)alkylene, (C;-C,)aryl-
(C,-C,p)alkenylene, and (C;-C,,)aryl-(C,-C,)alkynylene,
and R; is selected from H, —C(O)R, or C,-C,, linear or
branched alkyl. For certain compounds, R, and R, together
with the carbon atoms to which they are bonded form a
C;-C,, cyclic ring and substituent groups R, and R, are each
independently —H, —OH, —SH, —NH.,, (C,-C, ) linear or
branched alkyl, or a C5-C,, cycloalkyl.

[0024] In one aspect, modifying at least one property of a
reaction mixture comprises changing the pH of the reaction
mixture, for example, changing the pH to be in the range
from about 4.0 to about 8.0 units so as to control the ratio of
tetrahydrocannabinol to cannabichrome produced by the
above described method.

[0025] The present technology also provides a system for
producing cannabinoids or cannabinoid analogs. Such a
system comprises a fermentor holding a medium and a
plurality of cells, wherein the cells are configured to produce
and secrete cannabinoid synthase, a bioreactor containing a
reactant, the reactant configured to interact with cannabinoid
synthase to form a first cannabinoid and a second cannabi-
noid, and a control mechanism configured to control a
condition of the bioreactor. The latter control mechanism is
used to influence a quantity formed of the first cannabinoid
relative to a quantity formed of a second cannabinoid.

[0026] The system may further comprise a filter config-
ured to at least partially separate the plurality of cells from
the medium, such that after separation the medium contain-
ing a cannabinoid synthase is introduced into a bioreactor. In
one embodiment, the enzyme expressed by the plurality of
cells includes a tag that permits the enzyme to bond to a
nickel support within the bioreactor. Any Formula I com-
pound or cannabigerolic acid can serve as the substrate for
the enzyme tetrahydrocannabinoilic acid synthase. Depend-
ing on the conditions within the bioreactor, tetrahydrocan-
nabinolic acid or cannabichromenic acid is produced as the
first cannabinoid and the second cannabinoid will be the
other of tetrahydrocannabinolic acid and cannabichromenic
acid.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 is a schematic illustration of a system for
producing cannabinoids or cannabinoid analogs, according
to an exemplary embodiment.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Definitions
[0028] As used herein, unless otherwise stated, the singu-
lar forms “a,” “an,” and “the” include plural reference. Thus,

for example, a reference to “a cell” includes a plurality of
cells, and a reference to “a molecule” is a reference to one
or more molecules.

[0029] As used herein, “about” will be understood by
persons of ordinary skill in the art and will vary to some
extent depending upon the context in which it is used. If
there are uses of the term which are not clear to persons of
ordinary skill in the art, given the context in which it is used,
“about” will mean up to plus or minus 10% of the particular
term.

[0030] The term “alkyl” refers to a straight or branched
chain, saturated hydrocarbon having the indicated number of
carbon atoms. For example, (C,-C,,)alkyl is meant to
include but is not limited to methyl, ethyl, propyl, isopropyl,
butyl, sec-butyl, tert-butyl, pentyl, isopentyl, neopentyl,
hexyl, isohexyl, and neohexyl, etc. An alkyl group can be
unsubstituted or optionally substituted with one or more
substituents as described herein below.

[0031] The term “alkenyl” refers to a straight or branched
chain unsaturated hydrocarbon having the indicated number
of carbon atoms and at least one double bond. Examples of
a (C,-C,y)alkenyl group include, but are not limited to,
ethylene, propylene, 1-butylene, 2-butylene, isobutylene,
sec-butylene, 1-pentene, 2-pentene, isopentene, 1-hexene,
2-hexene, 3-hexene, isohexene, 1-heptene, 2-heptene,
3-heptene, isoheptene, l-octene, 2-octene, 3-octene,
4-octene, and isooctene. An alkenyl group can be unsubsti-
tuted or optionally substituted with one or more substituents
as described herein below.

[0032] The term “alkynyl” refers to a straight or branched
chain unsaturated hydrocarbon having the indicated number
of carbon atoms and at least one triple bond. Examples of a
(C,-C, o)alkynyl group include, but are not limited to, acety-
lene, propyne, 1-butyne, 2-butyne, 1-pentyne, 2-pentyne,
1-hexyne, 2-hexyne, 3-hexyne, 1-heptyne, 2-heptyne,
3-heptyne, 1-octyne, 2-octyne, 3-octyne and 4-octyne. An
alkynyl group can be unsubstituted or optionally substituted
with one or more substituents as described herein below.
[0033] The term “alkoxy” refers to an —O-alkyl group
having the indicated number of carbon atoms. For example,
a (C,-Cyalkoxy group includes —O-methyl, —O-ethyl,
—O-propyl, —O— isopropyl, —O-butyl, —O-sec-butyl,
—O-tert-butyl, —O-pentyl, —O-isopentyl, —O-neopentyl,
—O— hexyl, —O-isohexyl, and —O-neohexyl.

[0034] The term “aryl” refers to a 3- to 14-member mono-
cyclic, bicyclic, tricyclic, or polycyclic aromatic hydrocar-
bon ring system. Examples of an aryl group include naph-
thyl, pyrenyl, and anthracyl. An aryl group can be
unsubstituted or optionally substituted with one or more
substituents as described herein below.

[0035] The terms “alkylene,” “alkenylene,” and “arylene,”
alone or as part of another substituent, means a divalent
radical derived from an alkyl, cycloalkyl, alkenyl, aryl, or
heteroaryl group, respectively, as exemplified by
—CH,CH,CH,CH,—. For alkylene, alkenyl, or aryl linking
groups, no orientation of the linking group is implied.
[0036] The term “halogen” and “halo” refers to —F, —Cl,
—Br or —I.
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[0037] The term “heteroatom” is meant to include oxygen
(O), nitrogen (N), and sulfur (S).

[0038] A “hydroxyl” or “hydroxy” refers to an —OH
group.
[0039] The term “hydroxyalkyl,” refers to an alkyl group

having the indicated number of carbon atoms wherein one or
more of the alkyl group’s hydrogen atoms is replaced with
an —OH group. Examples of hydroxyalkyl groups include,

but are not limited to, —CH,OH, —CH,CH,OH,
—CH,CH,CH,0H, —CH,CH,CH,CH,OH,
—CH,CH,CH,CH,CH,OH,

—CH,CH,CH,CH,CH,CH,OH, and branched versions
thereof.

[0040] The term “cycloalkyl” refer to monocyclic, bicy-
clic, tricyclic, or polycyclic, 3- to 14-membered ring sys-
tems, which are either saturated, unsaturated or aromatic.
The heterocycle may be attached via any heteroatom or
carbon atom. Cycloalkyl include aryls and hetroaryls as
defined above. Representative examples of cycloalky
include, but are not limited to, cycloethyl, cyclopropyl,
cycloisopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cyclo-
propene, cyclobutene, cyclopentene, cyclohexene, phenyl,
naphthyl, anthracyl, benzofuranyl, and benzothiophenyl. A
cycloalkyl group can be unsubstituted or optionally substi-
tuted with one or more substituents as described herein
below.

[0041] The term ‘nitrile or cyano” can be used inter-
changeably and refer to a —CN group which is bound to a
carbon atom of a heteroaryl ring, aryl ring and a heterocy-
cloalkyl ring.

[0042] The term “amine or amino” refers to an —NR R,
group wherein R, and R, each independently refer to a
hydrogen, (C,-Cy)alkyl, aryl, heteroaryl, heterocycloalkyl,
(C,-Cg)haloalkyl, and (C,-Cy)hydroxyalkyl group.

[0043] The term “alkylaryl” refers to C,-C, alkyl group in
which at least one hydrogen atom of the C,-Cy alkyl chain
is replaced by an aryl atom, which may be optionally
substituted with one or more substituents as described herein
below. Examples of alkylaryl groups include, but are not
limited to, methylphenyl, ethylnaphthyl, propylphenyl, and
butylphenyl groups.

[0044] “Arylalkylene” refers to a divalent alkylene
wherein one or more hydrogen atoms in the C,-C,, alkylene
group is replaced by a (C;-C, aryl group. Examples of
(C5-C, 4)aryl-(C,-C, p)alkylene groups include without limi-
tation 1-phenylbutylene, phenyl-2-butylene, 1-phenyl-2-
methylpropylene, phenylmethylene, phenylpropylene, and
naphthylethylene.

[0045] “Arylalkenylene” refers to a divalent alkenylene
wherein one or more hydrogen atoms in the C,-C,, alk-
enylene group is replaced by a (C;-C,,)aryl group.

[0046] The term “arylalkynylene” refers to a divalent
alkynylene wherein one or more hydrogen atoms in the
C,-C,, alkynylene group is replaced by a (C;-C,,)aryl
group.

[0047] The terms “carboxyl” and “carboxylate” include
such moieties as may be represented by the general formu-
las:
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O O
R )J\
)k 7 o ~ E R

[0048] E in the formula is a bond or O and R/ individually
is H, alkyl, alkenyl, aryl, or a pharmaceutically acceptable
salt. Where E is O, and R is as defined above, the moiety is
referred to herein as a carboxyl group, and particularly when
R/'is a hydrogen, the formula represents a “carboxylic acid”.
In general, where the expressly shown oxygen is replaced by
sulfur, the formula represents a “thiocarbonyl” group.
[0049] Unless otherwise indicated, “stereoisomer” means
one stereoisomer of a compound that is substantially free of
other stereoisomers of that compound. Thus, a stereomeri-
cally pure compound having one chiral center will be
substantially free of the opposite enantiomer of the com-
pound. A stereomerically pure compound having two chiral
centers will be substantially free of other diastereomers of
the compound. A typical stereomerically pure compound
comprises greater than about 80% by weight of one stereoi-
somer of the compound and less than about 20% by weight
of other stereoisomers of the compound, for example greater
than about 90% by weight of one stereoisomer of the
compound and less than about 10% by weight of the other
stereoisomers of the compound, or greater than about 95%
by weight of one stereoisomer of the compound and less
than about 5% by weight of the other stercoisomers of the
compound, or greater than about 97% by weight of one
stereoisomer of the compound and less than about 3% by
weight of the other stereoisomers of the compound.

[0050] If there is a discrepancy between a depicted struc-
ture and a name given that structure, then the depicted
structure controls. Additionally, if the stereochemistry of a
structure or a portion of a structure is not indicated with, for
example, bold or dashed lines, the structure or portion of the
structure is to be interpreted as encompassing all stereoiso-
mers of it.

[0051] The present invention focuses on methodologies
for enzyme catalyzed synthesis of cannabinoids or cannabi-
noid analogs in a cell-free environment. Also described is an
apparatus for the ex vivo manufacture of cannabinoids and
analogs of cannabinoids. The term “analog” refers to a
compound that is structurally related to naturally occurring
cannabinoids, but whose chemical and biological properties
may differ from naturally occurring cannabinoids. In the
present context, analog or analogs refer compounds that may
not exhibit one or more unwanted side effects of a naturally
occurring cannabinoid. Analog also refers to a compound
that is derived from a naturally occurring cannabinoid by
chemical, biological or a semi-synthetic transformation of
the naturally occurring cannabinoid.

[0052] Illustrative of cannabinoid compounds included in
the inventions and without limitation are cannabinol, can-
nabidiol, A9-tetrahydrocannabinol, A8-tetrahydrocannabi-
nol, 11-hydroxy-tetrahydrocannabinol, 11-hydroxy-A9-tet-
rahydrocannabinol, levonantradol, All-
tetrahydrocannabinol, tetrahydrocannabivarin, dronabinol,
amandamide and nabilone, as well as natural or synthetic
molecules that have a basic cannabinoid structure and are
modified synthetically to provide a cannabinoid analog.
[0053] The present technology also relates to the large
scale cloning and expression of the enzymes that play a role
in the biosynthesis of cannabinoids and the use of an
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eukaryotic expression system for the manufacture of can-
nabinoids and cannabinoid analogs. Exemplary of eukary-
otic cells suitable for cloning and expression of the cannabi-
noid synthase enzymes include without limitation £ coli,
yeast and baculovirus hosts. In an embodiment of this
technology, is disclosed a method for the large-scale pro-
duction of several cannabinoid synthase enzymes including
tetrahydrocannabinolic acid synthase (THCA synthase),
cannabichromenic acid synthase (CBCA synthase) and can-
nabidiolic acid synthase (CBDA synthase) using the pink
Pichia yeast expression system. Accordingly, the large scale
production of these enzymes can be carried out by trans-
forming yeast with a DNA construct that comprises a gene
for THCA synthase, CBCA synthase, or CBDA synthase,
and culturing the transformed yeast cells under conditions
suitable for promoting the expression of a functionally
active enzyme.

[0054] The sequences for the genes for THCA synthase
and CBDA synthase were obtained from a publicly available
database and their protein coding regions were altered to
optimize protein expression in Pichia Pastoris yeast cells.
Codon optimization was carried out using the GeneArt®
program from Invitrogen.

[0055] Additionally, both genes were modified to include
the yeast alpha secretory sequence as well as codons for the
inclusion of a His-tag in the expressed protein. The former
was inserted at the 5'-end of the gene and is necessary for the
extracellular secretion of the expressed protein. Codons for
the His-tag are present at the 3'-end of the gene and are
introduced to facilitate the purification of the expressed
protein by affinity chromatography.

[0056] These chimeric sequences, alpha-CBDA synthase
and alpha-THCA synthase, were inserted into pPink-HC
vector (Invitrogen®), and were used to obtain Top 10 F~
transformed E. coli cells which were stored as agar stabs for
future use. Prior to transformation of yeast cells, the vector
containing the cannabinoid synthase gene of interest (GOI)
was isolated from agar stabs containing transformed E. coli
cells, and linearized using Pmel or Spel restriction enzymes.
The linearized plasmids were electroporated into Pichia
pastoris pepB deficient mutant cells using PichiaPink™
Yeast Expression Systems (Invitrogen®). Linearization
using the restriction enzyme Pmel directs the insert into the
AOX1 promoter region of the pichia genome, while the
restriction enzyme Spel directs the insert into the TRP gene.
[0057] The transformed yeast cells were grown on
adenine-deficient selective plates and a color-based screen
was used to identify positive transformants. Pursuant to this
screening methodology, red/pink colonies signal transfor-
mants that do not carry the gene of interest as well as
transformants carrying a limited number of copies of the
gene of interest integrated into the genome of Pichia pas-
toris. White colonies on the other hand, indicate transfor-
mants having multiple copies of the gene of interest. Typi-
cally, cells having 6-10 copies of the gene of interest are
desired for obtaining large amounts of recombinant protein,
for example, about 1.0 g to about 2.0 g of protein per liter
of culture. An enzyme assay that quantitated the conversion
of substrate cannabigerolic acid (CBGA) to THCA or
CBDA products upon induction of THCA synthase or
CBDA synthase by the addition of methanol to transformed
yeast cells was used to identify white colonies of yeast cells
that produced greater than 20% conversion of substrate to
product.
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[0058] Accordingly, individual white colonies of yeast
cells carrying the THCA synthase gene or the CBDA syn-
thase gene were separately cultured in flasks using BMGY
medium, followed by induction by growth in BMMY
medium, to induce the expression of THCA synthase or
CBDA synthase as further described below. Briefly, the
medium containing the enzyme in each culture was sepa-
rated from the cells and a known amount of the substrate
CBGA was added to the medium from each culture flask.
Following incubation, each culture flask was analyzed to
quantitate the percent conversion of CBGA to product.
Cultures of transformants showing greater than 20% con-
version will be used for the commercial synthesis of can-
nabinoids or cannabinoid analogs pursuant to methodologies
of the invention.

[0059] The cannabinoid synthase enzymes, THCA syn-
thase and CBDA synthase, obtained using the PichiaPink™
Yeast Expression system described above, can be used for
the manufacture of cannabinoids or an analog of a cannabi-
noid. In one embodiment is provided a method for producing
a cannabinoid or a cannabinoid analog by selecting a For-
mula I compound and a cannabinoid synthase as a catalyst
for transforming the Formula I compound to a cannabinoid
or a cannabinoid analog.

Formula I

| R3O0 R,

[0060] In Formula I, R can be selected from hydroxyl
(—OH), halogen, thiol (—SH), or a —NR_R, group. Sub-
stituent groups R, and R, are each independently selected
from the group consisting of —H, —C(O)R,, —OR_, an
optionally substituted C,-C,, linear or branched alkylene, an
optionally substituted C,-C,, linear or branched alkenylene,
an optionally substituted C,-C,, linear or branched alky-
nylene, an optionally substituted C;-C,, aryl, an optionally
substituted C,-C,, cycloalkyl, (C;-C,aryl-(C,-C,,)alky-
lene, (C;-C,y)aryl-(C,-C,y)alkenylene, and (C;-C,)aryl-
(C,-C,p)alkynylene. Alternatively, R, and R, together with
the carbon atoms to which they are bonded form a C5-C,,
cyclic ring. For compounds according to Formula I, R; is
selected from the group consisting of H, —C(O)R, and
C,-C,, linear or branched alkyl and R, and R, are each
independently —H, —OH, (C,-C,,) linear or branched
alkyl, —SH, —NH,, or a C;-C,, cycloalkyl.

[0061] The cannabinoid or cannabinoid analog obtained
by contacting a Formula I compound with a cannabinoid
synthase can be isolated, purified and used as a therapeutic
or and the cannabinoid or cannabionoid analog can undergo
an optional decarboxylation step to convert, for example,
cannabichromenic acid (CBCA) to cannabichromene (CBC)
prior to the latter’s use as a pharmaceutical agent or a
nutraceutical agent.

[0062] For certain embodiments the cannabinoid synthase
is cannabidiolic acid synthase. For other aspects of this
technology, the cannabinoid synthase is tetrahydrocannab-
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inolic acid synthase or a cannabichromene acid synthase.
For certain Formula I compounds R, and R, together with
the ring carbon atoms to which they are bonded form a
C5-C,, cyclic ring. For such Formula I compounds one or
more carbon atoms of the ring can be substituted with a
heteroatom selected from oxygen, sulfur or nitrogen.
[0063] For compounds according to Formula I, R, can be
a linear alkylene or a branched alkylene. Exemplary of linear
alkylenes include without limitation CH;, C,Hs, C;H,,
C,H,, C;H,,, C;H,5, C;H,5s and CgH,,. Illustrative of
branched alkylenes are groups selected from, iso-propyl,
sec-butyl, iso-butyl, neopentyl, 2-methyl hexyl, or 2,3-
dimethyl hexyl groups. In some embodiments, R, can be an
optionally substituted linear or branched alkylene in which
one or more hydrogen atoms is replaced without limitation
with a group selected from chlorine, fluorine, bromine, nitro,
amino, hydroxyl, phenyl, or benzyl group.

[0064] For certain Formula I compounds R, is a C,-C,
alkenylene and is selected from the group consisting of

KO
SNV
Ane,

with R, being a linear or branched alkylene as described
above. When R, is a C,-C, linear or branched alkynylene,

R, can be
R4
=R, M
5 % , or
M

Alternatively, R, in Formula I is

X,
\<\/©/

substituent X is a group selected from —OH, —SH, or
NR_R, and groups R, and R,, are as defined above.

[0065]
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[0066] Many of the naturally occurring cannabinoids are
produced as their carboxylic acid derivatives in plants. Their
psychostimulatory activity is enhanced, however, following
decarboxylation which occurs upon the application of heat
to the cannabinoid acid containing plant tissue or by drying
the plant material prior to use. Cannabinoid and cannabinoid
analogs synthesized using the inventive method can also
have a carboxylic acid (—COOH) group as the R, substitu-
ent and such compounds may undergo an optional decar-
boxylation step prior to their use as pharmaceutical or
nutraceutical agents. Exemplary of such a cannabinoid or
cannabinoid analog is the compound obtained by contacting
a Formula I species in which R is —OH, R, is —COOH, R,
is C;H,, and R; is —H with a cannabinoid synthase.
[0067] The synthesis, isolation and purification of can-
nabinoids or cannabinoid analogs can be improved by
immobilization of a cannabinoid synthase to a solid support,
or by encapsulation of the synthase within a liposome. In
one aspect of the synthesis, the enzyme is immobilized to a
solid support. Such immobilization is advantageous, since it
permits recycling and reuse of the immobilized enzyme
which significantly reduces the costs associated with the
manufacture of pharmaceutical grade cannabinoids or can-
nabinoid analogs. Immobilization of the enzyme also per-
mits ease of use and recovery of the enzyme catalyst, ease
of purification of the desired product, preservation of the
enantiomeric excess (ee) of the final product and an overall
improvement in the yield of the product. Typically, the
enantiomeric purity of a cannabinoid or a cannabinoid
analog according to the claimed method is from about 90%
ee to about 100% ee, for instance, a cannabinoid or a
cannabinoid analog produced using the inventive method-
ology can have an enantiomeric purity of about 91% ee,
about 92% ee, about 93% ee, about 94% ee, about 95% ee,
about 96% ee, about 97% ee, about 98% ee and about 99%
ee.

[0068] Typically, the enzyme to be immobilized can be
absorbed onto a solid support, adsorbed onto a support,
covalently linked to a support or can be immobilized onto a
solid support through ionic interactions. In one embodiment,
the cannabinoid synthase is covalently linked to a solid
support. Suitable strategies for linking an enzyme to a solid
support are well known in the biochemical art and include
covalent linkages between an appropriately functionalized
support and a side chain of an amino acid group or through
covalent linkages using appropriately functionalized linkers
or spacers to separate the support from the enzyme. The term
“linker” refers to any group that separates the support from
the enzyme. Accordingly, a linker is a group that is cova-
lently tethered at one end to a group on the surface of the
support and is attached to the enzyme at the other end.
Ilustrative linkers include (C,-C, j)alkylene linker polymers
of ethylene glycol such as a —(OCH,—CH,),—0O— group,
where n is an integer from 0 to 10, —(C,-C,,)alkylene-
NH—, —(C,-C,y)alkylenesiloxy, or a —(C,-C, ,)alkylene-
C(O)—.

[0069] Supports suitable for immobilizing enzymes
include without limitation Ameberlite resins, Duolite resins,
acrylic resins such as Eupergit® C, DEAE-Sephadex and
gels made using polyvinyl alcohol can be used as supports
for immobilizing the cannabinoid synthase enzymes of the
present technology.

[0070] Cannabinoids exert different physiological proper-
ties and are known to lessen pain, stimulate appetite and



US 2017/0159080 Al

have been tested as candidate therapeutics for treating a
variety of disease conditions such as allergies, inflammation,
infection, epilepsy, depression, migraine, bipolar disorders,
anxiety disorder, and glaucoma. The physiological effect
exerted by a cannabinoid depends in large part to its ability
to stimulate or deactivate the cannabinoid receptors, for
instance the CB1, CB2 and CB3 receptors. Since modulation
of receptor activity depends on the binding interactions and
the orientation of a ligand within the cannabinoid receptors
active site, it follows that the nature and orientation of
substituent groups attached to a cannabinoid or a cannabi-
noid analog will affect the pharmaceutical properties exhib-
ited by such compounds.

[0071] In one embodiment is provided a method for the
manufacture cannabinoids having structurally distinct and
diverse substituent groups attached to a central core. Such
compounds are expected to exhibit different pharmaceuti-
cally beneficial properties. Structural diversity will be intro-
duced by contacting an appropriately substituted Formula II1
compound with a Formula IV compound in the presence of
an enzyme, such as GPP olivetolate geranyltransferase (a
polyketide synthase), to give a Formula II compound.
Scheme 1 structurally illustrates the protocol for synthesiz-
ing a Formula II compound pursuant to this embodiment.

Scheme 1
R
Ry
+
R;0 R,
I
I
R. O O0—P—OH ——m—
> N P/ geranyl
// \ OH transferase
O OH
v
R
R,
Rs
R0 R,

I

[0072] Depending on the nature and type of substituent
groups at R, R, R,, R; and Rs, in Formulae III and 1V, the
inventive method permits the synthesis of Formula I com-
pounds having different substituent groups surrounding the
central phenyl core as precursors or synthons for the manu-
facture of a cannabinoid or a cannabinoid analog. According
to this method, therefore, the cannabinoid or cannabinoid
analogs can be obtained by contacting a Formula II com-
pound with a cannabinoid synthase, for example, THCA
synthase, CBCA synthase or a CBDA synthase, followed by
isolation and decarboxylation of the obtained product to give
a cannabinoid or a cannabinoid analog.

[0073] In Formula III, R can be selected from hydroxyl
(—OH), halogen, thiol (—SH), or a —NR_R, group. Sub-
stituents R, and R, are each independently selected from the
group consisting of —C(O)R,,, —OR_,, an optionally sub-
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stituted linear or branched (C,-C,)alkylene, an optionally
substituted linear or branched (C,-C,,)alkenylene, an
optionally substituted linear or branched (C,-C,)alky-
nylene, an optionally substituted C,-C,, aryl, an optionally
substituted C;-C,, cycloalkyl, (C;-C,y)aryl-(C,-C,)alky-
lene, (C;-C,yaryl-(C,-C,y)alkenylene, and (C;-C,,)aryl-
(C,-C,p)alkynylene.

[0074] Incertain embodiments R, and R, together with the
carbon atoms to which they are bonded form a C5-C,, cyclic
ring and R; is selected from the group consisting of H,
—C(O)R,, and C,-C,, linear or branched alkyl.

[0075] R, in Formula IV can be a linear or branched
(C,-C,p)alkylene, a linear or branched (C,-C,,)alkenylene,
a linear or branched (C,-C, y)alkynylene, —C(O)—(C,-C,,)
alkylene, —C(0)—(C,-C,)alkenylene and —C(O)—(C,-
C,)alkynylene. For Formulae II, III and IV compounds any
alkylene, alkenylene, alkynylene, aryl, arylalkylene, or
cycloalkyl group can be further substituted with one or more
groups selected from the group consisting of —OH, halo-
gen, —NR, R, —C(O)R,, —C(O)NR,R_, (C,-C,y)alkyl,
—CN, (C,-C,alkoxy, (C,-C,haloalkyl, and (C,-C,)hy-
droxyalkyl with R,, R, and R_ each independently being
selected from —H, —OH, or (C,-C,,) linear or branched
alkyl, —SH, —NH,, or a C,-C,, cycloalkyl.

[0076] According to one embodiment, Rs in Formula IV
can be a (C,-C,)alkenylene selected from

A

with R, being a linear alkylene selected from the group
consisting of CH;, C,Hs, C;H,, C,H,, C;H,,, C;H, 5, C H 5
and CH, . For certain Formula IV compounds R, is

- R4
[ s Ry, »
E{L_\ mm
Ry, — or
Rs,

Re
x

and group R is selected from (C,-C,,)alkylene, (C,-C,,)
alkenylene, —OH, —SH, NO,, F, Cl, Br, —NH,, or a
—NHR, where R, is as defined above.

[0077] Enzymes are very specific with respect to the type
of chemical reactions they catalyze and the nature and type
of substrates that are involved in these reactions. Enzymes
also exhibit a high level of stereospecificity, regiospecificity
and chemoselectivity. It was therefore unexpected, when the
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present inventors observed that the enzyme THCA synthase
could produce two different products, tetrahydrocannabino-
lic acid (THCA) and cannabichromenic acid (CBCA) using
the same substrate cannabigerolic acid (CBGA), depending
on the conditions under which the cyclization reaction is
catalyzed.

[0078] Accordingly, the effects of temperature, pH, sol-
vent, ionic strength and incubation times on the distribution
ratio of THCA to CBCA products were studied. In one
embodiment, the effect of solvent on product distribution
ratio was evaluated. Cannabinoids are lipohilic in nature and
are poorly solubilized in aqueous solvents. The poor solu-
bility of cannabinoids in aqueous solvent has prevented the
development of ex-vivo enzyme catalyzed methodologies
for the synthesis of cannabinoids and cannabinoid analogs.
The present inventors surprisingly found that THCA syn-
thase retained its catalytic activity in a solvent mixture
containing buffer and a non-aqueous solvent, such as dim-
ethyl sulfoxide (DMSO), dimethyl formamide (DMF), iso-
propoyl alcohol and cyclodextrin if the concentration of
non-aqueous solvent in the mixture was maintained below
40% vlv.

[0079] For instance, enzyme catalysis was most effective
when the concentration of the non-aqueous solvent was
about 20%. The catalytic rate decreases slightly as concen-
tration of the non-aqueous solvent is increased. Thus, 20%
DMSO gave the highest catalytic rate, approximately 2.5-
fold faster than catalysis in buffer alone. Table 1 illustrates
the effect of concentration of non-aqueous solvent on the
rate of catalytic activity.

[0080] As further illustrated in this table, the concentration
of non-aqueous solvent can alter the ratio of THCA to
CBCA produced as product. Thus, greater levels of THCA
are obtained when the concentration of DMSO in buffer is
less that 20%, with a THCA:CBCA distribution ratio of 10:1
observed when 10% DMSO is used as the solvent.

TABLE 1
DMSO FASTER THCA:CBCA
0% 1X
10% 1.2X 10:1
20% 2.5X 5:1
25% — 1:1
30% 0.3X

[0081] It was observed that the addition of a detergent
such as sodium dodecyl sulfate (SDS), to a 100 mM sodium
phosphate buffer did not impact the percent conversion of
substrate CBGA to product. In contrast, addition of SDS to
100 mM citrate buffer containing cyclodextrin destroyed
THCA synthases ability to catalyze reaction. Only 8% of the
substrate was converted to product under these reaction
conditions with the formation of THCA being favored as
product under these reaction conditions.

[0082] Cannabigerolic acid (CBGA) serves as a common
substrate for different cannabinoid synthase enzymes during
the biosynthesis of naturally occurring cannabinoids. For
instance, previous studies have suggested that the enzymes
THCA synthase, CBDA synthase and CBCA synthase to
each use CBGA as their substrate during the biosynthesis of
tetrahydrocannabinolic acid, cannabidiolic acid and can-
nabichromenic acid respectively.
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[0083] Thus, during a study aimed at evaluating the opti-
mal pH for THCA synthase activity, the present inventors
were surprised to note that depending on the pH at which
catalysis was carried out the enzyme THCA synthase cata-
lyzed the conversion of substrate CBGA to either THCA or
CBCA. This observation was unexpected since a single
enzyme THCA synthase, could be responsible for the for-
mation of two different cannabinoid products in plants.

[0084] Table 3 illustrates the results of a pH study that was
aimed at identifying the effect of pH on product ratio,
namely, the ratio of THCA to CBCA compounds produced
when THCA synthase is contacted with CBGA as substrate.
The pH of the reaction mixture in this study ranged from a
pH of 4.0 to 8.0. Higher pH values were not tested since
THCA synthase is catalytically inactive at a pH greater than
8.0.

[0085] As illustrated in Table 3, THCA is preferentially
synthesized at pH values less than 6.0. In fact, THCA is the
major product when catalysis is carried out at a pH of 4.0.
Increasing the pH of the reaction mixture altered the product
distribution ratio with approximately 30% CBCA being
produced as product at a pH of 5.0 and around 15% CBCA
being produced as product at a pH value of 6.0. A further
increase in pH of the reaction mixture, such as an increase
of'the pH of the reaction mixture to a pH of 7.0 gave CBCA
exclusively as the product of THCA synthase catalyzed
conversion of CBGA. Any further increases in pH, more-
over, reduced or eliminated catalytic activity of THCA
synthase, with no product observed for a reaction mixture at
a pH of 8.0.

TABLE 3
pH THCA CBCA
4 100 Trace
5 70 30
6 85 15
7 0 100
8 0 0

[0086] Accordingly, in one embodiment the invention
provides a method for producing a tetrahydrocannabinol,
cannabichrome or both tetrahydrocannabinol and cannabi-
chrome, or their analogs by selecting a Formula V com-
pound as a reactant, contacting the Formula V compound
with tetrahydrocannabinolic acid synthase (THCA synthase)
and modifying at least one property of the reaction mixture
to obtain tetrahydrocannabinol, cannabichrome or both tet-
rahydrocannabinol and cannabichrome, or their analogs as
products.

[0087] In Formula V, R is selected from —OH, halogen,
—SH, ora—NR_R, group. Substituents R, and R, are each
independently selected from the group consisting of —H,
—C(O)R,, —OR_, an optionally substituted C,-C,, linear
or branched alkylene, an optionally substituted C,-C, , linear
or branched alkenylene, an optionally substituted C,-C,,
linear or branched alkynylene, an optionally substituted
C,-C,, aryl, an optionally substituted C,-C,, cycloalkyl,
(C5-Cyplaryl-(C,-Cplalkylene,  (C5-Cyparyl-(Cy-Cp)alk-
enylene, and (C;-C,)aryl-(C,-C,)alkynylene.
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Formula V

R;0 R,

[0088] For certain embodiments, R, and R, together with
the ring carbon atoms to which they are bonded form a
C5-C,, cyclic ring in which one or more carbon atoms can
optionally be replaced with one or more heteroatoms
selected from oxygen, sulfur, nitrogen or a—NR® group. R,
in Formula V, can be a group selected from H, —C(O)R, or
a (C,-C,,) linear or branched alkyl and substituents R, and
R, are each independently selected from —H, —OH, —SH,
NH,, (C,-C,,) linear or branched alkyl, or a C;-C,,
cycloalkyl moiety.

[0089] Any physical property known to have an effect on
enzyme activity and catalysis can be modulated to alter the
ratio of the products THCA to CBCA. In one embodiment,
therefore, the pH of the reaction mixture was changed to
modulate the ratio of THCA to CBCA produced enzymati-
cally as products. Pursuant to this synthetic methodology,
catalysis at a lower pH in the range from about 4.0 to about
6.0 favored the formation of THCA as product while cataly-
sis at a neural pH in the range from about 6.5 to about 7.5
favored the formation of CBCA as product.

[0090] Thus, the present inventors have shown that it is
possible to control the formation of THCA or CBCA as the
product of catalysis by controlling the pH of the reaction
mixture.

[0091] Other physical properties such as the composi-
tional make-up of the reaction solvent, ionic strength, tem-
perature, pressure, viscosity of the reaction medium and
concentration of reagents can also alter product ratio. Many
of these physical parameters, in fact, play an important role
in modulating catalysis during the large scale manufacture
of cannabinoids or cannabinoid analogs using a bioreactor.
[0092] Thus, in one embodiment is provided a system
(100) for producing a cannabinoid or a cannabinoid analog
by controlling a condition that influences the quantity of a
first cannabinoid or its analog formed in relation to the
quantity of a second cannabinoid or its analog. The system
(100), shown schematically in FIG. 1, may comprise a
fermentor (2), a filter (18), a bioreactor (10), and a control
mechanism (20). A description of the System as represented
in FIG. 1 is provided below.

[0093] The fermentor (2) holds cell culture medium (4)
and a plurality of cells (6). The cells (6) are configured to
produce and secrete a cannabinoid synthase (8). The cells (6)
used in the fermentor (2) for the manufacture of a cannabi-
noid synthase (8) can be any eukaryotic cell that has been
genetically modified to include a nucleic acid sequence or a
gene that encodes a cannabinoid synthase protein. In certain
embodiments, the nucleic acid sequence that encodes a
cannabinoid synthase protein is modified to include an yeast
alpha secretion sequence at its 5' end and to incorporate a
6-residue histidine tag at its 3' end. The addition of the yeast
alpha secretion sequence permits secretion of the cannabi-
noid synthase protein into the medium used for eukaryotic
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cell growth. The extracellular secretion of the cannabinoid
synthase (8) is advantageous, since it facilitates the separa-
tion and transport of the enzyme between the fermentor (2)
and the bioreactor (10) using the filter (18). Following
production of cannabinoid synthase (8) in the fermentor (2),
the supernatant (e.g. medium (4), cells (6), and cannabinoid
synthase (8) is transported along path (24) to the filter (18).
Path (24) may be a pipe or any other pathway suitable for
transporting the supernatant.

[0094] The filter (18) may filter the supernatant to at least
partially separate the cells (6) from the medium (4) contain-
ing the expressed enzyme. Typically, the filter (18) separates
at least 80% of the total cells (6) from the medium (4). For
certain embodiments, the filter (18) separates at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% of the total cells (6) from the medium
(4) prior to the introduction of this medium (4) into the
bioreactor (10). Following filtration, the cells (6) are trans-
ported back to the fermentor (2) along path (26). In one
embodiment, the filter (18) can be a filtration and purifica-
tion system that includes multiple filters and reservoirs to
purify the cannabinoid synthase (8).

[0095] After passing through the filter (18), the cannabi-
noid synthase (8) flows into the bioreactor (10) along path
(28) and enters the bioreactor (10) through inlet (30). The
bioreactor (10) also includes an inlet (32) for reactants, such
as the substrate CBGA or other substrates according to the
Formula I compound described above. Thus, as shown in
FIG. 1, the bioreactor (10) contains a reactant (12) that is
configured to interact with cannabinoid synthase (8) to form
a first cannabinoid (14). The bioreactor (10) may also
provide the environment for synthesis of a second cannabi-
noid (16). The second cannabinoid (16) may be produced
using the same type of cannabinoid synthase (8) and a
substrate as the first cannabinoid (14). For example, both the
first cannabinoid (14) and the second cannabinoid (16) may
be produced using CBGA as reactant (12) and THCA
synthase as the cannabinoid synthase (8). In this embodi-
ment, the first cannabinoid (14) may be THCA and the
second cannabinoid (16) may be CBCA. In an alternative
embodiment, the second cannabinoid (16) may be synthe-
sized using a substrate or cannabinoid synthase different
from those used in synthesis of the first cannabinoid (14).
[0096] The bioreactor (10) can be a column bioreactor
having a solid support that is impregnated with divalent
metal ions or a support whose surface is functionalized with
divalent metal ions. Typically, sepharose, agarose or other
biopolymers are used as supports for binding divalent metal
ions such as nickel, cobalt, magnesium and manganese.
Such supports have a strong affinity for the histidine tag that
is present on the expressed cannabinoid synthase (8) and can
be used to sequester the synthase and separate it from other
non-essential proteins and debris that may interfere or
impede cannabinoid synthesis.

[0097] The bioreactor (10) used for synthesizing cannabi-
noids is configured for batch and continuous synthetic
processes to permit commercial production of pharmaceu-
tically useful cannabinoids. In one embodiment, the biore-
actor (10) is configured for batch synthesis in which the
composition of the medium (4), concentration of the enzyme
and substrate are fixed at the beginning of the process and
not allowed to change during catalysis. Synthesis is termi-
nated when the concentration of the desired product in the
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medium of the bioreactor (10) reaches a predetermined
value or the concentration of substrate falls below a prede-
termined level, such as to a level where there is no detectable
catalytic conversion of substrate to product.

[0098] In one embodiment, therefore, the His-tagged can-
nabinoid synthase (8) is sequestered onto a nickel containing
resin support within the bioreactor column prior to the
introduction of a known amount of substrate, for example,
cannabigerolic acid (CBGA), or a Formulae I, II or V
compound into the bioreactor (10). In an alternate embodi-
ment, cannabigerolic acid (CBGA), or a Formulae 1, Il or V
compound can be present within the bioreactor (10) having
a nickel resin support prior to the introduction of the medium
(4) containing a cannabinoid synthase (8) into the bioreactor
(10). In either case, a known amount of the enzyme is
contacted with a known amount of a Formulae I, II or V
compound or CBGA as substrate to synthesize a cannabi-
noid or a cannabinoid analog as product, such as the first
cannabinoid (14) or the second cannabinoid (16).

[0099] The progress of the reaction within the bioreactor
(10) can be monitored periodically or continuously. For
instance, an optical monitoring system may be utilized to
detect the concentration of product in the medium (4) within
the bioreactor (10) as a function of time. Alternatively, the
decrease in the concentration of substrate can be monitored
to signal termination of synthesis. The cannabinoid product
thus produced can be readily recovered from the medium
using standard solvent extraction or chromatographic puri-
fication methods. The monitoring system may be part of or
may interact with the control mechanism (20), described
further below.

[0100] An alternative to the batch process mode is the
continuous process mode in which a defined amount of
substrate and medium (4) are continuously added to the
bioreactor (10) while an equal amount of medium (4)
containing the cannabinoid product is simultaneously
removed from the bioreactor (10) to maintain a constant rate
for formation of product. Medium (4) can enter the biore-
actor (10) through inlet (32) and exit the bioreactor (10)
through outlet (34). Methods of modulating the concentra-
tion of substrate, enzyme and other factors implicated to
maximize the rate of product formation are known in the art.
[0101] The conditions of the bioreactor (10) can be con-
trolled using a control mechanism (20). The control mecha-
nism (20) may be coupled to the bioreactor (10) or, alter-
natively, may interact with the bioreactor (10) wirelessly or
remotely. The control mechanism (20) can control at least
one condition of the bioreactor (10) so as to influence a
quantity formed of the first cannabinoid (14) relative to a
quantity formed of a second cannabinoid (16). For example,
in one embodiment, the cannabinoid synthase (8) is THCA
synthase and is produced by genetically engineered Pichia
pastoris yeast cells. As described above, contact of this
enzyme with cannabigerolic acid permits the production of
both THCA or CBCA. One condition that influences the
quantity of THCA produced relative to CBCA (e.g. the ratio
of THCA to CBCA) is the pH of the medium (4) in the
bioreactor (10). Other conditions within the bioreactor (10)
may also influence the relative quantities of a first cannabi-
noid (14) (e.g. THCA) and second cannabinoid (16) (e.g.
CBCA) produced in the bioreactor (10), such as tempera-
ture, pressure, and flow rate. In one embodiment, a change
in condition (e.g. pH, temperature, pressure, and/or flow
rate) can cause a shift from formation of the first cannabi-
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noid (14) in greater quantities relative to the second can-
nabinoid (16) to formation of the second cannabinoid (16) in
greater quantities relative to the first cannabinoid (14).

[0102] In another embodiment, the control mechanism
(20) can also be used to control the conditions of the
fermentor (2), such the oxygen level, agitation, pH, and feed
rate. The control mechanism (20) may also control the flow
of materials (e.g. by controlling pumps) into and out of the
fermentor (2), filter (18), and bioreactor (10).

[0103] The control mechanism (20) can include a process-
ing circuit having a processor and memory device. The
processor can be implemented as a general purpose proces-
sor, an application specific integrated circuit (ASIC), one or
more field programmable gate arrays (FPGAs), a group of
processing components, or other suitable electronic process-
ing components. The memory device (e.g., memory,
memory unit, storage device, etc.) is one or more devices
(e.g., RAM, ROM, Flash memory, hard disk storage, etc.)
for storing data and/or computer code for completing or
facilitating the various processes and functions described in
the present application, such as controlling the pH, tempera-
ture, and pressure of the bioreactor (10), or altering the flow
rate of medium (4) into or out of the bioreactor (10). The
memory device may be or include volatile memory or
non-volatile memory. The memory device may include
database components, object code components, script com-
ponents, or any other type of information structure for
supporting the various activities and information structures
described in the present application. According to one
embodiment, the memory device is communicably con-
nected to the processor via the processing circuit and
includes computer code for executing (e.g., by the process-
ing circuit and/or processor) one or more processes
described herein.

[0104] The present disclosure contemplates methods, sys-
tems and program products on any machine-readable media
for accomplishing various operations, such as controlling
the conditions of the bioreactor (10). The embodiments of
the present disclosure may be implemented using existing
computer processors, or by a special purpose computer
processor for an appropriate system, incorporated for this or
another purpose, or by a hardwired system. Embodiments
within the scope of the present disclosure include program
products comprising machine-readable media for carrying
or having machine-executable instructions or data structures
stored thereon. Such machine-readable media can be any
available media that can be accessed by a general purpose or
special purpose computer or other machine with a processor.
By way of example, such machine-readable media can
comprise RAM, ROM, EPROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage, other
magnetic storage devices, solid state storage devices, or any
other medium which can be used to carry or store desired
program code in the form of machine-executable instruc-
tions or data structures and which can be accessed by a
general purpose or special purpose computer or other
machine with a processor. When information is transferred
or provided over a network or another communications
connection (either hardwired, wireless, or a combination of
hardwired or wireless) to a machine, the machine properly
views the connection as a machine-readable medium. Thus,
any such connection is properly termed a machine-readable
medium. Combinations of the above are also included
within the scope of machine-readable media. Machine-
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executable instructions include, for example, instructions
and data which cause a general purpose computer, special
purpose computer, or special purpose processing machines
to perform a certain function or group of functions.

[0105] The control mechanism (20) may further include
additional devices, such as a keyboard (22) and display (36),
to allow a user to interact with the control mechanism (20)
to control the conditions of bioreactor (10). For example, the
display may include a screen to allow a user to monitor
changes in pH, temperature, pressure, and flow rate of the
bioreactor (10), or to monitor any other condition of the
system for producing cannabinoids or cannabinoid analogs.
[0106] The construction and arrangement of the system for
producing cannabinoids or cannabinoid analogs as shown in
the various exemplary embodiments are illustrative only.
Although only a few embodiments have been described in
detail in this disclosure, many modifications are possible
(e.g., variations in sizes, dimensions, structures, shapes and
proportions of the various elements, values of parameters,
use of materials, colors, orientations, etc.). For example, the
position of elements may be reversed or otherwise varied
and the nature or number of discrete elements or positions
may be altered or varied. Accordingly, all such modifications
are intended to be included within the scope of the present
disclosure. Furthermore, the order or sequence of any pro-
cess or method steps may be varied or re-sequenced accord-
ing to alternative embodiments. Other substitutions, modi-
fications, changes, and omissions may be made in the
design, operating conditions and arrangement of the exem-
plary embodiments without departing from the scope of the
present disclosure.

[0107] The present technology is further described by the
following examples which are not meant to limit the scope
of the claims.

EXAMPLES

[0108] A. Molecular Cloning, Screening and Expression
of Protein from High Yield Yeast Transformants

1. Restriction Digestion.

[0109] THCA a plasmid DNA or CBDA a plasmid DNA
were linearized by digesting the plasmid with Pme I or Spe
I restriction enzymes at 37° C. for the appropriate time. The
DNA was then ethanol precipitated using a 1:10 diluted
solution of 3M sodium acetate and 2.5 volumes of 90%
ethanol. After precipitation the DNA was pelleted by cen-
trifuging at 12,000 rpm for 10 minutes. The pellet was
washed with 80 pl. of 80% ethanol and centrifuged to
dryness using a heated centrifuge. This washing and cen-
trifugation step was repeated and the DNA thus obtained
was resuspended in 10 pL of sterile water and frozen at —20°
C. prior to use.

2. Preparation of Electrocompetent Yeast Cells.

[0110] FElectrocompetent PichiaPink (pPink) cells were
made by inoculating 10 mL of YPD media with a glycerol
stock of a genetically engineered Ade2, pep4 knockout
pPink yeast strain 2. These cells were grown overnight in a
125 mL baffled flask at 27° C., using a shaker spinning at
270 rpm until the OD,, of the culture reaches a value of 1.3
units indicating log phase growth. This culture was then
added to 100 mL of YPD media and allowed to incubate
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overnight under the same conditions. The ODy,, was
checked hourly and after a 12 hour incubation period
reached a value of 1.3 units.

[0111] At this time, the culture was transferred to a 500
mlL centrifuge tube and spun for 5 minutes at 4° C. and 5200
rpm. The supernatant was decanted and 250 mL of sterile ice
cold water was added to resuspend the cells. This wash and
centrifugation protocol was repeated twice to ensure com-
plete removal of the YPD medium. A final wash was carried
out using 50 mL of sterile ice cold water to suspend the cells
followed by repelleting of the cells at 5200 rpm and removal
of the supernatant by decantation.

[0112] To the cell pellet was added 10 mL of sterile ice
cold 1M sorbitol. The sorbitol-cell mixture was then trans-
ferred to a sterile 15 mL conical tube and centrifuged at 5200
rpm. A second wash of the cell pellet using 300 pL of sterile
ice cold 1M sorbitol was performed prior to using these cells
for electroporation.

3. Electroporation.

[0113] The previously frozen linearized THCA a plasmid
DNA or CBDA a plasmid DNA was thawed on ice and 80
uL of the electrocompetent pPink cells were added to the
tube. This mixture was then transferred to a 0.2 cm elec-
troporation cuvette and incubated on ice for 5 minutes. The
cuvette was pulsed at 1640V, 2009, and 25 pF for a total
pulse time of approximately 4 ms. Immediately after pulsing
1 mL of YPDS media was added to the cuvette and the entire
mixture was thoroughly mixed by pipetting. The cuvette was
then placed in a 27° C. incubator, without shaking, for 2
hours, after which 300 pl. was streaked onto fresh PAD
plates. These plates were incubated at 27° C. for approxi-
mately 7-10 days to promote cell growth.

4. Screening & Protein Expression

[0114] A color based screen was used to identify positive
yeast cell transformants. White colonies are indicative of
positive expression of the gene of interest, whereas red
colonies indicate no expression. Accordingly, white colonies
were selected from the PAD plates and re-streaked onto
fresh PAD plates that were incubated for 3-5 days to
promote the growth of individual colonies. A single colony
was then used to inoculate 10 mL of BMGY medium placed
in a 125 mL baffled flask that was incubated overnight with
shaking (270 rpm) at 27° C. The optical density (OD) at 600
nm (ODg,,) was periodically measured for a 1:10 diluted
sample of the culture.

[0115] Incubation was stopped when the inoculum culture
attained an ODg, of 1.2-1.5 units. The inoculum was then
transferred to a 50 mL conical tube and centrifuged at 5200
rpm for 5 minutes to pellet the cells. After decanting the
supernatant 1 mL of fresh BMMY medium was added to
pellet, following which the tube was covered with an air
porous tape that permits sterile air exchange and placed in a
shaking incubator at 27° C.

[0116] After 24 hours a 100 uL. of the cell sample was
removed to which was added 100 pL. of 40% methanol to
induce enzyme production. This methanolic sample was
then centrifuged at 12,000 rpm for 5 minutes and the
supernatant and pellet were saved as the T1 sample. A
second culture sample was obtained after a 48 hour incu-
bation period and treated with methanol as described above.
After centrifugation, the supernatant and pellet are saved as
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the T2 sample. At 72 hours the entire incubation mixture is
treated with an appropriate volume of 40% methanol. The
supernatant and pellet obtained from methanolic treatment
of the culture after a 72 hour incubation period is labeled as
T3. The T3 supernatant was spun through an Amicon 30 kD
protein filter and analyzed for protein using an SDS-PAGE
gel.

[0117] Commercial amounts of THCA synthase or CBDA
synthase were obtained by scaling up the volume of the
culture using a fermentor. Thus, an yeast inoculum was first
prepared by contacting 10 mL. of BMGY medium in a 125
ml baffled flask with a single white colony of yeast. This
starter culture was incubated overnight at 27° C. with
shaking at 270 rpm to obtain culture with an OD, between
1.2 and 1.5 units. This starter culture was used to inoculate
90 mL of BMGY medium in a 1 L baffled flask. When the
ODG600 of this culture reached 1.2-1.5 units, the inoculum
was transferred to a 500 mL centrifuge bottle and the yeast
cells pelleted at 5200 rpm for 5 minutes.

5. Enzymatic Conversion.

[0118] The catalytic activity of THCA synthase was mea-
sured by incubating 25 pl of the cell free supernatant from
a T3 sample with 25 pl of a 1 mg/ml CBGA stock in 200 pl
of'a 100 mM citrate buffer at pH 4.8 having 10% DMSO for
2 hours at 30° C. The final concentration of CBGA in the
reaction mixture was 0.1 mg/ml and the final pH is 5.0. Table
4 illustrates the data related to the catalytic activity of THCA
synthase obtained from independent colonies of transformed
pPink yeast cells, namely. pPink yeast cells that were
transformed using linearized THCA synthase plasmids. Cul-
ture samples that converted greater than 20% of the substrate
CBGA to product THCA were selected for scale up.

TABLE 4

% Conversion of CBGA to THCA in reaction

Sample ID containing 0.1 mg/ml CBGA.
Spe THC #3 20.6
Spe THC #4 28.7
Spe THC #22 20.6
Spe THC #23 18.7
Pme THC #5 325
Pme THC(2) #1 29.1
Pme THC(2) #2A 27.2
Pme THC(2) #25 31.6
Pme THC(2) #36 277
Pme THC(2) #41 325
Pme THC(2) #42 27.6
Pme THC(2) #46 40.7
Pme THC(2) #51 26.8
Pme THC(3) #1 55.2
Pme THC(3) #11 35.0
Pme THC(3) #17 69.9
Pme THC(3) #19 36.8
Pme THC(3) #20 343

6. Cloning Strategy for Generating Multi-Copy GOI Inserts
In Vitro.

[0119] As described above, transformed cells having 6-10
copies of the gene of interest can be used to potentially boost
up the production of heterologous protein. An alternate yeast
expression system was used to obtain transformed cells
having multiple copies of the gene of interest. The multi-
copy Pichia Expression Kit from Invitrogen was used to
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construct a new plasmid that permits yeast cells to be
transformed with multiple copies of the plasmid.

[0120] Briefly, the pAOS815 vector was used to clone the
gene of interest, Thus, the genes for a-CBDA synthase and
a-THCA synthase were cut from pPink-HC plasmid using
EcoR I and Bam HI restriction enzymes. 100 ng of the
pPink-HC vector containing the a.-CBDA synthase gene or
the a.-THCA synthase gene was incubated with 1 pl of EcoR
1 buffer, 1 ul of each restriction enzyme (10 units/ul) and 1
ul of BSA in a total reaction volume of 20 ul at 37° C. for
2 hr. Separately, 100 ng of pAO815 vector was digested with
Eco R I and Bam HI enzymes using the protocol described
above.

[0121] The digestion mixture is then loaded onto a 0.8%
Agarose gel and the DNA fragments were separated from
each other by electrophoresis at 95V for 1 hr. Bands corre-
sponding the THCA synthase or CBDA synthase genes were
extracted from the gel using the Invitrogen gel extraction kit.
These gene fragments were ligated to a linearized pAO815
vector using T4 DNA ligase and following the ligation
protocol from NEB®.

[0122] Following ligation, the circular vector containing
the gene of interest was transformed into £. coli Top 10 F~
cells by electroporation at 1500 V, 2002 and 25 pF for 4 ms.
The transformed cells were then mixed with 250 ul of SOC
medium (provided with One Shot® Top 10 Electrocomp™
E. coli from Invitrogen) and plated on a LB-Amp100 plate
at 37 degrees overnight.

[0123] After incubation positive colonies were identified
using the colony PCR protocol that relies on 5' AOX1 and
3'AOX1 primers for performing PCR. Positive colonies
containing the gene of interest were grown in liquid LB-
Amp100 media overnight at 37° C. The next day plasmid
mini-preps were done using Invitrogen’s fast prep kit and
the concentration of the plasmid was analyzed on 0.8%
Agarose gel before further amplification.

[0124] Once alpha-THCA synthase and alpha-CBDA syn-
thase genes are inserted into pAOS815, the recombinant
plasmid is divided into 2 batches. The first batch was used
as a vector in which was inserted a second copy of the gene
of interest. The second batch of pAO815 recombinant plas-
mids was used for extracting the alpha-THCA synthase or
alpha-CBDA synthase genes. Accordingly, the pAO815
recombinant plasmids used as vectors were first digested
with Bam HI restriction enzyme following NEB’s single
digest protocol. Concurrently, the second batch of pAO815
recombinant plasmids were digested with Bgl Il and Bam HI
restriction enzymes.

[0125] The first and second digestion mixtures were puri-
fied using a 0.8% agarose gel followed by extraction of the
purified linearized vector and alpha-THCA synthase or
alpha-CBDA synthase gene sequences from the gel. Each
gene sequence was then ligated with the linearized vector
following NEB’s T4 DNA ligase protocol and the vectors
containing the gene were used to transform E. coli Top10 F~
cells by electroporation. The transformed cells were incu-
bated at 37° C. overnight and then screened for the correct
gene insert. The above protocol is repeated several times to
obtain a multi-copy insert plasmid. After confirming the
sequence identity of the gene insert, the multi-copy plasmid
was linearized at the His4 sequence region by restriction
enzyme digestion and used to transform competent Pichia
pastoris strain G115 (his4, Mut+) cells. The transformed
cells were grown on His™ plates for screening. Screening
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was done on His™ plates to confirm integration of the
plasmid at the His site of the Pickia Pastoris genome.
Positive colonies were chosen for methanol induction of
protein, and the activity of the secreted protein was assayed
using protocols described above.

Chemical Synthesis

A. Synthesis of Geraniol
(3,7-Dimethylocta-2,6-dien-1-ol)

[0127] Geraniol was obtained by distillation of palmarosa
oil. Palmarosa oil (New Directions Aromatics) was distilled
under reduced pressure and the fractions that distil between
139-145° C. and under a reduced pressure of 25 mm Hg
were pooled to obtain pure geraniol.

[0126]

B. Synthesis of Olivetol
[0128]

HO

[0129] Olivetol was synthesized using a published proce-
dure (Focella, A, et al., J. Org. Chem., Vol. 42, No. 21,
(1977), p. 3456-3457).

1. Methyl 6-N-Pentyl-2-hydroxy-4-oxo-cyclohex-2-
ene-1-carboxylate

[0130]
COOCH;
OH
(6]
[0131] To a stirring solution of sodium methoxide (32.4 g,

0.60 mol) and dimethyl malonate (90 g, 0.68 mol) in 230 mL.
of anhydrous methanol was added portion wise 75 g (0.48
mol) of 90% 3-nonen-2-one. The reaction mixture was then
refluxed for 3 h under N, and allowed to cool to room
temperature. The solvent was distilled under reduced pres-
sure and the residue dissolved in 350 mL of water. The slurry
of white crystals and the almost clear solution was extracted
thrice with 80 mL of chloroform. The aqueous layer was
acidified to pH 4 with concentrated HCI and the white
precipitate that formed was allowed to stand overnight prior
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to filtration. The crystals were dried at 50° C. under high
vacuum for 5 hours to yield 106.5 g (0.4416 mol) (92%) of
methyl 6-n-Pentyl-2-hydroxy-4-oxo-cyclohex-2-ene-1-car-
boxylate (mp 96-98 C). The product was recrystallized using
a mixture of petroleum ether:ethyl acetate (9:1), and gave 94
g of pure methyl 6-n-Pentyl-2-hydroxy-4-oxo-cyclohex-2-
ene-1-carboxylate (melting point of 98-100 C).

2. 1-N-Pentyl-3, 5-dihydroxybenzene (Olivetol)
[0132]

HO

OH

[0133] To a stirring ice-cooled solution of methyl 6-N-
pentyl-2-hydroxy-4-oxo-cyclohex-2-ene-1-carboxylate
(58.4 g, 0.24 mol) dissolved in 115 mL dimethylformamide
was added dropwise 37.9 g (0.23 mol) of bromine dissolved
in 60 mL of dimethylformamide. At the end of the addition
(ca. 90 min) the reaction mixture was slowly heated to 80°
C. during which time the evolution of carbon dioxide
became quite vigorous.

[0134] The reaction was maintained at this temperature
until gas evolution had ceased following which the reaction
was further heated to 160° C. and held at this temperature for
approximately 10 hours. After heating, the reaction was
allowed to cool and the solvent DMF was removed under
reduced pressure. The residue thus obtained was treated with
water (80 mL) and extracted twice with 250 mL of ether. The
combined ether layers were washed with water, then washed
with 2x80 mL of a 10% solution of sodium bisulfate, 2x80
ml of a 10% solution of acetic acid, and then again with
water.

[0135] After drying over anhydrous sodium sulfate the
solvent was removed under reduced pressure to give 46.8 g
of'a viscous oil. The oil was distilled under reduced pressure
to give 30.3 g (0.168 mol) (69.3%) of olivetol as product.
HPLC analysis indicated 97.5% purity.

C. Synthesis of CBG

[0136] CBG was synthesized following the protocol dis-
closed by Taura et al., (1996), The Journal of Biological
Chemistry, Vol. 271, No. 21, p. 17411-17416.

1. Synthesis of 2-[(2E)-3,7-dimethylocta-2,6-di-

enyl]-5-pentyl-benzene-1,3-diol (Cannabigerol
(CBG))

[0137]

OH

OH
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[0138] Geraniol (3 g, 0.0194 mol) and olivetol (2 g, 0.0111
mol) were dissolved in 400 mL of chloroform containing 80
mg of p-toluenesulfonic acid as catalyst and the reaction
mixture was stirred at room temperature for 12 h in the dark.
After 12 hours, the reaction mixture was washed with
saturated sodium bicarbonate (400 mL) and then with H,O
(400 mL). The chloroform layer was concentrated at 40 C
under reduced pressure, and the residue obtained was chro-
matographed on a 2.0 cmx25 cm silica gel column using
benzene (1000 mL) as the eluent to give 1.4 g (0.00442
mol)(39.9%) CBG as product.

[0139] Alternatively crude CBG was purified as follows.
To a250 mL beaker was added 7.25 g crude CBG and 50 mL
benzene. The flask was swirled to dissolve the CBG and 50
g silica gel was added, along with a stir bar. The solution was
stirred overnight, and then poured into a 44 cmx2.75 cm
column. The column was eluted with 300 mL benzene. The
eluent, approximately 70 ml fractions were assayed for
CBG. Fractions 1, 2, and 3 (~230 mL) that contained CBG
were combined and the solvent removed under pressure to
give 6.464 g residue containing >80% CBG, having a purity
suitable for use in the next synthetic step.

[0140] In one embodiment, crude CBG was purified by
mixing 7.25 g crude CBG residue with a slurry of silica gel
(50 mL), in a 250 ml Beaker. This mixture was slowly
agitated for 1 hour and then vacuum filtered using a fine
mesh filter paper. The filter cake was washed with 250 ml
benzene until a clear filtrate was obtained. The solvent from
the filtrate was removed under reduced pressure to give
6.567 g of a residue having >80% CBG.

2. Synthesis of CBG-Acid (CBGA)

A. Synthesis of Methylmagnesium Carbonate
(MMC)

[0141] Methylmagnesium Carbonate (MMC) was synthe-
sized following the protocol disclosed by Balasubrahman-
yam et al., (1973), Organic Synthesis, Collective Volume V,
John Wiley & Sons, Inc., p. 439-444.

[0142] A dry 2 liter, three necked flask was fitted with a
mechanical stirrer, a condenser, and a 1 litre, pressure-
equalizing addition funnel, the top of which was fitted with
a gas inlet tube. A clean, dry magnesium ribbon (40.0 g, 1.65
mol) was placed in the flask and the system was flushed with
nitrogen prior to the addition of anhydrous methanol (600
ml). The evolution of hydrogen gas was controlled by
cooling the reaction mixture externally. When hydrogen
evolution had ceased, a slow stream of nitrogen was passed
through the system and the condenser was replaced by a total
condensation-partial take-off distillation head. The nitrogen
flow was stopped and the bulk of the methanol distilled from
the solution under reduced pressure. Distillation was
stopped when stirring of the pasty suspension of magnesium
methoxide was no longer practical. The system was again
flushed using nitrogen and the outlet from the distillation
head was attached to a small trap containing mineral oil so
that the volume of gas escaping from the reaction system
could be estimated.

[0143] Anhydrous dimethylformamide (DMF)(700 mlL.)
was added to the reaction flask, and the resulting suspension
was stirred vigorously while a stream of anhydrous carbon
dioxide was passed into the reaction vessel through the gas
inlet tube attached to the addition funnel. The dissolution of
carbon dioxide was accompanied by an exothermic reaction
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with the suspended magnesium methoxide. When no more
CO, is absorbed, the colorless solution was heated under a
slow stream of CO, gas until the temperature of the liquid
distilling reached 140° C., indicating that residual methanol
had been removed from the reaction mixture. The reaction
mixture was flushed using a slow stream of nitrogen to aid
in cooling the mixture to room temperature under an inert
atmosphere. This yielded a solution having 536 mg MMC/
mL of DMF.®

B. Formation of CBG-A

[0144] 6-carboxylic  acid-2-[(2E)-3,7-dimethylocta-2,6-
dienyl]-5-pentyl-benzene-1,3-diol, Cannabigerolic Acid
(CBGA) was prepared as follows. To a 10 mL conical flask
was added 1 mL of a DMF solution of MMC. To this
solution was added 2-[(2E)-3,7-dimethylocta-2,6-dienyl]-5-
pentyl-benzene-1,3-diol (120 mg, 0.379 mmol). The flask
was heated at 120° C. for 1 hour, following which the
reaction mixture was dissolved in 100 mL of chloroform:
methanol (2:1) solution. The pH of this solution was
adjusted with dilute HCI to pH 2.0, and then partitioned
using 50 mL H,O.

[0145] The organic layer was dried over sodium sulfate
and the solvent was removed by evaporation. HPLC analysis
of the crude reaction showed ~40% conversion of CBG to
CBG-A

[0146] Alternatively, 3.16 g (10 mmols) of CBG (or any
other neutral cannabinoid), 8.63 g (100 mmols) magnesium
methylate and 44 g (1 mol) of dry ice were sealed in a
pressure compatible vessel. The vessel is heated to 50° C.,
and the temperature held at this value for three hours.
Following heating, the vessel is cooled to room temperature
and slowly vented. The reaction mixture was dissolved in
100 mL of a chloroform:methanol (2:1) solvent. The pH of
this solution was adjusted with dilute HCl to pH 2.0 and this
solution was then partitioned using 50 mL of H,O. The
organic layer was dried over sodium sulfate and the solvent
was removed by evaporation. HPLC analysis of crude
reaction mixture shows ~85% conversion of CBG to CBG-A
using this protocol.

[0147] Crude CBG-A was purified by chromatography
using a 2.0 cmx25 cm silica gel column. The product was
eluted using a mixture of n-hexane:ethyl acetate (2:1) (1000
mL), to obtain 45 mg (0.125 mmol)(37.5%) of the desired
product.

[0148] Alternatively, ultra high purity CBGA was
obtained by chromatographing the crude using [LH-20 lipo-
philic resin as the medium. 400 g of LH-20 Sephadex resin
was first swollen using 2 L of DCM:chloroform (4:1)
solvent. The swollen resin was gravity packed in a 44x2.75
cm column. The column was loaded with 2.1 g of crude
CBGA dissolved in a minimum amount of DCM:chloroform
(4:1) solvent and eluted with 1.7 L of the same solvent. 100
mL fractions were collected. The unreacted CBG was eluted
as a yellow/orange solution using this solvent system. After
the passage of about 1.7 L of this solvent, no more yellow/
orange fraction were observed and the eluting solvent was
changed to 100% acetone to elute the bound CBGA.

[0149] The fractions containing CBGA were pooled and
the solvent was removed to obtain 0.52 g CBGA (~90%
recovery). Increasing the volume of DCM:chloroform (4:1)
solvent passed through the column prior to eluting with
acetone, yielded CBGA having purity greater than 99.5%.
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Synthesis of CBGV

[0150] CBGYV was synthesized as follows.

A. Methyl 6-N-Propyl-2-hydroxy-4-oxo-cyclohex-
2-ene-1-carboxylate

[0151]
COOCH;
OH
(6]
[0152] Briefly, 3-hepten-2-one (30.1 g, 0.25 mol) was

added dropwise to a dry methanolic (125 mL dry MeOH),
solution of diethyl malonate (52.016 g, 0.323 mol) and
sodium methoxide (16.206 g, 0.3 mol). The crude product
weighed 46.315 g upon drying at 45° C. overnight in a
vacuum oven. The crude product was dissolved in petroleum
ether (300 mL). After stirring, any undissolved material was
filtered from the solution prior to the addition of ethyl
acetate (30 mL), to precipitate CBGV. The precipitate was
filtered and dried overnight at 44° C. in a vacuum oven. A
total 0f 33.569 g (0.157 mol) (52.3%) of the desired product
was recovered.

B. 1-N-Propyl-3, 5-dihydroxybenzene
[0153]

HO

OH

[0154] A procedure similar to the one described above for
the synthesis of olivetol was used to manufacture the titled
compound, except that methyl 6-N-propyl-2-hydroxy-4-
oxo-cyclohex-2-ene-1-carboxylate was used as the starting
material. Briefly, to a stirring ice cold DMF solution of
methyl 6-N-propyl-2-hydroxy-4-oxo-cyclohex-2-ene-1-car-
boxylate was added a DMF solution of bromine. Following
the addition of bromine the reaction mixture was heated to
80° C. Heating was accompanied by the generation and
release of carbon dioxide gas. After gas evolution has
ceased, the temperature of the reaction was increased to 160°
C. and heating was continued for 10 hours. The reaction was
then cooled and DMF was removed under reduced pressure.
The crude mixture was diluted with water and subjected to
solvent extraction using diethyl ether. The titled compound
was obtained by removing the ether and distilling the oil that
remains.

C. 2-[(2E)-3,7-dimethylocta-2,6-dienyl]-5-propyl-
benzene-1,3-diol, (CBGV)

[0155] The synthesis of CBGV proceeded by adding
p-toluenesulfonic acid to a chloroform solution of geraniol

15
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and 1-N-Propyl-3,5-dihydroxybenzene. After stirring the
reaction at room temperature in the dark for 12 hours, water
was added to partition the crude product into the chloroform
layer. The chloroform layer was then washed with saturated
sodium bicarbonate, dried and the organic solvent removed
prior to purification as described above for the synthesis of
CBG.

D. 6-carboxylic acid-2-[(2E)-3,7-dimethylocta-2,6-
dienyl]-5-propyl-benzene-1,3-diol (CBGVA)

[0156] 6-carboxylic  acid-2-[(2E)-3,7-dimethylocta-2,6-
dienyl]-5-propyl-benzene-1,3-diol, cannabigerolic Acid
(CBGVA) was prepared as follows. Methyl magnesium
carbonate (MMC) was prepared as described above. To a
DMF solution of MMC in a flask was added 2-[(2E)-3,7-
dimethylocta-2,6-dienyl]-5-propyyl-benzene-1,3-diol. The
flask was heated at 120° C. for 1 hour, following which the
reaction mixture was dissolved in a 2:1 mixture of chloro-
form:methanol. The pH of this solution was adjusted with
dilute HCl to pH 2.0, and the reaction mixture was extracted
using H,O.

[0157] The organic layer was dried over sodium sulfate
and the solvent was removed by evaporation to afford the
titled compound CBGVA as the crude product.

Large Scale Enzymatic Production of Cannabinoids

[0158] 100 ml of a 10 mM sodium phosphate buffer (pH
5.0) were placed in a glass reaction vessel equipped with
oxygen gas sparger and a stirrer. To this solution 35 g/l of
either 2-hydroxypropyl-f-cyclodextrin (HPRCD; Klep-
tose® HPB), a sulfobutylether f-cyclodextrin sodium salt
(SBEBCD; Captisol®), or a randomly methylated p-cyclo-
dextrin (RMBCD) were added. The CD was added in small
5 g portions to ensure full dissolution.

[0159] 2.5 g of a cannabinoid synthase substrate, for
example, CBGA or CBGV-A or a Formula I, 1I or V
compound, were added to the buffered cyclodextrin solution.
The molar ratio of CD to substrate was about 4:1. 60 mg of
purified synthase were added to the solution and the reaction
mixture was incubated at 30° C. for 8 hours. Progress of the
reaction was periodically monitored by HPLC, and using an
enzymatic assay to detect and quantify the evolution of
hydrogen peroxide.

[0160] After 8 hours, greater than 90% of a CBGA sub-
strate was converted to THCA and CBCA. The ratio of
THCA to CBCA was approximately 10:1 at an acidic pH of
5.0. The ratio of the CBC isomers was 5:1.

[0161] The aqueous solution was diluted 10:1 with 95%
EtOH. This causes cyclodextrin to precipitate out leaving the
cannabinoids in solution. The cyclodextrin was vacuum
filtered, washed with 1 L of 90% EtOH, and dried to permit
its reuse in a future reaction. Concentration of the ethanolic
solution containing the cannabinoids followed suspension of
the residue in DCM:chlorofrom (4:1) solvent yields ~25 g
crude orange-yellow residue.

Large Scale Purification of Cannabinoids

[0162] Purification of cannabinoids synthesized using a
method of this technology was accomplished chromato-
graphically using LH-20 lipophilic resin. Briefly, 4000 g of
the resin was swollen using 20 L. of DCM:chloroform (4:1).
The swollen resin was gravity packed in a 44x27.5 cm
column. The volume of the swollen resin is 1350 mL. The
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column was loaded with 25 g crude residue dissolved in a
minimum amount of the solvent and then washed with 4 L
DCM:chloroform (4:1) solvent to elute CBG. No cannabi-
noid acids were eluted from the column during this elution.
[0163] Gradient elution with a 1:1 to 0:1 DCM:acetone
solvent was used to elute the cannabinoid acids. Each step
of the gradient used one column volume (4 L) of solvent.
CBCA eluted first, followed by CBGA, and then THCA. The
purity of each cannabinoid was >99.5%.
[0164] The pure cannabinoids can further be processed to
their neutral or “active” form by heating the acid forms at
90° C. under vacuum. Decarboxylation was quantitative to
give the neutral cannabinoid. If necessary, recrystallization
can be performed to obtain pharmaceutical grade cannabi-
noids.

1. A method of producing a compound of Formula II,
comprising:

reacting a compound according to Formula III with a

compound according to Formula IV in the presence of
a geranyl transferase enzyme:

R
Ry
4
R:O R,
I
O
R. (0] O—P—OH ——MmM
> NN P/ geranyl
// \ OH transferase
O OH
v
R
R,
Rs
R;0 R,

I

to produce the compound of Formula II;
wherein

R is OH;

R, is —COOH;
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R, is selected from the group consisting of linear or
branched CH;, C,Hs, C;H,, C,Hy, C;H, 5, C;H 5 and

CsH, 73
R, is H;
Rsis
Rs
N

wherein Ry is CH,; and
wherein the geranyl transferase enzyme is a GPP olivetolate
geranyltransferase.

2. The method of claim 1, wherein R, is selected from the
group consisting of linear CH,;, C,H,, C;H,, C,H,, C;H; 5,
C H,; and C.H, ..

3. The method of claim 2, wherein R, is a linear C ;H,
group.

4. The method of claim 1, further comprising contacting
the compound of Formula II with a cannabinoid synthase to
obtain a cannabinoid or cannabinoid analog; and

wherein the cannabinoid synthase is selected from the

group consisting of a cannabidiolic acid (CBDA) syn-
thase and a tetrahydrocannabinolic acid (THCA) syn-
thase.

5. The method of claim 4, wherein the cannabinoid
synthase is CBDA synthase.

6. The method of claim 4, further comprising isolating the
cannabinoid or cannabinoid analog.

7. The method of claim 4, further comprising decarboxy-
lating the cannabinoid or cannabinoid analog.

8. The method of claim 4, wherein the cannabinoid or
cannabinoid analog is a single enantiomer.

9. The method of claim 4, wherein the enantiomeric purity
of the compound of Formula 1II is at least 95%.

10. The method of claim 9, wherein the enantiomeric
purity of the cannabinoid or cannabinoid analog is at least
99%.



