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BIOSYNTHESIS OF CANNABINGIDS AND CANNABINOID PRECURSORS
CROSS-REFERENCE TO RELATED APPLICATIONS
(1 This application claims the benefitunder 35 U S.C. § 119(e) of U.S. Provisional
Application No.  63/334 307 filed Apnl 25 2022 entitled “BIOSYNTHESIS OF
CANNABINGIDS AND CANNABINOID PRECURSORS,” the eotire disclosure of which is

hereby incorporated by reference in its entirety.

REFERENCE TO AN ELECTRONIC SEQUENCE LISTING
{21 The contents of the clectronic sequence histing (GO91970087WO00-SE(-
FL xml; Stze: 259809 bytes; and Date of Creation: April 14, 2023) is herein tocorporated by

reference in its entirety.

FIELD OF INVENTION
{31 The present disclosure relates to the biosynthesis of cannabinoids and

cannabinoid precursors, such as in recombinant cells.

BACKGROUND
[41 Cannabinoids are chemical compounds that may act as ligands for
endocannabinoid  receptors and have multiple medical applications.  Traditionally,

cannabinoids have been isolated from plants of the genus Carnmadis. The use of plants for
producing cannabinoids is inethicient, however, with 1solated products often hmiuted to the two
most prevalent endogenous cannabinoids, THC and CBD, as other cannabinoids are typically
produced in very low concentrations in Cannabis plants. Further, the cultivation of Cannabis
plants is restricted in many jurisdictions. In addition, to obtain consistent results, Cawmrncebis
plants are often grown in a controlied environment, such as indoor grow rooms without
windows, to provide flexibility in modulating growing conditions such as lighting, temperature,
humidity, airflow, etc. Growing Canmnabis plants in such controlled environments can result in
high energy usage per gramn of cannabinoid produced, especially for rare cannabinoids that the
plants produce only in small amounts. For example, lighting in such grow rooms is provided
by artificial sources, such as high-powered sodium lights. As many species of Cawrahis have
a vegetative cycle that requires 18 or more hours of light per day, powering such lights can
result in significant energy expenditures. It has been estimated that between 0.88-1 34 kWh of

energy is required to produce one gram of THC in dried Cammabis flower form (e.g., before
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any extraction or purification). Additionally, concern has been raised over agricultural practices
in certain jurisdictions, such as Califormia, where the growing season coincides with the dry
season such that the water usage may impact connected surface water in streams (Dillis,
Christopher, Connor Mcelntee, Van Butsic, Lance Le, Kason Grady, and Theodore Grantham.
"Water storage and irrigation practices for cannabis drive seasonal patterns of water extraction
and use in Northern California.” Journal of Environmental Management 272 (2020} 110955).
See, also, Summers, HM,, Sproul, E. & Quinn, J.C. The greenhouse gas emissions of wndoor
cannabis production in the United States. Nat Sustain 4, 6440650 (2021).; and Zheng, 7,
Fiddes, K. & Yang, L. A narrative review on environmental irapacts of cannabis cultivation. §
Cannabis Res 3, 35 (2021},

{51 Cannabinoids can be produced through chemical synthesis {see, e.g, US.
Patent No. 7,323,576 to Souza et al}. However, such methods suffer from low yields and high
cost. Production of cannabinoids, cannabinoid analogs, and cannabinoid precursors using
engineered organisms may provide an advantageous approach to meet the increasing demand

for these compounds.

SUMMARY
[61 Aspects of the present disclosure provide methods for production of
cannabioords and cannabwnoid precursors from fatty acid substrates using genetically modified
host cells. In some embodiments, the host cell comprises a heterclogous polynucleotide
encoding a polyketide synthase (PKS), wherein the host cell is capable of producing more
divarinol in the presence of butyrate than a host cell that expresses a heterologous

polynuclectide enceding a control PKS that comprises the sequence of SEQ 1D NO: 1

{71 in some embodiments, the PKS comprises: an amine acid substitution at a
residue corresponding to position 3, 4, 7, 11, 21, 24, 38, 44, 62, 66, 69, 72, 76, 77, 73, 79, 101,
103, 104, 124, 136, 137, 144, 150, 166, 225, 237, 262, 301, 319, and/or 385 in SEQ D NO: 1;
and a contiguous stretch of residues with amino acids unmutated relative to SEQ ID NO: 1 at
positions corresponding to: positions 12-20 in SEQ ID NO: 1; positions 26-37 in SEQ 1D Nk
1; positions 39-43 in SEQ [D NO: 1; positions 45-50 in SEQ ID NG 1; positions 52-61 in SEQ
1D NG 1, positions 83-91 in SEQ 1D NO: 1; posttions 93-100 in SEQ I NO: 1, positions
105-122 1n SEQ ID NG: |; positions 129-135 in SEQ ID NG |; positions 145-149 in SEQ ID
NGO 1 positions 151-165 1o SEQ 1D NO: 1 positions 167-189 in SEQ ID NO: 1; positions

A
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191-224 1n SEQ ID NG 1, positions 226-236 in SEQ ID NG 1 positions 238-246 in SEQ ID
NGO 1 positions 248-261 in SEQ ID NO: 1; positions 268-277 in SEQ ID NG: 1; positions
279-295 w SEQ D NO: T, positions 302-311 1n SEQ 1D NG 1, positions 320-327 1n SEQ 1D
NO: 1; positions 336-374 in SEQ ID NO: 1; and/or posttions 376-383 in SEQ ID NGO 1.

(81 Aspects of the present disclosure provide host cells comprising a heterclogous
polvnucieotide encoding a polyketide synthase (PKS), wherein the PKS coroprises an amioo
acid substitution at a residue corresponding to position 3, 4, 7, 11, 21, 24, 38, 44, 62, 06, 69,
72,76, 77,78, 79, 101, 103, 104, 124, 136, 137, 144, 150, 166, 225, 237, 262, 301, 319, and/or
38510 SEQ ID NO: 1, and wherein the PKS does not comprise any of SEQ ID NQOs: 91-94,

191 In some embodiments, the PKS comprsises one of more of the following
substitutions relative to SEQ ID NO: 1: H3R or H3A; L4Q; E7P; STIT; E21P; L241; K38N,
(440, N6ZH, Noo6T, He9i, Q72E; L76M; V77C, E78T, H79Y: DICIE; C103A; A104E,
S124T; HI36Q; C137L; S144P; VI50T: 1166L; V225A; G237A; HI62S; K301P; V3IOR,
V319K, or V319A; and/or Y3858, Y38S5T, or Y3835N.

[10] In some embodiments, the PKS further comprises an amino acid substitution at
a residue corresponding to position 25, 51, 63, 64, 75, 81, 82,92, 123, 125, 128 190, 247, 267,

278,296, 312, 315, 316, 328, 334, 335, 375, and/or 384 in SEQ ID NO: 1.

[11}] in some embodiments, the PKS comprises one or more of the following amino
acid substitutions relative to SEQ D NG 10 L25C, L23E, L25F, L25G, L28H, L25K,
L25M, L25N, L25P, L2530, L25R, L2558, L25T, L25V, L25W, or L23Y; K5IR, C63M,
Co3T, or C63F; Fo4Y, R75N, R755, or R7SG; MRID, (Q82P; VOI2K or VO2A, TIi23C or
Ti238; AI258; T128V, L190C; T247A; M267G; 1278K or I278E; T296A; H31ZN or
H312G; S315K or S315P; D316E; H32B8Y; 8334P; T335C, R37SS or R375T, and/or
K384N.

(121 in some embodiments, the PKS does not comprise the amino acid | at the residue

corresponding to position 25 in SEQ ID NO: 1

[13] in some embodiments, the PKS comprises the amino acid glutamate (B}, glvcine

{53, histidine (Hj, lysine (K}, leucine (L), methionine (M), asparagine (N}, proline (P},
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glutamine (), arginine (R}, serine (S}, threcunine (T}, valine (V), tryptophan (W), or a tyrosine

(Y) at the residue corresponding to position 25 in SEQ ID NO: L

141 In some embodiments, the PKS comprises: the amino acid cysteine (C) at a
residue corresponding to position 157 in SEQ ID NO: 1, the amino acid phenylalanine (F) at
a residue corresponding to position 208 in SEQ 1D NO: 1, the amino acid histidine (H) at a
residue correspouding to position 297 1n SEQ ID NG: 1, and/or the amino acid asparagine (N}

at a residue corresponding o position 330 in SEQ ID NG 1.

[157 in some embodiments, the PKS comprises the following amino acid
substitutions relative to SEQ ID NO: 1: R75N, DIOIE, V319R, H328Y, and T335C; Co3M,
H69Y, R75G, V77C, M267G, H312G, V319K, T335C, R37ST, and Y385K, C63M, F64Y,
S1247T, H328Y, and T335C; KSIR, HoSL R73N, V77C, DIOIE, CI03A, Ti28V, K301P,
H312G, and T335C, 63T, Q82ZP, DIOTE, CI03A, and T1238; L2SL KSIR, R75N, V77C,
DI10IE, CI03A, TI28Y, K301P, H312G, and T335C; KSIR, R75N, V77C, DIOIE, C103A,
TIZ28Y, K301P, H312G, D316, and T335C, R75N, V77C, H79Y, DI101E, C103A, T128Y,
K301P, H312G, D316E, and T335C; KSIR, No6oT, R758, DIOLE, TI123C, T296A, 8315P,
H328Y, T335C, and R37ST, KSIR, R73N, V77C, H79Y, DIOIE, CI103A, K301P, H312G,
D316E, and T335C; H3R, STIT, K38N, Q44D, K51IR, H6%L, Q72E, R75N, L76M, YV77C
E78T, H7oY, M8I1D, VOZK, DIOIE, CI103A AIO4E Ti128V, CI37L, S144F, VIA0T, V2ISA,
H2628, 1278K, H312G, 83159, D316E, 8334P, and K384N; KS51IR, R7SN, V77C, H79Y,
DI10IE, CIO3A, T128V, K301P, H312G, and D316E; L251 K31R, R7SN, V77C, HT9Y,
DI0IE, C103A, K301P, H312G, and T335C: L4Q, E21P, N62H, H312N, and H328Y,; 1251,
Ho9E R73N, V77C, H79Y, DI10IE, CI03A, T128V, K301P, and H312G; H3A, L25Y, CO3M,
R75N, HI36Q, M267G, H328Y, T335C, R3757T, and Y385T, KSIR, H69L R75N, V77C,
H79Y, DIOIE, C103A, K301P, H312G, and T335C; DI01E, T123C, H136Q, H312G, and

335C; H3R, B7P, S11IT, K38N, 44D, KSIR, H69L, Q72E, R75N, L76M, V77C, E78T,
H79Y, MB1D, VO2A, DI0IE, CI103A, AIO4E, TI128Y, CI37L, 8144P, VIs0T, V225A,
12628, 12780, H312G, S315P, D316E, S334P, and K384N; KSIR, R7SN, V77C, H79Y,
DI10TE, CI03A, TI28Y, H312G, D316E, and T335C, H3A, L4Q, C63F, R75N, DIOIE,
Cl03A, C137L, G237A, T247A, and Y385N; L4(), L2415 (44D, K51R, C63F, R758, V77C,
C103A, [166L, and V319A, 140, R7S5S, V3I19R, T335C, and R3758, R73S, V77C, 81247,
T335C, and R375T; or H3A, R758, DI01E, §315K, and T335C.
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[16] In some embodiments, the PKS comprises a sequence that 15 at least 90%
identical to a sequence selected from SEQ ID NOs: 2-28. In some embodiments, the PKS
comprises a sequence selected from SE(Q 1D NOs: 2-28, or a conservatively substituted version

thereof.

(171 In some embodiments, the heterclogous polynucleotide comprises a sequence
that 1s at least 90% identical to a sequence selected from SEQ 1D NQOs: 30-56. In some
embaodiments, the heterologous polynucleotide comprises a sequence selected from SEQ D

NOs: 30-56,

[18] in some embodiments, the PKS comprises the following amino acid
substitutions relative to SEQ ID NOG: 1 KSR, R75N, V77C, H79Y, DI01IE, C103A, K301P,
H312G, and T335C.

(191 In some embodiments, the PKS comprises an amino acid substitution relative
to SEQ D NG 1 selected from the group consisting oft L25E; L25G, L25K;, L2SM,; L25N;
L25P; L2353 L258; L25V: and L25Y

[207 in some embodiments, the PKS comprises the following amino acid
substitutions relative to SEQ ID NO: 1. K51R, R7SN, V77C, DI10IE, C103A, T128V, K301P,
H312G, and T335C.

211 In some embodiments, the PKS comprises an amino acid substitution relative
to SEGQ ID NO: | selected from the group consisting oft L25E; L25H; L23K; L2SM; L25N;
L25P; L2SR, 25T, L25W, and L23Y.

(221 In some embodiments, the PKS comprises a sequence that 15 at least 90%
identical to a sequence selected from SEQ D NQOs: 104-130. In some embodiments, the PKS

comprises a sequence selected from SEQ 1D NOs: 104-130.

23] fn some embediments, the heterologous polynucleotide encoding the PKS
comprises a sequence that is at least 90% identical to a sequence selected from SEQ ID NOs:
131-157. In some embodiments, the heterologous polynucleotide encoding the PKS comprises

a sequence selected from SEQ 1D NOs: 131-157.



WO 2023/212519 PCT/US2023/066115

{241 in some embodiments, the heterologous polynucleotide is integrated into the

genome of the host cell.

[25] In some embodiments, the host cell is a plant cell, an algal cell, a yeast cell, a
bacterial cell, or an animal cell. In some embodiments, the host cell is a yeast cell. In some
embodiments, the yeast cell 1s a Saccharomyces cell, a Yarrowia cell, a Komagataella cell, or
a Pichia cell. To some embodiments, the Saccharomyces cell 1 a Saccharomyces cerevisiae
cell. In some embodiments, the yeast cell is a Yarrowia cell. In some embodiments, the host

cell is a bacterial cell. Tn some embodiments, the bacterial cell 18 an £ colfi cell.

(261 in some embodiments, the PKS is an olivetol synthase {(OLS) or a divarinol
synthase.
271 in some embodiments, the host cell further comprises one or more heterclogous

palynucleotides encoding one or more of! an acyl activating enzyme {AAE), a polyketide

cyclase (PKC), a prenyliransferase (PT) and/or a terminal synthase (TS).

28] In some embodiments, the PKC s an olivetolic acid cyclase (QAL) or divaric

acid cyclase.

[291 in some embodiments, the PKC comprises a sequence that is at least 90%

identical to SEQ ID NO: 61.
[30] In some embodiments, the PKC comprises SEQ ID NO: 61,

311 In some embodiments, the host cell s capable of producing divaric acid 1n the

presence of butvrate,

32 {n some embodiments, the host cell is capable of producing divarinol in the
E fand

presence of butyrate.

[33] In some embodiments, the host cell is capable of producing atleast 1.5, 2, 3, 4,
5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, or 17-fold more divaric acid in the presence of butyrate
than a host cell that expresses a heterologous polynuclectide encoding a control PKS that
comprises the sequence of SEQ ID NO: 1. In some embodiments, the host cell is capable of
producing at least 500 pg/L divaric acid. In some embodiments, the host cell is capable of

producing at least 700 pg/L divaric acid.
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(341 in some embodiments, the host cell is capable of producing atleast 1.5, 2, 3, 4,
5,6, 7, 8, or 9-fold more divarinol in the presence of butyrate than a host cell that expresses a
heterologous polynucleotide encoding a control PKS that comprises the sequence of SE(Q 1D
NO: 1. In some embodiments, the host cell is capable of producing at least 25000 ug/L
divarinol. In some embodiments, the host cell 15 capable of producing at least 30,000 ug/L
divarinol. In some embodiments, the host cell is capable of producing at least 33,000 pg/LL

divarinol.

{35} In some embodiments, the host cell 15 capable of producing a varinohc
cannabinoid. In some embodiments, the varinolic cannabinoid is CBGV, CBGVA, THUVA,

CBDVA and/or CBCVAL

[36] In some embodiments, the host cell 1s capable of producing atleast 1.5, 2 3, 4,

5,6, 7, 8§ or 9-fold more of the varinolic cannabinoid than a host cell that expresses a
heterologous polynuclectide encoding a control PKS that comprises the sequence of SEQ ID

NG 1

{371 In some embodiments, the AAE comprises a sequence that s at least 90%

identical to SEG ID NO: 86.
[38] In some embodiments, the AAE comprises SEQ 1D NO: &6,

[39] In some embodiments, the heterologous polynuciectide encoding the AAE

comprises a sequence that is at least 90% identical to SEQ ID NG: 87

{401 In some embodiments, the heterologous polynucleotide encoding the AAE

comprises SEQ D NG: &7,

411 In some embodiments, the PT comprises a sequence that is at feast 90% 1dentical

to any one of SEQ D NGs: 74, 76, 78, 80, 102, or 138,

[42] in some embodiments, the PT comprises the sequence of any one of SEQ 1D

NOs: 74, 76. 78, 80, 102, or 158.

(431 In some embodiments, the TS comprises a sequence that is at least 90% dentical

to SEQ ID NO- 84, 88, 95, 98, 100, or 161.

-3
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{441 In some embodiments, the TS comprises the sequence of SEQ D NO: 84, B8,
95, 98, 100, or 161,

[45] Further aspects of the present disclosure provide host cells comprising a
heterologous polynucleotide enceding & polyketide synthase (PKS), wherein the PKS
comprises a sequence selected from SEQ 1D NOs: 2-Z8 and 104-130 or a conservatively

substituted version thereof

[46] Further aspects of the present disclosure provide host cells comprising a
heterologous polynuclectide encoding a polyketide synthase (PKS), wherein the heterologous

polynuclectide comprises a sequence selected from SEQ ID NOs: 30-56 and 131-157.

{471 Further aspects of the present disclosure provide methods comprising culturing

any of the host cells of the disclosure.

[4&] Further aspects of the present disclosure provide methods of synthesizing
wheretn the PES comprises an amino acid selected from any one of SEQ ID NOs: 2-28 and

104-130.

[491 Further aspects of the present disclosure provide methods of producing divaric
acid {DA) comprising contacting butyrate and Coenzyme A (CoA) with: an acyl activating
enzyme {AAE), a polyketide synthase (PKS), and a polvketide cyclase (PKC); or an acyl
activating enzyme (AAE) and a PKS, wherein the PKS comprises the sequence of any one of

SEQ ID NQOs: 2-28 and 104-130.

{307 Further aspects of the present disclosure provide methods of producing
divarinol (DL} comprising contacting butyrate with an acyl activating enzyme {AAE} and a
polyketide synthase (PK.S), wherein the PKS comprises the sequence of any one of SEQ ID

NQOs: 2-28 and 104-130.
(511 In some embodiments, the method cccurs in vitro,

(521 In some embodiments, the method occurs within a host cell that expresses a
heterologous polynucleotide encoding a polyketide synthase (PKS) that comprises an amino

acid sequence selected from any one of SEQ 1 NOs: 2-28 and 104-130.
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[531 Further aspecis of the disclosure provide methods of producing a cannabinoid
compound or a cannabinoid precursor comprising culturing a host cell in the presence of
butyrate, wherein the host cell comprises a heterologous polynucleotide encoding a polyketide
synthase (PKS), and wherein the PKS comprises an amino acid sequence selected from any

one of SEQ 1D NQOs: 2-28 and 104-13¢.

[54] In some embodiments, the host cell further comprises one or more heterologous

polynuclectides encoding an acyl activating enzyme (AAE).

[55] in some embodiments, the AAE comprises a sequence that is at least 0%

identical to the sequence of SEQ 1D NO: 86

[561 In some embodiments, the heterologous polynucleotide encoding the AAE

comprises a sequence that 1s at least 90% identical to the sequence of SEQ D NO: &7,

[571 In some embodiments, the heterologous polynucleotide comprises a sequence
that is at least 90% identical to the sequence of any one of SEQ) ID NOs: 30-56 and 131-157.
Tu some erobodiments, the beterologous polyunucleotide comprises the sequence of any one of

SEQ ID NQOs: 30-56 and 131-157.

[58] in some embodiments, the heterologous polynucleotide is integrated into the

genome of the host cell.

[591 In some embodiments, the host cell is a plant cell, an algal cell, a yeast cell, a
bacterial cell, or an animal cell. In some embodiments, the host cell is a yeast cell. In some
embodiments, the yeast cell 15 a Saccharomyces cell, a Yarrowia cell, a Komagataclia cell, or
a Pichia cell. In some embodiments, the Saccharomyces cell is a Saccharomyces cerevisiae
cell. In some embodiments, the yeast cell is a Yarrowia cell. In some embodiments, the host

cell is a bacterial cell. In some embodiments, the bacterial cell is an /v coff cell.

[60] In some embodiments, the AAE is capable of activating a short chain fatty acid
in the presence of Coenzyme A (CoA). In some embodiments, the short chain fatty acid is a
four-carbon fatty acid. In some embodiments, the four-carbon fatty acid is butyrate and the

AAE is capable of catalyzing the production of butyrvi-CoA from butyrate.
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(611 in some embodiments, the host celi further comprises one or more heterologous
polynuclectides encoding one or more of) a polyketide cyclase (PKC), a prenyltransterase (PT)

and/or a terminal synthase (T'S}.

[62] In some embodiments, the PKS 15 an olivetol synthase (OLS} or a divarinol
synthase.

[63] In some embodiments, the PKS is a divarinol synthase.

[64] In some embodiments, the PKS is a bifunctional PKS and is capable of

producing divaric acid.

[65] In some embodiments, the PKC 15 an olivetolic acid cyclase (OAC) or a divaric

acid cyclase.

[661 in some embodiments, the PRC comprises a sequence that is at least 90%

identical to SEQ ID NG: 61,

(671 in some embodiments, the PKC comprises SEQ 1D NGO: 61

[68] in some embodiments, the host cell is capable of producing divaric acid.

[691 in some embodiments, the host cell is capable of producing divarinol.

[701 in some embodiments, the host cell is capable of producing at feast 2,3, 4, 5, 6,

7.8,9, 10, 11, 12,13, 14, 15, 16, or 17 fold more divaric acid in the presence of butyrate than
a host cell that expresses a heterologous polynucleotide encoding a control PKS that comprises
the sequence of SEQ ID NG 1. In some embodiments, the host cell is capable of producing at
feast 300 ug/L. divaric acid. In some embodiments, the host cell is capable of producing at least

700 pg/L divaric acid.

(711 in some embodiments, the host cell is capable of producing atleast 2, 3, 4, 5, 6,
7. 8, or 9 fold more divaninol 1n the presence of butyrate than a host cell that expresses a
heterologous polynucleotide encoding a control PKS that comprises the sequence of SEQ ID
NG: 1. In some embodiments, the host cell is capable of producing at feast 25,000 ug/L

divarinol. In some embodiments, the host cell is capable of producing at least 30,000 ng/L

i0
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divarinol. In some embodiments, the host cell is capable of producing at least 33,000 pug/L

divarinol,

{721 In some embodiments, the host cell 1s capable of producing a varinolic
cannabinoid. In some embodiments, the vannolic cannabinoid is CBGY, CBGVA, THCVA

and/or CBCVA.

73] In some embodiments, the host cell is capable of producing atleast 1.5, 2, 3, 4,
5, 6, 7, & or 9-fold more of the vannolic cannabinoid than a host cell that expresses a
heterologous polynuclectide encoding a control PKS that comprises the sequence of SEQ ID

NGO: 1.

[74] In some embodiments, the PT comprises a sequence that 1s at least 90% wdentical
to any one of SEQ ID NOs: 74, 76, 78, 80, 102, or 158, In some embodiments, the PT

comprises the sequence of any one of SEQ ID NOs: 74, 76, 78, 80, 102, or 158

[75] In some embodiments, the TS comprises a sequence that is atleast 90% identical
to SEQ ID NGO: B4, B8, 95, 98, 100, or 161, Iv some embodiments, the TS comprises the
sequence of SEQ D NO: 84, 88, 95, 98, 100, or 161,

[76] Further aspects of the present disclosure provide non-naturally occurring
polynuclectides encoding a polyketide synthase (PKS), wherein the polynuclectide comprises
a sequence that 1s at least 90% 1dentical to the sequence of any one of SEQ 1 NQGs: 30-56 and
131-157. In some embodiments, the polynucieotide comprises the sequence of any one of SEQ

I3 NOs: 30-56 and 131-157.

(771 Further aspects of the present disclosure provide vectors comprising any of the

polynuclectide sequences of the disclosure.

[781 Further aspects of the present disclosure provide expression cassettes

comprising any of the polynucleotide sequences of the disclosure.

{791 Further aspects of the present disclosure provide host cells transtformed with the
any of the polynucigotides of the disclosure, any of the vectors of the disclosure, or any of the

expression cassettes of the disclosure.
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[801 Further aspects of the present disclosure provide bioreactors for producing a
cannabinoid compound or a cannabinoid precursor, wherein the bioreactor contains a
polyketide synthase {PKS), and wheretn the PKS comprises an amino acid sequence selected

trom any one of SEQ ID NOs: 2-28 and 104-130.

[81] In some embodiments, the bioreactor further comprises one or more of an acyl
activating enzyme (AAE), a polyketide cyclase (PKC), a prenyltransferase (PT) and/or a

terminal synthase (TS).
[821 in some embodiments, the bioreactor contains butyrate.

[831 in some embodiments, the bioreactor produces a varinolic cannabinoid. In
some embodiments, the varinolic cannabinoid 1s CBGV, CBGVA, THCVA, CBDVA and/or
CBCVA.

184] In some embodiments, the bioreactor is capable of producing at least 1.5, 2, 3,
4,5, 6,7, 8 or 9-fold more of the varinolic cannabineid than a bioreactor comprising a control

PKS that comprises the sequence of SEQ 1D NO: 1

{851 Each of the imitations of the tnvention ¢an encompass various embodiments of
the invention. Itis, therefore, anticipated that each of the limitations of the invention involving
any one element or combinations of elements can be included 1n each aspect of the invention.
This disclosure 1s not limited in its application to the details of cosstruction and the
arrangemert of components set forth in the following description or illustrated in the drawings.
The invention is capable of other embodiments and of being practiced or of being carried out
in various ways. Also, the phraseclogy and terminclogy used in this application is for the
purpose of description and should not be regarded as limiting. The use of “including,”
“comprising,” or “having,” “containing,” “involving,” and variations thereof, is meant to

encompass the iters listed thereafier and equivalents thereof as well as additional iteras.

BRIEF DESCRIPTION OF DRAWINGS
[86] The accompanying drawings are not intended to be drawn to scale. In the
drawings, each identical or nearly identical component that is illustrated in various figures i3
represented by a like numeral. For purposes of clarnity, not every component may be fabeled in

every drawing. In the drawings:
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871 FIG. | is a schematic depicting the native Cannabis biosynthetic pathway for
production of cannabinoid compounds, including five enzymatic steps mediated by: (Rla) acyl
activating enzymes {(AAE), (R2a) olivetol synthase enzymes (OLS};, (R3a) olivetolic acid
cyclase enzymes (OAC); (R4a) cannabigerolic acid synthase enzymes (CBGAS); and (R5a)
terminal synthase enzymes (T5). Formulae 1a-11a correspond to hexanoie acid (1a), hexanoyi-
CoA (2a), malonyl-CoA (3a), 3,5, 7-trioxodadecanovi-CoA (da), olivetol (Sa), olivetolic acid
(6a), geranyl pyrophosphate (7a), cannabigerohc acid (8a), cannabidiclic acid (9a),
tetrahydrocannabinolic acid (10a}, and cannabichromenic acid {11a). Hexanocic acid is an
exemplary carboxylic acid substrate; other carboxvlic acids may also be used {e.g,, butyric
acid, isovaleric acid, octancic acid, decanoic acid, ete.; see e.g., FIG. 3 below). The enzymes
that catalyze the synthesis of 3,5, 7-trioxododecanoyl-CoA and olivetolic acid are shown in R2a
and R3a, respectively, and can include multi-functional enzymes that catalyze the synthesis of
3,8, 7-trioxododecanoyl-CoA and olivetolic acid. The enzymes cannabidiolic acid synthase
{CBDAS), tetrahydrocannabinolic acid syonthase (THCAS), and cannabichromenic acid
synthase {CBCAS) that catalyze the synthesis of cannabidiclic acid, tetrahydrocannabinclic
acid, and cannabichromenic acid, respectively, and the varinolic cannabivoids
cannabigerovarinic acid, tetrahydrocannabivarinic acid, and cannabichromevarinic acid,
respectively, are shown in step RSa. The varinolic cannabinoids are not shown. FIG. 1 1s
adapted from Carvalho et al. “Designing Microorganisms for Heterclogous Biosynthesis of
Cannabinoids” (2017) FEMS Yeast Research Jun 1;17{4), which is incorporated by reference

in its entirety.

[88] FIG. 2 18 a schematic depicting a heterologous biosynthetic pathway for
praduction of cannabinoid compounds, including five enzymatic steps mediated by: (R1) acyl
activating enzymes {(AAE) (R2Z) polyketide synthase enzymes (PKS) or bifunctional
polyketide synthase-polyketide cyclase enzymes (PKS-PKC), (R3) polyketide cyclase
enzyrues {PKC) or bifunctional PKS-PKC enzymes; (R4) prenvliransferase enzymes (PT); and
{R5} terminal syothase enzymes (TS). Any carboxylic acid of varying chain lengths, structures
{e.g., aliphatic, alicyclic, or aromatic) and functionalization {e.g., hydroxylic-, keto-, amino-,
thiol~, arvi-, or alogeno-} may also be used as precursor subsirates {e.g., thiopropionic acid,
hydroxy phenyl acetic acid, norleucine, bromodecanocic acid, butyric acid, isovaleric acid,

octanoic acid, decanoic acid, efc).
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{891 FIG. 3 is a non-exclusive representation of select putative precursors for the

cannabinoid pathway in FIG, 2.

[90] FIG. 4 13 a schematic depicting the biosynthetic pathway for production of varin
cannabinotd compounds, including five enzymatic steps mediated by: (R1) acyl activating
enzymes {AAE); (R2) polyketide synthase enzymes (PKS) or bifunctional polyketide synthase-
polvketide cyclase enzymes (PKS-PKC), (R3) polyketide cyclase enzymes (PKC) or
bifunctional PKS-PKC enzymes; (R4} prenyliransferase enzymes (PT); and (R5) terminal
synthase enzymes {TR). The corpounds of Formulae 1b-11b correspond to butyric acid (1b),
butyroyl-CoA (2b), malonyi-CoA (3b), 3,5, 7-trioxodecancyl-CoA (4b), divarinol (5b), divaric
acid {6b}, geranyl pyrophosphate {(7b), cannabigerovarinic acid (8b), cannabidivarinic acid
{(Ob)}, tetrahydrocannabivarinic actd {10b), and cannabichromevarinic acid {11b). Butyric acid
s an exemplary carboxyiic acid substrate, other carboxylic acids may also be used (e.g.,
hexanoic acid, isovaleric acid, octanoic¢ acid, decanoic acid, etc.; see e.g., FIG. 3 above). The
enzymes that catalyze the synthesis of 3,5 7-trioxodecanoyl-CoA and divaric acid are shown
in R2 and R3, respectively, and can ioclude multi-functional enzymes that catalyze the
synthesis of 3,5 7-trioxodecanovi-CoA and divaric acid. The enzymes cannabidivarinic acid
synthase (CBDVAS), tetrshydrocannabivarinic  acid  synthase (THCVAS), and
cannabichromevarinic acid synthase (CBCVAS) that catalyze the synthesis of the varinolic
cannabinoids cannabigerovannic acid, tetrahydrocannabivarinic acid, and
cannabichromevarinic acid, respectively, and their catalytic function thereof, are shown in step

RS,

911 FIG. 515 a schematic showing a plasmid used to express polyketide synthases
{(PKSs)1n 8 cerevisicge. The coding sequence for the PKS enzymes {iabeled “Library gene”}
was driven by the GAL1 promoter. The plasmid contains markers for both yeast (URA3) and

bacteria {ampR), as well as origins of replication for yeast (2 micron), and bacteria (pBR322).

921 FIGs, 6A-6B depict results from a secondary screen of PKS mutants described
tn Example 1. FIG. 6A depicts divaric acid (DA} production. DA production for each test

~7
77
I

strain was normalized to DA production by positive control strain 1896773, expressing a PKS
with the amino acid sequence of SEQ 1D NG: 1. Resulis for positive conirol sirain 896773
and negative control strain 896591, expressing GFP are also shown. FiG. 6B depicts

noralized divarinol (DL) production. DL production for each test strain was normalized to
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DL production by positive control strain 1896773, expressing a PKS with the amino acid
sequence of SEQ ID NG: 1. Results for positive control strain t836773 and negative control

strain 1896591, expressing GFP are also shown.

[93] FIGs, TA-TB depict results from a site saturation mutagenesis at residue 25 of
synthetic polyketide synthase (PKS) mutants described in Example 2. FEG. 7TA depicts
cannabigerovarinic acid (CBGVA) production by strains harboning PKSs with SEQ ID NG 7
as a template for mutation. Strain t1151829, expressing SEQ ID NGO: 7, was used as a positive
control. FIG. 7B depicts CBGVA production by strains harbosing PK.Se with SEQ D NO: 14
as a template for mutation. Strain t1151830, expressing SEQ ID NO: 14, was used as a positive

control.

DETAILED DESCRIPTION
{941 This disciosure provides methods for production of casnabinoids and
cannabinoid precursors from fatty acid substrates using genetically modified host cells. The
application describes PKSs that can be functionally expressed in host cells such as S
cerevisice. As demonstrated in the Examples, muitiple PKSs were tdentified that were active
on butyryl-CoA in a host cell. The PKSs described 1u this disclosure may be useful 1n
producing cannabinoids, and, in particular, for producing varinolic cannabinoids, such as, for

example, CBGV, CBGVA, THCVA and CBCVA.

Definitions
[95] While the following terms are believed to be well understood by one of ordinary
skiil in the art, the following definitions are set forth to facilitate explanation of the disclosed

subject matter.

{961 The termy “a” or “an” refers to one or more of an entity, 7.e., can identify a
referent as plural. Thus, the terms “a” or “an,” “one or more” and “at least one” are used
interchangeably in this application.  In addition, reference to “an element” by the indefinite
article “a” or “an” does not exclude the possibility that more than one of the elements is present,

unless the context clearly requires that there is one and only one of the elements.

[97] The terms “microorganism” or “microhe” should be taken broadly. These terms

are used interchangeably and include, but are not himited to, the two prokaryotic domatins,
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Bacteria and Archaea, as well as certain eukaryotic fungt and protists. In some embodiments,
the disclosure may refer to the “microorganisms” or “microbes” of lists/tables and figures
present in the disclosure. This characterization can refer to not ounly the identified taxonomic
genera of the tables and figures, but also the identified taxonomic species, as well as the various
novel and vewly 1deuntified or designed strains of any organism in the tables or figures. The
same characterization holds true for the recitation of these terms in other parts of the

specification, such as 1o the Examples.

[98] The term “prokaryotes” is recognized in the art and refers to cells that contain
no nucleus or other cell organelles. The prokaryotes are generally classified in one of two

domains, the Bacteria and the Archaea.

[99] “Bacteria” or “eubacteria” refers to a domain of prokaryotic organisms. Bacteria
include at least 11 distingt groups as follows: (1) Gram-posiiive (gram+) bacteria, of which
there are two major subdivisions: (a) high G+C group (Actinomycetes, Mycobacteria,
Micrococcus, othersy and (b)) low G+C group (Bacillus, Clostridio, Lactobacilius,
Staphviococci,  Sweptococei,  Mycoplasmasy, {2y Proteobacteria, eg.,  Purple
photosynthetictnon~-photosynthetic Gram-negative bacteria (includes most “common” Gram-
negative bacteria);, (3) Cyanobacteria, e.g., oxygenic phototrophs; (4} Spirochetes and related
species; (3) Planctomyces; {6} Bacteraides, Flavobacteria; (Ty Chlamydia; (8) Green sulfur
bacteria, (%) Green non-sulfur bacteria (also anaerobic phototrophs), (10) Radioresistant

micrococet and relatives; and (11} Thermofoga and Thermosipho thermaphiles.

[100] The term “Archaea” refers to a taxonomic classification of prokaryotic
organisms with certain properties that make them distinct from Bacteria in physiology and

phylogeny.

[101] The term “Cannabis” refers to a genus in the family Cannabaceae. Cannabis is
a dicecicus plant. Glandular structures located on female flowers of Cannabis, called
trichomes, accumulate refatively high amounts of a class of terpeno-phenolic compounds
known as phytocannabinoids {(described in further detail below). Cannabis has conventionally
been cultivated for production of fibre and seed {(commonly referred {o as “hemp-type”}, or for
production of intoxicants {commonly referred to as “drug-type”}). In drug-type Cannabis, the
trichomes contain relatively high amounts of tetrahydrocannabinolic acid (THCA), which can

convert to tetrahydrocannabinol (THC) via a decarboxylation reaction, for example upon
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combustion of drned Cannabis flowers, to provide an intoxicating effect. Drug-type Cannabis
often contains other cannabinoids in lesser amounts. In contrast, hemp-type Cannabis contains
relatively low concentrations of THCA, often less than 0.3% THC by dry weight. Hemp-type
Cannabis may contain non-THC and non-THCA cannabinoids, such as cannabidiolic acid
{CBDA), cannabidiol (CBD), and other cannabinoids. Presently, there is a lack of consensus
regarding the taxonomic organization of the species within the genus. Unless context dictates
otherwise, the term “Cannabis” is intended to include all putative species within the genus,
such as, without limitation, Carmabis sativa, Carmabis indica, and Cannabis ruderalis and

without regard to whether the Cannabis 1s hemp-type or drug-type.

[102] The term “cyclase activity” in reference to a polyketide synthase (PKS) enzyme
{e.g., an olivetol synthase {OLK) enzyme) or a polyketide cyclase (PKC) enzyme {(eg, an
ohivetolic acid eyelase (OAC) enzyme), refers to the activity of catalyzing the cyclization of an
oxo fatty acvl-CoA {e.g., 3,5, 7-tnoxododecanoy]-COA, 3.5, 7-trioxodecanoyl-COA} to the
corresponding intramolecular cyclization product (e.g., olivetelic acid, divarinic acid). In some
embodiments, the PKS or PRC catalyzes the C2-C7 aldol condensation of an acyl-COA with

three additional ketide moieties added thereto.

[103] A “cytosolic” or “soluble” enzyme refers {0 an enzyme that is predominantly

localized (or predicted to be localized) in the cytosol of a host cell.

[104] A “eukarvote” 15 any organism whose cells contain a nucleus and other
organelles enclosed within membranes. Eukaryotes belong to the taxon Eukarya or Bukaryota,
The defining feature that sets eukaryotic cells apart from prokaryotic cells (i.e., bacteria and
archaea) is that they have membrane-bound organelles, especially the nucleus, which contains

the genetic material, and is enclosed by the nuclear envelope.

[105] The term “host cell” refers to a cell that can be used to express a polynucleoctide,
such as a polynuclectide that encodes an enzyme used in biosynthesis of cannabinoids or
cannabinoid precursors. The terms “genetically modified host cell,” “recombinant host ceil)”
and “recombinant strain” are used interchangeably and refer to host cells that have been
genetically modified by, e g, cloning and transformation methods, or by other methods known
in the art {e.g., selective editing methods, such as CRISPR). Thus, the terms include a host cell
{e.g., bactenial cell, yeast cell, fungal cell, insect cell, plant cell, maromwalian cell, human cell,

efc.} that has been genetically altered, modified, or engineered, so that it exhibits an altered,

[Rm——
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modified, or different genotype and/or phenotype, as compared 1o the naturally-occurring cell
from which it was derived. It is understood that in some embodiments, the terms refer not only
to the particular recombinant host cell in question, but also to the progeny or potential progeny

of such a host cell.

> bl

[106] The term “control host cell” or the term “control” when used in relation to a
host cell, refers to an appropriate corparator host cell for deterroimng the effect of a genetic
modification or experimental treatment. In some embodiments, the control host cell is a wild
type cell. In other embodiments, a control host cell is genetically dentical to the gevetically
modified host cell, except for the genetic modification(s) differentiating the genetically
modified or experimental treatment host cell. In some embodiments, the control host cell has
been genetically modified to express a wild type or otherwise known variant of an enzyme

being tested for activity in other test host cells.

[107] The term “heterclogous” with respect to a polynucleotide, such as a
polynucleotide comprising a gene, is used interchangeably with the term “exogenous” and the
term “recombinant” and refers to a polynuclentide that has been artificially supplied to a
biological system; a polynucleotide that has been modified within a biological systern, or a
polynuctectide whose expression or regulation has been manipulated within a biological
system. A heterologous polynucleotide that 15 introduced into or expressed in a host cell may
be a synthetic polynucleotide, or may be a polynucieotide that is also endogenously expressed
i the same organism or species as the host cell. For example, a polyvoucleotide that is
endogenously expressed in a host cell may be considered heterclogous when it is situated non-
naturally 1n the host cell; expressed recombinantly in the host cell, either stably or transiently;
modified within the host cell; selectively edited within the host cell; expressed in a copy
nurmber that ditfers from the naturally occurring copy number within the host cell; or expressed
in a non-patural way within the host celi, such as by manipulating regulatory regions that
control expression of the polyvnuclectide. In some embodiments, a heterologous polynucleotide
is a polynuciectide that is endogenously expressed in a host cell but whose expression is driven
by a promoter that does not naturally regulate expression of the polynuciectide. In other
embodiments, a heterologous polynucleoiide 18 a polyoucleotide that is endogenously
expressed inn a host cell and whose expression is driven by a promoter that does naturally

regulate expression of the polynucleotide, but the promoter or another regulatory reglon 13
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modified. In some embodiments, the promoter is recombinantly activated or repressed. For
example, genc-editing based techniques may be used to regulate expression of a
polynucleotide, including an endogenous polynucleotide, from a promoter, including an
endogenous promoter. See, ¢.z., Chavez ef af, Nat Methods. 2016 Jul; 13(7) 563-567. A
heterologous polyoucleotide may comprise a wild-type sequence or a mutant sequence as

compared with a reference polynuclectide sequence.

[108] The term “at least a portion” or “at least a fragment” of a nucleic acid or
polypeptide means a portion having the minirnal size charactenstics of such sequences, or any
larger fragment of the full length molecule, up to and including the full length molecule. A
fragment of a polynucieotide of the disclosure may encode a biologically active portion of an
enzyme, such as a catalytic domain. A biologically active portion of a genetic regulatory
element may comprise a portion or fragment of a full length genetc regulatory element and
have the same type of activity as the full length genetic regulatory element, although the level
of activity of the biclogically active portion of the genetic regulatory element may vary

compared to the level of activity of the full length gevetic regulatory element.

[109] A coding sequence and a regulatory sequence are “operably joined” or
“operably linked” when the coding sequence and the regulatory sequence are covalently linked
and the expression or transcription of the coding sequence 1s under the nfluence or control of

the regulatory sequence.

110 The terms “link)” “linked,” or “linkage” means two entities {e.g., two
2 fan) o

)
polynucleotides or two proteins) are bound to one ancther by any physicochemical means. Any
finkage known to those of ordinary skill in the art, covalent or non-covalent, 1s embraced. In
some embodiments, a nucleic acid sequence encoding an enzyme of the disclosure is linked to
a nucleic acid encoding a signal peptide. In some embodiments, an enzyme of the disclosure

is linked 1o a signal peptide. Linkage can be direct or indirect.

[111}] The terms “transformed” or “transform” with respect to a host cell refer to a
host cell in which one or more nucleic acids have been intreduced, for example on a plasmid
or vector or by integration into the genome. In some instances where one or more nucleic acids
are introduced into a host cell on a plasmud or vector, one or more of the nucleic acids, or
fragments thereof, may be retained 1o the cell, such as by integration into the genome of the

cell, whiie the plasmid or vector itseif may be removed from the cell. In such instances, the
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host cell is considered to be transformed with the nucleic acids that were introduced into the

cell regardless of whether the plasmid or vector 1s retained in the cell or not.

[112] The term “volumetric productivity” or “production rate” refers to the amount of
product formed per volume of medium per unit of time. Volumetric productivity can be

reported in gram per liter per hour (g/U/h}.

113} The term “specific productivity” of a product refers to the rate of formation of
the product normalized by unit volume or mass or biomass and has the physical dimension of
a quantity of substance per unit time per unit mass or volume [MeT M or MeT L7 where

M is mass or moles, T 1s time, L 18 length].

[114] The term “biomass specitic productivity” refers 1o the specific productivity in
gram product per gram of cell dry wetght (CDW) per hour {g/g COW/h) or in mmol of product
per gram of cell dry weight (CDW) per hour (mmol/g CDW/h). Using the relation of CDW to
OD600 for the given microorganism, specific productivity can also be expressed as gram
product per liter culture medium per optical density of the culture broth at 600 nm (OD) per
hour {(g/1./b/0D). Also, it the elemental composition of the biomass s known, biorsass specific
productivity can be expressed in mmol of product per C-mole (carbon mole) of biomass per

hour (mmol/C-mol/h}.

(115} The term “yield” refers to the amount of product obtained per unit weight of a
certain subsirate and may be expressed as g product per g substrate (g/g) or moles of product
per mole of substrate (mol/mol}. Yield may also be expressed as a percentage of the theoretical
yield. “Theoretical yield” i< defined as the maximum amount of product that can be generated
per a given amount of substrate as dictated by the stoichiometry of the metabolic pathway used
to make the product and may be expressed as g product per g substrate {g/g) or moles of product

per mole of substrate {mol/mol).

116} The term “titer” refers to the strength of a solution or the concentration of a
substance in solution. For example, the titer of a product of interest {e.g., small molecule,
peptide, synthetic compound, fuel, alcohol, eic.) 1n a fermentation broth s described as g of
product of mterest in solution per liter of fermentation broth or cell-free broth (g/L) or as g of

roduct of interest in solution per ke of fermentation broth or cell-free broth (g/Ke).
& N fan)
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(117} The term “total titer” refers to the sum of all products of interest produced in a
process, including but not limited to the products of interest in solution, the products of interest
in gas phase if applicable, and any products of interest removed from the process and recovered
relative to the initial volume in the process or the operating volume in the process. For example,
the total titer of products of interest {e.g., small molecule, peptide, synthetic compound, fuel,
alcohol, ¢fc } in a fermentation broth is described as g of products of interest in solution per
hter of fermentation broth or cell-free broth (/1) or as g of products of interest in solution per

ke of fermentation broth or celi-free broth (g/Kg).

118} The term “amino acid” refers to organic compounds that comprise an amino
group, ~NH2, and a carboxyl group, -COOH. The term “amino acid” includes both naturally
occurring and unnatural amino acids. Nomenclature for the twenty common amino acids is as
follows: alanine (ala or A}, arginine {arg or R}; asparagive {asn or N}, aspartic acid (asp or D),
cysteine {cys or C); glutamine (gln or @), glutamic acid {glu ot E}; glycine {gly or G); histidine
{(his or H); tsoleucine (ile or I}; leucine {(leu or L}; lysine {lys or K}; methionine {met or M},
phenyialanine (phe or F); proline (pro or P); serine (ser or 5); threonine (thr ot T); tryptophan
(trp or W), tyrosine {tyr or Y}, and valine {(val or V}. Naon-limiting examples of unnatural
amino acids include homo-amino acids, proline and pyruvic acid derivatives, 3-substituted
alanine derivatives, glycine derivatives, ring-substituted phenylalanine derivatives, ring-
substituted tyrosine derivatives, linear core amino acids, amino acids with protecting groups

inchading Fmoc, Bog, and Chz, $-amino acids (B3 and B2}, and N-methvl amino acids.

1191 The term “aliphatic” refers to alkyl, alkeoyl, allynyl, and carbocyclic groups.
Likewise, the term “hetercaliphatic” refers to hetercalkyl, heteroalkenyl, hetercalkynyl, and

heterocyclic groups.

[120] The term “alkyl” refers to a radical of, or a substituent that is, a straight-chain
or branched saturated hydrocarbon group having from 1 to 20 carbon atoms (“Crae alkyl”} In
certain embodiments, the term “alky]” refers to a radical of, or a substituent that is, a straight-
chain or branched saturated hydrocarbon group having from 1 to 10 carbon atoms ("Ci.io
alkyl”). In some embodiments, an alkyl group has 1 to 9 carbon atoms (“Cis alkyl”). In some
ernbodiroents, an alky] group has 1 to 8 carbown atoros (“Cre alkyl”). In some embodiments, an
alkyi group has 1 to 7 carbon atoms (“Ci7 alkyl”) In some embodiments, an alkyl group has 2

to 7 carbon atoms (“Crralkyl”). In some erabodinents, an alkyl group has 3 to 7 carbon atoms
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(“Caryalkyl”). In some embodiments, an alkyl group has 1 to 6 carbon atoms (“Cig alkyl”) In
some embodiments, an alkyl group has 2 to 0 carbon atoms (“Cie alkyl”). In some
embodiments, an alkyl group has 3 to 5 carbon atoms ("Cas alkyl™). In some embodiments, an
alkyl group has S carbon atoms {("Cs alkyl”). In some embodiments, the alkyl group has 3
carbon atoms (“Cs alkyl”} In some embodiments, the alkyi group has 7 carbon atoms (“Cs
alkvl™}. In some embodiments, an altkyl group has 1 to 5 carbon atoms (“Ci.z alkyl”}). In some
ernbodiroents, an alky] group has 1 to 4 carboun atorus (“"Cra alkyl”). In some emboduments, an
alky! group has 1 1o 3 carbon atoms (“Ci3 alkyl”) In some emboediments, an alky! group has 1
to 2 carbon atoms (“Ci.2 alky!”™). In some embodiments, an alkyl group has 1 carbon atom (“C;

alkyl™).

[121] Examples of Ciu alky! groups include methvl (C1), ethyi (C2), propy! ((s) (e.g.,
n-propyl, isopropyl), butyl (Ci) {e.g., n-butyl, tert-butyl, sec-butyl, 1so-butyl), pentyl (Cs) (e g,
n-pentyl, 3-pentanyl, amyl, neopentyl, 3-methyl-2-butanyl, tertiary amyl), and hexyl (Ce) {e.g.,
n-hexyl). Additional examples of alkyl groups include n-heptyl (Cy), n-octyl (Cx}, and the like.
Unless otherwise specified, each instance of an alkyl group is independently unsubstituted (an
“unsubstituted alkyi”} or substituted (a “substituted alky!”y with one or more substituents (e.g |
halogen, such as F). In certain embodiments, the alkyl group 1s an unsubstituted Cipo alkyl
{such as unsubstiuted Cis alkyl, e g, —CHs (Me), unsubstituted ethyl (Et), unsubstituted
propyl (Pr, e.g., unsubstituted n-propyl {n-Pr), unsubstituted 1sopropy! (i-Pr}), unsubstituted
butyl (Bu, eg., unsubstituted n-butyl (n-Bu), unsubstituted tert-butyl (tert-Bu or t-Bu},
unsubstituted sec-butyl (sec-Bu), unsubstituted isobuty! (i-Bu}}. In certain embodiments, the

alkyl group 18 & substituted Ci.io alkyl (such as substituted Ci alkyl, e.g, ~CFs, benzyl).

122} The term “acyl” refers to a group having the general formula —-C(=0HR*, -
C=00ORY, CEOY O CEORY, CEOSRM, CEOINRMY,, SR

CESINES Yy, and ~C=S)SR®), -CENRIRM, C=NRMOR™S, -C(=NR*SR™ and -
CENREN(R® ), wherein R is hydrogen; halogen; substituted or unsubstituted hydroxyl;
substituted or unsubstituted thiol; substituted or unsubstituted amino; substituted or
unsubstituted acyl, cyelic or acyclic, substituted or unsubstituted, branched or unbranched
aliphatic, cyclic or acyclic, substituted or unsubstituted, branched or unbranched
heteroaliphatic; cyclic or acyclic, substituted or unsubsiituted, branched or unbranched alkyl,
cyclic or acyelic, substituted or unsubstituted, branched or unbranched alkenyl; substituted or

ansubstituted alkyoyl; substituted or unsubstitnied aryi, substituted or unsubstituted heteroaryl,
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aliphaticoxy, hetercaliphaticoxy, alkyloxy, heteroalkyloxy, aryloxy, heteroaryloxy,
aliphaticthioxy,  heteroaliphaticthioxy,  alkylthioxy,  heteroalkylthioxy,  arylthioxy,
heteroarylthioxy, mono- or di- aliphaticamino, mono- or di- heteroaliphaticaming, mono- or
di- alkylamino, mono- or di- hetercalkylamino, mone- or di-arylamino, or mono- or di-
heteroarylamino; or two R™ groups taken together form a 5- to 6-merbered heterocyclic ring.
Exemplary acyl groups include aldehydes (-CHOQO), carboxylic acids (-COxH), ketones, acyl
halides, esters, amides, imines, carbonates, carbamates, and ureas. Acyl substituents include,
but are not limited to, any of the substituents described in this application that result in the

tormation of a stable motety {e.g, aliphatic, alkyl, alkenyl alkynyl, hetercaliphatic,

heterocyclic, arvl, heteroaryl, acyl, oxo, umino, thicoxo, cyang, isocyane, amino, azido, nitro,
hydroxyl, thiol, halo, aliphaticamino, hetercaliphaticamino, alkylamino, heterocalkylamino,
arylamino, heteroarylamino, alkylaryl, arvialkyl, aliphaticoxy, heteroaliphaticoxy, alkyloxy,
heteroalkyloxy, aryloxy, hetercaryloxy, aliphaticthioxy, hetereoaliphaticthioxy, alkylthioxy,
heteroalkylthioxy, aryithioxy, heteroarylthioxy, acyloxy, and the like, each of which may or

may not be further substituted).

[123] “Alkenvi” refers to a radical of, or a substituent that is, a straight—chain or
branched hydrocarbon group having from 2 to 20 carbon atoms, one or more carbon—carbon
double bonds, and no triple bonds ("Cya0 alkenyl”). In some embodiments, an altkeny! group
has 2 to 10 carbon atoms (“Ci10 alkeny!”). In some embodiments, an alkenvl group has 2 t0 9
carbon atoms (“Cao alkenyl™}. In some embodiments, an alkenyl group has 2 t0 8 carbon atoms
(“Cag alkenyl”). In some embodiments, an alkenyl group has 2 to 7 carbon atoms ("Crs
alkeoyl”). In some embodiments, an alkenyl group has 2 to 6 carbon atoms (“Ca alkenyl”).
In some embodiments, an alkenyl group has 2 to 5 carbon atoms ("Cos alkeny!”). In some
embodiments, an alkenyl group has 2 to 4 carbon atoms (“Cru alkenyl”). In some
embodiments, an alkenyl group has 2 to 3 carbon atoms ("Crz alkenyl”™). In some
emabodiments, an alkenyl group has 2 carbon atoms (“C; alkenyl”). The one or more carbon—
carbon double bonds can be internal (such as in 2-butenyl) or terminal {such as in 1-butenyl).
Examples of Cy4 alkenyl groups include ethenyl (o), 1—propenyl (C3), 2—propenyl (Cs), -
butenyl (Ca), 2-butenyl (Cq), butadienyl (Cq), and the hike. Examples of Cie alkeny] groups
include the aforementioned Co4 alkenyi groups as well as penteny! (Cs), pentadienyl (Cs),
hexenyl (Cs}, and the like. Additional examples of atkenyl include heptenyl (Cr), octeny! (Cg),

octatrienyl {Cx}, and the like. Unless otherwise specified, each instance of an alkenyl group is

o
Gl
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independently optionally substituted, 7e., unsubstituted {an “unsubstituted alkenyl”} or
substituted (a “substituted alkenyl”} with one or more substituents. In certain embodiments, the
alkenyl group is unsubstituted Crao alkenyl. In certain embodiments, the alkenyl group is

substituted Cr-10 alkenyl.

[124] “Alkynyl” refers to a radical of, or a substituent that is, a straight-chain or
brauched hydrocarbon group having from 2 to 20 carbon atorss, one or more carbon—carbon
triple bonds, and optionally one or more double bonds (“"Cazo alkynyl”}. In some embodiments,
an alkynyl group has 2 to 10 carbon atoms (“Cz 0 alkyuy!”). In some embodiments, an alkynyl
group has 2 to @ carbon atoms (“Cre alkynyl™). In some embodiments, an alkynyl group has 2
to 8 carbon atoms (“Crs alkynyl”). In some embodiments, an alkynyl group has 2 to 7 carbon
atoms (“Co alkyay!”). lo some embodiments, an alkyayl group has 2 to 6 carbon atoms (“Ca.
¢ alkynyl”). In some embodiments, an alkynyl group has 2 to 5 carbon atoms (“Czos alkynyl”).
In some embodiments, an alkynyl group has 2 to 4 carbon atoms ("Caroy alkynvl”). In some
embodiments, an alkynyl group has 2 to 3 carbon atoms (“C:s alkvnyl”) In some
embodiments, an alkynyl group has 2 carbou atoms (“"Cy alkyny]”). The one or mwore carbon—
carbon triple bonds can be internal (such as in 2-butynyl} or terminal (such as in I-butynyl).
Examples of Ca alkynyl groups include, without imitation, ethynyl (Cz), i—propynyl (Cs), 2-
propyayl (Cs), 1-butyayl {Cs), 2-butvoyl {Cs), and the hike. Examples of Cy.6 alkenyl groups
inchude the aforementioned Cay altkynyl groups as well as pentynyl {Cs), hexynyl (Cs), and the
tike. Additional examples of alkynyi include heptynyl (Tr), octynyt {Cs), and the like. Unless
otherwise specified, each instance of an alkynyl group is independently optionally substituted,
i.e., unsubstituted {an “unsubstituted alkynyl”} or substituted (a “substituted alkynyl”) with one
or more substituents. In certain embodiments, the alkyny! group is unsubstituted Croie altkynyl.

In certain embodiments, the alkynyl group is substituted Coio alkynyl

[125] “Carbocyelyl” or “carbocyclic” refers to a radical of a non—aromatic cyclic
bydrocarbon group having from 3 to 10 ring carbon atoms (“Cs o catbocyclvl™) and zero
heteroatoms in the non—aromatic ring system. In some embodiments, a carbocyclyl group has
3 10 & ring carbon atoms (“Cs.s cartbocyclyl™). In some embodiments, a carbocyclyl group has
3 to 6 ring carbon atoms (“Cis carbocyclyl”). In some embodiments, a carbocyelyl group has

3 i0 6 ring carbon atoms (“Cs¢ carbocyelyl”). In soroe embodiments, a carboceyclyl group has

(4]

to 10 ring carbon atoms (“Cs.10 carbocyclyl™). Exemplary Cas carbocyclyl groups include,

without limttation, cyclopropyl (Cs), cyclopropenyl (Cs), cyclobutyl (Cs), cyclobutenyl (Ca),

24
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cyclopentyl {(Cs), cyclopentenyl (Cs), cyclohexyl {(Cs}, cyclobexenyl {CUs), cyclohexadienyl
{Cs), and the like. Exemplary Csx carbocyclyl groups include, without limitation, the
aforementioned Cis carbocyclyl groups as well as cycloheptyl {Cr), cycloheptenyl {Ur),
cycloheptadienyl (Cr), cycloheptatrienyl (C-), cyclooctyl (Cs), cyclooctenyl  (Cs),
bicyclof2 2.1 theptanyl (Cs), bicyclof2.2 2joctanyl (Cs), and the like. Exemplary Ciopo
carbocyclyl groups include, without limitation, the aforementioned (s carbocyclyl groups as
well as eyclononyl (Ts), cyclononenyl (Cs), evclodecy! (Cio), cyclodecenyl (Cio), octahydro-
| H-indeny! (Co), decahydronaphthalenyl (Cie), spirof4d Sidecanyl {(Cig), and the iike. As the
foregoing examples illustrate, in certain embodiments, the carbocyelyl group is either
monocyclic {“monocyelic carbocyclyl”) or contain a fused, bridged or spiro ring system such
as a bicyclic system (“bicychlic carbocyclyl”y and can be saturated or can be partially
unsaturated. “Carbocyclyl” also includes ring systems wherein the carbocyclic ning, as defined
above, is fused with one or more aryl or heteroaryl groups wherein the point of attachment is
on the carbocyclic ring, and in such instances, the number of carbons continue to designate the
number of carbons in the carbocyclic ring system. Unless otherwise specified, each instance of
a catbocyclyl group is independently optionally substituted, ‘e, unsubstituted (an
“unsubstituted carbocyclyl™} or substituted {3 “substituted carbocyelyl”) with one or more
substituents. In certain embodiments, the carbocyclyl group 1s unsubstituted Caoio carbocyclvl

In certain embodiments, the carbocyclyl group is a substituted Caag carbocyelyl

[126] In some embodiments, “carbocyclyl” is a monocyelic, saturated carbocyclyl
group having from 3 to 10 ring carbon atoms ("Cs.io cycloalkyl”). In some embodiments, a
eycloalkyl group has 3 to § nng carbou atoms ("Css cycloalkyl™). Tn some ervbodiments, a
cycloalkyl group has 3 to 6 ring carbon atoms (“Cas cycioalkyl”}). In some embodiments, a
cycloalkyl group has 5 to 6 ring carbon atorns (“Cs.e cycloalkyl™). In some embodiments, a
cycloalkyl group has § to 10 ring carbon atoms ("Us.io cycloalkyl”). Examples of Css
cycloalkyl groups include cyclopentyl (Cs) and cyclohexy! (Cs). Examples of Ci cycloalkyl
groups include the aforementioned Cs s cycloaltkyl groups as well as cyclopropyl (C:) and
cyclobutyl {C4). Examples of Cig cycloalkyl groups include the aforementioned Cis
cycloalkyl groups as well as cyclohepty! {Cy) and cyclooctyl (Cg). Unless otherwise specified,
each instance of a cycloalkyl group is independently unsubstituted (an “‘unsubstituted

cycloaikyl”™) or substituted (a “substituied cycloalkyl™) with one or more substituents. In certain
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embodiments, the cycloalkyl group ts unsubstituted Cayo cyeloalkyl. In certain embodiments,

the cycloalkyl group is substituted Csoio cycloalkyl.

[127] “Aryl” refers to a radical of a monocyclic or polycyclic {e.g., bicyelic or
tricyclic) 4u+2 aromatic ring svstem {e.g., having 6, 10, or 14 pi electrons shared in a cyclic

array} having 6-14 ring carbon atoms and zero hetercatoms provided in the aromatic ring
system (“Cooyq aryl”}) In some erabediroents, an aryl group has six nog carbon atoms (“Ce
aryl”; e.g., phenvl). In some embodiments, an aryl group has ten ring carbon atoms ("Cioaryl”;
e.g.. naphthyl such as T-naphthyl and 2-naphthyl}. To some embodiments, an aryl group has
fourteen ring carbon atoms (“Cis arvl”; ez, anthracyl). “Aryl” also includes ring systems
wherein the aryl ring, as defined above, is fused with one or more carbocyclyl or heterocyelyl
groups wherein the radical or point of attachment is on the aryl ring, and in such instances, the
number of cartbon atoms continue to designate the number of carbon atorus in the aryl ring
system. Unless otherwise specified, each instance of an aryl group 1s 1ndependently optionally
substituted, 7.e., unsubstituted {an “unsubstituted aryl”} or substituted (a “substituted aryl”)
with one or more substituents. In certain embodiments, the aryl group 15 unsubstituted Ce

aryl. In certain embadiments, the aryl group is substituted Cs.14 aryl.

[128] “Aralkyl” is a subset of alkyl and aryl and refers to an optionally substituted
alkyl group substituted by an optionally substituted aryl group. In certain embodiments, the
aralkyl is optionally substituted benzyl. In certain embodiments, the aralkyl is benzyl. In certain
embodiments, the aralkyl is optionally substituted phenethyl In certain embodiments, the
aralkyl i phenethyl. In cerfatn embodiments, the aralkyl 18 7-phenylheptanyl. To certato
embodiments, the aralkyl is C7 alkyl substituted by an optionally substituted aryl group {(e.g.,
phenyl). In certain embodiments, the aralkyl is a C7-C10 alkyl group substituted by an

optionally substituted aryl group {(e.g., phenvl).

[129] “Partially unsaturated” refers to a group that includes at least one double or
triple bond. A “partially unsaturated” ring system is further intended to encompass rings having
multiple siies of unsaturation but is not intended to include aromatic groups {e.g., aryl or
heteroaryl groups) as defined in this application. Likewise, “saturated” refers to a group that

does not contain a double or triple bond, /.e., contains all single bonds.

[130] The term “optiovally substituted” means substituted or unsubstituted.
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[131] Alkyl, alkenyl, alloyayl, carbocyclyl, heterocyclyl, aryi, and heteroaryl groups
are optionally substituted (e.g, “substituted” or “unsubstituted” alkyl, “substituted” or
“unsubstituted” alkenyl, “substituted” or “unsubstituted” alkynyl, “substituted” or
“unsubstituted” carboeyelyl, “substituted” or “unsubstituted” heterocyclyl, “substituted” or
“unsubstituted” aryl or “substituted” or “unsubstituted” heteroaryvl group). In general, the term

29

“substituted,” whether preceded by the term “optionaily” or not, means that at least one
hydrogen present on a group {e.g., a carbon or nitrogen atom) 1s replaced with a permissible
substituent, e.g., a substituent which upon substitution results in a stable compound, e.g., a
compound which does not spontaneously undergo transformation such as by rearrangement,
cyclization, elimination, or other reaction. Unless otherwise indicated, a “substituted” group
has a substituent at one or more substitutable positions of the group, and when more than one
position in any given structure is substituted, the substituent is etther the same or different at
each position. The term “substituted” is contemplated to include substitution with all
permissible substituents of organic compounds, any of the substituents described 1o this
application that results in the formation of a stable compound. The present invention
contemplates any and all such combinations in order to arrive at a stable compound. For
purposes of this invention, heteroatoms such as nitrogen may have hydrogen substituents
and/or any suitable substituent as described in this application which satisty the valencies of

the hetercatoms and results in the formation of a stable moiety.

(1321 Exemplary carbon atom substituents include, but are not himited to, halogen,
—CN, =NOz, =Nz, —SO:H, —8O:H, —OH, —OR™, —ON(R™), —NR"h, —NR™)"X,
~N{OR“RP, ~SH, ~SR* ~8SR®, ~C(=0R®, ~COH, ~CHO, ~C{OR*), ~COR™
~OC(=0)R™, —OCOR™, —CE=OINR b, “OCEOINR ), -NRPC(=0)R™, -NR"COR™,
“NRPCEOINR™), ~CENRPR®, -CENRMORY, ~0CENRMRY, ~OC(=NRIORY,
~CENRINRDY,  ~OCENRUNR™Y,  -NRPCENRMNR™Y,,  ~CEONRPSORY,
“NRPSOR®, ~SONR™p, —SO:R™, -SO:0R™, ~0SOR®, —§(=0R™, -OS(=0)R™,

~Si(R™);, ~OSIR?)s ~C=S)N(R"), ~C(=0)SR®, ~C(=8)SR™ ~SC(=8)8R™, ~SC(=0)SR™,
~OC(=0)SR¥, ~SC{(=0)OR®, ~SC(=OR™, ~P(=0}R™)2, ~P(=O)}OR*),, ~OP=0)R¥),
~OP(=0}OR" ), “PEOHNR™ R, ~OP(=OXNR™ b, “NR™P(=0}R"),

“NRPP(=0WOR®);,  —NRYPEONNER™RL,  —PR™):,  —POR™);,  —PRERX,
~POR™R"X, PR ), ~PIOR ), ~OPR™ ), ~OPR™ )" X7, ~OP(OR® ), ~OP(OR™) X,
—OP(R* ), —~OPOR), ~BR"), —B(OR™), —BR™OR®), Ci.0 alkyl, Ci.i0 perhaloalkyl, Ca.

)
~-1
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w alkenyl, Couo alkynyl, heteroCrio alkyl, heteroCoras alkenyl, heteroCirao alkynyl, Cin

carbocyclyl, 3-14 membered heterocyclyl, Ceas aryl, and 5-14 membered hetercaryl

wherein:

each instance of R™ is, independently, selected from Cio alkyl, Ciae
perhaloalkyl, Coae alkenyl, Ciao alkynyl, heteroCiie alkyl, heteroChcalkenyl, heteroC.
walkynyi, Ci.ig carbocyclyl, 3-14 membered heterocvelyl, Coas aryl, and 5-14 membered
heteroaryl, or two R® groups are joined to form a 3-14 membered heterocyelyl or 5-14
membered heteroary! ring, wherein each alkyl, alkenyl, alkynyl, heteroalkyl, heterocalkenvl,
heteroalkynyl, carbocyelyl, heterocyelyl, arvl, and heteroary! 1s independently substituted with
0, 1,2, 3,4, or 5 R% groups;

gach instance of R™ is, independently, selected from hydrogen, —OH, ~OR™,
=N{R*), -CN, -CEORY —CEOINERT),, -COR™, —80:R¥®  —C(ENRSHORY
~CENREINR ), ~SONRS ), ~SOR™, ~80,0R, ~SOR™ ~C(=S)N(R®Y,, ~C=0)8RY,
—C{=8)8RE, —P=0HRM Y, —PEOWORT ), —PEOHNR L), Cre alkyl, Ciio perhaloalkyl,
Crae alkenyl, Coao alkynyl, heteroCrasalkyl, heteroCialkenyl, heteroCorpalkynyl, Cigo
carbocvelyl, 3-14 membered heterocyelyl, Co.14 aryl, and 5-14 membered heteroaryl, or two
R oroups are joined to form a 3-14 membered heterocyelyl or 5-14 membered heteroaryl ring,
wheretn each alkyl, alkenvyl, alkynyl, heteroalkyl, heteroalkenyl, hetercaltkynyl, carbocyclvl,
heterocyclvl, aryl, and heteroaryl is independently substituted with O, 1, 2, 3, 4, or 5 R* groups;

wherein X is a counierion;

sach instance of R™ is, independently, selected from hydrogen, Ciae alkyl, Cv
10 perhaloalkyl, Cz.ae alkenyl, Coao alkynyl, heteroCiio alkyl, heteroC:.0 alkenyl, heteroCr.0
alkyoyl, Ciae carboeyelyl, 3-14 membered heterocyclyl, Ceaa aryl, and 5-14 merobered
heteroaryl, or two R™ groups are joined to form a 3-14 membered heterocyclyl or 5-14
membered heteroaryl ring, wherein each alkvl, alkenyl, alkynyl, heteroalkyl, heteroalkenyl,

hetercalkynyl, carbocyclyi, heterocycelyl, arvl, and heteroaryl is independently substituted with

0, 1,2, 3,4, or 5 R% groups;

each instance of R¥ s, independently, selected from halogen, —CN, —NG», —Ns,
~SO:H, ~SOsH, ~OH, ~OR¥, ~ONR"), ~N(RM,, ~NRT:™X", ~N(OR®RE, ~8H, ~8R*,
—8SR, —-C(=0)R*, -CO:H, —CO:R®, -OCEOR®, -OCORY, —CEONRY,,
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~OCEOINR ., ~NRICE=ORT, ~NRECO:R®, ~NRIC(=0)NRT),  ~C=NRTHOR®,
~OC(=NRTR, —QC(=NRMOR", ~CENRONERT,, —QCENRONGERD,,
“NRECENRHNERY,,  ~NRISORT,  —SONRY),, -SOR™, -SO,0R®™,  —0SOR*™,
—S(=0)R*, —Si(R%), —O8i{R*p, —~C(=S)NRT),, —C(=0)SR®, —C{=5)SR*, —SC(=$)5R*,
~PEOYNORS),, ~PEONR ), ~OPEOHR® ,, ~OP(=0NOR™),, Cre alkyl, Cue perhaloalkyl,

~

Cres alkenvl, Cis alkynyl heteroCisalkyl, heteroCrealkenyl, heteroCrsalkynyl, Ciao

3 3

carbocyclyl, 3-10 mernbered heterocyclyl, Ce.p aryl, 5-10 membered heteroarvl, wherein cach
alkyl, atkenyl, alkynyl, hetercalkyl, hetercalkenvl, heteroalkvnyl, carbocyelyl, heterocyclyl,
aryl, and heteroaryl is independently substituted with 0, 1, 2, 3, 4, or § R5 groups, or two

o 4 . . . . —_— .
geminal R substituents can be joined to form =0 or =8, wherein X is a counterion;

each 1instance of R™ is, independently, selected from Cie alkyl, Cis
perhaloalkyl, Cr.s alkenyl, Cos alkyuyl, heteroCrs alkyl, heteroCrsalkenyl, heteroCae alkynyl,
Caas carboeyelyl, Cee aryl, 3-10 rmwembered heterocyclyi, and 3-10 membered heteroaryi,
wherein each alkyl, alkenyl, alkynyi, hetercalkyl, heteroalkenyl, heteroalkynyl, carbocyclyl,

heterocyclyl, aryl, and hetercaryl ts independently substituted with 0, 1,2, 3, 4, ot SR¥ groups;

each instance of RY is, independently, selected from hydrogen, Cis alkyl, Cis
perbaloalkyl, Crs alkenyl, Crs alkynyl, heteroCsalkyl, heteroCrsalkenyl, heteroCir.salkynvi,
Ca.e carbocyelyl, 3-10 membered heterocyelyl, Ceio aryl and 5-10 membered heteroaryl, or
two RY groups are joined to form a 3-10 membered heterocyciyl or 5-10 membered heteroaryl

ring, wherein each alkyl, alkenvl, alkynyl, heteroalkyi, heteroalkenyl, heteroalkynyi,

carbocyclyl, heterocyelvl, aryl, and heteroarvl is independently substituted with 0, 1, 2, 3, 4, or

5 R® groups; and

cach instance of R® is, independently, halogen, —CN, —NO», —N;, —8G:H,
=50:H, ~OH, ~0OC 1 alkyl, ~ON{C1.s alkylyy, ~N(Cic alkyin, ~N{Ci alkyl)s "X, ~NH({Cre
alkyln X7, —NH(Crg alkyl) X7, -NH;" X7, -N(OC 16 alkyD{C s alkyD), ~N{OHNWC 1.6 alkyly,
—NH{OH)}, —SH, —SC1 alkyl, —SS(Ci alkyl), ~C{=0C1 alkyl}, “CO:H, —COz(C1v alkyl},
-OCEONCLs  alkyh),  —OUCO{Cis  alkyly, ~CEONH;, ~CEONCL akvlh,
—OC(=0)NH(C1.¢ alkyl), —NHC(=0)} Ci¢ alkyl), —N(Cis alkyDBC(=0) Cie allyl),
~NHCO{Ci6 atkyl), ~NHC(=OWN(C s alkylyy, ~NHCEOINH(C 6 alkyl), ~NHC{=OYNH,,
—CENHO(Cre alkyl), —“OC(ENHK s alkyl), —OCENHOC 6 alkyl, —CENHINC s
atkyly, ~CE=NH)NH(C .5 alkyl), ~C(=NH)NH,, ~OCENHIN(C s alkyl)s, ~OCNHINH(C.
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¢ alkyly, ~OCNH)NH,, ~NHCONHIN(C 1.6 alkyll, ~NHO(ENHINH, ~NHSO{C L alkyl),
—SON(Ciw alkyl)y, —SONH(Cis alkyl), —SO:NHy, —SOCis alkyl, —S00C16 alkyl
~O80C1e atkyl, —SOCw alkyl, —8Si(Crg alkylls, ~OSH{Cis alkyly —CESIN(Crs alkyl)s,
C(=5)NH(C16 alkyl), C(=8)NH:, —C(=0}5(C1c alkyl}, —C(=5)8C1 alkyl, —SC(=8)8C1
alkvl, —P(=0X0C 6 alkylp, ~PEONCLe alkyly, ~OP(EONCLs alkylh, ~OPEOXOC,
alkvly, Cis alkyl, Cis perhaloalkyl, Cog alkenvi, Cies alkynyl) heteroCigalkyl, heteroCo.
ealkenyl, heteroCrsalkynyl, Ciao carbocyelyl, Ceao aryl, 3-10 membered heterocyclyl, 5-10
membered heteroarvi; or two geminal R substituents can be joined to form =0 or =8; wherein
X715 a counterion. Alternatively, two geminal hydrogens on a carbon atom are replaced with
the group =0, =8, =NN{R"™ ), =NNRPC(EOR® =NNRPCE=00RY, =NNRYS(=0)R»,
=NR™, or =NOR®, wherein each alkyl, alkenyl, alkynyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, carbocyclyl, heterocycelyl, arvl, and heteroary! is independently substituted with

0, 1,2, 3,4, or 5 R* groups; wherein X is a counterion;
wherein:

each instance of R* 15, independently, selected from Ci.ap alkyl, Cio perhaloalkyl, Ca.
w alkenyl, Coao alkynyl, heteroCiae alkyl, heteroCohcalkenyl, heteroChpalkynyl, Cae
carbocyclyl, 3-14 membered heterocyclyl, Ce.is aryl, and 5-14 membered hetercaryl, or two
R* groups are joined to torm a 3-14 membered heterocyelyl or 5-14 membered heteroaryl ring,
wherein each alkyl, alkenyl, alkynvi, hetercalkyl, heteroalkenyl, heteroalkynyl, carbocycivi,

5

heterocyclyl, aryl, and heteroaryl is independently substituted with 0, 1, 2, 3, 4, or S R groups;

each instance of R is, independently, selected from hydrogen, —OH, —OR™ —N(R*},,
~CN, ~CE=0RY ~CE0INRS Y, ~CORY, ~SGoR®, ~C{=NR®™YOR®?, ~C(=NRWNR ),
—SON(RT)Y, —SOR™, —SG0R™, —SOR*® —CESNRTY,, —C=0)8RE, —C(=8)SR*,
~P{=0}R¥), ~PEOYORT Y, ~PEONNR L), Chao alkyl, Cilao perhaloalkyl, Coao alkenyl,
(oo alkyayl, heteroCiwoalkyl, heteroC;.oalkenyl, heteroCr.pealkynyl, Cipo carboeyclyl, 3-14
mentbered heterocyclyl, Co.us aryl, and 5-14 membered heteroaryl, or two R®® groups are joined
to form a 3-14 membered heterocyclyl or 5-14 membered heteroaryl ring, wherein each alkyl,
alkenyl, alkynyl, heteroalkyl, heteroalkenyl, heteroalkynyl, carbocyclyl, heterocyelyl, aryl, and
heteroaryl is independently substituted with 0, 1, 2, 3, 4, or 5 R% groups; wherein X is a

counterion;
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each iostance of R™ 1is, independently, selected from hydrogen, Ciw alkyl, Crin
perhaloalkyl, Ca.io alkenyl, Coao alkynyl, heteroCrae alkyl, heteroCrae alkenyl, heteroCrae
alkynyl, Ci.p carbocyelyl, 3-14 membered heterocyclyl, Cas arvl, and 5-14 membered
heteroarvl, or two R™ groups are joined to form a 3-14 membered heterocyelyl or 5-14
membered heteroaryt ring, wherein each alkyl, alkenyl, alkynyl, hetercalkyl, hetercalkenvl,
heteroaltkynyl, carbocyclyl heterocyelyl, aryl, and heteroary! 13 independently substituted with

0, 1,2,3,4, or 5 R groups,

each instance of R is, independently, selected from halogen, —CN, ~NO», ~Ns,
=80 H, ~SO:H, ~OH, ~OR®, ~ONR5),, ~NRD),, ~NERT: X7, -NOR®ERT -SH, ~8§R*,
—S8R*, —C(=0R*, -COH, —-COR® —OCEOR®, —0COR®, —C=0NR,,
~QCEOINRY,, -NRICEOIR®,  -NRECOR®,  -NREIC(=0IN®RY),, ~C=NRTOR®,
~OC(=NROR®, —QC(=NRHOR™, ~CENRONERD,, —QCENRONERD,,
~NRICE=NRONRTY,  ~NRESOR®,  ~SO:NRT):, ~SO:R*,  ~SO.0R%, ~080,R¥,
—S(=0)R®, —Si(R®), —OS8i(R* ), —C=SINRY),, ~C(=0)SR™, —C(=8)SR*, —SC(=8)SR*,
~PEONORY),, ~PE=ONRS ), ~OPEONRS Y, ~OP(=0)OR™®),, Cie alkyl, Cie perhaloalkyl,

Cre alkenvl, Cis alkynyl, heteroCiealkyl, heteroCrealkenyl, heteroCrgalkynyl, Cauo

3 3

carbocyelyl, 3-10 membered heterocyclyl, Ce.1o aryl, 5-10 membered heteroaryl, wherein each
alkyi, atkenyl, allcynyl, heteroalkyl, heteroalkenyl, beteroalkynyl, carbocyciyl, heterocyelyi,
aryl, and heteroaryl is independently substituted with 0, 1, 2, 3, 4, or § R5 groups, or two

o 4 . . . . —_— .
geminal R substituents can be joined to form =0 or =8; wherein X is a counterion;

each instance of R is, independently, selected from Ci alkyl, Cis perhaloalkyl, Cie
alkenyl, Co alkynyl, heteroCy.¢ alkyl, heteroC:salkenyt, heteroCr.¢ alkynyl, Cs.1o carbocyelyl,
Ceao aryl, 3-10 membered heterocyclyl, and 3-10 memwbered heteroaryl, wherein each alkyl,
alkenvl, alkynyl, hetercalkyl, hetercalkenyl, hetercalkynyl, carbocyclyl, heterocyclyl, aryl, and

heteroary! s independently substituted with 0, 1, 2, 3, 4, or 5 R85 groups;

each instance of R¥ is, independently, selected from hydrogen, Cie alkyl, Cie
perbaloalkyl, Crs alkenyl, Crs alkynyl, heteroCsalkyl, heteroCrsalkenyl, heteroCr.salkynvi,
Ca.qp carbocyclyl, 3-10 membered heterocyelyl, Ce.o aryl and 5-10 membered heteroaryl, or
two RY groups are joined to form a 3-10 membered heterocyclyl or S-10 membered heteroaryl

ring, wherein each alkyl, alkenyl, alkynyl, hetercalkyl, heteroalkenvyl, heteroalkynyl,
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carboeyclyl, heterocyclyl, aryl, and heteroarvl is independently substituted with 0, 1, 2, 3, 4, or

3 > 9

5 R® groups; and

each instance of R# is, independently, halogen, —CN, —NO,, =N, =SO:H, -8G:H,
~0OH, ~0Cis alkyl, ~ON{Cis alkyl)y, —N{Cis alkyly, ~N(Crs alkyli™x, ~NH{Cus
atkylh "X, "NH{Cig alkyl) "X, =NH; X7, -N(OC s alkyl ¥ Crs alkyl), -NIOHYC 6 alkyly,
=NH{OH), ~58H, ~8C alkyl, ~S8{(Cis alkyl), ~CEONC s altkyl), ~COH, ~CO(Crs alkyl),
—OCEONCre  alkyl), —OCO(Cis  alkyl), —CEONH;, —CEOINCls  alkyl)y,
~OC(=0INHC 16 alkyly, ~NHCEOH G alkyly, ~N{Cis alkyDC=0) Crs allyl),
~NHCO2{Cio alkyl), "NHC(E=OIN(C i alkyl),, ~NHCEOINH(C o alkyl), NHC{EONH,,
—C(=NH)YX{C1s alkyl), —OC(=NHKC s alkyl), —OCENHYOC s alkyl, —CENHINC

¢ alkyl), “OC(NH)NH,, ~NHC(NH)N(C 16 alkyl)s, ~"NHC(=NH)NH,, ~NHS50(C15 alkyl),
=~SN(Ciw alkylh, —SGNH(Cis alkyly, —SOxNH,, —SO:Cis alkyl, —S0:0C6 alkyl,
—080,C1s alkyl, —SOC:i4 alkyl, —Si(Cis alkyl)s, —08Si{Cis alkylys —C(=8)N{C1s alkyl)s,
CESNH(Crs alkyl), CESINHG, ~CEOYS(Ce alkyl), ~C(=S)8C 1 allkyl, ~8C(=5)8Cs
alkyl, —PEOYOC 6 alkylyn, —PEOYCis alkylly, —OPE0ONCrs alkylp, —OPEOXOC 16
alkyly, Cis alkyl, Cis perhaloalkyl, Cos alkenyl, Cie alkynyl, heteroCisalkyl, heteroCs.
salkenyl, heteroCr.salkynyl, Csao carboeycelyl, Csao aryl, 3-10 membered heterocyclyl, 5-10
membered heteroaryl; or two geminal R5 substituents can be joined to form =0 or =5§; wherein

X715 a counterion.

[133] A “counterion” or “anionic counterion” 18 a negatively charged group associated
with a positively charged group in order to maintain electronic neutrality. An anionic
counterion may be monovalent {i.e, including one formal negative charge) An anionic
counterion may also be multivalent (i.e, including more than one formal negative charge), such
as divalent or trivalent. Exemplary counterions include halide ions {e.g., F, C17, Br, T'), NO5~

CiQy, OH, HPOy, HCOy HSOs, sulfonate ions {eg, methansulfonate,
trifluoromethanesulfonate, p—toluenesulfonate, benzenesulfonate, 10—camphor sulfonate,
naphthalene-Z-sulfonate, naphthalene—1-sulfonic acid-S-sulfonate, ethan—1-sulfonic acid-
Z2-sulfonate, and the like), carboxylate ions {e.g., acetate, propanoate, benzoate, glycerate,
lactate, tartrate, glveolaie, gluconate, and the like), BFs, PFs7, PFe, AsFs, SbFe, Bf3,5-
(CE3 pCelslal, B(CsFs), BPhy, AOC{CFax)7, and carborane anions {e.g., CBuHu ™ or

{(HCB1 MesBrs) ). Exemplary countetions which may be multivalent include CO:%", HPO,™,

5]
]
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POLT By, S04, $:05%, carboxylate anions (e.g., tartrate, citrate, fumarate, maleate,

malate, malonate, gluconate, succinate, glutarate, adipate, pimelate, suberate, azelate, sebacate,

salicylate, phthalates, aspartate, glutamate, and the like), and carboranes.

[134] The term “pharmaceutically acceptable salt” refers to those salts which are,
within the scope of sound medical judgment, suitable for use in contact with the tissues of
hursans and lower animals without undue toxicity, irmtation, allergic response and the like, and
are commensurate with a reasonable benefit/risk ratic. Pharmaceutically acceptable salts are
well known 1n the art. For example, Berge ef /., describe pharmaceutically acceptable saltsin
detail in J  Pharmaceutical Sciences, 1977, 66, 1-19, incorporated by reference.
Pharmaceutically acceptable salts of the compounds disclosed in this application include those
derived from suitable inorganic and organic acids and bases. Examples of pharmaceutically
acceptable, nontoxic acid addition salts are salts of an amino group formed with inorganic acids
such as hydrochloric acid, hydrobromic acid, phosphoric acid, sulfuric acid, and perchloric acid
or with organic acids such as acetic acid, oxalic acid, maleic acid, tartaric acid, citric acid,
succinic acid, or malonic acid or by using other methods known in the art such as fon exchange.
Other pharmaceutically acceptable salts inchide adipate, alginate, ascorbate, aspartate,
benzenesulfonate, benzoate, bisulfate, borate, butyrate, camphorate, camphorsulfonate, citrate,
cyclopentanepropionate, digluconate, dodecylsulfate, ethanesulfonate, formate, fumarate,
glucoheptonate, glycerophosphate, gluconate, hemisuifate,  heptanoate, hexanocate,
bydroiodide, 2-hydroxy—ethanesulfonate, lactobionate, lactate, laurate, laury] sulfate, malate,
maleate, malonate, methanesulfonate, 2-naphthalenesulfonate, nicotinate, nitrate, oleate,
oxalate, palmitate, pamoate, pectinate, persulfate, 3—phenylpropionate, phosphate, picrate,
pivalate, propionate, stearate, succinate, sulfate, tartrate, thiocyanate, p-toluenesulfonate,
undecanoate, valerate salis, and the hike Salts derived from appropriate bases include alkal
metal, alkaling carth metal, ammonium and N7{Cr alkvl)y™ salts Representative atkali or
alkaline earth metal salts include sodium, lithium, potassium, calcium, magnesium, and the
like. Further pharmaceutically acceptable salts include, when appropriate, nontoxic
ammonium, quaternary ammonium, and amine cations formed using counterions such as
halide, hvdroxide, catboxylate, sulfate, phosphate, nitrate, lower alkyl sulfonate, and aryi

sulfonate.

(135} The term “solvate” reters to forms of a compound that are associated with a

solvent, usually by a solvolysis reaction. This physical association may include hydrogen

[
(9]
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bonding. Conventional solvents include water, methanol, ethanol, acetic acid, DMSO, THF,
diethyl ether, and the like. The compounds of Formula (1), (9), (10}, and (11} may be prepared,
e.g., in crystalline form, and may be solvated. Suitable solvates include pharmaceutically
acceptable solvates and further include both stoichiometnic solvates and non-stoichiometric
solvates. In certain instances, the solvate will be capable of tsolation, for example, when oune
or more solvent molecules are incorporated in the crystal lattice of a crystaliine solid. “Solvate”
encorupasses both solution-phase and 1solable solvates. Representative solvates inciude

hydrates, ethanolates, and methanolates.

[136] The term “hydrate” refers to a compound that is associated with water.
Typically, the number of the water molecules contained in a hydrate of a compound 18 in a
definite ratio to the number of the compound molecules in the hydrate. Therefore, a hydrate of
a compound may be represented, for example, by the general formula R-x HO, wherein R is
the compound and wherein X 15 a number greater than 0. A given compound may form more
than one type of hydrates, including, e.g., monohydrates (x is 1}, lower hydrates {x is a number
greater than 0 and smalier than 1, e.g., hemihydrates (R-0.5 Hx(O)), and polyhydrates (x is a

number greater than 1, e.g., dihydrates (R-2 H2QO) and hexahydrates (R-6 H:O)).

(137} The term “tautomers” refer to compounds that are wnterchangeable forms of a
particular compound structure, and that vary in the displacement of hydrogen atoms and
electrons. Thus, two structures may be in equilibriom through the movement of n electrons and
an atom (usually H). For example, enols and ketones are tautomers because they are rapidly
interconverted by treatrment with either acid or base. Another example of tautomerism 13 the
aci- and nitro- forms of phenylnitromethane, which are likewise formed by treatment with acid
or base. Tautomeric forms may be relevant to the attainment of the optirnal chemical reactivity

and biological activity of a compound of interest.

[138] It is also (o be understood that compounds that have the same molecular formula
but differ in the nature or sequence of bonding of their atoms or the arrangement of their atoms

e

i space are termed “isomers.” Isomers that differ 1o the arrangement of thetr atoms in space

are termed “sterecisomers.”

[139] Stereoisomers that are not mirror images of one another are termed

“diastereomers” and those that are non-superimposable mirror images of each other are termed

(8}
.
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“enantiomers.” When a compound has an asymmetric center, for example, it is bonded to four
different groups, a pair of enantiomers is possible. An enantiomer can be characterized by the
absoclute configuration of its asymmetric center and described by the R- and S-sequencing rules
of Cahn and Prelog. Aun enantiomer can also be characterized by the manner in which the
molecule rotates the plane of polarized light, and designated as dextrorotatory or levorotatory
(7.e., as () or (~}-isomers respectively} A chiral compound can exist as either an individual
enantiomer or as a mixture of enantiomers. A mixture containing equal proportions of the

enantiomers is called a “racemic mixture.”

[140] The term “co-crystal” refers to a crystalline structure comprising at least two
different components {e.g., a compound described 1n this application and an acid), wherein
sach of the components 18 wndependently an atom, ion, or molecule. In certain embodiments,
none of the components is a solvent. In certain embodiments, at least one of the components is
a solvent. A co-crystal of a compound and an acid 1s different from a salt formed from a
compound and the acid. In the salt, a compound described in this application 15 complexed with
the acid in a way that proton traunsfer {(e.g., a complete proton transfer) from the acid to a
compound described in this application easily occurs at room temperature In the co-crystal,
however, a compound described in this application is complexed with the acid 1 a way that
proton transter from the acid 10 a compound described in this application does not easily occur
at room temperature. In certain embodiments, in the co-crystal, there is no proton transfer trom
the acid to a compound described in this application. In certain embodiments, in the co-crystal,
there 15 partial proton transter from the acid to a compound described in this application. Co-
crystals may be useful to 1mprove the properties (e.g., solubility, stability, and ease of

formulation} of 2 compound described in this application.

141} The term “polymorphs” refers to a crystalline form of a compound (or a salt,
hydrate, or solvate thereof) in a particular crystal packing arrangement. All polymorphs of the
same compound have the same elemental composition. Different erystalline forms usually have
different X-ray diffraction patterns, infrared spectra, melting points, density, hardness, crystal
shape, optical and electrical properties, stability, and solubility. Recrystallization solvent, rate
of crystallization, storage temperature, and other factors may cause one crystal form to
dormnate. Various polymorphs of a compousd can be prepared by crystallization woder

different conditions.

[
S
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1421 The term “prodrug” refers to compounds, including derivatives of the
compounds of Formula (X, (8), (9), (10}, or {11), that have cleavable groups and become by
solvolysis or under physiclogical conditions the compounds of Formula (X3, (8), {93, (10}, or
{11} and that are pharmaceutically active in vivo. The prodrugs may have attributes such as,
without limitation, solubility, bioavailability, tissue compatibility, or delayed release in a
mammahian organism. Examples include, but are not limited to, derivatives of compounds
described in this application, including derivatives formed from glycosylation of the
compounds described in this application {e.g., ¢lycoside derivatives), carrier-linked prodrugs
{e.g., ester derivatives), bioprecursor prodrugs {a prodrug metabolized by molecular
modification into the active compound), and the hike. Non-limiting examples of glycoside
derivatives are disclosed in and incorporated by reference from PCT Publication No.
WO2018/208875 and U.S. Patent Publication No. 2019/0078168. Non-lumiting examples of
ester derivatives are disclosed in and incorporated by reference from U.S. Patent Publication

No. US2017/0362195,

[143] Other derntvatives of the compounds of this invention have activity in both their
acid and acid derivative forms, but the acid sensitive forn often offers advantages of solubility,
bioavatlability, tissue compatibility, or delayed release in a mammalian orgamism {see,
Bundgard, H., Design of Prodrugs, pp. 7-9, 21-24, Elsevier, Amsterdam 1983). Prodrugs
include acid derivatives well known to practitioners of the art, such as, for example, esters
prepared by reaction of the parent acid with a suitable alcohol, or amides prepared by reaction
of the parent acid compound with a substituted or unsubstituted amine, or acid anhydrides, or
mixed avhydrides. Sirople aliphatic or aromatic esters, amides, and avhydrides derived from
acidic groups pendant on the compounds of this invention are particular prodrugs. In some
cases it is desirable to prepare double ester type prodrugs such as {(acyloxyjalkyl esters or
{{alkoxycarbonyloxyalkylesters. C-Cs alkyl, Cr-Cs alkenvl, C3-Cs alkynyi, aryl, Cr-Ciz
substituted aryl, and C7-Ciz arylaltkyl esters of the compounds of Formula (X, (8), (9), (10}, or

{11} may be preferred.
Cannabinoids

[144] As used in this application, the terro “cannabivoid” includes compounds of

Formula (X):

(P8
[@2
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RE
R
=3 \
R2
Formula (X}

or a pharmaceutically acceptable salt, co-crystal, tantomer, sterecisomer, solvate, hydrate,
polymorph, isotopically enriched devivative, or prodrug thereof, wheretn R1 1 hydrogen,
opticnally substituted acyl, optionally substituted alkyl, optionally substituted alkenyi
optionally substituted alkynyi, optionally substituted carbocyclyl, or optionally substituted
aryl; R2 and R6 are, independently, hydrogen or carboxyl; R3 and RS are, independently,
hydroxyl, halogen, or alkoxy; and R4 is a hydrogen or an optionally substituted prenyi moiety;
or optionally R4 and R3 are taken together with their intervening atoms to form a cyclic motety,
or optionally R4 and R5 are taken together with their intervening atoms to form a cyclic motety,
or optionally both 1} R4 and R3 are taken together with their intervening atoms to form a cyclic
moiety and 2} R4 and RS are taken together with their intervening atoms to form a cyclic
motety. In certain embodiments, R4 and R3 are taken together with their intervening atorns to
form a cyclic moiety. In certain embodiments, R4 and RS are taken together with their
imtervening atoros to forro a eyclic motety. In certain embodiments, “cannabinoid” refers to a
compound of Formula (X), or a pharmaceutically acceptable salt thereof In certain
embodiments, both [} R4 and R3 are taken together with their intervening atoms to form a
cyclic motety and 2} R4 and RS are taken together with their intervening atoms to form a cyclic

moiety.

[145] In some embodiments, cannabincids may be synthesized via the following
steps: aj one or more reactions to icorporate three additional ketone moieties onio an acyl-
CoA scaffold, where the acyl motety in the acyi-CoA scaffold comprises between four and
fourteen carbons; b} a reaction cyclizing the product of step {a); and ¢) a reaction {0 incorporate
a prenyl moiety to the product of step (b} or a denivative of the product of step (b). In some
embodiments, non-lirniting examples of the acyl-CoA scatfold described in step (a) include
bexanovi-CoA and butyry-CoA . o some embodiments, non-limiting examples of the product
of step (b} or a derivative of the product of step (b} include olivetolic acid, divarinic acid, and

sphaerophorolic acid.

(8}
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[146] in some embodiments, a cannabinoid compound of Formula (X} 1s of Formula

(XA}, (X-B), or (X-Ch:

OH ©

rRZ A
L
o1 HO R

or a pharmaceutically acceptable salt, solvate, hydrate, polvmorph, co-crystal, tautomer,

(X-C),

stereoisomer, isotopically fabeled derivative, or prodrug thereof
wherein ==~1is a double bond or a single bond, as valency permits;

R 1s hydrogen, optionally substituted acyl, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkvoyl, optionally substituted carbocyelyl, or
optionally substituted aryl;

R”* is hydrogen, optionally substituted acyl, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkynyl, optionally substituted carbocyclyl, or
optionally substituted aryl;

R*? is hydrogen, optionally substituted acyl, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkynyl, optionally substituted carbocyclyl, or
optionally substituted aryl;

or optionally, R** and R** are taken together with their intervening atoms to form an
opticnally substituted carbocyclic ring;

R* is hydrogen, optionally substituted acyl, optionally substituted alkyl, optionally
substituted alkenyl, or optionally substituted alkynyl;

R® is hydrogen, optionally substituted acvl, optionally substituted alkyl, optionally

substituted alkenyi, or optionally substituted alkynyl;

(8}
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RY is hydrogen, optionally substituted acyl, optionally substituted alkyl, optionally
substituted alkenyl, or optionally substituted alkynyl;
R* is hydrogen, optionally substituted acyl, optionally substituted alkyl, optionally

substituted alkenyl, or optionally substituted alkynyl.

[147] in certain embodiments, a cannabinoid compound is of Formula (X-A}
Szz OH O
RZ":,,J . Ny OH
RSH“‘\QW R
R (X-A), wherein ~=~is a double bond, and each of R and R™ is

hydrogen, one of R* and R*™ is optionally substituted Cas alkenyl, and the other one of R™
and R°F is optionally substituted Co.s alkyl. In some embodiments, a cannabinoid compound of
Formula (X} is of Formula (X-A), wherein each of R and R? s hydrogen, one of R** and

R°® i5 a prenyl group, and the other one of R** and R°® is optionally substituted methyl.

[148] in certain embodiments, a cannabinoid compound of Formula (X)) of Formula

{(X-A)is of Formula (11-2):
OH O

(11-2),

wherein ===is a double bond or single bond, as valency permits; one of R*» and R*™ is Ci

alkyl optionally substituted with alkenyl, and the other of R** and R*® is optionally substituted
15 alkyl. In certain embodiments, in a compound of Formula (11-2), == =is a single bond; one
of R¥ and R® is C1. alkyl optionally substituted with prenyl; and the other of one of R* and

R*® is unsubstituted methyl; and R is as described in this application. In certain embodiments,

in a compound of Formula (11-z), ==~is a single bond; one of B3% and R*® is S \/”\V’A\-;
and the other of oue of R** and R* is unsubstitated methyl; and R is as described in this
application. Inn certain embodiments, a cannabinoid compound of Formula (11-z) is of Formula

{11ay:
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(11a).

[149] In certain embodiments, a cannabinoid compound of Formula (X} of Formula

(X-Ayis of Formula (1 fa}: {(11a).
[150] In certain emboduments, a cannabinoid compound of Formula (11-2z) 18 of

Formula (11b):

OH

P WQOOH

R
C (11b).

[151] In certain embodiments, a cannabinoid compound of Formula (X} of Formula

{X-A}is of Formula (11b}:

[152] In certain embodiments, a cannabinoid compound of Formula {(X-A} is of

Formula {(10-z}: (10-2), wherein = ==is a double bond or single bond,
as valency permits; RY is hydrogen, optionally substituted acyl, optionally substituted allkyl,
optionally substituted alkenyl, or optionally substituted alkynyl; and each of R™ and RF is
independently optionally substituted Cis alkyl. In certain embodiments, in a compound of
Formula (10-z), == ~is a single bond; each of R** and R’ is unsubstituted methyl, and R is as

described in this application. In certain embodiments, a cannabinoid compound of Formula
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{10-2} is of Formula (10a} {(10a). In certain embodiments, a

CO,H

(CHoUCH;

compound of Formula (10a) ( /0 } has a chiral atom labeled with * at

carbon 10 and a chiral atom labeled with ** at carbon 6. In certain embodiments, in a compound

of Formula {10a) { ), the chiral atom labeled with * at carbon 10 1s of
the R-configuration or S-configuration; and a chiral atom labeled with ** at carbon 6 is of the

K-configuration. In certatn  embodiments, in a compound of Formula (10a) (

(CH2)aCH }, the chiral atom iabeled with * at carbon 10 is of the S-configuration;

and a chiral atom labeled with ** at carbon 0 is of the R-configuration or S-configuration. In

. : , ™0 (CHp)CH ,
certain embodiments, in a compound of Formula (10a) ( / (CHz2)4 %), the chiral
atom labeled with * at carbon 10 is of the R-configuration and a chiral atom labeled with ** at

carbon ¢ is of the R-configuration. Ju certain embodiments, a compound of Formula (10a) {

is  of the formula; In  certain
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COH

{CH2)4CH, ), the chiral atom

embodiments, in a compound of Formula (10a) //
labeled with * at carbon 10 1s of the S-configuration and a chiral atom labeled with ** at carbon

6 is of the S-configuration. In certain embodiments, a compound of Formula (10a) {

{CH2)4CH; }, 1s of the formula;

[153] In certain embodiments, a cannabinoid compound of Formula (10-z} is of

(10b). In certain ermnbodiments, a compound of Formula

\ . - 0 P P . P
3 has a chiral atom labeled with * at carbon 10 and a chiral atom

(10b) €

labeled with ** at carbon 6. In certatn embodiments, in a compound of Formula {(I0b) {

}, the chiral atom labeled with * at carbon 10 is of the R-configuration or

S-configuration; and a chiral atom labeled with ** at carbou 6 is of the R-configuration. In

*ky

. . : . ™~ .
certain embodiments, in a compound of Formula (10b) ( }, the chiral atom
labeled with * at carbon 10 15 of the S-configuration; and a chiral atom labeled with ** at carbon

6 is of the R-configuration or S-configuration. In certain emabodiments, in a compound of
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Formula (10b) ( 3, the chiral atom labeled with * at carbon 10 is of the R-

configuration and a chiral atom labeled with ** at carbon 6 15 of the R-configuration. In certatn

COLH

, ?i\ AN
embodiments, a compound of Formula (10b) { © ), is of the formula:

s

In certain embodiments, in a compound of Formula (10b} (

), the chural atom labeled with * at carbon 19 15 of the S-configuration

and a chiral atom labeled with ** at carbon 6 is of the S-configuration. In certain embodiments,

a compound of Formula (10b) { ), isof the formula: /

154} In certain embodiments, a cannabinoid compound is of Formula (X-B):
RY
N oH 0

RWTHO PR

538 L . .
R (X-B), wherein ~~~is a double bond; RY is hydrogen, optionally

substituted acyl, optionally substituted alkyl, optionally substituted alkenvl, or optionally

substituted alkynyl; and each of R* and R is independently optionally substituted Ci.e alkyl.

o
s
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In certain embodiments, in a compound of Formula (X-B), RY is optionally substituted Ci

alkyl: one of R* and R*® is w~ ; and the other one of R** and R*® is unsubstituted methyl,

and R is as described in this application. In certain embodiments, a compound of Formuia (X-

{9a). In certain embodiments, a compound

CO,H

of Formula (9a) { A {CHZMCH?} has a chiral atom labeled with * at carbon 3

and a chiral atom labeled with ** at carbon 4. In cerlain embodiments, in a compound of

(CH2)4CH3}, the chiral atom labeled with * at carbon 3 is of

Formula (9a} {
the R-configuration or S-configuration; and a chiral atom labeled with ** at carbon 415 of the

R-configuration. In certain  embodiments, in a compound of Fomwla (%a) ¢

COH

(CH2)4CH3), the chiral atom labeled with * at carbon 3 is of the &-
configuration, and a chiral atom labeled with ** at carbon 4 1s of the R-configuration or §-

configuration. In certain embodiments, in a compound of Formula (9a) (

(CHZMCHS}’ the chiral atom labeled with * at carbon 3 is of the R-

configuration and a chiral atom labeled with ** at carbon 4 1s of the R-configuration. In certain
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CO,H

HO

(CHiz)sCHa ), is of the formula:

ﬁCOZH
e

- i PO . ) e . - P -
(‘“Hz)éiCHé. In certain embodiments, in a compound of Formula (93) {

HO N CHe ‘ : e Y a .
(CH~’>4CH3), the chiral atom labeled with * at carbon 3 s of the 5-

configuration and a chiral atom labeled with ** at carbon 4 is of the S-configuration. In certain

COH

(CH2)CHsy 46 of the formula:

{Ob). In certain embodiments, a compound of Formula (9b) (

}y has a chiral atom labeled with * at carbon 3 and a chiral atom labeled
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with ** at carbon 4. In certain embodiments, in a compound of Formula (9b) {

3, the chiral atom labeled with * at catbon 3 18 of the R-configuration

or S-configuration; and a chiral atom labeled with ** at carbon 4 is of the R-configuration. In

certain embodiments, in a compound of Formula (9b) { }, the chiral
atom labeled with * at carbon 3 is of the S-configuration; and a chiral atom labeled with ** at

carbon 4 is of the K-configuration or S-configuration In certain embodiments, in a compound

of Formula (9b) { 3, the chiral atom labeled with * at carbon 3 is of the

K-configuration and a chiral atom labeled with ** at carbon 4 is of the R-configuration. In

™Y, is of the

COLH

//\, In certain embodiments, in a compound of Formula (9a) {

3, the chiral atom labeled with * at carbon 3 is of the S-configuration

and a chiral atom labeled with ** at carbon 4 is of the S-configuration. In certain embodiments,
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18 of the formula:

N

a compound of Formula (Ob)

HO

(X-C}, wherein R” is optionally substituted atkyl or optionally substituted

alkenyl. In certain embodiments, a compound of Formmula (X-C) i1s of formula:
OH

{ \

&/L%/AA _COOH

HO

R {87y, whereinais 1,2, 3,4,5,6,7, 8 9, or 10, In certain embodiments,

ais 1. In certain embodiments, ais 2. In certain embodiments, a 1s 3. In certain embodiments,
ais 1, 2, or 3 for a compound of Formula (X-C). In certain embodiments, a cannabiomd

2

compound is of Formula {(X-C), and ais 1, 2, 3, 4, or 5. In certain embodiments, a compound

I - R
X
of Formula (X-C} is of Formula (8a): {(8a}.
[157] In some embodiments, cannabinoids of the present disclosure comprise

cannabinoid receptor ligands. Cannabinoid receptors are a class of cell membrane receptors 1o
the & protemn-coupled receptor superfamily. Cannabinoid receptors include the CBy receptor
and the CB: receptor. In some embodiments, cannabinoid receptors comprise GPR18, GPRS55,
and PPAR. {See Bram et al. “Activation of GPR 18 by cannabinoid compounds: a tale of biased
agonism” Br J Pharmeol v171 (16) (2014); Shi et al. “The novel cannabincid receptor GPRS5

mediates anxiolytic-like effects in the medial orbital cortex of mice with acute stress”

~3
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Molecular Brain 10, No. 38 (2017}; and (0’ Sullvan, Elizabeth. “An update on PPAR activation

by cannabinoids” Br J Pharmcol v. 173(12) (2016)).

[158] In some embodiments, cannabinoids comprise endocannabinoids, which are
substances produced within the body, and phytocannabinoids, which are cannabinoids that are
naturally produced by plants of genus Cannabis. In some embodiments, phytocannabinoids
comprise the acidic and decarboxylated acid forms of the naturally-occurring plant-derived

cannabinoids, and their synthetic and biosynthetic equivalents.

[159] Over 94 phytocannabinoids have been identified to date (Berman, Paula, et al.
"A new ESI-LC/MS approach for comprehensive metabolic profiling of phytocannabinoids in
Cannabis." Scientific reports 3.1 (2018): 14280; El-Alfy et al, 2010, "Antidepressant-like
effect of delta-S-tetrahydrocannabinol and other cannabineids isolated from Cannahbis sativa
L", Pharmacology Biochemistry and Behavior 95 {4}, 434-42; Rudolf Brenneisen, 2007,
Chemistry and Analysis of Phytocannabinoids, Citti, Cinzia, et al. “A novel phytocannabinoid
isolated from Cannabis sativa L. with an in vivo cannabimwimetic activity higher than AS-
tetrahydrocannabinol: AS-Tetrahydrocannabiphorel.” Sci Rep 9 (2019} 20335, each of which
s 1ncorporated by reference in this application 1 s entirety).  In some embodiments,
cannabinoids comprise A~ tetrahvdrocannabinol (THC) type (eg., (-)-trans-delta-9-
tetrahydrocannabinol or dronabinol, (+)-trans-delta-9-tetrahydrocannabinol, (-)-cis-delta-9-
tetrahydrocannabinol, or (+)-cis-delta-S-tetrahydrocannabinol}, cannabidiol (CBD) type,
cannabigerol (CBG) type, cannabichromene (CBC) type, cannabicyclol (CBL) type,
cannabinodiol (CBND) type, or cannabittiol (CBT) type cannabinoids, or any combination
thereof (see, ez, R Pertwee, ed, Hundbook of Cannabis (Oxtord, UK. Oxford University Press,
20143, which 1s incorporated by reference in this application in its entirety}. A non-limiting
list of cannabinoids comprises: cannabiorcol-C1 (CBNQ), CBND-Ct (CENDQ), A%-frans-
Tetrahydrocannabiorcolic acid-C1 (A°-THCO), Cannabidiorcol-Cl {CBDO),
Cannabiorchromene-C1 (CBCO), (O)-Ab-trans-{6aR,10aR)-Tetrahydrocannabiorcol-CT (A®-
THCO), Cannabioreyclol C (CBLO), CBG-C1 (CBGO), Cannabinol-C2 (CBN-C2), CBND-
C2, A-THC-C2, CBD-C2, CBC-C2, AMNTHC-C2, CBL-C2, Bisnor-cannabielsoin-C1
{CBEO), CBG-C2, Cannabivarin-C3 (CBNV), Cannabinodivarin-C3 (CBNDV), (-)-A-#rans-
Tetrahydrocannabivarin-C3 (A*-THCV), {(-}-Cannabidivarno-C3 (CBDV), ()
Cannabichromevarin-C3 (CBCVY), (-)-A%frans-THC-C3 (ASTHCV), (£)-(1a5,3aR 8bR 8cR)-
Cannabicyclovarn-C3 (CBLV), 2-Methyl-2-(4-methyl-Z-penteny - 7-propyi-2H-1-

4%
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benzopyran-S-ol, A'-tetrahydrocannabivarin-C3 {(A’-THCV), CBE-C2, Cannabigerovarin-C3
{CBGV), Cannabitriol-C1 (CBTO), Canmnabinol-C4 (CBN-C4), CBND-C4, (-)-A’-frams-
Tetrahydrocannabinol-C4 {(A’-THC-C4), Cannabidiol-C4 (CBD-C4), CBC-C4, (-)-trans-A*-
THC-C4, CBL-C4, Cannabielsoin-C3 (CBEV), CBG-C4, CBT-C2, Cannabichromanone-C3,
Cannabiglendol-C3 (OH-iso-HHCV-C3), Cannabioxepane-CS5 (CBX), Dehydrocannabifuran-
CS  (DCBF), Cannabinol-C5 {CBN), Cannabinodiol-C5 {CBND),  {(-)-A%-frams-
Tetrahydrocanvabinol-C5 (A-THOC), (-)-Ab-trans-(6aR, 10aR)-Tetrahydrocannabinol-C5 (A®-
THC), (£)-Cannabichromene-CS (CBC), {(-)}-Cannabidicl-C5 (CBD), (£)-{1a8,3aR,8bR 8cR})-
CannabicyclolCS {CBL), Cannabicitran-C5 {CBR}, {-3-A’ -{6a8,10aR-ci5)-
Tetrahydrocannabinol-C5 ({-)-cis-A*-THO), (-)-A-trans-(1R 3R.6R)-
Isotetrahydrocannabinol-C5  (ams-isoA’-THC), CBE-C4, Cannabigerol-C5 (CBG),
Cannabitriol-C3 (CBTV}, Cannabinol methyl ether-C5 {CBNM), CBNDM-C5, 3-OH-CBN-
C5 (OH-CBN), OH-CBND-C5 (OH-CBND), 10-Oxo-A"0%.Tetrahydrocannabinol-C5
{OTHC), Cannabichromanone D-C5, Cannabicoumaronone-CS (CBCON-CS), Cannabidiol
monomethyl ether-C5 (CBDM), A’-THCM-CS, (+)-3"-hydroxy-A*"-cannabichromene-C5,

{5a8,68,9R,9aR )-Cannabielsoin-C5 (CBE), 2-geranyl-S-hydroxy-3-n-pentyl-1.4-

ey N N vene
a01Q, RETNGH

&a-Hydroxy-A"-

. T
Tovatati s
e {
NERA VRS S S W

benzoquinone-C5,  S.geranyd el Eerany! i
Tetrahydrocannabinol-CS (8u-OH-A’-THC), 8p-Hydroxy-A®-Tetrahydrocannabinol-C5 (8B-
OH-A-THC), 10a-Hydroxy-A"-Tetrahydrocannabinot-C5 (10a-OH-A®THC), 10R-Hydroxy-
A¥-Tetrahydrocannabinot-CS  (108-OH-A-THC), 10o-hydroxy-A”!thexahydrocannabinol-
C5,  9B,10B-Epoxyhexahydrocannabinol-CS,  OH-CBD-C5  (OH-CBD), Canvabigerol
monomethyl  ether-C5  {(CBGM), Cannabichromanone-US, CBT-C4, ({£)-0,7-cis-
epoxycanvabigerol-C3, (£)-0,7-rans-epoxyeannabigerol-CS, (-}-7-bydroxycannabichromane-
Cs, Cannabimovone-C5, {«)-frans-Cannabitriol-C5 {{-}-rans-CBT), (+)-frans-Cannabitriol-
C5 {({(+yrans-CBT), {&)-cis-Cannabitriol-CS ((£)-cis-CBT), {-)-trans-10-Ethoxy-3-hydroxy-
AP yetrahydrocannabivarin-C3 [{(frans-CBT-OFt],  (-)-(6aR,98,108,10aR)-9,10-
Dihydroxyhexahydrocannabinol-CS [(-)- Cannabiripsol] (CBR), Cannabichromanone C-C3, (-
)-6a,7,10a-Trihydroxy-A"-tetrahydrocannabinol-C5 {{~}-Cannabttetrol} ({CBTT),
Cannabichromanone  B-C5, 8 ,9-Dihvdroxy-A"%.tetrahydrocannabinol-C5  (B8,9-Di-
QHCBT), {(#)-4-acetoxycannabichromene~-CS, 2-acetoxy-G-geranyi-3-n-pentyi-1.4-
benzoquinone-CS, 11-Acetoxy-A 9 ~TetrahydrocannabinolCS (11-0Ac-A 9 -TH(C), 5-acetyl-
4-hydroxycannabigerol-C3, d-acetoxy-~2-geranyl-5-hydroxy-3-npentyiphenol-CS, {(-)-frans-

10-Ethoxy-8-hydroxy-A™ " tetrahydrocannabinol-C5 ({-y-trans-CBTOEL),
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I-CS, 4-terpenyl cannabinolate-C5, §-fenchyl-

3, carmagero
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gerol

sesquicannabi
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o5,
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s
5,

tetrahydrocannabinolate-{

3

-A’tetrahydrocannabinolate-C5,

4-terpenyl

tetrahydrocannabinolate-C5,
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3

(THCP)
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, dimers of any combination

Orras

~

3
Y

weir acidic forms, salts of the acidic £

CBDP), CBGP, CBCP. ¢

{

of any combination of the

ve, polymers

v combination of the abo

o

, trimers of an

of the above

above, or any combination thereof.

v

A cannabinoid described in this application can be a rare cannabinoid. For

[160]

dstoa

pon

nahis varieties at concentrations of

o, 1%, 0.9%, 0.8%, 0.7%

S

i
H

in this application corre

sme embodiments, a cannabinoid described

3G

example, in

Can

v produced in conventional

less than 10%, 9%, 8%, 7%, 6%, 5%

cannabinoid that is natura

L2y

4%, 3%

a2

e female flower. In some embodiments, rare cannabinoids include

or 0.1% by dry weight of th

CBGA

are

s, 1

X
v

in some embodime

A

~
.

nd CRC
A, THC, CBDA or CBE.

a

VA,
i(

~
7

¥
/

FA, THCVA, CBDVA, CB(

¥

BG

{

>

y:

~
4

are not Ti

that

S

cannabinoids are cannabinoid

so be a non-rare cannabinoid.

al

A cannabinoid described in this application can

[61]

abie 1.

<

{

.

in some embodiment

s, the cannabinoid is selected from the cannabinoids listed in
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Table 1. Non-fimiting examples of cannabinoids according to the present disclosure.

o U
. . N 3
R ~ Rt A o -

AS-Tetrahydro~ Tetrahydro- o (-)-(6aS 102y
, Tetrabydro A%Tetrahydro-
cannabinnl

U A-Tewabydio- Tetraliydro-

i o cannabinol-Cs cannabivarin omdsioreot viner

N-THC-Cs ACTFHOC THCVAC cannabiorcol cannabino
i ASSTHCOC (~ycis-AS-THC-Cs

AS-Tetrahydro-

A -Tetralyydro- 9
Y G e A’-Tetralydro-
e Tie s A-Tewahydro- s alie il A'-Tetrahydro-
cannabinglic acid A Y cannabinolic acid-Cy . " cannabioreolic acid
i NPT cannabivarinic acid ST e
APTHCA-Cs A cannabinehic acid B A aud/or B A andior B
S A : '
AN-THCA-Cs B A9 AL, A -
ATHCA-Cs A AOTHOV AL A ATHCOA-C A
and/or B and/or B

(- }-AFsrans-

(—y=AABirans- (*)-Lannabidicl Cannabidiol Cannabidiol-C4
{tark, i0ak)- {6aR, 10aR)- CED-CS moraomethy] ether BD-C4
Al-Tetrahydro- Tetralydro- CBDM-{5
cannabinol cannabinclic
ASTHC-Cs acid A
ARTHCAACs A

Cannabidiolic acid

Cantabigerehe acid
(—-Cannabidivarin

CRTIACS Cannabidivarinic acid CRDV-C3
ACS 3 3 . e
CEDVA-C3 CBD-CY (E}-CBGA-Cs A

Cannabigero! Cannabigerol Cannabinerolic acid Canabigerol

) A o eeray .
(E)-CBG-Cs monomethyl ether & Canuiabigerovarin (IH-CBG-Cs
‘ (-CBGM.Cs A (£)-CBGACs A (E-CBGY-Cs

51
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Cannabigerolic acid
A
{(F-CRGA-Cs A

Cannabigerolic acid A
monomethyl ether
ECRGAM-Cs A

Cannabigerovarinic
acid A
E3-CBGVA-Cs A

Cannabinolic acid A

{UBNA-CS A

Cannabiuol methyl
sther
CBRM-3

Cannabinol
{CBN-C5

Camnabingi-C4

CBN-C4

Cannabivann

CBN-C3

Cannabing!-C2
CBN-C2

Cannabiorcol

CBN-Ci

(£)-Canndbichromens . e (+}-
T ~ (Ly-Cannabivarichro- )
CBC-Cs {£3-Cannabichromendic ) . . Cannabichromeneg
s mene, {3-Cannabichro-~
actd A L . {BC-Cs
{*)~ mevarinie
CBCA-Cs A » . ! »
{annabichromevarin acid A
CBREV-C; CRCVA-C: A
S

(1aS.3aR,8bR BcR)-
Cannabicyclol

CBL-Cs

{4)-
{1aS,3aR, 8BR BcR)-
Cannabicyclolic aci
A
CBLA-C: A

{1a53aRk 8bR 8ck}-
Cannabicyclovarin

CBLV-Cs

(—)-(9%, 10R )-trang~
10-O-Ethyl-
cannabiiriol

{ytrans-CBT-OLt-

(&3~
{98, 10R/95,108)-
Cannabitrio}-C3

(y-trans-CBT-C3

(-)-(9R, JOR)-trans-

Cannabitnol

{-)-trans-CBT-CS

{(+)-(95,10S)-
Cannabitriol
{+)~rans~-CBT-CS

{9R.105/9S, 10~
Cannabitriol

(p-cis-CBT-CS

\

{—)3-6a,7 10a-
Trihydroxy-
Af%-tetrahydro-
cannabinol

{(—y-Cannabiictrol

10-Oxo-A6a(10a)-
tetrahy dro-
cannabino]

OTHC
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8.9-Dihydroxy-
Ada(lvay-
tetraly dro-canuabinol

8 9-Di-QH-CBT-C5

Cannabidiolic acid A
cannabitriol ester
CBDA-CS 9-0OH-

(6aR,95,108,10aR)-

4.10-Dikydroxy-

{5a8,65,9R,9aR -
Cannabigisoic acid B
CBEA-C3 B

(5a8,65,9R 9aR -

i ashyvdroe-
CBT-C3 ester hexahydro ey
cannabinol C3-Cannabielsoic
CAMABINO.,
. acid B
Cannabiripsol

CEEA-(C3 B

Camnabiripsol-{5

(548,69 9R 94R) (5a’,68,9R 9uit}- Dehydro-
548.69,9R 9aR)- P annabiglendol-C3
c e {528,68,9R 9aR}- Cannabielseic acid A Cannabiglendol-L3 cannabifuran
“annabicisoin o Yo T OV
C3-Cannabiclsoin CREALCS A Of-iso-HHCV-CS DORFE.CS
CBE-C5
CBE-C3

T Cannabidiphorol Tetrabydro-
e {CBOP) carmmabiphorol
Cannabifuran (THCF)

{BF-CS

(162} Cannabinoids are often classified by “type,” 1.2, by the topological arrangement
of their prenyl moteties (See, for example, M. A. Elsohly and D Slade, Life Sci, 2005, 78,
539--548; and L.O. Hanus et al. Nat. Prod. Rep,, 2016, 33, 1357). Generally, each “type” of
cannabinoid includes the vanations possible for ring substitutions of the resorcinol moiety at
the position meta to the two hydroxyl moieties. As used in this disclosure, a “CBG-type”
cannabinoid is a 3-[(ZE)-3,7-dimethylocta-Z,6-dienyl}-2,4-dihydroxybenzoic acid optionally
substituted at the 6 position of the benzoic acid moiety. As used in this disclosure, “CBC-type”
cannabinotds refer to S-hydroxy-Z-methyl-2-{4-methylpent-3-enyl}-chromene-G-carboxylic
acid optionally substituted at the 7 position of the chromene moiety. As used in this disclosure,
a “THC-type” cannabinoid s a (6aR,10aR}-1-hydroxy-90,6,9-trimethyi-6a,7,8,10a-
tetrahydrobenzo[c]chromene-2-carboxylic acid optionally substituted at the 3 position of the
benzolcichromene moiety. As used in this disclosure, a “CBD-type” cannabinoid is a 2.4-

dihydroxy-3-[(1R,6R }-3-methyl-6-prop-l-en-2-yicyclohex-2-en-1-yi}-benzoic acid optionally

substituted at the © position of the benzoic acid motety. In some embodiments, the optional
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ring substitution for each “type” ts an optionally substituted C1-C11 alkyl, an optionally
substituted C1-C11 alkenyl, an optionally substituted CI-Cl1 alkynyl, or an optionally

substituted C1-C11 arabkyl,

[103] The terms  “varinolic cannabinoid” and  “varin  cannabinoid”  are
interchangeable, and mean a cannabinoid that is a derivative of divaric acid or divarinol, a
cannabinoid of Forroula (X} where R1 1s propyl {e. g, n-propyl), a cannabinoid of Forroula (X~
A), (X-B), (X-C), (11-z), (10-z), where R is propvl {e.g.. n-propyl}, or any combination of
thereof. Exemplary, varinolic cannabinoids and varin cannabinoids include, but are not limited

to, CBGY, CBCV {cannabichromevarin), CBDV, CBGVA, THCV, THCVA and/or CBCY A,

Biosynthesis of Cannabinoids and Cannabineid Precursors

[164] Aspects of the present disclosure provide tools, sequences, and methods for the
biosynthetic production of cannabinoids 1o bost cells.  In some embodiments, the present
disclosure teaches expression of enzymes that are capable of producing cannabinoids by

biosyuthesis.

{165} As a non-limiting example, one or more of the evzymes depicted in FIG. 2 may
be used to produce a cannabincid or cannabinoid precursor of interest. FIG. I shows a
cannabinoid biosynthesis pathway for the most abundant phytocannabinoids found in
Cannabis. See also, de Metjeret al [ 1L, T, and IV {I: 2003, Generics, 163:335-346; H: 2005,
Fuphytica, 145:189-198; H1L: 2009, Fuphvtica, 165:293-311; and 1V: 2009, Fupiviica, 168:95-
112}, and Carvalho et al. “Designing Microorganisms for Heterologous Biosynthesis of
Cannabinoids”™ (2017} FEMS Yeast Research Jun 1,17(4), each of which is incorporated by
reference n this application in s entirety. FIG. 4 shows a biosynthetic pathway for production

of varin cannabinoid compounds.

[166] it should be appreciated that a precursor substrate for use in cannabinoid
biosynthesis is generally selected based on the cannabinoid of interest. Non-limiting examples
of cannabinoid precursors include compounds of Formulae (1-(8) in ¥IG. 2 In some
embodiments, polyketides, including compounds of Formula (5}, could be prenylated. In
certain embodiments, the precursor is a precursor compound shown in FIGs. 1- 4. Substrates
inn which R contains 1-40 carbon atoms are preferred. In some embodiments, substrates in

which R contains 3-8 carbon atoms are most preferred.

34
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167} As used 1n this application, a cannabinoid or a cannabinoid precursor may
comprise an R group. See, e.g, FIG. 2. In some embodunents, R may be a hydrogen. In
certain embodiments, R ts optionally substituted alkyl. In certain embodiments, R is optionally
substituted C1-40 alkyl. In certain embodiments, R is opticnally substituted C2-40 alkyl. In
certatn embodiments, R 1s optionally substituted C2-40 alkyl, which 1s straight chain or
branched alkyl In certain embodiments, R 1s optionally substituted C3-8 alkyl In certain
emnbodiroents, R is optionally substituted C1-C40 alkyl, C1-C20 alkyl, C1-C10 alkyi, C1-CR
alkyl, C1-C5 atkyl, C3-C35 alkyl, €3 alkyi, or C5 alkyl. In certain embodiments, R is optionally
substituted C1-C20 alkyl. In certain embodiments, R is optionally substituted C1-C10 alkyl In
certain embodiments, R is optionally substituted C1-C8 alkyl. In certain embodiments, R is
optionally substituted C1-C5 alkyl In certain embodiments, R is optionally substituted C1-C7
alkyl. In certain embodiments, R is optionally substituted U3-CS alkyl. In certain embodiments,
R is optionally substituted C3 alkyl In certain embodiments, R is unsubstituted C3 alkyl In
certain embodiments, B s 0-C3 alkyl In certain embodiments, R is n-propyl. In certain
embodiments, R is n-butyl. In certain embodiments, R is n-pentyl. In certain embodiments, R

is n-hexyi. In certain embodiments, R is o-heptyl In certain embodiments, R is of formula:
e i certain embodiments, R s optionally substituted €4 alkyl. In certain
embodiments, R is unsubstituted C4 alkyl. In certain embodiments, R 15 optionally substituted
C5 alkyl. In certain embodiments, R is unsubstituted €5 alkyl. In certain embodiments, R is
optionally substituted CO6 alkyl. In certain embodiments, R is unsubstituted C6 alkyl. Tn certain
embodiments, R is optionally substituted C7 alkyl In certain embodiments, R 1s unsubstituted
C7 atkyl. In certain embodiments, R is of formula: e Ty certain embodiments,

. . . it . . C e :
Risof formula: ™" In certain embodiments, R is of formula; ™~ QN T

certain embodiments, R is of formula: e cprtain embodiments, R is of

tormula: . In certain embodiments, R is optionally substituted n-propyl. In
certain embodiments, R s n-propyl optionally substifuted with optionally substituted arvl. In
certain embodiments, R 13 n-propyt optionally substituted with optionally substituted phenyl.
In certain embodiments, R is n-propyl substituted with unsubstituted phenyl. In certain
embodiments, R is opticnally substituted butyl. In certain embodiments, R is optionally
substiuted n-butyl In certain embodiments, R s n-butyl optionally substituted with optionally

substituted aryl. In certain embodiments, R is n-butyl optionally substituted with optionally

53
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substituted phenvl. In certain embodiments, R is n-butyl substituted with unsubstituted phenyl.
In certain embodiments, R is optionally substituted pentyl. In certain embodiments, R is
optionally substituted n-pentyl. In certain embodiments, R is n-pentyl optionally substituted
with optionally substituted aryl. In certain embodiments, R is n-pentyl optionally substituted
with optionally substituted phenyl. In certain embodiments, R 15 u-pentyl substituted with
unsubstituted phenyl. In certain embodiments, R is optionally substituted hexyl In certain
embodirsents, R is optionally substituted n-hexyl. In certain embodiments, R is optionally
substituted n-heptyl. In certain embodiments, R is optionally substituted n-octyl. In certain
embodiments, R is alkyl optionally substituted with aryl {e.g., phenyl). In certain embodiments,

R is optionally substituted acyl {e.g., -C(=0)Me}.

[168] in certain embodiments, R is optionally substituted alkenyl {e.g., substituted or
ansubstituted Cas alkenyl) In certain embodiments, R 13 substituted or unsubstituted Cas

alkenyl. In certain emobodiments, R 15 substituted or unsubstituted Coos alkenyl. In certain

embodiments, R is of formula: %~ . In certain embodiments, R is optionally
substituted alkyoyl {e.g., substituted or unsubstituted Co alkyayl). In certain embodiments, R

is substituted or unsubstituted Cr. alkynyl. In certain embodiments, R is of formula:

=,
P

embodiments, R is optionally substituted arvl {e.g., phenvl or napthyl).

. In certain embodiments, R is optionally substituted carbocyclyl. In certain

[169] The chatn length of a precursor substrate can be from C1-C40. Those substrates
can have any degree and any kind of branching or saturation or chain structure, including,
without litation, aliphatic, alicyclic, and aromatic. In addition, they may nclude any
functional groups including hydroxy, halogens, carbohydrates, phosphates, methyl-containing

or nitrogen-contatmug functional groups.

(170} For example, FIG. 3 shows a non-exclusive set of putative precursors for the
cannabinoid pathway. Aliphatic carboxyhic acids including four to eight total carbons (“C47-
“C8” in FIG. 3) and up to 10-12 total carbons with either linear or branched chains may be
used as precursors for the heterologous pathway. Non-limiting examples include methanoic
acid, butyric acid, pentanoic acid, hexanoic acid, heptanoic acid, isovaleric acid, octanoic acid,
and decanoic acid. Additional precursors may include ethanoic acid and propanoic acid. fn

some embodiments, in addition to acids, the ester, salt, and acid forms may all be used as
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substrates. Substrates may have any degree and any kind of branching, saturation, and chain
structure, including, without linutation, aliphatic, alicyclic, and aromatic. In addition, they may
include any functional modifications or combination of modifications including, without
himitation, halogenation, hydroxylation, amination, acylation, alkylation, phenylation, and/or
installation of pendant carbohydrates, phosphates, sulfates, heterocycles, or lipids, or any other

functional groups.

(171} Substrates for any of the enzymes disclosed in this application may be provided
exogenously or may be produced endogenously by a host cell. In some embodiments, the
cannabingids are produced from a ghicose substrate, so that compounds of Formula 1 shown
in FI4G, 2 and CoA precursors are synthesized by the cell. In other embodiments, a precursor
is fed into the reaction. In some embodiments, a precursor is a2 compound selected from

Formuiae 1-8 in FIG. 2.

[172] Cannabinoids produced by methods disclosed in this application include rare
cannabinoids.  Due to the low concentrations at which cannabinoids, ioncluding rare
cannabinoids occur in nature, producing industrially significant amounts of isolated or purified
cannabinoids from the Cannabis plant may become prohibitive due to, e.g, the large volumes
of Cannabis plants, and the large amounts of space, labor, time, and capital requirements o
grow, harvest, and/or process the plant materials (see, for example, Crandall, K, 2016, A
Chronic Problem: Taming Hnergy Costs and Impacts from Marjuana Cultivation. EQ
Research; Mills, B., 2012, The carbon footprint of indoor Cannabis production. Energy Policy,
46, pp.5S8-67, Jourabcht, M. and M. Lahet. 2014, Eiectrical Load Impacts of Indoor
Commercial Cannabis Production. Presented to the Northwest Power and Conservation
Council; O'Hare, M., D Sanchez, and P. Alstone. 2013 Envirousmental Risks and
Opportunities in Cannabis Cultivation. Washington State Liquor and Cannabis Board; 2018,
Comparing Cannabis Cultivation Energy Consumption. New Frontier Data; and
Madhusoodanan, §., 2019, Can cannabis go green? Nature Outlook: Cannabis; all of which are
incorporated by reference in this disclosure). The disclosure provided in this application
represents a potentially efficient method for producing high yields of cannabinoids, including
rare cannabinoids. The disclosure provided in this application also represents a potential
method for addressing concerns related to agriculiural practices and water usage associated
with traditional methods of cannabinoid production (Dnllis et al. "Water storage and irrigation

practices for cannabis drive seasoval patierns of water extraction and use in Northern

f, |
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California." Journal of Havironmental Management 272 (2020} 110955, incorporated by

reference in this disclosure).

[173] Cannabinoids produced by the disclosed methods also include non-rare
cannabinoids. Without being bound by a particular theory, the methods described in this
application may be advantageous compared with traditional plant-based methods for producing
non-rare canunabinoids. For example, wethods provided in this application represent potentially
efficient means for producing consistent and high vields of non-rare cannabinoids. With
traditional methods of cannabinoid production, 1tn which cannabinoids are harvested from
plants, maintaining consistent and uniform conditions, including aurflow, nutrients, lighting,
temperature, and humidity, can be difficult. For example, with plant-based methods, there can
be microclimates created by branching, which can lead to tnconsisient yields and by-product
formation. In some embodiments, the methods described 1n thus application are more efficient
at producing a cannabinoid of interest as compared to harvesting cannabinoids from plants.
For example, with plant-based methods, seed-to-harvest can take up to half a year, while
cutting-to-harvest usually takes about 4 months. Additional steps wncluding drying, curiog, and
extraction are also usually needed with plant-based methods  In contrast, in some
embodiments, the fermentation-based methods described in this application only take about 1,
2,3,4, 5 6,7, 8 9, or 10 days. In some embodiments, the fermentation-based methods
described in this application only take about 3-5 days. In some embodiments, the fermentation-
based methods described in this application only take about § days. In some embodiments, the
methods provided in this application reduce the amount of security needed to comply with
regulatory standards. For example, a smaller secured area may be needed to be monitored and
secured to practice the methods described in this application as compared 1o the cultivation of
plants. In some embodiments, the methods described in this application are advantageous over

plant-sourced cannabinoids.

[174] Any of the enzymes, host cells, and methods described in this application may
be used for the production of cannabinoids and cannabinoid precursors, such as those provided
in Table . In general, the term “production” is used to refer to the generation of one or more
products {e.g., products of interest and/or by-products/off-products), for example, from a
particular substrate or reactant. The amoust of production may be evaluated at any one or more
steps of a pathway, such as a tinal product or an intermediate product, using metrics familiar

to one of ordinary skill 10 the art. For exarmple, the amount of production may be assessed for
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a single enzymatic reaction. Alternatively or 1n addition, the amount of production may be
assessed for a series of enzymatic reactions {e.g., the biosynthetic pathway shown in FIG. 1,
FiG. 2, and/or FIG. 4). Production may be assessed by any metrics known in the art, for
example, by assessing volumetric productivity, enzyme kinetics/reaction rate, specific
productivity biomass~-specific productivity, titer, yield, and total titer of one or more producis

(e g, products of interest and/or by-products/off-products).

(1751 in some embodiments, the metric used to measure production may depend on
whether a continuous process is being monitored (e.g., several canvabinoid biosynthesis steps
are used in combination} or whether a particular end product is being measured. For example,
in some embodiments, metrics used to monitor production by a continuous process may include
volumetric productivity, enzyme kinetics and reaction rate. In some embodiments, metrics
used to monitor production of a particular product may include specific productivity bromass-
specific productivity, titer, vield, and total titer of one or more products {e.g, producis of

interest and/or by-products/off-products).

[176] Production of one or more products {e.g, products of interest and/or by-
products/off-products) may be assessed indirectly, for example by determining the amwount of
a substrate remaining following termination of the reaction/fermentation. In some
embodiments, the production of a product {e.g, products of interest and/or by-products/off-

products) may be assessed as relative production, for example relative to a control.
Cananchinoid Pathway Engymes

1177} Methods for production of cannabinoids and cannabinoid precursors can
include cxpression of one or more of an acy! activating enzyme {AAE); a polyketide synthase
(PKS) {e.g, OLS), a polvketide cyclase (PKC); a prenvitransferase (PT) and a terminal
synthase (TS).

Acyl Activating Enzyme (AAE)

{178} A host cell described in this disclosure may comprise an AAE. As used in this
disclosure, an AAE refers fo an enzywe that is capable of catalyzing (“activating”) the
esterification between a thiol and a substrate {e.g., optionally substituted aliphatic or aryi
group) that has a carboxyhic acid moiety In some embodiments, an AAFE is capable of using

Formula (1)
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O

(1
HO/U\R

or a salt, solvate, hydrate, polymorph, co-crystal, tautomer, sterecisomer, isctopically labeled

derivative thereof to produce a product of Formula (2):

O
(2.
CoA
g R
(179} R is as defined in this application. In certain embodiments, R is hydrogen. In

certain embodiments, R is optionally substituted altkyl. In certain embodiments, R is optionally
substituted C1-40 alkyl. In certain embodiments, R is opticnally substituted C2-40 alkyl. In
certain emboduments, R is optionally substituted C2-40 alkyl, which 15 straight chain or
branched alkyl In certain embodiments, R ts optionally substituted C2-10 alkyl, optionally
substituted C10-C20 alkyl, optionally substituted C20-C30 alkyl, optiooally substituied C30-
(40 alkyl, or optionally substituted C40-C50 alkyl, which 1s straight chain or branched alkyl
In certain embodiments, R is optionally substituted C3-8 alkyl. In certain embodiments, R is
optionally substituted C1-C40 alkyl, C1-C20 alkyl, C1-C10 alkyi, C1-C8 alkyl, C1-CS alkvl,
C3-C5 alkyl, €3 alkyl, or C5 alkyl In certain embodiments, R is optionally substituted C1-
C20 alkyl. In certain emwbodiments, R s optionally substituted C1-C20 branched alkyl. In
certain embodiments, R is optionally substituted C1-C20 alkyl, optionally substituted C1-C10
alkyl, optionally substituted C10-C20 alkyl, optionally substituted C20-C30 alkyl, optionally
substituted C30-C40 alkyl, or optionally substituted C40-C50 alkyl. In certain embodiments,
R 15 optionally substituted C1-C10 atkyl In certain embodiments, R 1s optionally substituted
(3 alkyl. In certain embodiments, R is optionally substituted n-propyl. In certain embodiments,
R is unsubstituted n-propyl. In certain embodiments, R is optionally substituted C1-C8 alkyl
In some embodiments, R is a C2-C6 alkyl. In certain embodiments, R is optionally substituted
C1-C5 alkyl. In certain embodiments, R is optionally substituted C3-C5 alkyl. In certain
ernbodiments, R 13 optionally substituted C3 alkyl In certain embodiments, R is optionally

. e . . i o 3 i .
substituted C5 alkyl. In certain embodiments, R is of formula: — ™"~"" _In certain

embodiments, R is of formula: e T certain embodiments, R 1s of formuia:
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A N . In certain embodiments, R 18 of formula; . In certain
embodiments, R is optionally substituted propyl. In certain embodiments, R is optionally
subsiituted v-propyl. In ceriaio embodiments, R is n-propyl optiovally substituted with
optionally substituted aryl. In certain embodiments, R is n-propyl optionally substituted with
optionally substituted phenyl. In certain embodiments, R is n-propyl substituted with
unsubstituted phenyl In certain embodiments, R is optionally substituited butyl. In certain
embodiments, R 1s optionally substituted n-butyl In certain embodiments, R s n-butyl
optionally substituted with optionally substitoted aryl. Io certain embodiments, R s n-butyl
optionally substituted with optionally substituted phenyl. In certain embodiments, R is n-butyl
substituted with unsubstituted phenyl. In certain embodiments, R 18 optionally substituted
pentyl. In certain embodiments, R 1s optionally substituted n-pentyl. In certain embodiments,
R is n-pentyl optionally substituted with optionally substituted aryl. In certain embodiments, R
is n-pentyl optionally substituted with optionally substituted phenyl. In certain embodiments,
R is n-pentyl substituted with unsubstituted phenyl. In certain embodiments, R is optionally
substituted hexyl. In certain embodiments, R is optionally substituted n-hexyl. In certain
embodiments, R is optionally substituted n-heptyl. In certain embodiments, R is optionally
substituted n-octyl. Tn certain embodiments, R is alkyl optionaily substituted with aryl {e.g.,

phenyl). In certain embodiments, R is optionally substituted acyl {e.g., -C(=0)Me).

[180] In certain embodiments, R is optionally substituted alkenyl {e.g., substituted or
unsubstituted Coe alkenyl) In certain embodiments, R 18 substituted or unsubstituted Crs

alkenvl. In certain embodiments, R is substituted or unsubstituted Ci.s alkenyl In certain

embodiments, R is of formula: & . In certain embodiments, R is optionally
substituted alkynyl {e.g., substituted or unsubstituted Cow alkynyl). In certain embodiments, R
is substituted or unsubstituted Cis alkynyl In certain embodiments, R is of formula:

2,
P . . . . . L
= . In certain embodiments, R 1s optionally substituted carbocyclyl. In certain

embaodiments, R is optionally substituted arvl {e.g., phenvl or napthyi).

[181] in some embodiments, a substrate for an AAE is produced by fatty acid
metabolism within a host cell. In some embodiments, a substrate for an AAE is provided

exogenously.
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(182} In some embodiments, an AAE 1s capable of catalyzing the formation of
hexanoyl-coenzyme A (hexanoyl-CoA) from hexanoic acid and coenzyme A (CoA). In some
embodiments, an AAE is capable of catalyzing the formation of butanoyl-coenzyme A
{butanoyl-CoA) from butanoic acid and coenzyme A (CoA). In some embodiments, an AAE
ts capable of catalyzing the formation of butyryl-coenzyme A (butyryl-CoA) from butyric acid

and coenzyme A {(CoA).

[183] As one of ordinary skill in the art would appreciate, an AAE could be obtained
from any source, including naturally occurring sources and synthetic sources {e.g., a non-
naturally occurring AAE).  In some embodiments, an AAE is a Cannabis enzyme. Non-
limiting examples of AAEs include C. safiva hexanoyi-CoA synthetase 1 (CsHCS1) and O
sativa hexanovi-CoA synthetase 2 (TCsHCS2) as disclosed 1o UK Patent No. 9,546,362, which

is incorporated by reference i this application in its entirety.
[184] CsHCST has the sequence:

MGKNYKSLDSVVASDFIALGITSEVAETLHGRLAEIVONYGAATPQTWINIANHILSP
DEPFSLHOMLFYGCYKDFGPAPPAWIPDPEKVKSTNLGALLEKRGKEFLGVEYKDPI
SSFSHFQEFSVRNPEVYWRTVLMBEMKISFSKDPECILRRDDINNPGGSEWLPGGYL
NSAKNCLNVNSNKKLNDTMIVWRBEGNDDLPLNKLTLDQLRKRVWLVGYALEEM
GLEKGCAIAIDMPMEVDAVVIVLAIVLAGY VVVSIADSFSAPEISTRLRLSKAKAIFTQ
DHURGKKRIPLYSRVYVEAKSPMAIVIPCSGSNIGAELRDGDISWDY FLERAKEFKNCE
FTAREQPVDAYTNILFSSGTTGEPRKAIPWTQATPLKAAADGWSHLDIRKGDVIVWPT
NLOGWMMGPWLVYASLENGASIALYNGSPLVSGFAKFVODRAKVTMLGYVPSIVRSW
KSTNCVSGYDWSTIRCESSSGEASNVDEYLWEMGRANYRKPVIEMCGGTEIGGAFSA
GSFLOAQSLSSFSSOQCMGCTLY ILDEKNGYPMPKNKPGIGELAL GPVMFGASKTLING
NHHDVYFEKGMPTLNGEVLRRHGDIFELTSNGYYHAHGRADDTMNIGGIKISSIEIERY
CNEVDDRVFETTAIGVPPLGGGPEGLVIFFVLKDSNDTTIDLNQLRLSFNLGLOKKLN
PLFKVTIRVVPLSSLPRTATNKIMRRVLROQFSHFE (SEQ ID NG: 58).

[185] CsHCSZ has the sequence:

MEKSGYGRDGIYRSLRPPLHLUPNNNNLSMVSFLERNSSSYPOKPALIDSETNGILSFSH
FKSTVIKVSHGPLNLGIKKNDVVLIYVAPNSIHFPVCFLGIHASGAIATTSNPLYTVSELS
KOVKDSNPKLHTVPQLLEKVKGENLPTILIGPDSEQESSSDEKVMTEFNDLVNLGGSSGS
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EFPIVDDIKOSDTAALLY SSGTTOGMSKGVVLTHENFIASSLMVTMEQDLYGEMDNY

FLCFLPMIHVFGLAOTYAQLQRONTVISMARFDLEKMUKDVEKYKVTHLWVYV VPPV
LALSKNSMVEKKENLSSIKYIGSGAAPLGKDLMEECSKVVPYGIVARGYGMTETCGIHV
SMEDIRGGKRNSGSAGMLASGVEAQIVSVDTLKPLPPNOQLGEIW VK GPNMMOGYFN
NPOATKLTIDKEKGWVHTGDLOYFDEDGHLYVVDRIKELIKYKGFQVAPAELEGLLY

SHPEILDAVVIPFPDAEAGEVPVAYVVRSPNSSLTENDVKKFIAGQVASFKRLRKVTH]
NSVPKSASGKILRRELIQKVRSNM (SEQ 3 NG 59).

186} Additional AAHs are described in and incorporated by reference from PCT
Publication NO. WO/2020/176547 and U.S. Patent No. 11,274,320, which are incorporated by

reference in thig application in their entireties.

(187} In some embodiments, an AAE 1s from Cicer ariefinum (Chickpea) (Garbanzo),
corresponding to UniProt Accession No. ADATS2XHVE, the protein sequence for which is

provided as SEQ ID NO: 86.

MAYKSLSSISVSDIESLGIEQEHAATLHQOL TEHGIHQTDSPATWOSISRSILNPELPES
FHOMLYYGCFVDYGPDPPAWIPDPESVTSTNVGRLLEMRGKEFLGSAYKDPITSFAD
FOKFSVSNPEVYWKTVLGEMNISFSKPPECILCESISDDGSSS Y PSGOWLPGASINPAH
NCLNLNGERSLNDTVILWRNELODDLPLORMTLEELRQEVWLVAYALESLGLEKGS
AJAIDMPMHCKSVVIYLAIVLAGY VVVSIADSFAPREISSRLKISNAK VIFTQDLILRGD
KTLPLY SRIVDAESPMAIVIPTRGSEFSMKLRDGDLAWCNFMDGYNKIKGKEFIAVEE
PVETFTNILFSSGTTGDPKAIPWTNISPLKAAADAWCHLDVRKGDVVSWPETNLGWM
MGPWLYYASLLNGASMALYNGSPLGSGFAKFVQDSKVTMLGYVIPSLVRSWRNANS
TSGFDWSAIRCFASTGEASNIDEVLWLMGRAHYKPHEYCGGTEIGGGFVTGSLLOAD
SLAAFSTPAMCCSLFILDDQGHPIPQNVPGMGELALGPLMLGASNTLLNADHYGVYF
KGMPIWNGK VLRRHGDVFERTARGY YHAHGRADDTMNLGGIK VSSVEIERICNGA
DSNILETAAIGIPPSGGGPEQLALAVVLKNSNVTSODLLTLRMSFNSALOKTLNPLER
VSOVYPVPSLPRTASNK VMRRVLRQOLVENTQSSRI (SEQ ID NO- §6)

[188] A non-limiting example of nucleic acid sequence encoding SEQ ID NG: 86 i

provide by SEQ ID NG: 87,

atggottataaaictitateatecatcicigictecgatatagagagtcigggeatigaacaggaacacgeagecacecticatcaacaatt

gactgaaattatcggiaticaccaaacggacageccagetacatggeaatetatciegagatetatcttgaateccgaactaccatictee
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titcatcaaatgtigtactacggtigcticgitgatiatggaccigacceaccagettggaticctgaiccagagicggtaacctetactaac
gtggptogttigtigoaaatgaggpptaaggaatiittaggticigcttacaaggacccaattacticaticgeogatticcagaaatittca
gittccaaccecgaagittactegaagaccgictigggtgaaatgaacatiicctictegaagecaccigaatgiatecttigtgagictatt
tcagatgacggticticcagttacecaageggecaatggitaccaggtoctagtataaatecageacacaacigttigaactiaaatggiy
anagatcottgagtgacacigicatotigiggagasacgaactacaagacgaictaccicigeaaagaatgaccttagaagaatigaga
caagaagtitgottagttoctiatgccctggaatcttiggatticoaaaaggptagegctatcgetategataigecaatgeacigiaaalc
tgttgteatttactiggecategtictagetggtiatgtcgtagtatcasttgcigactetitigecectagagagatctcticgegtitaaagat
ttccaatgceaaaagitatittcactcaagactigatatigagaggagataagacactaccatigtacictaggattgtcgacgetgaaagic
ccatggctategttattccaactagaggtictgaatittccatgaagtigagagatpgtoatetagectggtgtaacticatggatpgtotia
acaaaataaagggetaaggagitcalcgcigiggaagaaccagicgagactticaccaacatictititicticeggiaccacaggcgalc
caaaagctataccatggacgaataicteccctitganggotgetgctgacgeatggigecatetggatattagaaaaggegacgtagict
catggcctactaactigggiiggatpatgggtecatgotiggictacgctagtitatigaatggtpccictatggeactatataacggtage
ccactiggatcigetttigecaagitcgticaggatagiaagpipactatgtiggptotiistcecaagittagticgticiiggagaaacgct
aattcaaccicoggitttgatiggtctigeantaagatgiticgetagtacaggigaagctictaacatigatgaatactigiggctantegga
agagcicactacaagecaatcatigaatatigiggigptacagagatcggeggtgottitgitaciggticgtigttacaageccaatcatt
ggccgctitcageaccecegeaatgigctgiicctigticatectigacgaccagggacacecaaticcacagaaigigoctggeatgg
gigaactigettigeoicectiaaigitgogagccictaacactctttigaatgcagaccattacggtgictatitcaaaggtatgecaatcty
gaacggtaaggtecttcgtagacacggtgacgittitgaaagaactgetegtggttactaccatgetecacggtagagetgatgataceat
gaacttggatootataaaagictciicegtigaaaligaaagaattigiaacggtgcagactcgaacatectagaaacggcigecatiggt
ataccaccticgggatectoatccagaacaatigectitagetgtigtcitgaagaactccaatgtiaccictcaagattigetaacattaaga
atgtcattcaaticogectigeaasagacacigaacccatigittagagicteicaagtagticotgtaccatettigecaggaacigecagt

aacaaagtcatgaggagagtittgagacaacaattagttgaaaatactcagtectcaaggate (SEQ 1D NO: 87)

[189] In some embodiments, an AAE comprises a protein or nucleic acid sequence
that ts at least 5%, at least 10%, at least 15%, at least 20%, at least 25%, at least 30%, at least
35%, at least 40%, at least 4596, at least 50%, at least 55%, at least 60%, at least 65%, at least
70%, at least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least
T7%, at least 78%, at least 79%, at least BO%, at least 81%, at least 82%, at least 83%, at least
84%, at least 85%, at least 86%, at least 87%, at least 8894, at least 89%, at least 90%, at least

, at least 949, at least 95%, at least 96%, at least 97%, at least

o

91%, at least 92%, at least 93%
98Y%;, at least 99%, or is 100% identical, including al values in between, to SEQ D NG: 86 or
87. In some eroboditoents, an AAE comprises a sequence that is a conservatively substituted

version of SEQ 1D NG: 86.
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[190] In some embodiments, an AAE acts on multiple substrates, while in other
embodiments, it exhibits substrate specificity. For example, in some embodiments, an AAE
exhibits substrate specificity for one or more of hexanoic acid, butyric acid, tsovaleric acid,
octanoi¢ acid, or decanoic acid. In other embodiments, an AAE exhibits activity on at least

two of hexanoic acid, butyric acid, isovaleric acid, octanoic acid, and decanoic acid.

(101} A host cell that expresses a heterclogous polynuclectide encoding an AAE
described in this disclosure may be capable of activating more of a short chain fatty acid {e.g,,
a four-carbon fatty acid) in the presence of Coenzyme A than a control. In some embodiments,
the host cell is capable of catalyzing the production of more, for example, producing at least
1% {e.g., at least 5%, at least 10%, at least 15%, at least 20%, at least 25%, at least 30%, at
least 35%, at least 40%, at least 45%, at least 30%, at least 55%, at least 60%, at least 65%, at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 100%,
at Jeast 125%, at least 130%, at least 175%, at least 200%, at least 300%6, at least 400%, at least
500%, at least 600%, at least 700%, at least 800%, at least 900%, or at least 1,000%) more
butyryi-CoA relative to a control. In some embodiments, a control ts a host cell that does not
express a heterologous gene encading an AAE. In some embodiments, a control 1s a host cell

that does not express a heterologous polynuclectide encoding an AAE of interest.

[192] A host cell that expresses a heterologous polynucleotide encoding an AAE
described in this disclosure and that also expresses one or more other enzymes involved in

cannabinoid biosynthesis may be capable of producing a varinolic cannabinoid.

Polyketide Synthases (PKS)

(193] A host cell described in this application may comprise a PKS. As used in this
application, a “PK8” refers to an enyyme that is capable of producing a polyketide. In certain
embodiments, a PKS converts a compound of Formula (2} to a compound of Formula (4}, (3),
and/or (6). In certain embodiments, a PKS converts a compound of Formula (2) to a compound
of Formula (4). In certain embodiments, 2 PKS converts a compound of Formula (2} to a
compound of Formula (5}, In certain embodiments, a PKS converts a compound of Formula
{2} to a compound of Formula {4) and/or (5} In certain embodiments, a PKS converts a

compound of Formula (2) to a compound of Formula (5} and/or (0).
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f1o4} In some embodiments, a PKS is a tetraketide synthase {(TKS). In certain
embodiments, a PKS is an olivetol synthase (OLS)  As used in this application, an “OLS”
refers to an enzyme that is capable of using a substrate of Formula (2a) to form a compound of

Formula (4a)}, (5a) or {6a) as shown in FIG, 1

[195] In certain embodiments, a PKS is a divarinol synthase.
[196] In certain embodiments, polyketide synthases can use hexanoyl-CoA or any

acyl-CoA or a product of Formula (2):

L @

and three malonyi-CoAs as substrates to form 3,5.7-trioxododecanoyvi-CoA or other 3.5.7-

trioxo-acyl-CoA derivatives; or to form a compound of Formula (4):

CoAS

wherein R is hydrogen, optionally substituted acvl, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkvnyl, optionally substituted carbocyclyl, or
optionally substituted aryl; depending on substrate. R is as defined in this application. In some
embodiments, R is a C2-C6 optionally substituted alkyl. In some embodiments, R is a propyl
or pentyl. In some embodiments, R is pentyl. In some embodiments, R 1s propyl. A PKS may
also bind isovaleryl-CoA, octanoyl-CoA, hexanoyi-CoA, and butyryl-CoA.  In some
ernbodiroents, a PKS s capable of catalyzing the formation of 4 3,57~ tnioxoalkanoyl-CoA
{e.g. 3.5, 7-trioxododecanoyl-CoA)  In some embodiments, an OLS is capable of catalyzing

the formation of a 3,5,7- riexoalkanoyl-CoA (e.g. 3,5, 7-trioxododecanoyi-CoA).

[197] In some embodiments, a PKS uses a substrate of Formula (2) to form a

compound of Formula (4):
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0 0o 0 O

| {4},
CoAS R
wherein R 1s unsubstituted pentyl.
[198] As one of ordinary skill in the art would appreciate a PKS, such as an OLS,

could be obtained from any source, including naturally occurring sources and synthetic sources
{e.g., a son-natually occurring PKS). In some embodiments a PKS 1s from Canrabis. Insome
embodiments a PKS is from Dictyostelium. Non-limiting examples of PKS enzymes may be
found in U.S. Patent No. 6,265,633, PCT Publication No. WO2018/148848 Al; PCT
Publication No. W(O2018/148849 A1 U.S. Patent No. 10,435,727, WO 2020/176547, and U.S.
Patent No. 11,274,320, which are incorporated by reference 1w this application in ther

entireties.

[159] A non-limiting example of an OLS is provided by UniProtkB - B1QZB6 from
C. sativa, In C. sativg, this OLS uses hexanoyl-CoA and malonyl-CoA as substrates to form
3,5, 7-trioxododecancyl-CoA. OLS {eg, UniProtKB - BIQ2B6) in combination with

olivetolic acid cyclase (OAC) produces olivetolic acid (OA ) in . safiva.

[200] The amino acid sequence of UniProtiKB - B1Q2B6 1s;
MNHLRAEGPASVEAIGTANPENILLODEFPDYYFRVTESEHMTOLEEKFRKICDKSM
IRKRNCFLNEEHLKOQNPRLVEHEMOTLDARQDMLVVEVPKLGKDACAKAIKEWGQ
PKSKITHLIFTSASTTDMPGADYHCAKLLGLSPSVKRVMMYQLGCYGGGTVLRIAKD
JAENNKGARVLAVCCBDIMACLFRGPSESDLELLVGQAIFGDGAAAVIVGAEPDESVG
ERPIFELVSTGQTILPNSEGTIGGHIREAGLIFDLHKDVPMLISNNIEKCLIEAFTPIGISD
WHNSHEFWITHPGORKAILDKVEEKLHLKSDKFVDSRHVLSEHGNMSSSTVLFVMDELRK
RSLEEGKSTTGDGFEWGVLFGHFGPGLTVERVVVRSVPIKY (SEQ ID NO: 1)

2011 in some embodiments, a PKS comprises the sequence of SEQ ID NG 57:

MPSLESVKKSNRADGFASIEAIGRANPENFIEQSTYPDFFFRVTINSEHLVNLKKKFQR]
CDKTAIRKRHFVWNEELLNANPCLGTFMDNSLENVROEFAIREIPKLGABAATKAIQE
WOGOPKSRITHLIFCTTSGMDLPGADYQLTQILGLNPNIERVMLYQOQGCFAGGTTLRL
AKCLAESRKGARVLVVCAETTAVLFRAPSEEHOQDDLVTOQALFADGASALIVGADPD
ETAHERASFVIVSTSQVLLPDSAGAIGGHVSEGGLIATLHRDVPQIVSKENVGKCLEEA

[
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FIPLOGISDWNSIFWVPHPGCGRAILDOVEERVGLKPEKLIVSRHVLAEYGNMSSVCVH
FALDEMREKRSKKEGKATTGEGLDWGVLFGFGPGLTVETVVLHSVPI(SEQ ID NO: §7)

[202] In some embodiments, a PKS comprises the sequence of SEQ ID NG: 82:

MNHERAEGPASVEAIGTANPENILLODEFPDYYFRVTKSEHMTOLKEKFRKICDKSM
IRKRNCFINEEHLKQNPRLVEHEMOTLDARQDMLVVEVPKLGKDACAKAIKEWGQ)

PKSKITHLIFTSASTTDMPGADYHCAKLLGLSPSVKRVMMYGQLGCYGGGTVLRIAKD
TAENNKGARVLAVCUDIMACLFRGPSESDLELLVGQAIFGDGAAAVIVGAEPDESVG

ERPIFEL VSTGOTILPNSEGTIGGHIREAGLIFDLHKDVEPMLISNNIEKCLIEAFTPIGISD

WNSIEFWITHPGOKAILDKVEEKL HLKSDKFVDSRHVLSEHGNMSSSCVLFYMDPELRK
RSLEEGKSTTGDGFEWGVLFGFGPGLTVERVVVREVPIKY (SEQ 3 NO: 82).

203} in some embodiments, the PKS is encoded by a snucleic acid sequence

comprising the sequence of SEQ ID NO: 83:

atgaatcaicttagagcagaaggtectgecicegtattageiatcggaaccgetaacceagagaacatactactgeaagacgaatticea
gatiactatttcegtgtiacgaantcggaacacatgacacagitgaaggaaaagttcaggaagattigligacaaatcaatgatisgaaag
agaaatigcittitgaacgaggaacactiaaagcaaaaccccagatiggtcgaacaigaaatgcaaactttggatgectagacaagatatg
citgttgtggaagtcccanaatigggcaaggacgctigiaccaaggetatcaaggagtgggatcaaccaaagiciaaaatiacteacity
atcitcaccicigeaageactacigatatgectggtgccgactaccatigigctaagttatigggtitgtCeccalctgitaagagagtiatg
atgtatcaactgggtigtiacggtggtgrcacegtctigegtatigetaaggatategetgaasataacaagggtgctagagtctiagecy
titgctgtgatataatgactigictaticagaggaccaagigaatcigactiggaatipctagigagtcageciatititggtigatgptagccy
ctgcigttatigicggteocgaaccagacgaatecgiiggtgagaggecaatetitgaattggtitcaaccggticaaaccatcttacctaa
ciccgaaggeactataggtggtcacatiagagaagecggictgatcttegacttgeataaagatgteccaatgottattagtaataacatt
gagaaatgtitgatcgaagcaticacaccaatcggiatitctgaciggaactegatctictggattactcaccciggeggtaaggecaiee
tggacaaggtagasgaaaagtigeacitaaagagogatanaticgiggacteecgicatgictigictgancacggaaatatgagetott
citgeptictittigtiatogatpaactaagaaagagaagtiiggaagaaggetaaatctaccacaggtgacggittigagtogoototctts

fteggtticggicctggactaactgtigaaagagtigtcgtaagatecgticcaattaagtac (SEQ D NO: 83},

[204] Example | describes the surprising identification of multiple PKS mutants that
can produce more divarinol and wore divaric acid than a PKS comprising SEQ 1D NOG: 1.

These PKSs can be functionally expressed in host cells such as 5. cerevisiae.
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[205] Nucleic acid and protein sequences for PKSs identified in this application are

provided in Table 7.

[206] In some embodiments, a PKS comprises a protein or nucleic acid sequence that
is at feast 5%, at least 10%, at least 15%, at feast 20%, at least 23%, at least 30%, at least 35%,
at teast 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%,
at feast 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
at least 78%, at least 79%, at least 80%, at least 1%, at least 82%, at feast 83%, at least 84%,
at feast 85%, at least R6%%, at least 87%%, at least B8%, at least 89%, st least 90°%, at least 91%,
at feast 92%, at least 93%, at least 94%, at least 95%, at least 96%4, at least 97%%¢, at least 98%¢,
at least 99%, or 1s 100% identical, including all values in between, to any one of SEQ 1D NOs:
57, 82, €3, 1-.56, 104-130, or 131-157. In some embodiments, a PKS comprises a sequence
that 1s a conservatively substituted version of a sequence selected from SEQ ID NOs: 2-28 and

104-130.

[207] In some embodiments, a PKS comprises at least [, at least 2, at least 3, at least
4, atieast S, atleast 6, at least 7, at least &, at least 9, atleast 10, at least 11, at least 12, at least
13, atleast 14, at least 15, at fcast 16, atleast 17, atleast 13, at least 19, at least 20, at feast 21,
at least 22, at least 23, at least 24, at least 25, at least 20, at least 27, at least 28, at least 29, at
least 30, at least 31, at least 32, at least 33, atleast 34, atleast 35, at least 36, at least 37, at least
38, atleast 39, at least 40, at least 41, at least 42, atleast 43, at least 44, at least 45, at least 46,
at least 47, at least 48, at least 49, at feast 50, at least 51, at least 52, at least 33, at least 54, or
at least S5 amino acid substitutions relative to SEQ 1D NG: 1. In some embodiments, a PKS
comprises an aming acid substitution at a residue corresponding to position 3, 4, 7, 11, 21, 24,
25,38, 44, 51,62, 63,64, 66,69, 72, 75, 76,77, 78,79, 81, 82, 92, 101, 103, 104, 123, 124,
125,128, 136, 137, 144, 150, 166, 190, 225, 237, 247, 262, 267, 278, 296, 301, 312, 315, 316,
334, 338, 375, 384, and/or 385 in SEQ ID NO: . In some embodiments, a PKS

319, 328

2 2

comprises at least 1, at least 2, at least 3, at least 4, at least 5, at least 6, at feast 7, at least 8, at
least 9, atleast 10, at least 11, atleast 12, atleast 13, atleast 14, at least 15, at least 16, at least
17, at least 18, at least 19, at least 20, at least 21, at least 22, at least 23, at least 24, at least 25,
atleast 26, at least 27, at least 28, at least 29, at least 30, at least 31, at least 32, at least 33, at
teast 34, ai least 35, at least 36, atleast 37, at least 38, at least 39, atleast 40, at least 41, at least
42, atleast 43, at least 44, at least 45, at least 46, at least 47, at least 48, at least 49, at least 50,

atleast S1, atleast 52, at least 53, at least 54, or at least 55 amino acid substitutions from Table

oY
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6. In some embodiments, a PKS comprises a combination of amino acid substitutions from

Table 3, 4, or 5.

[208] In some embodiments, a PKS comprises the amino acid C at a residue
corresponding to position 335 in SEQ ID NO: 1. In some embodiments, the PKS comprises the

amino acid substitution T335C relative to SEQ 1D NO: 1.

[209] In some embodiments, a PKS comprises an amino acid substitution at a residue
corresponding to position 3, 4, 7, 11, 21, 24, 38, 44, 62, 66, 69, 72, 76, 77, 78, 79, 101, 103,
104, 124, 136, 137, 144, 150, 166, 225, 237, 262, 301, 319, and/or 385 in SEQ ID NO: 1.

210} In some embodiments, a PKS comprises one of more of the following
substitutions relative to SEQ ID NO: 1 H3R or H3A; L4Q; E7P; S11T; E21P; L241, K38N;
(344D; NOZH, N66T, H6SL Q72E; L76M, V77C, E78T, H79Y, DIOIE; C103A; Al104E;
§1247T: HI36Q; C137L: S144P; VISOT: T166L; V225A; G237A; H262S: K301P; V319R,
V319K, or V319A; and/or Y3BSS, Y385T, or Y3BSN.

(211} In some embodiments, a PKS comprises an amino acid substitution at a residue
corresponding to position 25, 51, 63, 64, 75, 81, 82,92, 123, 125, 128, 190, 247, 267,278, 296,

312,315, 316, 328, 334, 335, 375, and/or 384 in SEQ ID NG 1.

(212} in some embodiments, a PKS comprises one or more of the following amino
acid substitutions relative to SEQ ID NG 1 1251 or L258Y; K5S1R; Co3M, C63T, or C63F,
F64Y,; R75N, R758, or R75G; M&1D; Q8IP; VO2K or VO2A: T123C or TI1238; A1258,
TI2BY, LI90C, T247A; M267G; 1278K or I278H; T296A; H312ZN or H312G; S315K or
S315P; D316E; H328Y, 8334P; T335C; R3758 or R375T; and/or K384N.

[213] in some embodiments, a PKS comprsises: the amino acid C at a residue
corresponding to position 157 in SEQ 1D NO. 1; the amivo acid F at a residue corresponding
to position 208 in SEQ 1D NQO: 1 the amino acid H at a residue corresponding to position 297
in SEQ ID NO: 1; and/or the amino acid N at a residue corresponding to position 330 in SEQ

NG T

[214] in some embodiments, a PKS comprises the following amino acid substitutions
relative to SEQ ID NO: 1: R75N, DI0LE, V319R, H328Y, and T335C; C63M, HeOL R75G,
V77C, M2670G, H312G, V319K, T335C, R37ST, and Y38SS; C63M, F64Y, S124T, H32RY,

&l

76



WO 2023/212519 PCT/US2023/066115

and T335C; KSIR, HOg9L, R7SN, V77C, DI10IE, CI03A, T128V, K301P, H312G, and T335C;
C63T, Q82P, DIOIE, C103A, and T1238; L2SL K51R, R75N, V77C, DIGIE, C103A, T128Y,
K301P, H312G, and T335C; KSR, R7SN, V77C, DIO1E, C103A, T128Y, K301P, H312G,
D316E, and T335C; R75N, V77C, H79Y, DIOIE, C103A, TI28V, K301P, H312G, D316E,
and T335C; KS1R, N66T, R758, DI101E, T123C, T296A, S315P, H328Y, T335C, and R375T,
KSR, R75N, V77C, HI9Y , DIOTE, C103A  K301P H312G, D316E, and T335C; H3R, S117
K38N, 44D, K51R, HoOI, Q72E, R75N, L76M, V77C, E78T, H79Y, M81D, V92K, DIOILE,
CI103A, AT04E, TI128Y, CI137L, S144P, VI50T, V225A, HZ62S, 1278K, H312G, 83
D316E, S334P, and K384N; KSIR, R75N, V77C, H79Y, DIOIE, Ci03A, Ti28V, K301P,
H3120, and D316E; L2SI KSIR, R7SN, V77C, H79Y, DICIE, C103A, K301P, H312G, and
T335C; L4Q, E21P, Na2H, H3 12N, and H328Y, L2351, H6OL R75N, V77C, H79Y, DIGIE,
C103A, T128V, K301P, and H312G, H3A, L25Y, C63M, R75N, HI36Q, M267(G, H328Y,
T335C, R3757, and Y385T, KSIR, HO9L, R75N, V77C, H79Y, DIOIE, Ci103A, K301P,

H312G, and T335C; DI01E, T123C, H1364, H312G, and T335C; H3R, E7P, 511T, K38N,
Q44D K51R, HO9L, QT72E, R75N, L76M, V77C, E78T, H79Y, MS1D, VO2A DIOLE, C1034,
ALD04E, Ti28V, C137L, S5144P, VI50T, V225A, H2628, I278E, H312G, $315P, D3I6E,
S334P and K384N,; K51R, R7SN, V77C, H79Y, DIOTE, C103A, T128V, H312G, D316K, and

335C; H3A, L4Q, CO3F R7SN, DICIE, C103A, C137L, G237A, T247A, and Y385N; L4(,
L.241, Q44D, KS51R, C63F, R758, V77C, CI03A, 11661, and V319A; L4Q, RTS8, V319K,
T335C, and R3758; R758, V77C, 81247, T335C, and R37ST, or H3A, R75S, DI0OIE, S315K,
and T335C.

{215} fo some embodiments, a PKS comprises a contiguous streich of amino acids
from SEQ D NG: 1. In some embodiments, a PKS comprises a contiguous stretch of at least
S, atleast 6, at least 7, ai least &, at least 9, atleast 10, atleast 11, at least 12, at least 13, at least
14, atleast 15, at least 16, at least 17, at least 18, at least 19, at least 20, at least 21, at feast 22,
atleast 23, at least 24, at least 25, at least 26, at least 27, at least 28, at least 29, at least 30, at
least 31, atieast 32, at least 33, at least 34, at least 35, at least 36, at least 37, at least 38, at least

39, at least 40, at least 41, at least 42, at least 43, at least 44, at least 45, at least 46, at least 47,
af feast 48, at least 49, at least 50, at least 51, at least 52, at least 53, at least 54, at least 55, at
least 56, at least 57, at least 58, at least 59, at least 60, atleast 61, atleast 62, at least 63, at least
04, ai least 65, at least 60, at least 67, at least 68, at least 69, ai teast 70, at least 71, at least 72,

at least 73, at least 74, at least 75, at least 76, at least 77, at least 78, at least 79, at least 80, at
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least 81, at leasi 82, atleast 83, atleast 84, atleast &5, atleast 86, atleast 87 at least 88 at least
89, atleast 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, at least 100, at least 101, at least 102, at feast 103, at ieast 104, ai least
10S, at least 106, at least 107, at least 108, at least 109, at least 110, at least 111, at least 112,
atleast 113, atleast 114, at leasi 115, atleast 116, atleast 117, atleast 118, atleast 119, at least
120, at least 121, at least 122, at least 123, at least 124, at least 125, at least 126, at least 127,
atleast 128, atleast 129, atleast 130, atleast 131, atleast 132, atleast 133, at least 134, at least
135, at least 136, at least 137, at least 138 at least 139, at least 140, at least 141, at least 142,
atleast 143 at least 144, at least 145, atleast 146, at least 147, at least 148, at least 149, at least
150, at least 151, at least 152, at least 153, at least 154, at least 155, at least 156, at least 157,
at least 158, atleast 159, at least 160, atleast 161, atleast 162, atleast 163, at least 164, at least
165, at least 166, at least 167, at least 108, at least 169, at least 170, at least 171, at least 172,
atleast 173, at least 174, at least 175, atleast 176, atleast 177, atleast 178 atleast 179, at least
180, at least 181, at least 182, at least 133, gt least 184, at least 185, at least 186, at least 137,
atleast 188 atleast 189, at least 190, at least 191, atleast 192, at least 193, at least 194, at least
195, at least 196, at least 197, at least 198, at least 199, at least 200, at least 201, at least 202,
at least 203, at least 204, at least 205, at least 206, at least 207, at least 208, at least 209, at least
210, at least 211, at least 212, at least 213, at least 214, at least 215, at least 216, at least 217,
atleast 218, atleast 219, at leasi 220, at least 221, atfeast 222, at feast 223, at least 224, at least
225, at least 226, at least 227, at least 228, at least 229, at least 230, at least 231, at least 232,
atleast 233, at least 234, at least 235, at least 236, at least 237, at least 238, at least 239, at least
240, at least 241, at least 242, at least 243, at least 244, at least 245, at least 246, at least 247,
at least 248, at least 249, at leasi 250, at least 251, atleast 252, at feast 253, at least 254, at least
255, at least 256, at least 257, at least 258, at least 259, at least 260, at least 261, at least 262,
atleast 263, at least 264, at least 265, at least 266, at least 207, at least 268, at least 269, at least
270, at least 271, at least 272, at least 273, at feast 274, at least 275, at least 276, at least 277,
atleast 278, at least 279, at least 280, atleast 281, at least 282, at least 283, at least 284, at least
285, at least 286 at least 287, at least 288, at least 289, at least 290, at least 291 at least 292,
atleast 293, at least 294, at least 295, at least 296, at least 297, at least 298, at least 299 at least
300, atfeast 301, at least 302, at least 303, at least 304, at least 305, at least 306, at least 307,
at least 308, at least 309 atleast 310 atleast 311, atleast 312, atleast 313, atleast 314, at least
315, at least 316, at least 317, at least 318, at least 319, at least 320, at least 321, at least 322,

atleast 323, at least 324, at leasi 325, at least 326, atleast 327, at feast 328, at least 329, at least
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330, at least 331, at least 332, at least 333, at least 334, at least 335, at least 336, at least 337,
atleast 338 atleast 339, at least 340, at least 341, atleast 342, atleast 343, at least 344, at least
345, at least 340, at least 347, at least 348, at least 349, at least 350, at least 351, at least 352,
atleast 353, at least 354, at least 355, atleast 356, atleast 357, at least 358, at least 359, at least
360, at least 361, at least 362, at least 363, at least 364, at least 365, at least 366, at least 367,
at least 368, at least 369, at least 370, at least 371, at least 372, at least 373, at least 374, at least
375, atleast 376, at least 377, at least 378, at least 379, at least 380, at least 381, at least 382,

at least 383, or at least 384 contiguous amine acids from SEQ D NO: 1.

[216] it was observed that all PKS mutants identified in Example 1 comprise the
tollowing contiguous stretches of amino acids from SEQ ID NO: 1 contiguous stretches of
residues with amino acids corresponding to positions 12-20 i SEQ D NOG: 1, positions 26-37
in SEQ ID NO:. 1] positions 39-43 in SEQ ID NG: 1. positions 45-50 in SEQ ID NG: 1,
posttions 52-61 in SEQ ID NO: 1 positions 83-91 in SEQ ID NG 1; positions 93-100 10 SEQ
ID NO: 1; positions 105-122 in SEG ID NO: 1; positions 129-135 in SEQ ID NO: 1; positions
145-149 1 SEQ ID NO: 1; positions 151-165 in SEQ ID NO: 1; positions 167-189 in SEQ ID
NGO 1 positions 191-224 1in SEQ [D NO: 1; positions 226-236 in SEQ ID NOG: 1; positions
238-246 in SEQ ID NO: 1; positions 248-261 in SEQ ID NQO: 1; positions 268-277 in SEQ 1D
NO: 1, positions 279-295 in SEQ ID NG 1; positions 302-311 in SEQ I NO: 1, positions
320-327 in SEQ ID NO: 1; positions 336-374 in SEQ ID NO- 1) and positions 376-383 in SEQ
ID NG 1

(2171 In some embodiments, a PKS comprises a contiguous stretch of residues with
amino acids corresponding to positions 12-20 in SEQ D NO: 1, positions 26-37 in SEQ [D
NO: 1 positions 39-43 in SEQ 1D NG 1; positions 45-30 in SEQ ID NG: 1, positions 52-61
in SEQ I NQ: 1; positions 83-91 in SEQ D NO: 1; positions 93-100 in SEQ D NO: 1;
positions 105-122 in SEQ ID NO: 1; positions 129-135 in SEQ 1D NO: 1 positions 145-149
tn SEQ D NO: 1 positions 151-165 in SEQ D NGO 1; positions 167-18% 1n SEQ 1D NO: 1,
positions 191-224 in SEQ ID NO: §; positions 226-236 in SEQ ID NO: 1; positions 238-246
in SEQ I NO: 1; positions 248-261 in SEQ D NO: 1, positions 268-277 in SEQ 1D NGO 1,
posttions 279-295 in SEQ D NO: 1; positions 302-311 in SEQ D NO: 1; positions 320-327
in SEQ ID NO: 1; positions 336-374 1o SEQ ID NO: 1; and/or positions 376-383 in SEQ D

NGO 1 As a non-limiting example, a PKS that comprises a contiguous stretch of residues with
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amino acids corresponding to postiions 12-20 in SEQ ID NO: 1 comprises the amino acid
& <

sequence VEAIGTANP (SEQ 1D NO: 97).

[218] In some embodiments, a PKS does not comprise one or more sequences selected

from SEQ D NOs: 91-94:

MATKSVAVEEMCKAQKAGGPATILAIGTAVPSNCYYOSEYPDFYFRVTKSDHLTDL
KSKFKRMCERSSIKKRYMHBLTEEIL EENPNMCTFAAPSIDGROQDIVVKEIPKLAKEAA
SKAIKEWGOPKSNITHLVFCTTSGVDMPGCD Y QLTRLLGLRPSIKRLMMYQOQGCHA
GOTGLRLAKDLAENNKGARVLYVCSEMTVINFRGPSEAHMDSLVGQSLFGDGASA
VIVGSDPDLSTEHPLY QIMSASQIVADSEGAIDGHLEOQEGLTFHLRKDVPSLVSDNIE
NTLVEAFTPILMDSIDSHDWNSIFWIAHPGGPAILNOQVOQAKVGLKEEKLRVSRHILSE
YONMSSACVEFIMDEMREKRSMEEGKGTTGEGLEWGYLFGFGPGFTVETIVLHS VP
{(SEQ ID NG: 91,

MATESVAVEEMCKAQKAGGPATILAIGTAVPSNCY YQSEYPDFYFRVTE SDHLTDL
KSKFKRMCDRSSIKKRYMHLTEEILKENPNMCSFAAPSIDGRODIVVKEIPKLAKEAA
SKAIKEWGQPESNITHLVFCTTSGVDMPGCDYOQLTRLLGLRPSIKRLMMYQQGCHA
GGTGLRLAKDLAENNKGARVLY VCSEMTVINFRGPSEAHMDSLVGQSLFGDGASA
VIVGSDPDLSTEHPL Y QIMSASQHVADSEGVIDGHLRQEGLTFHLRKDVPSLVSDNIE
NTLVEAFTPILMDSIDSHDWNSIFWIAHPGGPAILNQVQAK VGLKEEKLRVSRHILSE
YGNMSSACYFFIMDEMRKRSVEEGKGTTGEGLEWGYLFGFGPGFTVETIVLHS VPL
(SEQ 1D NO. 02);

MATKSVAVEEMCKAQKAGGPATILAIGTAVPSNCYYOSEYPDFYFRVTKSDHLTDL
KSKFKRMCERSSITKRYMHLTEEHL EENPNMCTFAAPSIDGRODIVVKEIFKLAKEAA
SKAKEWGOPKSNITHLVFCTTSGVDMPGCDYQLTRLLGLRPSIKRULMMY QQGCHA
GOTGLRLAKDLAENNKGARVLVVCSEMTVINFRGPSEAHMDSLVGQSLFGDGASA
VIVGSDPDLSTEHPLY QIMSASQUVADSEGAIDGHLROQEGLTFHLRKDVPSLVSDNIE
NTLVEAFTPILMDSDSHDWNSIFWIAHPGGPAILNOVOAKVGLKEEKLRVSRHILSE
YOGNMSSACVEFIMDEMRERSVEEGKGTTGEGLEWGVLFGFGPGFTVETIVLHSVPE
(SEQ ID NO: 93}, and

MSRSRLIAQAVGPATVLAMGEAVPANVEEQGATYPDIFINITNSNDEPALKAKFQRIC
DEKSGIKKRHFYLDQRILESNPAMCTYMETSLNCROQEIAVAQVPKLAKEASMINAIKE
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WGRPKSEITHIVMATTSGVNMPGAELATAKLLGLRPNVRRVMMYQQGCFAGATVL
RVAKDLAENNAGARVLAICSEVTAVTFRAPSETHIDGLVGSALFGDGAAAVIVGSDP
RPGIERPIY EMHWAGEM VLPESDGAIDGHL TEAGLVFHLLKDVPGLITKNIGGFLK DT
KNLVGASSWNELFWAVHPGGPAILDOVEAKLELEKGKFQASRDILSDYGNMSSASY
LFVLDRVRERSLESNKSTFGEGSEWGFLIGFGPGLTVETLLLRALPLGQOAFRY  (SEQ
D NO: 94),

[219] PKS enzymes described in this application may or may not have cyclase
activity. In some embodiments where the PKS enzyme does not have cyclase activity, one or
more exogenous polynuclectides that encode a polyketide cyclase (PKC) enzyme may also be
co-expressed in the same host cells to enable conversion of hexanoie acid or butyric acid or
other fatty acid conversion into olivetolic acid or divarinolic acid or other precursors of
cannabinoids. In some embodiments, the PKS enzyme and a PKC enzyme are expressed as
separate distinct enzymes. In some embodiments, a PKS enzyme that lacks cyclase activity and
a PKC are linked as part of a fusion polypeptide that is a bifunctional PKS. In some
embodiments, a bifunctional PKS is referred to as a bifunctional PKS-PKC. In some
embadiments, a bifunctional PKC is referred to as 2 bifunctional PKS-PKC. In some
embodiments, a bifunctional PKC 1s a bifunctional tetraketide synthase (TKS-TKC). As used
in this application, a bifunctional PKS is an enzyme that is capable of producing a compound

of Formula (6}

i, Releiw 6
:‘:.’J"} TN A (0}
N ,--L»\
o S g
from a compound of Formula (2):
O
(2)
“E}{\K
GoA-R H

and a compound of Formula (3}
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As a non-lumiting example, a compound of Formula (6}
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As a non-limiting exampie, a compound of Formula (5}
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is olivetol (Formula (Sa)):

[220] In some embodiments, a polyketide synthase of the present disclosure is capable

of catalyzing a compound of Formula (2);

W >
CoA
g R

and a compound of Formula (3):

o
I ®
LCoA
HO g

to produce a compound of Formula (4):

c O ¢ QO

I ).
CoAS R

and also further catalyzes a compound of Formula (4):

~d
~1
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© o o 0 (4)
COAS/A\w/ﬂ\vfﬂ\v/A‘R ‘

to produce a compound of Formula (6}

Ot
&CCOZH (6).
Hoj\¢ R

In some embodiments, the PKS is not a fusion protein. In some embodiments, a PKS that s

capable of catalyzing a compound of Formula (2}

]

(2
CoA )
g R

a?

and a compound of Formula (3};

M Cot )
HO- s

to produce a compound of Formula (4):

o ¢ 0 O

{4),
COAS’H\N/A\N/H\V/L\R

and is also capable of further catalyzing the production of a compound of Formula (6):

O

fi\\‘r’gozﬁ (6)

HO™ R

from the compound of Formuia (4):
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c O o QO

: {4),
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is preferred because it avoids the need for an additional polyketide cyclase to produce a

compound of Formula (6}

OH

ﬁc% ()
HO™

In some embodiments, such an enzyme that is a bifunctional PKS eliminates the transport
considerations needed with addition of a polyketide cyclase, whereby the compound of
Formula (4}, being the product of the PKS, must be transported to the PKS for use as a substrate

to be converted wnto the compound of Formula (6).

[221] In some embodiments, a PKS is capable of producing olivetolic acid o the

presence of a compound of Formula (2a):

o
| (2a)
-
CoAST OH,1OH
and Formula (3a):
. 0

HOT T TS.CoA

(222} in some embodiments, an OLS is capable of producing olivetolic acid in the

presence of a compound of Formula (2a):

9 ,
(22)
o

CoA-87  T{CH,),CH,

and Formula (3a):
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{223} In some embodiments, a PKS 1s a divarinol synthase. For example, a PKS may

use butyryi-CoA and three malonyl-CoAs as substrates to form a compound of Formula (4);

{4),

g
7
A

{
(4]

wherein R is n-propyl).

[224] In some embodiments, a PKS is a bifunctional PKS and can use butyryl-CoA

and three malonyi-CoAs as substrates 1o form divaric actd (a compound of Formula (6):

wheretn R is n-propyl).

[225] A host cell that expresses a heterologous polynucleotide encoding a PKS
described in this disclosure, may be capable of producing more (e.g, atleast 1.5, 2,3, 4, 5, 6,
7, & or 9-fold more} divarinol in the presence of butyrate relative to a control. A host cell that
expresses a heterologous polynuclectide encoding a PKS described in this disclosure may be
capable of producing more {e.g., at least 194, at least 5%, at least 10%, at least 15%, at least

20%, at least 25%, at least 30%, at least 33%, at least 40%, at least 45%., at least 509, at least

A

3%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least

O(%%, at least 95%, at least 100%, at least 125%, at least 150%, af least 175%, at least 200°%, at
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least 300%. at least 400%, at least 300%, at least 600%, at least 700%, at feast 800%, at least
900%, or at least 1,000% more} divarinol in the presence of butyrate relative to a control. In
some embodiments, a control 15 a host cell that does not express a heterologous gene encoding
a PKS 1In some embodiments, a control is a host cell that expresses a heterclogous
polynucieotide encoding a control PRS that comprises the sequence of SEQ ID NG: 1. In some
embaodiments, the host cell further comprises a heterologous polynucleotide encoding an AAE
In some embodiments, the AAE compnises a sequence that is at feast 90% identical to the
sequence of SEQ D NO: 86, In some embodiments, the AAE comprises the sequence of SEQ
ID NG: R4

[226] In some embodiments, a host cell that expresses a heterologous polynucleotide
encoding a PKS described in this disclosure may be capable of producing at feast 5000, 6000,
7000, $600, 2000, 10,000, 11,000, 12,000, 13,000, 14,000, 15,000, 16,000, 17,000, 18,000,
19,000, 20,000, 21,000, 22,000, 23,000, 24,000, 25,000, 26,000, 27,000, 28,000, 29,000,
30,000, 31,000, 32,000 or 33,000 pg/L divaringl. In some embodiments, the host cell further
comprises a heterologous polynuclectide encoding an AAE. In some embodiments, the AAE

comprises a sequence that is at least 90% identical to the sequence of SEQ ID NGO 86, In some

embodiments, the AAE comprises the sequence of SEQ ID NO: 86.

[227] A host cell that expresses a heterologous polynucleotide encoding a PKS
described in this disclosure may be capable of producing more {e.g., at least 1%, at least 5%,
at least 10%, at least 15%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%,
at feast 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75%,
at least 80%, at least 85%, at least 90%, at least 95%, at least 100%, at least 125%, at least
130%, at least 175%, at least 200%, at least 300%, at least 460%, at least 500%, at least 600%,
at least 700%, at least 800%, at least 900%, or at least 1,000% more) divaric acid in the presence
of butyrate relative to a control. In some embodiments, the PKS is a bifunctional PKS. In
some embodiments, the host cell further comprises a PKC. In some embodiments, a control is
a host cell that does not express a heterologous gene encoding a PKS. In some embodiments,
a control 1s a host cell that expresses a heterclogous polyvnucieotide encoding a control PKS
that comprises the sequence of SEQ ID NO: 1. In some embodiments, the host cell further
comprises a heterologous polynucleotide encoding an AAE. In some embodiments, the AAE
comprises a sequence that is at least 90% identical to the sequence of SEQ 1D NO: 86, In some

embodiroents, the AAE comprises the sequence of SEQ ID NO: 86.
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[228] A host cell that expresses a heterologous polynucleotide encoding a PKS

described in this disclosure may be capable of producing more {e.g., at least 1.5, 2,3, 4, 5, 6,

7,8, 9,10, 11, 12, 13, 14, 15, 16, or 17-fold more} divaric acid in the presence of butyrate
relative 10 a control.  In some embodiments, the PKS 13 a bifunctional PKS. In some
embodiments, the host cell further comprises a PKC. In some embodiments, a control is a host
cell that does not express a heterclogous gene encoding a PKS. In some embodiments, a control
15 a host cell that expresses a heterologous polynucicotide encoding a control PKS that
comprises the sequence of SEQ D NG: 1. In some embodiments, a host cell that expresses a
heterologous polynucleotide encoding a PKS described in this disclosure and that also
expresses an AAE, may be capable of producing at least 100, 150, 260, 250, 300, 350, 400,
450, 500, 550, 600, 650 or 700 pg/L divaric acid. In some embodiments, the host cell further
comprises a heterologous polynucleotide encoding an AAE. In some embodiments, the AAE
comprises a sequence that is at least 90% identical to the sequence of SEG ID NO: 86, In some

embodiments, the AAE comprises the sequence of SEQ 1D NO: 86,

(2291 A host cell that expresses a heterologous polynuclectide encoding a PKS
described in this disclosure and that also expresses one or more other enzymes involved in
cannabinoid biosynthesis may be capable of producing a vannolic cannabinoid. In some

embodiments, the varinolic cannabinoid is CBGY, CBGVA, THCVA and/or CBCVAL

[230] Methods for production of cannabinoids and cannabinoid precursors can further
inchude expression of one or more of: a polykeide cyclase (PKC); a prenyltransterase (P1) and

a terminal synthase (TS).

[231] In some embodiments, a method described 1n this disclosure 1s capable of
catalyzing the production of more, for example, producing atleast 1% (e.g., at lcast 5%, at least
10%, at least 15%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at least
45%, at feast 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least
80%, at least 85%, at least 80%, at least 95%, at least 100%, at least 125%, at least 150%, at
feast 175%, at least 200%, at least 300%, at least 400%, ai least 500%, at least 600%, at least
700%, at least 800%, at least 900%, or at least 1,000%) more of a varinolic cannabinoid relative
to a control. In some embodiments, a host cell and/or method descnibed in this disclosure is
capable of producing more {e.g., atleast 1.5,2,3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, or

17-fold more) of a varinolic cannabinoid relative to a control. In some embodiments, a control
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ts a host cell that expresses a heterologous polynucleotide encoding a control PKS that
comprises the sequence of SEQ ID NO: 1. In some embodiments, the varinolic cannabinoid is

CBGV, CBGVA, THCVA and/or CBCVAL

Polyketide Cyclase (PKC,

{232} A host cell described in this disclosure may comprise a PRC. As used in this

application, a “PKC” refers to an enzyme that is capable of cyclizing a polyketide.

[233] In certain embodiments, a polvketide cyclase (PKC) catalyzes the cyclization

of an oxo fatty acvl-CoA {e.g., a compound of Formula (4}

COAS/EL\/U\/U\/U\ = ),

~

{234} or 3,5 7-trioxododecanoyi-COA, 3,5, 7-trioxodecanoyi-COAY  to the
corresponding intramolecular cyclization product (e.g., compound of Formula (6}, including
olivetolic acid and divarinic acid). In some embodiments, a PKC catalyzes the formation of a
compound which occurs in the presence of a PKS. PKC substrates include trioxoalkancl-CoA,

such as 3,5, 7-Trioxododecanoyl-CoA, or a compound of Formula (4}

o O O O

] | {4),
COAS/k\«J&\fJ&NfA\R

wherein R is hydrogen, optionally substituted acyl, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkvnyl, optionally substituted carbocyciyl, or
optionally substituted aryl  In certain embodiments, a PKC catalyzes a compound of

Formula (4}

0o 0 90 0

T | {4,
CQAS/L\¢J*\/JL\/’ R
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wheretn R is hydrogen, optionally substituted acyl, optionally substituted alkvl, optionally
substituted alkenvl, optionally substituted alkynyl, optionally substituted carbocyclvl, or

optionally substituted aryl; to form a compound of Formula (6}

?H
A (6).

! i
HO WP R

wheretn R is hydrogen, optionally substituted acyl, optionally substituted alkvl, optionally
substituted alkenvl, optionally substituted alkynyl, optionally substituted carbocycivl, or
optionally substituted aryl; as substrates. R s as defined in this application. In some
embeodiments, R is a C2-C6 optionally substituted alkyl. In some embodiments, R is a propyl
or pentyl. In some embodiments, R is pentyl In some embodunents, R is propyl. In certato
embodiments, a PKC is an olivetolic acid cyclase {QAC). In certain embodiments, a PKC is a

divarinic acid cyclase (DAC).

[235] As one of ordinary skill in the art would appreciate a PKC could be obtained
from any source, including naturally occurring sources and synthetic sources {e.g., a non-
naturally occurring PKC). In some embodiments, a PKC is from Cannabis. Non-limiting
examples of PKCs include those disclosed in U.S. Patent No. 9,611,460, U.S. Patent No.
10,056,971, 1S, Patent Publication No. 2019/0169661, and PCT Publication No.

WQO2021/257915, which are incorporated by reference in this application in their entireties.

[236] In some embodiments, a PKC s an OAC. Asused in this application, an “OAC”
refers to an enzyme that is capable of catalyzing the formation of olivetolic acid (CA). In some
embodiments, an OAC 15 an enzyme that is capable of using a substrate of Formula (4a) (3,5,7-

trioxododecanoyl-CoA):

O G Q 0

C:}AS)I\\\/U\\\‘/)L\\//{L\\(Cthc%

to form a compound of Formula (6a) {olivetolic acid):

(4a)
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A O00R
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HOT O TS MO M
1237} Olivetolic acid cyclase from C. safiva (CsOAC) 18 a 101 amino acid enzyme

that performs non-decarboxylative cyclization of the tetraketide product of olivetol synthase
(FIG. 1 Structure 4a) via aldol condensation to form olivetolic acid (FIG. 1 Structure 6a).
CsOAC was identified and characterized by Gagne et al. (PNAS 2012) via transcriptome
mining, and its cyclization function was recapitulated #n vifro to demonstrate that CsOAC 15
required for formation of olivetolic acid in €. saiiva. A crystal structure of the enzyme was
published by Yang et al (FEBS J. 2016 Mar;283(6):1088-106}, which revealed that the enzyme
ts a homodimer and belongs to the o+ barrel (DABB) superfamily of protein folds. CsOAC is
the only known plant polyketide cyclase. Multiple fungal Type I polyketide synthases have
been identified that perform both polyketide syunthase and cychization functions (Funaer af., J
Biol Chem. 2007 May 11;282(19):14476-81); however, in plants such a dual function enzyme

has not yet been discovered.

[238] A non-limiting example of an amino acid sequence of an OAC in O safiva is
provided by UniProtKB - IoWU39 (SEQ 1D NG: 60), which catalyzes the formation of

olivetolic acid (OA) from 3,5 7-Trioxododecanoyl-CoA.
[239] The sequence of UniProtKB - I6WU39 (SEQ 1D NO: 60) is:

MAVEKHUIVLKFKDEITEAQKEEFFKTY VNLVNHPAMKDVYWGKDVTOQRKNKEEGYT
HIVEVTFESVETIQDYHHPAHVGFGDVYRSFWEKLLIFDYTPRE (SEQ ID NO: 60)

{240} A non-himiting example of a nucleic acid sequence encoding C. safiva OAC is:

atggcagigaageatitgatigiattgaagitcasagatgaaatcacagaageocasaaggaagaatitticaagacgtatgigaatctig
tgaatatcatcccagecatgaaagatgtatacigggegtaaagatgigactcaaaagaataaggaagaagggtacacicacatagiiogay
gtaacattigagagtptggagactaticaggactacatiaticatectgeccatgtiggatttggagatgtctatogltcttteigggaaaaa

ciictcattitigactacacaccacgaaag (SEQ 1D NO: 63),

241] In some embodiments, a PKC comprises;
bl
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MAVKHLIVLKFKDEITNDOKEEFFKTYVNLLNIPAMEDVYWGOKDVTOKNKEEGYT
HIVEVTIFESVETIQSYIHPAHVGFGAFYRSFWEKLLIFDYTPREK (SEQ ID NO: o1).

[242] A non-limiting example of a nucleic acid sequence enceding SEQ ID NO: 61
is

atgpccgicaageatcigattgtatigaaattiaaggacgagatcacgaacgatcaaaaggaagaatttticaaaactiatgtiaatitatio
aacataagtcoctgetatgaaggatgtctactgggataaggatgtgacacagaagaacaaggaagaaggctacacteacatigtggasg
ttaccttcgagagegtigaaactaticaaicctacatcatecacceegetcatgicggaticggtactitetategticetttigegaaaaatt

gitgattitcgactataceccaagaaag (SEQ D NG 903

[243] in some embodiments, a2 PKC comprises a protein or nucleie acid sequence that
is at feast 5%, at least 10%, ai least 15%, at least 20%, at least 23%, at least 30%, at least 35%,
at feast 40%, at least 45%, at least 50%, at least 35%, at least 60%, at least 65%, at least 70%,
ai feast 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
at least 85%, at least 8696, at least 87%4, at least B8%, at least 89%, st least 90%, at least 91%,
at feast 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%%, at least 98%,
at least 99%, or is 100% identical, including all values in between, to SEG 13 NO: 61 or 90,
In some embodiments, a PKC comprises a sequence that is a conservatively substituted version

of SEQ ID NG: 61.

FPrenyltransferase (PI}

{2441 A host cell described in this application may comprise a prenyitransferase (PT).
As used in this application, a “PT” refers to an enzyme that is capable of transferring prenyl
groups 1o acceptor molecule substrates. Non-limiting examples of prenyltransferases are
described in in U S, Patent No. 7,544 498 and Kumano et al | Ricorg Med Chem 2008 Sep 1
16(17): 8117-8126 {¢.g., NphB), PCT Publication No. WO2018/200888 (¢c.g., CsPT4), US.
Patent No. 8,884,100 (e.g., CsPT1); Canadian Patent No. CA2718469; Valliere et al., Nov
Commun. 2019 Feb 410013565 {(eg, NphB vanants), PCT Publication Nos:
WO2019/173770, WO2019/183152, and WO2020/210810 {e¢ g, NphB variants); Luo et al
Nature 2019 Mar, S67{(7746):123-126 {e.g., CsPT4), WO 2021/03484%; PCT Publication No.
WO2022/081615 (e.g, CsPT vanants and chimeras), and PCT Publication No.

WO2023/056350, which are incorporated by reference in their entireties. In some

embodiments, a PT is capable of producing cannabigerolic acid (CBGA), cannabigerovarinic
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acid {CBGVA), or other cannabinoids or cannabinoid-like substances. In some embodiments,
a PT is cannabigerolic acid synthase (CBGAS) In some embodiments, a PT is

cannabigerovarinic acid synthase {CBGVAS),

{245} In some embodiments, the PT is an NphB prenvitransferase. See, eg, US.
Patent No. 7,544 498; and Kumano et al | Rioorg Med Chem 2008 Sep 1; 16(17) 8117-8126,
which are incorporated by reference 1n this application in thetr entirsties. In some
embodiments, a PT corresponds to NphB from Strepfomyces sp. {see, eg., UniprotKB
Accession No. (34R27T2; see also SEQ D NG 2 of US. Patent No. 7,361,483). The protein
sequence correspondiong to UniprotKB Accession No. Q4R2T2 s provided by SEQ ID NG

62

MSEAADVERVYAAMEFAAGLLGVACARDKIYPLLSTFOQDTLVEGGSVVVESMASG
RHSTELDFSISVPTSHGDPYATVVEKGLFPATGHPVDDLLADTOKHLPVSMFAIDGE
VIGGFKKTYAFFPTDNMPGVAELSAIPSMPPAVAENAELFARYGLDKVOMTSMDYK
KROVNLYFSELSAQTLEAESVLALVRELGUHVPNELGLKFCKRSFSVYPTLNWETGK
IDRLCFAVISNDPTLVPSSDEGDIEKFHNYATKAPYAYVGEKRTEVYGLTLSPKEEYY
KLGAYYHITDVORGLLKAFDSLED (SEQ ID NO:62).

[246] A non-limiting example of a nucleic acid sequence encoding NphB is:

atgteagaageoegoagatgtogaaagagtitacgeogetatggaagaagecgeoggtttgtiagetottgcctgtaccagagataagat
clacceatigtigictactiticaagatacatiagtigaaggtogticagitptigiiticictatggeticaggtagacatictacagaatigga
tttctetateteagtteccaacatcacatggigatecatacgotactgitgtigaaaaaggtttatttccageaacaggtcaiccagitgatgatt
tgttggctaatacicaanageatitgecagittetatgttigcaatigatgotoaagttaciggiegittcaagaaaactiacgcttictticea
actgataacatgecaggigitpcagaatiaictgetaticcatcaatgocaccageigtipcagaaaatgeagaattatitgetagatacey
tiiggataaggitcaaatgacatctatggattacaagaaaagacaagtiaatitgtaciticigaatiatcageacaractitggaagotga
atcagtitiggcattagtiagagaatigggtitacatgticcaaacgaattgggtitpaagtitigtaaaagatctitcteagiitatccaactit
aaactggpaaacaggeaagatcgatagattatgtticgeagtiatcictaacgatccaacattggticeateticagatgaaggtpatate
gaaaagittcataactacgotactaaageaccatatactiacgiiggteaaaagagaacatiagittatggittgactiiatcaccaaagga
agaatactacaagtigggtacttactaccacattaccgacgtacaaagaggtitatigaaageaticgatagtttagaagac (SEQ 1D

NO: 64),

o]
~1



WO 2023/212519 PCT/US2023/066115

[247] in other embodiments, a PT corresponds to CsPT1, which is disclosed as SEQ
ID NO2 in US. Patent No. 8,884,100 (C. safiva; corresponding to SEQ ID NO: 65 in this

application}:

MGLSSVOTFSFQTNYHTLLNPHNNNPRTSLLCYRHPKTPIKYSYNNEPSKHCSTKSFH
LONKCSESLSIAKNSIRAATTNQTEPPESDNHSVATKIENFGKACWKLORPYTHAFTS
CACGLFGKELLHNTNLISWSLMEKAFFFLVAILCIASFTTTINQIYVDLHIDRINKPDLPL
ASGEISYNTAWIMSIIVALFGLITIKMKGGPLYIFGYCFGIFGGIVY SVPPEFRWEKQNPS

TAFLLNFLAHHTINFTFY YASRAALGLPFELRPSFTFLLAFMESMGSALALIKDASDVE
GDTKFGISTLASKYGSRNLTLFCSGIVLLSYVAAILAGHWPOAFNSNVMLLSHAILAF

WLILQTRDFALTNYDPEAGRRFYEFMWEKLYYAEYLVYVFI(SEQ ID NO: 65).

[248] In some embodiments, a PT corresponds to CsPT4, which 1s disclosed as SEQ
I3 NO:T o PCT Publication No, WOZ019/071000, corresponding to SEQ 1D NO: 66 in this

application:

MGESLVOCTEFSFQTNYHTLLNPHNKNPKNSLLSYQHPKTPHKSSYDNFPSKYCLTKNE
HLLGLNSHNRISSQSRSIRAGSDOIEGSPHHESDNSIATKIENFGHTCWKLORPYVVK
GMISTIACGLFGRELFNNRHLFSWGLMWEKAFFALVPILSFNFFAAIMNGQIYDVDIDRIN
KPDLPLVSGEMSIETAWILSHVALTGUIVTIKLKSAPLFVFIVIFGIFAGFAYSVPPIRW
KOYPFINFLITISSHYGLAFTSYSATTSALGLPFYWRPAFSFHAFMTVMGOMTIAFAKD
SDIEGDAKYGVSTYATKLGARNMTEFVVSGVLLELNYLVSISIGHWPQVFKSNIMILEH
AILAFCLIFQTRELALANYASAPSRQFFEFIWLLYYAEYFVYVFI (SEQ 1D NO: 606).
[249] In some embodiments, a PT corresponds 10 a truncated CsPT4, which is

provided as SEQ 1D NQ: 67

MSAGSDOIEGSPHHESDNSIATKILNFGHTCWKLOQRPYVVKGMISIACGLFGRELFNN
RHLFSWGLMWEKAFFALVPILSENFFAAIMNQIYDVDIDRINKPDELPLVSGEMSIETAW
LSHVALTGLIVTIKLEKSAPLFVEIYIFGIFAGFAYSYVPPIRWKQYPFTNEFLITISSHVGLA
FESYSATTSALGLPFVWRPAFSFHATMTVMGOGMTIAFAKDISDIEGDAKYGVSTVATK
LGARNMTEVVSGVLLLNYLVSISIGHWPOQVFK SNIMILSHATLAFCLIFQTRELALANY
ASAPSROFFEFIWLLYYAEYFVYVFI (S8EQ ID NO: 673,

(2501 in some embodiments, a PT comprises the sequence of SEQ 1D NO: 74:
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MSAGSDOIEGSPHHESDNSIATKILNFGHTFWKLORPYVVKGLISIACGLFGKELLHN
TNLISWSLMEFKAFFALVPILSEFNGFAAIMNQIYDVEIDRINKPDLPLYVSGEMSIRTAWI
LSHVALTGLIVTIKMKGGRLEVEIYITGIFAGFAYSVPPIRWKOQYPFINFLITISSHVGL
AFTSYYASRAALGLPFELRPSFSFUHAFMTYMGOMTIAFAKDISDIEGDAKYGVSTVAT
KLGARNMTRVVSOGVLLINYLVSILAGIHWPFAFNSNVMILSHAILAVFCLIFRTRELALA
NYASAPSROFFEFIWLLYYAEYLVYVFI (SEQ ID NG: 74).

[251] in some emtbodiments, the PT is encoded by a nucleic acid sequence comprising

the sequence of SEQ ID NO: 75

atgtcogeaggatcagaicaaatagaagggageocccatcacgagicggacaacagtatcgegacaaaaattctiaatttiggocatac
fiiciggaagtiacagegicctiacgtagtiaaagptitgattictaicgctigeggittgticgataaggaactaciccacaatacgaactiyg
ataicatggictitaatgtttagagoctictitgeiciggicccaatictaagtitcastggattcgeagecatiatgaatcaaatetatzatgit

gasatagataggattaacaagecggatitaccactegtgtccggagaaatgictatacgeacagetiggatecigicgatiatigiegete
ttactggcitpatagitaccatiaaaatgaaaggtepcccttiattigigtttatctatataacgggtataticgcaggtitigcttacictgtac

ctecaaticgatggaageagtatecgticactanctitttgateaccatitcsagecatgitggactagecticacatoctactatgetictag
agcecgegetigatetaccatitgaactpgegecoctcatttagttitataatigeaticatgacagtialgpgogatgactatigectitgeaaag
gacatttcagatattgaaggagatgeaanatatggtgicictacggtagotactaaatisggtactagaaataigaccagggtigigicgg
ggototigctatiaaatiactiagtcagiatiitgecaggantaatctggecciicgetittaaticaaatgtcatgalcttatcgeacgcaatit
tggocticigtcteatetttagaacgagagaattageectigetaactacgeaagtgetecttcecgteaattiticgagtitatitgotigety

tattatgcggaatacciggtatacgitticatt (SEQ 1D NG: 75).
{252} In some embodiments, a PT comprises the sequence of SEQ ID NO: 76

MSAGSDQIEGSPHHESDNSIATKILNFGHTFWKLORPYVVKGLISIACGLFGKELLHN
TNLISWSLMFKAFFALVPIHLSFNFFAAAMNOIYDVEIDRINKPDLPLYSGEMSIRTAW]
LSIVALTGLIVTIKMEGGPLEVFIVIFGLFAGFAYSVPPIRWEQYPFTINFLITISSHYGL
AFTSYYASRAALGLPFELRPSFSFIHAFMTVMGMTIAFAKDISBDIEGDAKYGVSTVAT
KLGARNMTRVVYSGVLLLNYLVSILAGHWPFAFNSNYMILSHAILAFCLIFRTRELALA
NYASAPSROFFEFIWLLYYAEYLVYVFL(SEQ ID NO: 763,

{253} In sume embodiments, the PT is encoded by a nucleic acid sequence comprising

the sequence of SEQ ID NQO: 77:
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atgiccgcaggatcagaicaaatagaaggpagcccccatcacgagicggacaacagiaicgegacaaaaatictiaatitiggecatac
tttctggaagttacagegtectiacgiagttaaaggtctgatttctategetigeggtttgticggtaaggaactaciccacaatacgaactig
ataicatggtctitaatgtitaaagecticittgeictggtoccaatictaagtticaatititicgcageegegatgaaicaaatctatgatgitg
aaalagataggattaacaagecggattiaccacicgtgtceggagaaatgictataagaacagetiggatectgicgattattptegoeictt
actggetigatagiiaccatiaaaatgaaaggiggeectiiatiigigtttatclatalattiggictaticgeaggtittgetiacictgiaccic

caattcgatggaageagiatcegitcactaactititgatcaccatticaagecatgtiggaciagecticacatectactatgetictagage
cgegctiggtctaccattigaacigegeccctcatitagtittataatigeaticatgacagtialggggatgactattgectitgcanaggac
atitcagatattgaaggagatpcaaaatatggtateictacggiagctactaaattaggtpctagaaatatgaccegggitgtategegng
tgttgctattaaatiactiagicagtatittggeaggaataatctggeccitigetittaattcaantgtcatgatcttaicgeacgeaattttgge
citctgicticaictitagaacgagagaatiageccitgetaactacgeaagtgeiccticocgicaatitticgagittatitigutigetgiaita

tgeggaatacctggtatacgittteatt (SEQ 1D NO: 77).
[254] In some ersbodiments, a PT comprises the sequence of SEQ ID NG: 78:

MSAGSDOQIEGSPHHESDNSIATKILNFGHTFWKLQRPYVVKGVISIACGLFGKELLHN
TNLISWSLMEFKAFFALVPILSINFFAAIVNOQIYDVEIDRINKPDLPLVSGEMSIRTAWIL,
SHVALTGUIVTIKMKGGPLFVEFIVILGIFAGFAYSVPPIRWKQYPFTNFLITISSHVGLA

FTSYYASRAALGLPFELRPSFSFHAFMTVMOMTIAFAKDISDIEGDAKYGVSTVATEL
GARNMTWYVSGVLLLNYLVSHAGHWPFAFNSNVMILSHAILAFCLIFRTRELALAN

YASAPSRQFFEFIWLLYYAEYLVYVFL{SEQ ID NG 73).

{255} in some emhodiments, the PT 1s encoded by a nucleic acid sequence comprising

the sequence of SEQ D NO: 79

atgtcegeaggateagateaaatagasgggageccecateacgagtcggacaacagiatcgegacaaaaaticttaatitiggecatac
ttictggaagtiacagegtcctiacgtagtiaaaggigtcatitctategetigeggtitaticggtaaggaactaciccacaatacgaactiy
atsteatggictitaatgtttagagoctictiigeictggicocaattctaagtitcantttittcgcagecatigtgantcaaatctatgatgtian
aatagataggattaacaagecggatitaccactcgigiccggagaaatgtctataagaacagctiggatecigicgatiatigicgetcita
ciggcttgatagttaccattanaatgaaaggtggeoctifatiigtgttitatctatatatiggptatattcgeaggtitigettactetgtaccice
aaticgatggaageagtatcegitcactaactititgatcaccatticaagecatgitggactagecttcacatectactatgetictagagoe
gegcttggatetaceattigaactgegecectcatitagttttataatigeaticatgacagttatggepatgactattgectitgeasaggaca
titcagalatigaaggagatgcaaaatatggigiciciacggiagetaciaaatiaggtgciagaaatatgaccigggligtotcgggoat

gtigctattaaaitacitagtcagtatitiggoaggaataatciggeoctttgetittaaticaaatgicatgaictiatcgeacgeaattitgge

citctgicteatetitaggacgagagaatiageectigetaactacgeaagigatecticecgicaatitticgagtitattiggitgetgtatia

tgcggaatacctggtatacgttttcart (SEQ 1D NO: 79).
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[256] In some embodiments, a PT comprises the sequence of SEQ I NG: 80:

MSAGSDOIEGSPHHESDNSIATKILNFGHTCWKLOQRPYVVKGLISIACGLFGKELLHN
TNLISWSLMFKAFFALVPILSFNGFAAIMNOQIYDVEIDRINKPDLPLVSGEMSIRTAWI
LSHVALTGLIVTIKMKGGPLEVEIVIFGLFAGFAYSVPPIRWKOQYPEFTINFLITISSHYGL
AFTSYYASRAALGUPFELRPSFSFHAFMTYMGOMTIAFAKDISDIEGDAKYGVSTVAT
KLGARNMTRVVSOGVLLINYLVSILAGHWPFAFNSNVMILSHAILAFCLIFRTRELALA
NYASAPSROFFEFIWKLYYAEYLVYVFI (SEQ 1D NO: 80}

[257] in some embodiments, the PT is encoded by a nucleic acid sequence comprising

the sequence of SEQ D NG: 81

atgteccgeaggatcagatcaaatagaagggageeeccatcacgagtcggacaacagiategegacdaaaattctiaatitiggecatac
ftgtiggaagitacagegtoctiacgiagitaaaggictaatiictaicgctigeggittgticggtaaggaactaciccacaatacgaactiy
ataicatggictitaatgtitagagoctictttgeiciggtoccaatictaagtitcaatgggticgcagecattatgaatcaaatctatgatptt
gagatagatageattancaagecggatttaccactogtgtocggagaaatgtctataagaacageitggatectgtogattatigicgote
ttactggcitgatagitaccattaaaatgaaagpgtopcectitatitgigttiatctatatatitgpttiettcgcaggtititocttacictgtacet
ccaaticgatggaageagtatecgticactaacitttigatcaceatticaagecatgtiggactagecticacatectactatgettctagag
cegegcttgatctaccattigaactgegecectcatitagititataatigeaticatgacagtiatgggeatgactatigecttigeaaagpa
catitcagatatigaaggagatgcaaaatatggtgicictacggiagetactagattaggtgeiagaaatatgaccagggttgtatcggees
gtgttgctatiaaattactiagicaglatiftggcaggaataaictggcccticgatittaaticaaatgicatgaictiatogeacgcaaliitig
gecttetgteteatctttagaacgagagaattageccttgetaactacgeaagiectecttceogtcaattiticgagtttatitggaaactgt

attatgeggaatacctggtatacgtitteatt (SEQ D NO: 81),
[258] In some embodiments, a PT comprises SEQ D NG 102

MSAGSDQIEGSPHHESDNSIATKILNFGHTCWELORPYVVEKGMISTACGLFGRELFHN
TNLLSWSLMLKAFSSEMVILSENGFAAIMNQGIYDVDIDRINKPDEPLVSGEMSIETAW
HSHOVALTGLILTIKLNCGPLIISLYCVSIFAGFAY SVPPIRWEKOQYPFTNELITISSHVGY

NFTCYYASRAAFGLPFEMSPPHFTFILAFMTVMGOMTIAFAKDISDIEGDAKYGVSTVATY
KLGARNMTRVVSGVLLLTYVSAILAATWPQAFKSNVMLLSHATLAFCLIFQTRELAL
ANYASAPSROFFEFIWKLHYAEYLVYVFL

[259] In some embodiments, a nucleic acid sequence encoding SEQ 1D NO: 102

comprises:
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[260] atgtcagecgggagegaccagatagaaggaagiceicatcacgagictgataactceatigegacaaaaatact
gaatticggicatacgtgctggaagitacaaaggecciatgicgigaaaggtatgatitegatagotigtggettgtitggicgegaactatt
tcataataccaacctittatctiggteatigatgctcaaggeatictcalecttaatggtaatectttcitttaatggatitgetgocataatgaat
caaatttacgatgtigatattgaccgaatiaacaaaccagattigecactegtiagtgpagagatgagtategaaactgeatggatactaie
gatcatigtcgoteigacaggctiaatattgactatiaagotiaatigiggicogctattiatatcatigtatigegtatciattitogeiggaittg
catacagegttcetecaaticgitggaaacagtatectiicaccaactictiaataactaicageicacacgtggogigitaactitacatgitat
tacgectecagageagectitgectigeceitegaaatgtctcegecattiactiitatictegetttiatgacegtaatgggaatgacaatag
ctitcgepaaagacatitcagatatcgaaggtgatgegaaataiggeggtaictactgtipctacgaagitaggtocaagaaatatgacga
gagtigtcagtagtotettgtigeigacatacgtaagegctatactigeagetatcatttggecgeaagocttiaagtcaaatgigatgtigtt
atctcatgecaicciggogtictgoctaattitccaaactagagageiagegctigeaaattatgeticigeacciagtaggcagttititgaa

titatctggaaattgcattatgeagagtacttagtitatgtitteate (SEQ 1D NO: 103}
[261] In some emsbodiments, a PT comprises SEQ 1D NO: 158:

MSAGSDOIEGSPHHESDNSIATKILNFGHACWKFQRPY VVKGLILIACGLFGKELLHN
TNLISWSLMFKAFFALVPILSINFFAAAINOQIYDVEIDRINKPDLPLVSGEMSIRTAWIL
SHVALTGUIVTIKMKGGPLFIFLYIFGLFLGFAYSVPPIRWKOQYPFTNFLITVSSHVGLA
FIVYYASRAALGLPFELRPSFSFHAFMTVMSITIAFAKDISDIEGDAKYGVSTLATELG
AKNMTRVVSGLLLINYVVARLAGINWPFAFNSNYMILSHAILAFCLIFRTRELALANY
ASAPSROFFEFIWNLYYAEYLVYVFL

[262] in some embodimments, a nucleic acid seguence encoding SEQ 1D NO: 158
comprises:
atgictgctggeictgaccaaatigaaggticeccgeatcacgaatcagataatagtattgecacaaagatctiaaactitgggeatgeat
gttggaaaticcaaaggecctacgicgteaaaggactiatacigategetigeggtetgticggaaaggaatiatigeataatactagcet
aataagctggagtttaatgtitaaagetticticgegtiagisgccaatectaagetttaactititcgecgecgeaatiaaccagattiaigatg
ttgagatcgacaggataaataagecagateticeatiggtalccggteaaatgicaatacgtactgeatggatatiatctattatogiigege
tgaccggactgatigiaacaatcaaaalgaaaggtogocoectgtitatittictitatatattiggtitgticctcggaticgetiactcagige
cacctatcaggtggaageagtacceaticacgaattticigatcacggttictagecacgtegggttagegticacagigtactatgeate
gagagcigectiggggctteciticgagtigegtccaagititagttttatcatigecttiatgacegtaatgageattacgategeaticgea
aaggacatticigacatagagggogatgcaaaatacggigictecactetigegacaaaatiaggagetagaaatatgacicgagtoat
giceggttigiiattaciaaatiatgtiglagotatatiggeaggcatcaatiggecgitigetttiaaciceaacgtialgatacigagicalge
tatittgpctititgictgatttitcgeacgegtgagtigpegetigeaaactatgectetgegeccageaggeagtittitgagtteatatgga
atttgtactatgecgagtatitagtctacgtatttatt (SEQ 1D NG 159),
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[263] in some embodiments, a PT comprises a protein or nucleic acid sequence that
is at least 5%, at least 10%, at least 15%, at least 20%, at least 25%, at least 30%, at least 35%,
at least 40%, at least 45%, at least SO0%, at least 55%, at least 60%, at Jeast 639, at least 70%,
at feast 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%4, at least 77%,
at feast 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
at least 85%, at least 86%, at least 87%, at least 8%, at least 89%, at feast 90%, at least 91%,
at feast 92%, at least 939, at least 94%4, ai least 95%, at least 96%, st least 97°%%, at least 98%,
at least 99%, or is 100% identical, including all values in between, to any one of SEG D NOs:
74-81, 102-103, and 158-139. In some embodiments, a PT comprises a sequence that is a

conservatively substituted version of any one of SE(Q 1D NOs: 74, 76, 78, 80, 102, or 158,

[264] Functional expression of paralog C. sativa CBGAS enzymes in 8. cerevisiae
and production of the major cannabinoid CBGA has been reported (U.S. Patent Publication
No. 2012/0144523, and Luo et al., Nadure 2019 Mar;567(7746).123-126). Luo et al. reported
the production of CBGA in 8. cerevisioe by expressing a truncated version of a C. safiva
CBGAS, CsPT4, with its native signal peptide removed. Without being bound by a particular
theory, the integral-membrane nature of (. safive CBGAS enzymes may render functional
expression of C. safiva CBGAS enzymes in heterologous hosts challenging. Removal of
transmembrane domain{s) or signal sequences or use of prenyltranstferases that are not
associated with the membrane and are not integral membrane proteins may facilitate increased
interaction between the enzvme and available substrate, for example in the celiular cytosol

and/or in organelles that may be targeted using peptides that confer localization.

[265] in some embodiments, the PT is a soluble PT. In some embodiments, the PT is
a cytosolic PT. In some embodiments, the PT 1s a secreted protein. In some embodiments, the
PT is not a membrane-associated protein. In some embodiments, the PT is not an integral
membrane protein. In some embodiments, the PT does not comprise a transmembrane domain
or a predicted transmembrane.  In some embodiments, the PT may be primarily detected in the
cytosol {e.g., detected in the cytosol to a greater extent than detected associated with the cell
membraneg). In some embodiments, the PT is a protein from which one or more transmembrane
domains have been removed and/or mutated (e.g., by truncation, deletions, substitutions,
insertions, and/or additions) so that the PT localizes or is predicted to localize in the cytosol of
the host cell, or to cytosolic organelles within the host cell, or, in the case of bacterial hosts, in

the periplasma.  In some emwbodiments, the PT is a protein from which one or more
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transmembrane domains have been removed or mutated {e.g., by truncation, deleticns,
substitutions, insertions, and/or additions) so that the PT has increased localization to the

cytosol, organelies, or periplasm of the host cell, as compared to membrane localization.

[266] Within the scope of the term “transmembrane domains” are predicted or
putative transmembrane domains in addition to transmembrane domains that have been
empiricaily determined. In general, transwembrane domains are characterized by a region of
hydrophobicity that facilitates integration into the cell membrane. Methods of predicting
whether g protein is a membrave protein or a membrane-associated protein are known 1o the
art and may include, for example amino acid sequence analysis, hydropathy plots, and/or

protein localization assays.

[267] In some embodiments, the PT is a protein from which a signal sequence has
been removed and/or mutated so that the PT is not directed to the cellular secretory pathway.
In some embodiments, the PT is a protein from which a signal sequence has been removed
and/or mutated so that the PT is localized to the cytosol or has increased localization to the

cytosal {e.g., as compared to the secretory pathway).

[208] In some embodiments, the PT is a secreted protein. In some embodiments, the

PT contains a signal sequence.

[269] in some embodiments, a PT 15 a tusion protein. For exaraple, a PT may be fused
to one or more genes in the metabolic pathway of a host cell. In certain embodimenst, a PT

may be fused to mutant forms of one or more genes in the metabolic pathway of a host cell.

[270] in some embodiments, a PT described in this application transfers one or more

prenyl groups to any of positions 1, 2, 3, 4, or § in a compound of Formula (6}, shown below:

(&)
(271} In some embodiments, the PT transfers a prenyl group to any of positions 1, 2,

3,4, or 5 in a compound of Formula (6), shown below:

>
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to forn a compound of one or more of Formula (8w}, Formula (8x), Formula (8, Formula

{8y}, Formula 8z}

(8w,

{(8x),

(8",

{(8y), and/or

(82),

or a pharmaceutically acceptable salt, solvate, hydrate, polymorph, co-crystal, tautomer,
stereoisomer, isctopically labeled derivative, or prodrug thereof, whereinais 1,2,3,4, 5,6, 7,

3,9, or 10,
Terminal Synthases (T3}
(272 A host cell described in this application may comprise a terminal synthase (TS}

As used in this application, a “T8” refers to an enzyme that is capable of catalyzing oxidative
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cyclization of a prenyl motety {e.g., terpene} to produce a ring-containing product {e.g.,
heterocyclic ring-containing product). In certain embodiments, a TS is capable of catalyzing
oxidative cvchization of a prenyl moiety {e.g., terpene} to produce a carbocyclic-ring containing
product {e.g., cannabinoid). In certain embodiments, a TS is capable of catalyzing oxidative
cychization of a prenyl motety {e.g., terpene) to produce a beterocyclic-ring containing product
{e.g., cannabinoid). In certain embodiments, a TS is capable of catalyzing oxidative cyclization
of a prenyi motety {e.g., terpene) to produce a cannabinoid. To some ervbodiments, a terminal

synthase is a terpene cyclase that uses a terpenophenslic compound as a substrate.

[273] In some embodiments, a TS is a tetrahydrocannabinolic acid synthase
{THCAS), s tetrahydrocannabivarinic acid synthase {THCVAS), a cannabidiolic acid synthase
(CBDAS), a cannabidivarinic acid synthase (CBDVAS), a cannabichromenic acid synthase
(CBCAS) and/or a cannabichromevarinic acid synthase (CBCVAS). As one of ordinary skili
in the art would appreciate a TS could be obtained from any source, including naturally

occurring sources and synthetic sources (e.g., a non-naturally occurring TS}
a. Substrates

[274] A TS may be capable of using one or more substrates. In some instances, the
location of the prenyl group and/or the R group differs between TS substrates. For example, a
TS may be capable of using as a substrate one or more compounds of Formula (8w), Formula

{(8x}, Formula (8"), Formula (8y), and/or Formula (87}

{8x);
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{8y); and/or

H

3

/L\OH

B

R
(8z),

g

N

Yy,

™

or a pharmaceutically acceptable salt, solvate, hydrate, polymorph, co-crystal, tautomer,
stereoisomer, isotopically fabeled derivative, or prodrug thereof, whereinais 1, 2,3, 4, 5,6, 7,

g, 9, or 10,

2751 in certain embodiments, a compound of Formula (8"} is a compound of Formula
(8%
OH
- COLH
(3.
' HO R
[276] In some embodiments, a TS catalyzes oxidative eyclization of the prenyl moiety

{e.g., terpene) of a compound of Formula {8) described in this application and shown in FIG.

2. In certain embodiments, a compound of Formula (8} is a compound of Formula (8a):

{8a).

b. Products
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[277] [185] In some embodiments, TS enzymes catalyze the formation of CBD-type
cannabinoids, THC-type cannabinoids and/or CBC-type cannabinoids from CBG-type
cannabinoids.  In embodiments wherein CBGA 1s the substrate, the TS enzymes CBDAS,
THCAS and CBCAS would generally catalyze the formation of cannabidiolic acid (CBDA),
AY-tetrahydrocannabinolic acid (THCA) and cannabichromenic acid (CBCA), respectively.
However, in some embodiments, a TS can produce more than one different product depending
on reaction conditions, For example, the pH of the reaction environment may cause a THCAS
or a CBDAS to produce CBCA in greater proportions than THCA or CBDAS, respectively
(see, for example, U.S. Patent No. 9359625 to Winnicki and Donsky, incorporated by
reference in its entirety). In some embodiments, a TS has a predetermined product specificity
in intracellular conditions, such as cytosolic conditions or organelle conditions. By expressing
a TS with a predetermined product specificity based on intracellular conditions, i vive
products produced by a cell expressing the TS may be more predictably produced. In some
embodiments, a TS produces a desired product at a pH of 5.5 In some embodiments, a TS
produces a desired productat a pHof' 1, 2, 3,4, 5, 6,7, 8 9, 10, 11, 12, 13 or 14, In some
ernbodiments, a TS produces a desired product at a pH that is between 4.5 and 8.0, In some
embodiments, a T8 produces a desired product at a pH that is between S and 6. In some
embodiments, a TS produces a desired product at a pH thatis around 4.5, 4.6, 4.7, 48, 49,50,
51,52, 53,54,55,56,57,58, 59, 60,6.1,62, 63,64, 65,66 67,68 69 70,71,
72,73, 74, 75, 76, 7.7, 78, 79, or 80, including all values in between In some
ernbodirents, the product profie of a TS ts dependent on the TS s signal peptide because the
signal peptide targets the TS to a particular intracetiular location having particular intracettular

conditions {e.g. a particular organelie) that regulate the type of product produced by the TS,

[278] A TS may be capabie of using one or more substrates described in this
application to produce one or more products. Non-limiting example of TS products are shown
in Table 1. In some instances, a TS is capable of using one substrate to produce 1, 2, 3, 4, 5,
0,7, 8,9, or 10 different products. In some embodiments, a TS is capable of using more than

one substrate to produce 1, 2, 3, 4, 5,6, 7, 8, 9, or 10 different products.

[279] In some embodiments, a TS is capable of producing a compound of Formula

(X-A) and/or a compound of Formula (X-B).
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R {X-AY; and/or

{(X-B),

or a pharmaceutically acceptable salt, solvate, hydrate, polymorph, co-crystal, tautomer,

stereoisomer, isotopically fabeled derivative, or prodrug thereof]
wherein ===is a double bond or a single bond, as valency permiis;

R i3 hydrogen, optionally substituted acyl, optionally substtuted alkyl,
optionally substituted alkenyl, optionally substituted alkynyl, optionally substituted

carbocyclyl, or optionally substituted aryl,

R® is hydrogen, optionally substituted acyl, optionally substituted alkyl,

optionally substituted alkenyi, optionally substituted alkynyl, optionally substituted

k2

carbocyelyl, or optionally substituted aryl;

R%? is hydrogen, optionally substituted acyl, optionally substituted alkyl,

optionally substituted alkenyl, optionally substituted alkyoyl, optionally substituted

carbocyclyl, or optionally substituted arvl,

or optionally, R*! and R* are taken together with their intervening atonis to

form an opticually substituted carbocyclic ning;

R* is hydrogen, optionally substituted acyl, optionally substituted alkyl,

optionally substituted alkenvl, or optionally substituted atkynyl;

R°P is hydrogen, optionally substituted acyl, optionally substituted alkyl,

optionally substituted alkenyl, or optionally substituted alkynyl; and/or
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RY is hydrogen, optionally substituted acyl, optionally substituted alkvl,

optionally substituted alkenvl, or optionally substituted atkynyl.

[280] In some embodiments, a compound of Formula (X-A) 1
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[281] In certain embodiments, a compound of Formula (10} {

has a chiral atom labeled with * at carbon 10 and a chiral atom labeled with ** at carbon 6. In

certain embodiments, in a compound of Formula (10y{ / 3, the chiral atom
tabeled with * at carbon 10 is of the R-configuration or S-configuration; and a chiral atom

labeled with ** at carbon © is of the R-configuration. In certain embodiments, in a compound
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J\ OH

_CO,H
of Formula (103 { 7 O R 3, the chiral atom labeled with * at carbon 10 is of the §-

configuration; and a chiral atom labeled with ** at carbon 6 is of the R-configuration or 5-
2 5 b2

configuration. In certain embodiments, in a compound of Formula (10} {
), the chiral atom labeled with * at carbon 10 is of the R-configuration and a chiral atorn labeled

with ** at carbon 6 is of the R-configuration. In certain embodiments, a compound of Formula

. In certain embodiments,

in a compound of Formula (10) { 7\ }, the chiral atom labeled with * at carbon

10 18 of the S-configuration and a chual atom labeled with ** at carbon 6 1s of the 5-

)% OH

of the formula:

{2821 in  certain  embodiments, a compound of Formula (10a) {

COH

: E(CHZFCH?’) has a chiral atom labeled with * at catbon 10 and a chiral atom
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fabeled with ** at carbon 6. In certain embodiments, in a compound of Formula (10a) ¢

COLH

O e

H2)aCHa ), the chiral atom labeled with * at carbon 10 is of the R-
configuration or S-configuration; and a chiral atom labeled with ** at carbon 6 i1s of the R-

configuration. lo  certain  embodiments, in a compound of Formula (10a) ¢

COLH

/ (CHZ)“CH?’)Q the chiral atom labeled with * at carbon 10 is of the §-
configuration; and a chiral atom labeled with ** at carbon 6 15 of the K-configuration or 5-

configuration. ln  certain  embodiments, in a2 compound of Formula (10a) ¢

COLH

{CHz)atHa ), the chiral atom labeled with * at carbon 10 is of the R-

configuration and a chiral atom labeled with ** at carbon 6 1s of the R-configuration. In certain

COLH

ernbodiments, a cornpound of Formula (10a) ( /e (CH2)4CH3}, is of the formula:

* . Tn certain embodiments, in a compound of Formula (10a) (

{CHz)aCHs ), the chiral atom labeled with * at carbon 10 is of the &-

configuration and a chiral atom labeled with ** at carbon 6 is of the S-configuration. In certain
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CO,H

(CH2)4CH3), is of the formula:

{2831
(11-z}; and/or
{cannabichromenic acid (CBCA) (11a}).
[2841] in some embodiments, a compound of Formula (X-A) is

OH

(11); and/or
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{cannabichromenic acid (CBCA) (11a}).

[285] in some embodiments, a compound of Formula {(X-B) is:

Reec

(9); and/or

OH
- CO2H
‘,:::/
HO R

[286] In certain embodiments, a compound of Formula (9) {

) has a chiral atom labeled with * at carbon 3 and a chiral atom labeled with ** at carbon 4. In

E I GO

labeled with * at carbon 3 is of the R-configuration or S-configuration; and a chiral atom labeled

certain embodiments, in a compound of Formula (9) ( 3, the chiral atom

with ** at carbon 4 is of the R-configuration. In certain embodiments, in a compourd of

OH
COLH
S
F
: ., HO R
Formula (9} { ), the chiral atom labeled with * at carbon 3 15 of the §-

configuration; and a chiral atom labeled with ** at carbon 4 is of the R-configuration or §-
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P

configuration. In certain embodiments, 10 a compound of Formula (9) (
), the chiral atom labeled with * at carbon 3 is of the R-configuration and a chiral atom labeled

with ** at carbon 4 15 of the K-configuration. In certain embodiments, a compound of Formula

TR, ow
> /‘%\/COQH
X0

9 ( Ho Ry, is of the formula

In certain

embodiments, in a compound of Forroula (9) ( ). the chiral atom labeled
with * at carbon 3 is of the S-configuration and a chiral atom labeled with ** at carbon 4 is of

the S-configuration. In  certain  embodiments, a compound of Formula (9) (

Ry, is of the formula:

{2871 In certain embodiments, a compound of Formula (9ay (CBDA) {

COLH

(©H245H2y hag a chiral atom labeled with * at carbon 3 and a chiral atom

labeled with ** at carbon 4. In certain embodiments, in a compound of Formula (9a) {

[ ™, oH
:,}p]/’ Ry ngH
/\\ o i L

e CHza“M2y  the chiral atom labeled with * at carbon 3 is of the R-
configuration or S-configuration; and a chiral atorn labeled with ** at carbon 4 is of the R-

configuration. In certain embodiments, in a compound of Formula (9a3) (
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COLH

©HDaCHey the chiral atom labeled with * at carbon 3 is of the &
configuration; and a chiral atom labeled with ** at carbon 4 is of the R-configuration or 5-

configuration. In certain embodiments, in a compound of Formula (9a) (

* OH

[ 2
;;hf/’ e N /COrH
2O
HO™ ™ (CH2)aCHzy

. the chiral atom labeled with * at carbon 3 is of the K-

configuration and a chiral atom labeled with ** at carbon 4 s of the R-configuration. In certain

©HDaCH2y the chiral atom labeled with * at carbon 3 is of the S-

configuration and a chiral atom labeled with ** at carbon 4 1s of the S-configuration. In certain

), is of the formula:

]
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[288] in some embodiments, as shown tn FIG. 2, a TS is capable of producing a

>
cannabinoid from the preduct of a PT, including, without limitation, an enzyme capable of

producing a compound of Formula (9), (10), or (11}

(9),
7 V}‘\\‘* N hes]
LA j}tm 10y,
4;,\\{\ R \\‘R
L .
H (E E ):

or a pharwaceutically acceptable salt, solvate, hydrate, polymorph, co-crystal, tautomer,
sterecisomer, isotopically labeled derivative, or prodrug thereof, wherein R is hydrogen,
optionally substituted acyi, optionally substituted alkyl, optionally substituted alkenyl,

optionally substituted alkvoyl, optionally substituted carbocycivi, or optionally substituted

aryl; produced from a compound of Forrula (87):

wherein 2 1s 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10; and R is hydrogen, optionally substituted acyl,

3

optionally substituted alkyl, optionally substituted alkenvl, optionally substituted alkynyl,
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opticnally substituted carbocyclyt, or optionally substituted aryl; or using any other substrate.

In certain embodiments, a compound of Formula (8"} 1s a compound of Formula (8):

OH
x&/\ J\X\\/GO?H
Pt (8)
HO TR

[289] in certain embodiments, a compound of Formula {9), (10}, or {11} 1s produced
using a TS from a substrate compound of Formula (8"} {e.g., compound of Formula (8)), for
example. Non-limiting examples of substrate compounds of Formula (87} include but are not
limited to cannabigerolic acid ({CBGA), cannabigerovarinic acid (CBGVA), or cannabinerolic
actd. In certain embodiments, at least one of the hydroxyl groups of the product compounds of
Formla (9), (10}, or {11} is further methvlated. In certain embodiments, a compound of

Formula (9) 13 methylated to form a compound of Formula (12}

(12),

of a pharmaceutically acceptable salt, solvate, hydrate, polymorph, co-crysial, tautomer,

stereoisomer, isotopically labeled derivative, or prodrug thereof.

Tetrahydrocannabinolic acid synthase (THCUAS)

[260] A host cell described in this application may comprise a TS that is a
tefrabydrocannabinolic  acid  synthase (THCAS)  As used in  this  application
“tetrahydrocannabinolic acid synthase (THCAS)Y” or “A’-tetrahydrocannabinolic acid (THCA)
synthase” refers to an enzyme that is capable of catalyzing oxidative cyclization of a prenvi
moiety {e.g., terpene) of a compound of Formula (8) to produce a ring-containing product{e.g.,
heterocyclic ring-containing product, carbocyclic-ring containing product) of Formula (10}, In
certain embodiments, a THCAS refers to an enzyme that is capable of producing A9-
tetrahydrocannabinolic acid (A9-THCA, THCA, A9-Tetrahydro-cannabivarinic acid A (A9-
THCVA-C3 A), THCVA, THCP, or a compound of Formula 10(a), from a corpound of

Formula (8). In certain embodiments, a THCAS is capable of producing A°-
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tetrahiydrocannabinolic acid (A-THCA, THCA, or a compound of Formula 10(a}}). In certain
embodiments, a THCAS is capable of producing A9-tetrahydrocannabivarinic acid (AS-

THCVA, THCVA, or a compound of Formula 10 where R is n-propyl}.

{201} In some embodiments, a THCAS may catalyze the oxidative cyclization of
substrates, such as 3-prenyl-2 4-dihydroxy-6-alkylbenzoic acids. In some embodiments, a
THCAS may use cannabigerolic acid (CBGA) as a substrate.  Tn sormse erbodiments, the
THCAS produces AS-THCA from CBGA. In some embodiments, a THCAS may catalyze the
oxidative cyclization of canvabigerovarinic acid {CBGV A}, In some embodiments, a THCAS
exhibits specificity for CBGA substrates as compared to other substrates. In some
embodiments, a THCAS may use a compound of Formula (8) of FIG. 2 where R 15 C4 alkyl
{e.g., n-buivl} or R is C7 alkyl {e.g., n-hepty!} as a subsirate. In some embodiments, a THCAS
may use & compound of Formula (8) where R is C4 alkyl {e.g., n-butyl) as a substrate. In some
embodiments, 8 THCAS may use a compound of Formuls (8) of FIG. 2 where R 15 C7 alkyl
{e.g., n-heptyl) as a substrate. In some embodiments, the THCAS exhibits specificity for

substrates that can result in THCP as a product,

(2921 In some embodiments, a THCAS is from C sadiva. C. safiva THCAS performs
the oxidative cyclization of the geranyl moiety of Cannabigerclic Acid (CBGA) (FIG. 1
Structure 8a) to form Tetrahydrocannabinolic Acid (FIG. 1 Structure 10a) using covalently
bound flavin adenine dinuclectide (FAD) as a cofactor and molecular oxygen as the final
electron acceptor. THCAS was first discovered and characterized by Taura etal. (JACS. 1995)
following extraction of the enzyme trom the leaf buds of O sadfva and conftrmation of its
THCA synthase activity in vifro upon the addition of CBGA as a substrate. Additional analysis
indicated that the enzyme 1s a monomer and possesses FAD hinding and Berberine Bridge
Enzyme (BBE) sequence motifs. A crystal structure of the enzyme published by Shoyama et
al. {(/ Mol Biol 2012 Oct 12;423(11:96-103) revealed that the enzyme covalently binds to a
molecule of the cofactor FAD. See also, e.g., Sirtkantarams et al., ./ Biol Chem. 2004 Sept

17; 279(38%:39767-39774. There are several THCAS 1sozymes in Canmabis sativa.

[293] In some embodiments, a €. safiva THCAS (Uniprot KB Accession No.
1TVOCS) comprises the amino acid sequence shown below, in which the signal peptide 13

underlined and bolded:
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MNCSAFSFWEVCKHFFFLSENIQISIANPQENFLKCFSEYIPNNPANPKFIYTQHDOL
YMSVENSTIONLRFTSDTTPKPLVIVTPSNVSHIQASILCSKKVGLQIRTRSGGHDAEG
MSYISQVPFVVVDLRNMHSKIDVHSQTAWVEAGATLGEVYYWINEKNENFSFPGG
YCPTVGVGGHFSGGOYGALMRNY GLAADNIIDAHLVNVDGKVLDRKSMGEDLEW
AIRGCGGGENFGHAAWKIKLVAVPSKSTIFSVEKNMEHGLVKLFNKWONIAYKYDK
DLVEMTHFITKNITONHGEKNKTTVHGY FSSIFHGGVDSLYVDBLMNKSFPELGIKKTRC
KEFSWIDTTIFYSGVVNFNTANFKKEILLDRSAGKETAFSIKLDYVKKPIPETAMVKIL
EKLYEEDVOVOMYVLYPYGGIMEEISESAIPFPHRAGIMYELWYTASWEKGEDNEK
HINWVRSVYNFTTPYVSONPRLAYLNYRDLDLGKTNPESPNNY TOQARIWGEKYFGK
NFNRLVEVKTKADPNNFFRNEQSIPPLPPHHH (SEQ ID NO: 68).

[294] In some embodiments, a THCAS comprises the sequence shown below:
NPOQENFLKCFSEYIPNNPANPRKFIYTQHDOLYMSVLNSTIONLRFTSDTTPKPLVIVTP
SNVSHIQASILCSKKVGLOIRTRSGGHDAEGMSYISOVPFVVVDLRNMHSIKIDVHSO
TAWVEAGATLGEVY YWINEKNENFSFPGGYCPTVGYGGHEFSGGGYGALMRNYGLA
ADNIDAHLYNVDGKVLDRKSMGEDLFWAIRGGGGENFGHAAWERIKLVAVPSKSTI
FSVKEKNMEHGLVEKLFNKWONIAYKYDKDLVIMTHEITKNITDNHGKNKTTYHGYF
SSIFHGGVDSLVDLMNKSFPELGIKKTDCKEFSWIDTTIFYSGYVNFNTANFRKKEILLD
RSAGRKKTAFSIKLDYVKEKPIPETAMVKILEKLYHEDYVGYOMY VLY PYGGIMEEISES
AIPFPHRAGIMYELWYTASWEKGQEDNEKHINWVYVRSVYNFTTPYVEQNPRLAYLNYR
DLDLGKTNPESPNNYTQARIWOEK YFORKNFNRLVEKVKTEKADPNNFFRNEQSIPPLPP
HHH (SEQ 1D NO: 69}

{2951 A non-limiting example of a nucleotide sequence encoding SEQ 1D NO: 6% is:
aaccogeaagaaaactiictaaanigettitctgaatacattectaacaaccctgecaaceogaagittaictacacacaacacgatcaatt
gtatatgageptoticaatagiacaatacagaaccigagetitacatcegacacaacgecgaaaccgotagtgategicacaceeieca
acgtaagecacaticaggeaageatttiatgeageaagaaagicggacigeagataaggacgaggtocggaggacacgacgeogaa
gooatoagciatatctcccaggtacctitigtootogtagacttigagasataigeacictatcaagatagacgitcacieccaaacegett
gagttgaggcgooagccaceotiggtgaggtotactactggatoaacgaaaagaatgaaaattitagetitccigggpgatattgecca
actgtaggigtiggcggccacticicaggagecegtialggogoctigatacgtaactacggactigeggoccgacaacattalagacy
cacatctagigaatgtagacggceaaagtitiagacaggaagagcatggpteageatcttitttgppcaattagaggcggaggppoansa
aaattilggaatigtcgeligcliggaaaatiaagetagiigeggtacegageaaaageactataticicliglaasaaagaacalggagata
catggtitggteaagcetitttaataagiggcaaaacatcgegtacaagtacgacaaagatctggticigatgacgeatittataacgaaaa

ataicaccgacaaccacggaaaaaacaaaaccacagtacatggetactictetagtatatiicatgggoeagtogattctetggtigattt
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aatgaacaaatcaticccagagiigggtatanagaagacagactgtaaggagticictiggatigacacaactatatictaticaggegia
gtcaacitiaacacggoegaatticaaaaaagagatectictggacagatecgeaggtaagaaaactgegttctelatcaaatiggactaty
tgaagaagectaticcegaaaccgegatggtcaagatactigagaaatiatacgaggaagatgtoggagitgoantgtacgtacitiate
agtigggagaagcaagaggacaacgaaaagoacatiaactgggicagaicagtitacaatttcaccaccecatacglgicceagaate
cgcgictggctiactigaactacegigalctigacctgggtaaaacgaacccggagicacccaacaattacacicaagetagaatcigg
goagagaaaiacttigggaagaacticaacaggtiagtaaaggitaaaaccaaggeagatecaaacaactitittagaaatgaacaale

caticcocegetacececgeaccatcac (SEQ D NG: 70).

[296] In some embodiments, a C. safiva THCAS comprises the amino acid sequence

set forth in UniProtKB - Q8GTRG (SEQ ID NG: 71

(2671 MNCSAFSFWEVCKHFFFLSFHIQISIANPRENFLEKCFSKHIPNNVANPKL
VYTOHDOLYMSILNSTIONLRFISDTTPKPLVIVTPSNNSHIQATILCSKKVGLOIRTRS
GGHPAEGMSYISQVPEFVVVDLRNMHESIKIDVHSQTAWVEAGATLGEVYYWINEKN
ENLSFPGGYCPTVOGVGGHISGGOGYGALMRNY GLAADNIDAHLVNVDGKVLDRES
MGEDLFWAIRGGGGENFGHAAWKIKLVAVPSKSTIFSVRKINMETIHGLVKLENKWON
IAYRKYDKDLVEMTHEITENITDNHGENETTVHGYFSSIFHGGVDSLVDLMNESFPEL
GIKKTDCKEFSWIDTTIFY SGVVNINTANFKKEILLDRSAGKKTAFSIKLDYVKEKPIPE
TAMVKILEKLYEEDVGAGMY VLYPYGGIMEEISESAIPFPHRAGIMYELWYTASWEK
QEDNEKHINWVRSVYNFTTPYVSONPRLAYENYRDLDLGK TNHASPNNYTQARIW
GEKYFOEKNFNRLVEKVEKTKYDPNNFFRNEQSIPPLPPHHH (SEQ 1D NO: 71

[208] In some embodiments, a THCAS comprises the amino acid sequence:

MNPOQENFLKCEFSKHIPNNVANPKEVYTONDSLYMSILNSTIONLRFTSDTTPRKPLVIV
TPSNVSHIQATILCSKKVOGLOIRTRSGGHDAEGMS YISQVPFVVVDLRNMHESIKIDVE
SQTAWVEAGATLGEVYYWINEKNENLSFPGGYCPTVGVGGHFSGGOGYGALMRNYG
LAADNIDAHLVNVDRGKVLDREKSMGEDLIFWAIRGGGGENFGHAAWKIKLVPVPSKY
TIFSVEKKNMEGLYKLFNKWONIAYKYDKDLVEMTHFITENITDNHGENKTTVHG
YESSIFHGGVDSLVDLMNKSFPELGIKKTRDCKELSWIDTTIFYSGVYNENTANFKKEIL
LDRSAGKKTAFSIKLDYVKEKPIPETAMVKILEKLYEEDVGAGMY VLYPYGGIMEEILS
ESAIPFPHRAGIMYELWYTASWEKQEDNEKHINWVRSVYNFTTPY VSKNPRLAYLN
YRDLDLGKNNEESPNNYTOQARIWGEKYFGKNFNRLVEKVETKVDPNNFFRNEQSIPP
LPPHHH (SEQ ID NO: 88).
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[2091 A non-limiting example of a nucleotide sequence encoding SEQ ID NO: 88 is:

aigaatceccaggagaacttictiaagigiticagtanacaiatcccaaataacgiggcgaatecgaaatiagiatacacgcaaaacgatt
coctatatatgageatictgaatagtaccaticaaaactigegettiacticggacacaactocaaagectitagtcatagttactecttcaaa
fgittcccataticaggotacaatecicigeictaaaaaagtippggttgcaaatacglactagatcaggaggccacgatgecgaaguialy
fcttatatcticocaagtgecaticgtigtegicgactigaggaacatgcatictattaagatigatgtagaatcecagaccegeatgggticaa
gotggtgccacattaggtgaagtatactatiggatanacgagaaasatgaaastitategtitecctggaggetatigicecaactgtigatat
cggtggtcatitictcaggegeoeoctacggagcatigatgcgaaactacggaciageagetgataacatiatagacgoccateicgty

aatgtogatogtaaagtictigatagaaagageatgagtaaagstitgitttggoceatcagaggcgotogagoooaaaacttiggiatt
attgeggctiggaaaataaagetggtoceggticocicgaaagtaacaatcititctgiaaagaaaaataiggaaatacatgggitggtca
agttaticaataaatggeagaacattgetiataagtatgataaagacctogtictgatgacteatttiatiacgaaaaatattaccgacaatea
cgutaagaataaaactacagigeacggtiactitfcticaatiticcatggtggcgtigactcictagiagatifaalgaacaaaagtiiccct
gagilagggalcaagaaaacggatiglaasgaactgiciiggalcgacacaaccatatictaticgggioitpttaactitaataccgraa

actitaraaaggaaatitigtiagategeteigiggaaagaaaacageattiagtatcaaacttgactatgtaaagaaaccgataceoga

gactgecatgpttaagatactigagaagcetatacgaagaggatgtogeagcipgeatgiacgtictctaccecttacggegatataatgg

asgaaatiicagaatccgeaateecaticeeacacagageaggiattatgtatgaacigtegtatactgectcatgggagaaacaagas

gataacgaaaaacacatiaattgegetccgtagegtetacaatitcactacaccatatgtatccaagaaccegagatipoctiactigaatia
tagagactiggatctagganaaaataatgaggaaagoeccgaataattatacacaggeaaggattiggggegagaagtatticggeaag
aacitcaacagattagiaaaagitaagaccaaagitgaccccaataacititttagaaatgaacaaagiatocctooactoccaccacaic

atcat (SEQ ID NG: 89).

{300} in some embodiments, a THCAS comprises the amino acid sequence:

MNPQENFLKCEFSKHIPNNVANPKLVYTONDQLYMSIENSTIONLRFTSDTTPKPLVIY
TPANVSHIQATILCSKKVGLOIRTRSGGHDAEGMSYISOVPFVVVDLRNMHSIKIDVH
SQTAWVEAGATLGEVYYWINEKNENLSFPGGYCPTVGVGGHESGGOYGALMRNYG
LAADNIDAHLVNVDGKVLDRESMGEDLFWAIRGGGOGENFGHAAWKIKLYPVPSKY
TIFSVEKKNMEHGLYVKLFNKWONIAYKY DK DLVEMTHEFITENITDBDNHGENKTTVHG
YESSIFHGGVDSLVDLMNKSFPELGIKKTRCKEFSWIDTTIFYSGVVNFNTANFKKEIL
LDRSAGEKKTAFSIKLDYVRKEKPIPETAMVKILEKLYEEDVGAGMY VLYPYGGIMEELS
ESAIPFPHRAGIMYELWYTASWEKQEDNEKHINWVRSVYNFTTPY VSKNPRLAYLN
YRDLDLGKNNEESPNNYTQARIWGEKYFORKNFNRLVEVETRKVDPNNFFRNEQSIPP
LPPHHH (SEQ 1D NO: 95).

[301] A non-limiting example of 2 nucleotide sequence encoding SEQ 1D NOG: 95 is:
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atgaatceccaggagaactiictiaagtgtticagtaaacatatoccaaataacgiggegaatccgaaatiagtatacacgeaaaacgatc
agctatatatgagoatictgaatagtaccaticaaaactigegcetitacateggacacaactccaaagectttagtcatagitaciocticaa
atgtttcceataticaggetacaaiccteigetctaaanaagitgggtigeaaatacgtactagatcaggagaccacgataccgaaggiat
gictiatatcteccaagtgecaticgttgtogtegactigaggaacatgeatictattaagatigatgtacacicecagaccgeaigggttga
agoiggigccacattaggigaagtatactatiggataaacgagaasaatgaaaatitategtitectggaggctattgtccaacigiiggts
tcggtggtcatitctcaggegggeoctacggagcattgatgegaaaciacggactageagetigataacatiatagacgeccatetegts
aatgtggatgotdaagiictigataganagagcatggotaaagattigititgguceaicagaggcogtgraggoaaaaacttiggiatt

attgcgectiggaaaataaagetggied tcgaaagtaacaatciitictgtaaagaaaaatatgeaaatacatgggtiggtca

agttaticaataaatggceaaaacatigettataagtatgataaagacctegtictgatgactcatitiattacgaaaaatattaccgacaatea
cggtaagaalaaaactacagigeacggtiactitfcticaatiticcatggtggcgtigactcictagiagatifaalgaacaaaagtiicoct
gagttaggoatcaagaaaacggatigtaaagaattitctiggategacacaaccatatictattegggtptigtiancitiaataccgeaaa

ctttaaaaaggaaalittgtiagatcgeictgeiggaaagaaaacageatttagtatcaaacitgactatgtaaagaaaccgatacecgag

actgoecatggtiaagatactigagaagctalacgaagaggatgtogeagctggcalgiacgticiclaccottacggoegytataalgeaa
gaaatttcagaatccgeaateccattcccacacagageagatattaigiatgaactgtggtatacigectcalgggagaaacaagaagal
aacgaaaaacacatiaatigggtecgtagegictacaatiicactacaccatatgtatccaagaacecgagatiggctiactigaattatag
agactiggatctaggaaaanatagigaagaaagroecganstaaiiatacacaggCasggattiggeecgagasglatiicggrangasc
fteaacagattagtaaaagtiaagaccaaagtigaccecaataactitttiagaaaigaacaaagtatecciccacicecaccacateatca

t (SEQ ID NO: 96).

[30Z] Additional non-limiting examples of THCAS enzymes may also be found in
U.8. Patent No. 9,512,391, U.S. Patent Application Publication No. 2018/0179564, and PCT
Publication No. WO 2022/011175, which are incorporated by reference in this application in

thetr entireties.

{303} In some embodiments, a THCAS comprises a protein or nucleic acid sequence

that i3 at least 5%, at least 10%, at least 15%, at least 20%, at least 25%, at least 30%, at least

‘J"u

, at least 50%, at least 55%, at least 60%, at least 65%, at least

,:;\

35%, at least 40%, at least 45%

150

70%, at least 71%, at least 72%

o

, at least 73%, at least 74%, at least 75%, at least 76%, at least

77%, at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 839, at least

(]

84%%, at ieast B5%, at least 86%, at least 87%, at least 8%, at least 89%, at least 90%, at least
01%, at least 92%, at least 93%, at least 94%. at least 95%, at least 96%, at least 7%, at least
98%s, at least 99%, or 1s 100% identical, including all values in between, to SEQ 1D NGO 88-
89 or 95-96. In some embodiments, a THUCAS comprises a sequence that 15 a conservatively

substituted version of SEQ D NG: 88 or 85,
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Cannabidiolic acid synthase {CBDAS)

[304] A host cell described in this application may comprise a TS that is a
cannabidiolic acid synthase (CBDAS). As used in this application, a “CBDARS” refers to an
enzyme that is capable of catalyzing oxidative cyclization of a prenyl moiety {e.g., terpene) of
a commpound of Formula (8} to produce a compound of Formula (9). In some embodiments, a
compound of Formula 9 is a compound of Formula (9a) (cannabidiclic acid (CBBA}),
CBDVA, or CBDP. A CBDAS may use cannabigerolic acid (CBGA) or cannabinerolic acid
as a subsirate. In some embodiments, a cannabidiolic acid synthase is capabic of oxidative
cyclization of cannabigerolic acid (CBGA) to produce cannabidiclic acid (CBDA). In some
embodiments, the CBDXAS may catalyze the oxidative ¢yclization of other substrates, such as
3-geranyi-2 4-dihydro-6-alkylbenzoic acids like cannabigerovarinic acid (CBGVA) or a
substrate of Formula (8) with R as a €7 alkyl (hepiyl) group (cannabigerophorolic acid

{CBGPA)). In some embodiments, the CBDAS exhibits specificity for CBGA substrates.

{305} in some embodiments, a CBDAS is from Comnabis. In O sativa, CBDAS is
encoded by the CBDAS gene and 15 a flavoenzyme. A non-limiting example of a CBDAS is

provided by UniProtKB -~ AGPOVY (SEQ ID NO: 72) from . saiiva:

MKCSTFSFWEVCKIFFFESENIQTSIANPRENFLKCEFSOYIPNNATNLKLVYTOQNNPLY
MSVLNSTIHNLRFTSDTTPKPLVIVIPSHYSHIQGTILCSKKVGLOIRTRSGGHDSEGM
SYISQVPFVIVDLRNMRSIKIDVHSOTAWVEAGATLGEVYYWVNEEKNENLSLAAGY
CPTVCAGGHFGOGGOYGPLMRNYGLAADNIIDAHLVNVHGKVLDRKSMGEDLEFWAL
RGGGAESFGIVAWKIREVAVPKSTMESVEKKIMEHELVKLVNKWONIAYKYDKDLE
LMTHFITRNITDNOQGENKTAHTYFSSVELGGVDSLVDLMNKSFPELGIKKTDCROLS
WIDTHFYSGVVNYDTDNFNKEILLDRSAGQNGAFKIKLDYVKEPIPESVEFVQILEKLY
EEDIGAGMYALYPYGGIMDEISESAIPFPHRAGH YELWYICSWEKQEDNEKHLNWIR
NIYNFMTPYVSKNPRLAYLNYRDLDIGINDPEKNPNNYTQARITWGEKYFGKNEFDRLY
KVETLVDPNNFFRNEQSIPPLPRHRH (SEQ 1D NG 72).

[306] in some embodiments, a CBDAS ts a CBBVAS and comprises SEQ 1D N
98:

MNPRENFLKCFSQYIPNNATNLKLYYTONNPLYMSVLNSTIHNLRFTSDTTPKPLVIV
TPSHYSHIQATILCSKKVGLOIRTRSGGHDSEGMSYISQVPEFVIVDLRNMRESIKIDVHS
QTAWVYOQAGATLGEVYYWINEKNENLSLAAGYCPTVGAGGHFGGGGYGPLMREKYG
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LAADNHDAHLVDVHGEVEDRKSMGEDLFWALRGGGAESFGHVAWKIRLVAVPKS
TMESVKKIMEHELVKLVHKWONIAYKYDKDLULMTHFITRNITDNQGKNKTAIHTY
FSSVYEFLGGYDSLVDLMNESFPELGIKKEDCRELSWIDTHFYSGVYNYDTDNENKEILL
DRSAGONGAFKIKLDYVKKPIPESVFVOILEKLYEEDIGAGMY VL YPYGGIMDEISES
AIPFPHRAGILYELWYICSWEK QEDNEKHLNWIRNIYNFMTPYVSKNPRLAYLNYRD
LRIGINDPKNPNNY TQARTWGEKYFGEKNFDRLVKVKTLVDPNNFFRNEQSIPPLPRHR
H.

[307] In some embodiments, SEQ D NO: 98 is encaded by a nucleic acid comprising:
atgaatccaagagaaaattictigaagtaititictcagtatatccogaataatgegacgaacctiaagtiagtatacacticagaacaaccct
clatatatgagcgtictaaatictacaaiccacaacctaagatifacgiccgacacgaciccgaaaccoctagtiatagigacaccgicac
atgttageeatatacaggecaccatactatgticcaaaaaagtigggttacaaatacgtaccogtagegggegacacgacagigaggy
gatgagtiatatiagicaggigectiicgtcatagipoatitaagaaataigaggicaattaaaategacgticacicacaaacigeciggg
ttcaagegpgeeccacatigpglioaagtatatiaciggattaalgagaagaacgagaatctiicactageagecggiiatigtoccacag
teggageeggoggteactitggeggeggeggatacggicecttaateagaaaatacgggctigecgeagacaatateatagatgcica
citagtigatgticatggaaaagtgtiagaccegtaaaageatgeggoageatctptiitggocgctiagaggegogageoocagaatcat
ftggaataatagiggcatggaaaateaggettgtggctgticeaaagagtaccatgitcteagtaaagaaaataatggagatecatgage
tagtiaaacttgigcataaatggcaaaacatagectataaatatgataaggactigetactiatgacicatticataaccagaaacattacg
gataaccaagggaagaacaaaacagecatecatacctactitageteogittictigggtggtatagacagetiagtigacetgatgaac
aagagitiiccggaactaggtatcaagaaggaagatigtagagaaciticciggatigataccataaictittacageggagicgicaatta
tgacactgacaacttcaacaaggaaattttattagataggagtocpeotcaaaatggagecticaagatcaaactagactacgtiaaaaa
acccattectgaaagigtittigitcagattciggagaageigiatgaagaagatatiggiecgootatgtacgtaciitatcegtacggcg
gcataatggatgagattagigaaagegecateectitcecccacagagetggtatectgtacgagitgtpatatatetgctectgggaga
aacaggagoatagegaaaageactiaaatiggatiaggaataictacaatitcatgacgecctacgtticcaagaaccccaggttggoct
attigaactacagggeatcttgatatiggaatcaacgaccecaaaaacccaaacaactacacecaggeaaggatitggguagasaagta
citcggpaagaacticgacaggctagitaaggtgaaaacgetagtigatccaaataatititicagaaacgaacagagiateocteoctia
cegegtcataggeac (SEQ ID NO: 993,

[308] In some embodiments, a CBDAS is a CBDVAS and comprises SEQ ID NG:
100:
MNPRENFLKCFSQYIPNNAANPKLVYTOQHDOLYMSVLNSTIQNLRFTSDTTPKPLVIV
TPSHVSHIQATILCSKKVGLQIRTRSGGHDSEGMSYISQVPFVIVDLRNMRSIKIDVHS
OQTAWVOAGATLGEVYYWINEKNENLSLAAGYCPTVCAGGHFGGGGYGPLMRKYG
LAADNIHDAHLVDVHGRVLDRKSMGEDLFWALRGGGAESFGHVAWKIRLVAVPSK
STMESVKKIMEIHELVKLYNKWONIAYKYDEDLLIMTHFITRNITDNQOGKNKTAIHT
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YFSSVFLOGGYDSLVDLMNEKSFPELGIKKTDCRELSWIDTHFYSGVVNYDTONENKE]
LLDRSAGONGAFKIKLDYVKKPIPESVEVOQILEKLYEEDIGAGMYALYPYGGIMDEIS
ESAIPFPHRAGILYELWYICSWEKQEDNEKHLNWIRNIYNFMTPY VSENPRLAYLNY
RDLDIGINDPKNPNNYTOARIWGEKYFGKNFDRLVEKVKTLVDPNNFFRNEQSIPPLPR
HRH.

[309] in some embodiments, SEQ 1D NO: 100 is encoded by a nucleic acid
comprising’
atgaacccgagagaaaatitcoitaagtgttiticgeaatataticetaataacgeigeaaateccaaattggittacactcageatgaceaa

cigtatatgagegtatiaaactcaacaatacaaaatctacgetttacctcegatacgacticcaaaaccittagtgategteaccecaagica
cgtttctcataticaggogacaalecicigetictaaganagiaggctigeaaataaggacaagaagtggagagcacgaticagagegta
tgicttacatitcccaagticeaticgteatagiggatctacgtaatatgegategattanaatigacgttcatagecaaactgettggatica

goccggigeaacgtigggagaagtiatatiaciggatcaacgaaaagaatgagaaccicteattggetgecggitatigicegacegtat

(}“.’9

cgeaggepgicattiigeageagoceattacgotoctiiaatgagaaagtategutiagcageligataatataaicgacgetcaccliy

ag

tegatgtecatggtaaagttcigeatogtaagicaatgggegaagactigitcigggeoctiagegatageggagcigaaagtittggta
ttatcgigecctppaaaattagattagtggcgeticcatccaagictactatgticicigtaaaaaaaatiaiggaaatacacgagoiggita
agetigtaaataaaiggeaaaacattgegtaiaaatacgataaggalctacigettatgacacaititatagcacggaatatiacigacaate
agggaaaaaatagaacegeaatccatacgtatititcatcagiotictigagaggiatagaticcciagtigactigatgaacaagicgtic

ccegaatiagetatcaaaaagacggatigtoggoacctgagtiggatagatactatiattititactciggogtigtcaactatgatacaga

caattitaacaaagaaatacictiagatagaagtactggocaaaacgggocatitaagattaaactigactacgicaaaaagecaatece

tgaatcegtgtttgtacaaatttiagagaaatigtatgaagageacateggtgcaggtatgtatgegctatacceatatggtggeateatgg
atgaaattagegaatccgltaticogticcoccategigocggatactcetacgaactatggtatatatgiiciiggoaaaaacaagaaga
caatgagaagcaittgaatipggattaggaacatitacaacitcatgacacctiatgigictaaaaatccaagactigeatattiaaactaceg
gaatitagatatcggoatigatgatccaaagaacccaaataactatacacaagocaggatatggaoagaaaaatactitggtaagaatti
igatagatigeitaaggtaaagactctigityatcccaataatititicagaaatgagcagageatacctecatiacciagacaccgacac

(SEG D NO: 101).

[310] In some embodiments, a CBDAS comprises a protein or nucleic acid sequence
that i3 at least 3%, at least 10%, at least 15%, at least 20%, at least 25%, at least 30%;, at least
35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least
T0%, at least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least
77%, at least 78%, at least 79%, at least 80%, at least §1%, at least 82%, at least 83%, at least
84%, at ieast B5%, at least 86%%, at least 87%, at least 88%%, at least 89%, at least 90%, at least
01%, at least 92%, at least 93%, at least 94%, at least 95%, at least 6%, at least 97%, at least

98%s, at teast 99%, or 1s 100% identical, including all values in between, to SEQ 1D NGO: 98-
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101, In some embodiments, a CBIDAS comprises a sequence that is a conservatively

substituted version of SEQ ID NG: 98 or 100,

(311} Additional non-limiting examples of CBDAS enzymes may also be found in
U.S. Patent No. 9,512,391, U.S. Patent Application Publication No. 2018/0179564 and PCT
Publication No. WO 2022/011175, which are incorporated by reference in this application in

their entireties,

Cannabichromenic acid yyathase (CBCAS)

[312] A host cell described in this application may comprise a TS that is a
cannabichromenic acid synthase (CBCAS). As used in this application, a “CBCAS?” refers to
an enzyme that is capable of catalyzing oxidative cyclization of a prenyl moiety {e.g., terpene)
of a compound of Formula (8) to produce a compound of Formmula (11). In some embodiments,
a compound of Formula (11} is a compound of Formula (1la) {cannabichromenic acid
{CBCA)Y), CBCVA, or a compound of Formula (8 with R as a C7 alkyl (heptvl) group. A
CBCAS may use cannabigerolic acid (CBGA) as a substrate. In some embodiments, a CBCAS
produces cannabichromenic acid (CBCA} from cannabigerolic acid (CBGA). In some
embodiments, the CBCAS may catalyze the oxidative cyclization of other substrates, such as
3~geranyl-2, 4-dihydro-6-alkylbenzoic acids like cannabigerovarinic acid (CBGVA), or a
substrate of Formula (8} with R as a C7 alkyl (heptyl} group. In some embodiments, the

CBCAS exhibits specificity for CBGA substrates.

[313] In some embodiments, a CBCAS 1s from Canmabis. In (. sativa, an amino acid
sequence encoding CBCAS is provided by, and incorporated by reference from, SEQ I NG:2
disclosed in U.S. Patent Publication No. 2017/0211049. In other embodiments, a CBCAS may
be a THCAS described in and incorporated by reference from U.S. Patent No. 9,359,625, SEQ
ID NO:2 disclosed in U.S. Patent Application Publication No. 2017/0211049 {corresponding

to SEQ 1D NO: 73 1o this application) has the amino acid sequence:

MNCSTFSFWEFVOKIFFFLSEFNIQISIANPOENFLKCFSEY IPNNPANPKIIYTOHDQLY

MSVLENSTIONLRFTSDTTPKPLVIVIPSNYSHIQASH CSKKVGLOIRTRSGGHDAEGL
SYISOVPFAIVDLRNMHTVKVDIHSQTAWVEAGATLGEVYYWINEMNENFSFPGGY
CPTVOVOGHESGGGYGALMRNY GLAADNIDAHLVNVDGEVLDRKSMGEDLFW AL
RGGGGENFGHAACKIKLVVYVPSKATIFSVKKNMEHGLVKLFNKWONIAYKYDKDL
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MLTTHFRTRNITDNHGKNKTTVHGYFRSSIFLGGVDSLVDLMNEK SFPELGIKKKTDBCK
LSWIDTTIFYSGVVNYNTANFKKEHLLDRSAGKKTAFSIKLDYVKKLIPETAMVKILE
KLYEEEVGVGMYVLYPYGGIMDEISESAIPFPHRAGIMYELWYTATWEKQEDNEKH!
NWVRSVYNFTTPYVSONPRLAYLNYRDLDLGKTNPESPNNYTOQARIWGEKYFGKNF
NRLVEVETKADPNNFFRNEQSIPPLPPRHH (SEQ 1D NG 73).

314} Additional CBCASs are disclosed in and incorporated by reference from PCT
Publication No. WO2021/195520, PCT Publication No. WO 2022/01117S and PCT
Publication No. WO2023/056350.

{315} In some embodiments a CBCAS is from dspergilius vadensis, corresponding o

UniProt Accession No. ADA3T9BOXS.
[316] In some embediments, a CBRCAS comprises the sequence of SEG ID NO: 84:

MGNTTSIAGRDCLVSALGGNSALAAFPNQLLWTADVHEYNLNLPVTPAAITYPETAE
QIAGIVEKCASDYDYRVOQARSGGHSFGNYGLGOGTDGAVVVDMEKHFNQFSMNDQTYE
AVIGPGTTENDVDIELYNNGKRAMAHGVUPTIKTGGHFTIGGLGPTARQGWGLALDH
VEEVEVVLANSSIVRASNTONQDVIFAVRGAAADFGIVTEFKVRTEPAPGLAVQYSY
TINLGSTAEKAQFVKDWOSFISAKNLTROFYNNMVIFDGDHLEGLFFGSKEQYDAL
GLEDHFAPKNPGNILVLTDWLGMVGHALEDTILKLVGNTPTWEY AKSLGFRQDTLIP
SAGIDEFFEYIANHTAGTPAWEFVTLSLEGGAINDVAEDATAYAHRDVLFWVQLEMY
NPLGPISETTYEFTDGLYDVLARAVPESVGHAYLGUPDPRMENAPOQRKYWRTNLPRL
QELKEELDPKNTFHHPQGVIPA (SEQ 1D NO: 84).

{3171 A von-limiting example of a nucleotide sequence encoding SEQ D NO: 84 s

atggglaacacaacticcatcgeaggragagaligettagictcageoctiggaggtaaltctgetiiggotgetitcceaaaccaatiget

tggaccgeegacgticacgagtataatitgaacctacctgtaacgecageigecataacciaceecgaaactactgaacagatigetg

a2

gtatcgitaagigioctagtgattacgactataaagigcaagctaggictggtggteattcottiggtaatiacggttigggaggtactgatg
gtgcegtigicgticgacatgaageacticaaccaattcicgatgaacgatcaaacciacgaageagtiatiggtecaggtactacciiaaa
cgacgtigacatigaattgtacaacaatggeaagagagcetatggetcatggtgtttgtccaactatcaaaacaggtggicacitiacaatt

ggeggicigggtoctacigecagacaatggggtitggcttiagatcacgtegaagaagiggaagtagtctiggecaactetictategtic
gtoctageaatacccaaaaccaggatgictictitgctgicaagggegcageigeegacitcggtaicgitacggagtitcaaggttagaa
cigagecagcacetggtitagotgitcaataticgtatacetttaaictiggtagtactgeigaaaaagoccaattigicaaggattggeaaa

goticatttcogetaaaaactigacicgicaattctacaacaatatggitatattigacggtgacattatitiagaagetttgttiticggatcaa
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aggaacaatacgatgectigggttiogaagatcatitigeiccaaagaaiccaggtaacalectagigetgacggaciggtigggaateg
taggtceatgetttggaagacaccattitgaagclagtiggasacacacecactiggtictacgotaaatettigggiticagacaagatace
ctaatcceatcigetgatatigacgaatitticgaatatatageaaaccacacegetggtaciceagetiggticgtiacctiatoiciggaa

gecgococtatagacgatgtggctgaagatpccacageatacgcacacagagatgtectattitggettcagtigticatggtcaateca
ciaggtccaateicagaaactacetacgagitcactgacggtiiatatgacgicitagcaagagotgtecctgaatotgtiggicatgecta
titgggttpteccagacccaagaatgeaaaacgetccacaaaagiaciggegtactiaatiigectiagattacaagaaitgaaagaggaatt

ggatccaaagaacaccticcaccatccacaaggigtgattecaget (SEQ 1D NG: 85).
{318} In some embodiments, a CBCAS comprises the sequence of SEQ ID NGO: 161!

MNPOENFLKCFSQYIPNNYVANPKLVYTQHDOLYMSIENSTIONLRFTSDTTPKPLVEY
TPSNVSHIQATILCSKKVGLOIRTRSGGHDAEGMSYISQVPFVIVDLRNMHSIKIDVES
QTAWVEAGATLGEVYYWINEKNENLSFPGGYCPTVGVGGHESGGOGYGALMRNY G
LAADNIHDAHLVNVDGEVLDRKSMGEDLFWAIRGGGGENFGHAAWKIKLVAVPSK
VTIIFSVKKNMEIHGEVKLFNKWONIAYRKYDKDLLLFTHFITRNITDNHGEKNKTTVHG
YESSIFHGGVDSLVDUMNEKSFPELGIKKTDCKELSWIDTTIFYSGVVNYNTANFKKE]
LLDRSAGKKTAFSIKLDYVKKPIPETAMVKILEKLYEFDVGVGMY VL YPYGGIMDE]
SESAIPFPHRAGIMYELWYTASWEKQEDNEKHINWVRSVYNFTTPYVSONPRLAYL
NYRDLDLGKINNPESPNNYTQARIWGEKYFGENFNRLVKVKTEKVDPNNFFRNEQSIP
PLPPHHH.

[319] A non-limiting example of a nucleotide sequence encoding SEQ 1D NO: 161 1s:
atgaatccccaagagaacttictiaagtgtticagicagiatatcccaaataacgiggegaatecgaaatiagtatacacgeaacacgatcagot

atatatgagcatictgaatagtaccattcaaaacitgegcttiacitcggacacaactccaaagecttiagicatagtiactecticaaatgiticce
atattcaggetacaatecicigeictaaaaaagtiggattgeaaatacgtactagatcaggagoccacgatgecgaaggtatgictiatateice
caagtgceaticgtiatigtcgactigaggaacaigcatictatiaagatigatgtagaatcocagaccgeatgggtigaagetggigecacatt
agetoaagtatactatigeataaacgagaaaaatgaaaatitatcgittcciggaggctatigtecaactgiigotptegatppicatitcicage
cgeggactacggageatigatgegaaactacggactageagcetgataacattatagacgeccatctogigaaigtggatggtaaagtictiga
tagaaagagcatgegtisangatitgtitiogocgatcagagecggiggagoogaaascittggtatiatigeggcitggaaaataaagetgat

cgeagticoctcgaaagtaacaatctitictetanagaaaaatatggaaatacatgggtiggtcaagtiaticaataaatggcaaaacatigetiat
aagiatgataaagaccictiacigittacicattitatiacgaggaatatiaccgacaatcacggiaagaataaaactacagigeacggitactitic
{tcaatiticeatggtegegtteactetctagtagatitaatgaacaaaagtticeotgagtiagggalcaagaaaacggatigtasagaactiictt

gegatcgacacaaccatatictaticgggtatigitaactacaataccgeaaactitaaaaaggaaatittgtiagatcgetcigetggaaagaaan

cagoatitagiatcaaactigactatgtaaagaaaccgataccogagactgecatggitaagatactigagaagetatacgaagaggatgtgy
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gagtaggeatgtacgitcictacecttacggeggtataatggatoaaatttcagaatccgeaateecaticccacacagageaggtattatgtat
gaactoiggtatactgeotcatgggagasacaagaagataacgaaaaacacatiaatigggicegtagegtctacaatiteactacaccatatg
tatcccaanaccegagattgocttactigaattatagagactiggatctaggaaaaaataatcecgaaagiccgaataatiatacacaggcaag

BAZAUES 2 FACHZE 55 FAAAELLLE 2Ebady

gatttggoocoagaagtatticggcaagaacticaacagatiagtaaaagttaagaccaaagtigaccecaataactttitiagaaatgaacaa

agtatccciceacteccaceacateateat {SEQ ID NGO 1603,

[320] in some embodiments, a CBCAS comprises a protein or nucleic acid sequence
that 18 at {east 5%, at least 10%, at least 15%, at feast 20%, af least 25%, at least 30%, at least
3354, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least
T0%, at least 71%, at least 72%, at least 73%, at least 74%%, at least 75%, at least 76%, at least
7%, at least 78%, at least 79%, at least 80%, at least B1%, at least 82%, at least 839, at least
84%, at least 8594, at least 86%, at least 87%, at least 88%, st least 89%, at least 90%, at least
9196, at least 92%, at least 93%, at least 94%, at least 95%, at least 90%. at least 97%, at least
08%, at least 99%, or is 100% 1dentical, including all values in between, to SEQ ID NO: 84 or
85, or 160-161. Insome embodiments, a CBCAS comprises a sequence that 1s a conservatively

substituted version of SEQ D NOG: 84 or 161.

Variants

[321] Aspects of the disclosure relate to nucleic acids encoding any of the
polypeptides {e.g., AAE, PKS, PKC, PT, or TS) described in this application. In some
embodiments, a nucleic acid encompassed by the disclosure is a nucleic acid that hybridizes
under high or medium stringency conditions to a nuclete acid encoding an AAE, PKS, PKC,
PT, or TS and 1s biclogically active. For example, high stringency conditions of 0.2 to 1 x §8C
at 65 "C followed by a wash at 0.2 x SSC at 65 'C can be used. In some embodiments, a nucleic
acid encompassed by the disclosure is a nucleic acid that hybridizes under low stringency
conditions 0 a nucleic acid encoding an AAE, PKS, PKC, PT, or TS and 1s biclogically active.
For example, low stringency conditions of 6 x 88C at room temperature followed by a wash at
2 x §8C at room temperature can be used. Other hybridization conditions include 3 x 5SC at

40 or 50 °C, followed by a wash in 1 or 2 x SSC at 20, 30, 40, S0, 60, or 65 'C.

[322] Hybndizations can be conducted in the presence of formaldehyde, e g., 10%,
20%, 30% 40% or 50%, which further increases the stringency of hybridization. Theory and

practice of nucleic acid hybridization 1s described, e.g., in § Agrawal {ed ) Methods 1n
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Molecular Biology, volume 20; and Tijssen (1993) Laboratory Technigues in biochemistry and
molecular biclogy-hybridization with nucleic acid probes, e.g, part I chapter 2 “Overview of
principles of hybridization and the strategy of nucleic acid probe assays,” Elsevier, New York

provide a basic guide to nucleic acid hybridization.

[323] Variants of enzyme sequences described in this application {e.g., AAE, PKS,
PKC, PT, or T§, including nucleic acid or amino acid sequences) are also encompassed by the
present disclosure. A variant may share at feast 5%, at least 10%, at least 15%, at least 20%,
at feast 25%, at least 309, at least 35%, at least 40%, at least 45%, st least 50%, at least 55%,
at feast 60%, at least 65%, at least 70%, at least 71%, at least 72%%, at least 73%, at least 74%¢,
at least 75%. at least 76%, at least 77%, at least 78%, at least 79%, at least 80%, at least 81%,
at feast B2%, at least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least BR%4,
at feast 89%, at least 90%, at least 919, 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% sequence identity with a

reference sequence, including all values in between.

[324] Unless cotherwise noted, the term “sequence identity)” which is used
wterchangeably in this disclosure with the term “percent wdentity,” as known to the art, refers
to a relationship between the sequences of two polypeptides or polynucleotides, as determingd
by sequence comparison {alignment). In some embodiments, sequence identity is determined
across the entire length of a sequence (e.g., AAE, PKS, PKC, PT, or T8 sequence). In some
embodiments, sequence identity 15 determined over a region {e.g., a stretch of amino acids or
nucleic actds, e. g, the sequence spanning ao active site) of a sequence {e.g., AAE, PKS, PKC,
PT, or TS sequence). For example, in some embodiments, sequence identity is determined
over a region corresponding 1o at least 30%, at least 40%, at least 50%, at least 60%, at least
70%, at least 80%, at least 90%, at least 95%, or over 100% of the length of the reference

sequence.

[325] Identity measures the percent of identical matches between two or more
sequences with gap alignments (if any) addressed by a particular mathematical model,

algorithm, or computer program.

[326] identity of related polypeptides or nucleic acid sequences can be readily
calenlated by any of the methods known to oue of ordivary skill in the art. The percent identity

of two sequences {¢.g., nucleic acid or aminc acid sequences)} may, for example, be determined
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using the algorithm of Kadin and Altschul Proc. Negl dcad. Sci. US4 87:2264-68, 1990,
modified as in Karlin and Altschul Proc. Notl Acad. Sci. US54 90:5873-77, 1993, Such an
algorithm is incorporated into the NBLAST® and XBLAST® programs (version 2.0) of
Altschul et al., J Mol. Biol 215:403-10, 1990. BLAST® protein searches can be performed,
for example, with the XBLAST program, score=50, wordlength=3 to obtatn amino acd
sequences homologous to the proteins described in this application. Where gaps exist between
two sequences, Gapped BLAST® can be utilized, for example, as described in Alischul et o,
Niucleic Acids Res. 25(17%:3389-3402, 1997, When utilizing BLAST® and Gapped BLAST®
programs, the default parameters of the respective programs {e.g., XBLAST" and NBLAST®)
can be used, or the parameters can be adjusted appropriately as would be understood by one of

ordinary skill in the art.

{3271 Another local alignment techmque which may be used, for example, is based on
the Smith-Waterman algorithro (Smuth, T.F. & Waterman, M.S. (1981} “Identification of
common molecular subsequences.” J Mol Biof. 147:195-197}. A general global alignment
technique which may be used, for example, is the Needleman—Wunsch algorithm (Needleman,
SB. & Wunsch, C D (1970} “A general method applicable to the search for similarities in the
amino actd sequences of two proteins.” J. Mol Biol 48:443-453), which 1s based on dynamic

programiming,

1328} More recently, a Fast Optimal Global Sequence Alignment Algorithm
{(FOGSAA) was developed that purportedly produces global alignment of nucleic acid and
amino actd sequences faster than other optirsal global alignment wethods, tncluding the
Needleman-Wunsch algorithm. In some embodiments, the identity of two polypeptides is
determined by aligning the two amino acd sequences, calculating the numwber of identical
amino acids, and dividing by the length of one of the amino acid sequences. In some
embodiments, the identity of two nucleic acids is determined by aligning the two nucleotide
sequences and calculating the number of identical nuclectide and dividing by the length of one

of the nucleic acids.

[329] For multiple sequence alignments, computer prograrms including Clustal Omega

{Stevers et al., Mol Sysi Biol. 2011 Oct 11,7:539) may be used.

[330] Tu preferred embodiments, a sequence, wncluding a nucleic acid or amiwo acid

sequence, is found to have a specified percent identity to a reference sequence, such as a
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sequence disclosed in this application and/or recited in the claims when sequence identity is
determined using the algorithm of Karlin and Altschul Proc. Natl. Acad. Sci. 1/5A 87:2264-68,
1990, modified as in Karlin and Altschul Proc. Natl Acad Sci. 1784 90:5873-77, 1993 (¢ g.,
BLAST® NBLAST®, XBLAST® or Gapped BLAST® programs, using default parameters of

the respective programs).

[331] In some embodiments, a sequence, 1ncluding a nucleic acid or amino aad
sequence, is found to have a specified percent identity to a reference sequence, such as a
sequence disclosed in this application and/or recited o the claims when sequence identity 13
determined using the Smith-Waterman algorithm (Smith, T.F. & Waterman, M.S. (1981)
“Identification of common molecular subsequences” J. Mol Biol 147:195-197) or the
Needleman-Wunsch algorithm (Needleman, S.B. & Wunsch, CD. (1870} “A general method
applicable to the search for simlanities in the amino acd sequences of two proteins.” J. Mol

Biol. 48:443-453) using default parameters.

1332} fo some embodiments, a sequence, including a nucleic acid or amino acid
sequence, is found to have a specified percent identity to a reference sequence, such as a
sequence disclosed in this application and/or recited in the claims when seguence identity is
determined using a Fast Optimal Global Sequence Alignment Algorithm (FOGSAA) using

default parameters.

[333] in some embodiments, a sequence, including a nucleic acid or amino acid
sequence, is found to have a specified percent identity o a reference sequence, such as a
sequence disclosed in this application and/or recited in the claims when sequence identity is
determined using Clustal Omega (Sievers et al, Mod Sysi Biol 2011 Oct 11.7:539) using

default parameters.

ol

[334] As used in this application, a residue (such as a nucleic acid residue or an amino
actd residue) in sequence “ X7 is referred to as corresponding to a position or residue (such as
a nucletc acid residue or an amino acid restdug) “Z7 in a different sequence Y~ when the
residue in sequence “X7 18 at the counterpart position of “27 in sequence “Y” when sequences

X and Y are aligned using amino acid sequence alignment tools known in the art.

[335] As used in this application, variant sequences may be homologous sequences.

As used in this application, homologous sequences are sequences {e.g., nucleic acid or amino
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acid sequences) that share a certain percent identity {e.g., at least 5%, at least 10%, at least
15%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, at least
50%, at ieast 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least 72%, at least
at least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least
30%, at least 1%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least
87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%:, at least 939, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% percent
identity, including all values in between). Homologous sequences include but are not limited
to paralogous or orthologous sequences. Paralogous sequences arise from duplication of a gene

within a genome of a species, while orthologous sequences diverge after a speciation event.

[336] In some embodiments, a polypeptide vanant {e.g., AAE, PKS, PKC, PT, or TS
enzyrne variant) comprises a domain that shares a secondary structure (e.g., alpha helix, beta
sheet) with a reference polypeptide {e.g., a reference AAE, PKS, PKC, PT, or TS enzyme). In
some embodiments, a polypeptide variant (e.g., AAE, PKS, PKC, PT, or TS enzyme variant)
shares a tertiary structure with a reference polypeptide (e g., a reference AAE, PKS, PKC, PT,
or TS enryme). As a non-limiting example, a polypeptide variant {e.g., AAE, PKS, PKC, PT,
or TS enzyme) may have low primary sequence 1dentity {e.g., less than 80%, less than 75%,
less than 70%, less than 65%, less than 60%, less than 55%, less than 50%, less than 45%, less
than 40%, less than 35%, less than 30%, less than 25%, less than 20%, less than 15%, less than
10%, or fess than 5% sequence identity) compared to a reference polypeptide, but share one or
more secondary structures {e.g., including but not limited to ioops, alpha helices, or beta
sheets), or have the same tertiary structure as a reference polypeptide. For exanple, a loop
may be located between a beta sheet and an alpha helix, between two alpha helices, or between

two beta sheets. Homology modeling may be used to compare two or more tertiary structures.

{337} Functional variants of the recombinant AAE, PKS, PKC, PT, or TS enzyme
disclosed in this application are encompassed by the present disclosure. For example,
functional variants may bind one or more of the same substrates or produce one or more of the
same products. Functional variants may be identified using any method known in the art. For
example, the algorithm of Karlin and Altschul Proc. Natl. dcad. Sci. US4 87:2264-68, 1990

described above may be used to 1dentify homologous proteins with known functions.
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{338} Putative functional variants may also be identified by searching for polypeptides
with functionally annotated domains. Databases including Pfam (Sonnhammer ef of., Profeins.

1997 bl 28(3):405-20) may be used to identify polypeptides with a particular domain.

1339} Homology modeling may also be used to identify amino acid residues that are
amenable to mutation (e.g , substitution, deletion, and/or insertion} without affecting function.
A non-limiting example of such a method may include use of posttion~-specific scoring matrix

(PSSM) and an energy minimization protocol.

[340] Position-spectfic scoring matrix (PSSM} uses a position weight matrix to
identify consensus sequences {e.g., motifs). PSSM can be conducted on nucleic acid or amino
actd sequences. Sequences are aligned and the method takes into account the observed
frequency of a particular residue {e.g., an amino acid or a nucleotide) at a particular position
and the number of sequences analyzed. See, e.g., Stormo ef af., Nucieic Acids Res. 1982 May
11;10(9):2997-3011. The likelihood of observing a particular residue at a given position can
be calculated. Without being bound by a particular theory, positions in sequences with high

variahility may be amenable to mutation {eg

D)

substitution, deletion, and/or insertion; e g |

PSSM score 20) to produce functional homologs.

[341] PSSM may be paired with caleulation of a Rosetta energy function, which
determines the difference between the wild-type and the single-point mutant. The Rosetta
energy tunction calculates this difference as (AAG..). With the Rosetta function, the bonding
interactions between a muiated residue and the surrounding atoms are used to determine
whether a mutation increases or decreases protein stability. For example, a mutation that is
designated as favorable by the PSSM score {e.g. PSSM score >0), can then be analyzed using
the Rosetta energy function to determine the potential impact of the mutation on protein
stability. Without being bound by a particular theory, potentiaily stabilizing amino acid
mutations are desirable for protein engineering {e.£., production of functicnal homologs}. In
some embodiments, a potentially stabilizing amino acid mutation has a AAGewe value of less
than -0.1 {e.g., less than -0.2, less than -03, less than -0.35, less than -G 4, less than -0.45, less
than -0.5, less than -0.55, less than -0.6, less than -0.65, less than -0.7, less than -0.75, less than
0.8, less than -0.85, less than -0.9, less than -0.95, or less than -1.0) Rosetta energy umits
{Reu)} See eg, Goldenzweig ef al, Mol Cell. 2016 Jul 21:63(23337-346. Dot

101016/ molcel 2016.06.01 2.
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[342] In some embodiments, a coding sequence comprises an amingo acid mutation at
1.2.3,4,5,6,7,8 9,10, 11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,

29,30, 31, 32,33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53,
54,55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74,75, 76, 77, 78,
79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 9%, 99, 100 or more
thar 100 positions relative to a reference coding sequence. In some embodiments, the coding
sequence comprises an amino acid mutation w 1, 2, 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19,20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41, 42, 43, 44, 45, 46, 47, 48,49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65,
66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, B1, 82, 83, 84, 85, 86, 87, 88, 89, 90,
91, 92, 93, 94, 95, 96, 97, 98, 99,100 or more codons of the coding sequence relative to a
reference coding sequence. As will be understood by one of ordinary skill in the art, a mutation
within a codon may or may not change the amino acid that is encoded by the codon due to
degeneracy of the genetic code. In some embodiments, the one or more substitutions,
insertions, or deletions in the coding sequence do not alter the amino acid sequence of the

coding sequence relative to the amino acid sequence of a reference polypeptide.

[343] In some embodiments, the one or more mutations in a coding sequence do alter
the amino acid sequence of the corresponding polypeptide relative to the aming acid sequence
of a reference polypeptide. In some embodiments, the one or more mutations alters the amino
acid sequence of the polypeptide relative to the amino acid sequence of a reference polypeptide
and alter (enhance or reduce) an activity of the polypeptide relative to the reference

polypeptide.

{344} The activity {e.g., specific activity) of any of the recombinant polypeptides
described in this application {e.g., AAE, PKS&, PKC, PT, or TS} may be measured using routine
methods. As a non-lHmiting example, a recombinant polypeptide’s activity may be determined
by measuring 1ts substrate specificity, product(s) produced, the concentration of product{s)
produced, or any combination thereof.  As used in this application, “specific activity” of a
recombinant polypeptide refers to the amount {e.g., concentration} of a particular product

produced for a given amount {e.g., concentration) of the recombinant polypeptide per unit time.
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{3451 Mustations in a recombinant polypeptide coding sequence may result in
conservative amino acid substitutions to provide functionally equivalent varants of the

recombinant polypeptides, e g, variants that retain the activities of the polypeptides.

{346} In some nstances, an amino acid is characterized by its R group {see, e.g., Table
2} For example, an amino acid may comprise a nonpolar aliphatic R group, a positively
charged R group, a negatively charged R group, a noopolar aromsatic R group, or a polar
uncharged R group. Non-limiting examples of an amino acid comprising a nonpolar aliphatic
R group include alanine, glycine, valine, leucine, methionine, and isolencine. Non-linting
examples of an amino acid comprising a positively charged R group tncludes lysine, arginine,
and histidine. Non-limiting examples of an amino acid comprising a negatively charged R
group include aspartate and glutamate. Non-limiting examples of an amino acid comprising a
nonpolar, aromatic R group include phenylalanine, tyrosing, and tryptophan. Non-limiting
examples of an amino acid compnising a polar uncharged R group include senue, threonine,

cysteine, proling, asparagine, and glutamine.

[347] MNon-limiting examples of functionally equivalent variants of polypeptides may
wchade conservative amivo acid substitutions n the amino acid sequences of proteins disclosed
in this application. As used in this application, a “conservative amino acid substitution” or
« . L , . . L
conservative substitution,” which are used interchangeably, refer to an amino acid substitution
that does not alter the relative charge or size characteristics or functional activity of the protein
in which the amino acid substitution 18 made. Non-limiting examples of conservative amino

acid substitutions are provided 1o Table 2.

{34381 in some embodiments, 1,2, 3,4, 5,6, 7 8 9 10, 11,12, 13, 14, 15, 16, 17, 18,
19, 20 or more than 20 residues can be changed when preparing variant polypeptides. In some

ernbodirents, amino acids are replaced by conservative amino acid substitutions.

Table 2. Conservative Amino Acid Substitutions

Original Residue® | R Group Type Conservative Amino Acid Substitutions
Ala (A) nonpolar aliphatic R group | Cys, Gly, Ser

Arg (R} positively charged R group | His, Lys

Asn (N} polar uncharged R group Asp, Gin, Glu

Asp (D) negatively charged R group | Asn, Gin, Glu

Cys () polar uncharged R group Ala, Ser
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Gln (Q) polar uncharged R group Asn, Asp, Glu

Gla (B) negatively charged R group | Asn, Asp, Gln

Gly Gy nonpolar aliphatic R group | Ala, Ser

His () positively charged R group | Arg, Tyr, Trp

e (D) nonpolar aliphatic R group | Leu, Met, Val

Leu (L)

nonpolar aliphatic R group

{le, Met, Val

Lys (X}

positively charged R group

Arg, His

Met (M)

nonpolar aliphatic R group

{le, Leu, Phe, Val

Pro (P} polar uncharged R group

Phe (F) nonpolar aromatic R group | Met, Trp, Tyr

Ser (S} polar uncharged K group Ala, Gly, Thr

Thr (T} polar uncharged R group Ala, Asn, Ser

Trp (W) nonpolar aromatic R group | His, Phe, Tyr, Met
Tyr {Y) nonpolar aromatic R group | His, Phe, Trp

Val (V)

nonpolar aliphatic R group

Te, Leu, Met, Thr

*1n parentheticals are the corresponding single letter designations for amino acids; “R”
when used in reference to an amine acid residue means an arginine. When used in the
term “R group” in Table 2 and throughout the application, “R” refers to an amino acid
side chain or an atom or group of atoms bonded to a central atom of a small molecule.

[349] Amino acid substitutions in the amino acid sequence of a polypeptide to produce
arecombinant polypeptide (e.g., AAE, PKS, PKC, PT, or TS) variant having a desired property
and/or activity can be wade by alteration of the coding sequence of the polypeptide {e.g., AAE,
PKS, PKC, PT, or TS). Sumilarly, conservative amino acid substitutions in the amino acid
sequence of a polypeptide to produce functionally equivalent variants of the polypeptide
typically are made by alteration of the coding sequence of the recombinant polypeptide {e.g.,

AAE, PKS, PKC, PT. or TS).

[350]

in a vucleic acid sequence by a variety of methods known to one of ordinary skall 1o the art.

Mutations {e.g., substitutions, insertions, additions, or deletions} can be made

For example, mutations {e.g., substitutions, insertions, additions, or deletions} can be made by
PCR-directed mutation, site~-directed mutagenesis, such as according to the method of Kunkel
(Kunkel, Proc. Nat. Acad. Sci. U S.A. B2: 488-492, 1985), by chemical synthests of a gene or
polypeptide, by gene editing techniques such as CRISPR, or by insertions, such as insertion of
a tag {e.g, a HIS tag or a GFP tag) Mutations can include, for example, substitutions,
msertions, additions, deletions, and translocations, generated by any method known in the art.
Methods for producing mutations may be found in 1o references such as Molecular Cloning: A

Laboratory Manual, J. Sambrook, et al, eds., Fourth Edition, Cold Spring Harbor Laboratory
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Press, Cold Spring Harbor, New York, 2012, or Current Protocols in Molecular Biology, F .M.

Ausubel, et al., eds., John Wiley & Sons, Inc., New York, 2010,

[351] In some embodiments, methods for producing variants include circular
permutation {Yu and Lutz, Tresds Biotechnol 2011 Jan;29(11:18-25). In cireular permutation,
the linear primary sequence of a polypeptide can be circularized (.2, by joining the N-terminal
and C-terruinal eunds of the sequence) and the polypeptide can be severed (“hroken™) at a
different location. Thus, the linear primary sequence of the new polypeptide may have low
sequence 1dentity {e.2., less than 80%, less than 75%, less than 70%, less than 65%, less than
60%, less than 55%, less than 50%, less than 45%, less than 40%, less than 35%, less than 3084,
less than 25%, less than 20%, less than 15%, less than 10%, less or less than 5%, including all
values in between) as determined by linear sequence alignment methods (e.g., Clustal Omega
of BLAST}. Topological analysis of the two proteins, however, may reveal that the tertiary
structure of the two polypeptides 13 sirotlar or dissimilar. Without betng bound by a particular
theory, a variant polypeptide created through circular permutation of a reference polypeptide
and with a stmilar tertiary structure as the reference polypeptide can share similar functional
characteristics {e.g., enzymatic activity, enzyme kinetics, substrate specificity or product
specificity). In some instances, circular permutation may alter the secondary structure, tertiary
structure  or quaternary structure and produce an enzyvme with different functional
characteristics {e.g., increased or decreased enzymatic activity, different substrate specificity,
or different product specificity). See, e.g., Yu and Lutz, frends Biotechnol 2011 Jan;29(1 18-

25.

[352] it should be appreciated that in a protein that has undergone circular
permutation, the linear amino actd sequence of the protein would differ from areference protein
that has not undergone circular permutation. However, one of ordinary skill in the art would
be able to determine which residues in the protein that has undergone circular permutation
correspond to residues in the reference protein that has not undergone circular permutation by,
for example, aligning the sequences and detecting conserved motifs, and/or by comparing the

structures or predicted structures of the proteins, e.g., by homology modeling.

[353] In some embodiments, an algorithm that determines the percent identity
between a sequence of interest and a reference sequence described in this application accounts

for the presence of circular permutation between the sequences. The presence of circular
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permutation may be detected using any method known in the art, including, for example,
RASPODOM (Weiner et al, Bioinformatics. 2005 Apr 1,21{(7):932-7). In some embodiments,
the presence of circulation permutation is corrected for (e.g, the domains in at least one
sequence are rearranged) prior to calculation of the percent identity between a sequence of
interest and a sequence described n this application. The claims of this application should be
understood to encompass sequences for which percent identity to a reference sequence is

calculated after takang into account potential circular permutation of the sequence.

Expression of Nucleic Acids in Host Cells

[354] Aspects of the present disclosure relate to recombinant enzymes, functional
modifications and vananis thereof, as well as their uses. For example, the methods described
in this application may be used to produce canpabinoids and/or cannabinoid precursors. The
methods may comprise using a host cell comprising an enzyme disclosed in this application,
cell lysate, 1solated enzymes, or any combination therect. Methods comprising recombinant
expression of genes encoding an enzyme disclosed in this application in a host cell are
encompassed by the present disclosure. /i vitro methods comprising reacting one or wore
cannabinoid precursors or cannabinaids in a reaction mixture with an enzyme disclosed in this
application are also encompassed by the present disclosure. In some embodiments, the enzyme

isaTs.

{355} A nucleic acid encoding any of the recombinant polypeptides {e.g., AAE, PKS,
PKC, PT, or TS enzyme} described 1n this application may be incorporated into any appropriate
vector through any method known in the art. For example, the vector may be an expression
vector, including but not limited to a viral vector {e.g., a lentiviral, retroviral, adenoviral, or
adeno-associated viral vector), any vector suitable for transient expression, any vector suitable
for constitutive expression, or any vector suitable for inducible expression {e.g., a galactose-

inducible or doxycycline-inducible vector).

[356] A vector encoding any of the recombinant polypeptides (e.g., AAE, PKS, PKC,
PT, or TN enzyme} described in this application may be introduced into a suitable host cell
asing any method known in the art. Non-liratting examples of yeast transtormation protocols
are described tn Gietz ef al, Yeast trapsformation can be conducted by the LiAc¢/SS Carrier
DNA/PEG method. Methods Mol Biof 2006;,313:107-20, which 1s hereby incorporated by

reference in s entivety. Host cells may be cultured under any conditions suitable as would be
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understood by one of ordinary skill in the art. For example, any media, temperature, and
incubation conditions known inthe art may beused. For host cells carrying an inducible vector,

cells may be cultured with an appropriate inducible agent {0 promote expression.

[357] In some embodiments, a vector replicates autonomously in the cell. In some
embodiments, a vector integrates into a chromosome within a cell. A vector can contain one
or more endonuclease resiriction sites that are cut by a restriction endonuclease to insert and
ligate a nucleic acid containing a gene described in this application to produce a recombinant
vector that is able to replicate in a cell. Vectors can be composed of BNA or RNA. Cloning
vectors include, but are not limited to: plasmids, fosmids, phagemids, virus genomes and
artificial chromosomes.  As used in this application, the terms “expression vector’ or
“expression construct” refer to a nucleic acid construct, generated recombinantly or
synthetically, with a series of specified nucleic acid elements that pernut trapscription of a
particular nucleic acid in a host cell {e. 2., microbe), such as a yeast cell. In some embodiments,
the nucleic acid sequence of a gene described in this application is inserted into a cloning vector
s0 that it is operably joined to regulatory sequences and, in some embodiments, expressed as
an RNA transcript. In some embodiments, the vector contains one or more markers, such as a
selectable marker as described in this application, to identity cells transformed or transfected
with the recombinant vector. In some embodiments, a host cell has already been transformed
with one or more vectors. In some embodiments, a host cell that has been transformed with
one or more vectors s subsequently transformed with one or more vectors. In some
embaodiments, a host cell is transformed simultaneously with more than one vector. In some
embodiments, a cell that has been transformed with a vector or an expression cassette
incorporates all or part of the vector or expression cassette into its genome. In some
embodiments, the nuclete acid sequence of a gene described in this application 15 recoded.
Recoding may increase production of the gene product by at least 10%, at least 15%, at least
20%, at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least
55%, at least 60%, ai least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least
B30%, at least 95%, or 100%, including all values in between) relative to a reference sequence

that 1s not recoded.

[358] In some embodiments, wniroduciion of a polynucleotide, such as a
polynuclectide encoding a recombinant polypeptide, into a host cell results in genomic

integration of the polynucleotide. In some embodiments, a host cell comprises at feast T copy,
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at teast 2 copies, at least 3 copies, at feast 4 copies, at least 5 copies, at least 6 copies, at least 7
copies, at least 8 copies, at least S copies, at least 10 copies, atleast 11 copies, atleast 12 copies,
at least 13 copies, at least 14 copies, at least 15 copies, at {east 16 copies, at least 17 copies, at
least 18 copies, at least 19 copies, at least 20 copies, at teast 21 copies, at least 22 coptes, at
feast 23 copies, at least 24 copies, at least 25 copies, at feast 26 copies, at least 27 copies, at
least 28 copies, at least 29 copies, at least 30 copies, at feast 31 copies, at least 32 copies, at
least 33 copies, at least 34 copies, at least 35 copies, at feast 36 copies, at least 37 copies, at
least 38 copies, at least 39 copies, at least 40 copies, at feast 41 copies, at least 42 copies, at
least 43 copies, at least 44 copies, at least 45 copies, at least 46 copies, at least 47 copies, at
feast 48 copies, at least 49 copies, at least SO copies, at least 60 copies, at least 70 copies, at
least 80 copies, at least 90 copies, at feast 100 copies, or more, including any values in between,
of a peolynuclectide sequence, such as a polynucleotide sequence encoding any of the

recombinant polypeptides described in this application, in ity genome.

[359] In some embodiments, the nucleic acid encoding any of the proteins described
in this appitcation is under the control of regulatory sequences {e.g., enhancer sequences). Io
some embodiments, a nucleic acid is expressed under the control of a promoter. In some
embodiments, the promoter can be a native promoter, e.g., the promoter of the gene in its
endogenous context. Alternatively, a promoter can be a promoter that is different from the
native promoter of the gene, e.g., the promoter is different from the promoter of the gene in its

endogenous context.

[360] In some embodiments, the proroter 18 a eukaryotic promoter. Noo-humiting
examples of eukaryotic promoters include TDH3, PGK1, PKCI, PDC1, TEF1, TEF2,
RPLIBB, SSAL, TDHZ, PYKI, TPIL, GALL, GALI10, GAL7, GAL3, GAL2, MET3, MET25,
HXT3, HXT7, ACTH, ADH1L, ADH2, CUPI-1, ENG2Z, and SOD1, as would be known to one
of ordinary skill in the art (see, e.g., Addgene website: blog addgene org/plasmids-101-the-
promoter-region).  In some embodiments, the promoter s a prokaryotic promoter {e.g.,
bacteriophage or bacterial promotery. Non-limiting examples of bacteriophage promoters
include Plstcon, T3, T7, 8P6, and PL. Noun-limiting examples of bacterial promoters include

Pbad, PmgrB, Ptrc2, Plac/ara, Ptac, and Pm.

361} In some embodiments, the promoter 15 an inducible promoter. As used in this

application, an “inducible promoter” is a promoter controlled by the presence or absence of a
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molecule. This may be used, for example, to controliably induce the expression of an enzyme.
In some embodiments, an mnducible promoter linked to an enzyme may be used to regulate
expression of the enzyme(s), for example to reduce cannabinoid production in certain scenarios
{e.g, during transport of the genetically modified organism o satisty regulatory restrictions tn
certatn jurisdictions, or between jurisdictions, where caonabinoids may not be shipped). lo
some embodiments, an inducible promoter linked to an enzyme may be used to regulate
expression of the enzyme(s), for example to reduce cannabinoid production in certain scenarios
{e.g., during transport of the genetically modified organism to satisty regulatory restrictions in
certain jurisdictions, or between jurisdictions, where cannabinoids may not be shipped). Non-
imiting examples of inducible promoters include chemically regulated promoters and
physically regulated promoters. For chemically regulated promoters, the transcriptional
activity can be regulated by one or more compounds, such as alcobol, tetracycline, galactose,
a steroid, a metal, an amino acid, or other compounds. For physically regulated promoters,
transcriptional activity can be regulated by a phenomenon such as light or temperature. Noo-
limiting examples of tetracycline-regulated promoters include anhydrotetracycline (alc)-
respounsive promoters and other tetracycline-responsive promoter systers {e.g., a tetracychine
repressor protein (tetR}), a tetracvcline operator sequence (tet3) and a tetracychine
transactivator fusion protein ({TA)). Non-hmiting examples of steroid-regulated promoters
include promoters based on the rat glucocorticoid receptor, human estrogen receptor, moth
ecdysone receptors, and promoters from the steroid/retinoid/thyroid receptor superfamily.
Non-lnutiog  examples of metal-regulated promoters wnclude promoters denived from
metaliothionein {proteins that bind and sequester metal tons) genes. Non-limiting examples of
pathogenesis-regulated promoters include promoters induced by salicylic acid, ethylene or
benzothiadiazole (BTH). Non-limiting examples of temperature/heat-inducible promoters
include heat shock promoters. Non-limiting examples of Light-regulated promoters include
light respounsive promoters from plant cells. In certain embodiments, the inducible promoter is
a galactose-inducible promoter. In some embodiments, the inducible promoter is induced by
one or more physiological conditions {e.g., pH, temperature, radiation, csmotic pressure, saline
gradients, cell surface binding, or concentration of one or more extrinsic or intrinsic inducing
agents}). Non-limiting examples of an extrinsic inducer or inducing agent include amino acids
and amino acid analogs, saccharides and polysaccharides, nucleic acids, protein transcriptional
activators and repressors, cytokines, toxins, petrolenm-based compounds, metal containing

compounds, salts, ions, enzyme substrate analogs, hormones or any combination,
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[362] in some embodiments, the promoter is a constitutive promoter. As used in this
application, a “constitutive promoter” refers to an unregulated promoter that allows continuous
transcription of a gene. Non-limiting examples of a constitutive promoter include TDH3,

PGK1, PKCI, PDC1, TEF1, TEF2, RPLISB, SSA1, TDH2, PYK!, TPII, HXT3, HXT7,

ACT1, ADHI, ADH2, ENO2, and SOD1.
(3631 Other inducible promoters or coustitutive promoters, including syuthetic

promoters, that mav be known to one of ordinary skill in the art are also contempiated.

[364] Regulatory sequences for gene expression may also include a terminator
sequence. In some embodiments, 4 terminator sequence marks the end of a gene in DNA during
transcription. The choice and design of one or more appropriate vectors suttable for inducing
expression of one or more genes described in this application in a host cell is within the ability

and discretion of one of ordinary skill 1o the art.

[365] Expression vectors containing the necessary elements for expression are
commercially available and known to one of ordinary skill in the art (see, e.¢, Sambrook et al |
Molecular Cloning: A Laboratory Manual, Fourth Edition, Cold Spring Harbor Laboratory

Press, 2012}

Host cells
[366] The disclosed cannabinoid biosynthetic methods and host cells are exemplified
with 8. cerevisiae, but are also applicabie to other host ceils, as would be understood by one of

ordinary skill in the art.

[367] Suitable host cells include, but are not limited to: yeast cells, bacterial cells,
algal cells, plant cells, fungal cells, insect cells, and animal cells, including mammalian cells.
In one illustrative embodiment, suitable host cells include £. cofi {e.g., Shuftle™ competent £.

cofi available froro New Eogland BioLabs in Ipswich, Mass ).

[368] Other suitable host cells of the present disclosure include microorganisms of the
genus Corynebacterium. In some embodiments, preferred Corvnebacierium strains/species
include: O efficiens, with the deposited type strain being DSM4A4549, . ghitamicum, with the

deposited type strain being ATCC13032, and C. ammmoniagenes, with the deposited type strain
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being ATCC6871. In some embodiments the preferred host cell of the present disclosure is O

glutamicum.

[369] Suitable host cells of the genus Coryiebacterium, in particular of the species
Corvnebacierium ghiamicnm, are in particular the known wild-type strains: Corynebacterium
glutamicum ATCCI3032, Corvnebacterinm acetoghitamicum ATCC15800, Corvnebacierium
acetfoacidophilum ATCCI3870, Corynebacterivm melassecola ATCC17965,
Corynebacterium thermoaminogenes FERM BP-1539, Brevibacterium flavem ATCC14067,
Brevibacterium lactofermennion ATCC13869, and Brevibacterium divaricatum ATCC14020;
and L-amino acid~-producing mutants, or strains, prepared therefrom, such as, for example, the
L-lysine-producing strains: Corynebaciterium glitamicum FERM-P 1709, Brevibacterium
Sflavum FERM-P 1708, Brevibacterium laciofermentum FERM-P 1712, Corynebacierium
glutamicum FERM-P 6463, Corvnebacterium glutamicum FERM-P 6464, Corynebacterivm
ghutamicum DMS8-1, Coryanebaciterinm ghiamicum DG32-5, Corynebacierivm glutamicum

DSMS714, and Corynebacterium glutamicum DSM12866.

[370] Suitable veast host cells include, but are not limited to: Candida, Hansenula,
Saccharomyces, Schizosaccharomyces, Pichia, Kluyveromyees, and Yarrowia. In some
embodiments, the veast cell is Hansesula polymorpha, Saccharomyces cetevisiae,
Saccaromyces carlsbergensis, Saccharomyces diastaticus, Saccharomyces norbensis,
Saccharomyces kluyveri, Schizosaccharomyces pombe, Komagataella phaftii, formerly known
as Pichia pastoris, Pichia finlandica, Pichia trehalophila, Pichia kodamae, Pichia
membranaefaciens, Pichia opuntiae, Pichia thermotolerans, Pichia salictania, Pichia quercuum,
Pichia pijperi, Pichia stipitis, Pichia methanolica, Pichia angusta, Kluyveromyces lactis,

Candida albicans, or Yarrowia lipolytica.

{371} In some embodiments, the yeast strain is an industrial polyploid yeast strain.
Other non-limiting examples of fungal celis include cells obtained from Aspergillus spp.,
Penicillium spp., Fusarium spp., Rhizopus spp., Acremonium spp., Neurospora spp., Sordaria

spp., Magnaporthe spp., Allomyces spp., Ustilago spp., Botrytis spp., and Trichoderma spp.

~3

[372] In  certain  embodiments, the host cell i3 an  algal cell such

as, Chiamydomonas {e.g., C. Reinhardiity and Phormidium (F. sp. ATCC29409).
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[373] In other embodiments, the host cell is a prokaryotic cell. Suitable prokaryotic
cells include gram positive, gram negative, and gram-variable bacterial cells. The host cell may
be a species of, but not himited to: Agrobacterium, Alicyclobacillus, Anabaena, Anacystis,
Acinetobacter,  Acidothermus,  Arthrobacter, Azobacter, Bacillus, Bifidobacterium,
Brevibacterivm,  Butvrivibrio,  Buchwnera, Campestris, Cumplvobacter,  Closiridium,
Corynebacterium, Chromativm, Coprococcus, Fscherichia, Fnterococcus, Fmterobacter,
Frwinia, Fusobacterium, Faecolibacterium, Eranciselia, Flavobacierium, Geobacilfus,
Haemophilus, Helicobacter, Kilebsiella, Lactobacillus, Lactococcus, Hyobacier, Micrococcus,
Microbacterium, Mesarhizobium, Merthviobacterium, Meithylobacterium, Mycobacterium,
Neisseria, Panitocea, Pseudomonas, Prochiorococcus, Rhodobacter, Rhodopseudomonas,
Rhodopseudomonas, Roseburia, Rhodospirilfum, Rindococcus, Scenedesmus, Strepiomyces,
Streptococcus,  Synecoccus,  Saccharomonospora,  Saccharopolyspora,  Staphviococcus,
Servatia, Salmonella, Shigella, Thermoanaerobacierivm, Tropheryma, Tularensis, Temecula,
Thermosynechococcns, {hermococcus, Ureaplasma, Xanthomonas, Xvlelia,

Yersinia, and Zymomonas.

[374] in some embodiments, the bacterial host strain is an industrial strain. Numerous
bactenial industrial strains are known and suitable for the methods and compositions described

in this application.

{375} In some embodiments, the bacterial host cell is of the Agrobacterium species
{e.g.. A radiobacter, A rhizogenes, A rubi}, the Arthrobacterspecies (e.g., A, aurescens, A.
citreus, A. globformis, A, hydrocarboglutaruicus, A, maysorens, A, nicotianae, A, paraffiveus,
A. protophonniae, A. roseoparaffinus, A. sultureus, A. uvreafaciens), the Bacillus species
{e.g, B thunngiensis, B anthracis, B. megaterium, B. subtilis, B. lentus, B. circulars, B.
pumilus, B. lautus, B. coagulans, B. brevis, B. firmus, B. alkaophius, B. licheniformis, B.
clausii, B. stearothermophilus, B. halodurans and B, amyloliguefaciens. In particular
embodiments, the host cell will be an industrial Bacillus strain including but not limited to B.
subtilis, B. pumilus, B. licheniformis, B. megaterium, B. clausii, B. stearothermophilus and B.
amyloliquefaciens. In some embodiments, the host cell will be an industrial
Clostridium species  {e.g., C. acetobutylicum, €. tetant ESS, T  lituseburense, C.
saccharobutylicurn, C. perfringens, C. beijerinckii). In some embodiments, the host cell will be
an industrial Corynebacterium species {e.g., C. glutamicum, C. acetocacidophilum}. In some

embodiments, the host cell will be an industrial Escherichia species {(e.g., E. coli). Tn some
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embodiments, the host cell will be an industnial Erwinia species {e.g, H. uredovora, E.
carotovora, B ananas, E. herbicola, E. punctata, E. terreus). In some embodiments, the host
cell will be an industrial Pantoea spectes {e.g., P. citrea, P. agglomerans}. In some
embodiments, the host cell will be an industrial Pseudomonas species, {e.g, P. putida, P.
aeruginosa, P. mevaloni). In  some embodiments, the host cell will be an
industrial Streptococcus species {(eg., S equisimiles, 8§ pyogenes, S uberis) In some
embodiments, the host cell will be an industnial Streptomyces species (e.g., 5 ambofaciens, S
achromogenes, 8. avermitilis, S. coelicolor, 8§ aureofaciens, 8. aureus, 8. fungicidicus, S.
griseus, S. lividans). In some embodiments, the host cell will be an industrial Zymomonas

species {e.g., £. mobilis, Z. lipolytica}, and the like.

[376] The present disclosure is also suitable for use with a variety of animal cell types,
including mammalian cells, for example, human (ucluding 293, Hela, WI3E, PER CO and
Bowes melanoma cells), mouse (including 373, NSO, NS1, Sp2/0), hamster (CHO, BHK),
monkey (COS, FRhL, Vero), insect cells, for example fall armyworm (including 819 and §£21},
sitkmoth (including BmN), cabbage looper (including BTI-Ta-5B1-4) and coromon fruit fly

(including Schreider 2}, and hybridoma cell lines.

[377] in various embodiments, sirains that may be used in the practice of the
disclosure including both prokaryotic and eukaryotic strains, and are readily accessible to the
public from a number of culture collections such as American Type Culture Collection
{ATCC), Deutsche Sammilung von Mikroorganismen and Zeltkulturen GmbH (DSM),
Ceuvtraalbureau Voor Schirmomelcultures (CBS), and Agricultural Research Service Patent
Culture Collection, Northern Regional Research Center (NRRL). The present disclosure is also
suttable for use with 2 variety of plant cell types. In some embodiments, the plant is of the
Cannabis genus in the family Cannabaceae. In certain embodiments, the plant is of the species
Cannabis sativa, Cannabis indica, or Canmabis ruderalis. Tn other embodiments, the plant is
of the genus Nicotiana in the family Solanaceae. In certain embodiments, the plant is of the

species Nicotiana rustica.

[378] The term “cell,” as used in this application, may refer to a single cell or a
population of cells, such as a population of cells belonging to the same cell Jive or sirain. Use
of the singular term “cell” should not be construed to refer explicitly to a single cell rather than

a population of cells. The host cell may comprise gevetic modifications relative to a wild-type
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counterpart.  Reduction of gene expression and/or gene inactivation n a host cell may be
achicved through any suitable method, including but not himited to, deletion of the gene,
introduction of a point mutation into the gene, selective editing of the gene and/or truncation
of the gene. For example, polymerase chain reaction {(PCR}-based methods may be used (see,
e.g., Gardner ef al., Methods Mol Biol 2014,1205:45-78). As a non-limotting example, genes
may be deleted through gene replacement (e.g., with a marker, including a selection marker}.
A gene may also be trancated through the use of a transposon system (see, e.g., Poussu ef o,
Nucleic Acids Res. 2005, 33(12). e104). A gene may also be edited through of the use of gene

editing technologies known in the art, such as CRISPR-based technologies.
Culturing of Host Cells

[379] Any of the cells disclosed in this application can be cultured in media of any
type (rich or minimal} and any composition prior to, during, and/or after contact and/or
integration of a nucleic acid. The conditions of the culture or culturing process can be
optimized through routine experimentation as would be understood by one of ordinary skill in
the art. In some embodiments, the selected media is supplemented with various components.
fn some embodiments, the concentration and amount of a supplemental component is
optimized. In some embodiments, other aspects of the media and growth conditions {e.g, pH,
temperature, etc.) are optimized through routine experimentation. In some embodiments, the
frequency that the media is supplemented with one or more supplemental components, and the

amount of time that the cell 15 cultured, 1s optimized.

[380] Culturing of the cells described in this application can be performed in culture
veassels known and used in the art. In some embodiments, an aerated reaction vessel {e.g., a
stirred tank reactor) is used to culture the cells. In some embodiments, a bioreactor or fermenter
is used to culture the cell. Thus, 1n some embodimenis, the cells are used in fermentation. As
used in this application, the terms “bioreactor” and “fermenter” are interchangeably used and
refer to an enclosure, or partial enclosure, in which a biological, biochemical and/or chemical
reaction takes place that involves a living organism of part of a living organism. A “large-scale
bioreactor” or “industrial-scale bioreactor” is a bioreactor that is used to generate a product on
a commercial or quasi-commercial scale Large scale bioreactors typically bave volumes in the

range of liters, hundreds of liters, thousands of liters, or more.
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381} Non-iimiting examples of bioreactors inciude: stirred tank fermenters,
bioreactors agitated by rotating muxing devices, chemostats, bioreactors agitated by shaking
devices, airhift fermenters, packed-bed reactors, fixed-bed reactors, fluidized bed bioreactors,
bioreactors employing wave induced agitation, centrifugal bioreactors, reller bottles, and
hollow fiber bioreaciors, roller apparatuses (for example benchtop, cart-mounted, and/or
automated varieties), vertically-stacked plates, spinner flasks, stirring or rocking flasks, shaken
multi-well plates, MDD bottles, T-flasks, Roux bottles, multiple-surface tissue culture
propagators, modified fermenters, and coated beads {(e.g, beads coated with serum proteins,

nitrocellulose, or carboxymethyl cellulose to prevent cell attachment),

[382] In some embodiments, the bioreactor includes a cell culture system where the
cell {e.g., veast cell} is in contact with moving liquids and/or gas bubbles. In some
embodiments, the cell or cell culture is grown in suspension. In other embodiments, the cell
or cell culture 18 attached to a solid phase carrier. Non-hmiting examples of a carrier system
includes microcarriers {e.g.. polymer spheres, microbeads, and microdisks that can be porous
or non-porous), cross-linked beads {e.g., dextran) charged with specific chemical groups {e.g..
tertiary amine groups), 2D microcarriers including cells trapped in nanporous polymer fibers,
3D carniers {e.g., carrier fibers, hollow fibers, multicartridge reactors, and semi-permeable
membranes that can comprising porous fibers), microcarriers having reduced ion exchange
capacity, encapsulation cells, capillaries, and aggregates. In some embodiments, carriers are

fabricated from materials such as dextran, gelatin, glass, or cellulose.

[383] In some embodiments, industrial-scale processes are operated in continuous,
semi-continuous of non-continuous modes. Non-limiting examples of operation modes are
batch, fed batch, extended batch, repetitive batch, draw/fill, rotating-wall, spinning flask,
and/or perfusion mode of operation. In some embodiments, a bioreactor allows continuous or
semi-continuous replenishment of the substrate stock, for exarple a carbohvdrate source

and/or continuous or semi-continuous separation of the product, from the bioreactor.

[384] in some embodiments, the bioreactor or fermenter includes a sensor and/or a
control system to measure and/or adjust reaction parameters. Non-limiting examples of
reaction parameters include biological parameters (e.g., growth rate, cell size, cell number, cell
density, celi type, or cell state, eic ), chemical parameters {(e.g, pH, redox-potential,

concentration of reaction substrate and/or product, concentration of dissolved gases, such as
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oxygen concentration and O concentration, nufrient concentrations, metabolite
concentrations, concentration of an oligopeptide, concentration of an amino acid, concentration
of a vitamin, concentration of 2 hormone, concentration of an additive, serum concentration,
tonte strength, concentration of an 1on, relative hunudity, molarnty, osmolarity, conceniration
of other chemicals, for example buffering agents, adjuvants, ot reaction by-~products),
physical/mechanical parameters {e.g., density, conductivity, degree of agitation, pressure, and
flow rate, shear stress, shear rate, viscosity, color, turbidity, light absorption, mixing rate,
conversion rate, as well as thermodynamic parameters, such as temperature, light
intensity/quality, etc ). Sensors to measure the parameters described in this application are well
known to one of ordinary skill in the relevant mechanical and electronic arts. Control systems
to adjust the parameters in a bioreactor based on the inputs from a sensor described in this

application are well known to one of ordinary skill in the art in bioreactor engineering.

{385} In some embodiments, the method involves batch fermentation {e. 2., shake flask
fermentation). (General considerations for batch fermentation {e.g., shake flask fermentation)
include the level of oxygen and glucose. For example, batch fermentation (e g., shake flask
fermentation) may be oxygen and glucose limited, so in some embodiments, the capability of
a strain to perform in a well-designed fed-batch fermentation 1s underestimated. Also, the tinal
product {e.g., cannabinoid or cannabinoid precursory may display some differences from the
substrate in terms of solubility, toxicity, cellular accumulation and secretion and in some

embodiments can have different fermentation kinetics.

[386] In some embodiments, the cells of the present disclosure are adapted to produce
cannabinoids or cannabinoid precursors /2 vive. In some embodiments, the cells are adapted to
secrete one or more enzymes for cannabinoid synthesis (e.g., AAE, PKS, PKC, PT, or TS). In
some embodiments, the cells of the present disclosure are lysed, and the remaining lysates are
recovered for subsequent use. In such embodiments, the secreted or lysed enzyme can catalyze
reactions for the production of a cannabinaid or precursor by bioconversion in an i vire or ex
vive process. In some embodiments, any and all conversions described in this application can

be conducted chemically or enzymatically, i vifro or in vive,

[387] In some embodiments, the host cells of the present disclosure are adapied to
produce cannabinocids or cannabinoid precursors i vive. In some embodiments, the host cells

are adapted to secrete one ot more cannabinoid pathway substrates, iotermediates, and/or
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terminal products {e.g., olivetol, THCA, THC, CBDA, UBD, CBGA, CBGVA, THCVA,
CBDVA, CBCVA, or CBCA). In some embodiments, the host cells of the present disclosure
are lysed, and the lysate is recovered for subsequent use. In such embodiments, the secreted

substrates, intermediates, and/or terminal products may be recovered from the culture media.
Purification and further processing

[388] In some embodiments, any of the methods described in this application may
inchade wsolation and/or purification of the cannabinoids and/or cannabinoid precursors
produced {e.g., produced in a bioreactor). For example, the isolation and/or purification can
involve one or more of cell lysis, centrifugation, extraction, column chromatography,

distillation, crystallization, and lyophilization.

{3891 The methods described in this application encompass production of any
cannabinoid or cannabinoid precursor known in the art.  Cannabinoids or cannabinod
precursors produced by any of the recormbinant cells disclosed 1n this application or any of the
in vifro methods described in this application may be identified and extracted using any method
known in the art. Mass spectrometry {e.g., LC-MS, GC-MS) is a non-limiting exarople of a

method for identification and may be used to extract a compound of interest.

[390] in some embodiments, any of the methods described in this application further
comprise decarboxylation of a cannabinoid or cannabinoid precursor.  As a non-limiting
example, the acid form of a cannabinoid or cannabineid precursor may be heated (e.g., at least
90°C} to decarboxylate the cannabinoid or cannabinoid precursor. See, e g, U.S. Patent No.
10,159,908, U8 Patent No. 10,143,706, U S Patent No. 9908 832 and U5 Patent No.

7,344,736, Sec also, e.g., Wang ef o, Cannabis Cannabinoid Res. 2016; 1{1}: 262-271.

Compaositions, kits, and administration

[301] The present disclosure provides compositions, including pharmaceutical
compositions, comprising a cannabinoid or a cannabinoid precursor, or pharmaceutically
acceptable salt thereof, produced by any of the methods described in this application, and

optionally & pharmaceutically acceptable excipient.

{392} in certain embodiments, a cannabinoid or cannabinoid precursor described in

this application is provided 1n an effective amount in a composition, such as a pharmaceutical
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composition. In certain embodiments, the effective amount is a therapeuntically effective

amount. In certain embodiments, the effective amount is a prophylactically effective amount.

[393] Compositions, such as pharmaceutical compositions, described in this
application can be prepared by any method known in the art. In general, such preparatory
methods include bringing a compound described in this application (e, the “active
wgredient”) 1uto association with a carrier or excipieut, and/or one or more other accessory
ingredients, and then, if necessary and/or desirable, shaping, and/or packaging the product into

a desired single- or multi-dose unit.

[394] Pharmaceutical compositions can he prepared, packaged, and/or sold in bulk, as
a single unit dose, and/or as a plurality of single unit doses. A “unit dose” 1s a discrete amount
of the pharmaceutical composition comprising a predetermined amount of the active
ingredient. The amount of the active ingredient is generally equal to the dosage of the active
ingredient which would be administered to a subject and/or a convenient fraction of such a

dosage, such as one-half or one-third of such a dosage.

[395] Relative amounts of the active ingredient, the pharmaceutically acceptable
excipient, and/or any additional ingredients in a pharmaceutical composition described in this
application will vary, depending upon the identity, size, and/or condition of the subject treated
and further depending upon the route by which the composition is to be administered. The

composition may comprise between 0.1% and 100% (w/w) active ingredient.

[396] Pharmaceutically acceptable excipients used in the manufacture of
pharmaceutical compositions nclude inert diluents, dispersing and/or granulating agents,
surface active agents and/or emulsifiers, disintegrating agents, binding agents, preservatives,
buffering agents, lubricating ageots, and/or oils. Excipients such as cocoa butter and
suppository waxes, coloring agents, coating agents, sweetening, flavoring, and perfuming
agents may also be present in the composition. Exemplary excipients include diluents,
dispersing and/or granulating agents, surface active agents and/or emulsifiers, disintegrating
agents, binding agents, preservatives, buffering agents, lubricating agents, and/or oils {e.g,

synthetic oils, semi-synthetic oils} as disclosed in this application.

[397] Exemplary diluents wnclude calcium carbonate, sodium carbonate, calcium

phosphate, dicalcium phosphate, calcium sulfate, calcium hydrogen phosphate, sodium
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phosphate lactose, sucrose, cellulose, microcrystalline cellulose, kaolin, mannitol, sorbitol,

inositol, sodium chiornide, dry starch, comstarch, powdered sugar, and mixtures thereof.

[398] Exemplary granulating and/or dispersing agents include potato starch, comn
starch, tapioca starch, sodium starch glycolate, clays, alginic acid, guar gum, citrus pulp, agar,
bentonite, cellulose, and wood products, natural sponge, cation-exchange resins, calcium
carbonate, silicates, sodium carbonate, cross-linked poly{(vinyi-pyrrolidone) {crospovidone},
sodium carboxymethyl starch {sodium starch glycolate)}, carboxymethyl cellulose, cross-linked
sodium  carboxymethyl cellulose (croscarmellose), methyicellulose, pregelatinized starch
{starch 1500}, microcrystallineg starch, water insoluble starch, calcium carboxymethyl
cellulose, magnesium  aluminum silicate (Veegum), sodium lauryl sulfate, quaternary

ammonium compounds, and mixtures thereof,

[399] Exemplary surtace active agents and/or emulsifiers include natural emulstfiers
{e.g., acacia, agar, alginic acid, sodium alginate, tragacanth, chondrux, cholesterol, xanthan,
pectin, gelatin, egg yolk, casein, wool fat, cholesterol, wax, and lecithin), colioidal clays {e.g.,
bentonite (aluminum silicate) and Veegum (magnesium aluminum stlicate}), long chain amino
acid derivatives, high molecular weight aleohols (e.g., stearyl alcohol, cetyl alcohol, oleyl
alcohol, triacetin monostearate, ethylene glycol distearate, glyceryl monostearate, and
propylene glycol monostearate, polyvinyl alcohol), carbomers {e.g., carboxy polymethylene,
polyacrylic acid, acrylic acid polymer, and carboxyvinyl polymer), carrageenan, cellulosic
derivatives {e.g., carboxymethylcellulose sodium, powdered cellulose, hydroxymethyl
celtulose, hydroxypropy! cellulose, hydroxypropyl methyicellulose, methyleellulose), sorbitan
fatty acid esters {e.g., polyoxyethylene sorbitan monolaurate (Tween™ 20), polyoxyethylene
sorbitan  (Tween® 60), polvoxyethylene sothbitan monooleate (Tween® 80), sorbitan
monapaimitate {Span” 40), sorbitan monostearate (Span”® 60}, sorbitan tristearate (Span® 63),
glyceryl monooleate, sorbitan monooleate (Span® 80), polyoxyethylene esters {e.g.,
polvoxyethylene monostearate (Myr]® 45), polyoxyethylene hydrogenated castor oil,
polyethoxylated castor oil, polyoxymethylene stearate, and Solutol®™), sucrose fatty acid esters,
polvethylene glycol fatty acid esters (e.g., Cremophor®), polvoxyethviene ethers, {e.g,
polyoxyethylene lauryl ether (Brij® 30)), poly{vinyl-pyrrolidone), diethylene glycol
monolauraie, triethanolamine oleate, sodium oleate, potassium oleate, ethyl oleate, oleic acid,
ethyl laurate, sodium lauryl sulfate, Pluronic® F-68, poloxamer P-188, cetrimonium bromide,

cetylpyridinium chloride, benzalkonium chioride, docusate sodium, and/or mixtures thereof.
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[400] Exemplary binding agents include starch (e.g., cornstarch and starch paste),
gelatin, sugars {e.g., sucrose, glucose, dextrose, dextrin, molasses, factose, lactitol, mannitol,
efc.}, natural and synthetic gums {e.g., acacia, sodium alginate, extract of Irish moss, panwar
gums, ghatti gum, muctlage of isapol husks, carboxymethyleellulose, methyleellulose,
ethylcellulose,  hydroxyethyleelinlose,  hydroxypropyl cellulose,  hydroxypropyl
methylcellulose, microcrystaliine cellulose, cellulose acetate, poly{vinyl-pyrrolidone),
magnesium aluminum sificate (Veegum™), and larch arabogalactan), alginates, polyethylene
oxide, polyethylene glveol, inorganic calcium salts, silicic acid, polymethacrylates, waxes,

water, alcohol, and/or mixtures thereof.

[401] Exemplary preservatives include antioxidants, chelating agents, antimicrobial
preservatives, antifungal preservatives, anfiprotozoan preservatives, alcohol preservatives,
acidic preservatives, and other preservatives. In certain embodiments, the preservative is an

antioxidant In other emboduments, the preservative 1s a chelating agent.

1402} Exemplary antioxidants include alpba tocopherol, ascorbic acid, acorbyl
palmitate, butylated hydroxyanisole, butylated hydroxytoliene, monothioglycernl, potassium
metabisulfite, propionic acid, propyl gallate, sodium ascorbate, sodium bisulfite, sodiurs

metabisulfite, and sodium sulfite.

[403] Exemplary chelating agents include ethylenediaminetetraacetic acid (EDTA)
and salts and hydrates thereof {e.g.. sodium edetate, disodium edetate, trisodium edetate,
calcium disodium edetate, dipotassium edetate, and the like}, ciiric acid and salts and hydraies
thereof {e.g., citric acid monchydrate), fumaric acid and salts and hydrates thereof, malic acid
and salts and hydrates thereof, phosphoric acid and salts and hydrates thereof, and tartaric acid
and salts and hydrates thereof. Exemplary antimicrobial preservatives include benzalkonium
chioride, benzethoniuro chioride, benzyl alcohol, bronopol, cetrimide, cetylpynidinium
chioride, chlorhexidine, chlorobutancl, chlorocresol, chioroxylenol, cresol, ethyl aicchol,
glycerin, hexetidine, imidurea, phenol, phenoxyethanol, phenylethyl alcohol, phenyimercuric

nitrate, propylene glycol, and thimerosal.

[404] Exemplary antifungal preservatives include butyl paraben, methyl paraben,
ethyi paraben, propyl paraben, benzoic acid, hydroxybenzoic acid, potassium benzoate,

potassium sorbate, sodium benzoate, sodium propionate, and sorbie acid.
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[405] Exemplary alcohol preservatives include ethanol, polyethylene glycol, phenol,

phenolic compounds, bisphenol, chiorobutanol, hydroxybenzoate, and phenylethyl alcohol.

{4006} Exemplary acidic preservatives include vitamin A, vitamin C, vitamin E, beta-

carotene, citric acid, acetic acid, debydroacetic acid, ascorbic acid, sorbic acid, and phytic acid.

{4071 Other  preservatives include tocopherol, tocopherol acelate, deteroxime
mesylate, cetrimide, butvlated hydroxyanisol (BHA), butylated hydroxytoluened (BHT),
ethylenediamine, sodium lauryl sulfate (SLS), sodium lauryl ether sulfate (SLES), sodium
bisulfite, sodium metabisulfite, potassium sulfite, potassium metabisulfite, Glydant® Plus,

&

Phenonip®, methylparaben, Germall® 115, Germaben®™ 11, Neolone®, Kathon®, and Euxyl®.

[408] Exemplary buffering agents include citrate buffer solutions, acetate buffer
solutions, phosphate buffer solutions, ammonium chionide, calcium carbonate, calcium
chloride, calcium citrate, calcium glubionate, calcium gluceptate, calcium gluconate, D-
gluconic acid, calcium glycerophosphate, calcium lactate, propaneic acid, calcium levulinate,
pentancic acid, dibasic calcium phosphate, phosphoric acid, tribasic calcium phosphate,
calcium hydroxide phosphate, potassium acetate, potassium chlonde, potassiumn gluconate,
potassium mixtures, dibasic potassium phosphate, monobasic potassium phosphate, potassium
phosphate mixtures, sodium acetate, sodium bicarbonate, sodium chlonde, sodium citrate,
sodium lactate, dibasic sodium phosphate, monobasic sodium phosphate, sodium phosphate
mixtures, tromethamine, magnesium hydroxide, aluminum hydroxade, alginic acid, pyrogen-

free water, isotonic saline, Ringer’s solution, ethyl alcohol, and mixtures thereof.

{409} Exemplary lubricating agents include magnesium stearate, calcium stearate,
stearic acid, silica, talc, malt, glyceryl behanate, hydrogenated vegetable oils, polyethyiene
glveol, sodium benzoate, sodium acetate, sodium chloride, leucine, magnesium laury! sulfate,

sodium laury! sulfate, and mixtures thereof.

(410} Exemplary natural otls include almond, apricot kemel, avocado, babassu,
bergamot, black current seed, borage, cade, camomile, canola, caraway, carnauba, castor,
cinnamon, cocoa butter, coconut, cod hiver, coffee, corn, cotton seed, emu, sucalypius, evening
primrose, fish, flaxseed, geraniol, gourd, grape seed, hazel nut, hyssop, 1sopropyl myristate,
tojoba, kukai nut, favandin, lavender, lemon, litsea cubeba, macademia nut, mallow, mango

seed, meadowfoam seed, mink, nutmeg, olive, orange, crange roughy, palm, palm kernel,
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peach kernel, peanut, poppy seed, pumpkin seed, rapeseed, rice bran, rosemary, safflower,
sandalwood, sasquana, savoury, sea buckthomn, sesame, shea butter, silicone, soybean,
sunflower, tea tree, thistle, tsubaki, vetiver, walout, and wheat germ oils. Exemplary synthetic
or semi-synthetic oils include, but are not limited to, butyl stearate, medium chain triglycerides
(such as caprylic triglyceride and capric triglyceride), cyclomethicoue, diethyl sebacate,
dimethicone 360, isopropyl myristate, mineral oil, octyldodecanol, oleyl alcohol, silicone ail,
and wixtures thereof. In certain embodumnents, exemplary synthetic ods comprise medinm

chain triglycerides (such as caprylic triglyceride and capric triglyceride).

411} Liquid dosage forms for oral and parenteral admimistration include
pharmaceutically acceptable emulsions, microemulsions, solutions, suspensions, syrups and
elixirs. In addition to the active ingredients, the liquid dosage forms may comprise inert
diluents commonly used in the art such as, for example, water or other solvents, solubilizing
agents and emulsifiers such as ethyl alcobol, 1sopropyl alcohol, ethyl carbonate, ethyl acetate,
benzyl alcohol, benzyl benzoate, propylene glycol, 1,3-butyiene glycol, dimethylformamide,
oils {e.g., cottonseed, groundmut, corn, gerrs, olive, castor, and sesame oils), glycerol,
tetrahydrofurfury! alcohol, pelyethylene glycols and fatty acid esters of sorbitan, and mixtures
thereot. Besides inert diluents, the oral compositions can include adjuvants such as wetting
agents, emulsifying and suspending agents, sweetening, flavoring, and perfuming agents. In
certain embodiments for parenteral administration, the conjugates described in this application
are mixed with solubilizing agents such as Cremophor®, alcohols, oils, modified oils, glycols,

polysorbates, cyclodextrins, polymers, and mixtures thereof.

{412} injectable preparations, for example, sterile injectable aqueous or oleaginous
suspensions can be formulated according to the known art using suitable dispersing or wetting
agents and suspending agents. The sterile injectable preparation can be a sterile injectable
solution, suspension, or emulsion in a nontoxic parenterally acceptable diluent or solvent, for
example, as a solution in 1,3-butanediol. Among the acceptable vehicles and solvents that can
be employed are water, Ringer’s solution, US P, and isotonic sodium chlornide solution. In
addition, sterile, fixed oils are conventionally employed as a solvent or suspending medium,
For this purpeose, any bland fixed cil can be employed including synthetic mono- or di-

glycerides. In addition, fatty acids such as oleic acid are used in the preparation of injectables.
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[413] The injectable formulations can be sterilized, for example, by filiration through
a bacterial-retaining filter, or by incorporating sterilizing agents in the form of sterile solid
composttions which can be dissolved or dispersed in sterile water or other sterile injectable

medium prior to use.

[414] In order to prolong the effect of a drug, it is often desirable to slow the
absorption of the drug frow subcutaneous or intraxuscular injection. This can be accomplished
by the use of a liquid suspension of crystalline or amorphous material with poor water
solubility. The rate of absorption of the drug then depends upon its rate of dissolution, which,
in turn, may depend upon crystal size and crystalline form. Alternatively, delayed absorption
of a parenterally administered drug form may be accomplished by dissolving or suspending the

drug tn an oil vehicle.

{415} Compositions for rectal or vaginal administration are typically suppositoties
which can be prepared by mixing the conjugates described in this application with suitable non-
irritating excipients or carriers such as cocoa butter, polyethylene glycol, or a suppository wax
which are solid at ambient temperature but liquid at body temperature and therefore meltin the

rectum or vaginal cavity and release the active ingredient.

[416] Solid dosage forms for oral administration include capsules, tablets, pills,
powders, and granules. In such solid dosage forms, the active ingredient is mixed with at least
one inert, pharmaceutically acceptable excipient or carrier such as sodium citrate or dicalcium
phosphate and/or (a) fillers or extenders such as starches, lactose, sucrose, glucose, mannitol,
and silicic acid, (b) binders such as, for example, carboxymethylceliulose, alginates, gelatin,
palyvinyipyrrolidinone, sucrose, and acacia, {¢) humectants such as glycerol, (d) disintegrating
agents such as agar, calcium carbonate, potato or tapioca starch, alginic acid, certain silicates,
and sodium carbonate, {e) solution retarding agents such as paraffin, {f) absorption accelerators
such as quaternary ammonium compounds, {g) wetting agents such as, for example, cetyl
alcohol and glveerol monostearate, (h) absorbents such as kaolin and bentonite clay, and (i)
fubricants such as talc, calcium stearate, magnesium stearate, solid polyethylene glycols,
sodium tauryl sulfate, and mixtures thereof. In the case of capsules, tablets, and pills, the dosage

form may include a buffering agent.

et

417} Solid composttions of a sirntlar type can be employed as fillers n soft and hard-

filled gelatin capsules using such excipients as lactose or milk sugar as well as high molecular
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weight polyethylene glycols and the like. The solid dosage forms of tablets, dragées, capsules,
pills, and granules can be prepared with coatings and shells such as enteric coatings and other
coatings well known in the art of pharmacology. They may optionally comprise opacifying
agents and can be of a composition that they release the active ingredient(s) only, or
preterentially, in a certain part of the intestinal tract, optionally, 1n a delayed manner. Examples
of encapsulating compositions which can be used include pelymeric substances and waxes.
Solid compositions of a similar type can be employed as fillers in soft and hard-filled gelatin
capsules using such excipients as lactose or milk sugar as well as high molecular weight

polethylene glycols and the like.

[418] The active ingredient can be in a micro-encapsulated form with one or more
excipients as noted above. The solid dosage forms of tablets, dragées, capsules, pills, and
gramules can be prepared with coatings and shells such as enteric coatings, release controlling
coatings, and other coatings well known n the pharmaceutical formulating art. Tn such solid
dosage forms the active ingredient can be admixed with at least one inert diluent such as
sucrose, lactose, or starch. Such dosage forms may comprise, as is pormal practice, additional
substances other than inert diluents, e.g., tableting lubricants and other tableting aids such a
magnesium stearate and microcrystalline cellulose. In the case of capsules, tablets and pills
the dosage forms may comprise buffering agents. They may optionally comprise opacifying
agents and can be of a composition that they release the active ingredient(s) only, or
preferentially, in a certain part of the intestinal tract, optionally, in a delayed manner. Examples

of encapsulating agents which can be used include polymeric substances and waxes.

[419] Dosage forms for topical and/or transdermal administration of a compound
described in this application may include ointments, pastes, creams, lotions, gels, powders,
solutions, sprays, inhalants, and/or patches. Generally, the active ingredient is admixed under
sterile conditions with a pharmaceutically acceptable carrier or excipient and/or any needed
preservatives and/or buffers as can be required. Additionally, the present disclosure
contemplates the use of transdermal patches, which often have the added advantage of
providing controlled delivery of an active ingredient to the body. Such dosage forms can be
prepared, for example, by dissolving and/or dispensing the active ingredient in the proper
medium. Alternatively or additionally, the rate can be controlled by either providing a rate
controlling membrane and/or by dispersing the active ingredient in a polymer matrix and/or

gel.
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[420] Suttable devices for use in delivering intradermal pharmaceutical compositions
described 1n this application include short needle devices. Intradermal compositions can be
admiuntstered by devices which limit the effective penetration length of a needle into the skin,
Alternatively or additionally, conventional syringes can be used in the classical mantoux
method of intradermal administration. Jet injection devices which deliver liquid formulations
to the dermis vig a liguid jet injector and/or vig a needle which pierces the stratum cormeum
and produces a jet which reaches the dermis are suitable Ballistic powder/particle delivery
devices which use compressed gas to accelerate the compound in powder form through the

outer layers of the skin to the dermis are suitable.

421} Formulations suitable for topical administration inchude, but are not limited to,
fiquid and/or semit-liquid preparations such as Hniments, [otions, oil-in-water and/or water-in-
otl emulsions such as creams, ointments, and/or pastes, and/or solutions and/or suspensions.
Topically administrable formulations may, for example, comprise from about 1% to about 10%
{w/w} active ingredient, although the concentration of the active ingredient can be as high as
the solubility limit of the active ingredient 1 the solvent. Formulations for topical
administration may further comprise one or more of the additional ingredients described in this

application.

{4221 A pharmaceutical composition described in this application can be prepared,
packaged, and/or sold in a formulation suitable for pulimonary administration via the buccal
cavity. Such a formulation may comprise dry particles which comprise the active ingredient
and which have a diameter 1o the range from about 0.5 to about 7 nanometers, or from about 1
to about 6 nanometers. Such compositions are conveniently in the form of dry powders for
admimstration using a device comprising a dry powder reservoir to which a stream of
propellant can be directed to disperse the powder and/or using a self-propelling solvent/powder
dispensing container such as a device comprising the active ingredient dissolved and/or
suspended in a low-boiling propellant in a sealed container. Such powders comprise particles
wherein at least 98% of the particles by weight have a diameter greater than 0.5 nanometers
and at least 95% of the particles by number have a diameter less than 7 nanometers.
Alternatively, at least 95% of the particles by weight have a diameter greater than 1 nanometer
and at teast 90% of the particles by number have a diameter less than 6 nanometers. Dry powder
compositions may include a solid fine powder diluent such as sugar and are conveniently

provided 1o a unit dose form.
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f4231 Low boiling propellants generally tnclude liguid propellants having a boiling
point of below 653° F at atmospheric pressure. Generally, the propeliant may constitute 50 to
99 9% (wiw) of the composition, and the active ingredient may constitute 0.1 to 20% (w/w} of
the composition. The propellant may further comprise additional ingredients such as a liquid
non-ionic and/or solid anjonic surfactant and/or a solid diluent {which may have a particle size

of the same order as particles comprising the active ingredient}.

[4241 Although the descriptions of pharmaceutical compositions provided in this
application are principally directed to pharmaceutical compositions which are suitable for
administration to humans, it will be understood by the skilled artisan that such compositions
are generally suttable for administration to animals of all sorts. Modification of pharmaceutical
compositions suitable for administration to humans in order to render the compositions suitable
for adminstration to various animals is well understood, and the ordinarily skilled veterinary

pharmacologist can design and/or perform such modification with ordinary experimentation.

{425} Compounds provided in this application are typically formulated in dosage unit
form for ease of administration and uniformity of dosage. It will be understond, however, that
the total daly usage of the compositions described in this application will be decided by &
physician within the scope of sound medical judgment. The specific therapeutically effective
dose level for any particular subject or organism will depend upon a variety of factors including
the disease being treated and the severity of the disorder; the activity of the specific active
ingredient emploved; the specitic composition eraployed; the age, body weight, general health,
sex, and diet of the subject; the time of administration, route of administration, and rate of
excretion of the specific active ingredient emploved, the duration of the treatment; drugs used
in combination or coincidental with the specific active ingredient employed; and hike factors

well known in the medical arts.

[426] The compounds and compositions provided in this application can be
administered by any route, including enteral {e.g., oral}, parenteral, intravenous, tntramuscular,
intra~arterial, intrameduliary, intrathecal, subcutaneous, intraveniricular, transdermal,
interdermal, rectal, intravaginal, intraperitoneal, topical {as by powders, ointments, creams,
and/or drops), mucosal, nasal, bucal, sublingual, by iutrairacheal instillation, bronchial
instillation, and/or inhalation; and/or as an oral spray, nasal spray, and/or asrosol. Specifically

coutemplated routes are oral admunistration, intravenous admimstration {e.g., systemic
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intravenous injection}, regional administration vig blood and/or tymph supply, and/or direct
administration to an affected site. In general, the most appropriate route of administration will
depend upon a variety of factors including the nature of the agent {(e.g, its stability in the
environment of the gastrointestinal tract), and/or the condition of the subject {e.g., whether the

subject is able to tolerate oral adminisiration).

(4271 In some embodiments, compounds or compositions disclosed in this application
are formulated and/or administered in nanoparticles. Nanoparticles are particles in the
nanoscale. In some embodiments, nanoparticles are less than 1 prm in diameter. In some
embodiments, nanoparticles are between about 1 and 100 sm in diameter. Nanoparticles
include organic nanoparticles, such as dendrimers, liposomes, or polymeric nanoparticles.
Nanoparticles also include inorganic nanoparticles, such as fullerenes, quantum dots, and gold
nanoparticles.  Compositions may comprise an aggregate of nanoparticles. In some
ernbodiments, the aggregate of nanoparticles 15 homogenecus, while 1o other embodiments the

aggregate of nanoparticles is heterogeneous.

[428] The exact amount of a compound required to achieve an effective amount will
vary from subject to subjoct, depending, for example, on species, age, and general condition of
a subject, severity of the side effects or disorder, identity of the particular compound, mode of
administration, and the like. An effective amount may be included in a single dose (e.g., single
oral dose} or multiple doses (e.g., muitiple oral doses). In certain embodiments, when multiple
doses are administered to a subject or applied to a tissue or cell, any two doses of the multiple
doses 1uclude different or substantially the same arounts of a compound described in this
application. In certain embodiments, when multiple doses are administered to a subiect or
applied to a tissue or cell, the frequency of administening the multiple doses to the subject or
applying the multiple doses to the tissue or cell is three doses a day, two doses a day, one dose
a day, one dose every other day, one dose every third day, one dose every week, one dose every
two weeks, one dose every three weeks, or one dose every four weeks. In certain embodiments,
the frequency of administering the multiple doses to the subject or applving the multiple doses
to the tissue or cell is one dose per day. In certain embodiments, the frequency of administering
the multiple doses to the subject or applying the multiple doses to the tissue or cell is two doses
pet day. In certain erbodinuents, the frequency of administering the noultiple doses to the
subject or applying the muitiple doses to the tissue or cell is three doses per day. In certain

embodiments, when multiple doses are administered to a subject or applied to a tissue or cell,
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the duration between the first dose and last dose of the multiple doses s one day, two days,
four days, one week, two weeks, three weeks, one month, two months, three months, four
months, six months, nine months, one year, two years, three years, four years, five years, seven
vears, ten years, fifteen years, twenty years, or the lifetime of the subject, tissue, or cell. In
certain embodiments, the duration between the first dose and last dose of the muliiple doses is
three months, six months, or one vear. In certain embodiments, the duration between the first
dose and last dose of the multiple doses 1s the lifetime of the subject, tissue, or cell. In certain
embodiments, a dose (e.g., a single dose, or any dose of multiple doses} described in this
application includes independently between 0.1 pgand 1 pg, between 0.001 g and 0.0 mg,
between 0.01 mg and 0.1 mg, between 0.1 mg and 1 mg, between 1 mg and 3 mg, between 3
mgand 10 mg, between 10 mg and 30 mg, between 30 mg and 100 mg, between 100 mg and
300 mg, between 300 mg and 1,000 mg, or between 1 g and 10 g, inclusive, of a compound
described in this application. In certain embodiments, a dose described in this application
includes independently between 1 mg and 3 mg, inclusive, of a compound described in this
application. In certain embodiments, a dose described in this application includes
independently between 3 mg and 10 mg, inclusive, of a compound described in this application.
In certain embodiments, a dose described in this application includes independently between
10 mg and 30 mg, inclusive, of a compound described in this application. In certain
embodiments, a dose described in this application includes independently between 30 mg and

100 mg, inclusive, of a corapound described in this application.

{4291 Dose ranges as described in this application provide guidance for the
adminstration of provided phbarmaceutical compositions to an adult. The amount to be
administered to, for example, a child or an adolescent can be determined by a medical
practitioner or person skilied in the art and can be lower or the same as that administered to an

adult.

{4301 A compound or composition, as described in this application, can be
administered in combination with one or more additional pharmaceutical agents {e.g.,
therapeutically and/or prophylactically active agents}. The compounds or compositions can be
administered in combination with additional pharmaceutical agents that improve their activity,
improve bioavailability, improve safety, teduce drug resistance, reduce and/or modify
metabolism, inhubit excretion, and/or modify distribution in a subject or cell. It will also be

appreciated that the therapy employed may achieve a desired effect for the same disorder,
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and/or it may achieve different effects. In certain embodiments, a pharmaceutical composition
described in this application including a compound described 1n this application and an
additional pharmaceutical agent shows a synergistic effect that is absent in a pharmaceutical
composition including one of the compound and the additional pharmaceutical agent, but not

both.

[431] The compound or composition can be administered concurrently with, prior to,
or subsequent to one or more additional pharmaceutical agents, which may be useful as, e.g.,
combination therapies. Pharmaceutical agents include therapeutically active agents.
Pharmaceutical agents also include prophylactically active agents. Pharmaceutical agents
include small organic molecules such as drug compounds {e.g., compounds approved for
buman or veterinary use by the U.S. Food and Drug Administration as provided in the Code of
Federal Regulations (CFR)}), pepudes, proteins, carbohydrates, monosaccharides,
oligosaccharides, polysaccharides, nucleoproteins, mucoproteins, lipoproteins, synthetic
polypeptides or proteins, small molecules linked to proteins, glycoproteins, sterotds, nucleic
acids, DMNAs, RNAs, nucleotides, nucleosides, oligonucleotides, antisense oligonucleotides,
lipids, hormones, vitamins, and cells. In certain embodiments, the additional pharmaceutical
agent is a pharmaceutical agent useful for treating and/or preventing a disease {c.g.,
proliferative disease, neurological disease, painful condition, psychiatric disorder, or metabolic
disorder). Each additional pharmaceutical agent may be administered at a dose and/or on a time
scheduie determined for that pharmaceutical agent. The additional pharmacentical agents may
also be administered together with each other and/or with the compound or composition
described n this application 1o a stngle dose or adminystered separately in different doses. The
particular combination to employ in a regimen will take into account compatibility of the
compound described in this application with the additional pharmaceutical agent(s) and/or the
desired therapeutic and/or prophylactic effect to be achieved. In general, it is expected that the
additional pharmaceutical agent(s) in combination be utilized at levels that do not exceed the
levels at which they are utilized ndividually. In some embodiments, the levels utilized n

combination will be lower than those utilized individually.

[432] In some embodiments, one or more of the compositions described in this
application are administered to a subject. In certain embodiments, the subject is an amimal,
The animal may be of either sex and may be at any stage of development. In certain

embodiroents, the subject 18 a human. In other embodiments, the subject is a von-human
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animal. In certain embodiments, the subject is a mammal. In certain embodiments, the subject
is a non-human mammal. In certain embodiments, the subject is a domesticated animal, such
as a dog, cat, cow, pig, horse, sheep, or goat. In certain embodiments, the subject is a
companion animal, such as a dog or cat. In certain embodiments, the subject 18 a hivestock
animal, such as a cow, pig, horse, sheep, or goat. In certain embodiments, the subject is a zoo
animal. In another embodiment, the subject is a research animal, such as a rodent {e.g., mouse,

rat), dog, pig, or non-human primate.

{433} Also encompassed by the disclosure are kits {e.g., pharmaceutical packs}). The
kits provided may comprise a composition, such as a pharmaceutical composition, or a
compound described in this application and a container {e.g., a vial, ampule, bottle, syringe,
and/or dispenser package, or other suitable container). In some embodiments, provided kits
may optionally further include a second container comprising a pharmaceuntical excipient for
dilution or suspension of a pharmaceutical composition or compound described in this
application. In some embodiments, the pharmaceutical composition or compound described in
this application provided in the first container and the second container a corbined to form

one unit dosage form.

[434] Thus, in one aspect, provided are kits including a first container comprising a
compound or composition described in this application. In certain embodiments, the kits are
useful for treating a disease in a subject in need thereof In certain embodiments, the kits are
useful for preventing a disease 1n a subject in need thereof. In certain embodiments, the kits are

useful for reducing the risk of developing a disease 1u a subject 1n need thereof

[435] In certain embodiments, a kit described in this application further inclodes
instructions for using the kit. A kit described in this application may also include information
as required by a regulatory agency such as the U.S. Food and Drug Administration (FDA). In
certain embodiments, the information included in the kits is prescribing information. ln certain
embodiments, the kits and instructions provide for treating a disease in a subject in need
thereof. In certain embodiments, the kits and instructions provide for preventing a disease in a
subject in need thereof. In certain embodiments, the kits and instructions provide for reducing
the risk of developtog a disease in a subject in need thereot. A kit described in this application
may include one or more additional pharmaceutical agents described in this application as a

separate composition.
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[436] in some embodiments, the compositions include consumer product, such as
comestible, cosmetic, toiletry, potable, inhalable, and wellness products. Exemplary consumer
products include salves, waxes, powdered concentrates, pastes, extracts, tinctures, powders,
otls, capsules, skin patches, sublingual oral dose drops, mucous membrane oral spray doses,
makeup, perfume, shampoos, cosmetic soaps, cosmetic creams, skin lotions, aromatic essential
otls, massage oils, shaving preparations, otls for toiletry purposes, lip balm, cosmetic oils, facial
washes, motsturizing creams, moisturizing body lotions, moisturizing face lotions, bath salts,
bath gels, bath soaps in liquid form, shower gels, bath bombs, hair care preparations, shampoos,
conditioner, chocolate bars, brownies, chocolates, cookies, crackers, cakes, cupcakes,
puddings, honey, chocolate confections, frozen confections, fruit-based confectionery, sugar
confectionery, gummy candies, dragdes, pastries, cereal bars, chocolate, cereal based energy

bars, candy, ice cream, tea-based beverages, coffee-based beverages, and herbal infusions.

{437} The present invention is further 1llustrated by the following Examples, which in
no way should be construed as limiting. The entire contents of all of the references (including
literature references, issued patents, published patent applications, and co-pending patent
applications} cited throughout this application are hereby expressly incorporated by reference.
If a reference incorporated in this application contains a term whose definition is incongruous
or incompatible with the definition of same term as defined in the present disclosure, the
meaning ascribed to the term in this disclosure shall govern. However, mention of any
reference, article, publication, patent, patent publication, and patent application cited in this
application is not, and should not be taken as an acknowledgment or any form of suggestion
that they constitute valid prior art or form part of the common general knowledge 1o any country

in the world.

EXAMPLES
Example 1: Funciond characterization of a library of synsthetic polyketide synthase (PKS)
nustants in 5., cerevisiag
[438] To identity polyketide synthase (PKS) mutants with enhanced activity against
butyvryvli-CoA, a libraty of approximately 1004 PKSs contatning one or more aminoe acid
substitutions relative to a PKS with the sequence of SEQ [ NO: 1 was designed. The genes

within the library were codon-optinmized for expression in & cerevisiae and synthesized in the
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integrative yeast expression vector shown tn FIG. 5. Hach PKS mutant was transformed into
an S. cerevisiae CEN PK strain also expressing an AAE from (. ariesinum (SEQ ID NO: 86)
and a synthetic polyketide cyclase (SEQ 1D NG: 61} Strain 1890773, expressing a (. sativa
PKS was used as a positive control to establish hit ranking. Strain t896591, expressing a GFP

fluorescent reporter, was used as a negative control,

{4391 Aun assay for measuring production of divaric acid and divarinol was conducted
as follows: each thawed giycerol stock of PKS transformants was stamped into a well of YPD
t 4% dextrose media. Samples were incubated at 30°C 1o a shaking wncubator for 2 days. A
portion of each of the resulting cultures was stamped into a well of YEP + 2% raffinose + 2%
galactose + | mM sodium butyrate {C4). Samples were incubated at 30°C in a shaking
incubator for 4 days. A portion of each of the resulting production cultures was stamped tnto a
well of PBS. Optical measurernents were taken on a plate reader, with absorbance measured at
600 nro and fluorescence at 528 nm with 485 nro excitation. A portion of each of the production
cultures was stamped into a well of 100% methanol in half-height deepwell plates. Plates were
heat sealed and frozen at ~ 8B0°C for two hours. Samples were then thawed and spun down. A
portion of the supernatant was stamped into half-area 96 well plates. Divaric acid (DA} and

divarinol (DL) production in the samples were quantitied via LC-MS.

[440] 265 PKS mutants were selected from this high-throughput screen based on
levels of production of DA by strains expressing the PKS mutants. To confirm the activity of
these PKS mutants, a secondary screen was performed to verify and further guanuty DA and
DL production. The experimental protocols for the secondary screen were the same as for the
primary screen except that additional biological replicates were included per strain. All strains
were screened in quadruplicate. Strain 1896773, also described above, expressing a (. saéiva
PKS, was used as a positive control to establish hit ranking. Strain 1896591, also described

above, expressing a GFP fluorescent reporter, was used as a negative control.

[441] 166 strains expressing PKS mutants assayed in the secondary screen produced
on average more DA than the positive control strains 890773, The top 10% of strains shown
in FIGs. 6A-68B demonstrate an average DA and DL titer >50% greater than that of the positive

[
3

control strain (896773, Results for strain 1896591, expressing GFP as a negative conirol, are

also shown.
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{4421 PKS mutants assayed in the secondary screen that produced on average more
DA than the positive control strains t896773 comprised a contiguous streteh of residues with
aming acids corresponding to positions 12-20 in SE{} 1D NO: 1; positions 26-37 in SEQ 1D
NO: 1; positions 39-43 in SEQ ID NO: 1, positions 45-50 1 SEQ ID NO: 1; positions 52-61
in SEQ ID NG 1, positions 83-91 in SEQ 1D NQ: I, positions 93-100 in SEQ ID NO: 1
positions 105-122 in SEQ 1D NO: 1, positions 129-135 in SEQ 1D NO: 1; positions 145-149
in SEQ ID NO: 1; positions 151-165 10 SEQ ID NO: 1] positions 167-189 in SEQ 1D NO: 1,
positions 191-224 in SEQ D NO: §; positions 226-236 in SEQ H2 NO: 1; positions 238-240
in SEQ 1D NO: 1 positions 248-261 1in SEQ ID NO: {; positions 268-277 in SEQ ID NO: 1
positions 279-295 1 SEQ ID NO: 1, positions 302-311 in SEQ ID NO: 1, positions 320-327
in SEQ ID NO: | positions 336-374 in SEQ ID NG: 1; and/or positions 376-383 in SEQ 1D
NO: 1.

FTable 3. Activity data for synthetic PKSs in 5. cerevisiae described in Example T and FlGs.
6A4-68

1896773 1896773
1896773 normalized {89677 normalized
normalized Divaric normalized Divarinol
Divaric Acid (ug/L} | Divarinel (ng/L)
Amino Acid Substitutions Acid (ug/ly Standard (/L) Standard
Strain relative to SEQID N 1 Average Deviation Average Deviation
1896591 | N/A (GFP control) 0 0 0 0
1896773 | N/A (wild-type) i {.159 i 0.141
1896290 | R75N: DIOLE; V319K H328Y: 3.292 0.182 2.992 0.122
T335C
1896396 | CO3M; HO9L R73(45, VT7C 3.288 0312 2.680 0,180
M267G; H312G; V319K, T335C;
R3757, Y3838
1896580 | CG63M, FodY, S1247T; HA28Y, 1.723 3.047 2.569 0.002
T335C
1896709 | K3IR; HOYL R73N; V77C; 2.35% {1.249 2492 0.157
DICIE; C103A; T128V; K301P;
312G T335C
1896258 | 63T, QR2P. DIGIE; CI03A; 2.433 0.228 2.359 G110
Ti238
1896561 { L2531, KS1R: R75N; V77C; 2.274 0.359 2.311 0.184
DIOLE; C103A; T128V; K301P,
H312G; T335C
1896517 | KSR, R73N; V77C, DIOIE; 2.051 0171 2.256 4.196
C103A; T128V, K301P; H312G;
D316E; T335C
1896675 | R75N; V77C; H79Y: DIO1E; 1.4927 (.081 2.143 0.079
C103A; T128V; K301P;, H312G;
D316E. T335C
1896360 | KSIR, NooT, R738; DIGIE, 2.577 0.259 2,510 0.345
T123C, T296A; S315P; H328Y,
T335C. R375T
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1896493 | KSIR, R75N, V770 HT9Y, §.R90 0105 20858 0126
DSIE; C103A: E301P; H312G,
D31i6E; T335C

1RO7093 | H3R: S11T: K38N: Q44D; KAIR:
H69T: Q72E; R75N; L76M; V77C;
E78T, HIOY: M8ID; VO2K;
DIOTE; C103A; ATG4E: T128V:
C137L; S144P; VISOT: V225A;
H2628; [278K; H312G; S315P;
D316E; $334P; KA84N

o]
o]
N
L

0.254 2618 0.204

1896294 | KS51R; R7SN; V77C; H79Y, 2.108 0.146 1.904 0.022
DIOIE; CI63A; T128V, K301P;
H312G, D3 16E

1896188 | L251; KS1R,; RSN, V77(, H79Y; 2.220 0.162 1.980 0.154
DIOIE; C103A; K301P; H312G;
T335C

1896324 | L4 BE21P; N6ZH; H3IIN; 2.10¢ 0.202 F.055 0168
H328Y

1896386 | L2531 HO9L R75N; V77C; HT9Y, 2.144 0.293 1.9
D101E; C103A; T128V; K301F;
H312G

(e
0]

0,297

18396701 | H3A, L25Y, C63M: R75MN: 1.998 (.25 1.903 0.222
HI36Q, M2676G; H328Y, T335C;
R373T, ¥385T

1896451 | KS1H; H6%, R7SN V77C; H79Y, 1.8%96 0.148 1.897 0.082
DIOIE; C103A; K301P; H312G;
T335C

896801 | DOIE: T123C; HI360; H312G; 2.318 3.145 1.883 0.11e
T335C

1897022 | H3K, E7P; S1IT, K38N, 044D, i.%1e 0.110 1.827 0.094
KSiR; HeOL, Q72E; R75N; L76M;
V77C E78T, H79Y, MBI
VO2A; DIOIE; C103A; AI04E:
T128V, C137L; S144P; VIS0T,
V225A; H2628; 1278E; H312G;
S315P; D316E: §334F, K384N

B97014 | KS1R: R73N; V77C, HI9Y; 1777 0078 1.794 0.635
DI0IE; CI103A; TI28V, H312G;,
D316E; T335C

1896793 | H3A; L40; C63F; R73N, DIGLE; 1844 0.240 I
CI03A; CI137L; G237A; T247A;
Y385N

i
i
=3

0.133

896232 | L4, L24T, Q44D: KSIR; C63F; 1.783 0.123 1716 0.077
W38, V770 C103A; 1166L:
V3194

1896392 | LI190C 2176 8.1
1806962 | 40 RTS8, VI19R; T335C, 1 0.1
R3758

33 1.705 8,103
3 1.701 0.060

896580 1 A258 1.673 3.2486 1.654 (.204

t896509 | R7SS; V770, S1247T; T335(; 1.662 0.093 1.633 0.093
R3757

1896223 | H3A; R735; DIOLE; S315K; 1.667 8.062 t.614 0.025
T335C




WO 2023/212519 PCT/US2023/066115

Example 2: Functional cheracterization by mutagenesis at residue 25 of synthetic

polykefide synthase (PKS) numtants in S, cerevisiae

{443} Several of the top strains identified in Example 1 expressed a PKS that
comprised the amino acid substitution L251. To examine the impact of amino acid substituticns
at this position and the plasticity of their effects on cannabinoid metabolite production, two
PK S mutanis were selected for mutagenesis of position 25. These two PKS mutants were SEQ
I NO: 7 {expressed in strain t896561), which comprises the following mutations relative to
SEQ 1D NO: 10 L25L K51R, R75N, V770, DIOIE, C103A, T128V, K301P, H312G, and
T335C, and SEQ ID NO: 14 (expressed in strain t896188), which comprises the following
mutations refative to SEQ 1D NG: 1 and L25T KSIR, R75N, V77C, H79Y, DIOIE, C1034,
K301P, H312G, and T335C. The genes in the site saturation mutagenesis library were codon-
optimized for expression in S cerevisioe and integrated into the host genome. Each PKS
mutant was transformed into an 8. cerevisioe CEN PK strain also expressing an AAE from
arietinum (SEQ ID NO: 86}, a synthetic polyvketide cyclase (SEQ ID NO: 61}, and a synthetic
prenyitransterase (SEQ 1D NO: 102). Strain 1151829, expressing the synthetic PKS (SEQ ID
NO: 7y expressed in strain 1896561, was used as a positive control. Strain 11151830, expressing
the synthetic PKS (SEQ ID NO: 14) expressed o strain 18396188, was also used as a positive

control.

{444} An assay for measuring production of divaric acid, divarinol, and
cannabigerovarinic acid {CBGVA) was conducted as described above. Results are shown in
Tables 4-5 and FiGs. TA-TB. Among strains comprising variants of SEQ ID NO: 7 expressed
instrain t1 151829, eleven demonstrated greater average CBGVA titers relative to the t1151829
parent strain expressing SEQ ID NG: 7. The amino acid substitutions at position 25 of SEQ 1D
NQO: 7 that increased CBGVA production were: E, H K LM, N, PR, T, W, and Y. Similarly,
among strains comprising variants of SEQ ID NO: 14 expressed wn strain t1151830, ten
demonstrated greater average CBGVA titers relative to strain 11151830 expressing SEQ ID
NO: 14. The amino acid substitutions at position 25 of SEQ ID NO: 14 that increased CBGVA
production were: £, G, K, M, N, P, 3, §, V, and Y. This suggests that there 1s plasticity in the
wdentity of residue 25 and that substitution of position 25 in SEQ ID NG: | with an amino aad

other than iscleucine may be used to increase cannabinoid production.
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Table 4. Activity data for synthetic PKSs in 8. cerevisiae described in Example 2 and FIG.
74

Aming Acid Divaringl Bivaric Acid CBGVA Total
Substitutions jumol] {umol] fnmol] Activity*

Relative To . S » R . reE A jumol]
SEQ 1D NO: 1 AVEG | STREY AVE STDEY AV STDEY

Strain

L25E; K31R;
RSN, V77C,
t1212776 § DIGIE. CI03A; | 2535922 | 26973 § 338367
T128V, K301P;
H312G; T335C

G
(&0
=
<
[

401248 | 39322 995537

(2

L25H  K31R;
R75N. VT77C,
11212780 § DIOIE; CI03A; § 277496 | 43451 § 375969
T128V, K301P,
H312G; T335C

L
(%3
¥4
[ty
[N
‘52
o
9
[\
Yot
e

49150 104868.3

L2SK; K5IR;
R7SN; VTTC,
$1212773 1 DIOIE CIO34: | 261176 | 40007 §237783.9 | 82181 | 394596 | 50685 § 1033611
T128V; K301P,
H312G: T335C

K31R; R73N,;
V77C; DIOIE;
11212784 § CI03A; TIZBY, | 27086.7 | 22668 § 376739 | 4
K361P; H312G;
T335C

~3

~3
—
98
ey
o8]
o
Cn
oy
~
~k
o
o
[
oend

103278.3

LI5R; K3IR,
TSN VTTC
1212785 § DIOIE; CI03A; § 265743 | 28548 § 366756 | 37722 1373856 | 13
T128V: K301P;
H312G T335C

'y )
et
e

At

10066355

L25W, KSIR;
R75N. V77C;
11212786 § DIGIE C103A; | 258098 | 24959
TI28V: K301P;
H312G: T335C

122
o4
o
95
=
.

4069.1 § 369589 | 7901 | 983051

L25N; K51R;
R7SN; VI7C,
£1212783 | DIOGIE; C103A; | 243824 | 18103 | 342227 | 39653 | 36446.7 | 12242 | 950518
T128V; K301P,
H312G: T335C

L25M: K510,
R7SN; V7T,
£1212767 § DIOIE CLO3A: § 238075 | 22431 | 331468 | 40225 § 363581 | 16430 | 933124
T128V; K301P
H312G; T335C

el

N
e

L25T; KSIR;
R75N; V77C,
11212790 § DI10IE; CI03A; § 237648 | 14600 § 320479 | 22667 § 361055 | 1
T128V; K30P,
H312G; T335C

h
<
=3
~3

9101872

L25Y K31R,
RSN V77C;
11212761 § DIOLE; CI03A; § 230422 | 2886.4 § 334073
TI28V K301F,
H312G; T335C

|94

)
o
G
~2
(U]
e
43
o

7
~J

24021 018354
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[25P; KSIR:
R75N: V7IC;
DI61E; C103A;
Ti28V; K301P;
H312G: T335C

e
g
Con
A
0
O

20495

343633

352918 | 173

(3]

%
~J

944143

1151829
{positive
control)

L2551 KSIR;
R7EN; V77C,
DIOIE; CI1034;
TIi28V, K301P;

312G T335C

6315

2
A

7
N
e
5]
(%)
i
PN
(4]

350399 | 133

6.6

S2040.0

1212792

L25Q; KSIR;
R7SN; V77,
DIOIE; CIO3A:
T128V; K301P,
H312G, T335C

238478 § 37202

346871 | 49293

338895

41220

92424 4

1123

b2
&

8

~3

L35G, KS1R:
RTSN: VT7TC;
D101E; C103A;
128V K301P;
H312G: T335C

93298

20757.6 | 13030.0

11788.8

*Combined production of divarinol, divaric acid and CBGVA

Fuble 5. Activity data for synthetic PKSs in S. cevevisiae described in Example 2 and FIG.

78

Strain

Aming Acid
Substitutions
Relative To
SEQID NG: 1

Divarinol
{umol]

Bivaric Acid
{umol]

CBGYA
fumol]

AVG

STBEY

AVG | STDREY

AYG

STDEY

Total
Activity®
jpmol}

A

£1212

b}
~J

63

.

L25P: K3IR;

RSN, VTIC;
H79Y. DIOIE;
CH03A K301P;
H312G: T335C

189288

2229.%

248746 | 268135

3412890

3376.2

£1212795

£258; KSIR;

R75N. V77C;
H79Y: DIOIE:
CLO3A; K301P;
H312G; T335C

u—
o
Cov
(3]
[us

~§

16903

2880.7

291923

739417

11212796

L25N; K351R;

R75N; V77C;

H79Y; BIOIE;
CI03A; K301P;
H312G; T335C

806.3

[oe)
A

51680 | 15231

290358

306.1

~3
—
43
n
~3
5

1212793

L25M: K518

R7EN, V77,
H79Y, DIO1E:
CIO3A; K301P:
H312G: T335C

163891

334.5

241141 677.2

290334

1121

2
~J
3

9

L250Q; K51R:

R75N; V77C;
H79Y: DIOTE:
C103A; K301P;
H312G; T335C

12945

231364 | 18513

289206

8407

69589 4

16l
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L23K, K31R;

RSN, V77C,
H79Y: DIO1E;
CHO0A; K301P;
H312G, T335C

17478.1

23368.9

284661

69313.1

11212781

L25E, KSR,

R75N; V77C,
H79Y, DIO1E;
CIO3A; K301P;
312¢G; T335C

16708.7

22104

22261.0

283540

101738

673237

t1212768

L25G; KSIR;

R7SN; V77,
H79Y: DOIE:
CHO3A; K30IP:
H312G, T335C

172826

14496

23460.5

282347

6358.9

689778

11212794

L25Y, K51R;

R7SN; V77C,
H79Y, D101E;
CIO3A; K301P;
H312G; T335C

16817.0

281118

b2
o
L
v
&

B8685.8

£1212771

L25V.K5IR:

R73N: VTIC;
H79Y: DIOIE;
CH034; K301P;
H312G. T335C

168086

14417

225420

9229

673062

t1151830

L2351 K5 1R,

R75N. V77,
H79Y: D10IE;
CHO3A; K301P;
H312G: T335C

15389.14

9436

240913

67460.9

~§

7

¢

o]
~3
~3

11217

L23F, K31R;

RTSN; V77C,;
H79Y, DIO1E;
CHO3A; K301P;
H312¢3;, T335C

16319.5

4537

21837.6

5864

2
~~4
Ly

63743 .5

1212778

L25C; K51R;

R7EN; V77
H79Y, DOLE:
CIO3A; K301P;
H312G; T335C

162829

274482

650783

t12}

2
~3
~3

70

L25W: K511:

RTSN; V77,

H79Y; DIGIE:
CI03A; K301P:
H312G: T335C

3ii6.d

251054

010982

£1212788

L25R: K3 1R

RSN VTIC:
H79Y: DIOIE;
CH3A; K301P;
H312G: T335C

1495190

1990G0.9

247319

5342.1

*Combined production of divarinol, divaric acid and CBGVA

Table 6. Non-limiting examples of PKS amino acid subsitations relative to SEQID NO:

Position in
SEQ D NO:

i

Aming acid substitutions
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3 H3R H3A
4 L4C
7 E7P
i SHT
23 E2IP
24 1241
L2530 L23E L25F | 125G | L25H | L25K | L25M
23 L25N L25P L2530 | L25R | E258 | L25T | L25V
LI5W L25Y
38 K38N
44 044D
51 KSIR
62 N62H
63 C63M C63T C63F
64 F64Y
66 NG6T
69 H691
72 QT2E
75 R75N R75S R75G
76 L76M
77 V77C
78 E75T
79 H79Y
81 MB1D
82 OR2P
92 V2K VO2A
101 D10LE
103 C103A
104 AlD4E
123 T123C T1238
124 §124T
125 AL258
128 T128V
136 HI360
137 CI37L
144 S144P
150 V130T
166 1166L
190 L190C
225 V2254
237 G237A
247 T247A
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262 H2625

267 M267G

278 278K 1278E

296 T206A

301 K30iP

312 H312N H312G

315 S313K S315P

316 D316E

319 V319R V319K V3I0A
328 H328Y

334 S334P

335 T335C

375 R3738 R375T

384 K384N

385 Y3855 Y385T Y385N

Table 7. Amiino acid and nucleic acid seguences of PKSs

PEKS Protein PKS Nucleic Acid
Strain SEQ ID NG SEQ ID NG:
1896773 1 24
1896290 2 30
1896396 3 31
1896586 4 32
1896709 5 33
(806238 6 34
1896561 7 35
1896517 8 36
1896676 9 37
1896360 10 38
1896493 11 39
1897093 i2 40
1896294 13 41
1806188 14 42
1896324 i5 43
1896386 i5 44
1896701 7 43
1896451 18 46
1896801 19 47
1897022 20 48
1897014 21 44
1806793 22 30
1896232 23 51
1896392 24 52
1806962 23 33
1896580 26 54
1896509 27 55
1896223 28 56
11212770 104 131
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11212780 103 132
11212773 106 133
{1212784 167 134
11212785 108 135
(1212786 169 136
11212783 110 137
£1212767 111 138
11212790 112 139
11212761 113 149
11212789 114 143
t1151829 7 35
11212765 113 142
11212792 116 143
11212795 117 144
£1212796 118 145
11212793 119 146
11212779 120 147
11212774 123 148
(1212781 122 149
11212768 123 150
£1212794 124 151
11212771 125 152
t1151830 14 42
1212777 126 153
11212778 127 154
11212787 128 135
(1212776 129 156
11212788 130 157
[445] It should be appreciated that sequences disclosed in this application may or may

not contain signal sequences. The sequences disclosed in this application encompass versions
with or without signal sequences. It should also be understood that protein sequences disclosed
i this application roay be depicted with or without a start codon {M}. The sequences disclosed
in this application encompass versions with or without start codons. Accordingly, in some
wnstances amino acid numbening may correspound to protein sequences containing a start codon,
while in other instances, amino acid numbering may correspond 1o protein sequences that do
not contain a start codon. It should also be understood that sequences disclosed in this
application may be depicied with or without a stop codon. The sequences disciosed in this
application encompass versions with or without stop codons. Aspects of the disclosure
encompass host cells comprising any of the sequences described in this application and

fragments thereof.

EQUIVALENTS
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[446] Those skitled in the art will recognize, or be able o ascertain using no more
than routine experimentation, many equivalents to the specific embodiments of the invention

described here. Such equivalents are intended to be encompassed by the following claims.

{447} All references, including patent documents, are incorporated by reference in

their entirety.
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CLAIMS
1. A host cell that comprises a heterologous polynucleotide encoding a polvketide
synthase (PKS), wherein the host cell is capable of producing more divarinol in the presence
of butyrate than a host cell that expresses a heterologous polynucieotide encoding a control

PKS that comprises the sequence of SEQ ID NO: 1.

2. The host cell of claim 1, wherein the PKS comprises:
{(a} an amino acid substitution at a residue corresponding to position 3, 4, 7, 11, 21, 24,
38, 44, 62,66, 69, 72,76, 77,78, 79, 101, 103, 104, 124, 136, 137, 144, 150, 166,
7,262,301, 319, and/or 385 in SEQ ID NO: 1) and

ed

2258, 2
(b} a contiguous stretch of residues with amino acids unmutated relative to SEQ TD NO: |
at posttions corresponding to:
i positions 12-20 in SEQ ID NGO: |
i1, positions 26-37 in SEQ ID NO: 1
i, positions 39-43 in SEQ ID NO:
iv. positions 45-50 10 SEQ D NO: 1
v. positions 52-61 in SEQ 1D NO: 1
vi. positions 83-91 in SEQ ID NO: 1
vii. positions 93-100 in SEGQ ID NG 1,
viii. positions 105-122 in SEQ ID NO: 1;
ix. positions 129-135 10 SEQ ID NO: 1;
X, positions 145-149 1in SEQ 1D NGO 1
xi. positions 151-165 in SEQ D NG 1,
xil. positions 167-189 in SEQ D NO: 1;
xiii. positions 191-224 in SEQ ID NO: 1;
xiv. positions 226-236 1o SEQ ID NGO 1;
xv. positions 238-246 in SEQ ID NO: |
xvi. positions 248-261 in SEQ D NG 1,
xvii, positions 268-277 in SEQ D NO: 1;
XVitl. positions 279-295 1n SEQ D NO: 1
xix. positions 302-311 in SEQ ID NO: 1;
xx. positions 320-327 in SEQ ID NO: 1
xxi. positions 336-374 in SEQ I NO: 1, and/or
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xxii, positions 376-383 in SEQG D NO: 1
3. A host cell comprising a heterologous polynucieotide encoding a polyketide synthase

(PKS), wherein the PKS comprises an amino acid substitution at a residue corresponding to
position 3, 4, 7, 11, 21, 24, 38, 44, 62, 66, 69, 72, 76, 77, 78, 79, 101, 103, 104, 124, 136,
137, 144, 150, 166, 225, 237, 262, 301, 319, and/or 385 in SEQ ID NO: 1, and wherein the
PKS does not comprise any of SEQ ID NOs: 91-94.

4. The host cell of any one of claims 1-3, wherein the PKS comprises one of more of the
following substitutions relative to SEQ ID NG 1

{a} H3R or H3A;

by L40;

{c) BE7F,

{d) STIT,

(e) E21P;

(f) L24L

{g) K38N;

{(hy Q44D

(i} N62H:

(i) NooT,

(k) H69T,

() Q7ZE;

{(m)L.76M;

(n) V77C;

{0y E78T,

{p) H79Y;

(g} DIGIE;

{r) C103A;

(s) AL04E;

{t) §124T

() HI36Q;

{v) Ci37L,;

{(w}S144P,;
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(x) V150T,

(y) 11661,

(2) V225A,;

{aa) G237A;

(bb) H2628;

(ce) K301P;

(dd) V319R, V319K, or V3194, and/or
{ee) Y3835, Y385T, or Y3835N.

5. The host cell of any one of claims 1-4, wherein the PKS further comprises an amino
acid substitution at a residue corresponding to position 25, 51, 63, 64, 75, 81, 82, 92, 123,
125, 128, 190, 247, 267, 278, 296, 312, 315, 316, 328, 334, 335, 375, and/or 384 in SEQ 1D

NO: L

6. The host cell of claim &, wherein the PKS comprises one or more of the following
arsino acid substitutions relative to SEQ 1D NGO 1:

(a) L25C, L25E, L25F, L.25G, L25H, L2SK, L25M, L25N, L2SP, 1.25(, L.25R,

1258, L25T, L25V, L25W, or L25Y;

(b) KSIR;

{c} C63M, C63T, or C63F;

(d) F64Y,

{e) R75N, R758, or R75G;

(f) M31D;

(g) Q32P;

{(h) V92K or V92A;

() T123C or T1238;

) A125S;

(k) T128V;

{1y L190C;

{m)yT247A;

{ny M267G;

{(0) 278K or I1278E;

{p) T296A,
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{(q) H312N or H312G;

{r) S315K or 8315P,

(s) D316E;

{ty H32R8Y,

(u) S334P,

{v) T335C;

{(w)R375S or R375T, and/or
(x) K384N.

7. The host cell of claim 5, wherein the PKS does not comprise the amino acid | at the

residue corresponding to position 25 1 SEQ IDNO: 1

8. The host cell of claim 7, wherein the PKS comprises the amino acid glutamate (E},
glycine (G), histidine (H), lysine (K}, leucine (L), methionine (M), asparagine (N}, proline
(P), glutamine (@}, arginine (R), serine (8}, threonine (T}, valine {V), tryptophan (W), or a

tyrosine (Y} at the residue corresponding to position 25 in SEQ ID NO: L.

9. The host cell of any one of claims 1-8, wherein the PKS comprises:

{(a} the amino acid cysteine (C) at a residue corresponding to position 157 in SEQ ID NG
b

(b} the amino acid phenylalanine (F) at & restdue corresponding to posttion 208 in SEQ
I3 NO: T

(¢} the amino acid histidine (H) at a residue correspondiog to position 297 in SEQ 1D
NG 1; and/or

{(d) the amino acid asparagine {N} at a residue corresponding to position 330 in SEQ ID

NG 1

10. The host cell of any one of claims 1-9, wherein the PKS comprises the following
amino acid substitutions relative to SEQ D NO: 1:
{a} R75N, DIOIE, V3I9R, H328Y, and T335C;
{(by CO3M, HEOL R75G, V77C, M267G, H312G, V319K, T335C, R3757, and Y3838;
(c) C6IM, F64Y, 81247, H328Y, and T335C;
{(d) KSIR, H69L RTSN, V77C, DI01E, C103A, T128Y, K301P, H312G, and T335C;
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() C63T, Q82P, DIOIE, C103A, and T

(f) L25I, K51R, R75N, V77C, D10O1E, CI103A, T128V, K301P, H312G, and T335C;

{g) K3IR, R75N, V77C, DIOIE, C103A, T128V, K301P, H312G, D316E, and 1335C;

(hy R75N, V77C, H79Y, DIOIE, C103A, T128V, K301P, H312G, D316E, and T335C;

(i) KS1R, N66T, R758, DI01E, T123C, T296A, S315P, H328Y, T335C, and R37ST,

() KSR, R75N, V770, H79Y, DI0O1E, CI03A, K301P, H312G, D316E, and T335C;

(k) FI3R, §11T, K38N, Q44D, K51R, H69L Q72E, R75N, L76M, V77C, E78T, H79Y,
ME1D, V92K, DI0IE, C103A, A104E, T128V, C137L, S144P, V150T, V225A,

2628, 1278K, H312G, 8315P, D3 16E, S334P, and K384N

(3 KSIR, R7SN, V770, H79Y, DI01E, C103A, T128V, K301P, 13126, and D3 16E;

(m)L25L KSIR, R75N, V77C, H79Y, DIOIE, C103A, K301P, H312G, and T335C,

{n) L4Q, E21P, N62H, H312N, and H328Y,

{0} L25L, H6OL R75N, V77C, H79Y, DI0IE, C103A, T128V, K301P, and H312G,

(p) H3A, L25Y, C63M, R7SN, H136¢2, M267G, H328Y, T335C, R375T, and Y385T;

(q) KS1R, H69L R7SN, V77C, H79Y, DIO1E, C103A, K301P, H312G, and T335C;

(t) DICLE, T123C, H136Q, H312G, and T335C;

{s) H3R, B7P, STIT, K38N, (44D, K51R, H69L Q72E, R7SN, L76M, V77C, B78T,
H79Y, MSID, Vo2A, DI0IE, C103A, A104E, T128V, CI37L, 8144P, V150T,
V2254, H2628, [278E, H312G, S315P, D316E, §334P, and K384N;

(t) KSIR, R75N, V77C, H79Y, DIO1E, C103A, TI28V, H312G, D316E, and T335C;

{u) H3A, L4Q, C63F, R75N, DI0IE, C103A, C137L, G237A, T247A, and Y385N;

{v) L4Q, L24L, Q44D, K51R, C63F, R758, V7TC, C103A, 1166L, and V3194,

(W)LAQ, R758, V319R, T335C, and R3758;

(x) R758, V77C, $124T, T335C, and R375T; or

{y) H3A, R758, DI101E, S315K, and T335C

11 The host cell of any one of claims 1-10, wherein the PKS comprises a sequence that

is at least 90% identical to a sequence selected from SEQ 1D NOs: 228

12 The host cell of any one of claims 1-11, wherein the PKS comprises a sequence

selected from SEQ ID NQOs: 2-28, or a conservatively substituted version thereof.
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13, The host cell of any one of claims 1-12, wherein the heterologous polynucleotide
compiises a sequence that is at least 90% dentical to a sequence selected trom SEQ ID NOs:

30-36.

14. The host cell of any one of claums 1-13, wherein the heterologous polynucleotide

comprises a sequence selected from SEQG 1D NOs: 30-56.

15. The host cell of any one of claims 1-9, wherein the PKS comprises the following
amino acid substitutions refative to SEQ ID NG: 1. K51R, R75N, V77C, H79Y, D10IE,
CI103A, K301P, H312G, and T335C.

16 The host cell of claim 15, wherein the PKS comprises an amino acid substitution
relative to SEQ 1D NG: 1 selected from the group consisting of

(ay L25E,;

{(b) L25G;

(cy L25K:

{d) L25M:

(e) L25N;

(f) 1.25P;

(g) L25Q;

(b L25S:

(i) L25V; and

) 1L25Y.

17 The host cell of any one of claims 1-9, wherein the PKS comprises the following
amino acid substitutions relative to SEQ D NO: 1. KSIR, R75N, V77C, D10IE, C103A,
Ti28V, K301P, H312G, and T335C.

18. The host cell of claim 17, wherein the PKS comprises an amino acid substitution
relative to SEQ ID NO: 1 selected from the group consisting of

{a) L25E,

(b) L25H;

(¢} L23K;
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(d) L25M;
(e} L25N;
(fy L25P;
() L25R;
(h) L25T,
(iy L25W; and
() L25Y.

19 The host cell of any one of claims 15-18, wherein the PKS comprises a sequence that

is at feast 90% identical to a sequence selected from SEQ ID NQOs: 104-130.

20. The host cell of any one of claims 15-19, wherein the PKS comprises a sequence

selected from SEQ [D NOs: 104-130.
21 The host cell of any one of claims 15-20, wherein the heterologous polynucleotide
encoding the PKS comprises a sequence that is at feast 90% identical to a sequence selected

from SEQ ID NOs: 131-157.

22. The host cell of any one of claims 15-21, wherein the heterologous polynuclectide

encoding the PKS comprises a sequence selected from SEQ D NOs: 131-157.

23. The host cell of any one of claims 1-22, wherein the heterclogous polymucleotide is

imntegrated wnto the genome of the host cell.

24 The host cell of any one of claims 1-23, wherein the host cell is g plant cell, an algal

cell, a yeast cell, a bacterial cell, or an animal cell.

25 The host cell of claim 24, wherein the host cell is a yeast cell.

26. The host cell of claim 25, wherein the yeast cell 15 a Saccharomyces cell, a Yarrowia

cell, a Komagataella cell, or a Pichia cell.
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27. The host cell of claim 26, wherein the Saccharomyces cell is a Swecharomyces

cerevisiae cell.

28. The host cell of claim 26, wherein the yeast cell 18 a Yarrowia cell.

29. The host cell of claim 24, wherein the host cell is a bactenial cell.

30. The host cell of claim 29, wherein the bacterial cell is an F. cofi cell.

3t The host cell of any one of claums 1-30, wherein the PKS is an oliveiol synthase

{OLS} or a divarninol synthase.

32. The host cell of any one of claims 1-31, wherein the host cell further comprises one
or more heterologous polynucieotides encoding one or more of: an acyl activating enzyme

(AAE), a polyketide cyclase (PKC), a prenyltransferase (PT} and/or a terminal synthase (T8).

33 The host cell of claim 32, wherein the PKC is an olivetolic acid cyclase (OAC) or

divaric acid cyclase.

34 The host cell of claim 33, wherein the PKC comprises a sequence that is at least 90%

identical to SEQ ID NO: 61

35, The host cell of claim 34, wherein the PKC compnises SEQ ID NG: 61,

36 The host cell of any one of claims 1-35, wherein the host cell is capable of producing
divaric acid in the presence of butyrate.

~
2.

The host cell of any one of claums 1-36, wherein the host celi is capable of producing

divarinol in the presence of butyrate.

38. The host cell of any one of claims 1-37, wherein the host cell 13 capable of producing

atleast 1.5,2,3,4,5,6,7, 8,9, 10,11, 12, 13, 14, 15, 16, or 17-fold more divaric acid in the
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presence of butyrate than a host cell that expresses a heterclogous polynuciectide encoding a

control PKS that comprises the sequence of SEQ ID NO: 1

39, The host cell of any one of claims 1-38, wherein the host cell 1s capable of producing

at teast 500 ug/L divaric acid.

40. The host cell of claim 39, wherein the host cell 1s capable of producing at least 700

pg/L divaric acid.

41 The host cell of any one of claims 1-40, wherein the host cell is capable of producing
atleast 15,2, 3,4, 5, 6,7, &, or 9-fold more divarinol in the presence of butyrate than a host
cell that expresses a heterologous polynucleotide encoding a controf PKS that comprises the

sequence of SEQ IDNG: 1.

42 The host cell of any one of claims 1-41, wherein the host cell is capable of producing

at least 25,000 g/l divarinol.

43, The host cell of any one of claims 1-42, wherein the host cell 15 capable of producing

at teast 30,000 ug/L divarinol.

44 The host cell of any ove of claims 1-43, wherein the host cell 1s capable of producing

at teast 33,000 pg/L. divarinol.

45 The host cell of any one of claims 1-44, wherein the host cell is capable of producing

a varinolic cannabinoid.

46. The host cell of 45, wherein the varinolic cannabinoid is CBGV, CBGVA, THCVA,
CBDVA and/or CBCVA.

47. The host cell of claim 45 or claim 46, wherein the host cell 18 capable of producing at
least 1.5, 2,3, 4,5, 6,7, 8, or 9-fold more of the vannolic cannabinoid than a host cell that
expresses a heterologous polynucleotide encoding a control PKS that coraprises the sequence

of SEQ ID NO: 1.

[
.
(W3
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48 The host cell of any one of claims 32-47, wherein the AAE comprises a seguence

that is at least 90% 1dentical to SEQ 1D N 86

49, The host cell of claim 48, wherein the AAE comprises SEQ 1D NG: 86,

50. The host cell of any one of claims 32-49, wherein the heterologous polynucleotide

encoding the AAE comprises a sequence that is at least 90% identical to SEQ H3 NO: 87.

51 The host cell of claim 50, wherein the heterologous polynuclectide encoding the

AAE comprises SE() 1D NOG: 87,

52. The host cell of any one of claims 32-51, wherein the PT comprises a sequence that

ts at feast 90% 1dentical to any one of SEQ D NQs: 74, 76, 78, 80, 102, or 158

53. The host cell of claim 52, wherein the PT comprises the sequence of any ove of SEQ

1D NOs: 74, 76, 78, 80, 102, or 158,

54, The host cell of any one of claims 32-53, wherein the TS comprises a sequence that

is at least 90% 1dentical to SEQ ID NO: 84, 88, 95, 98, 100, or 161,

55. The host cell of claim 54, wherein the TS comprises the sequence of SEQ 1D NO:

84, 88, 95, 98, 100, or 161.

56. A host cell comprising a heterologous polynucleotide encoding a polyketide synthase
(PK.S), wherein the PKS comprises a sequence selected from SEQ 1D NQOs: 2-28 and 104-130C
or a conservatively substituted version thereof.

57. A host cell comprising a heterologous polynuclectide encoding a polyketide synthase
{(PKS), wherein the heterologous polynucleotide comprises a sequence selected frorm SEQ ID

NOs: 30-56 and 131-157.

58, A method comprising culturing the host cell of any one of claims 1-57.
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59, A method of synthesizing divarinol or divaric acid comprising contacting butyryl-
CoA with a polyketide synthase (PKS), wherein the PKS comprises an amino acid selected

trom any one of SEQ ID NOs: 2-28 and 104-130.

60 A method of producing divaric acid {I2A} comprising contacting butyrate and
Coenzyme A (CoA) with:
an acyl activating enzyvime (AAE), a polyketide synthase (PKS), and a polyketide
cyclase (PKCY; or
an acyi activating enzyme (AAE} and a PKS,

wherein the PKS comprises the sequence of any one of SEQ 1D NOs: 2-28 and 104-130.

61. A method of producing divarinol (DL comprising contacting butyrate with an acyl
activating enzyme {AAE) and a polyketide synthase (PKS), wherein the PKS comprises the
sequence of any one of SEQ 1D NOs: 2-28 and 104-130.

62 The method of any one of claims 59-61, wherein the method occurs in vifro.
63, The method of any one of claims 59-61, wherein the method occurs within a host cell

that expresses a heterologous polynucieotide encoding a polyketide synthase (PKS) that

comprises an amino acid sequence selected from any one of SEQ ID NGs: 2-28 and 104-130.

64. A method of producing a cannabinoid compound or 2 canvabinoid precursor
comprising culturing a host cell in the presence of butyrate, wherein the host cell comprises a
heterologous polynucleotide encoding a polvketide synthase (PKS), and wherein the PKS

comprises an amino acid sequence selected from any one of SEQ ID NOs: 2-28 and 104-130.

65 The method of any one of claims 59-64, wherein the host cell further comprises one

or more heterologous polynuclectides encoding an acyl activating enzyme {AAE).

66.  The method of claim 65, wherein the AAE comprises a sequence that is at least 90%

wentical to the sequence of SEQ ID NO: §6.
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67. The method of claim 65 or 66, wherein the heterologous polynuclectide encoding the

AAE comprises a sequence that 1s at least 0% identical to the sequence of SEQ ID NO: 87,

68. The method of any one of claims 63-67, wherein the heterclogous polynuclectide
comprises a sequence that is at least 90% identical o the sequence of any one of SEQ 1D

NOs: 30-56 and 131157

69. The method of any one of claims 63-68, wherein the heterologous polynucleotide

comprises the sequence of any one of SEQ 1D NOs: 30-56 and 131-157.

70. The method of any one of claims 63-69, wherein the heterologous polynucleotide is

integrated into the genome of the host cell.

71 The method of any one of claims 63-70, wherein the host cell 1s a plant cell, an algal

cell, a yeast cell, a bacterial cell, or an animal cell.

N2

The method of claim 71, wherein the host cell is a yeast cell.

73. The method of claim 72, wherein the yeast cell is a Saccharomvyces cell, a Yarrowia

cell, a Komagataella cell, or a Pichia cell.

74. The method of claim 73, wherein the Saccharomyces cell is a Saccharomvees

cerevisiae cell,

75 The method of claim 73, wherein the veast cell 1s a Yarrowia cell.

76. The method of claim 71, wherein the host ceil is a bacterial cell.

77. The method of claim 76, wherein the bacterial cell is an /2. cofi cell.

78. The method of any one of claims 65-77, wherein the AAE is capable of activating a

short chain fatty acid o the presence of Coenzyme A (CoA).
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79.  The method of claim 78, wherein the short chain fatty acid is a four-carbon fatty acid.

80. The method of claim 79, wherein the four-carbon fatty acid 1s butyrate and wherein

the AAE 1s capable of catalyzing the production of butyryl-CoA from butyrate.
81 The method of any one of claims 63-80, wherein the host cell further comprises one
or roore heterologous polynucleotides encoding one or more of! a polyketide cvclase (PKC),

a prenyliransferase (PT) and/or a terminal synthase (T5).

82, The method of any one of claims 59-81, wherein the PKS is an olivetol synthase

{OLS} or a divarninol synthase.

83. The method of claim 82, wherein the PKS is a divarinol synthase.

84 The method of claim 83, wherein the PKS is a bifunctional PKS and is capable of

producing divaric acid.

8s. The method of claim 81, wherein the PKC is an olivetolic acid cyclase (CAC)ora

divaric acid cyclase.

6. The method of ¢laim 85, wherein the PKC comprises a sequence that is at least 90%

identical to SEQ 1D NO: 61,

87. The method of claim 86, wherein the PKC comprises SEQ 1D NO: 61,
88 The method of any one of claims 63-87, wherein the host cell is capable of producing

divaric acid.

89.  The method of any one of claims 63-88, wherein the host cell is capable of producing
divarinol.
90.  The method of any one of claims 63-89, wherewn the host cell s capable of producing

atleast 2, 3,4, 5,6,7, 8 9 10, 11, 12, 13, 14, 15, 16, or 17 fold more divaric acid in the
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presence of butyrate than a host cell that expresses a heterclogous polynuciectide encoding a

control PKS that comprises the sequence of SEQ ID NO: 1

91, The method of any one of claims 63-90, wherein the host cell ts capable of producing

at teast 500 ug/L divaric acid.

92 The method of any one of claims 63-91, wherein the host cell is capable of producing

at teast 700 ug/L divaric acid.

93, The method of any one of claims 63-92, wherein the host cell is capable of producing
atleast 2, 3,4, 5,6, 7, 8, or @ fold more divarinol in the presence of butyrate than a host cell
that expresses a heterologous peolynuciectide encoding a conirel PKS that comprises the

sequence of SEQ IDNG: 1.

94.  The method of any one of claims 63-93, wherein the host cell 1s capable of producing

at least 25,000 g/l divarinol.

95, The method of any one of claims 63-94, wherein the host cell is capable of producing

at teast 30,000 ug/L divarinol.

96, The method of any one of claims 63-95, wherein the host cell is capable of producing

at teast 33,000 pg/L. divarinol.

97.  The method of any one of claims 63-96, wherein the host cell is capable of producing

a varinolic cannabinoid.

038. The method of claim 97, wherein the varinolic cannabinoid is CBGY, CBGVA,
THCVA and/or CBCVAL

99. The method of claim 97 or claim 98, wheretn the host cell 13 capable of producing at
least 1.5, 2,3, 4,5, 6,7, 8, or 9-fold more of the vannolic cannabinoid than a host cell that
expresses a heterologous polynucleotide encoding a control PKS that coraprises the sequence

of SEQ ID NO: 1.

180
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100,  The method of any one of claims 81-99, wherein the PT comprises a sequence that i3

at least 90% identical 1o any one of SEQ 1D NQOs: 74, 76, 78, 80, 102, or 158

101, The method of claim 100, wherein the PT comprises the sequence of any one of SEQ

1D NOs: 74, 76, 78, 80, 102, or 158,

102.  The method of any one of claims 81-101, wherein the TS comprises a sequence that is

at least 90% identical to SEQ ID NO: 84, §8, 95, 98, 100, or 161

103, The method of claim 102, wherein the TS comprises the sequence of SEQ 1D NO: 84,
8%, 95,98, 100, or 161,

104. A non-naturally occurring polynucieotide encoding a polyketide synthase (PKS),
wherein the polynucleotide comprises a sequence that is at least 90% identical to the

sequence of any one of SEQ 1D NOs: 30-56 and 131-157.

105, The non-naturally occurring polynucleotide of claim 104, wherein the polynuclectide

comprises the sequence of any one of SEQ 1D NQOs: 30-56 and 131-157.

106. A vector cornprising the polynucleotide sequence of clairo 104 or claim 105,

107, Anexpression cassette comprising the polynucleotide sequence of claim 104 or claim

105.

108. A host cell transformed with the polynucleotide of claim 104 or claim 105, the vector

of claim 106, or the expression cassette of claim 107,
109, A bioreactor for producing a cannabinoid compound or a cannabinoid precursor,

wherein the bioreactor contains a polyketide synthase (PK5), and wherein the PKS comprises

an amine acid sequence selected from any one of SEQ ID NOs: 2-28 and 104-130.

181
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110, The bioreactor of claim 109, wherein the bioreactor further comprises cne or more of
an acyl activating enzyme (AAE), a polvketide cyclase (PKC), a prenyltransferase (PT)

and/or a terminal synthase (T'S}.

111, The bioreactor of claim 109 or claim 110, wherein the bioreactor contains butyrate.

112, The bioreactor of any ouve of claims 109-111, wherein the bioreactor produces a

varinolic cannabinoid.

113, The bioreactor of claim 112, wherein the varinolic cannabinoid is CBGV, CBGVA,

THCVA, CBDVA and/or CBRCVA.

114, The bioreactor of claim 112 or claim 113, wherein the bioreactor is capable of

~

producing atleast 1.5, 2, 3, 4, 5, 6, 7, B, or 9-fold more of the varinolic cannabinoid than a

> > ~a

bioreactor comprising a control PKS that comprises the sequence of SEQ ID NO: 1.

182
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