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METHODS OF IMPROVING PRODUCTION OF MORPHINAN ALKALOIDS AND
DERIVATIVES

CROSS-REFERENCE TO FARLIER FILED APPLICATION
(6661}  The present application claims bonefit to 1.8, provisional application no. 63/116,097, filed

November 19, 2020, which is incorporated by weference herein tn its entirety.

SEQUENCE LISTIRG
[6602]  The present application contains a Sequence Listing which has been submitted electronically in
ASCII format and is hereby incorporated by reference in #s entirety. Said ASCH copy, created

on November 18, 2021, is named 2218605-126W0O1 SL txt and is 585,313 byies in sizg.

SUMMARY OF THE INVENTION
(660631 The present disclosure provides methods for the production of diverse benzylisoquinoling
alkaloids (BIAs) in enginecred host cells. The present disclosure further provides compositions of diverse
alkaloids produced in ongincered host cells. Additionally, the present disclosure provides methods for the
production of one or more Bet v 1-fold proteins in engincered host cells. Additionally, the present
disclosure provides methods for the production of one or mote eagineered Bet v [-fold proteins in
enginecred host cells. In particolar cases, the disclosure provides methods for increasing prodoction of
diverse alkaloid prodocts by engineerad Bet v {-fold proteins with N-terminal truncations. In further
particular cases, the disclosure provides methods for increasing production of diverse atkaloid products by
enginecred Bet v 1-fold proteins with particidar amno acid ymutations that increase activity.
{6004}  In some embodiments, the disclosure provides methods for increasing production of diverse
alkaloid products through the epimerization of a (d)-1-benzylisoguinoline afkaloid to a (R)-1-
benzylisoquinoline alkaloid via enginecred epimerases in an engincered host celf. In further embodiments,
the present disclosure provides methods for increasing production of diverse alkaloid products through the
production of one or more Bet v 1-fold proteins in engincered cells in combination with the epimerization
of (Si-reticuline to (R)-reticuline via an engineercd cpimerase comprising two separaie enrymes encoding
an oxidase and a reductase compared to the productios of diverse alkaloid pwoducts through the
epimerization of /S)-reticuling to (R)-reticuling via a wild-type epimerasc.
(8683}  While engingerced split epimerases may be composed of a separate oxidase eazyme and
redociase enzyme that originate from a parent or wild-type ¢pimerase, enginecred cpimerases may also
comprise a separate oxidase enzyme and reductase enzynxe that originate from separate parent or wild-
type epimerases. Examples of parent epirnerases having an oxidase and reductase component coraprise
aming acid sequences selected from the group consisting oft SEQ 1D NUs: 1,2, 3,4,5,06,7.8,9, 10, 11,
12, 13, 14, 15, and 16, as listed in Table 1. Table 1 also illustrates an example of a DRS and DRR
component, respectively secen in SEQ 1D NOs. 17 and 18,
[6086]  In some embodiments, the disclosure provides methods for increasing production of diverse

alkaloid products through the conversion of a promorphinan alkaloid to a morphinan afkaloid via thebaine
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svnthases in an engineered host cell. In further embodiments, the present disclosure provides methods for
mereasing production of diverse alkaloid products through the conversion of salutaridinel-7-O-acetate to
thebaine via a thebaine synthase. Examples of parent thebaine synthases comprise amine acid sequences
selected from the group consisting of: SEQ 1D NQOs: 19, 20, 21, 22, 23, 24, 25, and 26 as listed in Table 2.
In sorme cases, the thebaine synthase enzvme is a Bet v 1 fold protoin. In further embodiments, the
present disclosure provides methods for increasing production of diverse alkaloid products through the
production of one or more thebaine synthases in engineered cells 10 combination with the epimerization of
(Si-eeticuline to (R)-reticuline via an enginecred cpimerase comprising two separate enzymes encodiog an
oxidase and a seductase conpared to the production of diverse alkaloid products through the
epimenzation of (S)-reticuline to (Kj-reticuline via a wild-type eptmerase. Table 2 also ithustrates
examples of a SalAT component, as scen in SEQ 1D NQs. 27-34.

{8067}  In some embodiments, the disclosure provides methods for increasing production of diverse
alkaloid products through the conversion of a promorphinan alkaloid to a morphinan alkaloid via
enginecred thebaine synthases in an engineered host cell. In further embodiments, the present disclosure
provides methods for increasing production of diverse alkaloid products through the conversion of
satutaridinol-7-O-acetate to thebaine via an engineered thebaine synthase. In other embodiments, the
cngincered thebaine synthase has a N-terminal truncation relative to the wild-type thebaine synthase.
(00687  In some embodiments, the enginecred thebaine synthase is a fusion enzyme. In further
embaodiments, the thebaioe svatbase is fused to an acetyl transferase eazyme. In further embodimests, the
thebaine synthase s encoded within an acetyl transferase enzyme. Io other emabodiments, the thebaine
synthase is fused (o a reductase enzyme,

[868%]  In some embodiments, the disclosure provides methods for increasing production of diverse
atlaloid prodocts theough the conversion of 3 precursor morphinan alkaloid with a carbon-carbon double
bond between carbons C-14 and C-8 into a prodoct morphinan alkaloid with a catbon-catbon double bond
between carbons C-8 and C-7 via neopinone isomerases in an enginecred host cell. In further
embodiments, the precursor morphinan alkaloid with a carbon-carbon double bond between casbons C-14
and C-8 is produced in the enginecered cell via a heterologous biosynthetic pathway comprising a plurality
of enzymes and starting with simple starting materials such as sugar and/or L-tyrosimne. In further
crubodiments, the present disclosure provides methods for increasing production of diverse alkaloid
products through the conversion of neopinone to codeinone via a neopinone isomerase. Examples of
parent neopineTe 1s0merases comprise amino acid sequences selected from the group consisting of ! SEQ
TD NQOs 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 34, 55, 56, 57, and 58 as listed in Table 3. In some
cases, the neopinone 1somerase enzyme is a Bet v 1 fold protein.

(6018}  In some embodiments, the disclosure provides methods for tncreasing production of diverse
alkaloid products throagh the conversion of a precursor morphinan atkaloid with a carbon-carbon double
bond between carbons C-14 and C-8 into 3 product morphinan atkaloid with a carborne-carbon double bond
between carbons C-8 and C-7 via engincered neopinone isomerases in an engineered bost cell. In further

erbodiments, the present disclosure provides methods for increasing production of diverse allealoid
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products through the conversion of neopinone {0 codeinone via an engincered neopinone isomerase. In
other embodiments, the engincered neopinone 1somerase has a N-terminal truncation relative to the wild-
{ype 1eOPInOIC ISOMEerase.

(6011}  In some embodiments, the engincered neopinone isomerase is a fusion enzyme. In further
crnbodiments, the neopinone isomerase is fused to an U-demethylase enzyme that acts on the morphinan
alkaloid scatfold. In forther embodiments, the neopinone isomerase is encoded within an U-demethylase
crzyoe. In other embodiments, the neopisone isomerase 1s fused to a reductase enzyme. 1o further
crabodiments, the neopinone 1somerase is encoded within a reductase eneyme.

(6012}  In some embodiments, the disclosure provides methods for tncreasing production of diverse
alkaloid products through the condensation of BIA procursors to a I-benzylisoquincline alkaloid via
narcoclagrine synthases 1o an engineered host cell. In further embodiments, the present disclosure
provides methods for increasing production of diverse alkaloid products through the condensation of 4-
HPAA and dopamine to norcoclanrine via a norcocltaurine synthase. Examples of parent norcoclaunine
synthases comprise amino actd sequences sclected from the group consisting of: SEQ 1D NOs: 69, 70, 71,
72,73,74,75,76,77,78,79, 80, 81, and 82 as listed in Table 8. In some cases, the norcoclanring
synthase enzvme is a Bet v 1 fold protein

(80131  In some embodiments, the disclosure provides mothods for increasing production of diverse
alkaloid products through the condensation of BIA precursors to a 1-benzvlisoquinoline alkaloid via
engineered norcoctaurine synthases in an enginecred host cell. In further embediments, the present
disclosure provides methods for increasing production of diverse atkaloid products through the
condensation of 4-HPAA and dopamine to norcoclaunine via an engincered norcoclaurine synthase. In
other embodiments, the enginecred norcoclaurine synthase has a N-terminal truncation relative to the
wild-type norcoclaurine synthase, In other embodiments, the enginecred norcoclaurnine synthase has
amino acid mutations relative to the the wild-type norcoclannne synthase that increase its activity.
(8014}  In some embodiments, the engineered norcoclaurine synthase is a fusion enzyme. In further
embodiments, the norcoclaurine synthase is fused to a L-DOPA decarboxylase enzyme. In further
embodiments, the norcoclaunne synthase is encoded within a L-DOPA decarboxvlase enzyme.

(8015}  In some cases, the method further comprises engineening the non-plant cell with a plurality of
heterologonus enzymes to produce the diverse benzylisoguinoline alkaloid products from simple starting
materials such as sugar and/or L-yrosine. In some examples, an engineered non-plant cell comprises a
plurality of coding sequences each encoding an enzyme that is sclected from the group of enzymes listed
in Table 11, In some examples, the heterologous coding sequences mav be operably connected.
Heterologous coding sequences that are operably connected may be within the same pathway of
producing a particular beney lisoquinoline alkaloid product via an engincered Bet v 1 fold protein,
inchuding an engincered thebaine synthase activity, an ¢nginecred peopinone isomerasse actvity, or an
enginecred norcoclauring synthase activity.

{316}  In some cases, the method further comprises enginecring the non-plant cell with a plurality of

heterologous envymes to 1ncrease the production of BIA precursors, including L-tvrosine and 4-HPAA . In
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some cxamples, an engincered non-plant cell comprises a plarality of coding sequences each encoding an
enzyme that is selected from the group of enzymes listed in Table 11. In some examples, an engincered
non-plant celf further comprises inactivating mutations 1o selected enzymes that result in reduced
production of byproducts. In some examples, an enginecred nov-plant cell further comprises heterologons
expression oy overexpression of sclected enzymes that result m reduced production of byproducts. In
some examples, the byproducts comprise tyrosol, phenyiethanol, or methionol. Insome examples, an
engincered non-plant cell further comprises inactivating mutations in sclected cnzymes that resuli in

increased production of diverse benzylisoquinoline alkaloid producis.

EMEBOBIMENTS

(60177 El A method of increasing activity of a porcoclaurine synthase 1o a microbial cell, conmprising
within the engincered microbial cell, contacting an engineered norcociaurine synthase with a substrate,
wherein contacting the substrate with the enginccred norcoclanrine synthase increases conversion, within
the engineered microbial cell, 1n comparison to a nop-engineered norcoclavrine synthase.

[318]  E2. A method of producing a benzylisoquinoline alkaloid product i an engincered microbial
cell, wherein the method comprises contacting an engineered norcoclauring synthase with a spbstrate
within the engineered microbial cell

{8019} E3. The method of any one of embodiments E1-E2, wherein the enginecred norcoclauring
synthase is derived from the Coptis japonica norcoclaurine synthase ({CINCS).

{6028} Ed4. The method of any one of embodiment E1-E3, wherein the mucleic acid sequence encoding
the enginecred norcoclaurine synthase is codon optimized.

(80231  ES5 The method of embodiment E1, wherein the engineered norcoclaurine synthase has been
trunicated at the N-terminus.

(862217 E6. The method of enbodiment B, wherein the engincered norcoclaurine synthase is a nntated
norcoclauring synthase.

[8623] E7. The method of embodiment E6, wheretn the mutated sorcoclaurine synthase has at keast one
mutation at a residue position with reference to SEQ ID NO: 76, where the position is selected from the
group consisting of aminge acid residue 70, 81, 91, 101, 104, 147, 149, 151, and 155,

[8624] E8. The method of any of embodiments E6-E7, wherein the rntated norcoclaurine synthase
comprises one or more of the following mutations with reference to SEQ 1D NO: 70: M70L, D1497, and
TIS5N.

[8025] E9 The method of any of embodiments E6-ES, wherein the matated norcoclanrine synthase
comprises the following mmiations with reference to SEQ 1D NO: 70; M701, D149T and [155N.

[6626] E10. The method of any one of embodiments 6-9, wherein the mutated norcoclaurine synthase
consists of the following mmtations with reference to SEQ 1D NO: 70: M701, D149T, and T155N and
whetein the engineered norcoclannine syothase has been truncated at the N-terminws.

(60277  E1l The method of any of crobodiments EI-E10, whercin the engincered microbial cell

produces a beazylisoquinolioe alkaloid selected from the group consisting of benzylisogquinclines,
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promorphinans, morphinans, protoberberines, protopines, benrophenanthridings, secoberberines,
phthalideisoquinokines, aporphines, bishenzy isoquinolines, nal-opioids, and nor-opioids.

[6028] E12. Ancnginecred microbial cell that produces a benzyvlisoquinoline alkaloid product, said
engincered microbial cell comprising a byproduct inhibition alleviating modification selected from the
group consisting of gene inactivation and enzyme ¢xpression.

(60297  E13. The engincered microbial cell of embodiment E12, wherein inactivation of a gene occurs
in an enzyme selected from the group consisting of aromatic arninotransferase (AROS), aromatic
aminotransferase {ARO9), phenylpvruvate decarboxylase (ARGIO), pyoavate decatboxylase (PRICH,
pyravate decarboxylase (PDCS), pyruvate decarboxylase (PDC6), aldehyde reductase (ARI1), alcohol
acetyltransferase | (ATF1), alcohol acety liransforase 2 (ATF2), octanoyl-coenzyrne Aethano!
acyliransferase (EHT1), acvlcoenzyme Acthanol Ge-acyltransferase (EEB1), (putative) aryl-alcohol
dehydrogenase (AAD3), NADPH-dependent aldo-keto reductase (YPR1), 3-methylbutanal reductase and
NADPH-dependent methylglvoxal reductase (GRE2), alcohol dehyvdrogenase 1 (ADH1), alcoheol
dehvdrogenase 2 {(ADH?2), aleohol dehydrogenase 3 (ADH3), alcobol dehydrogenase 4 (ADHA4), aleohol
dehvdrogenase 5 {(ADHS), alechol dehydrogenase 6 (ADHG), alcobol dehydrogenase 7 (ADHT), aldehyde
reductase (YDRS34 1¢), branched-chain anmino-~acid aminotransferase (BAT2), hexadecenal dehydrogenase
(HFD1), prephenate debydrogenase (TYR1), and prephenate dehydratase (PHAZ).

(80361 E14. The engincered microbial coll of anv of embodiments E12-E13 wherein expression of a
Fene accurs in an cnryme selected from the group consisting of (4-Hydroxyphenylacetaldehyde synthase
(HPAAR), aspartate-prephenate aminotransferase (PAT), arogenate dehydratase (ADT), arogenate
dehydrogenase (AAT), phosphokeatolase (PK), and Undine 53 '-diphosphoghicosyltransferase (UGT).
(3033} E1S. The engincered microbial cell of any of embodiments E12-E14, wherein the reduced
byproduct is sclected from the group consisting of tyrosol, phenylethancl, and methionol

(8632} E16. The engincered microbial cell of any of embodiments E12-E15, wherein the engineered
microbial cell produces a benzylisoqguinoline alkaloid selected from the group consisting of
benzylisoguinolines, promormphinans, morphinans, protoberberines, protopines, benzophenanthndines,
secoberberines, phthalideisoquinolines, aporphines, bisbenzylisogquinolines, nal-opioids, and nor-opioids.
(8633 E17. A method of producing benzylisogquinoline allaloid products using an enginecred
microbial celf of any of embodiments E12-Ei6.

(6034} EI18. Anengineered microbial cell that produces benzylisoquinoline afkaloids, wherein the
engincered microbial cell comprises a modification to improve S-adenosyl-L-methionine (SAM)
recycling.

{6835}  EI19 The cngincered microbial cell of ermbodiment E18, wherein the engineered pucrobial cell
comprises overexpression of S-adenosyl-L-horaocysteine hydrolase (SAHI), thereby increasing recovery
of S-adenosyl-L-homocysteine (SAH).

f6036] E20. The enginecred mucrobial cell of embodiment E19, wherein the SAH1 is a native SAHL
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[8637F E21. The engincered microbial cell of any of embodiments E18-E20, wherein the engineercd
microbial cell comprises overexpression of methionine synthase (METG), thereby increasing recovery of
SAH.

[6038] E22. The engincered microbial cell of embodiment E2 1, wherein the METG is a native METS,
(60397  E23. The engincered microbial cell of any of embodiments E18-E22, wherein the ongincered
microbial celf comprises overexpression of S-adenosyimethionine synthetase (SAM2), thereby increasing
recovery of SAH,

[6048] E24. The engincered microbial coll of cmbodiments E23, wherein the SAM?2 is a native SAMZ,
(6043  E25. A method of producing benzylisoquinoline alkaloid products using an ongincered
microbial cell of any of embodimentis E12-E25.

j6042] E26. The nwthod of embodiment E6, wherein the rntated norcoclaurine synthase comprises the
mutation 135N with reference to SEQ 1B NO: 70,

(8043}  E27. The method of embodiment E6, wherein the matated norcoclanrine synthase consists of
the mtation [155N with reference to SEQ ID NO: 70, and wherein the engineered norcoclauring synthase
has been tnincated at the N-terminus.

[0044] E28 The method of embodiment E6, wherein the mmtated norcoclauring synthase comprises
one ot more of the mutations D149T and 1155N with reference to SEQ 1D NO: 70,

(00431 E29. The method of embodiment E6, wherein the mutated norcoclaurine synthase comprises the
mutations D149T and T155N with reference to SEQ 1D NG: 70,

[8046]  E30. The method of embodinent E6, whercin the nwiated norcoclanning synthase consists of
the mutations D 1497 and 155N with reference o SEQ ID NG: 76, and wherein the enginecred
norooclaurine synthase has been truncated at the N-terminus.

[8647F E31. The method of embodiment B6, wherein the mutated norcoclannine synthase has at least
75% homology to SEQ. 1D NO. 70

[8048] E32. The method of embodiment E6, wherein the mutated norcoclaurine synthase has at least
80% homology to SEQ. ID RO, 70.

[8048]  E33. The method of embodiment E6, wherein the mutated norcoclaurine synthase has at least
85% homology to SEQ. ID RO, 70.

[6036] E34. The method of embodiment E6, wherein the mutated norcoclaurine synthase has at least
90% homology 1o SEQ. ID NO. 70,

(6051} E35. The method of embodiment E6, wherein the mutated norcoclaurine synthase has at least
95% bomology to SEQ. I NG. 70

[6052]  E36. Animproved norcoclaurine synthase (NCS) vanant, whercine (1) the amino acid sequence
of the NCS vanant {5 at least 95% identical to SEQ 1D NG70; (i) the NCS variant comprises an N-
terminal trancation relative to the Coptis japonica norcoclaurine synthase of SEQ ID NO:69 (GINCS )
wherein the N-terminal truncation is a truncation of between 20 apd 40 consecutive amino acid residues at

the Neterminus of the CINCS of SEQ 1D NO:69; and (i1t} yeast celis engincered to express the NCS
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variant are capable of increased production of norcoclaurine, relative to corresponding yeast cells
engineered to express the CiNCS of SEQ 1D NO:69 when tested under the same assay conditions.

(60331  E37. The NCS variant of erabodiment E36, wherein: (a) the N-terminal funcation is a
truncation of amine acids 1-22 (A1-22) of the CiNCS of SEQ 1D NO:6Y; (b) the N-terminal truncation is a
truncation of amino acids 1-36 (A1-24) of the CiNCS of SEQ 1D NO:6Y; (¢) the N~terminal truncation is a
truncation of amine acids 1-26 (A1-26) of the CINCS of SEQ 1D NO:6Y; (d) the N-terminal truncation is a
truncation of amino acids 1-28 (A1-28) of the CjNCS of SEQ 1D NG:69; (¢) the N-terminal truncation is a
truncation of aminge acids 1-32 (A1-32) of the CiNCS of SEQ 1D NO:69; () the N-torminal truncation is a
truncation of amino acids 1-34 (A1-34) of the CjNCS of SEQ 1D NG69; or (2) the N-crminal truncation
is a truncation of aming acids 1-36 (A1-36) of the CINCS of SEQ 1D NO:69.

[6054] E38. The NCS variant of erobodiment E37, wheretn the NCS vanand consists of the amino acid
sequence of SEQ 1D NO:70.

(8058}  E39. An improved norcoclaurine synthase (NCS) vanam, wherein: (1) the amine actd sequence
of the NCS vanant is at least 95% identical to SEQ 1D NO:70; (1) the NCS variant comprises at least one
aming acid substitution relative to SEQ 1D NO:70, and the at least one anino acid substitotionis at a
position corresponding to amino acid residue 70, 81, 91, 101, 104, 147, 149, 151 or 155 of SEQ ID
NO:70; and (i) yeast cells engineered to express the NCS variant are capable of increased production of
norcoclaurine, relative to corresponding yeast cells enginecred to express the NCS of SEQ ID NO70
when tested under the same assay conditions.

(8G56] E40. The NCS vanant of any of crabodiments E36-E39, wherein the increased production of
norcoclaurine is at Jeast 1.25-fold the production of the corresponding yeast cells engincered to exprass
the NCbS of SEQ 1D NG: 70

[8657] E41. The NCS vanant of any of crabodiments E36-E40, wherein the incrcased production of
norcoclaurine is at least 1.5-fold the production of the corresponding yeast cells enginecred to express the
NCS of SEQ D NQO: 70

[8G58]  E42. The NCS varant of any of embodiments E36-E41, wherein the increased production of
norcoclauring i at least 2.0-fold the production of the corresponding yeast cells enginecred to express the
NCS of SEQ D NQO: 70

[6039]  E43. The NCS variant of any of enmbodiments E36-E42, wherein the increased production of
noreoclauring is at least 5.0-fold the production of the corresponding yeast celis engineered to express the
NCS of SEQ ID NO: 70

[6068] Ed4, The NCS variant of any of corbodiments E36-E43, wherein the increased production of
norcoclanring is at least 10.0-fold the production of the corresponding veast cells engineered ¢ express
the NCS of SEQ ID NG: 69,

[6063] Ed45. The NCS variant of any of embodimenis E36-E44, wherein the increased production of
parcoclaarine is deterrmuined by assaving colture mediom generated from cultaring veast cells in the
culture medinm for the concentration of norcoclanrine or a downstream product thereof using Hgmd

chromatography mass spectrometry (LCMS).
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[8062] E46. The NCS variant of any of embodiments BE36-E45, wherein the NCS variant compriscs at
least one amino acid substitution relative to SEQ 1D NO: 70 selected from: M70L, M701 and M70V,;
Y8IF, KU1A, K91V, K918 and KOIL, DI01S and DI0TA; F104L; L147Y, L147H and L147F; D149N,
1497 and D1498; VISIE, VISTIA, VISIK, VI5iT and VI51S; and 1155, 11554, 11557, A1558 and
AISSN

(6063  E47. The NCS variant of any of embodiments E36-E40, wherein the NCS variant comprises the
folowing amino acid substitations relative to SEQ D NG 76, DI49T and 11550, D149T and T135N; or
21498 and 11550,

[6064] Ed48 The NCS variant of any of embodimenis E36-E47, wherein the amine acid substitutions 1o
the NCS variant relative to SEQ 1D NO: 78 consist of) D149T and 1155, D149T and 1155N; or D498
and 11350,

{8063}  Ed49. The NCS variant of any of embodiments E36-E48, wherein the NCS vanant comprises the
following amino acid substitutions relative to SEQ ID NG: 70 (a) F104L, DI49N and [155Q; (b) K918,
B149T and 1155Q; (¢) K91A, D149T and [1350Q; (d) K91V, D149S and T155N; (e) Y81F, K91A and
149N, or (f) Y8IF, D149N and 1155N,

(80661  E50. The NCS vanant of any of cmbodiments E36-E49, wherein the amino acid substitutions in
the NCS variant relative to SEQ 1D NO: 70 consist of: (a) F104L, DI49N, [155Q; (b) K915, D1497T,
11350 (¢) K91A, DI49T, 1155Q; (D KO1A, D497, 1155Q; (2) K91V, D1495, 135N, (f) Y8IF, K91A,
D149N; or (g) YE1F, DI149N, T155N.

(86677 E51. The NCS vanant of any of crabodiments E36-E30, wherein the NCS variant comprises the
following aming acid substitutions relative to SEQ 1D NOG70: (a) K918, DIOIS, FI64L, D149T, TI550Q;
{by N2S, M70L, F140A, D 1497 T153N; (¢) M70L, K91A, DI49T, [1535N,

[8668] E52. The NCS vanant of any one of embodiments E36-ES5 1, wherein the amino acid
substitotions in the engincered NCS relative to 3EQ ID NO: 70 congsist of: (2) K918, DIOIS, FL04L,
D149T, 1153Q; (b)Y N28, M70L, F140A D1497T, HI55N; (¢y M70L, K91A D1497 155N,

[B06%]  E33. The NCS vaniant of any of embodiments E36-E52, wherein the NCS variant comprises
one or more of the following mutations relative to SEQ D NO: 70: M70L D1497, and 155N,

[8678] E34. The NCS variant of any of embodiments E36-ES53, wherein the NCS variant comprises the
following mutations relative to SEQ 1D NO: 70: M70L, D1497T and T155N.

(6071} ESS. The NCS variant of any of embodiments E36-E54, wherein the aminoe acid substitutions in
the NCS variant relative to SEQ ID NG: 70 consist of: M701L, D1497, and T155N.

[6072]  ES6. The NCS variant of any of cobodiments E36-ES5, wherein the NCS vanant 15 170-176
aruion acids 1o length

[6073F  ES7. The NCS variant of any of corbodiments E36-ES56, wherein the NCS vanant is 174-175
amno acids 1o length

[6074] ES8. The NCS variant of any of embodimenis E36-E57, whercin the NCS vanant 1 173 amino

acids intlength.
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[8078F  E39 The NCS variant of any of embodiments E36-E58, wherein the amine acid sequence of the
NCS variant is at least 97.3% identical to SEQ 1D NO: 70.

[8076] EGO. The NCS variant of any of embodiments E36-E59, wherein the NCS variant consists of
the amino acid sequence of SEQ 1D NG: 71

(66777 E6L. The NCS variant of any of embodiments E36-E60, wherein the NCS variant consists of
the amino acid sequence of SEQ 1D NG: 72.

[6078]  Eo2. The NCS variant of any of eodbodiments E36-E61, wherein the NCS variant consists of
the amino acid sequence of SEQ I3 NG: 73.

(6079  Eo3. Animproved norcoclaurine synthase (NCS) vanant, whercine (1) the amino acid sequence
of the NCS vanant 1s at least 95% identical to SEQ ID NG:74; (i) the NCS variant comprises at least ong
amine acid substitution relative o SEQ ID NO:74, and the at least one arino acid substitotion is at a
position corresponding to amine acid residue 70, 81, 91, 101, 104, 147, 149, 151 or 153 of SEQ ID
norcoclaurine, relative (o corresponding veast cells enginecred (o express the NCS of SEQ 1D NO74.
{6088} Eo4. The NCS variant of any of embodiments E36-E63, wherein the increased production of
norcoclaurine is at feast 1.25~fold the production of the corresponding yeast cells engincered to express
the NCS of SEQ 1D NO: 74.

(008317 EO6S. The NCS vadant of any of cmbodiments E36-E64, wherein the increased production of
norcaeclaurine is at Jeast |.5-fold the production of the corresponding veast cells enginecred to express the
NCS of SEQ [D NO: 74

(8682} Eo6. The NCS vanant of any of crabodiments E36-E65, wherein the increased production of
norcoclaurine is at least 2.0-fold the production of the corresponding yeast cells enginecred to express the
NCS of SEQ [D NO: 74,

[8683] E67. The NCS vanant of any of erabodiments E36-E66, wherein the increased production of
norcoclauring i at least 5.0-fold the production of the corresponding yeast cells enginecred to express the
NCS of SEQ D NO: 74

[8084] Eo%. Animproved norcoclapnne synthase (NCS) variant, wherein: (i) the amino acid sequence
of the NCS variant is at least 95% identical to SEQ D NO:T5; (i) the NCS variant comprises at least one
aming acid substitution relative to SEQ ID NGO:75, and the at least one amino acid substitution is at a
position corresponding 10 amino acid residue 70, 81, 91, 101, 104, 147, 149, 151 or 155 of SEQ 1D
NO:70; and (3it) veast cells engineered o express the NCS variant are capable of increased production of
norcociauxine, relative to cotresponding veast cells engineered to express the NCS of SEQ ID NG:75
when tested noder the same assay conditions.

[6083]  Eo9 Animproved norcoclaurine synthase (NCS) vanant, whercine (1) the amino acid sequence
of the NCS vanant 1s at Ieast 95% identical to SEQ ID NG:76; (i) the NCS variant comprises at least ong
amino acid substitution relative o SEQ D NO:76, and the at least one amino acid substitution is at a
position corresponding to amino acid residue 70, 51, 91, 101, 104, 147, 149, {Stor 155 of SEQ 1D

NO70; and (3it) yeast cells engineered {0 express the NCS variant are capable of increased prodoction of
L I
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norcoclauring, relative to corresponding veast cells engineered to express the NUS of SEQ 1D NG:76
when tested under the same assay conditions.

[6086] E70. Animproved norcoclaurine svnthase (NCS) variant, wherein: (1) the amino acid sequence
of the NCS vanant is at least 95% identical to SEQ D NO77; (i) the NCS variant comprises at least one
amino acid substitution relative to SEQ ID NO:77, and the at least one amino acid substitution is at a
position corresponding 10 amino acid residue 70, 81, 91, 101, 104, 147, 149, 151 or 155 of SEQ ID
N0 and (3i1) veast cells engineered ¢ express the NCS variant are capable of 1ncreased production of
norcociaurine, relative to cotresponding veast cells engineered to express the NCS of SEQ ID NG 77
when tested noder the same assay conditions.

[6087F E71. Animproved norcoclaurine synthase (NCS) vanant, whercine (1) the amino actd sequence
of the NCS vanant 1s at Ieast 95% identical to SEQ ID NG:78; (i) the NCS variant comprises at least ong
aming acid substitution relative to SEQ D NO:78, and the at least one amino acid substitution is at g
position corresponding to amine acid residue 70, 81, 91, 101, 104, 147, 149, 15T or 1553 of SEQ 1D
norcoclaurine, relative (o corresponding veast cells enginecred (o express the NCS of SEQ 1D NO:T8
when tested under the same assay conditions.

(00881  E72. An improved norcoclaunne synthase (NCS) variant, wherein: (i) the amino acid sequence
of the NCS variant is at least 95% identical to SEQ ID NO:79; (31) the NCS variant comprises at least one
amino acid substitution relative to SEQ 1D NG79, and the at least one aming acid substiiution s at a
position corresponding to anino acid wesidue 70, 81, 91, 101, 104, 147, 149, 151 or I35 of SEQ I3
NO:70; and (1) yeast cells engincered to express the NCS variant are capable of increased production of
norooclauring, relative to corresponding veast cells engineared to express the NCS of SEQ 1 NG:79
when tested under the same assay conditions.

(8688}  E73. An improved norcoclapnne synthase (INCS) variant, wherein: (i} the amine acid sequence
of the NCS variant is at least 95% identical to SEQ ID NO:80; (1) the NUS vanant comprises at least one
amino acid substintion relative to SEQ 1D NGO:80, and the at least one amino acid substitntion is at a
position corresponding 1o amino acid residue 70, 81, 91, 101, 104, 147, 149, 151 or 135 of SEQ 1D
NO:70; and (G1i) veast cells engineered o express the NUS variant are capable of increased production of
noreoclaurine, relative to comresponding veast cells engineered to express the NCS of SEQ ID NO:80
when tested under the same assay conditions.

[6096] E74. Animproved norcoclaurine svnthase (NCS) variant, wherein: (1) the amino acid sequence
of the NCS vanant is at least 95% identical to SEQ 1D NO:81; (i) the NCS variant comprises at least ong
amino acid substitution relative to SEQ ID NO:81, and the at least one amino acid substitutionis at a
position corresponding to amino acid residue 70, 81, 91, 161, 104, 147, 149, 151 or 155 of SEQ 1D
NO70; and (3it) yeast cells enginecred to express the NCS vaniant are capable of increased prodaction of
porcoclaurine, relative to comresponding yeast cells engineered to express the NCS of SEQ ID NO:81

when tested pader the same assay conditions.
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[8691F  E7S5. An improved norcoclapnne synthase (NCS) variant, wherein: (i) the amino acid sequence
of the NCS variant is at least 95% identical to SEQ D NO:82; (i) the NCS variant comprises at least one
amino acid substitution relative to SEQ ID NO:82, and the at least one amino acid substitution is at a
position corresponding 10 amino acid residue 70, 81, 91, 101, 104, 147, 149, 151 or 155 of SEQ 1D
NO:70; and (3it) veast cells engineered o express the NCS variant are capable of increased production of
norcoclaurine, relative to comresponding veast cells engineered to express the NCS of SEQ 1D N(O:82
when tested noder the same assay conditions.

[6092F  E76. The NCS variant of any of codbodiments E36-E75, wherein the increased production of
norcociauxioe is determined by assaving colture mediom generated from cultunog yeast cells io the
culture medium for the concentration of norcoclaurine or a downstream product thereof using ligud
chromatography mass spectrometry (LCMS).

{8093}  E77. The NCS variant of any of embodiments E36-E76, whercin the NCS vanant comprises at
least one amine acid substitution relative to SEQ 1D NO: 70 selected from: M70L, M701 and M70V;
Y8IF; KO1A K91V, K918 and K911, DI0IS and DIOLA; FI104L, L147Y, L147H and L147F; DI49N,
DB1497 and D1498; VISIE, VI31A, VISIK, V151T and V1515, and 11550, 11554 11537, A1558 and
A135N,

(00947 E78. The NCS varant of any of embodimends E36-E77, wherein the NCS variant comprises the
following amino acid substitutions relative to SEQ 1D NO: 76: D149T and 11550 D149T and 1155N; or
1498 and 1155Q.

(8695} E79. The NCS variant of any of embodiments E36-E78, wherein the araioo acid substitutions
10 the NCS variant relative to SEQ ID NG: 70 consist of: 1497 and 1155Q; D149T and TI55N, or B149S
and 11550

[8696] E8C. The NCS vanant of any of erabodiments E36-E79, wherein the NCS variant comprises the
following aming acid substitptions relative to SEQ ID NG: 70: (a) F1O4L, B149N and 115503, (b) KOS,
D149T and 1155(3; (0) K91A, D1497 and V1530 (@) K91V, D1498 and 1155N; {(¢) Y81F, K91 A and
D149N; or () Y81F, D149N and 155N,

[8697F  E81. The NCS variant of any of embodiments E36-E80, wherein the aminoe acid substitutions in
the NCS variant relative to SEQ 1D NO: 70 consist of: {a) F104L, DI49N, 115543 (b) K918§, D149,
1153503 () K91A, DI4YT, 1155Q; (d) K91A, DI49T, 1153Q; (o) K91V, DI149S, [155N; (f) Y8IF, K91A,
D149N; or () Y8IF, D149N, T155N.

(6098}  E82. The NCS variant of any of embodiments E36-E81, wherein the NCS variant comprises the
folowing amino acid substitutions relative to SEQ 1D NO: 76: (a) K918, BIGIS, Fi04L, D149T, 11553,
{b) N25, M70L, F140A, D149, T135N; {¢) M70L, K91 A, D149T, TI55N,

[6099F  E83. The NCS variant of any of embodiments E36-E&2, wherein the amine acid substitutions 1o
the engineered NCS relative to SEQ 1D NO: 70 counsist of: (a) K918, DIO1S, FI104L, D49T, 11554 ()
N2S, M70L, F140A, D 1497 1153N; (¢ M70L, K91 A, D149T, 11535N,

[601068] E5B4. The NCS variant of any of embodiments E36-E83, whercin the NCS vanant comprises

one or more of the following mutations relative to SEQ 1D NG: 70 M70L D149T, and 1155N.
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[86163] E8S. The NCS variant of any of embodiments E36-E84, wherein the NCS variant compnises the
following mutations relative to SEQ D NO: 70: M701L, D1497T and HSSN.

(601621 E86. The NCS variant of any of embodiments E36-E85, wherein the aminoe acid substitutions in
the NCS variant relative to SEQ ID NG: 70 consist of: M701L, D1497, and T155N.

(601631 E87. The NCS variant of any of embodiments E36~-E86, wherein the amine acid sequence of the
NCS variant is at least 97.5% identical to SEQ ID NG 74,

[60164] ES8. The NCS variant of any of corbodiments E36-ER7, wherein the amine acid sequence of the
NCS variant is at least 97.5% identical to SEQ ID NO:75.

[60163] EBS The NCS variant of any of corbodiments E36-E88, wherein the amine acid sequence of the
NCS variant is at least 97.5% identical o SEQ D NG:76.

j60186] E9G. The NCS variant of any of embodiments E36-E89, whercin the amine acid sequence of the
NCS variant is at least 97 5% identical to SEQ D NO777.

[60187] E91. The NCS variant of any of embodiments E36-E90, wherein the amine acid seguence of the
NCS variant is at least 97 5% identical to SEQ D NOT8

[60108] E92. The NCS variant of any of embodiments E36-E91, wherein the amine acid seguence of the
NCS variant is at least 97.5% identical to SEQ ID NO79,

(00169] E93. The NCS vanant of any of cmbodiments E36-E92, wherein the amine acid sequence of the
NCS variant is at least 97.5% idontical to SEQ ID NO:80,

(801167 E9%4. The NCS vanant of any of crabodiments E36-E93, wherein the amine acid sequence of the
NCS variand is at least 97.5% identical to SEQ 1D NO:81.

(BG113] E9S. The NCS vanant of any of crobodiments E36-E%4, wherein the amine acid sequence of the
NCS vanand is at least 97.5% wdentical to SEQ ID N(:82,

[B01%2] E96. An engineered norcoclaurine synthase corprising an N-terminal trugcation and/or one or
more amingo acid mutations compared to a non-engineered wild-type norcoclavrine synthase, wherein the
engincered norcoclaurine synthase has increased condensation activity compared t0 a non-engincered
wild-type norcoclaurine synthase.

(80113} E97. The engincered norcoclanrine synthase of embodiment E96, whercin the engincered
norcoclauring synthase comprises an N-terminal truncation compared 10 a non-engincered wild-type
norcoclaurine synthase.

[66114] E98. The engincered norcoclaurine synthase of cmbodiment E96, wherein the engincered
norcociaurine synthase comprises one or more amino acid mutations compared to a non-enginecred wild-
type norcaclaurine synthase.

[68135] E99. The cngineered norcoclaunne synthase of any ooe of embodiments E96-E98, wherein the
engineered norcoclaunne synthase comprises at least 90% sequence identity to the amino acid sequence of
SEQ 1D NG: 69, 70,71, 72,73, 74, 75,76, 77, 78, 79, 80, 81, or 82,

[3136] EI60. The engineered norcociaurine synthase of any one of embodiments E96-E99, wherein the

enginecred norcoclaurine synthase comprises at keast one mutation at one or more amigo acid residue
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positions selected from the group consisting of amine acid residue 70, 81, 91, 101, 104, 147, 149, 151,
and 155, with reference (o the amino acid sequence of SEQ. ID. NO: 70

[66117] EI101. The engineered norcociaurine synthase of any one of embodiments E96-E100, wherein
the engineered norcoclaurine syanthase condenscs a BIA procursor.

[60118] E102. The engincered norcoclaurine synthase of embodiment 101, wherein the BIA precursor
is one or more of norcoclanrine (NC) and norlaudanosoline (NL).

(68139 E103. A method of increasing production of thebaine tn an engineered microbial cell, the
method comprising: (a) introducing into the engincered microbial coll a heterclogous polypucicotide
scquence that encodes a uridine 57 -diphospho-~ghicosyliransferase; (b expressing the uridine 57-
diphospho-glucosyliransferase within the engineered micrabial cell; and (o) producing increased levels of
thebaine within the engineered microbial cell compared to a non-engineered microbial cell, wherein the
uridine 5 diphospho-glucosyliransferase converts a phenol to an aryl beta-D-glacoside within the
enginecred microbial cell

[60128] E164. The method of embodiment E103, wherein the heterologous polynucleotide sequence
that encodes the uridine 3 -diphospho-ghicosyltransferase is positioned at a HX'T3 locus in the engineered
microbial cell.

[001231] E103. The method of any of embodiments E103-E104, wherein the heterologous
polvancleotide sequence that encodes the nridine 5™ -diphospho-ghacosyitransferase construct is positioned
at ap EGH] locus inthe engineered maicrabial cell.

(861227 E106. The method of any of embaodiments EH03-E015, wherein the heteroclogous
polyancleotide sequence that encodes the uridine 57 -diphospho-ghicosyltransferase construct is positioned
at a HSTZ locus in the engincered microbial cell.

(861237 E107. The method of embodiment E106, whercin BAT? is deleted from the backgronnd of the
mucrobial cell.

(801247 E108. The method of any of embodiments E103-E107, wherein the engincered microbial cell
further comprises an inactivation mutation comprising a deletion of EGH1

(861257 E109. The method of any of embodiments E103-E108, wherein the expression of the uridine
5’-diphospho-glucosyhransierase within the engincered microbial cell reduces the accurmulation of fusel
alcohols.

[60126] E110. The method of enbodiment E109, wherein the expression of the uridine 5”~diphospho-
glucosyltransferase reduces the accummulation of tyrosol within the engineered microbial cell.

(601277 E1ll The oethod of coxbodiment E10Y, wherein the expression of the uridine 5 -diphospho-
glucosyltransferase redices the accummulation of phenvlcthano! within the congineered microbial cell.
[60128] E112. The method of eorbodiment E10Y, wherein the expression of the uridine 5 -diphospho-
glacosyvltransferase reduces the accumuldation of methionol within the enginecred microbial cell.

[63129] EI{3. A method of producing a bepzylisoquinohine alkaloid (BIA) product 1o an engineered
hast celithe method comprising: (3) expressing an engineered norcoclaurine syanthase 1o the engineered

bost cell; (b) coniacting the engineered norcoclaurine synthase with a BIA-precursor substrate; and (¢}
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producing the BIA product within the host cell; wherein the enginecred norcoclaurine synthase comprises
an N-terminal truncation and/or one or more amino acid mutations compared (o a non-enginecred wild-
fype norcoclaurine synthase, and has increased condensation activity compared fo a non-engineered
norcoclaurine synthase; and wherein the engincered host cell produces more BIA product than a non-
engincered host cell
(601301 E114. The method of embodiment E113, wherein the engineered norcoclaurine svnthase
comprises an N-terminal trupcation compared to a nos-engineered wild-type norcoclaurioe svathase.
(60133} E115 The wethod of embodiment E113 or E114, wherein the engineered vorcoclaurine
synthase comprises onc ¢r more amino acid swiations compared to a pon-eaginesred wild-type
porcoclaurine synthase.
[60132] Ell6. The method of any one of embodiments EH3-E115, wherein the engincered
norcoclaurine synthase comprises at feast 90% sequence identity to the anine acid sequence of SEQ D
NG: 69,70, 71, 72,73, 74, 75,76, 77,78, 79, 80, 81, or 82.
[80133] E117. The method of any one of embodiments E113-E116, wherein the engineered
norcoclaurine synthase comprises at least one amine acid mutation at one or more residue positions
sclected from the group consisting of anino acid residue 70, 81, 91, 101, 104, 147, 149, 151, and 1535 with
reference o the amine acid sequence of SEQ. ID. NOG: 70.
[00134] E118 The method of anv one of embodiments E113-E117, wherein the engineered host celf
produces a BIA selected from the group consisting of benzylisoquinolines, promorphinans, morphioans,
protoberberines, protopines, benzophenanthridines, secoberberines, phthalideisoquinolines, aporphines,
bisbenzyhisoquinolines, nat-opioids, and nor-opicids.
[B013%) E119. Anengincered host cell that produces a benzylisoguinoline alkaloid (BIA) product, the
engincered host cell comprising: (i) one or more engineered biosynthetic enzymes that reduces
accumuolation of onc or more byproducts that inhibits the production of the BIA product; and/or (3i) an
mactivation of one or more genes that results in the reduction of accumulation of one or more byproduct
that inhabits the production of the BIA product.
[80136] E120. The engineered host cell of embodiment E119, wherein the one or more enginecred
biosynthetic enzymes compriscs at least one amino acid modification compared to 2 non-engineered wild-
type biosynthetic synthase.
(601377 EI121. The engincered host cell of embodiment E119 or B120, wherein the inactivation of onc or
MOTS gONes OCCUrS in one or more genes that encodes an enzyme selected from the group consisting of
aromatic aminotransforase {(AROR), aromatic aminoiransferase {AROY), phenyipyruvate decarboxylase
{ARO10), pyravate decarboxylase (PRCL), pyruvate decarboxvlase (PDCS), pyruvate decarboxviase
(PD{6), aldehyde reductase (ARIL), alcobhol acetvitransferase 1 (ATF1), alcohol acetyHransferase 2
{ATE2), octanovl-coenzyme Accthanol acyitransferase (EHTL), acyl-coenzyme A¢thanol G-
acyliransferase (EEB 1), (putative) aryvl-alcohol dehydrogenase (AAD3), NADPH-dependent aldo-keto
reductase (YPR1), 3-methylbutanal reductase apd NADPH-dependent methviglyoxal reductase {GREZ),
alcohol dehydrogenase 1 (ADH), alcohol dehydrogenase 2 {ADH2), alcohol dehydrogenase 3 (ADH3),
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alcohol dehydrogenase 4 {ADH4), alcohol dehvdrogenase 5 (ADHS), alcohol dehydrogenase 6 {ADHG),
alcohol dehydrogenase 7 {ADH7), aldehyde reductase (YDR341c¢), branched-chain amino-acid
aminotransferase (BAT2), hexadecenal dehyvdrogenase (HFD D), prephenate dehydrogenase (TYR1), and
prephenate dehydratase (PHA2).

[60138] E122. The engineered host cell of any one of erobodiments E119-E121, whercin the onc or
more engineerad biosynthetic enzymes is selected from the group consisting of (4-
Hyvdroxyphenylacetaldehyde synthase (HPAAS), aspartate-prephenate aminotransferase (PAT), arogenate
dehydratase (ADT), arogenate debydrogenase (AAT), phosphoketolase (PK), asd Uridine 5°-
diphosphoglucosyitransferase (UGT).

[3139] EI123. The engineered bost cell of any one of embodiments E119-E122, wherein the one or
more enginecred biosyathetic enzyimes and/or the inactivation of one or more genes reduces the
accurnulation of a byproduct selected from the group consisting of tyrosol, phenylethanol, and methionol.
[60148] E124. The engineered host cell of any one of embodiments E119-E123, wherein the enginecred
host cell produces a BIA product selected from the group consisting of benzvlisoguinolines,
promorphinans, morphinans, protoberberines, protopines, benzophenanthridines, secoberberines,
phthalideisoquinolines, aporphines, bisbenzylisoguinolines, nal-opioids, and nor-opioids.

[001431] E125. A method of producing one or more BIA prodncts using the engincered host cell of
anyone of cnmbodiments ET19-E124.

(801427 E126. Anengincered host cell that produces a benzylisoquinoline alkaloid (BIA) product, the
engincered host cell comprising one or more modifications that increases S-adenocsyl-L-methionine
(SAM) recyching compared o a nos-cngineered host cell.

[80143] E127. The engincered host cell of embodiment E126, wherein the engineered host celf
comprises one or rmore modifications that cause overexpression of S-adenosyl-L-homocysteine hydrolase
{(SAH1) compared o a non-enginecred host cell. thereby increasing recovery of S-adenosyl-L-
homocysteine {SAH} in the engincered host ccll.

[80144] E128 The enginecred host cell of embodiment E127, wherein the SAHT 15 a native SAHTL.
[80143] E129. The enginecred host cell of any one of embodiments E126-F128, wherein the engincered
host cell comprises one or more modifications that cause overexpression of methionine synthase (METS)
compared to a non-enginecred host cefl, thereby increasing recovery of SAH in the engineered host cell.
[60146] E130. The engincered host cell of embodiment E129, wherein the METG is a native METS,
(601477 E131 The engincered host cell of any one of embodiments E126-E130, whercin the engincered
hast cell comprises one or more modifications that cause overexpression of S-adenasybmethionine
synthetase (SAM2) compared to a son-engincerad host cell, thereby increasing recovery of SAH inthe
engincered host cell

j60148] EI132. The engincered host cell of embodiment E131, wherein the SAM?Z is a native SAM2,
[3149] EI133. A method of producing a benzylisoquinohine alkaloid prodects (BIA) product using an

enginecred host cell of any one of embodiments E126-E132.
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[60156] E134. The method of any onc of embodiments E113-E1135, wherein the engineered
norcoclaurine synthase is a fusion enzyme.

[60153] E135 The method of embodiment E134, wherein the enginecred norcoclaurine synthasc is
fused to a L-3 4-dibydroxyphenylalanine (L-DOPA) decarboxylase enryme.

(601321 E136. The method of any one embodiments E113-E118, E125, and E133~E135, wherein the
engincered host cell is a microbial cell.

[68153] E137. The engincered bost cell of any one of erabodiments E119-E124 and E126-E132,

wherein the enginecred host cell is a microbial cell

INCORPORATION BY REFERENCE
[60154] Al publications, patents, and patent applications mentioned in this specification are hercin
incorporated by reference to the same extent as if each individual publication, patent, or patent apphication

was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
(60133} The novel features of the invention are set forth with particolarity in the appended claims. A
better uonderstanding of the features and advantages of the 1ovention will be obtained by reference to the
following detailed descrption that sets forth Hlustrative embedirents, in which the principles of the
invention are uttlized, and the accompanying drawings of which:
[60136] FIG. 1 illustrates a biosynthetic scheme for conversion of glucose to 4-HPAA, dopamine, 3.4+
DHPAA, apd I-beazylisoquinoline alkalotds to reticaline, in accordance with some embodiments of the
invention,
[80187] FIG. 2 illustrates examples of tvrosine hydroxylase activities, and synthesis, recycling, and
salvage pathways of tetrahydrobiopterin associated with tyrosine 3-1monooxygenase activities, in
accordance with some embodiments of the invention.
[00138] FIG. 3 dliustrates a biosvathetic scheme for conversion of L-tyrosine to reticuline via
norceclaurine and noraudanosoling, in accordance with some embodiments of the invention.
[80139] FIG. 4 diustrates a biosvnthetic scheme for conversion of L-tyrosine to morphinan alkaloids,
1ocluding natoral asd semi-synthetic opioids, in accordance with some embodinents of the 1ovention.
(80166} FIG. § diustrates a biosynthetic scheme for production of natural opicids, including isomers of
codeine and oworphine, in accordance with some embodiments of the investion.
(80163} FIG. ¢ illostrates a biosynthetic scherne for prodoction of nor-opinids and nal-opioids, in
accordance with some embodiments of the invention,
(80162} FIG. 7 illostrates a biosynthetic scherne for production of noscapine and related pathway
metabolites, in accordance with some embodiments of the invenion
(80163} FIG. 8 illustrates a biosynthetic scheme for prodoction of sanguinanne and related pathway
metabolites, in accordance with some embodiments of the invention.
(601641 FIG, ¢ illustrates a biosynthetic scheme for production of berberine and related pathway

metabolites, in accordance with some embodiments of the invention.
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[80163) FIG. 10 illustrates a biosynthetic scheme for production of bisBIAs and related pathway
metabolites, in accordance with some embodiments of the mventon

(601667 FIG. 11 Nustrates an enzymie having opicid 6~-0-demethylase activity, in accordance with some
embodiments of the invention.

(001677 FIG. 12 ustrates an enzymie having opicid 3-0-demethylase activity, in accordance with some
embodiments of the invention.

[60168] FIG. 13 tlustrates an enzyme having opicid N-demethylase activity, tn accordance with some
cmbodiments of the irvention.

[60169] FIG. 14 illustrates an enzyvme having opicid 14-hydroxylase activily, inaccordance with some
crabodiments of the invention.

[3178] FIG. 1S illustrates an enzyme having opicid aleshol oxidoreductase activity, in accordance with
some embodiments of the invention.

[80171] FIG. 16 illustrates an enzyvine having opioid reductase activity, in accordance with some
embodiments of the invention.

[80172] FIG. 17 iHustrates an enzyine having opicid isomerase activity, in accordance with somge
cmbodiments of the invention.

[00173] FIG. 18 ilustrates an enzyme having N-methvliransferase activity, in accordance with some
cmbodiments of the invention.

[B0174] Fid. 19 illusteates veast platform strains for the production of reticuline from L-tyrosioe, 1o
accordance with some embodiments of the jnvention

[B0175] FIG. 20 illusteates yeast strawns for the production of thebaine and bydwocodone from L-
tyrosing, in accordance with sore embodiments of the invention.

[30176] FIGS. 21A-C lustrates the production of morphinan alkaloids from sugar and L-tyssoine from
engincered yeast strains, in accordance with embodiments of the invention.

[80177) FIG. 22 illustrates an enzyvme having norcoclauring synthase activity, in accordance with
embodiments of the invention.

[80178] FIG. 23 depicis a phylogenetic tree of selected plant Bet v | proteins with predicted NCS
activity. Represented species are Copfis japonica, Thalictrum flavum, Argemone mexicana,
Sinopodophylium hexandrum, Papavey bracteatum, Papaver sommiferum, and. Cordalyis saxicola, in
accordance with embodiments of the invention.

(601791 FIG. 24 depicts N-terminal truncations of CINCS (SEQ 1D NO: 69) and the offect on enzvmatic
activity, in accordance with embodiments of the invention

[60188] FIG. 28 depicts the key residues identified in a directed evolution screen of NCS (SEQ I3 NO:
70) (Table 6) mapped to the crystal structure of TINCS (PDB: SN8Q), in accordance with embodunents
of the invention.

[60181] FIG. 26 depicts the key residues for improving norcoclauring synthase activity in the template

mexicana, Sinopodophylium hexondrum, Papaver bracteatum, Papaver somniferum, and Cordalyis
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Saxicola (SEQ 1D NOS 69 and 75-82, respectively, in order of appearance), in accordance with
embodiments of the invention.
(601821 FIG. 27 depicts engineered NCS vanants with enhanced norcoclanrine synthase activity, in
accordance with embodiments of the invention.
[60183] FIG. 28 depicts norcoclaurine synthase activity in the presence of increasing dopamine
concentration, in accordance with embodiments of the invention
[60184] FIG. 29 depicts a bioprocess for thebaine, in accordance with erabodiments of the invention.
[65185] FiIG. 38 depicts another bioprocess for thebaine, 1n accordance with embodinents of the
Hwention
[eB186] FIG. 31 depicis a bioprocess for noscapiae, in accordance with embodiments of the invention.
[60187] FIG. 32 Hlustrates a biosynthetic scheme for conversion of ghicose to 4-HPAA, dopamine, 3,4~
DHPAA, and 1-benzylisoguinoline alkaloids {o reticuline, in accordance with some embodiments of the
invention.
[60188] FIG. 33 ilustrates a biosynthetic scheme for conversion of chorismate to tyrosine and
phenylalanine through the arogenate intermiediate, in accordance with some embodiments of the
ipvention.
[00189] FIG. 34 lustrates a biosynthetic schome for glveolvsis with the phosphoketalase providing a
route 1o acetyl-CoA, inaccordance with some embodiments of the invention
[00196] FIG. 35 depicts a bioprocess for thebaine, in accordance with embodiments of the iovention
[00191] FIG. 36 depicts a bioprocess for thebaine, in accordance with embodiments of the iovention
[00192] FIG. 37 depicts a bioprocess for thebaine, in accordance with embodiments of the iovention
[30123] FIG. 38 depicts a bioprocess for thebaine, 1n accordance with embodiments of the ipvention.
(801847 FIG. 39 ilustrates a biosynthetic scheme for the recycling of methionioe in accordance with
embodiments of the invention.
[60195] FIG. 40 depicts a bioprocess for thebaine, in accordance with embodiments of the invention.
DETAILED DESCRIPTION OF THE INVENTION
(8019861 The present disclosure provides methods for the production of diverse benzylisoquinoling
allaloids (BIAs) 1n enginecred host cells. The present disclosure further provides compositions of diverse
allaloids produced in enginecred host cells. Addinonally, the present disclosure provides methods for the
production of one or more Bet v 1-fold proteins 1 host cells enginecred with a plurality of heterologous
enzymes to produce a diverse benzylisoquinoline alkaloid product from simple starting materials such as
sugar and/or L-tyrosine. Additionally, the present disclosure provides methods for the production of one
or more engineered Bet v 1-fold proteins in engineered host cells. In particular cases, the disclosure
provides methods for increasing production of diverse alkaloid products by engineered Bet v 1-fold
proteins with N-terowinal truscations. e further particular cases, the discloswre provides owethods for
increasing production of diverse alkaloid products by engineered Bet v 1-fold proteins with patticular

amino acid mutations that increase activiy. In particular cases, the disclosure provides metheds for
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producing benzylisoquinolines, promorphinans, morplunans, protoberberines, protopines,
benrophenanthridines, secoberberines, phthalideisoguinolines, aporphines, bisbenzy lisoquinolines, nal-
opicids, nor-opioids, and others through the increased conversion of precursor BlAsto a
benzylisoquinoline alkaloid product in an engineered host cell. In further particular cases, the method
comprises ongineering the host cell with a plurality of heterologous enzymes to increase the production of
BiA precursors, including L-tyrosine and 4-HPAA. In farther particular examples, an engincered host
cell further comprises inactivating mutations in selected cozyimes that result 1 increased production of
diverse benzylisoguinoline atkaloid products ot decreased production of byproducis. In further particular
cxaraples, an engineered bost cell further comprises beterologous expression ot overexpression of selected
enzymes that resalt in increased production of diverse benzy isoquincling atkalowd products or decicased
production of byproducts. In farther particudar cascs, the byproducts comprise tyrosol, phenylethanol, or

methionol.

Benzviiseguinoline Alkaloids {BIAg) of Interest

[60197] Host cells which produce BIAs of interest are provided. In some examples, engincered straing
of host cells such as the enginecred strains of the invention provide a platform for prodocing
benzylisoquinoline alkaloids of interest and modifications thercof across several structural classes
including, but not limted to, precursor BlAs, benzylisogquinolines, promorphinans, morphinans,
protoberberines, protopines, benzophenanthridines, sccoberbernines, phthalideisogquinolines, aporphines,
bisbenzylisoquinolines, nal-opioids, nor-opioids, and others. Each of these classes is meant to include
biosynthetic precursors, intermediates, and metabolites thereof, of any convenient member of an
cnginoered host cell biosynthetic pathway that may lead to a member of the class. Non-limiting exanples
of compounds are given below for each of these structural classes. In some cases, the stracture of a given
example may or may 0ot be characterized itself as a benzylisoguinoline atkaloid. The preseat cheraical
ontitics are weart to include all possible somers, inchiding single ¢oantiomers, racemic mixtures,
optically pure forms, mixtures of diastercomers, and intermediate mixiures,

[60198] Benzyvlisoquinoline alkaloid precursors may inchide, but are not limited to, norcoclannine (NC)
and norlandanosoline (NL}, as well as NC and NL precursors, such as tyrosing, tyramine, 4-
hydroxyphenylacetaldehyde (4-HPAA), 4-hydroxyphenyipyruvic acid (4-HPPA), L-3 4-
ditydroxyphenyialanine (L-DOPA), 3 4-dihydroxyphenylacetaldehyde (3,4-DHPAA), and dopamine. In
some embodiments, the one or more BIA precursors are 3.4-dihvdroxyphenyiacetaldehyde (3,4-DHPAA)
and dopamine. In certain instances, the one or more BIA precuarsors are 4-hydroxyphenylacetaldehyde (4-
HPAA) and dopamine. In particular, NL and NC may be syothesized, respectively, from precursor
moiecules via a Pictet-Spengler condensation reaction, where the reaction may occur spontancously or
may by catalvzed by any convenient enzymes.

[68199] Berevliscquinolines may include, but are not limtied to, norcoclaurine, sortaudanosoline,
coclaurise, 3 -hydroxycoclaurise, 4’ -O-methylnodaudanasoline, 47-O-methyl-lavdancsoline, V-

methyInowoclaurine, landanosaline, N-owethyleoclaurine, 3 -hydoxy-N-methylcoclauvane, reticuline,
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norreticuling, papaverine, laudamne, laudanosine, tetrahydropapaverine, 1.2-dihvdropapaverine, and
orientaline.
(602601 Promorphinans may include, but are not limited to, salutaridine, sahxtaridinol, and salitandinel-

T~-O-acctate.

(86283} Morphinans may include, but are not limitted to, thebame, codeinone, codeine, morphine,
morphinone, oripavine, neopinone, ncopine, neomorphine, hydrocodone, dihvdrocodeine, 14~
hydroxycodeinone, oxycodone, 14-hivdroxyeodeine, morphinone, hydromorphone, dihydromorphine,
dihydroctorphine, ethylmorphine, ctorphine, metopon, buprenorphine, pholcodine, heterocodeine, and
oxymorphone.

(6020621 Protoberberines may include, but are not Hnuted to, scoulerine, cheilanthifoling, stylopine,
nasdinine, jatrorrhizine, stepholidine, discretamioe, cis-N-methyistylopine, tetrabydeocolumbamine,
palmatine, tetrahvdropalmatine, columbamine, casadine, N-methylcanadioe, 1-hydwxycapading,
betberine, N-methy -ophiocarping, 1,13-dihyvdroxy-N-methylcanadine, and 1-hydroxy-16-O-acetyl-N-
methylcanadine.

[60263] Protopines may nchude, bot are not Hmited to, protoping, 6-hydroxyprotopine, allocryptopine,
cryploping, muramine, and thalictricine.

[602084] Benrophenanthridines may include, but are not limited to, dihvdrosanguinarine, sanguinarine,

dihydrocheihinibine, cheilirabine, dihvdromarcapine, marcapine, and chelerythrine.

[60285] Sccoberberines may inchude, but are not limited to, 4°-O-desmethylmacrantaldehyde, 47°-0-
desmethylpapaveroxine, 4 -O-desmethyi-3-O-acetyipapaveroxine, papaveroxine, and 3-O0-

aceteylpapaveroxine.

[#02686] Phthalideisoquinolines may include. bot are not limited to, narcotolinehemiacetal,
parcotinchermacetal, narcotoline, noscapine, adtammding, adloming, (+) or {-)}-bicuculline, capnoiding,
carlurne, corledine, corlumdine, decurnbenine, 3°-O-demethvinarcotine, (+) or (-}~ or B-hvdrastine,
and hypecoumine.

[80287]  Aporphines may mclude, but are not limited to, magnofiorine, corvuberine, apomorphine,
boldine, isoboldine, isothehaine, isocorviuberine, and glaufine.

[002068] Bisbenzyvlisoguinolines may inchude, but are not limited to, berbamunine, guattegaumering,
dauricine, and licnsining,

(862897 Nal-opicids may include, but are pot hovited to, naltrexone, naloxone, nalmefene, nalorphing,
nalorphine, nalodeine, naldenwdine, naloxegol, 68-nalirexcl, naltrindole, axthylnalirexone,
methylsamidorphan, alvimopan, axelopran, bevenpran, dinicotinate, lovallorphan, samidorphan,
buprenorphine, dezocine, eptazocine, butarphanol, levorphancl, nalbuphine, pentazocine, phenazocine,
norbinaltorphimine, and diprenorphine.

(802107 Nor-opioids may include, but are not limited to, norcodeine, noroxyeodone, porthebaine,

norhvdrocodone, nordihydro-codeine, nor-14-hydroxy-codeine, norcodeinone, nor-14-hydroxy-
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codeinone, normorphine, noroxymorphone, nororipavine, norhydro-morphone, nordihydro-morphine, nor-
14-hydroxv-morphise, normorphinone, and nor-14-hydroxy-morphinone.

[66213] Other compounds that may be produced by the engincered sirains of the invention may include,
but are not limited to, rhocadine, pavine, isopavine, and cularing.

(602121 In certain cmbodiments, the engineered strains of the invention may provide a platform for
producing compounds related to tetratwdrobiopterin synthesis including, but not limited to,
dibydeoneopterin tiphosphate, 6-pyruvovl teteabydropterin, 5,6,7 8-tetrahydrobiopterio, 7.8~

dibydeobiopterin, tetrahydrobiopterin 4a-cathinolamine, quinonoid dihvdrobioptenn, and biopterin

Host Cells

(6023131 Any convenient celis may be utihized in the subject host cells and methods. In some cases, the
bast celis are nop-plant celis. In sooie instances, the host cells may be characterized as microbial celis. In
cextain cases, the bost cells are insect cells, mammalian celis, bactenal cells, fangal cells, or veast cells,
Axy convement type of host cell may be ntilized 1o producing the subject BIA-producing cells, see, ¢ .,
US2008/0176754, US26G14/0273109, PCT/AISZ014/663738, PCT/AUSZ016/030808, PCTAISZ015/060891,
PCT/US2016/031506, and PCT/US2017/057237, the disclosures of which are incorporated by reference

in their entirety. Host cells of mterest inclade, but are not hmited to, bacterial cells, such as Bacilfus

sublilis, Fscherichia coli, Streptomyces, Anabaena, Arthrobacter, Acetobacter, Acetobactervium, Bucillus,
Bifidohacterium, Brachybacierium, Brevibacterium, Carnobacterium, Clostridium, Corvnebacterium,

Enterobacter, Escherichia, Gluconacetobacter, Gliconobacter, Hafnia, Halomonas, Klebsiella, Kocuria,
Lactobacillus, Leucononstoc, Macrococcus, Methylomonas, Methviebacter, Methylocella, Methvlococcus,

A

Microhacterium, Micrococcus, Microcystis, Moorella, Oenococcus, Pediococcus, Prochiorecoccus,
Propionibacterium, Profeus, Pseudoaiteromonas, Pseudomonas, Psychrobacter, Rhodobacter,
Rhodococcus, Rhodepseudomonas, Servatic, Staphylococcus, Streptococcus, Streptomyces,
Synechococcus, Svhechocystis, Tetragenccoccus, Weissella, Zymomonas, and Salmonella typhimuium
cells, insect cells sach as Dirosophifa melanogaster 82 and Spodoptera frugiperda 59 cells, and yeast
cells such as Saccharomyces cerevisioe, Schizosaccharomyces pombe, and Pichia pastoris cells. In some
examples, the host cells are yeast cells ot £ codi cells. In some cases, the host cell 15 a yeast cell. In some
wstances, the host cell is from a strain of yeast engineered to produce a BIA of inferest, such as a iR)-1-
benzylisoguinoline alkaloid. In some instances, the host cell is from a strain of yeast engineered to
produce enzymes of interest. In some instances, the host cell is from a strain of yeast engineered to
produce an enginecred epimerase. In some embodiments, an engineered cpimerase may be 4an engincered
split epimerase. In some embodiments, an enginecred epimerase mav be an enginecred fused cpimerase.
In some embodiments, epimerase activity may be encoded by separate oxidase and reductase cnzymes.
Additionally, in some embodiments an engineered epimerase may be able to more efficiently convert a
(Si-1-benzylisoquinaline alkaloid to a (R)-1-benzylisoquincline alkaloid relative to a parest epimerase. In
some embodiments, a parcot epimerase may be a wild-type epimerase. In some embodients, a parent

cpimerase may be substantially similar to a wild-type cpimerase. In some cases, a parent cpimerase that is
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substantially similar to a wild-type epimerase may have an amine actd sequence that is at least 50% or
more, 35% or more, 60% or more, 65% or more, 70% or more, 75% or more, 0% or more, 81% or more,
82% or more, 83% or more, 84% or more, 85% or more, 86% or more, 87% or more, 88% or more, 89%
or more, 90% or more, 91% or more, 92% or more, 93% or more, 24% or more, 95% or more, 96%; or
more, 97% or more, 98% or more, or 99% or more similar to an amine acid sequence of a wild-type
epimerase. In some embodiments, an engineered cpimerase may be separated into smaller enzymes that
oxhibit oxidase and reductase activities that more ¢fficiently convert a (5)-1-benzyliscguineline alkaloid
to a (K- -benzylisoquinoline alkaloid relative to its cotresponding parent epiowerase.

(60234} In some instances, the bost cell is from a strain of yeast engincered to produce a thebaing
synthase. The thebaine svnthase may be able to more efficiently convert a salutandinol-7-O-acciate to a
thebaine relative to 3 spontanecus reaction. In some instagces, the host cell 15 from a strain of yeast
enginecred (o produce an engineered thebaine synthase. In some embodiments, an engineered thebaine
synthase may be an engincered fusion enzyme. Additionally, the enginecred thebaine synthase may be
able to more efficiently convert a salutaridinol-7-O-acetate to a thebaine relative to a parent thebaine
synthase. In some cmbodiments, the parent thebaine synthase may be a wild-type thebaine svathase. In
some embodiments, a parent thebaine synthase may be substantially similar 1o a wild-type thebaine
synthase. In some cases, a parcent thebaine synthase that is substantially sinular to a wild-type thebaine
synthase nxay have an amino acid scquence that is at least 50% or more, 55% or more, 60% or more, 65%
or more, 70% or more, 75% or more, 30% or more, 81% or mwore, 2% or more, 83% or more, 84% or
more, 85% or more, 86% or more, 87% or more, 8%% or more, 89% or more, 90% or more, 91% or more,
2% or more, 93% or more, 94% or more, 95% or more, 96% or more, 97% or nwore, 98% of nwore, or
99% or more similar to an amine acid sequence of a wild-type thebaine synthase. The enginecred
thebaine synthase may be engincerad as a fusion enzyme (o another enzyme o mwore efficiently convert a
salutandinol-7-O-acctate to a thebaine relative o the parent thebaine synthase.

[80218)  In some instances, the host cell is from a strain of yeast enginecred to produce a neopinong
isomerase. The neopinone isomerase may be able to more cfficiently convert a neopinone to 4 codeinone
relative to a spontancous reaction. In some instances, the host cell is from a strain of yeast engincered to
produce an engineercd neopinone isomerase. In some embodiments, an engineered neopinonc 1SomMerase
may be an engincered fusion enzyme. Additionally, the engineered neopinone isomerase may be able to
more cfficiently convert a ncopinone to a codeinone relative to a parent ncopinone isoimerase. In some
crabodiments, the parcnt neopinone isomerase may be a wild-type ncopinone isomerase. In some
cmbodiments, a parcnt peopincne isomerase may be substantially stmilar to a wild-type neopinone
isomerase, In some Cases, a parent neopinene isomerase that is substantially similar to a wild-type
neopinone isomerase rnay have an amino acid sequence that is at Jeast 50% or more, 55% or mere, 60% or
more, 65% or more, 70% or more, 75% or more, 80% or more, 1% or more, 82% or more, 83%% or mwore,
84% or more, 85% or more, 86% or more, 87% or more, 88% or more, 89% or more, 90% or more, 91%
or more, 92% or more, 3% or more, 34% or more, 35% or more, 96% or more, 97% or more, 98% or

more, or 39% or more similar to an amine acid sequence of a wild-type neopinone isomerase, The
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engineered neopinone isomerase may be engineered as a fusion enzyme to another enzyme (o more
efficiently convert a neopinone to a codeinone relative to the parent neopinone Somerase.
[60216] In some instances, the host cell is from a strain of yeast engineered to produce an engincered
norcoclauring synthase. Additionally, the engincered norcociaurine synthase may be able to more
efficiency conwvert a 4-HPAA and dopanune to a norcoclauring relative to a parent norcociaurine synthase
Additionally, the engincered norcoclaunne synthase may be able to more efficienctly convert a 3,4-DHPA
and dopamine to a sortaudanosoline relative 1o a parent norcoclaurine synthase. In soox embodiments,
the parent porcoclanrioe systhase may be a wild-type norcoclauane synthase. In some embodiments, a
patent norcoclaurine synthase may be substantially simdar to a wild-type norcoclaurine svnthase. Insone
cases, a parcnt norcoclauring synthase that is substantially simmlar to a wild-type norcoclannine synthase
ey have an amino acid sequence that is at least 75% or more, 80% or more, 1% or more, 82% o1 more,
83% or more, 84% or more, 85% or more, 86% or more, 87% or more, 88% or miore, 89% or miore, 90%
or more, 1% or more, 92% or more, 93% or more, 4% or more, 95% or more, 96% or more, 97% or
more, 98% or more, or 99% or more similar to an aming acid sequence of a wild-type norcoclaurine
synthase.
[06217] Any of the host cells described in US2008/0176754, 1IS2014/0273109, PCTUS2014/063738,
PCT/US2016/030808, PCT/US2015/060891, PCT/US2016/0315006, PCT/US2017/057237, and US
Provisional Application No. 62/627.264 by Smolke ¢t al. may be adapted for use in the subject cells and
methods. In certain crabodiments, the veast cells may be of the species Saccharomyces cerevisiae (5.
cerevisiae). Ta certain embodiments, the veast cells may be of the species Schizosaccharomyees pombe. In
certain erabodiments, the veast cells may be of the species Pickia pastoris. Yeast is of interest as a host
cell because cytochrome P450 proteins are able to fold properly 1nto the endoplasmic reticulum membrane
so that their activity 1s maintained. In some examples, cytochrome P430 proteins are involved 1o somme
biosyathetic pathways of interest. In additional examples, cytochrome P450 proteins are involved ip the
production of BlAs of interest. In further examples, cviochrome P450 proteins are involved in the
production of an enzyme of interest.
[8G218] Yeast strains of interest that find use in the invention include, bt are not Hmited to, CEN PK
(Genotype: MATalg ura3-52mra3-52 frpl-289/4rpl-289 lew2-3 112/eu2-3 112 his3 Al/his3 AT MAL2
RCMAL2-8C SUCSUC2), 8288C, W303, D273-10B, X2180, A?ﬁ(yiA, 512788, AB972, SK1, and
FL10O. In certain cascs, the veast sirain is any of S288C (MATo; SUC2 mal mel gal2 CUP1 flol flo8-1
hapi), BY4741 (MATa; his3AT; leu2 A, mat1SAO; ura3Al), BY4742 (MATa; his3A1T; leu2 Al; Fvs2AD;
ura3Af), BY4743 (MATa/MATw his3A/his3AL, lea2 ADMeulAG; metiSAG/MET IS, LYS2/kys2A0;
ura3Almra3AG), and WATILHI or WiR), derivatives of the W303-B strain (MATa; ade?-1; lis3-11, -15;
leu2-3,-112; ara3-1; canR; cyrt+) which express the drabidepsis thaliana NADPH-P430 reductase ATRI
and the veast NADPH-P430 reductase CPRI, respectively. In another embodiment, the yeast cell is
W303alpha (MAT; his3-1 115 opl-1 feu2-3 wra3-1 ade?-1). The identity and genotype of additicnal
yeast strains of interest may be found at EUROSCARF {web.uni-

frankfurt de/fbl 5/mikro/euroscarficol index hiral).
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(862191  In some instances, the host cell is a fungal cell. In certain embodiments, the fungal cefls mav be
of the Aspergitius species and sirains inchude Aspergillus niger (ATCC 1015, ATCC 9029, CBS 513.88),
Aspergilius oryzae (ATCC 56747, RIB4O), dspergiflus terreus (NIH 2624, ATCC 20542 and Aspergiflus
nidulons (FGSC A4y,

(602201 In certain cmbodiments, heterologous coding sequences may be codon optimized for expression
in Aspergillus sp. and expressed from an appropriate promoter. In certain embodiments, the promaoter may
be selected from phosphoglycerate kinase prometer (PGK), MbfA promoter, cytocheoie ¢ oxidase
subuoit prometer (CoxA), StpB promoter, TvdA promoter, malate dehydrogenase promoter (MdbA),
beta~-meannosidase promoter (ManB), In cortain embodiments, a tcrminator may be selected from
glacoamylase terminator (GlaA) or TrpC terminator. In certain erabodiments, the expression cassette
consisting of a promoter, heterologons coding sequence, and terminator may be expressed from a plasmid
or integrated imto the genome of the host. In certain embodiments, selection of cells maintaining the
plasmid or integration cassette may be performed with antibiotic selection such as hygromycin or nitrogen
source utilization, such as using acetamide as a sole nitrogen source. In certain embodiments, DNA
constructs may be introduced into the bost cells using established transtormation methods such as
protoplast transformation, lithium acetate, or clectroporation. 1o certain embodiments, celis may be
cultured in Higuid ME or solid MEA (3 % malt extract, 0.5 % peptone, and £1.5 % agar} or in Vogel's
minimal mediumm with or without selection

[B02231] In some instances, the host cell is a bactenal cell. The bacterial cell may be selected from any
bacterial geous. Examples of genusces from which the bactenial cell may come include Anabaeng,
Arthrobacter, Acetobacter, Acetohacterium, Bacilius, Bifidobacterium, Brachyvbacterivim, Brevibacterivm,
Carnobacterium, Clostridium, Corynebacterivm, Enterobacter, Escherichia, Gluconacetobacter,
Gluconobacter, Hafnia, Halomonas, Klebsiella, Kocuria, Lactobacillus, Leucononsioc, Macrococcus,
Methyiomonas, Methylobacter, Methviocella, Methviococeus, Microbacterium, Micrococous, Microcystis,
Moorella, Oenococcus, Pediococcus, Prochioracocous, Fropionibacterium, Proteus, Pseudoalteromonas,
Pseudomonas, Psychrobacter, Rhodobacter, Rhodococcus, Rhodopseudomonas, Serratia,
Staphylococcus, Streptococeus, Streptomyees, Svinechococcus, Synechocystis, Tetragenococcus,
Weissella, and Zvmomonas. Examples of bacterial species which may be used with the methods of this
disclosure include drthrchacier nicotianae, Acetobacter aceti, Arthrobacter arilgitensis, Buacillus cereus,
Bacillys coaguians, Bacillus licheniformis, Bacillus pumilus, Baciilus sphaeyicus, Bacillus
stearothermophilus, Bacillus subtilis, Bifidobacterium adolescentis. Brachiybacterium tyrofermentans,
Brevibacteriumn linens, Carnobacterivm divergens, Corvnebacterium flavescens, Fnterococcus faecium,
(rluconacetebacter europaeus, Gluconacetobacter johannae, Gluconobacter oxydans, Hafiia alvei,
Halomonas elongata, Kocuria rhizophila, Lactobacillus acidiforinae, Lactobacillus jensenii, Lactococcus
lactis, Lactohacilius yamanashiensis, Leuconostoc citreum, Macrococcus caseoiviicus, Microbacterium
Joliorum, Micrococcus lylae, Oenccoccus oeni, Pediococcus acidilactici, Propionibacterium
acidipropionici, Profeus vulgaris, Pseudomonas fluorescens, Psychrobacter celer, Stapfnviococcus

condimenti, Strepiococcus thermophilus, Streptomyces griseus, Tetragenococcus halophilus, Weissella
s ]
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cibaria, Weissella koreensis, Zvmomonas mobilis . Corynebacteriim ghitamicum, Bifidobacterium
bifidum/breve/longum, Strepromyces lividons, Streptomyces coelicolor, Lactobacilius plantarum,
Lactobaciflus sakei, Lactobacillus casei, Pseudoalteromonas citrea, Pseudomonas putida, Clostridium
fiungdahlii/aceticum/acetobutylicum/beijerinckii/butvricum, and Moorella themocelium/thermoacetica.
(602221  In certain cmbodiments, the bacterial cells may be of a strain of Escherichic coli. In certain
embodiments, the strain of £, cofi may be selected from BL21, DHSg, XL1-Blue, HB101, BL21, and
K12. In certain ermnbodiments, heterologous coding sequences may be codon optimized for expression in
. cofi and expressed from an appropriate promoeter. In certaio embodiments, the promoter may be
sclected from T7 promoter, tac promoter, tre promoter, tetracycling-inducible promater (tet) lac operon
promoter (Jac) 1acG1 promoier. In certain embodiments, the expression cassetic consisting of a promoter,
heterologous coding sequence, and terminator may be expressed from a plasmid or idegrated into the
genome. In certain embodiments, the plasmud s selected from pUCTY or pBAD. In certain embodiments,
sclection of cells maintaining the plasmid or integration cassette may be performed with antibiotic
selection such as kanamycin, chloramphenicol, streptomycin, spectinomycin, gentamycin, ervthromycin
or ampicillin, In certain embodiments, DNA constructs may be introduced into the host cells using
cstablished transformation methods such as conjugation, heat shock chemical transformation, or
clectroporation. In certain embodiments, cclls may be cultured in liquid Luria-Bertand (LB) media at
about 37°C with or without antibiotics.

(8G223] In certain cmbodimertds, the bactenal cells may be a steain of Bacillus subtilis. 1o certain
embodiments, the strain of B, subfilis may be selected from 1779, GP25, RO-MNN-1, 168, BSaS5, BESTIOS,
1A3%2, and 62178. In certain embodiments, heterologous coding sequences may be codon optirmized for
expression in Bacillos sp. and expressed from an appropriate promoter. In certain embodiments, the
promoter may be selected from grac promoder. p43 promoier, or rn(} promoter. In certain embodiments,
the expression cassetic consisting of the promoter, heterclogous coding sequence, and tenminator may be
expressed from a plasmid or integrated into the genome. In certamn embodiments, the plasmid is selected
from pHP13 pE194, pC194, pHTOI, or pHT43. In certain embodiments, integrating vectors such as
pDG364 or pDG1730 may be used to integrate the expression cassette into the genome. In certain
crnbodiments, selection of celis maintaining the plasmud or integration cassetie may be performed with
antibiotic sclection such as erythromycin, kanamycin, tetracycline, and spectinomycin. In certain
crnbodiments, DNA constructs may be introduced into the host cells using established transformation
methods such as natal competence, heat shock, or chemical transformation. In certain embodiments,
cells may be cultured in liguid Lona-Bedant (LB) media at 37°C or M9 medium phis ghicose and

tryptophan.

{enetic Modifications to Host Cells

[60224] The host cells may be engineerad to include one or maore modifications (such as two ot more,
three or more, four or more, five or mow, or even more reodifications) that provide for the production of

BiAs of interest. Additionally or alternatively, the host cells maay be engiosered to inchide one or tiore
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modifications (such as two or more, three or more, four or more, five Or MOTE, OF SVEN MOTS
modifications) that provide for the production of enzymes of interest. In some casces, a modification is a
genctic modification, such as a nutation, addition, or deletion of a gene or fragment thereof, or
franscription regulation of a gene or fragment thereof. As used herein, the term "mmtation” refers o a
deletion, insertion, or substitution of an amino acid(s) residuc or nucleotide(s) residue relative to a
reference sequence or motif, The mwifation may be incorporated as a directed mutation to the native gene
at the original locus. In some cascs, the mmtation may be incorporated as an additional copy of the geoe
introduced as a genetic integration at a scparaic locus, or as an additional copy on an episomal vector such
as a 2p or centromeric plasmid. In cerain nstances, the substrate inhibited copy of the enzyoie is under
the native celt transcriptional regulation. 1o sorme instances, the substrate wnhibited copy of the enzyme is
introduced with engineered constitutive or dynamic regulation of protein cxpression by placing it ander
the control of a syathetic promoter. In some examples, the object of one or more modifications mayv be a
native gene. In some examples, the object of one or more modifications may be a non-native gene. In
some examples, a non-native gene may be inseried info a host cell. In further examples, a non-native gene
may be altered by one or more modifications prior to being inserted into a host cell.

[80225] An engincered host cell may overproduce one or more BlAs of interest. By overproduce is
meant that the cell has an improved or increased production of a BIA molecule of interest relative t0 a
control cell (¢.g., an unmodified cell). By traproved or increased production is meant both the production
of some amount of the BIA of mterest where the control has no BIA of nterest production, as well as an
increase of about 10% or more, such as about 20% or more, abowut 30% or more, about 40% or morg,
about 50% or more, about 50% or more, about 80% or more, about 100% or more, such as 2-fold or more,
such as 3-fold or more, incloding 10-fold or more in sitpations where the control has some BIA of interest
prodaction.

(862261 An engincered host cell may overprodoce ong or more /5)-1-benzyhisoquincling alkaloids. In
some cases, the engincered host cell may produce some amount of the £5)-1-benzylisoquinokine alkaloid
of interest where the control has no /5)-1-benzylisoquinoline alkaloid production, as well as an merease of
about 10% or more, such as abowt 20% or more, about 30% or moxe, about 40% or more, about 50% or
more, about 60% or more, about 80% or more, about 100% or more, such as 2-fold or more, such as 5-
fold or more, inchuding 10-fold or more in stfuations where the control has some (N)-1-benzylisoquinoling
alkaloid of interest production.

1602271 An enginecred host cell may firther overproduce one or more /R -1-benzylisoquinoline
alkaloids. In sonw cases, the engineered host cell may produce some amoust of the (R)-1-
benzyiisoquinoline alkaloid of interest where the control has no (R)-1-benzylisoquincline atkaleid
production, as well as an increase of about 10% or more, such as about 20% or more, about 30% or more,
about 40% or more, abowt 50% or more, about 60% or more, about 80% or more, about 1609 or more,
sach as 2-fold or more, such as 5-fold or mote. ncluding 10-fold or more in situations where the control
has some (R)-1-berrylisogquincline atkaloid of 1nterest production. Anengineered host cell may further

overproduce one or more of 1-benzylisoguinoline alkaloids.
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[60228] An engineered host cell may further overproduce one or more morphinan alkaloids. In some
cases, the enginecred host cell may produce some amount of the morphinan alkaloid of interest where the
control has no morphinan alkaloid production, as well as an increase of about 10% or more, such as about
20% or more, about 30% or more, about 40% or more, about 50%; or motre, about 60%, or more, about
80% or more, about 100% or more, such as 2-fold or more, such as 3~fold or more, inchuding 10-fold or
more in situations where the control has some morphinan alkaleid of inferest production. In some cases,
the morphinan alkaloid is formed from a [-benzylisoquinocline alkaloid pwoduct, or derivative thereof, of
an epimerization reaction catalyzed by an engincered epimerase within an engineered host cell. The
engingered cpimerase may comprise two separale enzymes that work {o produce an epimerase waction.
Aun engineered host cell may further overproduce one or more of promorphinan, nor-opioid, or nal-opicid
alkaloids.

[60229]  In some cases, the enginecred host cell having an enginecred split epimerase is capable of
producing an increased amount of (R)-reticuline relative to a host cell baving an enginecred fused
cpimerase. In some cascs, the engineered host cell having modifications to an oxidase portion of an
enginecred epimerase is capable of producing an increased amount of /K)~reticuline relative 1o a control
host celi that lacks the one or more modifications to the oxidase portion of the engineered epimerase (e.g.,
as described herein). In certain instances, the increased amount of (R -reticuling is about 10% or more
relative to the control host cell, such as sbout 20% or more, about 30% or more, about 40% or more, about
50% or mwore, about 60% or more, about 0% or more, about 100% or more, about 2-fold or more, about
5-fold or more, or even about 10-fold or more relative to the control host cell. Insome cases, (R)-
reticuline is the product of an epimerization reaction catalyzed by at least one engincered epimerase
within an engineered host cell. In these cases, (5 -reticaline may be the substrate of the epimerization
reaction.

(862307 In some cases, the engincered host ¢ell is capable of producing an imcreased amcunt of thebaine
relative to a control host cell that lacks the one or more modifications {¢.g., as described hercin). In some
cases, the enginecred host cell having a thebaine synthase is capable of producing an increased amount of
thebaine relative to a host cell that lacks a thebaine synthase. In some cases, the engineered host cell
having an engincered thebaine synthagse is capable of producing an increased amount of thebaine relative
to a host cell having a parent thebaine synthase {(e.2., as described herein). In certain instances, the
imcreased amount of thebaine is about 10% or more relative 1o the control host cell, such as about 20% or
more, about 30% or more, about 40% or more, about 50% or more, about 60% or more, about 80% or
more, about 100% or more, about 2-fold or more, abowut 5-fold or more, or even about 10-fold or more
relative to the control host cell. In some cases, thebaine 1s the product of a thebaine synthase reaction
within ap engineered host cell. In some cases, thebaine is the product of a thebaine synthase reaction
catalyzed by at least one engincerad thebaine synthase within an engincered host cell In these cases,
sahitaridinol-7-C)-acetate may be the sobstrate of the thebaine synthase reaction.

[6023%] In somc cases, the enginecred host cell is capable of producing an incicased amount of

codeinone, or morphinan alkaloid product downstream from codeinone 1n a biosynthetic pathway, relative
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to a control host cell that lacks the one or more modifications (¢.g., as described hercin). In some cases,
the engincered host cell having 4 neopinone isomerase is capable of producing an ncreased amount of
codeinone, or morphinan alkaloid product downstream from codeinone in a biosynthetic pathway, relative
to a host cell that lacks a neopinone isomerase. I some cases, the engineered host cell having an
engincered neopinone isomerase is capable of producing an increased amount of codeinone, or morphinan
alkaloid product downstream from codeinone in a biosynthetic pathway, relative to a host cell having a
parent nCoPInCIEC 1somerase (2.g., as described herein). In certain instances, the increased amount of
codeinone, or morphinas alkaloid product downstream from codeinone in a biosypthetic pathway, is about
10% or more relative to the control host cell, such as about 20% or more, about 30% or more, about 40%
or more, abowt 50% or more, abowt 60% or more, about 80% or more, about 100% or more, about 2-fold
or more, about 3-fold or more, or even abowt 10-fold or more relative to the control host cell. In some
cases, codeinone 18 the product of a neopinone isomerase reaction within an engineered host cell. In some
cases, codeinong is the product of a neopinone isomerase reaction catalyzed by at least one enginecred
neopinone isomerase within an engincered host cell. In these cases, neopinone may be the substrate of the
BEOPITIONS 180METAse reaction.

i80232] In some cases, the enginecred host cell having an enginecred norcoclaurine synthase is capable
of producing an increased amount of one or more BiAs of interest relative 1o a controf host cell having a
parent norcociaurine synthase. In certain instances, the increased amount of the benzylisogquinoline
alkaloids of interest is about 10% or more relative 1o the conteol host cell, such as about 20% or more,
about 30% or more, about 40% or more, about 30% or more, about 60% or more, about 80% or more,
about 100% or more, about 2-fold or more, about 3-fold or more, or even about 10-fold or more relative to
the control host cefl. In some cases, norcoclaurine is the product of a condenstation reaction catatyzed by
at Ieast one engincered norcoclaurine synthase within an enginecred host cell. In these cases, 4-HPAA
and dopamine may be the substrates of the condensation reaction. In some cases, norlaudanoscline is the
product of a condenstation reaction catalyzed by at least one engincered norcoclanring synthase within an
engineered host cell. In these cases, 3,4~-DHPA and dopamine may be the substrates of the condensation
reaction. An engineered host cell may further produce an increased amount of one or more of BlAs in the
structoral classes of benzylisoquinohines, promorphinans, morphinans, protoberberines, profopines,
benzophenanthridines, sccoberberines, phthalideisoquinolines, aporphines, bisbenzyvlisoguinolines, nal-
opicids, nor-opioids, and others.

(002331 Additionally, an engincered host cell may overproduce one or more eozymes of interest. By
overproduce is meaot that the cell has an improved or increased production of an enzyme of mderest
relative to a control cell {e.z., an unmodified cell). By uoproved or increased production is meaunt both the
production of some arnount of the enzyiue of interest where the control has no production, as well as an
increase of about 10% or more, such as about 20% or more, aboot 30% or more, about 40% or more,
about 50% or more, about 60% or more, about 80% or more, about 100% or more, such as 2-fold or more,
sach as 5-fold or more, including 10-fold or more 1o sthuations where the contro] bas some enzyme of
interest production.
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[60234] An engineered host cell may overproduce one or more engineered DRS-DRR enzymes. In some
cases, the engineered host cell may produce some amount of the engineered DRS-DRR epimerase where
the control has no DRS-DRR enzyme production, or where the control has a same level of production of
wild-type epimerases in commparison to the engineered host cell, as well as an increase of about 10% or
more, such as about 20% or more, about 30% or more, about 40%6 or more, about 50% or more, about
60% or more, about 80% or more, about 100% or more, such as 2-fold or more, such as 5-fold or more,
including 10-fold or more 1o situations where the coptrol has same DRS-DRR enzyowe production. Is
some cases, an enginecred DRS-DRR epimerase may be an engineered split epimerase. Insome cases, an
engineered DRE3-DRR epimerase mav be an engineered fused epimerase.

[60235] An engincered host cell may overproduce one or more thebaine synthase enzymes. In some
cases, the engincered host cell may produce some amount of the thebaine synthase enzyme where the
control has no thebaine synthase enzyme production, as well as an increase of about 10% or more, such as
about 20% or more, about 30% or more, about 40% or more, about 56% or more, about 60% or more,
about 80% or more, about 100% or more, such as 2-fold or more, such as S-fold or more, inchuding 10~
fold or more i situations where the control has some thebaine synthase enzyme production.

[80236] An engincered host cell may overproduce one or more engineered thebaine svnthase enzymes.
In some cases, the engincered host cell may produce some arount of the engineered thebaine synthase
where the control has no thebaine synthase enzyme production, or where the control has a same level of
production of wild-type thebaine synthase in comparison to the engineered host cell, as well as an increase
of about 10% or more, such as about 20% or more, about 30% or more, about 40% or mwore, about 50% or
more, about 60% or more, about 80% or more, about 100% or more, such as 2-fold or more, such as 5-
fold or more, including 10-fold or more in sitvations where the control has some thebaine synthase
enzyrae production. In some cases, an engincered thebaine synthase may be an enginecred fosion enzyme,
(30237} An engineered host cell may further overproduce one or more enzymes that are derived from
the thebaine synthase enzyme. In some cases, the enginecred host cell may produoce some amount of the
enzyries that are dertved from the thebame synthase enzyme, where the control has no production of
enzyries that are derived from the thebame synthase enzyme, as well as an increase of about 10% or
more, such as about 20% or more, about 30% or more, about 40%6 or more, about 30% or more, about
60% or more, about 80%; or more, about 100% or more, such as 2-fold or more, such as 5-fold or more,
including 10-fold or more in situations where the control has some production of enzymes that are derived
from the thebaine synthase enzyme.

[60238] An conginccred host cell may overproduce one of MOIC BRCPINOHS 1S0MCIase enzymes. 1o some
cases, the engincered host coll may produce some amount of the noopinone isomerase enzyme where the
contral has no noopinons isomerase enryme production, as well as an increase of about 10% or more,
sach as about 20% or mote. about 30% or more, about 40% or more, about 50% or more, about 60% or
more, about 80% or more, about 100% or more, such as 2-fold or more, such as 3-fold or more, including

10-fold or more 1o situations where the control has some neopinone isomerase cuzyme production.
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(802391  An engineered host cell may overproduce one or more engincered neopinone 1Somerase
enzyres. In some cases, the engineered host cell may produce some amount of the engincered neopinone
isomerase where the control has no neopinone isornerase enryrae production, or where the control has a
sarue level of production of wild-type neopinone isomerase in comparison to the engineered host cel, as
well as an increase of about 10% or mwore, such as about 20%; or more, about 30% or more, about 40% or
more, about 30% or more, about 60% or more, about 80% or more, about 100%; or more, such as 2-fold or
mote, such as 3-fold or more, including 10-fold or more in situations where the control has some
neopinone isomerase enzyie production. In some cases, an engincered ncopinone isonerase may be an
cngineered fasion enzyme.

[#0248] An enginecred host cell may further overprodoce one or more enzymes that are denved from
the neapinone isomerase enwyme. In some cases, the engineered host cell may produce soox amount of
the enzymes that are derived {rom the neopinone isomerase enxy me, where the control has no production
of enzymes that are derived from the neopinone isomerase cnzyme, as well as an mcrease of about 10% or
more, such as abowt 20% or more, about 30% or more, about 40% or more, about 50% or more, about
60% or more, about 80% or more, about 100% or more, such as 2-fold or more, such as 5-fold or more,
including 10~fold or more in situations where the conirol has some production of cnzymes that are derived
from the neopinone isomerase cnzyme.

[00241] An engincered host cell may overproduce one or more engineered norcoclaurine svnthase
enzyraes, In some cases, the engiogered host cell may produce seme arnount of the engincered
norcaeclaurine synthase where the control has no norcoclaurine synthase enzyme production, or where the
condrol has a same level of production of wild-tvpe norcoclaurine synthase in companson o the
engincered host cell, as well as an increase of about 10% or more, sach as about 20% or more, about 30%
or mote, aboot 40% or more, about 50%6 or more, about 60% ot more, about 80% or more, about 100% or
more, such as 2-fold or more, such as 3-fold or more, tnclading 10-fold or more in sitnations where the
control has some norcoclaurine synthase enzyme production.

(802421 Additionally, an engincered host cell may overproduce one or more bisbenzylisoquinoling
alkaloids (bisBlAs). In particular, an engineercd host cell is capable of producing an increased amount of
hisbenzyhisoquinoling alkaloids (bisBIA3) relative to a control host cell that lacks the one or morg
modifications {¢.g., as described herein), including modifications related to harboring an engincered
epimcrase. In cortain instances, the increased amount of bisBIAs is about 10% or more relative to the
control host cell, such as about 20% or more, about 30% or more, about 40%6 or more, about 530% or more,
about 60% or more, about 80% or more, about 100% or more, about 2-fold or more, about 5-fold or more,
or ¢ven about 10-fuld or more relative 1o the condrol host cell. In some cases, the bisBIA is formed from
at least one BIA mosomer that s the product, or derivative thereof, of an epimerization reaction catalyzed
by an enginecred epimetase within an engineered host cell. The enginecred epimerase may compse two
scparate enzyres that work 1o produce an epimerase reaction. An engincered host cell may further
overproduce one or more of cepharanthing, fangchincline, liensinine, neferine, tubocurarine, dauricine,

tetrandrine, curine, berbamunine, guattegaursenae, 2’ -notherbamunine, and berbamine.
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(802431 In some cases, the one or more (such as two or more, three or more, or four or more)
modifications may be selected from: an engineered thebaine synthase modification; an engincered
neopinone isomerase modification; an engineored split epimerase modification; an engineered
noreoclaurine synthase modification; an enzyme expression modification; an inactivation modification;
and a byproduct inhibition alfeviating medification, or a combination thercof. A cell that includes one or

more modifications may be referred to as an engincered cell.

Substrate Inhibttion Alleviating Mutations

(602441 In some instances, the engincered host cells are cells that include one or more substraic
inhibition alleviating mutations {(such as two or more, three or more, four or more, five or more, or even
more) in one or more biosynthetic enzyme genes of the cell. In some exanples, the one or more
biosynthetic enzy oe genes are native to the cell (e.g., 1s present in an unmaodified cell). To sore
cxaraples, the one or more biosynthetic enzyme genes are nonr-native to the cell. As used herein, the tean
“substrate inhibition alleviating rontation” refers to a muutation that alleviates a substrate inhibition control
mechanism of the cell

[60245] A mulation that alleviates substrate inhibition redoces the inhibition of a regolated enzyme in
the cell of interest relative to a control cell and provides for an increased level of the regnlated compound
or a downstream biosynthetic product thereof. In some cases, by alleviating inhibition of the regulated
enryme is meant that the ICs of inhibition is increased by 2-fold or more, such as by 3-fold or more, 5-
fold or more, 10-fold or more, 30-fold or more, 100-fold or more, 300-fold or more, 1000-fold or more, or
cven more. By increased level is meant a level that is 110% or more of that of the regulated compound in
a control cell or a downstream product thereof, such as 120% or more, 130% or more, 140% or more,
150% or more, 160% or more, 170% or mwore, 180% or more, 190% or more, or 200%, or more, such as at
least 3-fold or more, at least 5-fold or more, at least 10-fold or more or oven more of the regulated
corapound in the engineered host cell or a downstream product thereof.

(802461 A varicty of substrate inhibition control mechanisms and biosynthetic enzymes in the
engincered host cell that are directed to regulation of levels of BIAs of interest, or precursors thereof, may
be targeted for substrate inhibition alleviation. The engincered host cell may inchide one or more substrate
whibition alleviating rudations 1o one or ruore biosyathetic enzyme gepes. The one or more mutations
may be located in any convenient biosynthetic enzyme genes where the biosynthetic enzyme is subject to
regulatory control. In some embodiments, the one or more biosynthetic enzyme genes encode one or more
tyrosine hydroxylase enzymes. In certain instances, the one or more substrate inhibition alleviating
mutations are present in a biosynthetic enzyme gene that is TyrH. In some cmbodimerds, the engineered
host cell may include one or more substrate inhibition alleviating mutations in onc or more biosynthetic
enzyne genes such as one of those genes described in Table 11,

[60247) In cerain ebodinents, the ooe ot more substrate inbibition alleviating owtations are present in
the TyrH gene. The TyrH gene eocodes tyrasine bydroxylase, which is an enzyme that converts tyrosine

to L-DOPA. However, TyrH s inlubited by 1ts substrate, tyrosine. Mammalhan tyrosine hydroxylase
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activity, such as that seen in humans or rats, can be improved through mutations to the TyrH gene that
relieve substrate inhibition. In particular, substrate inhibition from tyrosine can be relieved by a point
nwiation WI60Y inthe TyrH gene. The point mutation WI66Y inthe TvrH gone may also tmprove the
binding of the cosubstrate of tyrosine hydroxylase, BHy, 1o catalyze the reaction of tvrosine to L-DOPA,
The mutants of TyrH, when expressed in yeast strains to produce BIAs from sugar (such as those
deseribed in United States Provisional Patent Application Serial No. 61/899,496) can significantly
iraprove the production of BlAs.

[60248] Any coonvenient munbers and types of mutations may be utilized to alleviate a sabsirate
inbibition control mechanism. Incertaio erbodiments, the eagincered host cells of the present invention
may nclade 1 or more, 2 or more, 3 or more, 4 or moere, 5 or more, 6 or mere, 7 or more, 8 or more, 9 or
more, 10 or more, 11 or more, 12 or more, 13 or more, 14 or more, or even 135 or more subsirate inhibition
alleviating mugtations, suchas 1, 2,3, 4,5, 0,7, 8,9, 10, 11, 12, 13, 14 or 15 substrate inhibition

alleviating mutations in one or more biosynthetic enzyme genes within the engineered host cell.

[60249] In somc instances, the engineered host cells are cells that include one or more cofactor recovery
promoting mechanisms {such as two or more, three or more, four or more, five or more, oF even more) in
omne or more biosynthetic enzyme genes of the cell. In some examples, the one or more biosynthetic
cnzyine genes are native 1o the cell {e.g., is present in an unmodified cell). In some examples, the one or
more biosynthetic enryme genes are non-native to the cell. As used herein, the term “cofactor recovery
promoting mechanism” refers 1o a mechanism that promotes a cofactor recovery control mechanism of the
cell

[00230] A variety of cofactor recovery control mechanisms and biosynthetic enzynmes in the engineered
host cell that are directed to wegulation of levels of BIAs of interest, or precursors thereof, may be targeted
for cofactar recovery promotion. The engineered host cell may include ooe ot more cofactor recovery
promoting mechanism in oge or more biosynthetic enzye genes. [n some examples, the engineered host
cell may inchide a heterologous coding sequence that encodes dibydrofolate redoctase (DHER), When
DHFR 15 expressed, # may convert 7,8-dihydrobiopterin (BH,} to the tetrahydrobioptenn (BHg), thereby
recovering By as a TviH cosubstrate. In some examples, the engineered host cell may inclade one or
more cofactor recovery promoting mechanisms in one or more biosynthetic enryme genes such as one of
those genes described in Table 11

(862331 One tmportant cofactor for prodoction of BIAs of interest is S-adenosyl-L-methionine (SAM)
used by multiple methyltransferase enzymes. As SAM is utilized in thds reaction, it is converted to S-
adenosyl-L-homocysteine (SAH), homocystcine, methionine, and then back to SAM. This pathway is
illustrated in FIG. 3% and may be targeted for modification io increase cofactor recovery. Insome
cxaraples, the enginecred host cell may inchide overexpression of the pative S-adeposyl-L-bomocysteine
bydrolase (SAH1). In some examples, the engineered host cell may include overexpression of the native

methionine synthase (MET6). Ta soree examples, the enginecred host cell may inchude overexpression of
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the native S~adenosylmethionine synthetase (SAM2), When once or more of these genes is overexpressed,
it may increase recovery of SAH to SAM. In some examples, the engineered host cell may include one or
more cofactor recycling genes described in Table 11

[60252] Arnv converient nrnbers and types of mechanisms may be utilized to promote a cofactor
recovery control mechanism. In certain embodiments, the enginecred host cells of the present invention
may include 1 or more, 2 or more, 3 or more, 4 or more, 5 or more, 6 or more, 7 or more, § or more, 9 or
more, 10 or mare, 11 or more, 12 or owore, 13 or more, 14 or morg, or even 15 or meore cofactor recovery
promoting mechanisms suchas 1,2, 3.4, 5, 6,7, 8,9, 10, 11, 12, 13, 14 or 15 cofactor recovery

romoting mechanisms in one or more biosynthetic cnzyme gones within the engincered host cell.
gl . Lt

Product Inbibition Alleviating Mutations

(602331 In some instances, the engineered host cells are cells that include one or more product inhibition
alleviating mutations (such as two or mare, three or more, four or more, five or mote, or even mere) in
one or more biosynthetic enzyrae gepes of the cell. In some exarples, the one or more biosynthetic
enzyme genes are native to the cell {e.g., 1s present in an unmodified cell}. In some exarmples, the one or
more biosynthetic enzyme genes arc nog-pattve 1o the cell. As used herein, the term “product indubition
alleviating mutation” refers fo a mutation that alleviates a short term and/or long term product inhibition
control mechanism of an engincered host cell. Short term product inhibition 1s a control mechanism of the
cell in which there is competitive binding at a cosubstrate binding site. Long term product inhibition is a
control mechanism of the cell in which there is 1rreversible binding of a compound away from a desired
pathway.

[00234] A mutation that alleviates product inhibition reduces the inhibition of a regulated enzyme in the
cell of interest relative to a control cell and provides for an increased level of the regulated compound or a
downstream biosyntbetic product thereof. 1o some cases, by alleviating inbubition of the regulated enzyme
is meant that the 1Cs, of inhubition 1s 1ncreased by 2-fold or more, such as by 3-fold or more, 5-fold or
more, 10-fold or more, 30-fold or more, 100-fold or more, 300-fold or more, 1000-fold or more, or even
more. By increased level is meant a level that 15 110% or more of that of the regulated compound ina
control cell or a dowastrearn product thereof, such as 120% or more, 130% or more, 140% or more, 150%
or more, 160% or more, 170% or more, 180% or more, 190% or more, or 200% or more, such as at least
3-fold or more, at least 5-fold or more, at least 10-fold or more or even more of the regulated compound in
the engincered host cell or a downstream product thereof.

[80238) A variety of product inlibiton control mechanisims and biosynthetic enzymes in the engincered
host cell that are divected to regulation of fevels of BlAs of interest may be targeted for product inhibition
alleviation. The enginecred host cell may include one or more product inhibition alleviating mutations in
one or more biosynthetic enzyme genes. The mufation may be located in any convenient biosynthetic
crzyoe genes where the biosynthetic enzyre is subject to regulatory control In some embodimests, the
one or more biosynthetic epzyrae gepes encade one of mote tyrosine hydroxvlase enzymes. To certain

instances, the one or more product inhibition alleviating mutations are present in a bicsynthetic cozyme
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gene that is TyrH. In some embodiments, the engineered host cell includes one or more product inhibition
alleviating mutations in one or more biosynthetic enzyime genes such as one of those genes described in
Table 11

[60256] In certain embodiments, the one or mwore product inhibition alieviating mutations are present in
the TvrH gene. The TvrH gene ¢ncodes tyrosine hydroxyiase, which is an enzyme that converts tyrosine
to L-DOPA. TyrH requires tetrahydrobiopterin (BHy) as a cosubstrate to catalyze the hvdroxylation
reaction. Some microbial strains, such as Saccharomyces cerevisiae, do not naturally prodoce BHy, but
can be engioeered to produce this substrate through a fourenzyme synthesis and recycling pathway, as
lustrated in FIG, 2. FIG. 2 dlustrates examples of synthesis, recycling, and salvage pathways of
tetrahydrobiopterin, in accordance with some embodiments of the invention. FIG. 2 provides the use of
the enzymes PTES, pyruvoyl tetrahydropierin synthase; SepR, sepiapterin reductase; PCD, plerin 4a-
carbinolamine dehydratase; QDHPR, dihvdropteriding reductase; and DHFR, dihydrofolate reductase. Of
the enzymes that are illustrated in FEG. 2, yeast synthesizes an endogenous GTP cyclohydrolase I GTP
and dibydroncopterin tnphosphate are natirally synthesized in veast. Additionally, other metabolites in
FIG. 2 are not naturally produced in veast.

[00237] TvrH is inhibited by its product L-DOPA, as well as other catecholanines, particularly
dopamine. Mammalian tyrosine hydroxylase activity, such as from fmans or rats, canbe improved
through mutations that relieve product inhibition. For exarmple, short term product inhibition, such as
competitive binding at the cosubstrate binding site, can be relieved by a point nwtation W166Y onthe
TyrH gene. Ta particular, the point mutation W166Y on the TyrH geoe may ioprove binding of the
cosubstrate.  Additionally, short tere product inhibition to relieve competitive binding at the cosubstrate
binding silc may be improved by a point mutation 3400 on the TyrH gene.  Short term product inhibition
may also be tmproved by the joint muations of R37E, R38E on the Ty gene. In particular, R37E,
R35E mutations may together spectfically improve tyrasine bvdroxylase activity in the presence of
dopamine.

[60258] Additionally, long term product inhibition may be relieved by point mutations on the TyrH
gene. Long term product inbibinon relief may include the irreversible binding of catecholamine to iron in
the active sitc such that there is less catecholamine present o act as a product inhibitor of tyrosine
hydroxylase activity. Long term product inhibition can be relieved by the mutations E332D and Y371F,
respectively, inthe TyrH gene.

(602391  Combinations of the mutations can be made (such as two or three or more mufations at once) to
rehieve roudtiple types of substrate and product 1shibition to further foprove the activity of TyrH. The
nwitants of TyrH, when oxpressed in yeast strains to produce BlAs from sugar (such as those described in
United States Provisional Patent Application Serial No. 61/899,496) can significantly ioiprove the
production of BlAs.

[60268] Any convenient numbers and types of mutations may be utilized to alleviate a product
inhibition control mechanism. In certain cmbodiments, the engincered host ¢ells of the present invention

may nclade 1 or more, 2 or more, 3 or more, 4 or moere, 5 or more, 6 or mere, 7 or more, 8 or more, 9 or
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more, 10 or more, 11 or more, 12 or more, 13 or more, 14 or more, or even 15 or more product inhibition
alleviating mutations, suchas 1,2, 3,4, 5,6, 7. 8,9, 10, 11, 12, 13, 14 or 15 product mishition alleviating

mutations in one or more biosynthetic erwzyme genes within the enginecred host cell.

Feedback Inhibition Alleviating Mutations

(802631 In some instances, the engincered host cells are cells that mclude one or more fecdback
hibition alleviating mutatons (such as two or more, three or more, four or more, five or more, or even
more) in one or more biosynthetic enzyme genes of the cell. Tn some cases, the one or more biosynthetic
erzyme genes are native to the cell {e.g., is present in an unmodificd cell). Additionally or alternatively,
in some examples the one or more biosynthetic enzyme genes are non-native o the cell. As used herein,
the torm “feedback inhibition alleviating mtation” refers to a mutation that alleviates a feedback
inbibition control mechanism of an engineered host cell. Feedback inhibition is a control mechanism of
the cell in which an eazyme in the svathetic pathway of a regulated commpound is inhibited when that
compound has acaumulated to a certain level, thereby balancing the amount of the compouand in the cell.
A muotation that alleviates feedback iohibition reduces the inhibition of a regulated enzyme in the
enginecred host cell relative (o a control cell. In this way, enginecred host cell provides for an increased
level of the regulated compound or a downsiream biosynthetic product thereof. In some cases, by
alleviating inhibition of the regulated enzyme is meant that the 1Csp of inhibition s increased by 2-fold or
more, sach as by 3-fold or more, 5-fold or more, 10-fold or more, 30-fold or more, 100-fold or more, 300-
fold or more, 1000~fold or more, or even more. By increased level is meant a level that 1s 110% or more
of that of the regnlated compound in a control cell or a downstream product thereof, such as 120% or
more, 130% or more, 140% or more, 150% or more, 160% or more, 170% or more, 180% or more, 190%
or more, or 200% or more, such as at least 3-fold or more, at least 5-fold or more, at least 10-fold or more
or even reore of the regulated compound in the host cell or a downstream product thercof

(802627 A varicty of feedback inhibition conirol mechanisros and bicsynthetic eazymes that are directed
to regulation of levels of BIAs of interest may be targeted for alleviation in the host cell. The host cell
may inchide one or more feedback inhibition alleviating mudations 1 one or more biosyathetic enzyrme
genes native to the cell. The one or more mutations may be located in any convenient biosynthetic enzyme
gzencs where the biosypthetic enzyme is subject to regulatory control In some embodiments, the one or
more biosynthetic enzyme genes may encode one or more enzymes selected from a 3-deoxy-d-arabinose-
heptulosonate-7-phosphate (DAHP) synthase and a chonsmate mutase. In some embodiments, the onc or
more biosynthetic enzyme genes encode a 3-deoxy~d-ambinose-heptalosonate-7-phosphate (DAHP)
synthase. In some instances, the one or more biosynthetic enzyme genes may encode a chorismate mutase.
In certain instances, the one or more feedback inhibition alleviating mutations may be present ina
biosynthetic enzyme gene selected from ARO4 and ARO7. In cerfain instances, the onc or more feedback
inbibition alleviating mutations may be present in a biosynthetic eneyme gene that s ARO4. Ta certain
instances, the one or more feedback inhibition alleviating mutations are prosent 1o a bicsynibetic ¢ozyme

coe that is ARO7. In sonx embodiments, the engineered host cell may inchude one or more feedback
@ o
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nhibition alleviating mutations in one or more biosvathetic enzyme genes such as one of those genes
descnibed in Table 11,

(602631 Any converdent numbers and types of mutations may be utilized to alleviate a feedback
inhibition control mechanism. As used hercin, the torm "mutation” refers to a deletion, inseriion, or
substitution of an amino acid(s) residuc or nucleotide(s) residne relative to a reference sequence or motif,
The mutation mayv be incorporated as a directed mutation to the native gene at the original locus. In some
cases, the rautation may be incorporated as an additional copy of the gene introduced as a genetic
integration at a separate locus, or as an additional copy on an episomal vector such as a 2u or centromeric
plasroid. To certain instances, the feedback inhibited copy of the enzyme 18 under the native cell
transcriplional regulation. In some instances, the feedback inhibited copy of the enzyme s introdaced with
enginecred constitutive or dynamic regulation of protein expression by placing it vnder the control of a
synthetic promoter.

[60264] In certain embodiments, the one or more feedback inhibition alleviating mutations may be
present in the ARO4 gene. ARO4 mutations of interest may include, but are not limited to, substitution of
the lysine residue at position 229 with a leacine, a substitution of the glutamine residue at position 166
with a lysine residue, or a mutation as described by Hartmann M., et al. ((2003) Proc Natl Acad ScilJ S A
100(3):862-867) or Fukuda ot al. ((1992) J Ferment Bioeng 74(2):117-119). In some instances, mutations
for conferring feedback inhibition may be sclectod from a nwtagenized library of enzyme mutants,
Examples of such sclections may 1aclade rescue of growth of o-flunroe-D3 L-pbesylalanioe or growth of
aro3 mutant yeast straios in moedia with excess tyrosing as described by Fukuda et al. ((1990) Breeding of
Brewing Yeast Produocing a Large Amount of Beta-Phenvlethy] Alcohol and Beta-Phenylethyl Acetate.
Agr Biol Chem Tokyo 34(1):269-271).

(80265} In certain erobodiments, the enginecred host cells of the present invention may include 1 or
more, 2 or more, 3 or more, 4 or mwore, S or more, 6 or more, 7 or moig, 8 or more, 9 or moie, 10 or more,
11 or more, 12 or more, 13 or more, 14 or more, or even 15 or more feedback inhibition alleviating
mutations, suchas 1, 2,3, 4, 3,6, 7,8, 9, 10, 11, 12, 13, 14 or 15 feedback inhibition afleviating mutations

i one or more biosynthetic enzyme genes within the engineered host cell.

Byproduct Inhibition Alleviating Modifications

(802661 The host cells may inchude one or more modifications (such as two or more, three or more, four
or more, five or more, or even more modifications) of one or more biosynthetic enzyme genes of the cell
that are directed to alleviating byproduct inhibition. In some examples, the one or more biosyathene
enzyne genes are native 10 the cell. In some examples. the one or more biosynthetic enzyme genes are
non-native to the cell. Any convenient biosynthetic enzyvme geones of the cell may be targeted for
modification to alleviate accumulation of kev byproducts. As used herein, the term “byproduct inhibition
alleviating roodification” refers to a modification that reduces the accunwlation of a key inhibtiory
byproduct of an engineerad host coll. Byproduct inhibition is a mechanism of the cell in which

accumudation of a particular byproduct compound of fermentation inbibits production of BlAs of interest
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when that compound has accumulated fo a certain level. A modification that alleviates byproduct
nhibition reduces the accamulation of one or more byvproduct compounds in the engincered host cell
relative to a controf cell. In this way, the engincered host cell provides for a decreased level of the
byproduct compound and/or an increased level of the BiAs of interest. By increased fevel is meant a level
that is 110% or morc of that of the BIAs of interest in a control cell, such as 120% or more, 130% or
more, 140% or more, 130% or more, 160% or more, 170% or more, 180% or mow, 190% or more, or
200% or more, such as at least 3-fold or more, at least 3-fold or more, at least 10-fold or orore or even
more of the BIAs of 1nterest in the control cell. By decreased level is meant a level that is reduced by 10%
or mere, such as by 20% or more, 30% or more, 40% or more, 50% or more, 60% or mere, 70% or morg,
80% or more, 90% or more, 5% or more, 7% or more, or 99% or more, of that of the byproduct
compound in a control cell. Modifications of host cell processes of 1nterest that may be adapted for ase in
the subject host cells are descnbed in U.S. Publication No. 20140273109 (14/211,611) by Smolke et al.,
the disclosure of which is herein incorporated by reference in its entirety.

[30267] A varety of byproduct inhibition alleviating modifications and biosynthetic enzymes in the
enginecred host cell that are directed to modifying the accumulation of levels of byproducts of interest
may be targeted for modification. The enginecred host cell may include one or more byproduct inhibition
alleviating mechanism in one or more biosynthetic enzyme genes. In some exampies, the byproducts of
interest arc fusel alcohols. In some examples, the byproducts are tyrosol, phenylethanol, or methionol. In
some examples, the engineered host cell may inchude one or twre by product inhibition alleviating
mechanisis in one or more biosynthetic enzyme genes such as oue of those genes described in Table 11
[B0268]  In some examples, the engineered host cell may inchide one or more heterlogous coding
seqquences that encode one or more biosynthetic enzymes. In some examples, the biosynthetic enzymes are
4-hyvdroxyphenylacetaldebyde synthase HHPAAR). When HPAAS is expressed, it may convert L-tyrasine
to 4-HPAA. In sorae examples, the blosynthetic enwymes are prephenate-aspartate amuinotransferase
{(PAT), arogenate dehvdratase (ADT), and arogenate dehvdrogenase (AAT). When PAT, ADT, and AAT
are expressed, i may convert chorismate to L-tyrosine and L-phenylalanine through arogenate. In some
examples, the biosynthetic enzymes are phosphoketolase (PK). When PK is expressed, it may convert
fructose-6-phosphate and xyiulose-5-phosphate to acetyl-phosphate. In some examples, the biosynthetic
erzymes are uridine 5 -diphospho-glucosyltransferase (UGT). When UGT enzyme is expressed, it may
convert a phenol to an arvl beta-D-ghicose. In cases where UGT is expressed, it mayv be in combination
with an inactivating mutation in EGH1 {o increase the availability of the substrate UDP-glucose.

[60269] In some examples, the engineered bost cell mav include one or more 1pactivating mwutations 1o
one or more genes that encode biosynthetic cnzymes. 1o some exarapies, the ooe or more nactivating
mutations are in AROS, ARO9, ARQIO, PDCI, PDCS, PDCS, ARTIL, ATFI, ATF2, EHTI, EEBI, AADS,
YPRI, GREZ, ADHI, ADH2, ADH3, ADH4, ADHS, ADESs, ADH7, YPRI, YDRS341¢, BATZ, HFD,
TYRE, PHAZ.

[60278] Any convenient pumbers and types of modifications may be atilized to alleviate a byproduct

inhibition mechanisn. In certain embodiments, the engincered host cells of the present tnvention rmay
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mclude 1 or more, 2 or more, 3 or more, 4 or more, 3 or more, 6 or more, 7 or more, 8 or more, ¢ or more,
10 or more, 11 or more, 12 or more, 13 or more, 14 or more, or even 15 or more byproduct inhibition
alleviating modifications, suchas 1,2, 3, 4,5, 6,7, 8,9, 16, 11, 12, 13, 14 or 15 byproduct inhibition

alleviating modifications in one or more biosynthetic enryme genes within the engineered host cell.

Transcrptional Modulation Modifications

[60271] The host cells may include one or more transcriptional modulation modifications (such as two
or more, three or more, four or more, five or more, or even mote modifications) of one or more
biosynthetic enzyne genes of the cell. In some examples, the one or more biosvnthetic erzyme genes are
native to the coll. In some examples, the one or more biosynthetic enzyme genes are nonenative to the
cell. Any convenieunt biosynthetic enzyme genes of the cell may be targeted for trapscaption modulation.
By transcription modulation is meant that the expression of a gene of inferest in a modified cell is
modulated, ¢.g., increased or decreased, enbanced or repressed, relative to a control celi e.g., an
anmodified celly. In some cases, trapscriptional modudation of the gene of interest includes increasing or
enbancing expression. By increasing or enhancing expression is meant that the expression level of the
gene of unterest 1s increased by 2-fold or more, such as by 3-fold or more and sometimes by 25+, 50, or
100-fold or more and in certain embodiments 300-fold or more or higher, as compared to a control, 1.e.,
crpression in the same cell not modified (¢.g., by using any convenient genc oxXpression assay).
Alternatively, in cases where expression of the gene of interest in a cell is so low that it is undetectable,
the expression level of the gene of interest is considered to be increased if expression 1S increased to a
fevel that is casily detectable. In certain instances, transcriptional modnlation of the gene of interest
includes decreasing or repressing expression. By decreasing or repressing expression is meant that the
expression level of the gene of interest is decreased by 2-fold or more, such as by 3-fold or more and
sometimes by 25-, 50-, or 100-fold or more and in certain embodiments 300-fold or more or higher, as
corapared 1o a control. To some cases, expression is decreased to a level that is undetectable.
Modifications of host cell processes of interest that may be adapted for use in the subject host cells ac
descrbed in U.S. Publication No. 20140273109 (147211 611 by Smolke et al., the disclosure of which is
herein incorporated by reference in its entirety.

(862721 Any convenicnt biosynthetic enzyme genes may be transcriptionally modulated, and include but
are not fimited to, those biosynthetic enzymes described in FIG. 1. In particular, FIG, 1 ilhustrates a
hiosynthetic scheme for conversion of ghicose to 4-HPAA, dopamine, and 3 4-DHPAA  in accordance
with some embodiments of the invention. Examples of enzymes desenibed in FIG. 1 inchude ARQG3,
ARO4, AROL, ARO7, TYRI, TYR, TyrH, DODC, MAQ, ARO10, AROY, and AROS. In some instances,
the one or more biosynthetic enzyme genes may be selected from AROIO, ARCO, AROE, and TYRI. In
some cases, the one or more biosyathetic enzyme genes may be ARO10. In certain instances, the one or
more biosynthetic enzyowe genes oray be AROY. Insome embaodiments, the one or more biosynthetic
cnzyoe genes oay be TYRI. 1o some embodioernts, the host cell includes one or more transcripticnat

modulation modifications o one or more genes such as one of those genes descubed in Table 1L
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[60273] In some embodiments, the transcriptional modulation modification may include a substitution
of a strong promoter for a native promoter of the one or more biosynthetic enzyme genes or the expression
of an additional copyv(ics) of the gene or genes under the control of a strong promoter. The promaoters
driving expression of the genes of interest may be counstitutive promaters or inducible promaoters, provided
that the promoters may be active in the host cells. The genes of interest may be expressed from their
native promoters. Additionally or alternatively, the genes of interest may be expressed from non-native
promoters. Although not a requirement, such prometers may be oedium to high steengih in the host in
which they are used. Promoters may be regulated or constitutive. In some embodiments, promoters that
are not glucose repressed, or reprassed only mildly by the presence of ghicose in the culiure medinm, may
be used. There are numerous suitable promoters, exaraples of which inclade promoters of glycolytic gencs
sach as the promoter of the B subtilis tsr gene (encoding fractose biphosphate aldolase) or GAPDH
promoter from yeast S, cerevisiae {coding for glyceraldehyde-phosphate dehydrogenase) (Bitter G. A,
Meth. fnzymol. 152:673 684 (1987)). Other strong promoters of interest include, but are not limited to,
the ADHI promoter of baker's veast (Ruohonen L., et al, /. Biotechnol 39:193 203 {1993)), the
phosphate-starvation induced promoters such as the PHOS promoter of veast (Hinnen, A, et al, in Yeasr
Genetic Engineering, Barr, P. |, et al. eds, Butterworths (1989), the alkaline phosphatase promoter from
B licheniformis (Lec. 1. W. K, et al, J Gen. Microbiol 137:1127 1133 (1991)), GPD1, and TEF1. Yeast
promoters of interest include, but are not limited to, inducible promoters such as Gali-10, Gall, Gall.,
(GalS, repressible promoter Met25, 1etQ, and constitutive promaters such as glyceraldehvde 3-pbosphate
dehydrogenase promoter (GPL}), aleobol debydrogenase promoter (ADH), translation-elongation factor-1-
alpha promoter (TEF), cytocheorne c-oxidase promoter (CY 1), MRP7 promoter, etc. Ja some mstances,
the strong promoter is GPDI. Incertain instances, the strong promoter is TEF 1. Autonornously replicating
veast expression vectors containing promoters inducible by bormones such as glucocorticoids, steroids,
and thyroid bormones are also known and inchude, but are not Hmited to, the glucorticoid responsive
clement (GRE) and thyroid bormone responsive element (TRE), sec e.g., those promoters described in
LS. Pat. No. 7,045,290, Vectors containing constitutive or inducible promoters such as alpha factor,
alcohol oxadase, and PGH may be used. Additionally any convenient promoter/enhancer combination {as
per the Eukarvotic Promotor Data Base EPDB) could also be used to drive expression of genes of interest.
1t is understood that any conveniont promoters specific to the host cell mav be selected, ¢.g., F. coli. Tn
some cases, promoter sclection may be used to optimize transcription, and hence, enzyvme levels to

maxirnize production while nunimizing energy resources.

Inactivating Mutations

(602741 The engincered host cells may include one or more inactivating mwtations 1o an enzyme of
protoin of the celi (such as two or more, three or more, four or more, five or more, or even more). The
inclusion of oge or more nactivating owiations may modify the flux of a sypthetic pathway of an
engineered host cell to increase the levels of a BIA of interest or a desirable enzyowe or precursor Jeading

to the sarme. In some examples, the one or more nactivating mutations ate (0 an enzy o native to the
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ceil. Additionally or alternatively, the one or more mactivating mutations are {0 an enzyme nog-native (o
the cell. As used herein, by “inactivating mutation” 1S meant one or more mutations o a gene or
regulatory DNA sequence of the cell, where the mutation(s) inactivates a biological activity of the protein
expressed by that gene of interest. In some cases, the gene is native to the cell. In some instances, the gene
erncodes an enzyme that is inactivated and is part of or connected to the synthetic pathway of a BIA of
intorest produced by the host cell. In some instances, an inactivating mutation is located in a regulatory
DINA sequence that cantrols a gene of interest. 1o certain cases, the tnactivating mutation s 1o a promoter
of a gene. Any convenicnt rautations (¢.g.. as described herein) may be utilized to ivactivaie a gene oy
regulatory DNA sequence of interest. By “inactivated” or “inactivates” is owant that a bioclogical activity
of the protein expressed by the muitaled geoe is reduced by 10% or more, such as by 20% or more, 30% or
more, 40% or more, 50% or more, 50% or more, 70% or more, 80% or more, 90% or more, 95% or more,
97% or more, or 99% or more, relative 10 a control protein expressed by a non-mutated control gene. In
some cases, the protein is an enzyime and the inactivating mutation reduces the activity of the enzyme.
[80275] In some examples, the engineered host cell includes an inactivating mutation in an enzyme or
profein native to the cell. Any convenient enrymes may be targeted for inactivation. Enzymes of interest
may include, but are not limited to those corvmes, described in Table 11 whose action in the synthetic
pathway of the engincered host cell tends to reduce the levels of a BIA of interest. In some cases, the
enzyme has glucose-O-phosphate debhydrogenase activity. In certain embodiments, the enzyoe that
1ocludes an ipactivating muiation 1s ZWF | Insome cases, the enzy o has alcohol dehydrogenase
activity. In some erebodiments, the enzyme that tocludes an inactivating mutation is selected from ADH2,
ADH3, ADH4, ADHS, ADHoS, ADH7, and SFAL 1o cortain embodiments, the enzyme that inchides an
mactivating rmutationds) is ADHZ. In certain embodiments, the enzyme that includes an inactivating
mutation(s) is ADH3. In certain embodiments, the enzyme that includes an inactivating mautation(s) 18
ADH4. In certain embodiments, the enzyme that inchudes an inactivating mutation(s) is ADHS. In cestain
embodiments, the enyyime that includes an inactivating mutation(s) is ADHS. In certain embodiments, the
enzyrie that includes an inactivating mutation(s) s ADH7. In some cascs, the enzyme has aldehyde
oxidoreductase activity. In cerfain embodiments, the enzyme that includes an inactivating mutation 1§
selected from ALD2, ALD3, ALD4, ALDS, and ALDO. In certain embodiments, the enzyme that includes
an inactivating mntation{s) is ALD2. In certain embodiments, the cnzyme that includes an inactivating
nwiation(s) is ALD3. In certain embodiments, the enzyme that includes an inactivating mwiation(s) is
ALD4. In certain embodiments, the enzyme that inclndes an inactivating mutation{s) is ALDS. In certain
crabodiments, the enzyme that jacludes an jnactivating routationds) s ALDS6. In some cases, the enzyne
bas aldehyde reductase activity. In some erabodiments, the enzyre that includes an inactivating moutation
is ARI1. Tn some cases, the enzyrae has aryi-alcobol dehydeogenase activity. 1o some embodimends, the
enzyine that includes an inactivating miotation is selected from AADY, AADG, AADID, AADI4, AADIS,
AADI6. I certain embodiments, the enzyme that inchides an inactivating mutation(s) is AAD4. In
certain embodiments, the enzyme that includes an inactivating motation(s) 18 AADG. In certain

embodiments, the enzyme that includes an ieactivating ravtationds) s AADIO. In certain embodiments,
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the enzyme that inclhudes an inactivating mutation{s) is AAD14. In certain embodiments, the enzyme that
inclades an inactivating mutation(s) is AAD1S. In certain embodiments, the enzyme that includes an
imactivating mutation(s) is AADI6. In some exampiles, the engincered host cell includes an inactivating
nwiation in a transcription regulator native to the cell. Transcriptional regulators of interest may inchade,
but are not limited to those proteins, described in Table 11, In some cases, the profein has activity as a
franscriptional regulator of phospholipid biosynthetic genes. In sone embodiments, the transcrptional
regrlator that jucludes an joactivating routation is OPHL. In some ermbodiments, the host celf 1octudes ocoe
or more nactivating mutations to one or more genes described in Table 1.

[68276] In some examples, the engineered host cell includes an inactivating mwitation inan eozyre of
protein pative to the cell. Enzymes of interest may include, but are not lirarted to those enzymes, described
in Table 11 whose action in the synthetic pathway of the engineered host cell is part of the Eddich pathway
to produce fusel alcohels. In some cases, the enzvme has phenylpyruvate decarboxylase activity., In
certain embodiments, the enzyme that includes an inactivating mutation is ARO10. In some cases, the
enryme has pyruvate decarboxylase activity. In some embodiments, the enxyme that includes an
inactivating mutation is selecied from PDCL, PDCS, and PDC6. In cortain embodiments, the enzyme that
includes an inactivating mutation(s) is PDC1. In certain embodiments, the enzyme that includes an
inactivating mutation(s) is PDCS. In cortain embodiments, the cozyme that includes an inactivating
mutation{s) is PDC6. In some cases, the enzyne has aromatic aminotransferase activity. 1n some
cmbodiments, the enzy e that includes an tnactivating owiation is selected from ARGSE and ARCO. In
certain erabodiments, the enzyme that includes an inactivating muation(s) is AROS. In cedain
embodiments, the enzyme that includes an inactivating nwitation(s) is ARG, Insome cases, the enzyme
has prephenate debyvdrogenase activity. In certain embodirnents, the enzyme that includes an inactivating
mutation(s) s TYRI. Insome cases, the enzyme has prephenate dehydratase activity. In certain
embodiments, the enzyme that inchudes an tnactivating mwtation(s) 1s PHA2. In some embodiments, the

host cell includes one or more inactivating mutations o one or more genes described in Table 11.

Epimerizaton Modifications

(862777 Some methods, processes, and systems provided berein describe the conversion of (5)-1-
bery isoguinoline alkalowds to (¥)-1-benzylisoquinoline alkaloids. Some of these methods, processes,
and systems may comprise an engincered host cell. In some examples, the conversion of (S)-1-
benrylisoguinoline alkaloids to (K)~1-benzylisogquinoline alkaloids is a key step 1 the conversion of a
substrate to a diverse range of alkaloids. In some examples, the conversion of ¢5)-1-benzylisoguinoline
alkaloids to (R)-1-benzylisoguinoline alkaloids comprises an epimerization reaction via an engineered
epimcrase. In some cases, epimerization of a substrate alkaloid may be performed by oxidizing an (S)-
substrate to the corresponding Schiff base or imine intermediate, then stereospecifically reducing this
intormediate 1o an (R)-product as provided 1n FIG. 1 and as representad generally in Scheme 1. As
provided in Scheme 1, Ry, Ry, Ry, and Ry may be H or CHa. Rs may be H, OH, or OCH;.

Scheme 3
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[00278] In some examples, the conversion of the (S)-substrate to the (R)-product may involve at least
one oxidation reaction and at least one reduction reaction. In some cases, an oxidation reaction is
optionally followed by a reduction reaction. In some cases, at least one of the oxidation and reduction
reactions is carried out in the presence of an enzyme. In some cases, at least one of the oxidation and
reduction reactions is catalyzed by an engincered epimerase. In some cases, the oxidation and reduction
reactions are both carried out in the presence of an engineered fused epimerase. In some cases, the
oxidation and reduction reactions are both carried out in the presence of an engineered split epimerase
having a separately expressed oxidase component and reductase component, respectively. In some cases,
an engineered epimerase is useful to catalyze the oxidation and reduction reactions. The oxidation and
reduction reactions may be catalyzed by the same engineered epimerase.

[00279] In some methods, processes and systems described herein, an oxidation reaction may be
performed in the presence of an enzyme that is part of an engineered epimerase. In some examples, the
engineered epimerase may have an oxidase component. In some cases, the oxidase component may be a
component of an engineered fused epimerase. In some case, the oxidase component may be
independently expressed as part of an engineered split epimerase. The oxidase may use a (S)-1-
benzylisoquinoline as a substrate. The oxidase may convert the (S)-substrate to a corresponding imine or
Schiff base derivative. The oxidase may be referred to as 1,2-dehydroreticuline synthase (DRS). Non-
limiting examples of enzymes suitable for oxidation of (S)-1-benzylisoquinoline alkaloids in this
disclosure include a cytochrome P450 oxidase, a 2-oxoglutarate-dependent oxidase, and a flavoprotein
oxidase. For example, (S)-tetrahydroprotoberberine oxidase (STOX, E.C 1.3.3.8) may oxidize (5)-
norreticuline and other (5)-1-benzylisoquinoline alkaloids to 1,2-dehydronorreticuline and other
corresponding 1,2-dehydro products. In some examples, a protein that comprises an oxidase domain of
any one of the preceding examples may perform the oxidation. In some examples, the oxidase may
catalyze the oxidation reaction within a host cell, such as an engineered host cell, as described herein. In
some cases, the oxidase may have one or more activity-increasing components.

[00280] In some examples, a reduction reaction may follow the oxidation reaction. The reduction
reaction may be performed by an enzyme that is part of an engineered epimerase. In some examples, the
reductase may use an imine or Schiff base derived from a 1-benzylisoquinoline as a substrate. The
reductase may convert the imine or Schiff base derivative to a (R)-1-benzylisoquinoline. The reductase
may be referred to as 1,2-dehydroreticuline reductase (DRR). Non-limiting examples of enzymes suitable

for reduction of an imine or Schiff base derived from an (S5)-1-benzylisoquinoline alkaloid include an
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aldo-keto reductase (e.g., a codeinone reductase-like enzyme (EC 1.1.1.247)) and a short chain

dehydrogenase (¢.g., a salutaridine reductase-like enzyme (EC 1.1.1.248)). In some examples, a protein
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that comprises a reductase domain of any one of the preceding examples may perform the reduction. In g
farther crbodiment, the redaction is stercospecific. In some examples, the reductase may catalyze the
reduction reaction within a host cell, such as an enginecered host cell, as described hercin.

[60283] An example of an enzyme that can perform an epimerization reaction that converts (S)-1-
benzylisoquinoline alkaloids to (R)j-1-benzylisoquinoline alkaloids inchudes an epimerase having an
oxidase domain and a reductase domain. In particular, the epimerase may have a cytochrone P450
oxidase 82Y2-like domain. Additionally, the cpimerase may have a codeinone reductasc-like domain,
Ag epimerase having a eviochrooe P450 oxidase 82Y 2-like domain and also having a codeigone
reductase-like domain may be referred (0 as a DRS-DRR enzyme. In padicular, 2a DRS-DRR cnzyme
may be a fusion enzyme that is a fusion epimerase. Further, when a DRS-DRR enzyme is modified by at
least one activity-mcreasing modification, the fusion enzyme may be an engineered fusion epimerase.
[60282] Examples of amming acid sequences of a DRS-DRR enzyme that may be used to perform the
conversion of (S)-1-benzylisoquinoline altkaloids to (R)-1-benzylisoquinoline alkaloids are st forth
Table 1. Anamino acid sequence for an epimerase that is utthred in converting an £5)-1-
benzylisoquinoline alkaloid to an (R)-1-benzyvlisoquinoline alkaloid may be 50% or more identical to a
given amino acid sequence as listed in Table 1. For example, an amino acid sequence for such an
cpimerase may comprise an amino acid sequence that is at least 50% or more, 55% or more, 60% or more,
653% or more, 70% or more, 75% or more, %0% or more, 81% or more, 82% or mwore, 83% or niore, 84%
or more, 83% or more, #6% or more, 7% or more, 88% or mwore, 9% or more, 0% or more, 91% or
more, 92% or more, 93% or more, 94% or more, 95% or more, 96% or more, 97% or more, 98% or more,
or 99% or more identical to as amino acid sequence as provided herein. Additionally, 1o certain
embodiments, an "identical” amine acid sequence contains at feast 80%-99% identity at the amine acid
level to the specific amino acid sequence. In some cascs ap "identical” amino acid sequence cortains at
least about 8384, 86%, 87%, 88%, 89%%, 90%, 91%, 92%, 93%, 94% and more in certain cases, al least
95%, 96%, 97%, 98% and 99% identity, at the anine acid level. In some cases, the amino acid sequence
may be identical but the DNA scequence is altered such as to optimize codon usage for the host organism,
for example.

[60283] Amino acid residues of homologous epimerases may be referenced according to the mumbering
scheme of SEQ ID NO. 16, and this numbering system is used throughout the disclosure to refer to
specific amino acid residues of epimerases which are homologous to SEQ D NO. 16. Epimerases
homologous to SEQ ID NO. 16 may have at least about 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%,
0%, 5%, 97%, 98%, or 99% sequence identity to SEQ ID NO. 16, In some cases, ap anino acid
referred to as position 50 in a homologous epimerase raay ot be the 30% amino acid in the homologous
cpirmerase, but would be the amine acid which comresponds to the amino acid at position 50 i SEQ ID
NGO. 16 wn a protein alignment of the homologous epumerase with SEQ ID NG, 16, In some cases,
bhomologous enzymes may be aligned with SEQ ID NQ. 16 either according to primary seguence,

secondary steucture, of tertiary structure,
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(802841 An engineered host cell may be provided that produces an engineered epimerase that converts
(5)-E-benzyvlisoquinoline alkaloid to (R)-1-benzylisoquinoline alkaloid, wherein the epimerase conmprises
an amino acid sequence selected from the group consisting of: SEQID NOs: 1,2.3,4,5,6,7, 8,9, 10,
11,12, 13, 14, 15, 16, 17, and 18, and having onc or more activity~enhancing modifications. The
epimcrase that is produced within the engineered host cell may be recovered and purified so as to form a
biocatalyst. Insome cases, the epimerase may be split into one or more enzymes. Additionally, one or
more cnzymes that are produced by splitting the cpimerase may be recovered from the engincerad bost
cell. These one or more enzyoes that result from splitting the epimerase may also be used (o catalyze the
conversien of (S)-1-benzylisoquinoling alkaloids 1o (R)-E-beazvlisoquinoline alkaloids. Additionally, the
use of an engincered split epimerase may be used to increase the production of benzylisoquinoling
alkaloid products within a cell when compared to the prodoction of benzylisogunoline atlaloid prodocts
within a cell utilizing a fused epimerase.

[60285] In additional cases, the ong or more enzymes that are recovered from the enginecred host cell
that produces the epimerase may be used in a process for converting a (S)-1-benzylisoquinoline alkaloid
to a (R)-1-benzylisoquinoline alkaloid. The process may include contacting the #S)-1-benzylisoguinoline
alkaloid with an opimerase in an amount sufficiont to conwert said (S -1-benzyliscquincline alkaloid to
(R)-1-benzvlisoquinoline alkaloid. In some examples, the /5)-1-benzylisogninoline alkaloid may be
benzylisoquincline atkaloid s converted to (R)-1-beazylisoquinoline alkaloid. In further exaraples, the
(53~ F-benzylisoquincline alkaloid may be contacted with a sufficient amount of the one or more enzyees
such that at least 10%, at least 15%, at feast 20%, at least 25%, at least 30%, at least 35%, at least 40%, at
least 45%, at least 50%, at least $5%, at least 60%;, at east 65%, at least 70%, at least 75%, at least 80%,
at least 8296, at least 84%, al leasi 86%, at least 8894, at Ieast 90%, at least 91%, at keast 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, al keast 99%, at least 99.5%¢, at
least 99.7%, or 100% of said (S)-1-benzyvlisoquinoline alkaloid is converted to (R)-1-benzylisoquinoline
alkaloid.

(862861 The one or more enzymes that may be used o convert a (5 -1-benzyhisoguinoline alkaloid 1o a
(R)~1-benzylisoguinoline allaloid may contact the ¢5)~1-benzylisoguinoline alkaloid in vitro,
Additionally, or alternatively, the one or more enzyvmes that may be used 1o convert a 78)-1-
benzviisoquinoline alkaloid to a /R)-1-benzylisequincline alkaloid may contact the (5)-1-
benzviisoquinoline alkaloid in vivo., Additionally, the one or more enzymes that may be used to convert a
(Si-1-benzylisoquinaline alkaloid to a (R)-1-benwylisoquincline atkaloid may be provided {o a cell having
the (5)-1-benzylisoquinolice alkaloid within, or may be prodoced within an enginecred host cell.

(602871  In some examples, the methods provide for engincered host cells that produce an alkaloid
produuct, wherein the epimerization of a (S)-substrate to a (Ri-product may comprise a key step w the
production of an alkaloid product. In some examples, the alkaloid produced is a (R)-1-benzylisoquinoling
alkaloid. In still other embodiments, the alkaloid produced is denved from a (R)-1-benzylisoquinoline

alkaloid. ncluding, for example, 4-ring promorphinan and S-ring morphinan alkaloids. In another
A
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embodiment, a /8)~1-benzylisoquinoline atkaloid is an intermediate toward the product of the engingered
host cell. In still other embodiments, the alkaloid product is selected from the group consisting of 1-
benzylisoquinoline, morphinan, promorphinan, nor-opioid, nal-opioid, or bisbenrylisoquinoline alkalouds.
[60288] In some examples, the (S)-substrate is a rSi-1-benzylisoquinoline alkaloid selected from the
group consisting of S)-norreticuling, (Y -reticuline, (5 -tetralydropapaverine, (9 -norcoclaurine, (S)-
coclanring, /5)-N-methyicoclaudne, (8)-3 ~hvdroxy-V-methylcoclaurine, (S} -norisoorientaline, (5~
orientaling, (S -isoorientaline, (S)-porprotosinomenine, (S -protosinomening, 15 -norlandanoscline, ($-
landanosoling, (5) -4 -O-methyllaudancsobing, (5)-6-O-methyloorlaudancsoling, (8)-47-0-
methylnodandanosocline.

(602891  In somc examples, the /5)-substrate is a compound of Formula I

R'O

Formula I,
or a salf thereof, wherein:
R, R R, and RY are independently selected from hydrogen and methyl; and
R is selected from hydrogen, hydroxy, and methoxy.
[8629¢] Insome other examples, at least one of R', R?, R, B¥, and R7 is hydrogen.

(802931  In still other examples, the (S)-substrate is a compound of Formula 11

Formula 11,

or a salt thereof, wherein:

R’ is selected from hydrogen and C-Cy alkyl;

R® and R arc independently selected at each occurrence from hydroxy, fluoro, chioro,
bromwo, carboxaldehyde, C:-Cy acyl, Ci-Cy alkyl, and C-Cy alkoxy;

nis$, 1,2,3, ord; and

010, 1,2,3 4015,
(8G2592] When a bond is drawn across a ring, it ticans substitntion may occur at a nen-specific ring atom
or position. For example, in Formaula I showa above, the hydrogen of any ~CH- in the 6-membered ring
may be replaced with R7 to form ~CR'—
[00293} In some examples, R® and R are independently methyl or methoxy. In some other examples, n
and n° arc independently 1 or 2. In still other embodiments, R° is hydrogen or methyl.

A4S
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(802841  In some cxamples, the methods provide for enginecercd host cells that produce alkaloid products
from (S)-reticaline. The epimerization of (&)-reticuline to FU-reticuline may comprise a key step in the
production of diverse alkaloid products from a precursor. In some examples, the precursor is L-iy1osine or
a sugar {e.g., glicose). The diverse alkaloid products can include, without limitation, 1-
benzylisoquinoline, morphinan, promorphinan, nor-opioid, or nal-opioid alkaloids.

(602951  Anv suitable carbon source may be used as a proecursor toward an epimerzed 1-
benzyiisoquinoline alkaloid. Suitable precursors can include, without Hmitation, monosaccharides (e.g.,
glucose, fructose, galactose, xvlose), oligosaccharides (e.g., lactose, sucrose, raffinose), polysaccharides
{¢.z., starch, celhulase), or a combination thereof In some examples, unpurified mixtares from renewable
feedstocks can be used (¢.z., cornsteep liguor, sugar beet molasses, bardey makt, biomass hydrolysate). In
stitl other embodiments, the carbon precursor can be a one-catbon compound (e.g., methanol, carbon
dioxide) or a two-carbon compound {e.g., ethanol). In vet other embodiments, other carbon~containing
compounds can be otilized, for example, methylamine, glucosamine, and amingo acids {e.g., L~tyrosing). In
some examples, a I-benzylisoquinoline alkaloid may be added directly to an engineered host cell of the
invention, incloding, for example, nortaudanosoline, laudanosoling, norreticuline, and reticuline. In still
further embodiments, a 1-benzvlisoquineline alkaloid may be added to the engincered host cell as a single
cnantiomer (¢.g., a (5 -1-benzylisequincline alkaloid), or a nuxture of cnantiomers, inchiding, for
exaniple, a racemic mixture.

[B029¢] In some examples, the methods provide for the epimerization of a stercocenter of a 1-
benzylisoquincline atkaloid, or a derivative thereof, using an engincered epioerase. Io a further
embodiment, the metbod compuses contacting the 1-benzylisoquinoline alkaloid with an cngincered
epimerase. The enginecred epimerase may invert the stercochemistry of a stereocenter of g 1+
benzylisoguinoline alkaloid, or denvative thereof, to the opposite stereochemistry. In some examples, the
engincered epimerase converts a (S)-1-benzy lisoquinoline allkialoid to a (R)-1-benzylisoguinoline atkalowd.
In some examples of this conversion of a ¢5)-1-benzylisoquinoline alkaloid to a (R)-1-benzylisoguinoline
alkaloid utilizing the engineered epimerase, the (S)-1-benzylisoguinoline alkaloid 1s selected from the
group consisting of 7S/ -norreticuline, (5)-reticuling, /5)-tetrahydropapaverine, (5)-norcoclaurine, (S)-
coclanring, (S -N-methyicoclaurine, (S)-3 ~hyvdroxy-N-methylcoclaurine, (&) -norisoorientaline, (5«
orientaline, (S -isoorientaling, (S)-norprotosinomenine, (S)-protosinomaoning, (S -norlandanosoline, (S)-
laudanosoline, (S)-4’-O-methyllandanosoling, (8)-6-O-methyinorlandanosoling, and /5-47-0-
methyinoriaudanosoline.

[60287)  In stil other embodiments, the 1-benzylisoquinaline alkaloid that is epimerized using an
cngincered cpimerase may comprise two or more steroocenters, wherein only one of the two or more
stereocenters is taverted to praduce a diastercomer of the substrate (.2, (5, R)~-i-benzyhsoquinoline
alkaloid converted to (R, &)-1-benzylisoquinohne alkatoid). In some examples where only one
stereocenter of a T-benzyliscquinoline alkaloid is verted when conlacted with the at keast one cnzyme,

the product is referred to as an epirser of the L-berwylisoquinoline alkaloid.
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[80298]  In some cxamples, the T-benzvlisoguinoling alkaloid is presented to the enzyme as a single
stereoisomer. In some other examples, the 1-benzylisoguincline alkaloid is presented to the eroyme as a
mixture of stereoisoners. In still further embodiments, the mixture of stercoisomers may be a racemic
mixture. In some other examples, the mixture of stercoisomers may be enriched in one stereoisorer as
compared to another stereoisomer,

[66299]  Insome examples, a I-benzylisoquinoline alkaloid, or a derivative thereof, is recovered. In
some examples, the 1-benzylisoquinoline alkaloid is recovered from a cell cultwre. To <6l further
crabodiments, the recovered 1-benzylisoguinolioe alkaloid is enantiomerically eoriched tnone
stercoisomer as compared to the original mixture of 1-benzylisoguivoline alkaloids presented to the
enzyme. In still further embodiments, the recoverad 1-benzylisoguinoline alkaloid has an enantiomeric
excess of at least 50%, at least 55%, at least 60%, at keast 65%, at least 70%, at least 75%, at least 80%4, at
least 82%, at least 8494, at lcast 86%4, at lcast 88%, at least 90%, at least 91%, at least 929, at least 93%,
at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%,, at least 99.5%, at least
99.7%, or 100%.

[60380]  In some examples, a promorphinan, or a derivative thereof, is recovered. In some examples, the
promorphinan is recovered from a cell culture. In still further embodiments, the recovered promorphinan
has an enantiomeric excess of at feast 30%, at least 55%, at least 60%, at least 65%, at least 70%, at least
75%, at loast 80%, at least 82%, at least 84%, at feast 86%, at least 8894, at least 90%, at least 91%, at
least 92%, at lcast 93%, at least 94%, at lcast 95%, at Ieast 96%, at least 97%, at loast 98%, at least 99%,
at least 99.5%, at least 99.7%, or 100%

(8G3831] In some examples, a morphinan, or a derivative thereof, is recovered. In some examples, the
morphinan 18 recovered from a celf cultare. In suall further embodirents, the recovered morphinan has an
enantiomeric excess of at least S0%, at least 55%. at Ieast 609, at least 63%, at least 70%, at least 75%, at
least 80%6, at least 52%, at least 84%, at least 86%;, at keast 88%, at least 90%, at least 91%, at least 92%,
at least 93Y%, at least 94%, at least 95%, at least 26%6, at Ieast 97%, at least 98%, at feast 99%, at least
99.5%, at least 99.7%, or 100%,

[60382] In some examples, a bisbenzylisoquinoline, or a derivative thereod, 1s recovered. In some
examples, the bisbenzylisoquinoline is recovered from a cell culture. In still further embodiments, the
recovered bisbenzylisoguinoline is enantiomerically enriched in one stercoisomer as compared to the
original mixture of bisbenrylisoquinoline presented to the enzyme. In still further ernbodiments, the

&0

recovered bisbenzylisoguinoline fas an enantiomeric excess of at least 50%, at least 55%, at least 60%%, a
least 65%, at lcast 70%, at least 73%, at least 80%, at Ieast 82%, at lcast 84%, at lcast 86%, at lcast 88%

at least 90%, at lcast 91%, at Ieast 92%, at least 93%, at Ioast 94%, at lcast 95%, at least at least
7%, at lcast 98%, at least 99%, at least 99.5%, at least 99.7%, or 100%.

[603063] In somc examples, a nal-opioid, or a denvative thereodf, is recovered. In some examples, the nal-
opioid is recovered from a cell culture. In still further embodiments, the recovered nal-opioid has an
enantiomenc excess of at least 3096, at least 535%, at least 60%, at least 65%, at least 70%. at least 73%, at

least 80%, at least 82%, at lcast 8494, at least 86%, al least 88%, at least 0%, at least 919%, at least 92%,
A7
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at least 93Y%, at least 94%, at least 95%, at least 26%6, at Ieast 97%, at least 98%, at feast 99%, at least

99 5%, at least 99.7%, or 1009%,

(603041 In some examples, a nor-opioid, or a derivative thereof, is recovered. In some examples, the
nor-opioid is recovered from a cell culture. In still further embodiments, the recovered nor-opicid has an
enantiomernic excess of at least 30%, at least 55%, at least 60Y%, at least 65%, at least 70%, at feast 73%, at
least 80%, at least 82%, at least 84%, at least 86%, at lcast 88Y%, at lcast 0%, at least 91%, at least 92%,
at least 93%, at lcast 94%, at least 95%, at least 96%, at Ioast 97%, at lcast 98%, at least 99%, at lcast
99.5%, at least 99.7%, or 100%.

[603063] "Isomers" are different compounds that have the same molecular formula. "Sterecisomers” are
isomers that differ onty in the way the atoms arc arranged in space. "Enanticroers” are a pair of
stereoisomers that are non sppenmposable mirror irnages of cach other. A L1 mixture of a pair of
cnantiomers is a "racemic” mixture. "Diastercoisomers” or “diastereomiers” are stereoisomers that have at
least two asymmetric atoms but are not mirror fmages of cach other. The term “epimer” as used herein
refers to a compound having the identical chemical formula but a different optical configuration at a
particular position. For example, the (R.S) and (5,0) stereoisomers of a compound are epimers of ong
another. In some examples, a I-benzylisoquinoline alkaloid is converted fo Us epimer {e.g., epi-1-
benzylisoquinoline alkaloid). The absohite stercochenustry is specified according to the Cahne-Ingold-
Prelog R-S systern. When a compound is a pure enantiomer, the stereochemisiry at each chiral carbon can
be specified by etther R or 8. Resolved compounds whose absolute configuration is unkpowa canbe
designated (+) or (-} depending on the divection (dextro~ or levorotatory) in which they rotate plane
polarized light at the wavelength of the sodivm D line. Certain conpounds described herein contaio one
o1 mote asyimetric cenlers and can thus give rise to enantiomers, diasterecraers, and other stercoisomeric

forms that can be defined, in torms of absolute stercochemistry, as (R~ or (S)-.

Table 1. Example amino acid sequences of DRS-DRR enzymes, split BRS and DRR enzymes, and

other nuclestide sequences

Sequence Deserniption | SEQ. ID
NO.
MELQYISYFOPTSSVVALLLALVSILSSVVVLREKTFLNNYSSSPASSTKTA | A SEQ. D

VLSHOQROQOSCALPISGLLHIFMNENGLIHVTLGNMADKY GPIFSFPTGSH | somniferum
RTLVVSSWEMVKECFTGNNDTAFSNRPIPLAFKTIFYACGGIDSYGLSSV | plant source;
PYGKYWRELRKVCVHNLLSNQQLULEFRHLUSQVDTSFNKLYELCKNSE | full-length
DNHGNYTTTTTTAAGMVRIDDWLAELSFNVIGRIVCGFQSGPKTGAPSR. | anino acid
VEQFKEAINEASYFMSTSPVSDNVEMLGWIDQUTGLTRNMKHCGKKLD | sequence
LYVESHNDHROERRFSRTKGGDEKDDEQDDFIDICLSIMEQPOQLPGNNN
PSQIPESIVLDMIGGGTDTTKLUTTIWTLSLLLNNPHVLDKAKQEVDAHF
RTKRRSTNDAAAAVVDFDEHRNLVYIQATKESMRLYPASPVVERLSGE

NO. 1

>RONK-
2062398
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DCVVGGFHVPAGTRLWANVWKMORDPKVWRDPLVFRPDRFLSDEQK
MVDVRGONYELLPFGAGRRVCPGVSFSLDLMOL VL TRLILEFEMKSPSG
EVDMTATPGLMSYKVIPLDILLTHRRIKPCVGSAASERDMESSGVPVITL
GSGKVMPVLGMGTFEKVGKGSERERLAH KAIEVGYRYFDTAAAYETE
EVLGEAIAEALQLGLVKSRDELFISSMLWCTDAHADRVLELALQNSLRNL
KLEYVDLYMLUPFPASLEPGKITMDIPEEDICRMDYRSVWAAMEECONL
GFTESIGVSNFSCRKLQELMATANIPPAVNQVEMSPAFQOKKLREYCNA
NNILVSAISVLGSNGTPWGSNAVLGSEVLERIAMAKGKSVAQVEMRWY

YEQGASLVVESFSEERLRENLNIFDWELTKEDHEKIGEIPQCRILSAYFL
VSPNGPFKSQEELWDDEA®

2007640,
and MLPX-
2016197

MELQYISYFOPTSSVVALLL AL VSILSSVVVLRKTFLNNYSSSPASSTKTA
VESHOQROOSCALPISGLLHIFMNEKNGLIHVTLOGNMADKY GPIFSFPTGSH
RTLVVSSWEMVKECFTGNNDTAFSNRPIPLAFKTIFY ACGGIDSYGLSSV
PYGEKYWRELREVCVHENLLENQOLLKFRHLISOVDTSFNKL YELCKNSE
DNHONYTTXLLLPOQLAWROPWEKLYYXTTTTAAGMVRIDDWLAELSFN
VIGRIVCGFOSGPKTGAPSRVEQFKEAINEASYFMSTSPVSDNVPMLGWI
DOQLTGLTRNMKHCGKKLDLVVESHNDHROEKRRFSRTKGGDEKDIDEQD
DFIDICLSIMEQPOLPGNNNPSQIPIKSIVLDMIGGGTDTTELTTIWTLSLL
LNNPHVLDKAKQEVDAHFRTKRESTNDAAAAVVDEDDIRNLVYIQAI
KESMRLYPASPVVERLSGEDCVVGGFHVPAGTRLWANVWEKMORDPK
VWDDPLVERPDRFLADEQKMVDVRGONYELLPFGAGRRVCPGVSFSLD
LMOLVLTRLILEFEMESPSGKVDMTATPGLMS YK VIPLDILLTHRRIKPC
VOSAASERDMESSGVPVITLGSGKVMPVLGMGTFEK VGKGSERERLAITL
KAIEVGYRYFDTAAAYETEEVLGEAIAEALQLGLVKSRDELFISSMLWC
TOAHADRVLLALONSLRNLELEYVVDLYMLPFPASLEKPGKITMDIPEEDI]
CRMDYRSVWA AMEECONLGFTKSIGVSNFRCKELOELMATANIPPAVN
OVEMSPAFQOKKLREYCNANNILVSAISVEGSNGTPWGSNAVLEGSEVL
EKIAMAKGKSVAQVSMRWYYEQGASLYVKSFSEERLRENENIFDWELT
KEDHEKIGEIPOQCRILSAYFLVSPNGPFKSQEELWERDEA®

P.

sompiferum

plant source;

foll-lepgth
armng acid

sequengce

>KKCW-

2026866

2037362,
MLPX-

2016197

SEQ. ID

NG 2

MELOYISYFOQPTSSVVALLLALVSILSSVVVLRKTFLNNYSSSPASSTKTA
VESHQROQOSCALPISGLLHIFMNKNGLIHVTLGNMADKY GPIFSFPTGSH
RTLVVESWEMVEKECFTGNNDTAFSNRPIPLAFKTIFY ACGGIDSYGELSSY
PYGKYWRELRKVCVHNLLANQOLLEKFRHLIISQVDTSFNKLYELCKNSE
DNHGNYTTTTTTAAGMVRIDDWEL AELSFNVIGRIVCGFQSGPKTGAPSR
VEQFKEAINEASYFMAETSPVSDNVPMLGWIDQLTGLTRNMEKHCGEKLD
LVYVESINDHROKRRFSRTK GGDEKDDEQDDFIDICLSIMEQPOLPGNNN
PSQEPIKSIVEDMIGGGTDTTELTTIWTLSLLLNNPHVLDE AKQEVDAHF

P.

somniferum

plant source;

partial~
fength
aming acid

sequengce

SEQ. 1D

NQU3

-49.




WO 2022/109194

PCT/US2021/059980

RTERRSTNDAAAAVVDFDEMRNLVYIQAIKESMRLYPASPVVERLSGE
DCVVGGFHVPAGTRLWANVWKMORDPKVWRDPLVFRPDRFLSDEQK

MVDVRGONYELLPFGAGRRVCPGVSFSLDEMOLVLTRLILEFEMKSPSG ~SUFP-
EVDMTATPGLMSYKVIPLDILLTHRRIKPCVGSAASERDMESSGVPVITL 2023636
GSGKVMPVLGMGTFEKVGKGSERERLAH KAIEVGYRYFDTAAAYETE
EVLGEAIAEALQLGLVKSRDELFISSMLWCTDAHADRVLLALQNSLENL
KLEYVDLYMLPFPASLEPGKITMDIPEEDICRMDYRXVSKPWLH*
MRWHRXIDSYGLSSVPYGKYWRELRKVCVHNLLANQOLLKFRHLIISQ | 2. SEQ. 1D
VDTSFNKLYELCEKNSEDNQGNYPTTITAAGMVRIDDWLAELSFNVIGRI | somniferum NO. 4
VCGFQSGPKTGAPSRVEQFRKEAINEASYFMSTSPVSDNVPMLGWIDQLT | plant source;
GLTRNMEKHCGKKLDLVVESHNDHROKRRFSRTKGGDREKDUDEQDDFIDT | partial-
CLSIMEQPQUPGNNNPSQIPIKSIVLDMIGGGTDTTELTTIWTLSLLLNNP | length
HVLDEAKQEVDAHFRTKRRSTNDAAAAVVDEDDIRNLVYIQATIKESM | amine acid
RLYPASPVVERLSGEDCVVGGFHVPAGTRLWANVWKMORDPKVWED | sequence
PLVFRFDRFLSDEQEMVDVRGONYELLPFGAGRRVCPGVSFSLDLMQL
VETRUILEFEMKSPSGKVDMTATPGLMS YK VIPLDELUTHRRIKPCV(SA
ASERDMESSGVPVITLGSGKVMPYVLGMGTFEEVGKGSERERL AT KAIE PMIKW-
/GYRYFDTAAAYETEEVLGEATAEALQLGLVKSRDELFISSMLWCTDA 2013654
HADRVLLALONSLRNLKLEYVDLYMELPFPASLEPGRITMDIPEEDICRM
DYRSVWAAMEECONLGFTKSIGVSNFSCKKLOQELMATANIFPAVNQVE
MEPAFQOKKELREYCONANNILVSAISVLGENGTPWGENAVLGSEVLKKIA
MAKGKSVAQVEMRWVYEQGASLVVEKSFSEERLRENLNIFDWELTKED
HEKIGEIPOQCRILSAYFLVSPNGPFKSQEELWDDEA™
MELOQVYISYFOPTSSVVALLLALVSILSSVVVLRKTFLNNYSSSPASSTKTA | P sefigerum | SEQ. 1D
VLSHORCOOQSCALPISGLLREIFMINKNGLEHVTLGNMADKY GPIFSFPTGSH | plant sonrce; NG, 5

RTLVVSSWEMVERCFTGNNDTAFSNRPIPLAFKTIFYACGGIDSYGLSSY
PFYGKYWRELRKVCVHNLLSNQOLLEFRHLASQVDTSFNKLYELCKNSE
DNOQGNYTTTTTAAGMVRIDDWLAELSFNVIGRIVCGFQSGPKTGAPSRY
EQFRKEAINEASYFMSTSPYVSDNVPMLGWIDQLTGLTRNMEHCGKKLDL
VVESHNDHROQKRRFSRTRKGGDEKDDEQDDFIDICLSIMEQPOLPGNNNP
SQIPIKSIVLDMIGGGTDTTEKLTTIWTLSLLLNNPHVLDKAKQEVDAHFR

CVVGGFHVPAGTRLWANVWKMORDPKVWDDPLVFRPDRFLSDEQKM
VOVRGONYELLPFGAGRRVCPGVSFSLDLMOQL VL TRLUILEFEMKSPSGK
VOMTATPGLMSYKVIPLDILLTHRRIKPCVQSAASERDMESSGVPVITLG
SGKVMPYVLGMGTFEKVGKGSERERLAG KAIEVGYRYFDTAAAYETEE
VEGEAIAEALQLGLVEKSRDELFISSMUWCTDAHADRVLLALOQNSLRNL

full-length
amine acid

SCQUENCE

SEPRK-
2027940

{also FP¥Y Z-
STRCO-
2019715

................... 2

=50




WO 2022/109194 PCT/US2021/059980
KLEYVDLYMLPFPASLKPGKITMDIPEEDICRMDYRSVWAAMEECONL | 2029312,

MLEX-
2016196

GFTESIGVANFSCEKLOQELMATANIPPAVNOVEMSPAFQOKKLREYCNA
NNILVSAISVLGSNGTPWGSNAVLGSEVEREIAMAKGKSVAQVIMRWY
YEQGASLVVESFSEERLRENINIFDWELTRKEDHEKIGEIPQCRILSAYFL
VSPNGPFKSQEELWDDEA®

2

MELQYISYFOPTSSVVALLEALVSILSSVVVERKTFLNNYSSSPASSTETA
VESHQROQOSCALPISGLLHIFMNKNGLIHVTLGNMADKY GPIFSFPTGSH
RTLVVESWEMVEKECFTGNNDTAFSNRPIPLAFKTIFY ACGGIDSYGELSSY
PYGKYWRELRKVCVHNLLANQOLLEKFRHLIISQVDTSFNKLYELCKNSE
DNOQGNYTTTTTAAGMVRIDDWLAELSFNVIGRIVCGFQSGPRKTGAPSRY
EQFKEAINEASYFMSTSPVADNVPMLGWIDOGLTGLTRNMKHCGKKLDL
VVESENDHROQKRRFSRTKGGDEEKDDEGDDFIDICLSIMEQPOLPGNNNP
SQIPIKSIVLDMIGGGETRTTELTTIWTLSLLLNNPHVLDK AKQEVDAHFR
TERRSTNDAAAAVVDFDDIRNLVYIQALYPASPVVERLSGEDCVVGGE
HVYPAGTRLWANVWEKMOQRDPRVWDDPLVFRPDRFLSDEQKMVD VRGO
NYELLPFGAGRRVCPGVSFSLDEMOLVLTRLILEFEMESPSGKVDMTAT
PGLMSYEVIPLDILL THRRIKPCVQSAASERDMESSGVPVITLGSGEVMP
/LGMGTFERKVGKGSERERLATL KATEVGYRYFDTAAAYETEEVLGEATA
EALQLGLVKSRDELFISSMEWCTDAHADRVLLALONSLENLKLEY VDL
YMLPFPASLKPGKITMDIPEEDICRMDYRSVWAAMEE

P. setigerum
plant source;
partial-
fength
amine acid

SCOUCnCe

>QCOU-

2000833

SEQ. 1D

NC.6

MELQYFSYFOQPTSSVVALLLALVSILFSVVVLRKTFSNNYSSPASSTETA
VLCHQROQOQSCALPISGLLHVFMNKNGLIHVTLGNMADKYGPIFSFPTGS
HRTLVVSSWEMVKECFTGNNDTAFSNRPIPLAFOQTIFYACGGIDSYGLSS
VEYGKYWRELRKVCVHNLLASNQOULKFRHLISQVDTSEFNKLYELCENS
EDNQGMVRMDDWLAQLUSFNVIGRIVCGFQSDPETGAPSRVEQFKEVIN
EASYFMSTSPVSDNVPMLGWIDQLTGLTRNMKHCGKKLDL VVESIIKD
HROERRFSRTKGGDEK DDEQDDFIDICLSIMEQPOQLPGNNSFPOIPIKSIV
LOMIGGGTDTTKLTTIWTLSLLLNNPHVLDKARKQEVDAHFREKRRSTD
DAAAAVVDFDDIRNLVYIQATNIKESMRELYPASPVVERLSGEDCVVGGEFH
VPAGTRLWANVWEKMOQRDPKVWDDPLVFRPERFLESDEQKMVDVRGON
YELLPFGAGRRICPGVSFSLDLMOQLVLTRLILEFEMKSPSGEKVDMTATPG
LMSYKVVPLDILLTHRRIKSCVOLASSERDMESSGVPVITLSSGKVMPVL
GMGTFEKVGKGSERERLAILKAIEVGYRYFDTAAAYETEEVLGEAIAEA
LOLGLIESRDELFISSMLWCTDAHPDRVLLALONSLRNLKLEYLDL YML
PFPASLKPGKITMDIPEEDICRMDYRSVWSAMEECONLGFTKSIGVSNFS
SKKLOELMATANIPPAVNOQVEMSPAFQORKELREYCNANNILVSAVSILG
SNGTPWGESNAVLGSEVEKQIAMAKGKSVAQVESMRWYYEQGASLVVE

P
bracteaium
plant source;
full-length
amino actd

SCQUETICE

>S8PU-
2015634

2015630,
ZSNY-
2027701,

-3}




WO 2022/109194 PCT/US2021/059980
SESEERLRENINIFDWEL TKEDNEKIGEIPQCRILTAYFLVSPNGPFK SQE
ELWDDEA*
MELQYFSYFQPTSSVVALLLALVSILFSVVVLRKTEFSNNYSSPASSTETA | P SEQ. I
VLECHQROQOSCALPISGLLHVFMNENGLIHVILGNMADKYGPIFSFPTGS | bracteatum NG 8

HRTLVVSSWEMVKECFTGNNDTAFSNREPIPLAFQTIFYACGGIDSYGLSS
VEYGKYWRELRKVOVHNLLSNQOLLKFRHLISQVDTSENKLYELCENS
EDPNQCGMVRMBDDWLAQLSFNVIGRIVOGFOSDPKTGAPSRVEQFKEVIN
EASYFMSTSPVSDNVPMLGWIDOLTGLTRNMKHCGKKLDLVVESHKD
HROKRRFSRTKGGDEKDDREQDDFIDICLSIMEQPOQLPGNNSPPOIPIKSIV
LDMIGGGTDTTKLTTIWTLSLLLNNPHVLDKAKQEVDAHFRKKRESTD
DAAAAVVDFDRIRNLVYIQAIIKESMRLYPASPVVERLSGEDCVVGGEFH
VPAGTRLEWANYWEKMOQRDPKVWDDPLVFRPERFLSDEQKMVD VRGON
YELLPFGAGRRICPGVSFSLDLMOQLVLUTRULEFEMKSPSGKVDMTATPG
LMSYEVVPLDILLTHRRIKSCVQOLASSERDMESSGVPVITLSSGEVMPVL
GMGTTERVGKGSERERLAILKAIEVOYRYFDTAAAYETEEVLGEAIAEA
LOLGLIESRDELFISSMLWCTDARPDRVLLALONSLRNLELEYLDLYML
PFPASLKPGKITMDIPEEDICRMDYRSVWSAMEECONLGFTKSIGVSNES
CEELOELMATANIPPAVNQVEMSPAFQOKKLREYCNANNILVSAVSILG
SHNGTPWGESNAVLGSEVLKQIAMAKGKSVAQVEMRWVYEQGASLVVE
SFSEERLRENLNIFDWELTEKEDNEKIGEIPQCRILTAYFLYSPNGPFKSQE
ELWDDKA*

plant source;
full-length
amino acid

SCQUEHCe

STMWO-
2027322

SEPASSTETAVLCHORQOSCALPISGLLHIFMNENGLIHVTLGNMADKY
GPIFSFPTGSHRILVVAESWEMVKECFTGNNDTAFSNRPIPLAFKTIFYACR
GIDSYGLASVPYGREYWRELREKVCOVHNLLSNQQLLKFRHLISOVDTSEN
KLYELCKNSEDNOGMVYRMDDWLAQLSFSVIGRIVCGFQSDPKTGAPSR
VEQFKEAINEASYFMSTSPVEDNVPMLGWIDQLTGLTRNMTHCGKKLD
LYVESHNDHRQERRFSRTKGGDEKDDEQDDFIDICLSIMEQPQLPGNNN
PPRIPHCSIVLDMIGAGTDTTKLTHWTLSLLLNNPNVLAKAKQEVDAHFE
TKERSTNEASVVVDFDDIGNLVYIQAIKESMRLYPVSEVVERLSSEDCY
VGGFHVPAGTRLWANVWKMOQRDPKVWDDPLVFRPERFLSDEQKMVD
VRGONYELLPFGAGRRICPGVEFSLDLMOLVLTRLILEFEMKSPSGKVD
MTATPGLMSYKVVPLDILLTHRRIKSCVOLASSERDMESSGVPVITLRSG
KVMPVLGMGTFEKAGRKGSERERLAILKAIEVGYRYFDTAAAYETEEVL
GEATAEALQLGLIKSRDELFISSMLWCTDAHPDRVEL ALONSLRNLKLE
YVOLYMLPFPASLKPGKITMDIPEEDICPMD YRSVWSAMEECONLGLTK
SIGVSNFSCKKLEELMATANIPPAVNQVEMSPAFQOKKELREYCNANNIL
VEAVSILGSNGTPWGENAVLGSEVLEEIAMAK GRS VAQVSMRWVYEQ

P
bracteatum
plant sonrce;
partial-
{ength
amino acid

SCQUENCE

>pbe PBRS
TIPF 8940

5

37




WO 2022/109194 PCT/US2021/059980
GASLVVKSFSEERLRENLNIFDWOLTEKEDNEKIGEPQCRILSAYFLVSPK
GPFKSQEELWDDKA®
SSPASSTETAVLCHORQOSCALPISGLLHIFMNENGUIHVTLGNMADEY | P SEQ. I
GPIFSFPTGSHRILVVSSWEMVKECFTGNNDTFFSNRPIPLAFKIFYAGG | bracreatum NO. 10
VDSYGLALVPYGKYWRELRKICVHNLLSNQOQLLEFRHLISQVDTSFNK | plant source;
LYELCENSEDNQGMVEMDDWLAQLSFSVIGRIVCOCGFQSDPKTGAPSRY | partial-
EQFKEAINEASYFMSTSPVSDNVPMLGWIDOQLTGLTRNMTHCGKKLDL | length

VVESHNDHROQKRRFSRTRKGGBEKDDEQDDFIDICLSIMEQPOLPGNNNP
PRIPIKSIVLDMIGGGTDTTKLTTIWTLSLLLNNFHVLDKAKQEVDAHFL
TERRSTNDAAVVDEFDDIRNLVYIQAIKESMRELYPASPVVERLSGEDCY
VGGFHVPAGTRLWVNVWEMORDPNYVWADPMVYFRPERFLISHGOKEM
VOVRGKNYELLPFGAGRRICPGISFSLDLMOLVLTRUILEFEMKSPSGKY
DMTATPGLMSEYKVVPLDILLTHRRIKSCVOQLASSERDMESSGVPVITLRS
GKVMPVLGMGTFEKAGKGSERERLAILKAIEVGYRYFDTAAAYETEEY
LGEAIAFALQLGLIEK SROELFISSMEWCTDAHPDRVLLALONSLRNLELE
YVOLYMLPFPASLKPGKITMDIPEEDICPMDYRSVWSAMEECONLGLTK
SIGVSNFSCKKLEELMATANIPPAVNQVEMSPAFQOKKELREYCNANNIL

/SAVSILGSNGTPWGSNAVLGSEVEERIAMAKGRKSVAQVSMRWVYEQ
GASLVVKSFSEERLRENLNIFDWOLTKEDNEKIGEIPQCRILSAYFLVSPK
GPFKSQEELWDDKA*

amine acid

SCQUEHCe

>pbe PBRS
TIPF 4328

SEPASSTETAVLCHORQOSCALPISGLLHIFMNENGLIHVTLGNMADKY
GPIFSFPTGSHRILVVASWEMVKECFTGNNDTFFSNRPIPLAFKHFY AGG
VDSYGLALVPYGKYWRELRKICVHNLLSNQQLLNFRHLUSQVDTSFNK
LYDLASNKKKNTTTDSGTVRMDDWLAQLSFNVIGRIVCGFQTHTETSATS
SYERFTEAIDEASRFMBSIATVSDTFPWLGWIDQLTGLTRKMKHYGEKLD
LYVESHEDHRONRRISGTEQGDDFIHCLSIMEQPOHPGNNDPPROIPIKS
IVLDMIGGGTDTTRKLETTTWTLSLLLNNPHVLEKAREEVDAHFGTERRET
NDDAVMVEFDDIRNLVYIQANKESMRLYPASPVVERLSGEDCVYVGGFH
VPAGTREWVNVWEKMOQRDPNVWADPMVFRPERFLSDEQGEMVDVRGQ
NYELLPFGAGRRICPGVSFSLDLEMOLVETRLILEFEMKSPSGKVDMTATP
GLMSYKVVPLDILLTHRRIKSCVOLASSERDMESSGVPVITLRSGKVMP
VEGMGTFEKAGRKGSERERLAILKAIEVGYRYFDTAAAYETEEVLGEAIA
EALQLGLIKSRDELFISSMLEWCTDAHPDRVLLALQNSLRNLKLEYVDLY
MUPFPASLKPGKITMDIPEEDRICPMBDYRSVWSAMEECQNLGLTKSIGVS
NFSCKKLEELMATANIPPAVNQVEMSPAFQOKKLREYCNANNILVSAV
SILGSNGQTPWGSMNAVLGSEVLEKIAMAKGESVAQVSMRWVYEQGASL

P
bracteaium
plant source;
partial-
{ength
amino actd

SCQUENCE

>pbe PBRS
TIPF 1218
¢

SEQ. I

NGO, 11




WO 2022/109194 PCT/US2021/059980
VVKSFSEERLRENLNIFDWOLTKEDNERIGEIPQCRILSAYFLVSPKGPFK
SOEELWDDK A*
VALRKKILENYYSSSSSTATAVSHOWPKASRALPLIDULHVEFNKTDEM | 2 SEQ. I
HVTLGNMADKFGPIFSFPTGSHRTLVVSSWEK AKECFTGNNDIVESGRP | bracfeatum NG, 12

LPLAFKLIFYAGGIDSYGISQVPYGKKWRELRNICVHNILSNQQLLKFRH
LMISQVDNSEFNKLYEVONSNEDEGDSATSTTAAGIVRMDDWLGKLAFD
VIARIVCGFQSOTETSTTSSMERFTEAMBEASRFMSVTAVSDTVPWLGW
IDOLTGLKRNMKBCGEKKLNLVVKSHEDHROQKRRELSSTRKGDENIIDED
EQDDFIDICLSIMEQPOLPGNNNPPKIFIKSIVLDMIGGGTDTTKLTTIWTL
SLLENNPHVLDKAKQEVDAHFLTKRRSTNDAAVVDFDDIRNLVYIQAR
KESMRLYPASPVVERLSGERCVVGGFHVPAGTRLWVNYVWEMORDPN
VWADPMVERPERFLSDEQEMVDVRGONYELLPFGAGRRICPGVSFSLD
LMOQUVLTRLUILEFEMKSPSGKVDMTATPGLMSYEVVPLEMLLTHRRIKS
CVQLASSERDMESSGVPVITLR SGRVMPVLGMGTFEK AGKGSERERLAL
LEKAIEVGYRYFDTAAAYETEEVLGEAJATALQLGLIESRDELFISSMLWC
TBDAHPDRVLLALGNSLRNLKLEYVDBLYMELPFPASLKPGRKITMDIPEEDRIC
PMDYRSVWSAMEECONLGLTESIGVSNFSCRKELEELMATANIPPAVNG
EMSPAFQOKELREYCNANNILVSAVSILGENGTPWGSNAVLGSEVLK
KIAMAKGKSVAQVSMBRWVYEQGASLVYVKSFSEERLRENLNIFDWOQLT
KEDNEKIGEIPQCRILSAYFLVSPKGPFESQEELWDDK A*

plant source;
partial~
fength
amino acid

SCQUEHCe

>pbe PBRS
TIPF 4329

MELQYFSYFOQPTSSVVALLLALVSILFSVVVLRKTFSNNYSSPASSTETA
VLCHQROQOQSCALPISGLLHVFMNKNGLIHVTLGNMADKYGPIFSFPTGS
HRTLVVSSWEMVKECFTGNNDTAFSNRPIPLAFOQTIFYACGGIDSYGLSS
VEYGKYWRELRKVCVHNLLASNQOULKFRHLISQVDTSEFNKLYELCENS
EDNQGMVRMDDWLAQLUSFNVIGRIVCGFQSDPETGAPSRVEQFKEVIN
EASYFMSTSPVSDNVPMLGWIDQLTGLTRNMKHCGKKLDL VVESIIKD
HROERRFSRTKGGDEK DDEQDDFIDICLSIMEQPOQLPGNNSPPOIPIKSIV
LOMIGGGTDTTKLTTIWTLSLLLNNPHVLDKARKQEVDAHFREKRRSTD
DAAAAVVDFDDIRNLVYIQATNIKESMRELYPASPVVERLSGEDCVVGGEFH
VPAGTRLWANVWKMQRDPRKVWDDPLVFRPERFLSDEQKMVDVRGON
YELLPFGAGRRICPGVSFSLDLMOQLVLTRLILEFEMKSPSGEKVDMTATPG
LMSYKVVPLDILLTHRRIKSCVOLASSERDMESSGVPVITLSSGKVMPVL
GMGTFEKVGKGSERERLAILKAIEVGYRYFDTAAAYETEEVLGEAIAEA
LOLGLIESRDELFISSMLWCTDAHPDRVLLALONSLRNLKLEYLDL YML
PFPASLKPGKITMDIPEEDICRMDYRSVWSAMEECONLGFTKSIGVSNFS
SKKLOELMATANIPPAVNOQVEMSPAFQORKELREYCNANNILVSAVSILG

P
bracteaium
plant source;
partial-
{ength
amino actd

SCQUENCE

>33DU-
2015635

SEQ. I

NGO, 13

34«




WO 2022/109194 PCT/US2021/059980
SNGTPWGSNAVLGSEVEKQIAMAKGEK SVAQVEMRWVXKFSAY ATVWS
LEFGHRICTTLYSFLIRNVAYICITY*
MELQYFSYFQPTSSVVALLLALVSILFSVVVLRKTEFSNNYSSPASSTETA | P SEQ. I
VLECHQROQOSCALPISGLLHVFMNENGLIHVILGNMADKYGPIFSFPTGS | bracteatum NG, 14

HRTLVVSSWEMVKECFTGNNDTAFSNREPIPLAFQTIFYACGGIDSYGLSS
VEYGKYWRELRKVOVHNLLSNQOLLKFRHLISQVDTSENKLYELCENS
EDPNQCGMVRMBDDWLAQLSFNVIGRIVOGFOSDPKTGAPSRVEQFKEVIN
EASYFMSTSPVSDNVPMLGWIDOLTGLTRNMKHCGKKLDLVVESHKD
HROKRRFSRTKGGDEKDDREQDDFIDICLSIMEQPOQLPGNNSPPOIPIKSIV
LDMIGGGTDTTKLTTIWTLSLLLNNPHVLDKAKQEVDAHFRKKRESTD
DAAAAVVDFDRIRNLVYIQAIIKESMRLYPASPVVERLSGEDCVVGGEFH
VPAGTRLEWANYWEKMOQRDPKVWDDPLVFRPERFLSDEQKMVD VRGON
YELLPFGAGRRICPGVSFSLDLMOQLVLUTRULEFEMKSPSGKVDMTATPG
LMSYEVVPLDILLTHRRIKSCVQOLASSERDMESSGVPVITLSSGEVMPVL
GMGTTERVGKGSERERLAILKAIEVOYRYFDTAAAYETEEVLGEAIAEA
LOLGLIESRDELFISSMLWCTDARPDRVLLALONSLROVFLMOIRLIYIC
TYQQVHLNIYFOINEFVLCDMYRNLKLEY

plant source;
partial~
fength
amino acid

SCQUEHCe

>B38DU-
2015637

LNNYSSSPASSTKTAVLSHBQROQSCALPISGLLHIFMNENGLIHVTLGNM
ADKYGPIFSFPTGSHRTLVVSSWEMVKECFTGNNDTAFSNRPIPLAFKTT
FYACGGIDSYGLSSVPYGKY WRELRKVCVHNLLANQOLLKFRHLIISQV
DTSFNKLYELCKNSEDNQGNYPTITTAAGMVRIDDWIL AELSFNVIGRIV
CGFOSGPKTGAPSRVEQFKEAINEASYFMSTRPVSDNVPMLGWIDQLTG
LTRNMKHCGKELDLVVESINDHROKRRFSRTKGGDEKDDEQDDFIDIC
LSIMEQPOQLPOGNNNPSQIPIKSIVLDMIGGGTD TTELTTIWTLSLELNNPH
VLDKAKQEVDAHFRTERRSTNDAAAAVVDEDDHRNLVYIQAHKESMR
LYPASPVVERLSGEDCYVVGGFHVPAGTRLWANVWEKMOQRDPKVWDDE
LVFRPDRFLSDEQKMVDVRGONYELLPFGAGRRVCPGVSFSLDLMQLY
LTRLIEEFEMESPSGKVDMTATPGLMS YR VIPLDILL THERIKPCVQSAA
SERDMESSGVPVITLGSGEVMPVLGMGTFEKVGRGSERERLAFLEAIEY
GYRYFDTAAAYETEEFLGEATAEALQLGLIKSRDELFITSKLWPCDAHPD
LVVPALONSLRNLKLEY VDLYMLPFPASLKPGKITMDIPEEDICRMDYR
SVWAAMERCONLGFTKSIGVSNFSCKELOELMATANIPPAVNOVEMSPE
AFQOKKLREYONANNILVSAISVLGSNGTPWGSNAVLGSEVLEKKIAMA
KGKSVAQVESMRWVYEQGASL VVK SFSEERLRENLNIFDWELTKEDHEK
IGEIPOCRILSAYFLVIPNGPFKSOQEELWDDEA®

C. majus
plant source;
partial-
{ength
amino acid

sequence

>chm. CMA
ST2PF 149
84

SEQ. ID

NO. 13




WO 2022/109194

PCT/US2021/059980

MELQYFSYFOQPTSSVVALLLALVSILFSVVVLRETFSNNY SSPASSTETA
VLCHOROQOSCALPISGLLHVFMNKNGLIHVTLGNMADKYGPIFSFPTGS
HRTLVVSSWEMVKECFTGNNDTAFSNRPIPLAFOTIFYACGGIDSYGLSS
VPYGKYWRELRKVCOVHNLLSNQOQULKFRHLISQVDTSFNKLYELCKNS
EDNQGMVRMDDWLAGLSFNVIGRIVCGFQSDPKTGAPSRVEQFKEVIN
EASYFMSTSPVSDBNVPMLGWIDQLUTGLTRNMKHCGKKLDLVVESIIKD
HROERRFSRTKGGDEKDDEQDDFIDICL SIMEQPOQLPGNNSPROIPICSIV
LOMIGGGTDTTKLTTIWTLSLLLNNPHVIDKAKQEVDARFREKRRSTD
DAAAAVVDFDODIRNLVYIQATIKESMREYPASPYVERLSGEDRCVVGGEFH
VPAGTRLWANVWKMQRDPEVWDDPLVFRPERFLEDEQKMVDVRGON
YELLPFGAGRREICPGVSFSLDLMOLVLTRLILEFEMKSPSGEVDMTATPG
LMSYKVVPLDILLTHRRIKSCVOLASSERDMESSGVPVITLSSGKVMPVL
GMGTFEKVGRGSERERLAILKAEVGYRYFDTAAAYETEEVLGEAIAEA
LOLGLIESRDELFISSMLWCTDAHPDRVLLALONSLRNLKLEYLDLYML
PFPASEKPGIKITMDIPEEDICRMDYRSVWSAMEECONLGFTKSIGVSNFS
CEKLOELMATANIPPAVNQOVEMSPAFQOKKLREYCNANNILVSAVSILG
SNGTPWGESNAVLGSEVEKQIAMAKGKSVAQVSMRWYVYEQGASLVVK
SFSEERLRENLNIFDWELTKEDNEKIGEIPQCRILTAYFLVSPNGPFKSOE
ELWDDK A

I

bracteatum

DES-DER

SEQ. ID

NO. 16

MELQYFSYFOPTSSVVALLLALVSILESVVVLRETFSNNYSSPASSTETA
VLCHQRQOSCALPISGLLHVEMNENGLIHVTLGNMADK Y GPIFSFPTGS
HRTLVVSSWEMVKECFTGNNDTAFSNRPIPLAFQTIFYACGGIDSYGLSS
VPYGRKY WRELRK VOVHNLLSNQQLLEKFRHLHSQVDTSFNKLYELCKNS
EDNOGMVYERMDDWLAQLSFNVIGRIVOGFQSDPKTGAPSRVEQFKEVIN
EASYFMSTSPVSBNVPMLGWIDQLTGLTRNMEKHCGKKLDLVVESIIKD
HROQKRRFSRTKGGDEKDDEQDDFIDICLSIMEGQPOLPGNNSPPOIPIKSTY
LOMIGGGTDTTKLTUIWTLSLLLNNPHVLDKAKQEVDAHFRKEKRRSTD
DAAAAVVDFDDIRNLVYIQAIDKESMRLYPASPVVERLSGEDCVVGGEFH
VPAGTRLWANVWKMQORDPEVWDIDPLVFRPERFLSDEQOKMVDVRGON
YELLPFGAGRRICPGVSFSLDLMOLVLTRLILEFEMESPSGKVIDMTATPG
LMBYKVVPLDILLTHRRIKSCVOL ASSERD

[_‘t
bracteatum

DRS

SEQ. ID

NO. 17

MESSGVPVITLSSGK VMPVLGMGTFEKVGKGSERERLAILKAIEVGYRY
FDTAAAYETEEVLGEAIAFEALQLGLIESRDELFISSMLWCTDAHPDRVLL
ALOQNSLRNLEKLEYLDLYMLPFPASLKPGKITMDIPEEDRDICRMDYRSVWS
AMEECONLGFTKSIGVSNFSCKKLQELMATANIFPAVNQVEMSPAFQQ
KKLREYCONANNILVSAVSILGSNGTPWGSNAVLGSEVLKOQIAMARKGKS

P,

bracieatum

DRR

SEQ. 1D

NO. 18
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VAQVSMRWVYEQGASLVVKSFSEERLRENLNIFDWELTKEDNEKIGEIP
QCRILTAYFLVSPNGPFKSQEELWDDKA*

Morphinan Alkaloid Generating Modifications

[00306] Some methods, processes, and systems provided herein describe the conversion of
promorphinan alkaloids to morphinan alkaloids. Some of the methods, processes, and systems describe
the conversion of a tetracyclic scaffold to a pentacyclic scaffold (FIG. 4). Some of the methods,
processes, and systems may comprise an engineered host cell. In some examples, the production of
pentacyclic thebaine, or a morphinan alkaloid, from a tetracyclic precursor, or a promorphinan alkaloid is
described. In some examples, the conversion of promorphinan alkaloids to thebaine are key steps in the
conversion of a substrate to a diverse range of benzylisoquinoline alkaloids.

[00307] In some examples, the tetracyclic precursor may be salutaridine, salutaridinol, or salutaridinol-
7-O-acetate. The tetracyclic precursor may be converted to pentacyclic thebaine by closure of an oxide
bridge between C-4 and C-5. In some examples, the tetracyclic precursor salutaridine may be prepared for
ring closure by stepwise hydroxylation and O-acetylation at C-7. Ring closure may be activated by
elimination of an acetate leaving group. In some examples, the allylic elimination and oxide ring closure
that generates thebaine occurs spontancously. In other examples, the ring closure reaction that generates
pentacyclic thebaine is promoted by factors such as pH or solvent. In other examples, the thebaine-
generating ring closure reaction is promoted by contact with a protein or enzyme. These conversion steps
are provided in FIG. 4 and represented generally in Scheme 2. R, R,, and R; may be H or CH3. Ry may
be CH3, CH3CH,, CH3CH>CHa, or other appropriate alkyl group. In some cases, Ri, R,, R3, and R4 may be
CH; as provided in FIG. 4.

Scheme 2
R=0 R0 ROy Leaving group
et TN Camonchan | elimination and o
v Reducton % tenster KON\ gdoswe [

HOY 10 N 'O
Precursor —> o — (e — LN

oty b
O

[00308] In some examples, the first enzyme that prepares the tetracyclic precursor is salutaridine
reductase (SalR). In some cases, SalR hydroxylates the substrate salutaridine at the C-7 position (see
Formula IIT). The product of this reaction may be one or more salutaridinol epimers. In some examples,
the product is (7S)-salutaridinol. In some examples, the salutaridine reductase may catalyze the reduction

reaction within a host cell, such as an engineered host cell, as described herein.
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[00309] In some examples, the second enzyme that prepares the tetracyclic precursor is salutaridinol 7-
O-acetyltransferase (SalAT). In some cases, SalAT transfers the acetyl from acetyl-CoA to the 7-OH of

salutaridinol (see Formula IV). In other cases, SalAT may utilize a novel cofactor such as n-propionyl-
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CoA and transfer the propionyl to the 7-OH of salutaridinel. In some exarples, the product of SalAT is
{78)-salutaridinel-7-C-acetate. In some examples, the salutaridinel 7-O-~acetyltransterase may catalyze the
acetyl transfer reaction within a host cell, such as an engincered host cell, as described herein,

(603101 In some examples, the tetracyclic precursor of thebaine is (78)-salutarnidine!l-7-0-acetate. In
some examples (78 j-salutaridinol-7~-O-acetate is unstable and spontancously clinunates the acetate at C-7
and closes the oxide bridge betwoen C-4 and C-5 1o forn thebaine (sec Formnla V). In some examples,
the rate of elimination of the acetate leaving group is promoted by pH. To sorne exaraples, the allyhic
clunination and oxide bridge closure is catalyzed by as enzyme with thebaine syathase activity, or a
thebaine svnthase. In some examples, this enzyme 1s a Bet v -fold protein. To some cxamples, this
enzyme 1s an engigecred thebaine synthase, an enginecred SalAT, a dirigent (DIR)) protein, or a chalcone
ring closure reaction within a host cell, such as an enginecred host cell, as described herein

[603311] In some examples, the salutandine reductase enzyme may be SalR or a SalR-like enzyme from
plants in the Ranunculoles order that biosynthesize thebaine, for example Papaver somniferum. In other
examples, the enzyme with salutaridine reductase activity may be from mammals or any other vertebrate
or invertebrate that biosynthesizes endogenous morphing.

(803312] In some examples, the safutaridinol 7-O-~acetyltransferase enzyme may be SalAT or a SalAT-
like enzyme from plants in the Ranunculales order that biosvnthesize thebaine, for example £
somniferum. Inother examples, the enzyme with salutaridinol 7-O-acetyltransferase activity may be from
mamunals or any other vericbrate or invericbrate that biosynthesizes endogenous morphine.

(8G313] In some examples, the thebaioe syothase (TS) enzyme may be a Bet v 1 fold protein from plants
10 the Ranunculales order that biosynthesize thebaine, for example P, somniferun:. It some examples, the
Betv 1 protein inchades the following domaios in order from the N-terminws to C-terminus: a f-strand,
one or two a-helices, six B-strands, and onc or two a-helices. The profein is organized such that it has a
Bet v 1 fold and an active site that accepts large, bulky, hydrophobic melecules, such as morphinan
alkaloids. This protein may be any plant Bet v 1 protein, pathogenecsis-related 10 protein (PR-10), a major
latex protein (MLP), frait or pollen allergen, plaot hormoune binding proteie (e.g., binding to cytokinin or
brassinosteroids), plant polvketide evclase-like protein, or sorcoclaurine synthase (NCS)-related protein
that has a Bet v | fold. Gther non-plant examples of the Bet v 1 fold protein are polyketide cyclases,
activator of Hsp90 ATPase homolog 1 (AHALD) proteins, SMU440-like proteins {e.g., from Streptococcus
mytansy, PA1206-relaled proteins (¢.g., from Psendomonas aeruginosay, Call calicheamicin resistance
protein (¢.g., from Micromonospora echinospora), and the CoxG protein from carbon monoxide
metabolizing Olfigotropha carboxidovorans. Further examples from Bet v 1-related families include
START hipid transfer proteins, phosphatidylinositol transfer proteins, and ring hydroxylases.

[60334] In some examples, the thebaine synthase enzyme may be a dirigent protein from plants in the
Ramunculales order that biosynthesize thebaine, for example P. somniferum. In other examples, the

enzyme may be any dirigent protein from plands.
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[60315] In some examples, the thebaine synthase enzyme may be a chalcone isomerase protein from
plants in the Ramuncilales order that biosynthesize thebaine, for example P. somniferum. In other
examples, the enzyme may be any chalcone isomerase protein from plants.

[60316] In some cxamples, the thebaine synthase enzyme may be a SalAT-like enryme from plants in
the Ranunculales order that biosynthesize thebaine, for example . somniferum. In other exampies, the
erzyoe may be any SalAT-like protein from planis.

[68337] In some examples, the enzyree with thebaine synthase activity may be from roammals or any
other vertebrate or invertebrate that biosyathesizes endogenous morphine.

[60338] In some examples, combinations of the above enzymes together with additional accessory
proteins may function o ¢convert vanous tetracychic precursors into thebaine, In some examples, these
enzymes catalyze the reactions within a host cell, such as an engineerad host cell, as described hercin.
[00319] Examples of amino acid sequences for thebaine synthase activity arce set forth in Table 2. An
amino acid sequence for a thebaine svuthase that 1s utilized in a tetracyclhic procursor to thebaine may be
50% or more identical to a given amino acid sequence as listed in Table 2. For example, an amino acid
sequence for such a thebaine synthase may comprise an amino acid sequence that is at feast 50% or morg,
55% or more, 60% or more, 63% or more, 70% or more, 75% or more, 80% or more, 81% or more, 82%
or more, 83% or more, 84% or more, 85% or more, 6% or more, 87% or more, 8% or more, 9% or
more, 20% or more, 91% or more, 92% or more, 93% or more, 94%; or more, 93% or more, 96%; or more,
97% or more, Y8% or more, or 99% or more identical 0 an amino acid sequence as provided herein,
Additionally, in cortain embaodiments, an “identical” amine acid sequence contains at least 80%-99%
wdentity at the aminoe acid level 1o the specific amine acid sequence. In some cases an "identical” arino
acid sequence contains at least about 85%, 86%, 87%, 88%, 59%, 90%, 31%, 92%, 93%, 94% and morc
10 ceriain cases, at least 35%, 96%, 97%, 98% and 99% identity, at the amino acid kevel In some cases,
the amino acid sequence may be identical but the DNA sequence is altered such as to optimize codon
usage for the host organism, for example.

[60320] An engineered host cell may be provided that produces a salataridine reductase, salutandinol 7-
{-acetyltransferase, and thebaine synthase that converts a tetracyclic precursor inlo thebaine, wherein the
thebaine synthase comprises an aming acid sequence selected from the group consisting of SEQ ID NOs:
19,20, 21, 22,23, 24, 25, and 26 as listed in Table 2. In some cases, the thebaine synthase may form a
fusion protein with other enzymes. The enzymes that arc produced within the engineered host cell may be
recovered and purified so as to form a biocatalyst. These one or more enzymes may also be used to
catalyze the conversion of a tetracyclic promorphinas precursor to thebaine.

(603231 In other examoples, the thebaine synthase comprises an amino acid sequence selected frony the
group consisting of SEQ 1D NOs: 27, 28, 29, 30, 31, 32, 33, and 34 as listed in Table 2.

[60322] In additional cases, the onc or more enzymes that are recoverad from the enginecred host cell
may be used 1n a process for converting a tetracy clic promorphinan precursor to a thebaine. The process
may inclode contacting the tetracyclic promorphinan precarsor with the recovered enzyrues in ag amount

safficient to convert said tetracyclic promorphinan precursor to thebaine. In some exaraples, the
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tetracychic promorphinan precursor may be contacted with a sufficient amount of the one or more
enzyries sach that at least 5% of said tetracyclic promorphinan precursor is converied to thebaine. In

one or more enzymes such that at feast 10%, at least 15%, at least 20%, at least 25%, at least 30%, at least
35%, at lcast 40%, at least 45%, at least 50Y%, at lcast 55%, at least 60%, at least 65%, at least 70Y%, at
least 80%, at lcast 82%, at least 84%, at least 86%, at lcast 88%, at lcast 0%, at least 91%, at least 92%,
at least 93%, at lcast 94%, at least 95%, at least 96%, at Ioast 97%, at lcast 98%, at least 999%, at least
99.5%, at least 99.7%, or 180% of said tetracyclic promorphinan precursor is cooverted to thebaine.
[68323] In some examples, process conditions arc implemented fo support the formation of thebaioe in
enginecred host cells. In some cases, engincered host cells are grown at pH 3.3, and once high cell density
is reached the pH is adjusted to pH 8.0 o support continued production of thebaine at higher pH. In some
cases, the engincered host cells produce additional enyymes to convert sugar and other simple precursors,
such as tyrosing, to thebaine. In some cases, the SalAT enzyme has been engineered to exhibit higher
activity at pH 8.0 and 1s expressed from a late stage promoter.

[60324] In some examples, one or more of the enzymes converting a tefracyclic promorphinan precursor
1o a thebaine are localized to celinlar compartments. In some examples, SalR, SalAT, and thebaine
synthase (TS} may be modified such that they encode targeting sequences that localize them to the
endoplasmic reticulun membrane of the engineered host cell. In particular, in certain instances, the host
cell may be engioeered 10 increase production of saharidinel or thebaine or products for which thebaine
is a precursor from reticuline o its precursors by localizing TS and/or SalR and/or SalAT to organclics
the veast cell. TS and/or SalR and/or SalAT may be localized to the yeast endoplasric reticulum inorder
to decrease the spatial distance between TS and/or SalR and/or SalAT and CYP2D2 or CYP2D6 or
SalSyn or an engincered cytochrome P450 enwyme that catalyzes the conversion of reticnline to
satutandine. By increased production is meant both the prodaction of some amount of the componnd of
interest where the control has no production of the compound of interest, as well as an increase of 10% or
more, such as 50% or more, including 2-fold or more, ¢.g., 5-fold or more, such as 10-fold or more in
sttpations where the control has some production of the compound of interest.

(863251  In other examples, SalAT and TS may be co-localized in to a single protein fusion. In some
examples, the fusion is created between SalAT and TS by one of several methods, including, direct fusion,
co-localization to a yeast organclie, or by enzyme co-localization tools such as leucine zippers, protein
scaffolds that utilize adaptor domains, or RNA scaffolds that utilize aptamers. Co-localizing the thebaine
synthesis eazyroe may faciitate substrate chanocling between the active sites of the enzyres and ot the
diffusion of unstable intermediates such as salutaridinol-7-(#-acetate.

[68326] In some examples, an engincered salutaridionn] 7-O-acetylitansferase (SalAT) enzyme is used in
converting a tetracychic promorphinan precursor to a thebaine. In some examples, a SalAT enzyme s
enginecred Lo combine two functions: (1) the transfer of an acyl group from acetyl-CoA to the 7-OH of
sahutaridinol, and (2} the subsequent elimination of the acetyl group and closure of an oxide bridge

between carbons C4 and C3 o form thebaine.
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[00327] In some examples, an enzyme with salutaridinol 7-O-acetyltransferase activity is fused to a
peptide with a Bet v 1 fold. In some examples, salutaridinol 7-O-acetyltransferase enzyme and the Bet v 1
fold protein may be fused in any order from N-terminus to C-terminus, C-terminus to N-terminus, N-
terminus to N-terminus, or C-terminus to C-terminus. In some examples, the two protein sequences may
be fused directly or fused through a peptide linker region.

[00328] In some examples, an enzyme with salutaridinol 7-O-acetyltransferase activity is fused to a
peptide with a Bet v 1 fold by circular permutation. In some cases, the N- and C-termini of SalAT are
fused and the Bet v 1 sequence is then inserted randomly within this sequence. In some cases, the
resulting fusion protein library is screened for thebaine production. In other cases, a circular permutation
SalAT library is first screened for activity in the absence of Bet v 1. In other cases, the N- and C-termini
of SalAT are fused and the enzyme is digested and blunt end cloned. In other cases, this library of
circularly permuted SalAT is screened for salutaridinol 7-O-acetyltransferase activity. In other cases,
active variants from the circularly permuted SalAT library are then used to design protein fusions with a
peptide with a Bet v 1 fold.

[00329] The one or more enzymes that may be used to convert a tetracyclic promorphinan precursor to a
thebaine may contact the tetracyclic promorphinan precursor in vitro. Additionally, or alternatively, the
one or more enzymes that may be used to convert a tetracyclic promorphinan precursor to thebaine may
contact the tetracyclic promorphinan precursor in vivo. Additionally, the one or more enzymes that may
be used to convert a tetracyclic promorphinan precursor to thebaine may be provided to a cell having the
tetracyclic promorphinan precursor within, or may be produced within an engineered host cell.

[00330] In some examples, the methods provide for engineered host cells that produce an alkaloid
product, wherein the conversion of a tetracyclic promorphinan precursor to a thebaine may comprise a key
step in the production of an alkaloid product. In some examples, the alkaloid product is a thebaine. In still
other embodiments, the alkaloid product is derived from a thebaine, including for example, downstream
morphinan alkaloids. In another embodiment, a tetracyclic promorphinan precursor is an intermediate
toward the product in of the engineered host cell. In still other embodiments, the alkaloid product is
selected from the group consisting of morphinan, nor-opioid, or nal-opioid alkaloids.

[00331] In some examples, the substrate of the reduction reaction is a compound of Formula I1II:

Formula III,
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or a salt thercof, wherein:

Ri, Ry, and Rj are independently selected from hydrogen and methyl.
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[00332] In some other examples, Ri, R, and Rz are methyl, and the reduction reaction is catalyzed by a

salutaridine reductase.

[00333] In some examples, the substrate of the carbon chain transfer reaction is a compound of Formula

1V:
RO

Formula IV,
or a salt thercof, wherein:

Ri, Ry, and Rj are independently selected from hydrogen and methyl.
[00334] In some other examples, Ri, Rs, and Rs are methyl, and the carbon chain transfer reaction is

catalyzed by a salutaridinol 7-O-acetyltransferase.

[00335] In some examples, the substrate of thebaine synthase is a compound of Formula V:

R~0

< )\N\
] R,
7
Ol\
RS0

Formula V,
or a salt thercof, wherein:
Ri, Rz, and Rj are independently selected from hydrogen and methyl; and

R4 is selected from methyl, ethyl, propyl, and other appropriate alkyl group.
[00336] In some other examples, Ri, Ry, R3, and R4 are methyl, and the ring closure reaction is catalyzed
by a thebaine synthase. In some examples, the thebaine synthase is a Bet v 1 protein.
[00337] In some examples, the methods provide for engineered host cells that produce alkaloid products
from salutaridine. The conversion of salutardine to thebaine may comprise a key step in the production of
diverse alkaloid products from a precursor. In some examples, the precursor is L-tyrosine or a sugar (e.g.,
glucose). The diverse alkaloid products can include, without limitation, morphinan, nor-opioid, or nal-

opioid alkaloids.
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[00338] Any suitable carbon source may be used as a precursor toward a pentacyclic morphinan
alkaloid. Suitable precursors can include, without limitation, monosaccharides (e.g., glucose, fructose,
galactose, xylose), oligosaccharides (e.g., lactose, sucrose, raffinose), polysaccharides (e.g., starch,
cellulose), or a combination thereof. In some examples, unpurified mixtures from renewable feedstocks

can be used (e.g., cornsteep liquor, sugar beet molasses, barley malt, biomass hydrolysate). In still other
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embodiments, the carbon precursor can be a one-carbon compound (e.g., methanol, carbon dioxide) ora
two-carbon compound (¢.g., cthanel). In vet other embodiments, other cathon-comtamming compounds can
be utilized, for example, methyvlamine, ghicosamine, and amine acids (e.g.. L-tyrosine). In some examples,
a 1-benzylisoguinoling alkaloid mav be added directly to an engincered host cell of the invention,
including, for example, norlandanosoline, landanosoline, norreticuline, and reticuling.

[60339] In some cxamples, the benzylisoquinoline alkaloid product, or a derivative thereof, is recovered.
o some examples, the benzylisoquinaline alkaloid product is recovered from a cell culbwe. In some

cxaraples, the benzylisoquinoline alkaloid product is a morphinan, nor-opioid, or pal-opioid alkaloid.

Table 2. Example amine acid sequences of morphinan alkaloid cenerating enzymes.

Sequence | Description | Seguence SEQ.ID
Namg NO.
Betvi

P MAPRGVSGLVGKLSTELDVNCDAEKYYNMYKNGED | SEQ. ID.

bracteatarm | VOKAVPHLOMDVEVISGDATRIGCIKEWNVNIDGKTI | NO. 18
REVEETTHNDETKTLRHRVFEGDMMEKDYKKFDTIME
VNPEKPDGNGCVVTRSIEYEKVNENSPTPFDYLOFGHQ
AMEDMNKY

Py

P, setigeruym | MLVGKLSTELEVDCDAEKYYNMYKHGEDVKKALCY | SEQ. 1D,
DVRKVISGDPTRSGCHEWNVNIDGKTIRSVEETTHNDE | NO. 20
TKTLRHEVFEGDMMEKDFKKFDTIMVVNPRPDGNGC
VVTRSIEYEKTNENSPTPFDYLOQFGHQAIEDMNKYL

Py

> setigerum | MLVGKLSTELEVDCDAEKYYRNMYKHGEDKRQCVDYV | SEGQ. ID.
KVISGDPTRSGCIKEWNVNIDGKTIRSVEERTTHNDETK | NG, 21
TLRHRVFEGDMMKDFKEFDTIMVVNPKPDGNGCVY
THESIEYEKTNENSFTPFDYLOQFGHQAIEDMNKY

P.setigerim | MEVGKLSTELEVDCRAEKYYNMYKHGEDVEKAVPH | SEQ. ID.
LCVDVKUSGDPTSSGCIKEWNVNIDGKTIRSVEETTH | NO. 22
DDETKTLRHRVFEGDVMEDFKKFDTIMVVNPKPDGN
GCVVTRSIEYEKTNENSPTPFDYLOFGHOQAIEDMNEY
L

P. setigerym | MVKISGDPTSSGCIKEWNVNIDGKTIRSVEETTHDDE | SEQ. 1D,
TETLRHRVFEGDVMKDFKEKFDTIMVVNPKPDGNGCV | NG 23
VIRSIEVERKTNENSPTPFDYLOFGHOAEDMNKYL

F. MEDSINSSIYFCAYFRELHKLLMAPPGVSGLVGKLSTEL | SEQ. 1D,
somniferum | EVNCDAEKYYNMYKHGEDVOKAVPHLOVDVEVISG | NO. 24
DPTRSGCIKEWNVNIDGKTIRSVEETTHNDETKTLRHR
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VFEGDVMKDFKKFDTIMVVNPKPDGNGCVVTRSIEY
EKTNDNSPTPFDYLOQFGHOATEDMNKYLRDSE

P.

somuiferum

MNFFIKDHLYICLVGKLSTELEVDUDAEKYYNMYEH

GEDVEKAVPHLCVDVKHSGDPTSSGUIKEWNVNIDG

KTIRSVEETTHDDETKTLRHRVFEGDVMKDFKKFDTI

MVVNPKPDONGCVVTRSIEYEKTNENSPTPEDYLOFG
HOAIEDMNKYLRDSESN

SEQ. D,
NO. 25

sommniferum

MAPLGVSGLVGKLSTELEVDCDAEKYYNMYKHGED
VEKAVPHLCVDVKUSGDPTSSGCIKEWNVNIDGETIR
SYEETTHDDETKTLRHRVFEGDVMEKDFKKFDTIMVYY
NPKPBGNGCVVTRSIEYEKTNENSPTPFDYLOFGHQAT
EDMNKYLRDSESN

SEQ. ID.
NG. 26

SalAT

P.

somiferum

MMEKVCVYRSREKIKPSRPTPGHLK THKLSFLDOQVAARI
YVPLLLYYAGNKENVDTODTRCONIKKSLAETLTKFYIL
AGKIVNDEIERFVNCNDDGVDFCVTE VSNCQLFQVIK
RPUDIFDOQVTLFLPFDPCDNEITASGDFLLSVOQVNVEED
CRGMVIGLCINHKVADASSITTFVNYWATIARGLVLN
VDDROIGDPCFOVOSIFPOKEKGIGFKISSSSIDGTLVT
KKFGFEASKLABLEERCEFAGATERDIRGGYKPNRVEA
LETFLWKCFIDIDOQAKTRAAAPARVYLASNAVNIRSR]
VPQLPTSSFGNMVAITDAIFTVRNSNENNGINDPYYPRL
VOKFRDAVRKRVDGEYIEALQSTDLLLNNVTKLFKHIL
NGOTLSISFTSWCRFPFYDTDLLD

F.

somniferim

MEVQVISKELIKPSTPTPPRERNFKLSLLDQLLPPFY VP
HFYPANDDHESNNNDQCIKANILKKSLSETLTRFYPIA
GRIRDKILVECONDEGVHYIEAKVNAVMSEDFMSLDVIH
QLHPFSYITLDDLAEEAQLAVOVTIMFDCGGIALSICSSH
KIDGCTSTTIFLNSWAATARAPSNPEIVYPTFDAAAIFP
AQPSGVOVSTLESDDRLOGENVVTKRFLFSASKITAL
RARJAESRSSNILSKYPSRSEAVSALVWRKSFMETSRVK
VTREHTFSAEASTKPIVRSIANFVVNLRTRLNPPLPNVS
FGNHMDATAESLIDNGENTLGFVETLDGLISQLRLGY
TEMDDEYVRKLREDDVEFLKSLDEASHPSNGEGDGN
GERV

SEQ. ID.
N3, 28
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F. setigerim

MNDTMKIEVVSKESIKPSYPTPNNLKIENLSNLDQLIP
AFYMDHILYYPSLDSNDSSLGDDEEDKKMIFSASSRH
RCDVVKKSLAFTLTRY YPLAGRIKDEKSVECNDEGY
DYIEARVVGITVROVIQLASSDIEVMEPFLPYERPYGGT
GRAFRRAGIHSNSKPLLKIQVNVEDCGGMVICLSGSH
KVIDATSIENFVNDWAATARGGFDTHDDELKVAVVD
KPCYIFSSMEFPPTSFGNQEEKDTADQAQLVPDRIEIVT
KRFVFEKDSSIARLEEKCIHVNTNNGSDHOQVDKQEHN
MOQOMPSRIEALTSLIWMCFMDVDREFRVKQIDDAVS
PVNTVNEVSLPKOVOQYVAGFAINLRTRTIQPLPTINSFG
NMTDTAIAEVTLNLTGSDHFNNEKGIRDOSOQNYPELY
SKIKDSIKLVDNKHIEAMKRNLAISCNNIKMHOMMKE
STFDRONTRELLMESSWCRFPIYEADFGWGKPSWASTT
KLLYKNCVMEFLDTSSGDGIEAWVSLEKEEDMVEFERH
EELVALAS

SEQ. 1D,
NG. 29

sommiferun

MK VOVISKEK PSSPTEPHL ENFKLSLLDOILPPEY VP
VMFYPAGDDY VINNNIHDOSSKSEFLKKSLSETLTRF

YPIAGRIKDNILIDONNEGVDYIEAK VNGIMSDFMS VD
VVHQLHPSHIMLDDVAKEAQLAVOVNLFDCGGIAIS

SMSHKIVDACTAITFINGWAATARAAPKQEIVCPTFDS
AAIFPALPPGVQVSSLESDDS VOO VNVVTKMFAFTAP

KIASLRARIAELRSSSDOLSKYPTRTEALSALVWKSFIR
TSRVKAARKYSLSPASTEPVIKSVANY AVNLRTRLNP

PLPOVSFGNILMDATAES TTTIDDDDSHEFADTLAGLI

GOLRLGVSRINGDYIRKLQEGDLAFLKSLDEASHDSN

GEKVQICWISSLCRFPFYEADFOWGKPSWVALNTNAL
YENSLFLMDTKCOTGIEAW VSLEEDDMAIFEEDGDLL
QCVKSIN

SEQ. 1D,
NO. 30

P. setigerum

MENMKVEVVLKOQTIKPSTOTPLHSKTFNLSFLDOQHLG
PPIYIPFTLYYESGEDVNNKNNHCDGYKNNLEEACEHR
VEVIEQSLSETLARYYPLAGRMEEDNLAVECNDEGY
EYFETRVSDVRLSGVIKRIPNHMNSVLRKFLPPCISSCD
NSMSIPFDYGFRKSKTLLAIQVNIFECGGIVIGMUCMAHR
LADASTMFTFITDWAATARGAIEDIK GPSFDFSYTLFF
QKDVINNFEPFDPMLTREEDLVTIKYFVIFPASKIVELKR
RNVNMIVCODTSQONTSPCTRVEAVTIFMWKRYMDS
VRAKNQTOATSVEKYGALYTVNLRSRITPPLPANSFG

SEQ. 1D,
NO. 31
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NIYTFTIALSTPSDENDIDDGLREDVSSPNDLNLVGKY
RDAKKIDDEYTRKLOSSEDEL VNDVKPLTSGEAFLG
FESWCRFPIYEADFGWGKPTWVSIGTMALRNTVFLM
DTRSGDGIEAFVNMAEEDMDNFEVKLLADG

P. setigerum

MENMKVEVVLEQTIKPSTQTPLHSKTFNLSFLDOHLG
PPIYIPFTLYYESGDVNNEKNNHCDGYKNNLEEVCEHR
VEVIKQSLSETLARYYPLAGRMKEDNLAVECNDEGY
EYFETRVSDVRLSQVIKRSPNHNSVLRKFLPPCISSCD
NSMSIPFDYY GFEKSKTLLAIQVNIFECGGIVIGMCMAHR
LADASTMFTFITDWAATARGAIEDIK GPSFDFSYTLRP
QKDVINNFEPFDPMLTREEDLVIKYFVFPASKIVELKR
RNVNNIVCQDTSQONTSPCTRVEAVTSFMWERYMDS
VRAKNQTOATSVERYGALYTVNLESRITPPLPANSFG
NIYTFTIALSTPSDENDIDDGLRKDVSSPNDENLVGKY
RDAIKKIDDKYTRKEQSSEDEL VNDVKPLTSGEAIFLG
FSSWCRFPIYEADFGWGOGRKPTWVSIGTMALRNTVFLM
DTKSGDGIEAFVNMAKEDMDNFEVELLADQLLHVHP
v

SEQ. ID.
NO. 32

P setigerum

MSESTVEVISKQTICPSTPTPIQRKNHSLSLIDOHFAPIY]
PIVLFYPAAAVNDTGNVOHGDNTCVLKRSLSETLVHF
YPLAGRMEDNIVVBUNDQGVEFTEVEVSGTMCDEFL
MEPDEQLSGLLPSEAVUMNFVREAQVMIQVNTFDCG
SKAISLCVSHKIADASTITTFSRCWAETTIAVSKSTSAY
TPIVSSKFBPTFDAASLFPPIKQLISPSGVTPALPELIPSE

LTRVEVVSALIWNSFDKLATTGSVAVMVEHAVNLRK
RIDPPLPDVSFGNILEFTEAVVGEAAANTTTOGTVGSS
SKLLEELSEFAGOQLREPVSKMNKGDHDFDMENTDYE
ERDLUWMSSWONYGLYDIDFGCGEPVWVTTVATMYP
YSDBOFFMNDTRCGOGIEVWGNLVEEDMANFQLNLSE
LLDRI

SEQ. ID.
NO. 33

somniferim

MMEVCVESREKIKPSRPTPGHLKTHKLSFLDOVAARI
YVPLLLYYAGNKENVDTDTRONIIKKSLAETLTKFYIL
AGKIVNDEIERFVNCNDDGVDFCVIKVENCOLFOVIK
RPDIFDOVTLFLPFRPCDNEITASGDFLLSVOVNVEED
CROGMVIGLCINHEVADASSITTFVNY WATIARGLVLN
VDDROIQDPCFQVOSIFPOKEKGIGFRISSSSIDGTLVT

SEO. 1D,
NO. 34
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KEFGFEASKLAELKERCKFTTEPEDGYKPTRVEALSA
FLWKCFIDIDOQAKLKGVARTEVYLATNAVNMRSRMY
POLPTSSEGNIISITDAVESINNDDSTGINDPYYPKELVRK
FRDAKKIDRDYIEALRSTDLLLNNMMELIEHVLSGHT
LSIVFSSWCRFPLYETDFGWGKPIWVSTCTIPOKNVIY
LMDSENSSADGIEAY VILAKEDMGELEHHEELLALIS

Morohinan Alkaloid Isomerization Modifications

[00340] Somc methods, processes, and systems provided herein describe the production of morphinan
alkaloid 1somers. Some of the methods, processes, and systems describe the conversion of a procursor
morphinan alkaloid with a carbon-carbon double bond between carbons C-14 and -8 into a product
morphinan alkaloid with a carbon-carbon double bond betwoen carbons C-8 and C-7 (FIG. 4). Some of
the metbads, processes, and systems may comprise an enginecred host cell. In some exampies, the
conversion of a precarsor motphinan alkaloid with a carbon-carbon double bond between carbons C-14
and C-3 into a product morphinan alkaloid with a catbon-carbon dooble bord between carbons C-8 and C-
7 are significant steps in the conversion of 3 precarsor to a diverse range of benzylisoguinoline alkaloids.
[30343] Insome examples, the production of precursor morphinan alkaloids with a carbon-carbon
double bond between carbons C-14 and C-8 occurs within the engincered host cell comprising a plurality
of heterologous enzymes for converting simple starting matenals to the precursor morphinan alkaloids. In
some cxamples, the simple starting materials are sugar and/or L~tyrosine,

(603421  In some examples, the isomer precursor morphinan alkaloid may be neopinone, ncopine,
neomaorphine, or ncomorphinone. The precursor morphinan alkaloid may be converted to the desired
isomer by rearrangenent of a carbon-carbon double bond between carbons C-14 and -8 and carbons C-8
and C-7. In some cascs, exaraples of the products formed by isomerization may be codeinone, codeine,
morpbine, or roorphinose. Io some examples, the rearrangement that gencrates the desired isomer occurs
spontancously. In other examples, the reamangement that generates the desired isomer is promoted by
factors such as pH and solvent. In other examples, the catbon-catbon double bond is transposed by contact
with a profein or enzyme. The isomernization conversion step is provided in FIG, 4 and represented

generally in Scheme 3. Ry, Ry, R, and Ru may be 3, OH, H, CHs, or other appropriate alkyl groups.
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Scheme 3

[00343] In some examples, the first enzyme that generates an isomer precursor morphinan alkaloid is

0]
R~
Precursor _>)
R2
Substrate Product
Neopinone: R4=CHaj, R,=0, R3=CH; Codeinone: R{=CHj, R,=0, R3=CH;
Neopine: R1=CH3, R2=OH, R3=CH3 Codeine: R1=CH3, R2=OH, R3=CH3

Neomorphine: R1=H, R,=0OH, R;=CH, Morphine: R4=H, R,=0OH, R3=CH3;
Neomorphinone: Ry=H, R,=0, R;=CH;  Morphinone: R4=H, R,=0, R;=CH;

thebaine 6-O-demethylase (T6ODM). In some cases, T6ODM O-demethylates the substrate thebaine at
the C-6 position. In some examples, the product of this reaction is neopinone. In some examples, the
T6ODM may catalyze the O-demethylation reaction within a host cell, such as an engineered host cell, as
described herein.

[00344] In some examples, the isomer precursor morphinan alkaloid is neopinone. In some examples,
neopinone undergoes isomerization to codeinone. In some examples, partitioning from neopinone to
codeinone may reach equilibrium in aqueous solution such that neopinone and codeinone exist at steady
state concentrations. In some examples, the rate of conversion of neopinone to codeinone is promoted by
pH. In some examples, the rearrangement of neopinone to codeinone is catalyzed by an enzyme with
neopinone isomerase activity. In some examples, this enzyme is a Bet v 1-fold protein. In some examples,
this enzyme is a neopinone isomerase (NPI). In some examples, this enzyme is an engineered protein with
a truncation of its N-terminal sequence. In some examples, the NPI may catalyze the isomerization
reaction within a host cell, such as an engineered host cell, as described herein.

[00345] In some examples, the enzyme that acts on codeinone is codeinone reductase (COR). In some
cases, COR reduces the ketone at position C-6 of codeinone to form a hydroxyl. In some examples, the
product of this reaction is codeine. In some examples, COR is selected from numerous gene duplication
and alternative splicing isoforms to exhibit the highest activity when paired with the protein encoding the
neopinone isomerase activity. In some examples, the COR may catalyze the reduction reaction within a
host cell, such as an engineered host cell, as described herein.

[00346] In some examples, the enzyme that acts on codeinone is morphinone reductase (morB). In some
cases, morB saturates the carbon-carbon double bond between C-7 and C-8 of codeinone. In some
examples, the product of this reaction is hydrocodone. In some examples, the morB may catalyze the
reduction reaction within a host cell, such as an engineered host cell, as described herein.

[00347] In some examples, the thebaine 6-O-demethylase enzyme may be T6ODM or a TOODM-like
enzyme from plants in the Ranunculales order that biosynthesize morphine, for example Papaver

somniferum. In some examples, TOODM may be a T6ODM-like enzyme from plants that biosynthesize
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benzylisoquinoline alkaloids, for example P. bracteatum, P. rhoeas, P. nudicaule, and P. orientale. In
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some examples, the plant enzyme is a 2-oxoglutarate/Fe(ll~dependent dioxygenase that uses 2-
oxoglutarate and oxvgen and generates succinate and carbon dioxide when demethylating thebaine fo
produce neopinone. In some exanipies, TOODM can also demethylate oripavine to generate
neomarphinone.

[60348] In other cxamples, the enryme with thebaine 6-0-demetiwliase activity may be from mammals
oranother vertebrate or invertebrate that biosynthesizes endogenous morphinan alkaloids,

[60349] In some examples, the neopnone isomerase {NPI) enzyme may be a Bet v 1-fold protein from
plants Un the Ranunculales order that biosyuthesize motphine, for example Papaver somniferuym. In some
cxaraples, NP may be a NPI-ike enzyme from plants that biosynthesize benzylisoquinoline alkaloids, for
example P. bracteatum, P. vhoeas, P. nudicaule, and P. orientale. In some examples, the Bet v 1 protein
1octudes the following dooains in order from the N-terminus to the C-terminus: a B-strand, one or twao -
hebices, six B-strands, and one or two o-helices. In some examples, a truncation is performed at the N-
terminus of the ¢nzyme to remove all or part of the first domain. In some exanples, the enzyme may have
oOne OF MOTS activity-increasing componentis as discussed herein and as described in Examples 6 and 7. In
some examples, the protein is organized such that it has a Bet v | fold and an active site that accepts large,
bulky, bydrophobic molecules, such as the morpbinan alkaloids. In some exanples, the protein may be
any plast Bet v | protein, pathogenesis-related [0 protein (PR-10), a major latex protein (MLP), fruit or
pollen allergen, plant hormone binding protein (e.g.. binding to cylokinin or brassinosteroids), plant
polvketide cyclase-tike protein, or norcoclaurine synthase (NCS)-related protein that has a Bet v 1 fold. In
some examples, the function of the Bet v 1-fold protein is to catalyzc a reaction that can also occor
spontancously.

[60350] In other examples, the enzyme with neopinone isomerase activity may be from mammals or
another veriebrate or invertebrate that biosynthesizes endogenous morphinan alkaloids.

(603311  In some cxamples, the codeinone reductase cozyme may be COR or a COR-like enzyme from
plants in the Ranuncuiofes order that biosynthesize morphine, for example P. somniferum. In sone
examples, COR may be a COR-like enryme from plants that biosynthesize benzylisoguinoline alkaloids,
for exawple P. bracteatum, P. rhiceas, P. nudicaule, and P. orientale. In some examples, the plant enzyme
is an oxidoreductase that uses NADPH as a cofactor in the reversible reduction of codeinone to codeine.
In some exaraples, the COR cnryme is a particular gene duplication or splicing variant selected 1o have
select kinetic parameters, for example a higher rate of activity for one or more reactions (Ke), linproved
binding affinity to one or more substrates (K, enbanced specificity for substrate codeinone over
neopinene, or enhanced thermostability. In some examples, the COR enzyme may act to reduce other
morphinan alkaloid substrates, for example neopinone, morphinone, ncomorphinone, hydrocodone,
hvdromorphone, oxycodone, oxymorphone, 14-hydroxvcodeinone, or 14-hydroxymorphinone. In some
cxamples, the products of COR activity are neopine, morphine, neomorphine, dihydrocodeine,

dihydromorphine, oxveodol, oxymorphol, 14-hydroxcodeine, or 14-hydroxymorphine.
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[60352] In some examples, the morphinone reductase enzy me may be morB or a morB-like enzyme
from bacteria in the Psendomonas genus. In some examples, morphinone reductase may be an alkene
reductase enzyne from a gram-negative bacterium. In some examples, the bacterial enzyme is a a/B-barref
flavoprotein that uses NADH and FMN as cofactors to saturate the carbon-carbon double bond between
C-7 and C-8 of codeinone. In some cxamples, the morB enzyme has sclect kinetic parameters, for
example a higher rate of activity for one or more reactions (...}, improved substrate binding affinity for
one or more substrates (), evhanced specificity for one subsirate, or enbanced thermostability, The
morB enzyme may also reduce other morphinan substrates, for exaraple morphinone, neomorphinone,
codeine, morphing, nooping, necrorphine, 14-hydroxyoodeinone, or H-hydroxymorphinone. Examples
of products of morB activity are hydromorphone, dihvdrocodeine, dibvdromorphine, oxycodone, or
oxymorphone.

[60333] In other examples, combinations of the above enzymes together with additonal accessory
proteins may function in the production of select morphinan alkaloid isomers. In some examples, these
cnzyines catalyze the reactions within a host cell, such as an engineerad host cell, described herein,
[00384] Examples of amino acid sequences for neopinone isomerase activity are set forth in Table 3. An
amino acid sequence for a neopinone isomerase that is utilized in converting a precursor morphinan
alkaloid with a carbon-carbon double bond between carbons C-14 and C-8 into a product morphinan
alkaloid with a carbon-carbon double bond between carbons C-8 and -7 may be 50% or more identical
10 a given amine acid sequence as hsted i Table 3. For exaraple, as amino acid sequence for such a
RCOPINCHC 1SOMCTASe MAy compise an arnino acid sequence that is at least 50% or more, 55% or more,
60% or more, 653% or more, 70% or more, 73% or more, 80% or more, 81% or more, 82% or nore, 83%
or more, 84% or more, 85% or more, 86% or more, 87% or more, 88% or more, 8%%6 or more, 90% or
more, 91% or more, 92% or more, 93% or more, 94% or more, 95% or more, 96% or more, 97% or more,
98% or more, or 99% or more identical (o an amino acid sequence as provided herein. Additionally, in
certain embodiments, an "identical” amino acid sequence contains at least 80%-99% identity at the amino
acid level to the specific amino acid sequence. In some cases, an "identical” amino acid sequence
contains at least about 859, 86%, 87%, 88%, 89%, 20%%, 91%, 92%, 93%, 94%; and more in ceriain cases,
at Ieast 95%, 96%, 97%, 98% and 99% identity, at the amino acid level. In some cases, the anmine acid
sequence mayv be identical but the DNA sequonce is altered such as o optimize codon usage for the host
organism, for example.

(003351 An onginecred host cell may be provided that produces a thebaine 6~O-demethylase, neopinone
isomerase, and codeinone reductase that converts a precursor morphinan alkaloid isomer into a desired
product morphinan alkaloid isomer by rearangereent of a carbon-carbon double boad between cathons C-
14 and C-8 and carbons C-8 and C-7, wherein the neopinone isomrase Comprises an aming acid soquenc
selected from the group consisting of SEQ ¥ NOs: 54, 55, 36, 537, and 38, In some cases, the neopinone
isomerase may physicially interact with one or more pathway enzymes. In some cases, the physicial
interaction may change the activity of the one or more pathway enzymes. In some cases, the necopinonc

isomerase may form a fusion protein with one or more other enzymes. Enzymes that are produced within
<7
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the engincered host ccll may be recovered and purified 5o as to form a biocatalyst. These one or more
enzyries may also be used to catalyze the conversion of a precursor morphinan atkaloid with a carbon-
carbon double bond between carbons C-14 and C-8 into a product morphinan atkaloid with a carbon-
carbon double bond between carbons C-8 and C-7.

[60356] In other cxamples, the neopinone 1SOMerase comprises an anyino acid sequence selected from
the group consisting of SEQ ID NQs: 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 535, 56, 57, and 58 as
listed in Table 3.

(60337} Examples of aminn acid sequences for codeinone reductase activity are sct forth inTable 4. An
amino acid sequence for a codeinone reductase that is viilized in roducing a ketone at the C-6 positionof a
morphinan alkaloid {6 a hydroxyl at that position may be 50% or more identical to a given aming acid
scquence as listed in Table 4. For exarple, an amino acid sequence for such a codeinone reduciase may
comprise an amine acid sequence that is at least 50% or more, 55% or more, 60% or more, 65% or more,
70% or more, 75% or more, 80% or more, 81% or more, 82% or more, 83% or more, 84% or more, 85%
or more, 86% or more, 87% or more, 88% or more, 89% or more, 90% or more, 91% or more, 92% or
more, 93% or more, 94% or more, 5% or more, 96% or more, 97% or more, 98% or more, or 99% or
more identical to an amino acid sequence as provided herein. Additionally, in certain embodiments, an
"identical” amino acid sequence contains at least 80%-99% identity at the amino acid level to the specific
anino acid sequence. 1o some cases, an "identical” amino acid sequence condains at least about 85%,
26%0, 87%, 88%, 89%, 90%, 91%0, 92%, 93%, 94% and more in certain cases, at least 95%, 96%, 97%,
98% and 99% identity, at the amino acid level In some cases, the amine acid sequence may be identical
but the DNA sequence is altered such as fo optionize codon usage for the bost organism, for example.
[8G338] Aun engineered host cell may be provided that produces a thebaine 6-O-demethylase, neopinone
womerase, and codeinone reductase that converts a precursor morphinan atkaloid isomer into a desired
prodoct morphinan alkaloid isomer by rearrangement of a carbon-carbon double bond between carbons C-
14 and C-8 and carbons C-8 and C~7 and reduction of a ketone at the C-6 position to a hydroxyl, wherein
the codeinone reductase comprises an anino acid sequence selected from the group consisting of SEQ ID
NGs: 59, 60, 61, 62, 63, 64, 65, 66, 67, and 68 as listed in Table 4. In some cases, the codeinone
reductase may interact with or form a fusion protein with other enzymes. The enzymes that are produced
within the engineered host celt may be recovered and purified so as to form a biocatalyst. These one or
more enzymes may alse be used to catalyze the conversion of a precursor morphinan alkaloid with a
carbon-carbon double bond between carbons C-14 and C-8 mto a product morphinan atkaloid witha
carbon-carbon double bond betweea carbons C-8 and C-7.

(603391 In additional cases, the onc or more enzymes that are recovered from the engineered host ol
may be used 10 a process for converting a precuesor maorphinan alkaloid with a carbon-catbon double bond
between carbons C-14 and C-8 into a product morphinan alkalowd with a carbon-carbon double bond
between carbons C-8 and C-7. The process may inchude contacting the precursor rmorphinan alkaloid
isomer with the recovered enzymes in an amount sufficient to convert satd precursor morphinan alkaloid

isomer to the desired morphinan alkaloid isomer product. In some examples, the precursor morphinan
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alkaloid 1somer may be contacted with a sufficient amoumt of the one or more enzymes such that at least
5% of said precursor morphinan alkaloid isomer is converted to the desired product morphinan alkaloid
isomer. In further exaraples, the precursor morphinan alkaloid isomer may be countacted with a sufficient
amount of the one or more enzymes such that at least 10%, at least 15%, at least 20%, at least 25%, at
least 30%, at lcast 35%, at least 40%, at least 43%, at least 50%, at lcast 55%, at least 60%, at least 653%,
at least 70%;, at least 80%, at Jeast 82%, at lcast 84%, at least 86%;, at lcast 88%, at least 90%, at least
91%, at lcast 92%, at least 93%, at least 94%, at least 95%, at lcast 96%, at least 97%, at least 98%, at
least 99%, at least 99.5%, at least 99.7%, or 100% of said procursor morphinan alkaloid 1somer is
cooverted to the desired product morphinas alkaloid isomer.

[60368] In somc examples, process conditions are implemented to support the formation of the desired
product morphinan alkaloid 1somer in engincared host cells. In sore cases, engineered host cells are
grown at pH 3.3, and once high cell density is reached the pH 1s adjusted to pH 6-6.5 to support continued
production of the desired product morphinan alkaloid isomers at higher pH. In some cases, the engincered
host celis produce additional enzymes to convert sugar and other simple starting materials, such as
tyrosine, to the desired product morphinan allialoid isomers.

[80361] In some examples, one or more of the enzymes converting a precursor morphinan alkaloid with
a carbon-~carbon double bond between carbons C-14 and C-8 10 a product morphinan alkaloid with a
carbon-carbon double bond between carbons C-8 and C-7 are localized to cellular compartments. Insome
examples, ToODM, COR or meorB, and NPT may be modified such that they encode targeting sequences
that localize them to the endoplasoue reticulum membrane of the engineered host cell. In particular, in
certain instances, the host cell may be enginecred to ncrease production of product morphinan alkatoid
1Isomers or its precursors by locatizing NPY and/or T6ODM and/or COR and/or morB to organelles in the
veast cell. NPT and/or TOODM and/or COR and/or motB may be localized o the veast endoplasmic
reticubum in order to decrease the spatial distance between these enzymes. By incicased production s
meant both the production of some amount of the compound of intercst where the control has no
production of the compound of interest, as well as an increase of 10% or more, such as 50% or more,
ncluding 2-fold or more, ¢.g., S-fold or more, such as 10-fold or more in situations where the control has
some production of the compound of interest.

(603621 In other examples, TOGODM and NPI may be co-localized in to a single protein fusion. In other
examples, COR or morB and NPI may be co-localized in to a single protein fusion. In some exampices, the
fusion is between the proteins is created by one of several methods, including, direct fusion, co-
localization to a veast organclle, or by enzyme co-localization tools such as lencine zippers, proteig
scaffolds that utilize adaptor domaties, or RNA scaffolds that utdize aptamers. Co-localiziog the
neopinone isoimerase enryime may faciitate substrate chanoeling between the active sites of the enzyses
and bmit the diffusion of unstable intermediates such as neopinone and codetnone.

[¢48363] In some examples, an engincered TOODM enzyme 18 used in converting between morphinan

alkaloid isomers. In some examples, a TO6ODM enzyme is enginecred (o combine two functions: (1) the
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U~demethylation of thebaine at the U-6 position, and (2) the rearrangement of a carbon-carbon double
bond between carbons C-~14 and C-8 and carbons C-8 and C-7.

(003641 In some cxamples, an enzyme with thebaine 6-O-demethviase activity is fused to a peptide with
a Bet v 1 fold. In some examples, the thebaine 6-O-~demethylase enzyme and the Bet v 1 fold protein may
be fused in any order from N-terminus to C-terminus, C-terminus 10 N-erminus, N-terminus 10 N~
terminus, or C-terminus to C-terminus. 1o some examples, the two protein sequences may be fused
directly or fused through a peptide linker region.

[68365] In some examples, an enzyme with thebaine 6-O-demethylase activity is fused to a peptide with
a Bet v 1 fold by circular permutation. In some cases, the N- and Ctermint of TOODM are fosed and the
Betv 1 sequence is then inserted randomlby within this sequence. In some cases. the resulting fusion
protein hibeary is screened for production of the desired morphinan alkaloid isomer product. Inother
cases, a circular permutation TOODM library is first screened for activity in the absence of Betv 1. In
other cases, the N~ and Ctermint of TOODM are fused and the enzyme is digested and blunt end cloned.
In other cases, this library of circularly permuted T6ODM is screened for thebaine 6-O-demethylase
activity. In other cases, active variants from the circularly pernmsted TOODM library are then used to
design protein fusions with a peptide with a Bet v 1 fold.

[80366] In some examples, an engincered COR or morB enzyme is used in converting betwoen
morphinan alkaloid isomers. Insome examples, a COR or morB enzyme is engineered o combine two
functions: (1) the rearrangenient of a carbon-carbon double bond between carbons C-14 and C-8 and
carbons -8 and C-7, and (2) the reduction of a morphinan alkaloid isomer product.

[B0367) In some cxamples, an enzyme with opioid reductase actividy is fused to a peptide with a Bet v 1
fold. In some examples, the COR or morB enzyme and the Bet v 1 fold protein may be fused in any order
from MN-termings o C-terminns, C-termnus 10 N-terminus, N-ternmins to M-crmings, or C-ermings to C-
termings. In some examples, the two protein sequences may be fused directly or fused through a peptide
linker region.

[80368] In some cxamples, an enzyme with opioid reductase activity 15 fused 10 a peptide with a Bet v 1
fold by circular permmutation. In some cases, the N- and C-termini of COR or morB are {used and the Bet v
1 sequence s then inserted randomly within this scquence. In some cases, the resulting fusion protein
library is screened for production of the desired morphinan alkaloid isomer product. In other cases, a
circular perourtation COR or morB library is first screened for activity inthe absence of Betv 1. In other
cases, the N- and C~ernuni of COR or motB are fused and the coryme is digested and blunt ond cloned.
o ather cases, this lbrary of circularly permuted COR or mosB (s screened for opioid reduoctase activity.
o ather cases, active variaats from the circuladly pegouted COR or wmorB Library are then used to design
proteun fusions with a peptide witha Bet v | fold.

[60369] The one or moic enzymes that may be used to convert a precursor morphinan alkaloid with a
carbon-carbon double bond between carbons C-14 and C-8 o a product morphinan alkaloid with a
carbon-carbon double bond between carbons C-8 and C-7 may contact the precursor morphinan atkaloid

isomer 10 vitro. Additionally, or altematively, the one or more enzymes that may be used to convert a

-
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precursor morphinan alkaloid with a carbon-carbon double bond between carbons C-14 and C-8 to a
product morphinan alkaloid with a carbon-carbon double bond between carbons C-8 and C-7 may contact
the precursor morphinan alkaloid isomer in vivo. Additionally, the one or more enzymes that may be used
to convert a precursor morphinan alkaloid with a carbon-carbon double bond between carbons C-14 and
C-8 to a product morphinan alkaloid with a carbon-carbon double bond between carbons C-8 and C-7 may
be provided to a cell having the precursor morphinan alkaloid isomer within, or may be produced within
an engineered host cell.

[00370] In some examples, the methods provide for engineered host cells that produce an alkaloid
product, wherein the conversion of a precursor morphinan alkaloid with a carbon-carbon double bond
between carbons C-14 and C-8 to a product morphinan alkaloid with a carbon-carbon double bond
between carbons C-8 and C-7 may comprise a significant step in the production of an alkaloid product. In
some examples, the alkaloid product is a codeinone. In still other embodiments, the alkaloid product is
derived from a codeinone, including for example, downstream morphinan alkaloids. In another
embodiment, a precursor morphinan alkaloid with a carbon-carbon double bond between carbons C-14
and C-8 is an intermediate toward the product in of the engineered host cell. In still other embodiments,
the alkaloid product is selected from the group consisting of morphinan, nor-opioid, or nal-opioid
alkaloids.

[00371] In some examples, the substrate of the O-demethylation reaction is a compound of Formula VI:

R(O\?’l/\
// =

1/

Formula VI,
or a salt thereof, wherein:

Ri, and R, are independently selected from hydrogen and methyl.
[00372] In some other examples, Ry and R, are methyl, and the O-demethylation reaction is catalyzed by
a thebaine 6-O-demethylase. Other examples of 6-O-demethylation reactions are provided in FIG. 11.
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[00373] In some examples, the substrate of the isomerization reaction is a compound of Formula VII:

Formula VII,

or a salt thercof, wherein:
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Ri, and Rj are independently selected from hydrogen and methyl, and R, is independently
selected from hydroxyl and oxygen.
[00374] In some other examples, R;, and Rs are methyl and R, is oxygen, and the isomerization reaction
is catalyzed by a neopinone isomerase. Other examples of isomerization reactions are provided in FIG.
17.

[00375] In some examples, the substrate of the reduction reaction is a compound of Formula VIII:

Formula VIII,

or a salt thercof, wherein:

Ri, and R3 are independently selected from hydrogen and methyl; and R; is independently
selected from hydroxyl and oxygen.
[00376] In some other examples, R; and Rs are methyl and R, is oxygen, and the reduction reaction is
catalyzed by a codeinone reductase. In some other examples, the reduction reaction is catalyzed by a
morphinone reductase. Other examples of reduction reactions are provided in FIGs. 15 and 16.
[00377] In some examples, the methods provide for engineered host cells that produce morphinan
alkaloid products from neopinone. The conversion of neopinone to codeinone may comprise a significant
step in the production of diverse morphinan alkaloid products from a simple starting material. In some
examples, the simple starting material is L-tyrosine or a sugar (¢.g., glucose). The diverse alkaloid
products can include, without limitation, morphinan, nor-opioid, or nal-opioid alkaloids.
[00378] In some examples, the engineered host cells are grown through a fed-batch fermentation process
in which the simple starting material is fed over time and converted to the precursor morphinan alkaloid
continuously over time in the engineered host cell, thereby providing a constant source of the precursor
morphinan alkaloid. In some examples, the continuous source of precursor morphinan alkaloid is
isomerized to the product morphinan alkaloid isomer continuously over time and then converted to the
downstream alkaloid product through one or more enzymes that act on the morphinan alkaloid isomer in
the engineered host cell, thereby providing a constant pull of the product isomer to the downstream
alkaloid product. In some examples, the dynamic system process (¢.g., continuous supply of the precursor
morphinan alkaloid and continuous conversion of the product morphinan alkaloid isomer to a downstream
alkaloid product) is a beneficial component to achieving increased production of desired alkaloid products

through an enhanced reversible isomerization reaction.
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[00379] In some cases, the pairing of a neopinone isomerase with a COR variant exhibiting particular
kinetic properties is a beneficial component to achieving increased production of desired alkaloid products

in an engineered host cell. In some cases, the pairing of a neopinone isomerase with a morB variant
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exhibiting particular kinetic properties is a beneficial component to achieving increased production of
desired alkaloid products in an engineered host cell.

(603801  Anv suitable carbon source may be used as a starting matenial toward a morphinan alkaloid.
Suitable precursors can include, without limitation, simple starting materials such as monosaccharides
{c.z., glucose, fructose, galactose, xviose), oligosaccharides {¢.g., lactose, sucrose, raffinose),
polysaccharides (¢.g.. starch, celinlose), or a combination thereof. In some examples, unpurified mixhires
from rencwable feedstocks canbe used (e.g., cornsteep liquor, sugar beet molasses, barley malt, biomass
hydrolysate). In still other embodiments, the catbon precursor can be a one-carbon compound (e.g.,
methanol, carbon dioxide) or a two-carbon compound {¢.g., ethanol). Tn vet other embodiments, other
carbon-contaimng corapounds can be utidized, for example, methylamine, ghucosamine, and amino acids
{¢.g., L-lyrosing).

[00381] In some examples, the benzylisoquinoline alkaloid product, or a derivative thereof, is recovered.
In some exanmiples, the benzylisoquinoline alkaloid product is recovered from a cell culture. In some

examples, the benzylisoquinoline alkaloid product is a morphinan, nor-opioid, or nal-opioid alkaloid.

Table 3. Examuple amino acid sequences of morphinagn aslkaloid isomerizing enzyvmes,

Sequence | Description Sequence SEQ. ID.
Name NO.
THS

P. bracteatum | MAPRGVSGLVGKLSTELDVNCDAEKYYNMYKNGED | SEQ. I}
VOKAVPHLCMDVEVISGDATRSGCIKEWNVNIDGKTE | NO. 35
RSVEETTHNDETETLRHRVFEGDMMEDYKKFDTIME

VNPEKPDGNGCVVTRSIEYEKVNENSPTPFDYLOFGHG
AMEDMNKY

P setigerum MELVGKLSTELEVDCDAEKYYNMYKHGEDVKKALCY | SEQ. ID.
DVKVISGDPTREGCIKEWNVNIDGKTIRSVEETTHNRE | NG. 36
TETLRHRVFEGDMMEKDFKKFDTIMVVNPKPDGNGCY
VTRSIEYEKTNENSPTPFDRDYLOQFGHOAIEDMNKYL

P. sefigerum MLVGKLSTELEVDCDAEKYYNMYKHGEDKRQCVDY | SEQ. 1D
KVISGDPTRSGCIKEWNVNIDGKTIRSVEETTHNDETK | NO. 37
TLRHRVFEGDMMKDFKKFDTIMVVNPEPDGNGCVVT
REIEYEKTNENSPTPFDYLOFGHQAIEDMNEY

P setigerum MEVGKLSTELEVDCDAEKYYNMYKHGEDVEKAVPH | SEQ. ID.
LCVDVKHSGDPTSSGCIKEWNVNIDGKTIRSVEETTHD | NO. 38
DETKTLRHRVFEGDVMEDFKKFDTIMVVNPKPDGNG
CVVTRSIEYEKTNENSPTPEDY LOFGHOAIEDMNKYL
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P. sefigerum MVEKIHSGDPTSSGCIKEWNYNIDGETIRSVEETTHRDET | SEQ. 1D
KTLRHRVFEGDVMKDFKKFDTIMVVNPKPDGNGCVY | NO. 39
TREIEYEKTNENSPTPFDWLOFGHOQATEDMNKYL

F.somniferum | MDSINSSIYFCAYFRELIKLLMAPPGVSGLVGKLSTEL | SEQ. ID.
EVNCDABKYYMNMYRKHGEDVORKAVPHLCVDVKVISG | NO. 40

DFTRSGCIKEWNVNIDGKTIRSVEETTHNDETKTLRHR
VFEGDVMEDFKKFDTIMVVNPRKPDGNGCVVTRSIEYE
KTNDNSPTPFDYLOQFGHOAIEDMNKYLRDSE

P.somniferun | MNFFIKDHUYICLVGELSTELEVDCDAEKYYNMYKHG | SEQ. [D.
EDVKKAVPHLCVDVKISGDPTSSGCIKEWNVNIDGKT | NO. 41
IRSVEETTHDRETKTLRHRVFEGDVMEDFKKFDTIMY
VNPRKPDGNGCVVTRSIEYEKTNENSPTPFDYLQFGHQ
ATEDMNKYLRDSESN

£ somniferum | MAPLGVSGLVGELSTELEVDCDAEKYYNMYEHGEDY | SEQ. 1D,
KEAVPHLOVDVEKHSGDFTSSGCIKEWNVNIDGKTIRS | NO. 42
VEETTHDDETKTLRHEVFEGDVMKDFRKFDTIMVVNE
KPDGNGCVVTRSIEYEKTNENSPTPFDYLQFGHQAIED
MNKYLRDSESN

NP

P. sefigerum MAONGDFGIVGKLVIELEVSSPADKFYTIFKHOKDVPK | SEQ. 1D
AIPHLFTDGKVIEGDARRSGCIKEWKYVLEGKTISVTIE | NG. 43
KTTHNDETKTULHHRIFEGDLMKDYKEFDSHEVNPKPT
GHGSIVIWSFVYEKINKNSPTPFAYLPFCYQAIEDINNH
LAASE

F. setigerum MAHHGVSGLVGKLVTOLEVNCDADKLYKIYVPKAIS | SEG. ID.
BLFTGVEVLEGHGLRSGCIKEWKYIIDGKALTAVEETT | NO. 44

HGDETRTLEHRVIDGDLMKDYKKFEKHEANPKPNGH
GSIVTVSLLYEKINEDSPAPFDHLKFFHONIEDMNSHIC
ASE

P. setigerum MARHSVSGLVGKLVTELEVSSDAEKYYRVYKHAEDY | SEQ. ID.
ERAPHLCTGIRVIKGEASRIGCIKEWNFILEGKAIRSIE | NO. 45
ETTHNDATRTVHHRIFEGNLMKDYKKFDSHEEVNGCIV
ARSIVYEKRSEDSPTPFAYILFCHQAIEDMNEKHLCDNE

P setigerum MDSVSAALVFHSSIYECAMAHHGVSGLVGKIVTELEY | SEQ. ID.
NCNADEFYRILKRDEDVPRAVSDLFPPVKIAKGDGL VS | NO. 46

GCOIKEWDCVLDGEAMSGEKEETTHNDETRTLRHRELK
KFDSHEVNPEKPNGHGSIVIWSIEYEKMNEDSPAPFAYL
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ASFHOPNGHGSIVIWSIEYEEKMNEDSPAPFAYLASFHOQ
NYVEVDSHLCLSE

F.bracteatum | MYSVSAALVSIAPYTFVRTDNNLELLMACDGVSGLVG | SEQ. 1D,
KLVTELKVNCDADRKYYQIYKRPDDLOKAIPHLCTGIK | NO. 47
LINGDASRSGCIKEWNFTLEGKRIHTVEETTHNDETRT
LEHRIFEGDLMKDYKKFDSHEVNPKPNGNGCVVEKRSI
VYEKINKDSPTPFSYLPFCHQAIEDMNKHLCDSE

P bracteatum | MACDGVSGLVGKLVIELEVNCDADEYYQIVKRPDDL | SEQ. ID.
QKAPHLCTGILINGDASRSGCIKEWNFTLEGKRIHTY | NO. 48
EETTHNDETRTLHHRIFEGDLMKDYRKKFDSIEVNPKE
NGNGCVVRERSIVYEKINKDSPTPFSYLPFCHOAIEDMN
KHLCDSE

P.obracteatym | MAHHGVSGLVOGKLVTQLEVNCDADERYKIWKHHEEY | SEQ. 1D
POAVSHLFPAVKVVEGDGLVSGCIKEWDYILEGKAMS | NO. 49
AMEETTHNDETRTLHHRIVEGEVMEKDYK AIASHEVNE
NENGHGSIVIWSIEYEKMNEDSPTPFAYLEFFHONLVD
MNSHLYVGSDSHLHVDE

P, vhoeas MAPHGVSDLSGRELVTELEVSCDADKYYKIYKHAEDY | SEQ. ID.
QKAVPHLCTDVEVINGDATLSGCIKEWHYILEGKALS | NO. 56
AKEETTINDETRTLHHRVLEGDMMEDYKEFDSVIEVN
PKPNGNGSVVTRSIAYEKINEDSPTPFAYILFSHRAVED
MNKYLCDSE

P. rhoeas MAPHGVYSBLAGKLVTELEVSCDADKYYKIYKHAEDRYV | SEQ ID.
QKAVPHLCTDVKVINGRATUSGCIKEWHYILEGKALS | NG. 51
AXEETTINDETRTLHHRVLEGDMMKDYKKFDSVIEVN
PKPNGMNGSVVTRSIAYEKINEDPAPFAYLAFFHONAVE
YNSYLCLSE

P rhoeas MAPHGVSDLSGKLVTELEVSCDADKYYKIYKHAEDY | SEQ. ID.
QKAVPHLCTDVEVINGDATLSGCIKEWHYILEGKALS | NO. 52
AKEETTINDETRTLHHRVLEGDMMEDYKEFDSVIEVN
PKPMNGNGSVVTRSIAYEKINEDSSSLCVSSFLPSERG

P. rhoeas MAHHGVSGLVGKLVTQLEVNCDADKFYKMAKHHED | SEQ. 1D
VPKAVPHFFTAVEVTEGDGLVISGCIKEWDYILEGKAM | NG. 53
SCKEREETTHYDETRTLHHRVFGGDMMMDYKKFDALL
EVNPEPNVHGCIVIWSRIAYEKINEDSPVPEFDYLAFYHQ
NUDVGSHLCSE
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.

. sompiferum | MDSVSAALVFHSSIYLCAMAHHGVSGLVGKIVTELEY | SEQ. 1D
NCNADEFYKILKRDEDVPRAVSDLFPPVKIAKGDGLVS | NO. 54
GOIKEWDCVLDGKAMSGKEETTHNDETRTLRERELE
GDLMKDYRKFDSHEVNPKPNGHGSIVIWSIEYEKMNE
DSPAPFAYLASFHONVVEVDSHLCLSE

ey

* somuiferum | MAHHGVSGLVGKIVTELEVNCNADEFYKILKRDEDVP | SEQ. ID.
RAVIDLFPPVKIAKGDGLVSGCIKEWDCVLDGKAMSG | NO. 55
KEETTHNDETRTLRHRELEGDEMEDYKEFDSHEVNPK
PNGHGSIVIWSIEYEKMNEDSPAPFAYLASFHONVVE
VDSHLCLSE

P. somniferum | MAHHGISGLVGKLVTOQLEVNCDADEFYKIWKHHEEY | SEQ. D
PKAVSHLLPAVKVVKGDGLVSGCIKEWHYILEGKAMS | NG, 36
AMEETTHNDETRTLHHOQVVEGELMKDYK ATASTIOVN
PNGRIVIWSIEYEKMNEDSPTPFAYLEFFHONIDMNSH
LYVGSDSHLHVDE

£ somniferum | MAHHGVSGLVGKLVTELEVHONADAYYKIFEKHQEDY | SEQ. ID.
PKAMPHLYTGGRKVISGDATRSGCIKEWNYILEGKALIA | NO. 57
VEETTHDDETRTLTHRITGGDLTKDYKKFVKIVEVNPK
PNGHGSIVIVSLVYEKMNEGSPTPFNYLOFVHOQTIVGL
NSHICAS

o

Csemmniferum | MAHHGISGLVGELVIGLEVNCDADEYYQIFKHARDV(Q | SEQ. ID.
KAVPHHYDSIKVINGDAKSSGCIKEWNFIHEGKTFHTY | NO. 58
EETTHNDETRTLHHRIFEGDLMKDYKKFDLHEANPKP
TOGNGCVVTWTIEYEKINQDSPAPIAYLPFCNOQVIEDMN
KHLCDSE

Table 4, Example aming acid sequences of morphinan alkaloid reducing enzyvmes,

Sequence Description Sequence SEQ. 1D,
Name NO.
COR

P.somniferum | MESNGVPMITLSSGIRMPALGMGTAETMVKGTERE | SEQ. ID.
COR 1.3 KLAFLKAIEVGYRHFDTAAAYQSEECLGEATAEALQ | NO. 59

LGLIKSRDELFITSKLWCADAHADL VLPALONSLRN
LELDYLDLYLIHHPVSLKPGKFVNEIPKDHILPMDY
KSVWAAMEECQTLGFTRAIGVONFESCKKLOELMA
AAKIPPVVNOVEMSPTLHOQENLREYCEANNIMITA
HSVLGAICAPWGSNAVMDSKVEHQIAVARGESVA
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QVSMRWVYQOQGASLVVKSFNEGRMKENLKIFDWE
LTAENMEKISEIPOSRTSSADFLLSPTGPFKTEEEFW
DEKD

P. sommniferum

MESNGVPMITLSSGIRMPALGMGTVETMEKGTERE
KLAFLKAIEVGYRRFDTAAAYQTEECLGEAIAEALQ
LGLIKSRDELFITSKLWCADAHADLVLPALQNSLRN
LKLDYLDLYLIHEPVSLKPGKFVNEIPKDHILPMDY
KSVWAAMEECQTLGFTRAIGVUNFSCEKLOELMAT
ANSPPVVNOVEMSPTLHOQKNLREYCKANNIMITAH
SVLGAIGAPWGSNAVMDSKVEHOQIAVARGESVAQ
VEMRWVYQQGASLVVKSFNEARMEKENLKIFDWEL
TAEDMEKISEIPQSRTSSAAFLLSPTGPFKTEEEFWD
EKD

SEQ. 1D,
NO. 60

P somniferum

MESNGVPMITLSSGIRMPALGMGTAETM VK GTERE
KLAFLKAIEVGYRHFDTAAAYQSEECLGEATAEALQ
LGLIKSRDELFITSKLWCADAHADLVEPALQONSLERN
LELDYLDLYLIHHPVSLKPGKFVNEIPKDHILPMDY
KSVWAAMEECQTLGFTRAIGVONESCKKLOQELMAT
ANSPRPYVNOQVEMSPTLHOKNLREYCKANNIMITAH
SVLGAVGAAWGTNAVMHSEVLHOIAVARKSVAQ
VSMEWVYQOQGASLVVESFNEARMKEDLKIFDWEL
TAEDMEKISEIFQSRTSSAAFLLSPTGPFKTEEEFWD
EKD

SEQ. 1D,
NG. 61

P. sopmiferum

MESNGVPMITLSSGIRMPALGMGTVETMEEGTERE
KLAFLKAIEVGYRHFDTAAAYQTEECLGEAIAEALQ
LGLIKSRDELFITSKEWCADAHADLVLPALONSLRN
LKLDYLDLYLIHHPVSLEKPGKFVNEIPKDHILPMDY
KEVWAAMERCQTLGFTRAIGVONFSCEKRKLOQELMAT
ANSPPVVNRVEMSPTLHQRKNLREYCKANNIMITAH
SVLGAVGAAWGTNAVMHSKVLHQIAVARGKSVA
QVEMRWVYQOQGASLVVKSFNEARMKENLKIFDWE
LTAEDMEKISEIPOSRTSSAAFLLSPTGPFKTEEEFW
DEKD

SEQ. D,
NO. 62

P. somniferum

MESNGVPMITLSSGIRMPALGMGTAETMVKGTERE
KLAFLKAIEVGYRHFDTAAAYQSEECLGEAIAEALQ
LGLIKSRDELFITSKLWCADAHADL VEPALQNSLRN
LKLEYLDLYLIHHPVSLEPGKFVNEIPKDHILPMDY

SEQ. 1D,
NO. 63
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KSVWAAMEECQTLGFTRAIGVONFSCKKLQELMAT
ANSPPVVNQVEMSPTLHOKNLREYCKANNIMITAH
SVLGAVGAAWGTNAVMHSEVLHOIAVARGKSVA
QVSMRWVYQOGASLVVKSFNEARMEENLKIFDWE
LTAEDVEKISEIPOSRTSSAAFLLSPTGPRETEEEF WD

P. sommniferum

MESNGVPMITLSSGIRMPALGMGTVETMEKGTERE
KLAFLKAIEVGYRHFDTAAAYQTEECLGEATAEALD
LGLIKSRDELFITSKEWCADAHADLVLPALOQNSLRN
LKUDYLOLYLIHBPVSLKPGKFVNEPKDHILPMDY
KSVWAAMEECQTLGFTRAIGVUNFSCEKLOQELMAT
ANSPPVVNOVEMSPTLHOENLREY CKANNIMITAH
SVLGAVGAAWGTNAVMHSKVLHQIAVARGKSVA
QVEMRWVYQQGASLVVESFNEARMKENLKIFDWE
LTAEDMEKISEIPOSRTSSADFLLSPTGPFKTEEEFW
DEKD

SEQ. 1D,
NO. 64

P setigerum

MESNGVPMITLSSGIRMPALGMGTVETMEKGTERE
KEAFLKAIEVGYRHFDTAAAYQTEECLGEAIATALG
LGLIKSRDELFITSKLWCADAHADLVEPALQONSLERN
LELDYLDLYLIRHPVSLKPGEFVNEIPKDHILPMDY
KSVWAAMEECQTLGFTRAIGVONFSCKKLQELMAT
VNSPRVVNQVEMSPTLHOKNLREYCKANNIMITAH
SVLGAVGAAWGTKAVMHSKVLHOIAVARGKSVA
QVESMRWVYQOGASLVVKSFNEARMKENLKIFDWE
LTAEDMEKISEIPQSRTSSAAFLLSPTGPFKTEEEFW
DEKD

SEQ. 1D,
NG, 63

P bracteatum

MESNGVPMITLSSGIRMPALGMGTVETMERKGTERE
KLAFLEAIEVGYRHFDTAAAYQTEECLGEAIAEALQ
LGLIKSREELFITSKEWCTDAHADLVLPALONSLEN
LELEYLDLYLIHFPVSLKPGKIVSDIPRDOMLPMDY
KSVWYAMEECQTLGFTRAIGVINFSCKKLOQELMAT
ANSPPVVNEVEMSPVFQOQKNLRAYCKANNIMITAY
SVLGARGAAWGSNAVMDSKVLHEIAVARGKSVAQ
VSMRWVYQQGACLVVKSFNEERMKENLKIFDWEL
SAEDMEMISEIPQCRTSSADFLLSPTGPFKTEEEFWD

SEQ. ID.
NO. 66
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P.somniferwm | MESNGVPMITLSSGIRMPALGMGTAETMVKGAERE | SEQ. ID.
COR 1.3 KLAFLKAIEVGYRHFDTAAAYQSEECLGEATAEALQ | NO. 67
Mutant LGLIKSRDELFITSKLWCADAHADLVEPALQONSLERN
LELDYLDLYLIHHPVSLKPGKFVNEIPKDHILPMDY
KSVWAAMEECQTLGFTRAIGVONFESCKKLOELMA
AAKIPPYVVNOQVEMSPTLHOKNLREYCKANNIMITA
HSVLGAICAPWGSNAVMDSKVEHOQIAVARGRSVA
QVSMRWVYQOQGASLVVKSFNEGEMEENLKIFDWE
LTAENMEKISEIPQSRTSSADFLLSPTGPFKTEEEFW

DEKD
P. somniferum | MESNGVPMITLSSGIRMPALGMGTAETMVKGTERE | SEQ. ID.
COR 13 KLAFLEKAIEVGYRHFDTAAAYQSEECLGEAIAEALQ | NG. 68
Mutant LGLIKSRDELFITSKEWCADAHADLVLPALONSLEN

LKLDYLDLYLIHHPVSLEKPGKFVNEIPKDHILPMDY
KEVWAAMEECQTLGFTRAIGVUNFSCEELOQELMA
AAKIPEPVYNQVEMSPTLHQKNLREYCKANNIMITA
HSVLGAICAPWGSENAVMDFKVLHOIAVARGKSVA
QVEMRWVYQOQGASLVVKSFNEGRMKENLKIFDWE
LTAENMEKISEIPOSRTSSADFLLSPTGPFKTEEEFW
DEKD

Benzvlisoquinoline Altkaloid Generating Modifications

[60382] Some methods, processes, and systems provided herein describe the conversion of BIA
precursors to I-benzylisoguinoline alkaloids. Some of these methods, processes, and systems may
comprise an enginecred host cell. In some examples, the production of nococlauring, or a 1-
benzylisoquinoline alkajoid, from 4-HPAA and dopamine, or BIA precursors, is described. In some
examples, the production of norlandonosoline, or a 1-benzylisoguinoline alkaloid, from 3,4-DHPA and
dopamine, or BIA precursors, is deseribed. In some examples, the conversion of BIA precursors o 1-
benzylisoquinoline atkaloids is a key step in the conversion of a substrate to a diverse range of
benzylisoquincline atkaloids.

[B0383] In some examples, the BIA precursors may be 4-HPAA and dopamine. In some examples, the
BIA precursors may be 3,4-DHPA and dopamine. In some cases, a condensation reaction between two
BIA precursors occurs between a amine of a first substrate and an aldehyde of a second sabstrate to
gencrate an imioram fon followed by carbon-catbon bond formation between the C-6 of the first substrale
and C-1 of the sccond substrate as provided in FEG. 1 and as represented generally in Scheme 4. As

provided in Scheme 4, Ri, Ro, R, and Rymay be H or OH.
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[00384] In some examples, the condensation of the BIA precursors to the 1-benzylisoquinoline alkaloid
product may occur spontancously. In some examples, the condensation reaction is promoted by conditions
such as pH or solvent. In other examples, the 1-benzylisoquinoline alkaloid-generating Pictet-Spengler
cyclization reaction is promoted by contact with a protein or enzyme with norcoclaurine synthase activity,
or a norcoclaurine synthase. In some examples, this enzyme is a Bet v 1-fold protein. In some examples,
this enzyme is an engineered norcoclaurine synthase. In some examples, this enzyme is an engineered
norcoclaurine synthase with a truncation of its N-terminal sequence. In some examples, the enzyme
encoding norcoclaurine synthase activity may catalyze the condensation reaction within a host cell, such
as an engineered host, as described herein.

[00385] In some examples, the norcoclaurine synthase enzyme may be a Bet v 1 fold protein from plants
in the Ranunculales order that biosynthesize thebaine, for example P. somniferum. In some examples, the
norcoclaurine synthase enzyme may be a Bet v 1 fold protein from plants in the Ranunculales order that
biosynthesize benzylisoquinoline alkaloids, for example C. japonica or E. californica. In some examples,
the Bet v 1 protein includes the following domains in order from the N-terminus to C-terminus: a 3
strand, one or two o-helices, six B-strands, and one or two a-helices. In some examples, a truncation is
performed at the N-terminus of the enzyme to remove all or part of the first domain. In some examples,
the enzyme may have one or more activity-increasing components as discussed herein and as described in
Examples 14, 15, and 16. The protein is organized such that it has a Bet v 1 fold and an active site that
accepts large, bulky, hydrophobic molecules, such as 1-benzylisoquinoline alkaloids. This protein may be
any plant Bet v 1 protein.

[00386] In some examples, the enzyme with norcoclaurine synthase activity may be from mammals or
any other vertebrate or invertebrate that biosynthesizes endogenous morphine.

[00387] In some examples, the norcoclaurine synthase may be combined with additional accessory
proteins that may function to convert any BIA precursors into 1-benzylisoquinoline alkaloids. In some
examples, these enzymes catalyze the reactions within a host cell, such as an engineered host, as described
herein.

[00388] Examples of amino acid sequences for norcoclaurine synthases are set forth in Table 5. An
amino acid sequence for a norcoclaurine synthase that is utilized in converting BIA precursors to 1-

benzylisoquinoline alkaloid may be 75% or more identical to a given amino acid sequence as listed in
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Tables 6, 7, and 8. For example, an amino acid sequence for such a norcoclaurine synthase may
comprise an amino acid sequence that is at least 75% or more, 80% or more, 81% or more, 82% or more,

83% or more, 84% or more, 85% or more, 86% or more, 87% or more, 88% or more, 89% or more, 90%
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or more, 91% or more, 92% or more, 93% or more, 94% or more, 95% or more, 96% or more, 97% or
more, 98% or more, or 99% or more identical to an aming acid sequence as provided herein,

Additionally, in certain embodiments, an "identical” amino acid sequence contains at least 8096-99%
identity at the amino acid level to the specific amino acid sequence. In some cases an "identical” amino
acid sequence contains at least about 83%, 80%. 87%, 88%, 89%, 00%, 91%%, 92%, 93%, 94% and morc
in certain cases, at least 953%, 96%, 97%, 98% and 99% identity, at the amino acid level In some cases,
the amino acid sequence may be identical but the DNA sequence is altered such as 1o optimize codon
usage for the host organism, for example,

(603891  Amino acid resihies of homolegous norcoclaurine svnthases may be eferenced acconding to
the numbering scheme of SEQ 1D NG, 70, and this numbering system is used thronghout the disclosure to
refer to spectfic armne acid residues of norcoclaurine synthases which are horologous to SEQ ID NG, 70
MNorcoclaunne synthases homologous to SEQ ID NO. 70 may have at least about 70%, 75%, 80%, 85%,
0%, 95%, 97%, 98%, or 99% sequence identity to SEQ D NO. 70. In some cases, an amino acid
referred 1o as position 30 in a homologous norcoclaurine synthase may not be the 50™ amino acid in the
homologous norcoclaurine synthase, but would be the amino acid which corresponds to the amino acid at
position 30 in SEQ ID NG. 70 in a protein alignment of the homologous norcociaurine synthase with SEGQ
1D NO. 70, Insome cases, homologous enzymes may be aligned with SEQ ID NO. 70 either according {o
primary sequence, secondary stracture, or tertiary stracture.

[B039¢] An engineered bost cell may be provided that produces an engineered norcoclaurine synthase
that converts BIA precursors to 1-benzylisoquinobioe alkaloid, wherein the engineered norcoclaurine
synthase comprises an amino acid sequence selected from the group consisting oft SEQ 1D NOs: 69, 70,
71,7273, 74, 75,76, 77, 78, 79, 80, 81, and 82, and having one or more activity-enhancing modifications
as described 1p Tables 6, 7, and 8. The engincered norcoclawrine synthase that is produced within the
engincerad host cell may be recovered and purified so as to form a biocatalyst. In some cases, the
engineered norcoclaurine synthase may have a N-termuinal truncation. These enginecred norcoclaunne
svnthase enzymes may also be used to catalyze the conversion of BIA precursors to 1-benzyvlisoguinoline
allaloids. Additionally, the vse of an engincered norcoclaurine symhase may be used to increase the
produaction of benzy lisoquinoline alkaloid products within a cell when compared to the production of
benzylisoquinoline alkaloid products within a cell utilizing a parent norcoclaurine synthase.

(603911 In additional cases, the one or more enzymes that are recovered from the engineercd host cell
that produces the norcoclaurne synthase mav be used in a process for converting BIA precursorsio a -
beozylisoquigoling alkaloid. The process may clude contacting the BIA precursors with the recovered
cnzyoes b an amouot sufficient to convert said BIA precursors to [-benzylisoquinolive alkaloid. In
cxamples, the BIA precursers may be contacted with a sufficiont amount of the one or more enzymes such
that at least 5% of said BIA precursors is converted to I-benzylisoquinoline alkaloid. In further examples,
the BIA precursors may be conlacted with a sufficient amount of the one or more enzyres such that at
least 10%, at least 15%, at least 2094, at least 23%, al least 30%, at least 35%, at keast 40%, at least 45%,

at least 30%, at least 359, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least
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82%, at least 84%, at least 86%, at least 8894, at lcast 90%, at least 91%, at feast 92%, at least 93%, at
least 9496, at least 95%, at least 96%, at least 979%, at least 98%, at least 99%, at least 99.5%, at least
99.7%, or 100% of said BIA precursors are converted to 1-benzylisoquinoline alkaloid.

(603921  In some examples, one or more cnzymes converting BIA precursors 1o a 1-benzylisoquinoline
alkaloid arc localized to cellniar compartments. In some examples, Bet v 1 may be modified such that it
encodes targeting sequences that localize it to the endoplasmic reticulum membrane of the engineered
hast cell. In particular, in cortain 1nstances, the host cell may be engincored to increase production of
norcociaurine or norlaudancsoline or products for which norcoclaurine or nodandasosiine is a procursor
from BIA precursots by localizing Bet v 1 to organclles in the veast cell. Bet v 1 and/or DODC may be
localized o the yeast endoplasmic reticudin in order to decrease the spatial distance between Bet v 1
and/or DODC. By ncreased production is meant both the production of some amount of the compound of
interest where the control has no prodoction of the compound of interest, as well as an increasc of 10% or
more, such as 50% or more, including 2-fold or more, e.g.. 5-fold or more, such as 10-fold or more in
sttuations where the control has some production of the compound of interest.

[60393] In other examples, DODC and Bet v 1 may be co-localized to a single protein fusion. In some
cxamples, the fusion is created between DODC and Bet v 1 by one of scveral methods, including, direct
fusion, co-localization o a veast organclie, or by enzyme co-localization tools such as leucine zippers,
protein scaffolds that viidize adapter domains, or RNA scaffolds that utilize aptamers. Co-localizing the
noteoclaurine synthase enzyow may facilitate substrate chaaneling between the active sites of the
cozyraes and ot the diffusion of unstable intermediates such as 4-HPAA.

(8035947 In some examples, an ¢ozyme with DODC activity s fused to a peptide with a Bet v 1 fold. In
some exanples, the BODC erryme and the Bet v 1 fold protein may be fused in any order from N-
termings o C-terminys, C-termunys (o N-termings, N-termmis 16 N-termings, or C-termings to C-
teriminus. In some examples, the two protein sequences may be fused directly or fused through a peptide
linker region.

(803951  In some cxamples, an enzyme with DODC activity is fused to a peptide with a Bet v 1 fold by
circular permutation. In some cases, the N- and Cutermunt of DODC are fused and the Bet v 1 sequence is
then inscried randomly within this sequence. In some cases, the resulting fusion protein library is screened
for I-benrylisoguinoline alkaloid production.

(603961 The one or more enzymes that may be used to conwvert BIA precursors to a I-benzylisoquinoline
alkaloid may contact the BIA precursors in vitro. Additionally, or alternatively, the one or more enzymes
that may be used to convert BIA precursors to a 1-benzylisoguinolioe alkaloid may contact the BIA
precursors invivo, Additionally, the one or more enzymes that may be used to convert BIA precursors 1o
a i-beozylisoquinolioe alkaloid may be provided to a cell haviog the BIA precursors within, or may be
produced within an enginecred host cell.

[60397] In som examplkes, the methods provide for engincered host ¢ells that produce an alkaloid
product, wherein the condensation of BIA precursors to a 1-benzylisoquinohne alkaloid product may

comprise a key step in the production of an alkaloid product. In some examples, the alkaloid produced is a
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I-benzylisoguinoline alkaloid. In still other embodiments, the alkaloid produced is denved from a 1-
benzylisoquinoline alkaloid, including, for example, 4-ring promorphinan and 5-ning morphinan alkaloids.
In another cmbodiment, a BIA precursor is an intermediate toward the product of the enginecred host cell.
In still other embodiments, the alkaloid product is selected from the group consisting of 1-
benzylisoquinoline, promorphinan, morphinan, protoberberine, protopine, berwophenanthridine,
secoberberine, phthalideisoguinoline, aporphine, bishenzylisoquinoline, nal-opioid, or nor-opioid
akaloids.

[60398] In some examples, the BIA precursor substrates are selected from the group consisting of 4-
HPAA, 3,4-DHPA, and dopamine.

[60399] In somc examples, the first BIA precursor substrate, or amine substrate, is a compound of

Formula IX:

Formula X
or a salt thereof, wherein:
R, and R, arc independently selected from hvdrogen and hydroxy.
[#3488]  In some other examples, R: and R are hydroxy, and the {irst BIA precursor substrate is
dopamine.
j60401]  In somc examples, the second BIA precursor substrate, or aldehyde substrate, is a compound of

Formula X

Formula X,

or a salt thereof, wherein:

R; and Ry are independently selected from bydeogen and bydroxy.
[B0482] In some examples, R is a hvdrogen and R. s a hydroxy, and the second BIA precursor is 4-
HPAA,
[30483] In other examples, Rz and Ry are hydroxy, and the second BIA precursor is 3,4-DHPAA
(804847 In some oxamples, the methods provide for enginecred host cells that produce alkaloid products
from BIA precursors, In some ¢ases, the condensation of 4-HPAA and dopamine to norcoclanrine may
comprise a key step in the production of diverse alkaloid products from a precursor. In some cases, the
condensation of 3.4-DHPA and dopamine to norlaudanosoline may comprise a key step in the production
of diverse allkaloid products from a precursor. In some examples, the precursor is L-{yrosing or a sugar

{c.z., glucose). The diverse alkaloid products can include, without linutation, 1-benzyvlisoquinoline,
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promorphinan, morphinan, protoberberine, protopine, benrophenanthridine, secoberberine,
phthalideisoquinoline, aporphine, bisbenzylisoquinoline, nal-opioid, and nor-opioid akalowds.

(004651 Anv suitable carbon source may be used as a precursor toward a 1-benzylisoquinoline alkaloid.
Suitable precursors can include, without Himitation, monosaccharides (¢.g., glucose, fructose, galactose,

xylose), oligosaccharnides {e.g., lactose, sucrose. raffinose). polysaccharides (¢.g., starch, cellulose), ora

Is

combination thercof. In some examples, unpurified mixtures from rencwable foedstocks canbe used (e g,
cornsteep higuor, sugar beet molasses, badey maklt, biomass hvdrolysate). In still other ewbodiments, the
carbon precursor ¢an be a one-cartbon compound (¢.g., methancl, carbon dioxide) or a two-carbon
compaund (¢.g., cthanal). In vet other eobodiments, other carbon-containing compounds can be utilized,
for example, methylamine, glucosamine, and amino acids (¢.g., L-tyrosine). In some examples, a BIA
precarsor substrate may be added directly to an engincered host ¢ell of the invention, inclading, for
example, 4-HPAA, 3,4-DHPA, and/or dopamine.

[00486] In some examples, a benrylisoquinoline alkaloid product, or a denvative thereof, 1s recovered.
In some exanmiples, the benzylisoquinoline alkaloid product is recovered from a cell culture. In some
examples, the benzylisoquinoline alkaloid product is a -benzyhisoquinoline, promorphinan, morphinan,
protoberberine, protopine, benzophenanthridine, secoberberine, phthalideisoquineline, aporphine,

bisbenzylisoquinoline, nal-opioid, or nor-opioid akaloids.

BisBIA Generating Modifications

[80407]  Some methods, processes, and systems provided herein describe the increased production of
bisbenzylisoguinoline alkaloids (bisBIAs) by ntilizing two separate epimerase enzyvmes derived from a
parent epimnerase enzyme when compared to production of the bisBlAs by utilizing a corresponding fused
cnzyrae. In some examples, a corresponding fused enzyme comprises a fused epimerase having
corresponding oxidase and reductase regions to the two separate epinerase cnzymes. i some examples,
the two separate eplnerase enzyres may comprise an oxidase and a reductase. BisBIAs are dimeric
mnlecules that may be formed by couphing reactions between two BIA monomers. In some exaraples.
bisBIAs may be formed by cartbon-oxygen conpling reactions. In other examples, bisBIAs may be
formed by carbon-carbon coupling reactions. In some examples, the bisBIA dimeric molecule isa
homodimer, comprising two identical BIA monomers. In some examples, an enginecred host cell may
produce one BIA monomer. In these examples, the BIA monomers may form homodimers when
contacted with one or more coupling enzymes. In other cxamples, the bisBIA dimenc molecule is a
heterodimer, comprising two different BIA monomers. For example, a bisBIA may be a heterodimer that
comprises BIA monomers that arc cnantiomers of cach other. In some examples, an engineered host cell
may produce two or more BIA monomers. In these examples, the B1A monomers may form homodimers
and hoterodimers when contacted with one or more coupling cnzymes.

[60408] Some of these methods, processes, and systens that descabe the production of bisBIAs may
comprise an enginecred bost cell. In some examples, the engineered host cell may be engineered to

produce BIA moncrmers which, io tarn, may be used as building block melecules for forming bisBIlAs,
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Examples of BIA monomers that may be used to form bisBIAs inclhude coclaurine, V-methvicoclaurine,
laudanmne, norcoclauring, norlandanosoline, 6-C-methyl-norlaudanosoline, 37 -hyvdroxy-N-
methylcoclauring, 3 -hvdroxycoclanrine, reticuline, nomreticuline, norlaudanine, laudanosine, and
papaverine. In particular, engineered host cells may synthesize BIA monomers from norcoclaurine or
norlaudanosoline by expression of heterclogous enzyvmes including O-methyhransferases, V-
methyhransferases, and 3-hydroxylases. Examples of O-methylransferases may include norcoclaurine 6-
O-moethyltransferase (¢OMT). Fusther examples of O-methyltransferases may include catechol &-
methyliransferase (COMT). Further examples of N-methyliransferases may ioclade coclantine N-
methyliransferase (CNMT). Examples of 3 hydroxylases may include N-methylcoclaurine 3-hydeaxylase
{CYPBORI1).
[60409]  The enginecred host cells may produoce either /S or (R) enantiomers of various BIA monomers.
Additionally or alternatively, the enginecred host cefls may produce a nuxture of both enantiomers. The
ratio of (&) and (R cnantiomers may be determined by the substrate and product specificities of the one or
more enyymes that synthesize the BIA monomers. Alternatively, the amount of each enantiomer present
may be modified by the expression and engagement of the two separate oxidase and reductase enzymes of
the engineered epimerase that performs the epimerization of one stercoisomer into another. In some cases,
the amount of each enantiomer present may be modified by the expression and engagement of the
cngincered fused cpimerase that performs the epimerization of one stercoisomer into another.
[B0430] These BIA monomers may be fused into a dineric bisBIA scaffold. In particolar, the BIA
monermers may be fused into a dimenc bisBIA scaffold utilizing one or more ¢ozymes that are produced
by the engineered bast cell. Additionally or alternatively, the BIA monomers may be fused into a dimeric
bisBIA scaffold atilizing one or more enzymes that are provided to the BIA monomers from a source that
18 external to the engineered bost cell. The one or moie enzymes may be used to form carbon-oxygen
and/or catbon-carbon coupling reactions to fuse two BIA monomers at one, two, or three posttions. In
some examples, two BIA monomers may be linked by an cther bridge. In some exaniples, a direct
cartbon-carbon bond may be used to connect the two BIA monomers. [n some exampics, a bisBIA that s
formed by fusing two BIA monomers may comprise one diphenyl ether linkage. In some examples, two
BIA monomers may be fused to form a bisBIA that comprises two diphenyl cther inkages. In some
cxamples, a bisBIA that is formed from two BIA monowners may comprise three diphenyl cther linkages.
In sore examples, the bisBIA may conprise one diphenyl ether linkage and one benzyl phenyl ethor
linkage. In some cases, the bisBIA may comprisc one benzyl phenyl ether finkage and two diphenyl ether
linkages.
[6343%] In some cxamples, the BIA monooers meay be contacted with a sufficient amount of the one o
more cnzy mes that may be used to foro coupling reactions o fuse two BIA ponomers such that at least
10%, at least 159, at least 20%, at least 25%, al least 30%, at least 35%, at least 40%, at least 45%, al
least 50%, at least 35%, at least 60%4, at least 63%, al least 70%, at least 75%, at keast 80%, at least 82%,
at least 84%, at least 86%%, at least 88%, at least 90%, al least 91%, at least 22%,, at least 93%, at least
94%,, at least 95%, at least 96%, at least 97%, al least 98%, at least 9996, at Ieast 92.5%6, at least 99.7%, or
-8%-
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100% of said BIA monomers are converted to bisBIAs. The one or more enzymes that may be used to
dimerize the BIA monomers into bisBIAs may contact the BIA monomers in vitro. Additionally, or
alternatively, the one or more enzymes that may be used to dimerize the BIA monomers into bisBIAs may
contact the BIA monomers in vivo. Additionally, the one or more bisBIA dimerizing enzyme may be
expressed in a host cell that produces BIA monomers. Alternatively, the BIA monomers may be provided
to the engineered host cell that expresses the bisBIA dimerizing enzyme. Alternatively, the one or more
bisBIA dimerizing enzymes may be provided to a cell having BIA monomers within.

[00412] In some examples, the bisbenzylisoquinoline alkaloid is a compound of any one of Formulas

Va-Vu:
OR4a R4 bO
2b
ORSa R5 bO N—R
1b
RE®
O R7a

Formula Vb
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N-R* Rza-y O
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R R R1b
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()R4a R4m3 Eilll

e

and Formula Vu

or a salt thereof, wherein:

R' R'™ R* and R® arc independently selected from hydrogen and C;-Cy alkyl;

R¥ R R% R® R® and R® are independently selected from hydrogen, hydroxy, fluoro,
chloro, bromo, carboxaldehyde, C1-C4 acyl, C1-Cs4 alkyl, and C;-C4 alkoxy;

R* and R are independently selected from hydrogen and C;-Cy alkyl, or R* and R*
together form a methylene bridge;

R* and R™ are independently selected from hydrogen and C1-Cy alkyl, or R* and R*®
together form a methylene bridge; and

R R, and R* are independently selected from hydrogen and C1-Cy alkyl.
[00413] In some examples, R and R™ are each hydrogen; R* and R® are each methyl; R** and R* are
each hydrogen; R* and R are independently hydrogen or methyl; R* and R* are independently
hydrogen or methyl, or R* and R™ together form a methylene bridge; R®, R®, R*, and R® are each
hydrogen; and R’ R, and R are independently hydrogen or methyl.
[00414] As illustrated above, the bisBIA compounds of Formulas Va, Vb, and Vd are formed by fusing
two BIA monomers using a carbon-oxy gen coupling reaction. Additionally, the bisBIA compounds of
Formulas Ve, V£, and Vh are formed by fusing two BIA monomers using both a carbon-oxy gen coupling
reaction and a carbon-carbon coupling reaction. Further, the bisBIA compounds of Formulas Ve, Vg, Vi,
Vj, Vk, VI, Vm, Vo, Vp, and Vq are formed by fusing two BIA monomers using two carbon-oxy gen
coupling reactions. The bisBIA compound of Formula Vn is formed by fusing two BIA monomers using
two carbon-oxygen coupling reactions and a carbon-carbon coupling reaction. Additionally, the bisBIA
compound of Formula Vr is formed by fusing two BIA monomers using three carbon-oxygen coupling

reactions.
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[00415] The one or more enzymes that may be used to form the coupling reactions may include known
cytochrome P450s such as Berberis stolonifera CYP80AI1 or similar cytochrome P450 enzymes from

other plants that naturally synthesize these compounds. Alternatively, the coupling reaction may be
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performed by an enzyme that is not a cytochrome P4530. The one or more enzymes that may be used to
form the coupling reactions may be engincered to accept non-native substrates.  Accordingly, the onc or
more enzymes that may be used o form the coupling reactions mayv be used 1o gonerate non~-natural
bisBIA molecules. In some examples, the one or more enzymes may fuse a natural BIA monomer with a
non-natural BIA monomer to produce a non-natural bisBIA molecule. In other examples, the one or more
crzymes may fuse two nor-natural BIA mononers o produce a non-natural bisBIA molecule. Enzyme
engincered strategies mav be used to identify one or more enzymes that may be usad to form the coupling
reactions that fuse BIA monomers to produce bisBIAs, In some examples, enzyme engineering strategies
may include site directed owitagencsis, random nagencsis and screening, DNA shuffling, and screening
[60436] Once bisBIAs are formed, the bisBIAs may be further derivatized or modified. The bisBIAs
may be derivatized or modificd otilizing one or more enzymes that are produced by the engineered host
cell. Inparticular, the bisBlAs may be derivatized or modificd by contacting the bisBlAs with one or
more enyymes that are prodaced by the engineered host cell. Additionally or alternatively, the bisBlAs
may be derivatized or modified by contacting the bisBIAs with onc or more enzymes that are provided to
the bisBIAs from a source that is external {o the engineered host cell. The one or more enzymes that may
be used to derivatize or modify the bisBIAs may be used to perform tailoting reactions. Examples of
tailoring reactions include oxidation, reduction, O-methylation, N-methvlation, O-demethylation,
acetylation, methylenedioxybridge formation, and O, O-demethyienation. A bisBIA may be derivatized or
madified using one or nwre tadoring reactions.

(804177 Examples of tatlonng reactions are provided in Tables 11 and 16, In sonx examples, tatloring
cazyraes may be used to catalyze carbon-carbon coupling teactions performed on a bisBIA, ora
derivative thercof. Examples of tatloring enzymes that may be used to catalyze cartbon-catbon coupling
reactions inchide a Berberine brdge cnzyme (BBE) from Papaver sommniferum, Fschscholzia californica,
Coplis japonica, Berberis stolonifer, Thalictrum flovum, or another species; Salatandine synthase
{SalSyn) from Papaver semniferum or another species; and Corytuberine synthase (CorSyn) from Coptis
Japonica or another species. Non-limiting examples of reactions that can be catalyzed by tailoring
enzymes are shown in Scheme 8, wherein R% R®, R®. and R are independently selected from hydrogen,
hydroxy, fhioro, chloro, bromeo, catboxaldehyde, Ci-Cy acyl, Ci-Cs alkyl, and C-Cq alkoxy. In some
examples, R®. R®, and the carbon atorms to which they are attached optionally form a carbocvcie or
heterocycle. In some examples, R, RY and the carbon atoms to which they are attached optionally form a
carbocyele or heterocycle.

Scheme S
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[004318] In some examples, tailoring enzymes may be used to catalvze oxidation reactions performed on
a bisBIA, or a derivative thereof. Exaraples of tailoring enzymes that may be used fo catalyze oxidation
reactions include a Tetrahydropratoberberine oxidase (STOX) from Copfis japonica, Argemone mexicana,
Berberis wilsonae, ot another species; Dibydrobenzopheranthridine oxidase (BBOX) from Papaver
somniferum or another species; Methylstylopine hydwoxylase (MSH) from Papaver somniferum or another
species; and Protopine 6-hydroxylase (P6H) frow Papaver sommniferum, fschscholzia californica, ot
another species.

[80419) Tailoring enzymes may also be used to catalyze methylencdioxy bridge formation reactions
performed on a bisBIA, or a dentvative thereof, Examples of tatloning enzymes that may be ssed to
catalyze methylenedioxy bridge formation reactions inchude a Stylopine synthase (StySvn) from Papaver
Fschscholzia californica, Argemone mexicana, or another species; Cheilanthifoline synthase

> A 2

somniferum
(CheSyn) from Papaver sommniferum, Fschscholzia californica, Argemone mexicana, or another species;
and Canadine synthase (CAS) from Thalictrum flovum, Coptis chinensis, or another species.

(604201 In other cxamples, tailoring enzymes mav be used to catalvze O-methyvlation reactions
performed oo a bisBIA, or a derivative thereof. Examples of tailoring enzymes that may be used to
catalyze O-methylation reactions inchide a Norcoclannoe 6-O-methylransforase (6OMT) froo Papaver
somniferuwm, Thalictrum flovum, Coptis japonica, Papaver bracteatun, or another specics; 3 hydroxy-N-
methyleoclanrine 4°-O-methyltransferase (4"OMT) from Papaver somniferum, Thalictrum flavum, Coplis
Japonica, Coptis chinensis, or another species; Reticuline 7-O-rpethyltransferase (7OMT) from Papave
somniferum, fschscholzia californica, ot another species; and Scoulerine 9-O-methy Wransferase (SOMT)
from Papaver somniferum, Thalictrum flavum, Coptis joponica, Coptis chinensis, or another specics.
[80421] Additionally, tailonng enzymes may be used to catalyze N-methvlation reactions performed on
a bisBIA, or a derivative thereof. Examples of tailonng enzymes that may be used fo catalyze N-

methylation reactions inclade Coclanrine N-methyltransferase (CNMT) from Papaver somniferum,
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Thalictrum flavum, Coptis japonica, or another species; Tetrahydroprotoberberine N-methyliransferase
{(INMT} from Papaver somniferum, Eschscholzia californica, Papaver bracteatm, or anpther species.
[60422] Further, tailoring enzymes may be used o catalyze U-demethylation reactions performed ona
bisBIA, or a derivative thereof. Examples of tailoring enzymes that may be used to catalyze O-
demethylation reactions inchide Thebaine demethylase (T6ODM) from Papaver sommiferum or ancther
species; and Codeine demethylase (CODM) from Papaver sommiferum, or another species.

[68423] Tadoring cuzymes may also be used fo catalyze reduction reactions performed ona bisBIA, ora
denvative thereof. Examples of tailoning enzymes that may be used to catalyze reduction reactions
include Salutandine reductase (SalR) from Papaver somuiferum, Papaver bracteatum, or another species;
Codeinone reductase (COR) from Papaver somnifernm or another species; and Sapguinarine reductase
{SanR} from Fschscholzia californica or another specics. In other exaraples. tailoning enzymes may be
used to catalyze acetylation reactions performed on a bisBIA, or a derivative thereof. Anexample of a
taiforing enzyme that may be used to catalyze acetylation reactions inchndes Salutaridine acetvliransferase

(SalAT) from Papaver sompiferum or another species.

C-Demethviation Modifications

[60424] Some methods, processes, and systems provided herein describe the conversion of a first
benzylisoquinoline alkaloid (o a second benzylisoquinoline alkaloid by the removal of an O-linked methyl
group. Some of these methods, processes, and systems may comprise an engineered host cell. In some
cxamples, the conversion of a first benzyhisoguinoline alkaloid 1o a second benzyvlisoguinoline alkaloid is
a key step in the conversion of a substrate {0 a nor-opioids or naf-opioids. In some examples, the
conversion of a first alkaloid o a second alkaloid comprises a demethyvlase reaction.
[00428] FiG. 12 illustrates an enryme having opioid 3-O-demethylase (ODM) activity, in accordance
with some embodiments of the 1ovention. Specifically, the enzyme may act on morphinan alkaloid
structures o remave the methyl geoup from the oxyges bound to carbon 3.
[B0426] Examples of amino acid sequences of ODM enzymes are set forth in Table 12, An armino acid
sequence for an ODM that is ptilized in converting a first alkaloiwd to a sccond alkaloid may be 50% or
more identical to a2 given amino acid sequence as listed in Table 12, For example, an amino acid
seqquence for such an epimerase may corprise an amine acid sequence that is at least 50% or more, 35%
or more, 60% or more, 653% or more, 70% or more, 73% or more, 80% or more, 81% or more, 8255 or
more, 83% or more, 84% or more, 85% or more, 86% or more, 87% or more, 88% or more, 89% or nmiore,
90% or more, 91% or more, 92% or more, 93% or more, 94% or more, 95% or more, 96% or more, 97%
or mare, 98% or more, or 99% or more identical to an amino acid sequence as provided hercin,
Additionally, in certain embodiments, an "identical” amino acid sequence contains at least 8096-99%
identity at the amino acid level to the specific amino acid sequence. In some cases an "identical” amino
-

acid soquence comiains at least about 83%, 86Y%, 87%, 8%8%, 89%, 90%, 919, 92%, 93%, 94% and mow

in certain cases, at least 93%, 96%, 97%, 98% and 99% identity, at the aming acid level. In some cases,
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the amino acid sequence may be identical but the DNA sequence is altered such as to optimize codon
usage for the host organism, for example.

[60427)  An enginecred host cell may be provided that produces an ODM that converts a first alkaloid to
a second alkaloid, wherein the ODM comprises a given amino acid sequence as listed in Table 12, An
engincered host cell may be provided that produces one or more ODM enzymes. The ODM that is
produced within the engineered host cell may be recovered and purified so as to form a biocatalyst. The
process may include contacting the first atkaloid with an ODM 10 an amount sufficient to convert said
first atkaloid to a second alkaloid. Insome examples, the first atkaloid may be contacted with a safficient
amount of the ong or more enzyawes such that at least 5% of said first alkaloid is converted o a second
alkaloid. In forther examples, the first alkaloid may be contacted with a sufficient amount of the one or
more erryimes such that at least 10%, at least 15%, at least 2096, at east 25%, at teast 30%, at least 35%,
at least 40%, at least 4594, at least 50%, at least 55%, at feast 60%, at least 65%, at least 70%, at least
75%, at least 80%, at lcast 82%, at least 84%, at feast 86%, at least 88%%, at least 90%, at least 91%, at
least 92%, at least 939, at lcast 9494, at least 95%, at feast 96%, at least 7%, at least 98Y%, at least 99%,
at least 99.5%, at least 99.7%, or 100% of sard first alkaloid is converted o 4 second atkaloid.

[80428] The one or more enzymes that may be used to convert a first alkaloid 1o a sccond alkaloid may
contact the first alkaloid in vitro. Additionally, or aliernatively, the one or more enzymes that may be
used to convert a first alkaloid 1o a second alkaloid may contact the first alkaloid invive. Insome
examples, the one or more enzymes that may be used to convert a fiest alkaloid to a second alkaloid may
be provided to a cell having the first alkaloid within. In some examples, the one or mare enzymes that
may be used to convert a first alkaloid to a sccond alkaloid may be produced within an engincered host
cell.

(804291 In some cxamples, the methods provide for enginecred host cells that produce an alkaloid
prodoct, wherein the C-demethylation of a substrate t0 a product may comprise a key step in the
production of an alkaloid product. In some examples, the alkkaloid produced is a nor-opioid or a nal-
opicid. In still other embodiments, the alkaloid produced is denved from a nor-opioid or a nal-opioid. In
another embodiment, a first alkaloid is an intermediate toward the product of the engineered host cell. In
still other embodiments, the alkaloid product is selected from the group consisting of morphine,
oxymorphine, oripavine, hydromorphone, dilvdromorphine, 14-hydroxymorphine, morphinone, and 14-
hydroxymorphinone.

(004301 In some examples, the substrate alkaloid is an opioid sclected from the group consisting of
codeine, oxycodone, thebaine, bydmcadone, dibydwocodeine, 14-bydooxycodeine, codeinone, and 14-

bydroxycodeinone.

N-Demethviation Modifications

(00433} Some methods, processes, and systems provided herein describe the conversion of g first
alkaloid t0 a second alkaloid by the removal of an N-linked methyl group. Some of these methods,

processes, and svstems may comprise an engineered host cell. Tn sorme exarples, the conversion of a first
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alkaloid to a second alkaloid is a key step in the conversion of a substrate to a nor-opioids or nal-opioids.
In some examples, the conversion of a first alkaloid to a second atkaloid comprises a demethylase
reaction

(004321 FIG. 13 ustrates an enzvme having opicid N-demethylase activity, in accordance with some
crnbodiments of the invention. Specifically, the enzyme may act on morphinan atkaloid structures 1o
remove the methyl group from the mitrogen.

[60433] Examples of an amine acid sequence of an N-demethylase (NDM) enzyme that mav be used {o
perform the conversion a first alkaloid o a second atkaloid are provided 10 Table 13. Ao amino acid
sequence for an NDIM that is utilized in converting a first alkaloid to a second alkaloid may be 50% or
more identical to a given amino acid sequence as histed in Table 13, For example, an amino acid
scquence for such an epirperase may comprisc an amino acid sequence that is at least 56% or more, 55%
or more, 60% or more, 65% or more, 70% or more, 75% or more, 80% or more, 81% or more, 82% or
more, 83% or more, 84% or more, 85% or more, 86% or more, 87% or more, 88% or more, 89% or more,
0% or more, 91% or more, 92% or more, 93% or more, 94% or more, 95% or miore, 96% or more, 97%
or more, 98% or more, or 99% or more identical 1o an amino acid sequence as provided herein.
Additionally, in certain embodiments, an "identical” aminoe acid sequence cortains at least 80%-99%
identity at the amino acid level 1o the specific amine acid sequence. In some cases an "identical” amino
acid soquence contains at least abont 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94% and more
10 coriain cases, at least 95%, 96%, 97%, 98% and 99% 1dentity, at the amino acid level. In some cases,
the aming acid sequence may be identical but the DNA sequence is aliered such as to optimize codon
usage for the bost organism, for example.

[30434] An engineered host cell may be provided that prodoces an NDM that converts a first alkaloid to
a scoond alkaloid. wherein the NDM comprises an amino acid sequence as listed in Table 13, An
engincerad host cell may be provided that prodoces one or more NDM enzymes. The NDM that is
produced within the engineered bost cell may be recovered and purified so as to form a biocatalyst. The
process may include contacting the first atkaloid with an NDM in an amount sufficient to convert said
first alkaloid to a second alkaloid. In some exampies, the first alkaloid may be contacted with a sufficient
amount of the one or more enzymes such that at least 5% of said first atkaloid is converted o 4 second
alkaloid. In further examples, the first alkaloid may be contacted with a sufficient amonnt of the one or
more enzymes such that at least 10%, at loast 15%, at least 20%, at least 25%, at least 30%, at lcast 35%,
at least 40%;, at least 45%, at Jeast 50%, at least 53%, at least 60%, at least 65%, at least 70%, at least
T5%, at least 80%, at least 2%, at loast 84%, at least 86%;, at lcast 88%, at least 90%, at least 919, at
least 92%, at least 93%, at lcast 949, at least 93%, at least 96%, at lcast 97%, at least 98%, at lcast 99%,
at least 99.5%, at least 99.7%, or 100% of said first alkaloid is converted to a sccond atkaloid.

[60435] The one or o enzymes that may be used to convert a first alkaloid to a sccond alkaloid may
contact the first alkaloid in vitre. Additionally, or alternatively, the one or more enzymes that may be
used to convert a first alkalowd to a second alkaloid may contact the first alkaloid in vivo. Insome

examples, the one or more enzymes that may be vsed to convert a first alkaloid o a second alkaloid may
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be provided to a cell having the first alkaloid within. In some examples, the one or more cnzymes that
may be used to convert a first alkalowd to a second alkaloid may be produced within an engineered host
cell.

(004361 In some examples, the methods provide for enginecred host cells that produce an alkaloid
product, wherein the M-demethylation of a substrate 1o a product may comprise a key step inthe
production of an alkaloid product. In some examples, the alkaloid produced is a nor-opioid or a nal-
opicid. T still other embodiments, the alkaloid produced 1s derived from a not-opioid or a nal-opioid. In
another embodiment, a fivst atkaloid is an intermediate toward the product of the engincered host cell. In
still other embodiments, the alkaloid product is selected from the group consisting of norcodeine,
naroxycodone, notthebaine, norhydrocodone, nordibvdro-codeine, nor-14-hydroxy-codeine,
narcodeinone, nor-14-hydroxy-codeinone, normorphine, noroxymorphone, notoripavine, norbydro-
morphone, nordihydro-morphine, nor-14-hydroxy-morphine, normorphinone, and nor-14-hydroxy-~
morphinone.

[80437] In some examples, the substrate allialoid is an opioid selected from the group consisting of
codeine, oxycodone, thebaine, hyvdrocodone, dibivdrocodeine, 14-hydroxycodeine, codeinone, 14-
hvdroxycodeinone, morphine, oxymorphone, oripavine, hydromorphone, dibvdromorphine, 14-hydroxy-

morphine, morplunone, and 14-hydroxy-morphinone.

N-Methvitransferase Modifications

[60438] Some methods, processes, and systems provided herein describe the conversion of a first
alkaloid to a second alkaleid by the addition of an M-linked sidechain group. Some methods, processes,
and systems provided herein describe the conversion of a first alkaloid to a second alkaleid by the transfer
of a sidechain group from a cosubstrate fo the first alkaloid. Some of these methods, processes, and
systeos may comprise an engineered host cell. Tn some exarapies, the conversion of a first atkaloid to a
second alkaloid is a key step in the coaversion of a substrate to a nal-opicid. In sonwe examples, the
conversion of a first alkaloid to a second alkaloid comprises a methyHransferase reaction.

[30439] FIG. 18 illustrates an envyme having N-methy liransferase (NMT) activity, in accordance with
some embodirnents of the invention. Specifically, the enzyme may act on morphinan alkaloid stractores ©
add a methyl group or other carbon moicty to the nitrogen. S-Adenosyl methionine (SAM) may act as the
donor of the functional group (methyl, allvl, cyclopropvimethyl, or other).

[00440] Examples of amino acid sequences of NMT enzymes arc set forth in Table 34, An amino acid
sequence for an NMT that is utilized 1n converting a first alkaloid to a second alkaloid may be 50% or
more identical 1o a given amino acid sequence as histed in Table 14, For example, an anino acid
sequence for such an epimerase may comprise an amine acid sequence that is at least 50% or more, 55%
or more, 60% or more, 63% or more, 70% or more, 753% or more, 80% or more, 81% or more, 82% or
mwore, 83% or more, 4% or more, 85% or mwore, #6% or more, 87% or more, 88% or more, 89% or more,
90% or more, 91% or more, 92% or more, 93% or more, 94% or more, 95% or more, 96% or more, 97%

or more, 98% or more, or 99% o7 more ideatical to an amine acid sequence as provided berein
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Additionally, in certain embodiments, an "identical” amino acid sequence contains at least 80%-99%
wdentity at the amino acid fevel to the specific amine acid sequence. In some cases an "identical” anuno
acid sequence contains at least about 83%, 80%. 87%, 88%, 89%, 00%, 91%%, 92%, 93%, 94% and morc
in certain cases, at least 93%, 96%, 97%, 98% and 99% identity, at the amino acid level In some casos,
the amino acid sequence may be identical but the DNA sequence is altered such as 1o optimize codon
usage for the host organism, for example.

[6044%]  An enginecred host cell may be provided that produces an NMT that converts a first alkaloid fo
a second alkaloid, wherwein the NMT comprises an amino acid sequoence as provided in Table 14, An
engineered host cell may be provided that produces oue or more NMT enzymes. The NMT that is
produced within the engincered host cell may be recovered and purified s¢ as to form a biocatalyst. The
process may nclude contacting the first alkaloid with an NMT 10 an amount sufficient to convert said first
alkaloid to a second alkaloid. In some examples, the first alkaloid may be contacted with a sufficient
amount of the one or more enrymes such that at least 5% of said first alkaloid is converted (o a second
alkaloid. In further examples, the {irst alkaloid may be contacted with a sufficient amount of the one or
more enrymes such that at least 10%, at least 15%, at least 20%, at least 25%, at least 30%, at ieast 35%,
at least 40%, at least 459, at least 50%, at least 33%, at Jeast 60%, at least 63%, at lcast 70%, at least
75%, at loast 80%, at least 82%, at least 84%, at feast 86%, at least 8894, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at feast 96%, at least 97%%, at least 989, at least 99%,
at least 99.5%, at least 99.7%, or 100% of said first alkaloid is converted 0 a second alkaloid.

[8G442] The one or more enwyes that may be used {¢ coavert a first alkaloid {6 a second alkaloid may
corntact the fiest atkaloid in vitro, Additionally, or alteraatively, the ocue or mare enzymes that may be
used to convert a first alkaloid 10 a second alkaloid may contact the first alkaloid in vivo. Insome
examples, the one or more enzyines that may be used to convert a first alkaloid to a second allialoid may
be provided to a cell having the first atkaloid within. In some examples, the one or more enzymes that
may be used to convert a first alkalowd to a second alkaloid may be produced within an engineered host
cell.

(804431 In some cxamples, the methods provide for enginecred host cells that produce an alkaloid
product, wherein the Nemethyvliransferase of a substrate to a product may comprise a key step i the
production of an alkaloid product. In some examples, the alkaloid produced is a nal-opioid. {n still other
crnbodiments, the atkaloid produced is derived from a nor-opioid or a nal-opioid. In another embodiment,
a first alkaloid is an intermediate toward the product of the enginecred host cell. In stifl other
crabodiments, the atkaloid product is selected from the group including naloxone, nalivexone, asd
natmoefene.

(604447 In some examples, the substrate alkaloid s an opioid selected from the group consisting of
porcodeinge, noroxycodone, northebaine, norbydrocodone, nordibydro~codeine, nor-14-hydroxy-codeing,
narcodeinone, nor-14-hydroxy-codeinone, normorphine, noroxymorphone, notoripavine, norbydeo-

morphone, nordibvdro-morphine, nor-14-hydroxy-morphine, normorphinone, and por-14-hydroxy-
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morphinone. In some examples, the cosubstrate is S~adenosyimethioning, allyl-S-adenosyimethiomne, or

cyclopropyimethyl-S-adenosyimethionine.

Heterologous Coding Sequences

(804451 In some instances, the engincered host cells harbor one or more heterologous coding sequences
{such as two or more, thice or more, four or more, five or more) which encode activity(ics) that enable the
engincered host cells to produce desired enzymes of interest and/or BIAs of interest, .g., as described
herein. As used herein, the term "heterologous coding scquence” is used to indicate any polynucieotide
that codes for, or ultimately codes for, a peptide or protein or its cquivalent amino acid sequence, ¢.g., an
erzyoe, that is not normally present in the host organism and may be expressed in the host cell under
proper conditions. As such, "beterologous coding sequences” inchudes multiple copies of coding
sequences that are normally present in the host cell, such that the cell is expressing additional copies of a
coding sequence that are not pormally present in the cells. The heterologous coding sequences may be
RNA or any type thereof, ¢.g., mRNA, DNA or any type thereof, ¢.g., cDNA, or a hybrid of RNA/DNA.
Coding sequences of interest inchude, but are not Hmited to, foll-length tanscription units that inclode
such features as the coding sequence, introns, promoter regions, 3'-UTRs, and enhancer regions.

[80446] In some examples, the engineered host cells may comprise a plurality of heterologous coding
sequences each encoding an enzyme, such as an enzyme listed in Table 11, In some examples, the
plurality of enzymes encoded by the phurality of heterologous coding sequences may be distinct from each
other. In some examples, some of the plurality of enzymes encoded by the plurality of heterologous
coding sequences may be distinct from each other and sone of the plurality of enzymes encoded by the
phirality of heterologous coding sequences mav be duplicate copies.

[00447] In some examples, the heterologous coding sequences may be operably connected.
Heterologous coding sequences that are operably connecied may be within the same pathway of
producing a particular benzylisoquinoline alkaloid product and/or epimerase product. Ta some examples,
the operably connccted heterologous coding sequences may be directly sequential along the pathway of
prodocing a particular benzylisoquinohine alkaloid prodoct and/or epimerase product. In some examples,
the operably connccted helerclogous coding sequences may have one or more native enzymes between
one or mote of the enzymes encoded by the plarality of beterologous coding sequences. Tn some
examples, the heterologous coding sequences may have one or more heterologous enzymes between one
or more of the enzymes encoded by the plurality of heterologous coding sequences. In some examples,
the heterologous coding sequences may have one or more non-native enzymes between one or more of the
enzynes encoded by the plurality of heterologous coding sequences.

[00448] The engincered host cells may also be modified to possess one or more geoctic altorations o
accommodate the heterologous coding sequences. Alterations of the native host genome include, but are
not howted to, modifying the genome to reduce or ablate expression of a specific protein that may
interfere with the desired pathway. The presence of sach native proteins may rapidly convert onc of the

intormediates or final producis of the pathway indo a metabolite or other compound that is not usable in
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the desired pathway. Thas, if the activity of the native enzyme were reduced or altogether absent, the
produced intermediates would be more readily available for incorporation into the desired product.
(004491 Heterologous coding sequences inchude but are not fimited to sequences that encode enzymes,
cither wild-type or equivalent sequences, that arc normally respousible for the production of BiAs of
intorest in plants. In some cases, the enzymes for which the heterologous sequences code may be any of
the enzymes in the |-benrylisoquinoline alkaloid pathway, and may be from any convenient source. The
choice and aumber of enzymes encoded by the heterologous coding sequences for the particnlar synthetic
pathway may be sclected based upon the desired product. In certain embodiments, the host cells of the
imvention may ioclude 1 or mere, 2 or more, 3 or more, 4 or more, 5 or more, 6 oy more, 7 oy more, 8 oy
more, 9 or more, 10 ormore, 11 or more, 12 or more, 13 or more, 14 or more, or even |5 or more
beterologous coding sequences, suchas 1, 2,3, 4,5, 6,7, 8,9, 16, 11, 12, 13, 14, or 15 heterologous
coding sequences.

[60438]  Asused herein, the term "heterologous coding sequences” also includes the coding portion of
the peplide or enzyme, i.¢., the cDNA or mENA sequernce, of the peptide or enzyme, as well as the coding
portion of the full-length transcnptional unit, 1.¢., the gene including introns and exons, as well as "codon
optimized” sequonces, truncated sequences or othor forms of altered sequences that code for the enzyme
or code for its equivalent amino acid sequence, provided that the equivalent amino acid sequonce
produces a functional protein. Such equivalent aminoe acid sequences may have a deletion of onc or more
amino acids, with the deletion being N-terminal, C-terminal, or internal. Truncated forms are envisioned
as long as they have the catalytic capability indicated herein. Fusions of two or mote enzymes are also
cnvisioned to facilitate the transfer of metabolites in the pathway, provided that catalytic activitics are
maintained.

(8045811 Operable fragments, mutants, or truncated forms may be identified by modeling and/or
screening. In some cascs, this is achieved by deletion of, for example, N-terminal, C-terminal, or internal
regions of the protein in a step~wise fashion, followed by analysis of the resulung derivative with regard
o its activity for the desired reaction compared fo the orniginal sequence. f the derivative in question
operates in this capacity, it is considered to constitute an equivalent derivative of the enzyme proper.
(804321 In some cxamples, some heterologous proteins may show occurrences where they arce
incorrectly processed when expressed in a recombinant host. For example, plant proteins such as
cytochrome P450 enzymes expressed in microbial production hosts may have occurrences of incorrect
processing. In partticular, salutaridine synthase may undergo N-linked glvcosylation when heterologously
expressed inyeast. This N-linked glycosylation may not be observed in plaats, which may be indicative
of incorrect N-terminal sorting of the nascent SalSvn transcript so as to redoce the activity of the enzyme
in the beterologons microbial host. I such exaraples, protein engineening ditected at correcting N-
termnal sorting of the pascent transcript so as fo remove the N-linked glycosylation pattern may result in
improved activity of the sahdaridine synthase enzyme 1o the recombinant production host.

[60433]  Aspects of the invention also relate 1o heterologous coding sequences that code for amine acid

sequences that are equivalent to the native amine acid sequences for the vanous enzymes. An arping acid
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sequence that is "equivalent” is defined as an aming acid sequence that is not identical to the specific
amino acid sequence, but rather contains at least some amino acid changes {deletions, substitutions,
inversions, inscrtions, eic.) that do not essentially affoct the biclogical activity of the profein as compared
to a similar activity of the specific amino acid sequence, when used for a desired purpose. The biclogical
activity refers fo, in the example of an epimaorase, ifs catalytic activity. Equivalent sequences are also
meant to include those which have boen enginecred and/or evolved to have propertics different from the
original aminoc acid sequence. Mutable properties of interest include catalyiic activity, substraic
specificity, selectivity, stability, solubility, Jocalization, ¢te.

[60454] In some 1ostances, the expression of each type of earyme is increased theough additional gene
copics (i.c., multiple copies), which increases intermediate accumulation and/or BIA of interest
production. Some embodiments of the ravention inchide increased BIA of interest production in a host
cell through simultanecus expression of multiple species variants of a single or multiple enzymes. In some
cases, additional gene copies of a single or multiple enzymes are inchided in the host cell. Any convenient
methods may be utilized including multiple copies of a heterologous coding sequence for an enzyme in
the host cell.

[00435] In some examples, the enginecered host cell includes multiple copies of a beterologous coding
sequence for an enzyme, such as 2 or more, 3 or more, 4 or more, 5 or more, or even 10 or more copies. In
certain embodiments, the engincered host cell includes multiple copies of heterologous coding sequences
for one or more enzymes, such as multiple copics of two or more, three or more, four or moe, ¢tc. In
some cases, the multiple copies of the heterologous coding sequence for an enzyme are derived from two
or more different source organisms as compared to the host cell. For example, the enginecred host cell
may inchude multiple copies of o heterologous coding sequence, where each of the copics 18 derived
from a different source organisra. As such, cach copy may wchude some varnations in explicil sequences
based on inter-species differences of the enzyme of interest that is encoded by the heterologous coding
sequence.

(80436 In certain embodiments, the engineered host cell includes multiple copies of heterologous
coding sequences for one or more enzymes, such as multiple copics of two or more, three or more, four or
more, ¢ic. In some cases, the multuple copics of the heterologous coding sequence for an cnzyme arg
derived from two or more different source organisms as compared to the host cell. For example, the
engincered host cell may include multiple copics of one heterclogous coding sequence, where cach of the
copies is derived from a different source organism. As such, each copy may inchide some variations in
cxplicit sequences based on inter-species differences of the enzyme of interest that is encoded by the
beterologous coding sequence.

[68457) The engiocered host cell medivum may be sampled and swonitored for the production of BlAs of
interest. The BIAs of interest may be observed and measured using any convenient methods. Methods of
interest inchude, but are not Hmited to, LC-MS methods (e.g., as described herein) where a sample of
interest is analyzed by comparison with 2 known amount of a standard compound. Additionally, there are

other ways that BIAs of interest may be observed and/or measured. Examples of aliernative ways of
-101-



WO 2022/109194 PCT/US2021/059980

observing and/or measuring BlAs inchide GC-MS, UV-vis spectroscopy, NMR, LC-NMR, EC-UV, TLC,
capillary electrophoresis, among others. Identity may be confirmed, ¢.g., by m/z and MS/MS
fragrmentation patterns, MRM transitions, and quantitation or measurement of the compound may be
achieved via LC trace peaks of know retention time and/or EIC MS peak analvsis by reference 1o
corresponding LO-MS analysis of a known amournt of a standard of the compound. In some cases,
identity mayv be confirmed via multiple reaction monitoring using mass spectrometry.

[00438] Additionally, a culture of the engineered host cell may be sampled and monitored for the
production of enzymes of interest, such as a neopioone isomerase enzyme. The eazymes of interest may
be observed and measured using any convenient methods. Methods of interest include enzyme activity

assays, polvacrylamide gel electrophoresis, carbon monoxide spectroscopy, and western blot analysis.
METHODS

Methods for Culturing Host Cells for BIA production

(004391  As snmmarized above, some aspects of the invention include methods of preparing
beazylisoquisoline alkaloids (BIAs) of interest. Additionally, some aspecis of the invention inclhude
methods of preparing envymes of interest. As such, some aspects of the invention include culturing an
engineered host cell uoder conditions in which the one or more host cell modifications (e.g.. as described
bereing are functicnally expressed such that the cell converts starting compounds of interest into product
enzymes and/or BiAs of interest.  Also provided are methods that inchide culturing an engineered host
cell under conditions suitable for protein production such that one or more helerclogous coding sequences
are functionally expressed and convert starting compounds of interest into product enzymes or BlAg of
interest. In some exampies, the method 15 a method of preparing a benzylisoquinoling allaloid (B1A) that
includes coluring an engincered host ccll (e.g., as described herein); adding a starting compound fo the
cell culture; and recovering the BIA from the celi culture. In some examples, the method is a method of
preparing an enzyme that includes culturing an engineered host cell (e.g., as deseribed herein); adding a
starting compound to the cell culture; and recovering the enzyme from the cell culture.

(804607 Fermendation media may contain suitable carbon substrates. The source of carbon suitable 1o
perform the methods of this disclosure may encompass a wide variety of carbon containing substiates.
muitable substrates may include, without limttation, monosaccharides (¢.z., glicose, fractose, galactose,
xviose), oligosaccharides {.g., lactose, sucrose, raffinose), polysaccharides {¢.g., starch, cellulose), ora
corabination thereof. In some cases, unpunfied mixtares from renewable feedstocks may be used (e.g..
cornsteep liquor, sugar beet molasses, barley malt). Insome cases, the carbon substrate may be a one-
cartbon substrate {¢.g., methanol, carbon dioxide) or a two-carbon substrate (2.2, cthanol). In other cases,
other carbon containing compounds may be utilized, for example, methylamine, ghicosamine, and amino
acids.

(804631  Any convenient methods of cultunng engineered host cells may be emploved for producing the
erzymes and/or BIAs of interest. The particular protocol that is emaployed may vary, e.g., depending on
the engincered host cell, the heterologous coding sequences, the enzymes of interest, the BlAs of interest,
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etc. The engineered host cells may be present in any convement environment, such as an enviromment in
which the engincered host cells are capable of expressing one or more functional heterologous enzymes.
In some erabodiments, the enginecred host cells are cultured under conditions that are conducive o
enzyne expression and with appropriate substrates available to allow production of enzymes and/or BlAs
of interest in vivo. In some cmbodiments, the functional enzymes are extracted from the enginecred host
for production of enzymes and/or BIAs of interest under in vifro conditions. In some instances, the
cngineered host cells are placed back into a roulticeliular host organison. The engioeered host cells are in
any phase of growth, including, but not limited to, stationary phase and log-growth phase, ¢ic. In addition,
the cultures themselves may be continwons cultures or they may be batch cultures.

[3462] Ceclis may be grown in an appropriate fenmentation medivm at a temperature between 14-40°C.
Cells may be grown with shaking at any convenient specd (¢.g., 200 rpm). Cells may be grown at a
suitable pH. Switable pH ranges for the fermentation may be between pH 5-9. Fermentations may be
performed under acrobic, anaerobic, or microaerobic conditions. Any suitable growth medinm may be
used. Suitable growth media may include, withowt limitation, common commercially prepared media
such as synthetic defined (8D) minimal media or yeast extract peptone dextrose (YEPD) rich media. Any
other rich, defined, or synthetic growth media appropriate to the microorganism may be used.

[08463]  Cells may be cultured in a vessel of essentially anv size and shape. Examples of vessels
snitable to perform the methods of this disclosure may include, without limitation, multi-weli shake
plates, test tubes, flasks (baffled and non-baffled), and biorcactors, The volame of the culiure may range
from 10 microliters to greater than 10,000 liters.

[B0464] The addition of agents to the growth media that are known to maodulate metabolism ina manner
desirable for the production of atkaloids may be incladed. In a non-limiting example, cyvclic adenosing
2’3 -monophosphate raay be added to the growth media to modulate catabolite repression.

[8046%)  Any convenient celf culture conditions for a particudar celf type may be utilized. In certain
embodiments, the host cells that include one or more modifications are cultnred under standard or readily
optimized conditions, with standard cell culture media and supplements. As one example, standard growth
media when selective pressure for plasmid maintenance is not required may contain 20 g/L veast extract,
10 g/l peptone, and 20 g/l dextrose {YPD). Host cells containing plasnuds are grown in synthetic
complete (8C) media containing 1.7 g/1, veast nitrogen base, 5 g/l ammonimm sulfate, and 20 g/l
dextrose supplemented with the appropriate amino acids required for growth and selection. Alternative
carbon sources which may be useful for inducible enzyme expression include, but are not limited to,

sucrase, raffinose, aond galactose. Cells are grown at any convenient temperatue (e.g., 30°C) with shaking

at any convenient rate (¢.g., 200 rpoy) ina vessel, e.g., in test tobes or flasks in volumes ranging from 1-
1000 mi., or largey, in the Iaboratory.

je406] Cualture volomes may be scaled up for growih in larger formentation vessels, for example, as
part of an indostrial process. The industrial fermentation process may be carned out under closed-batch,

fed-batch, or continaous chemostat conditions, or any suitable mode of fermentation. In some cases, the
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engineered host cells may be immobilized on a substrate as whole cell catalysts and subjected to
fermentation conditions for alkaloid production.

(004677 A batch fermentation is a closed systen, in which the composition of the medinm is set at the
beginning of the fermentation and not aliered during the fermentation process. The desired organism(s)
are inoculated irdo the medium at the beginming of the fermentation.  In some instances, the batch
fermentation is ran with alterations made to the sysiem fo control factors such as pH and oxygen
concentration (but not carbon). Inthis type of fermentation svstem, the biomass and metabolite
compositions of the sysiem change continnously over the course of the fermentation. Cells typically
proceed through a lag phase, then to a log phase (high growth rate), then to a stationary phasc (growth rate
reduced or halted), and eventually to a death phase (Gf left untreated). In additonal cases, the batch
fermentation systern may be opeped at cerlain tirnes (o add additional substrates for fermeniating the
desired organism. In particular, in some cases, a fermentation system may include a fed baich reactor.
[00468] A continuous fermentation is an open system, in which a defined fermentation medium is added
continpoushy to the bioreactor and an equal amount of fermentation media is continuously removed from
the vessel for processing. Continuous fermentation systems are generally operated 1o maintain steady
state growth conditions, such that cell loss due to medium being removed nust be balanced by the growth
rate in the formentation. Continuous formentations are generally operated at conditions where cells are at a
constant high cell density. Continuous fermentations allow for the modulation of one or more factors that
affect target product concentration and/or ccll growth.

(804697 The ligmd oedium may include, but is not lnited to, a rich or syathetic defined medinm
having an additive component described above. Media components may be dissolved in water and
steritized by heat, pressure, filtration, radiation, chermcals, or any combination thereof. Several media
components may be prepared separately and sterilized, and then combined in the fermentation vessel. The
culture roedium may be buffered to aid 1 maintaining a constant pH throughout the fermeniation.

(804701 Process parameters inclading terperature, dissolved oxygen, pH, stirring, aeration rate, and cell
density may be monitored or controlled over the course of the fermentation. For example, termperature of
a {ermentation process may be monitored by a temperature probe immersed in the culture medium. The
culture temperature mway be controlied at the set point by regulating the jacket temperature. Water may be
cooled in an external chiller and then flowed into the bioreactor control tower and circulated to the jacket
at the temperature required to maintain the set point temperature in the vessel

[604731] Additionally, a gas flow parameter may be monitored in a fermentation process. For example,
gases way be flowed into the medivm theough a sparger. Gases suitable for the methods of this disclosure
may include compressed air, oxygen, and nitrogen. Gas flow may be at a fixed rate or regulated to
maintain a dissotved oxygen sct point,

[60472F The pH of a colture medinm may also be monitored. In sorne examples, the pH may be
monitored by a pH probe that is tmmersed in the culture medinm 1nside the vessel. I pH control s in

effect. the pH may be adjusted by acid and base pumps which add each solhution to the medinm at the
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reguired rate. The acid solutions used to control pH may be sulfunc acid or hydrochloric acid. The base
solutions used to control pH mav be sodivm hydroxide, potassium hydroxide, or ammonium hydroxide.
(004731 Further, dissolved oxygen may be monitored in a culture medium by a dissolved oxygen probe
inmersed in the culture medinm. If dissolved oxygen regulation is in effect, the oxygen level may be
adjusted by increasing or decreasing the stirring speed. The dissolved oxygen level may also be adjusted
by increasing or decreasing the gas flow rate. The gas may be compressed air, oxXygen, of nifrogen.
[68474] Stir speed may also be monitored in a fevmentation process. In some examples, the stirrer
motor may dave an agitator. The stitrer speed may be set at a consistent mm throughout the fermentation
or may be regulated dynamically (¢ maintain a sct dissolved oxygen level

[60475] Additionally, turbidity may be monttored in a fermentation process. In some exaraples, ocll
density may be measured using a turbidity probe. Alternatively, cell density may be measured by taking
samiples from the bioreactor and analyzing them in a spectrophotometer. Further, samples may be
removed from the bioreactor at time intervals through a sterile sampling apparatus. The samples may be
analyzed for alkaloids prodaced by the host cells. The samples may also be analyzed for other metabolites
and sugars, the depletion of culture medium components, or the density of cells,

[80476] In another example, a foed stock paramcter may be monitored during a fermentation process. In
particular, feed stocks including sugars and other carbon sources, nutrients, and cofactors that may be
added into the formentation using an external punyp. Other components may also be added during the
fermentation including, without Hmitation, anti-foam, salts, chelating ageats, surfactants, and organic
liquids.

30477}  Any convenient codon optisxization techniques for optiouzing the expression of heterologous
polynncleotides in host cells may be adapted for use in the subject host cells and methods, sec e g,
Gustafsson, C. et al. (2004) Trends Biotechnol, 22, 346-353, which is incorporated by reference in is
entirety.

[8G478] The subject method may also inchude adding a starting compound to the cell culture. Any
convenient methods of addition may be adapted for use in the subject methods. The cell culture may be
supplemented with a sufficient amount of the starting matenials of interest {e.g., as described herein), ¢.g.,
amM to uM amount such as between about 1-5 mM of a starting compound. It is understood that the
amount of starting material added, the timing and vate of addition, the form of material added, etc., may
vary according to a variety of factors. The starting material may be added neat or pre-dissolved in a
suitable solvent (e.g., cell culture media, water, or an organic solvent). The starting material may be added
in concentrated form (.., 10x over desired concentration) to minimize dilution of the cell culture
mediun upon additicn. The starting matenal may be added 1o one or muore batches, or by continuous

addition over an extended periced of tine (e.g., hours or days).

Methods for Isolating Products from the Femmentation Medium

[68479] The subject methods may also include recovering the enzymes and/or BlAs of interest from the

cell cultvre. Any conveniend methods of separation and isolation (¢.g., chromatography methods or
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precipitation methods) may be adapted for use in the subject methods (o recover the enzymes and/or BIAs
of interest from the cell culture. Filtration methods may be used 1o separate soluble from insoluble
fractions of the cell culture. In some cascs, liquid chromatography methods (e.g., reverse phase HPLC,
size exclusion, normal phase chromatography) may be used to separate the BIA of interest from other
soluble comaponents of the cell culture. In some cases, extraction methods (¢.g., hiquid extraction, pH
based purification, solid phase extraction, affinity chromatography, ion exchange, etc.) may be used to
scparaic the cnzymes and/or BIAs of interest from other components of the cell culnure.

[60488] The produced alkaleids may be isolated from the fermentation raedium using methods known in
the art. A number of recovery steps mayv be performed imunediately after (o1 in some instances, during)
the fermentation for mitial recovery of the desired product. Through these steps, the atkaloids {¢.g., BIAs)
may be separated from the engioecred host cells, cellular debris and waste, and other mutnients, sugars, and
organic molecules may remain in the spent culture medinm. This process may be used to yield a BIA-
enriched product.

[00481] In an example, a product stream having a benzylisoquinoline alkaloid (BIA) product is formed
by providing engincered veast cells and a feedstock including nutrients and water to a baich reactor. In
particular, the engincered yveast cells may be subjected to fermentation by incubating the engineered yeast
cells for a time period of at least about 5 minutes o produce a solution comprising the BIA product and
cellular material. Once the engincered veast celis have been subjocted to fermentation, at least ong
separation unit may be used 1o scparaie the BIA product from the cellular matenal o provide the product
strearn comprising the BIA product. In particular, the product stream roay inchide the BIA product as
well as additional components, such as a clarified veast coliure medinm.  Additionally, a BIA product
may comprise one or more BIAS of interest, sach as one or more BIA compounds.

(804821 Dnfferent ruethods may be used to remove cells from a bioreactor medium that include an
enzyme and/or BIA of interest. In sore exarnples. cells may be removed by sedimentation over time.
This process of scdimentation may be accelerated by chilling or by the addition of fining agents such as
stfica. The spent culture medinm may then be siphoned from the top of the reactor or the cells may be
decanted from the base of the reactor. Alternatively, cells may be removed by filtration through a filter, a
membrane, or other porous material. Cells may also be removed by centritugation, for example, by
continuous flow centrifagation or by using a continuous extractor,

(004831  If some valuable enzymes and/or BIAs of interest are present inside the engincered host cefls,
the engineered host ceils may be permeabilized or Ivsed and the cell debris may be removed by any of the
methods described above, Agents used to permeabilize the engineerad host cells may include, without
limitation, organic solvents (c.g., BMSQ) or salis (¢.g., lithiuoy acetate). Metbods to dyse the engingered
bast celis may include the addition of surfactants such as sodine dodecyl sulfate, or ruechanical
disruption by bead milling or sonication.

[3484] Eunvymes and/or BlAs of interest may be extracted from the clanfied spert colture medivm
through liguid-liquid extraction by the addition of an organic hquud that ts immiscible with the agueous

culture medinm. o some examples, the use of hquid-hquid extraction may be used in addition o other
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processing steps. Examples of suitable organic Haguids include, but are not limited to, isopropyl myristate,
ethyl acetate, chloroform, butyi acetate, methyhisobuivl ketone, methyl oleate, toluene, oleyl alcohol, ethyd
butyrate. The organic liquid may be added to as little as 10% or as much as 100% of the aqueous
medinm. The organic liguid may be as little as 10%, may be 100%, may be 200%,, may be 300%, mayv be
400%, may be 500%, may be 600%, may be 700%, may be 8060%, may be 960%, may be 1000%, may be
more than 1000%, or may be a percentage int between those listed herein of the volume of the agucous
Bauid.

[00483] In some cases, the organic liquid may be added at the start of the formentation or at any time
during the fermentation. This process of extractive fermentation may increase the vield of enzyises and/or
BIAg of interest from the bost cells by continuously removing enzymes and/or BlAs to the organic phase.
[60486] Aguation may cause the organic phase to form an emulsion with the aqueous cultore mediim.
Methods to encourage the separation of the two phases into distinct layers may include, withowut
fimitation, the addition of a demmisifier or a nucleating agent, or an adjustment of the pH. The emulsion
may also be centrifuged to scparate the two phasces, for example, by continnous conical plate
centrifugation.

[00487] Alternatively, the organic phase may be isolated from the aqueous culture modinum so that i
may be physically removed after extraction. For example, the solvent may be encapsulated in a
menbrane.

[8G488] In some examples, enrymes and/or BIAs of interest may be extracted from a fermentation
medium vsing adsorption methods. Insome examples, BlAs of interest may be extracted from claxified
spent culture medium by the addition of a resia such as Amberlite® X AD4 or ancther agent that removes
BiAs by adsorption. The BIAs of interest may then be released from the resin using an organic sofvent.
Examples of suitable organic solvents mclade, but are not hmited to, methanol, ¢thanol, cthyl acetate, or
acelone.

[80489] BIAs of interest may also be extracted from a fermentation medivm using filtraton. At high
pH, the BiAs of interest may form a crystalline-hike precipitate in the bioreactor. This precipitate may be
removed directly by filtration through a filter, membrane, or other porous maternial. The precipitate may
also be collected by centrifugation and/or decantation.

(604901 The extraction methods described above may be carried out either in sity (in the bioreactor) or
ex situ {e.g., in an external loop through which media flows out of the bioreactor and countacts the
extraction agent, then is recirenlated back into the vessel). Aliernatively, the extraction methods may be
performed after the feanentation s terminated nsing the clanficd medivm reowoved from the bioreacior

vessel

Methods for Purifving Products fron Alkaloid-Enrniched Solutions

[6049%] Subsequent purification steps may tnvolve treating the post-fermentation sohution enriched with
BIA product(s) of interest using methods koown in the art to recover individual product species of interest

to high purity.
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(804921  In onc example, BlAs of interest extracted in an orgamc phase may be transferred to an agueous
solution. In some cascs, the orgamc selvent may be evaporated by heat and/or vacuum, and the wesulting
powder may be dissolved in an agqueous solution of suitable pH. In a further example, the BIAs of interest
may be extracted from the organic phase by addition of an aqueous solution at a suitable pH that promotos
extraction of the BIAs of interest into the aqueous phase. The aqueous phase may then be removed by
decantation, centrifugation, or another method.

(604931 The BIA-containing solution may be further treated to remove metals, for example, by treating
with a suitable chelating agent. The BIA of interest-containing sohition may be further treated {¢ emove
other mpuritics, such as proteins and DNA, by precipitation. In obe exaraple, the BIA of interest-
containing sohition is treated with an appropriate precipitation agent such as ethanol, methanol, acclong,
or isopropanol. In an alternative example, DNA and protein may be removed by dialysis or by other
methods of size exclusion that separate the smaller alkaloids from contaminating biological
macromolecules.

[60494] In finther examples, the solution containing BlAs of intercst may be extracted to high purity by
continpous cross-flow filtraton using methods known in the art.

[00495] If the solution contains a mixture of BlAs of inferest, it may be subjected to acid-base treatment
to vield individual BIA of interest species nsing methods known in the art. In this process, the pH of the
aqueous solution is adjnsted to procipitate individual BlAs.

(804567 For high purity, small-scale preparations, the BTAs mav be purified in a single siep by liguid

chromatography.

Liguid Clwomatorrapby Mass Spectrometry (LCMS) Method

[004597] The BIA compounds of inferest, including 1-benzylisoquinoline atkaloids,
bishenzylisoquinoline alkaloids, promorphinan alkaloids, morphinasn alkaloids, nal-opioids, and nor-
opioids, may be separated vsing ticquid chromatography, and detected and guantified using mass
spectrometry. Compound identity may be confirmed by characteristic elution time, mass-to~-charge ratio
(w'z} and fragmentation patteras (MS/MS). Quantitation may be performed by comparison of compound
peak arca to a standard corve of a known reference standard compound. Additionally, BIAs of inferest
may be detected by alternative methods such as GC-MS, UV-vis spectioscopy, NMR, LC-NMR, LC-UV,

TLC, and capiliary electrophoresis.

Purpald Assav Method

[80498] For high throughput screening of demethylation reactions a purpald assay may be used. For

example, demethylation catalyzed by 2-oxoglutarate dependent dioxygenases produces formaldehyde a as

=

product as shown in the generalized chemical equation: [substrate] + 2-oxoghutarate + O, {product] +
formaldebyde + succinate + CO;. Purpald reagent in alkaline conditions undergoes a color change in the
presence of formaldehyde that can be quantified to concentrations as low as 1 sM witha
spectrophotometer at 510 nm.
Yeast-Denived Alkaloid APIs Versus Plani-Derved APls

-108-




WO 2022/109194 PCT/US2021/059980

[60499] The clarificd yeast culture medivim {CY CM) may contain a plurality of impurities. The
clarified veast culture medivm may be dehydrated by vacuum and/or heat to vield an alkaloid-rich
powder. This product is analogous to the concentrate of poppy straw (CPS) or opinm, which is exporied
from poppy-growing countries and purchased by API manufacturers. For the purposes of this invention,
CPS is a representative example of any tvpe of punified plant extract from which the desired atkaloids
product(s) may ultimately be further punfied. Tables 17 and 18 highlight the impuritics in these two
products that may be specific to either CYCM or CPS or may be present in both. While some BIAs may
bave a pigmeot as an impurity, other BIAs may be categonized as pigments themselves. Accordingly,
these BIAs may be assessed for impurities based on non-pigment imopuaties. By asalyzing a product of
arknown origin for a subset of these impurities, a person of skill in the art counld determine whether the
product originated from a yeast or plant production host.

[60508] APl-grade pharmaceutical ingredients are highly purified molecules. As such, impuntics that
could indicate the plant~ or yeast-origin of an API {such as those Hsted in Tables 17 and 18) may not be
present at the AP stage of the product. Indeed, many of the APY products derived from veast strains of
some ermbodiments of the present invention may be largely indistinguishable from the traditional plant-
derived APls. In some cases, however, conventional alkaloid compounds may be subjecied to chemical
modification using chemical synthesis approaches, which may show up as chemical impurities m plant-
based products that require such chemical modifications. For example, chemical derivatization may often
result in a sot of impuritics related to the chemical svnthesis processes. In certain situations, these
madifications may be performed biologically in the veast production platforoy, thereby avoiding some of
the impurities associated with chemical derivation from being presemt in the yeast-derived product. In
particular, these impurities from the chemical derivation product may be present in an APY product that is
prodoced using chemical syathesis processes but may be absent from an API product that 15 produced
using a veast-derived product. Alternatively, if a veast-derived product 1s mixed with a chemically-
derived product, the resulting impurities may be present but in a lesser amount than would be expected in
an AP that only or primarily contains chemically-derived products. In this example, by analyzing the
AP] product for a subsct of these imipurities, a person of skill in the art could determine whether the
product originated from a yeast production host or the traditional chemical derivatization route.

[60883] Non-limiting examples of unpuritics that may be present in chemically-detvatized morphinan
APls butf not in biosynthesized APis inchude a codeine-O(6)-methyl ether impurity in API codeine; 8,14-
dihydroxy-7,8-dihydrocodeinone in APT oxyeodone; and tetrahydwothebaine in APT hydrocodone. The
codeine-~-O{6)-methyvl ether may be formed by chenucal over-methylation of morphine. The 8,14-
dibydroxy-7.8-dihydrocodeinone in APl oxycodone may be formed by chemical over-oxidation of
thebaine. Additionally, the tetrahydrothebaine in AP] hydrocodone may be formed by chemical over-
reduction of thebaine.

[60562] However, in the case where the yveast-derived compound and the plant-derived compound arc

both subjected to chemical modification through chemical syathesis approaches, the same impurities
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associated with the chemical synthesis process may be expecied in the products. In such a situation, the
stariing matenial {e.g., CYCM or CPS) may be analyzed as described above.

Host Cell Derived Nal-opioids vs Chenucally Derived Nal-opioids

(603631 Nal-opioids produced by chemical synthesis may contain a pharality of impurities. These
nnputties may arise from many differcent causes, for example, unreacted starting materials, incomplete
reactions, the formation of byproducts, persistence of infermediates, dimerization, or degradation. An
cxaraple of ap uareacted starting matenial could be oxymorphone reowaining 1o a preparation of
nalteexone. An example of an impurity arising from an incomplete reaction could be 3-0O-
Methylbuprenorphine resuliing from the tnconplete 3-O-demethylation of thebaine. Chernical
modification can result ip the addition or removal of funclional groups at off-target sites. For example, the
oxidation of C10 to create 10-hydroxynaltrexone and 10-ketonalirexone during naltrexone synthesis, or
the removal of the 6-O-methyl group to give 6-C-desmethyibuprenorphine during buprenorphine
synthesis. Impurites may arise from the persistence of reaction imtermediates, for example the persistence
of N-oxides like oxymorphone N-oxide formed during the N-demethylation process. Another source of
impuritics 1s dimerization, the conjugation of two opicid molecules, for example two buprenorphine
molecules (2,27 -bisbuprenorphine), two naltrexone molecules (2,2 -bisnalirexone), or two naloxone
molecules (2,2 -bisnaloxone). impurities may arise from degradation of starting materials, reaction
intermediates, or reaction products. The exdreme physical conditions used in chemical synthescs may
make the presence of degradation more likely. An exaople of an 1mpurity that may aase from degradation
is dehydrobuprenorpbine produced by oxidizing conditions during bupresorphine synthesis.

[B0384] Nal-opioids produced by enzyvime catalysis in a host cell may contain different impurities than
nal-opioids produced by chemical synthesis. Nal-opicids produced by enzyme catalysis in a host cell may
contain fewer impurities than nal-opioids produced by chemical synthesis. Nal-opicids produced by
enzyroe catalysis i a host cell may lack certain impuritics that are found in nab-opioids produced by
chemical synthesis. In some examples, kev features of enzyme synthesis may include, (1) enzymes target
a specific substrate and residue with high fidelity; (2) enzymes perform reactions in the mild physiological
condinons within the cell which do not corpromise the stability of the molecules; and (3) enzymes are
engineered to be efficient catalysts that drive reactions to completion.

(603651 Table 19 highlights some of the impurities that may be specific to chemically produced nal-
opioids. Accordingly, nal-opioids may be assessed for impurities to determine the presence or absence of
any trapurity from Table 19, By analyzing a product of unknown origin for a subset of these impuritics, a
person of skidl ie the at could determine whether the product originated from a chemical or enzymatic

synthesis.

Methods of Engineering Host Cells

(605067  Also nchided are methods of engincenng host cells for the purpose of producing enzymes
and/or BlAs of interest. Toserting DNA into host cells may be achieved using any convenicnt methods.

The methods are used to 1nsert the heterologous coding sequences into the engiogered host cells such that
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the host cells functionally express the enzymes and convert starting compounds of interest into product
enzymes and/or BIAs of interest.

(603677  Any convendent promoters may be utilized in the subjoct engineered host cells and methods.
The promoters driving expression of the heterologous coding sequences may be constitutive promoters or
inducible promoters, provided that the promoters are active in the enginecred host cells. The heterologous
coding sequences may be expressed from their pative promoters, or non-~rative promoters may be used.
Such promoters may be low to high strength in the host in which they are used. Promoters may be
regulated or constitutive. In cerain embeodiments, promoters that are not glucose repressed, or repressed
only mildly by the preseoce of glucose in the culture raedium, are used. Proyaoters of interest inctude but
are not limited to, promualers of glycolytic genes such as the promoter of the B, suhiilis tsr genc (encoding
the promoter region of the fnuctose bisphosphate aldolase gene) or the promoter from yeast S. cerevisive
gene coding for glyceraldehyde 3-phosphate dehyvdrogenase (GPD, GAFPDH, or TDH3), the ADH1
promoter of baker's yeast, the phosphate-starvation induced promoters such as the PHOS promoter of
yeast, the alkaline phosphatase promoter from 8. licheniformis, yeast inducible promoters such as Gall-
10, Gall, Gall, GalS, repressible promoter Met25, 1010, and constitutive promoters such as
giyceraldehyvde 3-phosphate dehydrogenase promoter (GPD), alcohol dehydrogenase promoter (ADH),
translation-~clongation factor-1-a promoter (TEF), cytochrome ¢-oxidase promoter (CYC1), MREP7
promoter, efc. Awionomously replicating veast expression vectors containing promoters inducible by
hormones such as glucocorticoids, steroids, and thyroid hormones may also be used and include, but are
not limited to, the glucotticoid esponsive element (GRE) and thyroid bormone responsive element
(TRE). These and other examples are described in U.S, Pat. No. 7,045,290, which 15 incorporated by
reference, chuding the references cited therein. Additional vectors coptaiming constitutive or inducible
promoters such as o factor, alcohol oxadase, and PGH may be nsed. Additionally any promoter/enhancer
combination {as per the Eukarvotic Promoter Data Base EPDIB) could also be used to drive expression of
genes. Any convemient appropriate promoters may be selected for the host cell, e.g., 2 cofi. One may also
use promoter selection to optimize transernipt, and hence, enzyme levels to maximmze production while
MINNIZING CNCTEY Tes0urees.

[8G568]  Any convenient vectors may be utithzed i the subject enginecred host cells and methods.
Vectors of inferest include vectors for use in yeast and other cells. The types of veast vectors may be
broken up into 4 general categorics: infegrative vectors (Y1p), autonomously replicating high copy-
number vectors (YEp or 2u plasmids), autonomously replicating low copy-number vectors (YCp or
centromeric plasmids) and vectors for cloning large fragments (YACs). Vector DNA is introduced udto
prokaryotic or cukaryotic cells via anv convenient transformation or fransfection techmques. DNA of
another source {¢.g. PCR-generated double stranded DNA product, or synthesized double stranded or
single stranded cligonuclectides) may be used to engincer the yeast by infegration inlo the genome. Any
single transformation event may include once or several nocleic acids (vectors, double stranded or single
stranded DNA fragments) to genetically modily the host cell. Table 18 ilustrates examples of convenient

veclors.
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HENIRENY

[80589] The engincered host cells and methods of the invention, e.g., as described above, find use ina
varicty of applications. Applications of interest include, but are not limited to: research applications and
therapeutic applications. Methods of the invention find use in a variety of different applications including
any convericnt application where the production of enzymes and/or BIAs is of interest.

(605101 The subject engincered host cells and methods find use in a variety of therapeutic applications.
Therapentic applications of interest include those applications i which the preparation of phanmaceutical
products that include BIAs is of interest. The enginecered bost cells described herein produce BiAs of
interest and enzymes of tterest. Reticuoline is a major branch point intermediate of interest in the
synthesis of BIAs inchiding engineering ¢fforts to produce end products such as opioid products. The
sabject host cells may be utilized to produce BEAs of interest from simple and inexpensive starting
materials that may find use in the production of BIAs of interest, including reticuhine, and BIA end
products. As such, the subject host cells find use in the supply of therapentically active BIAs of interest.
[00511] In some instances, the engineered host cells and methods find use in the production of
commercial scale amounts of BlAs thereof where chemmical synthesis of these compounds is low vielding
and not a viable means for large-scale production. In cortain cases, the host cells and methods are utilized
in a fermentation facility that would include biorcactors (fermenters) of ¢.g., 5,000-200,000 liter capacity
allowing for rapid production of BIAs of interest thercof for therapeutic products. Such applications may
1octude the industnal-scale production of BIAs of mierest from fermentable carbon sources such as
cellulose, starch, and free sugars.

[00532] The subject engineered host cells and methods find use in a vavety of research applications.
The sabject bost cells and methods may be used to analyze the effects of a variety of enzymes on the
binsyathetic pathways of a vancely of eazymes and/or BIAs of interest. In addition, the enginecred host
cells may be engineered lo produce enzymes and/or BIAs of interest that find ase i testing for bioactivity
of interest in as yet unproven therapeutic functions. In some cases, the engineering of host cells to include
a variety of heterologouns coding sequences that encode for a variety of enzymes elucidates the high
vielding biosynthetic pathways towards enrymes and/or BlAs of inferest. In certain cases, research
applications include the production of enzymes and/or B1As of interest for therapeutic molecules of
intorest that may then be further chemically modified or derivatized to desired products or for screening
for increased therapeutic activitics of interest. In some instances, host cell strains are used fo screen for
erzyne activities that are of interest in such pathways, which may lead to enzyme discovery via
conversion of BIA metabolites produced in these strains.

(60513} The subject engineered host cells and methods may be used as a production platform for plant
specialized metabolites. The subject hast celis and methods may be used as a platform for drug library
development as well as plant cnzyme discovery. For example, the subject engincered host cells and
methods may find vsc 1o the development of natoral product based drug bibraries by taking yeast straing
producing interesting scaffold molecules, sach as goattegaumerine, and further functionalizing the

compounnd structure through combinatonal biosynthesis or by chemical means. By producing drug
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libraries in this way, any potential drag hits arc already associated with a production host that is amenable
to large~scale culture and production. As another exarmple, these subject engineered host cells and
methods may find use in plant enzyme discovery. The subjoct host cells provide a clean background of
defined metabolites 1o express plant EST libraries to identify new enzyme activities. The subject host cells
and methods provide expression methods and culture conditions for the functional expression and

increased activity of plant enzymes in yeast.

KITS ANBD SYSTERMS

[00514] Aspects of the invention further include kits and svstems, where the kits and systems may
include one or more components emaploved in methods of the tnvention, ¢.g., enginccred host cells,
starting compounds, heterologous coding sequences, vectors, culture mediurm, ofc., as described hercin. In
some embodiments, the subject kit includes an engioeered host cell (.2, as described herein), and one or
more componends sclected from the following: starting compounds, a heterologous coding sequence
and/or a vector inchuding the same, vectors, growth feedstock, cormponents suilable for use 1n expression
systems (2.g., cells, cloning vectors, multiple cloning sites (MCS), bi-directional promoters, an internal
ribosome entyy site JRES), ¢ic.), and a cultore mediim.

[00515]  Any of the components described herein may be provided in the kits, e g., host cells including
one or more modifications, starting compounds, calture mediam, etc. A variety of components suitable for
use in making and using heterologous coding sequences, cloning vectors and expression systems may find
use in the subject kits. Kits may also inchide tubes, buffers, etc., and instructions for use. The vanous
reagent components of the kits may be present in separate containgers, or some or all of them may be pre-
combined into a reagent mixiure in a single container, as desired.

[00516] Also provided are systems for producing enzymes and/or BIAs of interest, where the systems
may inchide eogineered bost cells nchiding one or more modifications {(e.g., as described herein), starting
corapounds, culture mediurg, a fermenter and fermentation equipoent, .g., an apparatus suitable for
maintaining growth conditions for the host cells, sampling and monitonng equipment and components,
and the bke. A vanety of components suitable for use in large scale fermentation of yeast cells may find
use in the subject systermns.

(865177 In some cases, the system includes components for the large scale fermentation of engingered
host cells, and the monitoring and purification of enzymes and/or BIA compounds produced by the
fermented host cells. In certain embodiments, one or more starting compounds {e.g., as described herein)
are added to the system, under conditions by which the engineered host cells in the fermenter produce one
or more desired BLA products of interest. In some instances, the host cells produce 3 BIA of interest (e.z.,
as described herein). In certain cases, the BIA products of interest are opioid products, such as thebaine,
codeine, ncopine, morphine, neomorphine, hydrocadone, oxycodone, hydromorphone. dihydrocodeine,
14-bydwoxycodeine, dihydromorphine, and oxymorphone. In some cases, the BIA products of interest are
nal-opicids, such as nalirexone, naloxoune, nalmefenc, nalorphine, valorphine, nalodeine, naldemedine,

naloxegol, 6f-naltrexol, naltrindole, methylnaltrexone, methylsamidorphan, alvimopan, axclopran,
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bevenpran, dimcotinate, levallorphan, sarmdorphan, buprenorphine, dezocine, eptazocine, butorphanol,
levorphanol, nalbuphine, pentazocine, phenazocine, norbinaltorphimine, and diprenorphine. In some
cases, the BIA products of interest are nor-opioids, such as norcodeine, noroxycodone, northebaing,
norhydrocodone, nordihydro-codeine, nor-14-hydroxy-codeine. norcodeinone, nor-14-hvdroxy-
codeinone, normorphine, noroxymorphone, nororipavine, norhydro-morphone, nordihydro-morphine, nor-
14-hydroxy-morphine, normorpbinone, and nor-14-hydroxy~morphinone. In some cases, the BIA
products are bisbenzylisoguiooline products, such as berbamuoine, gnattcgaumerine, davgcine, and
hiensinine.

[605318] In somw cases, the system inchudes processes for monitoring and or analvzing 06e 01 METe
enzyvines and/or BiAs of interest compounnds prodoced by the subject host cells. For example, a LC-MS
analysis system as described berein, a chromatography system, or any convenient systern where the
sample may be analyzed and compared to a standard, ¢.g., as described herein. The fermentation medinm
may be monitored at any convement fimes before and during fermentation by sampling and analyvsis.
When the conversion of starting compounds to enzymes and/or BIA products of interest is complete, the
fermentation may be halted and purification of the BIA products may be done. As such, in some cases, the
subject system inchides a purification component suitable for purifying the enzvmes and/or BIA products
of interest from the host cell medium into which it is produced. The purification component mayv include
any convenient process that may be used o purify the enzymes and/or BIA products of interest produced
by feroentation, 1ocluding but not liroited 1o, silica chromatography, weverse-phase chromatography, os
exchange chromatography, HIC cheomatograpby, size exclusion chromatography, ligoid extraction, and
pH exiraction raethods. In some cases, the subject system provides for the production and isolation of
enzyre and/or BIA fermentation products of interest following the input of one or more starting
corapounds to the system.

(865197 The following examples are put forth so as to provide those of ordinary skall in the art witha
comaplete disclosure and description of how to make and use the present invention, and are not intended to
it the scope of what the inventors regard as their invention nor are they intended to represent that the
experimnents below are all or the only expeniments performed. Bfforts have been made 1o ensure accuracy
with respect to numbers used {¢.g. amounts, temperature, oic.), but some cxperimental errors and
deviations should be accounted for. Unless indicated otherwise, parts are parts by weight, molecular
weight is weight average molecnlar weight, temperature is in degrees Centigrade, and pressure is at or

near atmospheric,

Discussion of Enzvme List

[60828] The host cells may be engineered to include one or more modifications (such as two or more,
three or more, four or more, five or more, or even more modifications) that provide for the production of
BIAs of interest and/or enzyroes of inderest. Table 11 provides a list of exeraplary gones that may be
acted upon by one or more modifications so as o provide for the production of BlAs of interest and/or

cnzymes of raterest in an engiveered bost cell.
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[60821] Modifications of genes as provided in Table 13 may be vsed to produce BlAs of interest from
engincered host cells that are supplied with a medivm containing the minimal nutrients required for
growth. This minimal medium may contain a carbon source, a nitrogen source, aming acids, vitamins,
and salts. For example, modifications of genes as provided in Table 11 mayv be used to produce BlAs of
intorest from engineered host cells that are fod sngar. Additionally. modifications of one or mom gencs as
provided in Table 11 may be used 1o angment the biosynthetic processes of host cells that may be
engineered for drug production.

(605221 Additionally, the use of these modifications to provide for the production of BIAg of interest
and/or enzymes of interest in engineered host cells is not readily apparent from the mere ideatification of
enzyines that may be prodoced by the gencs. In parsticular, synthetic pathways that have been
reconstructed 10 bost cells, such as yeast cells, as described hercin comprise a varely of cnzyvmes that do
not act together in nature within a single organism.  Additionally, some of the enzvmes discussed herein
do not act for BIA biosynthesis in their natural context. Farther, some of the enzymes described hercin
are not evolved to function in particular host cells, such as veast cells, and are not evolved to function
together. In these cases, it would not be obvious that the enzymes would exhibit sufficient activity inthe
context of the synthetic BIA pathway in a host cell, such as veast, to have sufficient flux through the
pathway to produce downstream BIA end products.

[00523] For example, plant enzymes are often difficuilt to functionally express in heterologous microbial
hosts, such as yeast. In many cases the ¢ozymes may be misfolded, not correctly localized within the host
cell, andfor tncorrectly processed. The differences in protein frasslation and processing between yeast and
plaots can lead to these enzyres exhibiiing substastially redoced to oo detectable activities in the veast
host. These challenges arise commonly for endomembrane localized enzymes, such as cytochrome P450s,
which are strongly represented in the BIA pathways. Even reduced enzyme activitics may pose a
substantial challenge to engineering yeast to prodoce complex BiAs, which requires sufficient activity at
cach step to ensure high-level accumulation of the desired BIA products.

(805241 Additionally, there are endogenous enzymes/pathways in some host cells, such as yeast, that
may act on many of the early precursors in the BIA pathway (1.¢., intermediates from tyrosing to
norcoclauring), and thus it mav not be readily apparent that there would be sufficient flux through the
heterologons pathway to achicve substantial BIA production given these competing endogenous
pathways. For example, the Erlich pathway (Hazelwood, et al. 2008. Appl. Environ. Microbiol. 74: 2259
66; Larroy, et al. 2003, Chem. Biol. Interact. 143-144: 229-38; Larroy, ot al. 2002, Bur. J. Biochem. 269:
5738-45) 10 veast is the main cndogenous pathway that would act to convert many of the intermediates in
the carly BIA pathway to undesired products and divert flux from the synthetic pathway.

[68525] Further, maoy of the enzymes as discussed herein, and as provided in Table 11, may fonction
under very specific regunlation strategies, wcluding spatial regulation, 1o the native plant hosts, which may
be lost apon transfer o the heterologous yeast host. In addition, plants present very different biochemical
environuncnts than yeast cells under which the enzymes arc evolved to function, including pH, redox state,

and substrate, cosubstrate, coenzyme, and cofactor avaulabilitics. Given the differences 1n biocchenncal
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environments and regulatory strategies between the native hosts and the heterologous veast hosts, it 18 not
obvious that the enzvmes would exhibit substantial activities when in the context of the yeast environment
and further not obvious that they would work fogether to direct sinple precursors such as sugar to
complex BIA compounds. Maintaining the activities of the enzymes in the yeast host is particularly
inportant as many of the pathwavs have many reaction steps (10}, such that if these steps are not
cfficient then one would not expect accunwlation of desired downstream products.

(605267 In addition, inthe native plamt hosts, the associated metabolites in these pathways may be
localized across different cell and tissue types. In several examples, there are cell types that may be
speciatized for biosynthesis and cell types that may be synthesized for metabolite accumulation, This type
of cell specialization may be lost when expressing the pathways within a heterologous yeast host, and may
play an umportant role in controlling the toxicity of these metabolites on the cells. Thas, 3t is not obvions
that veast conld be successiully engincered to biosynthesize and accumulate these metabolites without
being harmed by the toxicity of these compounds.

[30527]  As onc example, in the native plant hosts, the enzvime BBE is reported to have dynamic
subcellular localization. In particular, the enzyme BBE initially starts in the ER and then is sorted to the
vacuole (Bird and Facchini. 2001, Planta. 213: 888-97). It has been suggested that the ER-association of
BBE in plants (Alcantara, et al. 2003, Plant Physiol. 138: 173-83) provides the optimal basic pH (pH
~8.8} for BBE activity (Ziegler and Facchini. 2008, Anmu. Rev. Plant Biol 59: 735-69). As another
example, there is evidence that sanguirarine biosy nthesis occurs in specialized vesicles within plast cells
{(Amang, ot al. 1986, Planta. 167: 310-20), but only some of the intermediates accunwlate in the vesicles.
This may occur so as to sequester them from other eozyme activitics and/or toxic effects.

[BG528)  As another exaraple, the blosynthetic envymes in the morphinan pathway branch are all
localized to the phloern, which is part of the vascular tissue in plants. In the phioem, the pathway enzymes
may be further divided between two cell types: the sieve clements conunon to all plants, and the laticifer
which is a specialized ccll type present only in certain plants which male specialized secondary
metabolites. The upstream enzymes (.., from NCS through to SalAT) are predonunantly in the sieve
clements, and the downstream enzymes (L.e., T6ODM, COR, CODM) are mostly in the laticifer
{Onovovwe, et al. 2013. Plant Cell. 25: 4110-22). Additionally, it was discovered that the final steps in
the noscapine biosynthetic pathway take place in the laticifer {Chen and Facchini. 2014, Plant §. 77: 173-
84). This compartmentalization is thought to be highly important for regulating biosynthesis by isolating
or trafficking intermediates, providing optimal pH, enbancing supply of cofactors, although the nature of
the poppy laticifer microenvirenment s still under investigation (Ziegler and Facchint. 2008, Aonu. Rev.
Plant Biol. 59: 735-69). Further, it is predicted that scveral of the eozyrees may fusction as nwiii-enzyme
complexes oy metabolic channels conunos to plant secondary metabolism (Kempe, et al. 2009,
Phyvtochemistry. 70: 579-89; Allen, et al. 2004. Nat. Biotechnol. 22: 1559-66). When biosyathetic
enzyines are combined frorm different hosts and/or expressed recombinantly 1o a heterologous yeast cell it
is not clear that these complexes or channels will form as they would in the native host. In an additional

example, 1 Coptis japonica, berberine is biosynthesized in root tissues and then accurnuiated within the
ia J’ It )
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rhizome via the action of specialized ATP-binding cassetle transport proteins (Shitan, et al. 2013,
Phytochemistry. 91: 109-16). In opium poppy, morphinan alkaloids are accumulated within the latex
{cvioplasm of laticifer cells) (Martin, et al. 1967, Biochemistry. 6; 2355-63).

(605291 Further, even without these considerations, it is also the case that the plant enzymes for several
of the steps in the pathways described herein have not vet been characterized. For example, the
conversion of tyrosing to the carly benzylisoguinoline alkaloid scaffold norcoclaurine has not vet been
characterized. Thus, for several of the steps in the pathways described herein, alternative biosyathetic
scheme were produced by bringing together enzyvme activities that do not normally occur together in
nature for the biosyothesis of BIAs or identifying new enzyme activities from genome sequence
information to use in the reconstructed pathways.

[60538] For example, the two-step conversion of tyrosing to dopamine may be achieved by combining
at least 5 mammalian enrymes and 1 bacterial enzyme, which do not naturally occur together and were
not evolved to function in the context of this pathway or with plant enzymes. In these instances, it may not
be obvious 10 uihize these enzymes for the biosynthesis of compounds they were not evolved for in nature
and that they would function effectively in the context of a heterologous microbial host and this pathway.
[00531] As another exaraple, until recent years the enzyme responsible for the conversion of (8)-
reticuline to (R)-reticuline was unknown., Even when a fused epimerase enzynie was discovered,
ovohitionary analysis suggested that morphine-producing poppies ¢volved a fusion enzyme between the
oxidase and reductase for an epinerase reaction, which was in contrast ¢ sop-morphine producing
poppies where the epimerase enzyraes were non-fused. Based onthis analysis, some scholars believed the
fusion of the oxidasc and reductase pottions was necessary to efficiently catalyze the conversion of (5)-
reticuling to (A)-reticuline. Novel methods of using enginecred split epimerases as discussed hercin may
perform this epimerization reaction in yeast and in the context of the synthetic BIA pathway, and may
perform this eprmerization with greater efficiency than performing an ¢piraenzation with a wild-type
epimerase.

[60832] Examples of the genes that are the object of modifications so as to produce BlAs of interest
and/or enzyvmes of mnterest are discussed below. Additionally, the genes are discussed in the contextof a
serics of Figures that iflastrate pathways that are used in generating BIAs of interest and/or enzymes of
mterest.

[606833] {TKL1] In some cxamples, the engineered host cell may modify the expression of the enzyme
transketolase. Transketolase is oncoded by the TKL1 gene. In some examples, transketolase catalyzes the
reaction of fructose~-6-phosphate + glvceraldehyvde-3-phosphate <« xylulose-5-phosphate + erythrose-4-
phosphate, as referenced in FIG. 1. An enginecerad host cell may be modified to include constitutive
overexpression of the TKL1 gene in the engineered host cell. Additicnally or altematively, the
enginecred host cefl may be modified to synthetically regulate the expression of the TKL ] gene wn the
enginecred host cell. In some examples, the engineered host cell may be modificed to incorporate a copy,
copics, or additional copics, of the TEL1 gore. Additionally or alternatively, the engincered host cell may

be modificd to incorporate the introduction of a strong promoter clement for the overexpression of the
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TEL1 gene within the engincered host cell. The TKL1 gene may be derived from Saccharomyces
cevevisiae or another species.
(603341 [£WF1] In some examples, the engincered host cell may modify the expression of the enzyme
glucose-G-phosphate dehvdrogenase. Glucose-6-phosphate dehydrogenase is encoded by the ZWF1 gene.
In some examples, glucose~-6-phosphate dehydrogenase catalvzes the reaction of glucose-6-phosphate -2
G-phosphogluconolactone, as referenced in FIG. 1. An engineered host cell may be modified 1o delete the
coding region of the ZWF 1 gene tn the enginecred host cell. Altermatively, the enginecred bost cell may
be modificd to disable the functionality of the ZWF I gene, such as by indroducing an inactivating
nwtation.
[60535] ARG In some examples, the engineered bost cell may modify the expression of the enzyme
3-deoxy-Dr-arabino-beptulosonate-7-phosphate (DAHP) synthase. DAHP synthase is encoded by the
ARO4 gene. In some cxamples, DAHP synthase catalyzes the reaction of erythrose-4~-phosphate +
phosphoenolpyruvic acid > DAHP, as referonced in FIG. 1. An engineered host cell may modify the
ARO4 gene to meorporate one or more feedback imhubition alleviating mutations.  In particular, a
feedback inhibition alleviating mutation (e.g.. ARO4™Y may be incorporated as a directed mutation o a
native ARQ4 gone at the original locus; as an additional copy introduced as a genctic integration at a
scparate locus: or as an additional copy on an episomal vector such as a 2-pm or centromeric plasmid. The
identifier “FBR™ in the nutation ARO4™® refers to feedback resistant nwtants and mutations. The
feedback inhibited copy of the DAHP svathase epzyrme may be under a native yeast transcriptional
regulation, such as when the engincered host cell is a yeast cell. Altermatively, the feedback inbibited
copy of the DAHP synthase enzyiae may be introduced o the engincered host cell with engineered
constitutive or dynamic reguolation of protein expression by placing # under the control of a synthetic
promoter. In some cases, the ARG4 gene may be dentved from Saccharomyces cerevisiae. Examples of
modifications to the ARO4 gene inchude a feedback nhibition resistant matation, K229L, or Q166K.
(865361 [ARO7] In some examples, the engincered host cell may modify the expression of the cnzvmge
chorismate mutase. Chorismate mutase is encoded by the ARG7T gene. In some examples, chorismate
mmtase catalyzes the reaction of chorismate > prephenate, as referenced in FIG, 1. An engineered host
cell may modify the ARO7 gene to incorporate one or more feedback inhibition alleviating mutations. In
particular, a feedback inhibition alleviating mutation (e.g.. ARO7™™) may be incorporated as a directed
nwiation to a native ARQ7 gene at the original locus; as an additional copy introduced as a genetic
intogration at a separate locus; or as an additional copy on an cpisomal vector such asa 2-um or
centtomeric plasmid. The identifier “FBR” in the mutation ARO7T™ refers to feedback resistant mutanis
and owitations. The feedback inhibited copy of the chorismate omwitase enzyme may be under a native yeast
transcriptional regulation, such as when the engincerad host cell is a yeast cell. Alternatively, the
feedback inhibited copy of the chorismate mwtase enzyme may be introdaced to the engineered host cell
with engineered constitutive or dynamic regulation of protein expression by placing it under the control of
a synthetic promoter. In some cases, the ARQ7 gene may be derived from Saccharomyces cerevisiae.
Examples of modifications fo the ARG7 gene include a feedback inlibition resistant motation or T2261L
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(60837 [AROG10] In some examples, the engineered host cell may modify the expression of the enzyme
phenyipyruvate decarboxylase. Phenylpyvruvate decarboxylase is encoded by the ARDI0 gene. In some
examples, phenylpyruvate decarboxylase catalyzes the reaction of hydroxyphenylpymvate - 4-
hydroxyphenylacetate (4-HPAA), as referenced in FiG. §. An engincered host cell may be modified o
include constitutive overexpression of the ARG gene in the engineered host cell. Additionally or
alternatively, the engincered host cefl may be modificed to synthetically regulate the expression of the
ARO1U gene in the engineered host cell. In some examples, the engioeered host cell may be medified to
incorporate a copy, copics, or additicnal copies, of the ARO10 gene. Additionally or alternatively, the
engineered host cell may be medified to jncorporate the introduction of a strong promoeter elerent for the
overexpression of the ARCI0 gene within the epgineered bost cell. The AROI0 gene may be derived
from Saccharomyees cerevisiae or another species.

[60538] [ADH2-7, SFA1] in some oxamples, the engineered host cell may modify the cxpression of
alcohol dehvdrogenase enzymes. Alcohol dehydrogenase enzymes may be encoded by one or more of the
ADH2, ADH3, ADH4, ADHS, ADHo, ADH7, and SFAT genes. In some examples, alcohol
dehydrogenase catalvzes the reaction of 4-HPAA - tyrosol. An engincered host cell may be modified to
delete the coding region of one or more of the ADH2, ADH3, ADH4, ADHS, ADHG, ADH7, and SFAL
genes in the engineered host cell. Alternatively, the engineered host cell may be modified to disabie the
functionality of one or more of the ADHZ, ADH3, ADH4, ADHS, ADH6, ADH7, and SFAT genes, such
as by introducing an inactivating muation.

(805397 [ALB2-6} Insome examples, the engineered host cell may modiy the expression of aldehyde
oxidase enzymes. Aldehyvde oxidase enzymes may be encoded by one or more of the ALD2, ALD3,
ALD4, ALDS, and ALDSG genes. In some examples, aldehyde oxidase catalyzes the reaction of 4-HPAA
- hydroxyphenylacetic acid. An eogineered bost cell may be modified to delete the coding region of one
or more of the ALD2, ALD3, ALD4, ALDS, and ALDS6 gencs in the engincered host cell. Alternatively,
the engincered host ccll may be modified to disable the functionality of one or more of the ALDZ, ALD3,
ALD4, ALDS, and ALDG genes, such as by introducing an inactivating mutation.

(805407 [AAD4, [AADS], [AADI0]], [AADI4], JAADIS], JAADIS] In some examples, the
engineered host cell may modify the expression of arvl-alcohol dehvdrogenase enrymes. Aryvl-aleohol
dehydrogenase enzymes mayv be encodod by one or more of AADM4, AADG, AADIO, AADI4, AADIS,
and AAD16 genes. In some examples, arvi-alcohol dehydrogenase catalyzes the reaction of aromatic
aldehyde + NAD" -»aromatic alcohol + NADH,

(605447 [ARI1] In some examples, the engincered host cell mav modify the expression of an aldehyde
reductase. The aldchyvde reductase enryme mav be encoded by the AR gone. In some examples,
aldehyde reductase catalvzes the reduction of aromatic aldehyde substrates. Insome examples, aldehyde
reductase catalyzes the redaction of alophatic aldehyde substrates. Tn some oxamples the subsirate of the
aldebyde reductase AR is 4-hydroxyphenylaccialdehyde (4-HPAA). Anengincered host cell may be
modified {0 delete the coding region of AR Altematively, the engineered host cell may be modified to

functionally disable ARI1, such as by introducing an inactivating mutation.
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[60842] [(OPI] In some examples, the engincered host cell may modify the expressionof a
transcriptional regrilator of phospholipid biosynthetic genes. The transcriptional regulator may be encoded
by the OPI1 gene. Tn some examples, the transcrptional regulator represses phospholipid biosynthetic
genes. An engineered host cell may be modified 1o deleie the coding region of OPHL. Alicmatively, the
engineered host cell may be modified to functionally disable OP1, such as by introducing an inactivating
mutation.

(605431 [ARGY] In son examples, the engineered host cell may modify the expression of the cozyme
aromatic aminctransferase. Aromatic aminotransferase is encoded by the AROY gene. o some examples,
aromatic aounctransferase catalyzes the reaction of hydroxyphesylpvovate + L-alanine < tyrosine +
pyvruvate, as referenced in FIG. 1. An engineered host cell may be modified to include constitutive
overexpression of the AROY genc 1n the enginesred host cell. Additonally or alternatively, the
enginecred host cell may be modified to synthetically regulate the expression of the ARO9 gene in the
enginecred host cefl. In some examples, the engineercd host cell may be modified to incorporate a copy,
copies, or additional copics, of the ARO9Y gene. Additionally or alternatively, the engineered host cell
may be modified fo incorporate the introduction of a strong promoter element for the overexpression of
the ARO? gene within the engincered host cell. The ARO9 gene may be denived from Saccharomyces
cerevisiae o1 another specics.

[00544] [AROS] In some examples, the engincered host cell may modify the expression of the enzyme
aromatic aminottansferase. Aromatic arninotransferase is encoded by the AROR gene. Insome examples,
aromatic arinoiransferase catalyvzes the reaciion of hydroxyphenylipyruvate + glutamate < tyrosine +
alpha-ketogluterate, as referenced in FIG. 1. An engineered host cell may be modified to inchude
constitutive overexpression of the AROS gene in the enginecred host cell. Additionally or altematively,
the engincered host cell may be modified to synthetically regulate the expression of the AROS gene in the
engincered host cell. In some examples, the engincered host cell may be modified to incorporate a copy.
copies, or additional copies, of the AROY gene. Additionally or alternatively, the engineered host cell
may be modificd to incomporate the introdacton of a strong promoter element for the overexpression of
the AROZ gene within the engineered host cell. The AROS gene may be denived from Saccharomyvees
cevevisiae or another species.

[60845] [TYR1} In some examples, the engineered host celf may modify the expression of the enzyne
prephenate dehvdrogenase. Prephenate dehydrogenase is encoded by the TYR1 gene. In some examiples,
prephenate dehvdrogenase catalyzes the reaction of prephenate + NADP™ ~» 4-hydroxyphenylpyruvate +
CO, + NADPH, as referenced in FIG, 1. An cogincored host cell may be modificd to inchude constitutive
overexpression of the TYR1 geoe in the engineered host cell. Additionally or alternatively, the
cngineered host cell may be medified to synthetically regulate the expression of the TYRI geone inthe
enginecred host cell. In some examples, the engineered host cell may be modificd to incorporate a copy,
copics, or additional copics, of the TYR1 gene. Additionally or alternatively, the engineerad bost cell

may be modified to incorporate the introduction of a strong promoter elerment for the overexpression of
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the TYR1 gene within the engincered host cell. The TYRI gene may be denved from Saccharomyces
cevevisiae or another species.

[60846] [HPAAS] In some examples, the enginecred host cell may modify the expression of the eneyme
4-hydroxyphenyvlacetaldehyde synthase. 4-Hydroxyphenviacetaldehvde synthase is encoded by the
4HPAAS gene. In some examples, 4-hydroxyphenylacetaldehvde synthase catalyzes the reaction of L~
fyrosine > 4-hydroxyphenylacetaldehyde as referenced in FEG. 32, The engineered host cell may be
modified fo inchide constitutive expression of the 4HPAAS gene 1o the eogineered bost cell. Additionally
or alicrnatively, the engincered host cell may be modified o synthetically regulate the expression of the
4HPAAS gene in the engineered host cell. Io some examples, the engincered host cell may be modified to
incorporate a copy, copies, or additional copies, of the 4HPAAS gene. Additionally or aliernatively, the
enginecred host cell may be medified to incorporate the introduction of a strong promoter element for the
overexpression of the 4HPAAS gene within the engineered host cell. In some cases, the 4HPAAS gene
may be codon optimized for expression in Saccharomyees cerevisice. The 4HPAAS gene may be derived
from Peiroselinum crispum, Rhodiola roseq, or another species.

[60547] ISAH] In some oxamples, the engincered host cell may modify the expression of the enzyme S-
adenosvi-L-homocysteine hydrolase. S-adenosyl-L-homocysteine hydrolase is encoded by the SAH1
gene, In some examples, S-adenosyvi-L-homocysieine catalyzes the reaction of S-adenosyl-L-
homocysieine - L-homocysicine + adenosine as referenced in FIG. 39 The engincered host cell may be
madified to include counstitutive expression of the SAH1 gene in the engineered host cell. Additionally or
alternatively, the engineered host cell may be modified to synthetically regulate the expression of the
SAHI geoe in the enginecred host cell. To some exarapies, the engineered host cell may be modified {o
1C0Yporate a copy, copics, or additional copies, of the SAH! gege. Additicnally or altematively, the
engincered host cell may be modified to incorporate the introduction of a strong promoter clement for the
overexpression of the SAHT gene within the enginecred host cell. In some cases, the SAHI gene may be
codon optimized for expression in Saccharomyees cerevisiae. The SAH1 gene may be denved from
Saccharomyees cerevisige or another species.

[00548] {SAM] In some examples, the engineered host celf may modify the expression of the enzyme S-
adenosylmethionine synthetase. S-adenosylmethionine synthetase is encoded by the SAMI and SAM2
genes. In some examples, S-adenosyimethionine synthetase catalyzes the reaction of ATP + methionine
- S-adenosylmethionine as referenced in FIG. 3%, The engineered host cell may be modified 1o include
constitutive expression of the SAMT or SAM?2 gene in the engineered host cell. Additionally or
alternatively, the engincered host cell may be modified to synthetically regulate the expression of the
SAMI or SAM?2 gene in the eogineered bost cell. In some examples, the engineered host celt may be
modified to ibcorporate a copy, copies, ot additional copies, of the SAMI or SAM? gene. Additionally or
alternatively, the engineerad host cell may be modified to incorporate the introduction of a strong
promoter element for the overexpression of the SAMI or SAM2 gene within the engioeered host cell. In
some casces, the SAM1 or SAM?Z gene may be codon optimized for expression ia Seccharomyces

cerevisiae. The SAMI or SAM? gene may be derived from Sacchiaromyeces cerevisiae or another species,
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[60849] {PAT] In some examples, the engineered host cell may modify the expression of the enzyme
prephenate aminotransicrase. Frephenate aminotransferase is encoded by the PAT gene. In some
examples, prephenate aminotransforase catalyzes the reaction of prephenate - arogenaie as referenced in
FiG. 33, The engineered host cell may be modified to include constitutive expression of the PAT gene in
the engincered host cell. Additionally or alternatively, the engincered host cell may be modified to
synthetically regulate the expression of the PAT gene in the engineered host cefl. In some examples, the
engincered host cell may be medified to incorperate a copy, copics, or additional copies, of the PAT gene,
Additionally or alicrnatively, the engineered host cell may be modified to jocorporate the mtroductionof a
strong profooter element for the overexpression of the PAT gene within the engineered host cell. To sorme
cases, the PAT gene may be codon optimized for expression in Saccharomyces cerevisioe. The PAT gene
may be derived from Arabidopsis thaliana or another species.

[60538] [AAT] In some examples, the engineered host cell may modify the expression of the enzyme
arogenate dehvdrogenase. Arogenate dehvdrogenase is encoded by the AAT gene. In some examples,
arogenate dehydrogenase catalyzes the reaction of arogenate -2 tyrosine as referenced in FIG, 33, The
enginecred host cefl may be modified to include constitutive expression of the AAT gene in the
cngincered host cell. Additionally or aliernatively, the enginecred host cell may be modified to
synthetically regulate the expression of the AAT gene in the engincered host cell. In some examples, the
engincered host cell may be modified to incorporate a copy. copics, or additional copics, of the AAT
zene. Additionally ot alternatively, the engineered host cell may be modified to incorporate the
wotroduction of a strong promoter element for the overexpression of the AAT gene within the enginecred
host cell. In some cases, the AAT gene may be codon optimized for expression in Saccharomyces
cerevisige. The AAT gene may be derived from Arahidopsis thaliona or another species.

(865511 [ADT] Insome cxamples, the enginecred host cell may modify the expression of the cnzyme
arpgenate dehydrogenase. Arogenate dehydrogenase is encoded by the ADT gene. In some exaraples,
arogenate dehydrogenase catalyzes the reaction of arogenate -» phenylalanine as referenced in FIG. 33.
The engineered host cell may be modified to include constitutive expression of the ADT gene in the
engineered host cell. Additionally or alternanvely, the engingered host cell may be modified to
svnthetically regulate the expression of the ADT gene in the engineered host cefl. In some examples, the
engincered host cell may be meodified to incomorate a copy, copics, or additional copies, of the ADT
gene. Additionally or altematively, the engincered host cell may be modified to incorporate the
imtroduction of a strong promaier eferment for the overexpression of the ADT gene within the engineered
bast cell. In sonwe cases, the ADT gene may be codon optimized for expression i Saccharomyees
cerevisiae. The ADT gene may be derived from Papaver somuiferum, Arahidopsis thaliana o1 another
species.

[60532] PK] In some examples, the engineered host cell may modify the expression of the enzyme
phosphoketolase. Phosphoketolase is encoded by the PK gene. In some examples, phosphoketolase
catalyzes the reaction of fructose-6-phosphate = erythrose-d-phosphate + acetyl-phosphate as referenced

in FiG. 34, In somx examples, phosphoketolase catalyzes the reaction of xylolose-S-phosphate 2
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glyvceraldehyde-3-phosphate + acetyl-phosphate as referenced in FEG, 34. The engincered host cell may
be modified to include constitutive expression of the PK gene in the engincered host cell. Additionally or
alternatively, the engincered host cell mayv be modificed to synthetically regulate the expression of the PK
gene in the engineered host cell. Tn some examples, the engineered host cell may be modified to
incorporate a copy, copics, or additional copies, of the PK gene.  Additionally or altemnatively, the
engineered host cell may be modified to incorporate the introduction of a strong promoter element for the
overexpression of the PK. gene within the engineered host cell. In some cases, the PK gene may be codon
optimized for expression in Saccharomyces cerevisiae, The PK gene may be denved from
Bifidobacterium breve, Bifidobacterium animalis, Leuconostoc mesenteroides, Clostridium
acetobutviicum, or another specics.

[33853] [PTA} Insome examples, the enginecred host cell may modify the expression of the enzyme
phosphate acetyltransferase. Phosphate acetyhransferase is encoded by the PTA gene. In some examples,
phosphate acetyltransferase catalyzes the reaction of acetyi-CoA + phosphate - acetyl-phosphate + (oA
as referenced in FIG. 34, The enginecred host cell may be modified to include constitutive expression of
the PTA gene in the engineered host cell. Additionally or alternatively, the enginecred host cell may be
modified to synthetically regulate the expression of the PTA gene in the enginecred host cell. In some
cxamples, the engincered host cell may be modificd o incorpomte a copy, copies, or additional copies, of
the PTA gene. Additionally or aliernatively, the engineered host cell may be modified 1o incorporate the
wotroduction of a strong promoter element for the overexpression of the PTA gene within the engineered
host cell. Tn sorne cases, the PTA gene may be codon aptimized for expression in Saccharomyces
cerevisiae, The PTA gene may be denved from Fscherichia coli, Clostridium Eluyveri, Methanosarcina
thermophila, Salmonelia enterica, Bacillus subtilis or another species,

(865341 [UGT] In some examples, the engincered host cell may modify the expression of the ernzyme
uridine 5’ -diphospho-glucosylransferase. Uridine 5 -diphospho-glhucosyltransferase activity 18 encoded
by the UGT gene. In some examples, undine 5 -diphospho-glucosyltransferase catalyzes the reaction of
UDP-ghicose + a phenol - UDP + an aryl beta-D-ghucoside. The engincered host cell may be modificd
to include constitutive expression of the UGT gene in the enginecred host cell. Additionally or
alternatively, the engineercd host cefl may be modificd to synthetically regulate the expression of the
LIGT gene in the enginecred host cell. In some examples, the enginecred host cell mayv be modified to
imcorporate a copy, copies, or additional copies, of the UGT gene. Additionally or alternatively, the
engineered host cell may be modified to incorporate the introduction of a strong promoter element for the
overexpression of the UGT gene within the engincered host cell. Ta some cases, the UGT gene may be
codon optimized for expression in Succhiaronyces cerevisioe, The UGT genc may be dertved from
Rhodiola rosea or another species.

[0385] [TYR]} In some examples, the engincered host cell may modify the expression of the enzyme
tyrosinase. Tyrosinase is encoded by the TYR gene. In some examples, tyrosinase catalyzes the rcaction
of tyrosine — L-DOPA, as referenced in FEGs, 1 and 2. In other examples, tyrosinase catalyzes the

reaction of L-DOPA -» dopaquinone. An engineered host cell may be modified to include constitulive
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expression of the TYR gene in the engineered host cell. Additionally or alternatively, the engineered host
cell may be modified to synthetically regulate the expression of the TYH gene in the engineered host cell.
In some examples, the engineered host cell mav be modified to incorporate a copy, copies, or additional
copies, of the TYR gene. Additionally or alicrnatively, the engincered host cell may be modified to
incorporate the introduction of a strong promoter clement for the overexpression of the TYR gene within
the enginecered host cell. The TYR gene may be derived from Ralstonia solanacearum, Agaricus
hisporus, Fscherichia coli ot ancther species.

[68556]  {TyrH] In some exaroples, the engineered host cell may modify the expression of the cnzyowe
tyrosioe hydroxylase. Tyrosine hydroxylase is encoded by the TyiH gene. In some examples. tyrosie
bydronylase catalyzes the reaction of tyrosione = L-DOPA, as referenced in FIGs. 1 and 2. An
enginecred host cell may be modified to include constitutive expression of the TyeH gene in the
enginecred host cell. Additionally or alternatively, the enginecred host cell may be modified to
synthetically regulate the expression of the TyrH gene in the enginecred host cell. In some examples, the
enginecred host cell may be modified to incorporate a copy, copies, or additional copies, of the TyrH
gene. Additionally or alternatively, the engineered host cell may be modified to incorporate the
introduction of a strong promoter clement for the overexpression of the TyrH gene within the engineered
host cell. The TvrH gene may be derived from Homo sapiens, Raiftus norvegicus, Mus musculus,
Drasophilia melanogaster, Apis mellifera, or another species.

[B0357) [BOBC] To some exarapies, the enginecred host cell may modify the expression of the cnzyme
L-DOPA decarboxylase. L-DOPA decarboxylase 1s encoded by the DODC gene. In soow examples, L-
DOPA decarboxylase catalyzes the reaction of L-DOPA ~> dopamine, as referenced in FiGs. 1. An
engincered host cell may be modified to include constititive expression of the DODC gene in the
engincered host cell. Additionally or alternatively, the engincered host cell may be modified to
synthetically regulate the expression of the DODC gene in the engincered host cell. In some examples,
the engincered host ccll may be modified to meorporate a copy, copies, or additional copics, of the DODC
gene. Additionally or alternatively, the engincered host cell may be modificd to incorporate the
mtroduction of a strong promoter element for the overexpression of the DODC gene within the enginecred
host cell. The DODC gene may be derived from Pseudomonas putida, Rattus norvegicus, or another
species.

(603381 [TYBC] In some exaraples, the engineered host cell may modify the expression of the enzyme
tyrosine/DOPA decarboxylase. Tyrosine/DOPA decarboxyiase is encoded by the TYDC gene. In some
examples, tyrosine/DOPA decarboxylase catalyzes the reaction of L-DOPA > dopamine, as referenced in
FiG. 3. Ancngineered host cell may be modified to inchude constitutive expression of the TYDC gene in
the engincered host cell. Additionally or altermatively, the engincered host cell may be modified to
synthetically regulate the expression of the TYDC gene in the enginecred host cell. In some examples,
the engineered bost cell may be modified to incorporate a copy, copies, or additionat copies, of the TYDC

gene. Additionally or alternatively, the engineered host cell may be modified to incorporate the
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mtroduction of a strong promoter element for the overexpression of the TYDC gene within the engincered
host cell. The TYDC gene may be denved from Papaver somniferum or another specics.

(603391 [MAQ] In some cxamples, the enginecred host cell mav modify the expression of the enzyme
monoamine oxidase. Monoanine oxidase is encoded by the MAO gene. Tn some examples, monoamine
oxidase catalyzes the reaction of dopamine -» 3,4-DHPA, as referenced in FIGs. 1 and 3. An engincered
host cell may be modified to include constitutive expression of the MAO gene in the engineered host cell.
Additionally or aliernatively, the engineered host cell may be modified to syntbetically regulate the
expression of the MAO gene n the engineered host cell. In some examples, the engineered host cell may
be modificd to incorporate a copy, copies, or additional copies, of the MAQG gene. Additionally or
alternatively, the engincered host cell may be modified to incorporate the introduction of a strong
promoter element for the overexpression of the MAO gene within the engineered host cell. In some cases,
the MAO gene may be codon optimized for expression i Saccharomyces cerevisiae. The MAQO gene may
be derived from Fscherichia coli, Homa sapiens, Micvococcus futeus, ot another specics.

[60568] INCS] In some examples, the enginecred host cell may modily the expression of the enzyme
norcoclaurine synthase. Norcoclaurine synthase 15 encoded by the NCS gene. In some examples,
norcoclaurine synthase catalyzes the reaction of 4-HPAA + dopamine - (S)-norcoclaurine, as referenced
in FiGs, 1 and 3. In particular, FIG. 1 illustrates a biosynthetic scheme for conversion of L-tyrosine o
reticuline via norcoclanrine, in accordance with some erabodiments of the invention. FEG., 1 provides the
use of the enzymes TyrH, tyrosine hydeoxylase, RDODC, DOPA decatboxylase; NCS, norcoclaurine
synthase, as discussed herein; 6OMT, 6-C-methylransferase; CNMT, coclaurine N-methyltransferase;
CYPBOBL, cytochrome P430 80B1; CPR, cviochrome P450 NADPH reductase; 4 OMT, 3 hvdroxy-N-
methylcoclagnine 4°-C-methy ftransferase. L-DOPA, L-3 4-dibhvdroxyphenvialanine; and 4-HPAA, 4-
hydroxyphenylacetvialdehyde. Of the enzymes that are illustrated 18 FIG. 1, 4-HPAA and L-tyrosine are
naturally svothesized in veast. All other bsted metabolites arc oot naturally produced in yeast.
Additionally, although TyrH may catalyze the conversion of L-tyrosine to L-DOPA, other enzymes may
also be used to perform this step as described in the specification. For example, tyrosinases may also be
used to perform the conversion of L-tyrosine to L-DOPA. In addition, other enzymes such as cytochrome
P450 oxidases may also be used to perform the conversion of L-tyrosine to L-DOPA. Such enzymes may
exhibit oxidase activity on related BIA precursor compounds including L-DOPA and L-yrosine.

[00361] Additionally, norcoclaurine synthase catalyzes the reaction of 3 4-DHPAA + dopamine = (5)-
norlaudanosoline, as referenced in FEGs, 1 and 3. Inparticular, FIG. 3 dlustrates a biosvnthetic scheme
for conversion of L-tyrosine to reticuline via norlandanosolioe, 10 accordance with sone enbodiments of
the invention. FIG. 3 provides the use of the enzymes TyrH, tvrosine hydroxylase, DODC, DOPA
decarboxylase; macA, monoaraine oxidase; NCS, norcoclaurine synthase; 60MT, 6-O-methyliransferase;
CNMT, coclaurine N-methyltransferase; 4’ OMT, 3 hvdroxy-N-methylcoclasnne 4°-O-methyltransferase.
L-DOPA, L-3 d4-dibydroxyphenylalamine; and 3,4-DHPAA, 3 4-dibvdroxyphenyviacetaldebyvde. Of the

enzyines that are illustrated in FEG. 3, L-tyrosine 1s naturally synthesized in yeast.
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[60862] Anengineered host cell may be modified to inchude constitutive expression of the NCS gene in
the engincered host ccll. Additionally or alternatively, the engineercd host cell may be modified to
syntheticaliv regulate the expression of the NCS gene in the engineered host cell. In some examples, the
engincered host cell may be medified to incorporate a copy, copics, or additional copies, of the NCS genc.
Additionally or alicrnatively, the engincered host cell may be modified to incorporaie the introductionof a
strong prommoter element for the overexpression of the NCS gene within the engincered host cell.
Additionally, the norcoclaurine synthase may have an N-terounal touncation. In some cases, the NCS
gene may be codon optimized for expression in Saccharomyces cerevisioe, The NCS gene may be derived
feom Coptis japonica, Papaver somuiferum, Papver bracteatum, Thalicivum flavum, Corydalis saxicola,
or anoiher species.

[60563] [6OMMT] In some examples, the engincered host celf may modify the expression of the enzyme
norcoclaurine 6-O-methyltransferase. Norcoclanrine 6-O-methylransierase is encoded by the 6OMT
gene. In some examples, norcoclaurine 6-O-methyliransferase catalyzes the reaction of norcociaurine -
coclaurine, as referenced in FIG. 1. In other examples, norcoclaurine 6-C-methyliransferase catalyzes the
reaction of norlandanosoline - 3 hvdroxycoclauring, as well as other reactions detailed herein, such as
those provided in FEG. 3. Additionally, the engineered host celt may be modified to include constitutive
expression of the 60MT gene in the enginecred host cell. Additionally or alternatively, the engineered
host cell may be modified to synthetically regulate the expression of the 60OMT gene in the engineered
host cell. Tn some examples, the cnginecred host cell may be modified {o incomorate a copy, copies, of
additional copies, of the 6OMT gene. Additionally or alternatively, the engincered host cell may be
madified to incorporate the introduction of a strong promaier clement for the overexpression of the 6OMT
gene within the engineered host cell. The 6OMT gene may be denved from £, sommniferum, T. flovim,
Coplis japonica, or another specics.

(805647 [CNMTY In some examples, the enginecred host cell may modify the expression of the enzyme
coclaurine-N-methyltransiferase. Coclaurine-V-methyhransferase is encoded by the ONMT gene. In some
examples, coclaurine-V-ethyliransterase catalyzes the reaction of coclaurine -~ N-methylcoclaurine, as
referenced in FIG, 1. In other examples, the coclaurine-N-methyhiransferase enzyime may catalyze the
reaction of 3 hydroxycoclavrine - 3 hydroxy-V-methylcoclaprine. In other examples, coclaunine-N-
methyliransferase may catalyze other reactions detailed herein, such as those provided in FIG. 3.
Additionally, the engincered host cell may be modified to include constitutive expression of the CNMT
gene in the engineered host cell. Additionally or alternatively, the engincered host celf may be modified
to synthetically regulate the expression of the CNMT gene in the engincered host cell. Tn some examples,
the engineered bost cell may be modified to incorporate a copy, copies, or additional copies, of the CNMT
geoe. Additionally or altematively, the engineered bost cell may be madified to incorporate the
introduction of a strong promoter clement for the overexpression of the CNMT gene withip the
enginecred host cell. The CINMT gene may be derived from P. somniferum, T, flavum, Copiis joponica,

or another species.
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[80563) {4"0MT] In some examples, the engineered host cell may modify the expression of the enzyme
4’ -O-methy ftransferase. 4’ -O~methyitransferase is encoded by the 4 OMT gene. In some examples, 47~
U~-methyransferase catalyzes the reaction of 3 -hydroxy-N-methylcoclaurine = reticuline, as referenced
in FIG. 1. In other examples, 4’ ~-C-methyltransferase catalvzes other reactions detatled herein, such as
those provided in FIG. 3. Additionally, the engineered host cell may be modified to inchide constitutive
expression of the 4’OMT gene in the engineered host cell. Additionally or altermatively, the enginecred
bast celi may be modified to syathetically regulate the expression of the 4°OMT gene in the engioeered
bast cell. Insome examples, the engineered hast celi may be modified to incorporate a copy, copies, of
additional capies, of the 4"OMT geoe. Additionally or altemnatively, the enginecred host cell may be
modified o incorporate the wtrodoction of a strong promoter element for the overexpression of the
4°OMT gene within the engineered host cell. The 4’ OMT gene may be derived from P somniferum, T,
Feavum, Coptis japonica, or another species.

[80566] [CYPB0B1] In some examples, the engincered host cell may modify the expression of the
enryme cytochrome P430 80B1. Cytochrome P450 80BE1 is encoded by the CYP80B1 gene. In some
examples, cviochrome P450 80B1 catalyzes the reaction of M-methylcoclanrine - 37 -hydroxy-N-
methyvicoclaurine, as referenced in FIG, 1. Anenginecred host cell may be modified to inchude
constitutive expression of the cviochrome P450 80B1 gene in the engineered host cefl. Additionally or
alternatively, the engincered host cell may be modified to synthetically regulate the expression of the
cytochrome P450 80B | gere 1o the engincered bost cell. In some examples, the engineered bost cell may
be medified to incorporate a copy, copics, or additional copies, of the cyiochrome P450 8081 gepe.
Additionally or alternatively, the engincered host cell may be modified to incorporate the introduction of a
strong promoter element for the overexpression of the cytochrome P450 80B1 gene within the engincered
host cell. In some cases, the CYPHOB! gene may be codon optimatzed for expression in Saccharomyces
cerevisiage. The cytochrome P450 88B1 gene may be derived from P, somniferum, £, calijornica, T.
HAeavum, or ancther species.

[B0867) {FOL2] Insome examples, the engincered host cell may modify the expression of the enzyme
GTP cyclohvdrolase. GTP cyelohvdrolase is encoded by the FOL2 gene. In some examples, GTP
cyclohydrolase catalyzes the reaction of GTF - dihydroncopterin triphosphate, as referenced in FEG, 2.
The engineered host cell may be modified to include constitutive overexpression of the FOLZ gene inthe
engincered host cell. The enginecred host cell may also be modified to include native regulation.
Additionally or aliernatively, the engincered host cell may be modified to synthetically regulate the
expression of the FOLZ gene in the enginecred host cell. Ta some exaraples, the engineered host cell may
be modificd to incorporate a copy, copies, or additional copies, of the FOL2 gene. Additionally or
alternatively, the eogincered host celt mav be modified 1o incorporate the indroduction of a strong
promoter element for the overexpression of the FOLZ gene within the engincered host cell. The FOL2
gene may be denved from Saccharomyces cerevisice, Homo sapiens, Mus musculus, or another species.
[03568] [PTPS] In some exarples, the engincered host cell ray modify the expression of the enwyme

s-pyruvovl tetrabydrobiopterin (PTP) synthase. Pynwoyl tetrabydrobiopterin synthase is encoded by the
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FPTPS gene. In some examples, 6-pyruvov! tetrahydrobiopterin synthase catalyzes the reaction of
dihydroneopterin triphosphate -> FTP, as referenced in FIG, 2. The engineered host cell may be
modified to include constitutive expression of the PTPS gene in the engineered host cell. Additionally or
alternatively, the engincered host cefl may be modificed to synthetically regulate the expression of the
FTPS gene in the engineered host coll. In some examples, the engincored host cell may be modified to
imcorporate a copy, copies, or additional copies, of the PTPS gene.  Additionally or alterpatively, the
engineered host cell may be medified to incorporate the introduction of a strong prometer elerent for the
overexpression of the PTPS gene within the engineered host cell. Tn sorne cases, the PTPS gene may be
codon optimized for expression in Sacchiaromyces cerevisioe. The PTPS gene may be derived from Raftus
norvegicus, Homo sapiens, Mus musculus, or another species.

[60569]  [SepR] In some exarples, the engincered host cell may modify the expression of the ereyme
sepiapterin reductase. Sepiapterin reductase is encoded by the SepR gene. In some examples, sepiapterin
reductase catalyzes the reaction of PTP - BH,, as referenced in FIG. 2. The engineercd host cell may be
modified to mchide constitutive expression of the SepR gene in the engincered host cell. Additionally or
alternatively, the engincered host cell may be modified to synthetically regulate the expression of the
SepR gene in the engineered host cell. In some examples, the engineered host cell may be modified 1o
incorporate a copy, copies, or additional copies, of the SepR gene.  Additionally or alternatively, the
engincered host cell may be modified to incorporate the introduction of a strong promoter element for the
overexpression of the SepR gene within the engineered host cell. Tn some cases, the SepR gene may be
codon optinrized for expression in Saccharomyces cerevisiae. The SepR gene may be derived from Raffus
norvegicus, Homo sapiens, Mus musculus, ot another species,

(865707 [PCD] In sonx examples, the engineered host cell may modify the expression of the enzyme
4a-hydroxytetrabydrobiopterin (pterin-da-carbinolamine) dehydratase. 4a-hydroxytetrabydrobiopierin
dehydratase is encoded by the PCD gene. In some examples, 4a-hydroxytetrabyvdrobiopterin dehy dratase
catalyzes the reaction of 4a-hydroxytetrahydrobiopterin = H>O + quinonoid dihydropteridine, as
referenced in FIG, 2. The engincered host ccll may be modificd to inchide constitutive expression of the
PCD gene in the engincered host cell. Additionally or aliernatively, the engineered host cell may be
modified to synthetically regulate the expression of the PCD gene in the engineered host cell. In some
examples, the engineered host cell may be modified to incorporate a copy, copies, or additional copies, of
the PCD gene. Additionally or alternatively, the engincered host cell may be modified to incorporate the
introduction of a strong promoter clement for the overexpression of the PCD gene within the engineered
bast cell. In sonwe cases, the PCD gene may be codon optimized for expression in Saccharomyces
cerevisiae. The PCD gene may be derived from Rattus norvegicus, Homo sapiens, Mus musculus, or
another species.

[60571] [OQDHPR] In some examples, the engincered host cell may modify the expression of the
enzyme quinonoid dihydroptendine reductase. Chuinonoid dibydropteridine reductase is encoded by the
QDHPR gene. Insome examples, guinonoid dibydroptenidine reductase catalyzes the reaction of

quinonoid dikydropteridine = BH,, as referenced in FIG. 2. The engincered host cell may be modified (o
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nclude constitative expression of the QDHPR gene in the enginecered host cell. Additionally or
alternatively, the engineercd host cefl may be modificd to synthetically regulate the expression of the
QDHPR gene in the enginecred host cell. 1o some examples, the enginecred host cell may be modified fo
incorporate a copy, copies, or additional copies, of the QDHPR gene. Additionally or alternatively, the
engineered host cell may be modified to incorporate the introduction of a strong promoter element for the
overexpression of the QDHPR gene within the engineered host cell. In some cases, the QDHPR gene
may be codon optinized for expression in Saccharomyces cerevisiae. The QDHPR gene may be derived
feom Rattus norvegicus, Homo sapiens, Mus musculus, or another species.

(605721 [DHFR] In some exaraples, the engincered host cell may modify the expression of the eneyme
dibvdeofolate reductase. Dihydrofolate reductase is encoded by the DHFR gene. In some examples,
dibydrofolate reductase catalyzes the reaction of 7 8-dihydrobiopterin (BH:) > 5,6,7,8-
tetrahydrobiopterin (BH.), as referenced in FEG, 2. This reaction may be vseful in recovering BHi as a
co-substrate for the converstion of tyrosine to L-DOPA, as illustrated 1n FIG. 2. The engineered host cell
may be modified fo include constitutive expression of the DHFR gene in the engincered host cell.
Additionally or alternatively, the engineered host cell may be modified to synthetically regulate the
expression of the DHFR gene in the enginecred host cell. Tn some exaraples, the enginecred host cell may
be modified to incorporate a copy, copies, or additional copies, of the DHFR gene. Additionally or
alternatively, the engincered host cell may be modified to incorporate the introduction of a strong
promoter clement for the overexpression of the DHFR gene withia the engincered host cell. In some
cases, the DHFR gene may be codon optumized for expression in Saccharomyees cerevisiae. The DHFR
zene may be derived from Raftus norvegicus, Homo sapiens, or another species.

(865731 [DRS-DRR] As discussed above with regard to epimerizing 1-BlAg, the engincered host celt
may modify the expression of a BIA epimerase. The BIA epimerase is encoded by the DRS-DER gene.
In sonox examples, DRS-DRR may also be referred to as CYP-COR. In some examples, an engincered
split version, or an engineered fused version, of a2 BIA epimerase catalyzes the conversion of (S)-1-BiA =
{F)~1-BIA, as referenced in FI1G, 4. In particular, FIG. 4 illustrates a biosynthetic scheme for conversion
of L-tvrosine to morphinan alkalowds, in accordance with some embodiments of the invention. FIG. 4
provides the use of the enzymes CPR, cytociwrome P450 reductase; DRS-DRR, dehydroreticuline synthase
and dehydroreticnline reductase; SalSyn, salutaridine synthase; SalR, salutaridine reductase; SalAT,
salutaridinol 7-O-acetyvltransferase;, T6ODM, thebaine 6-O-demethylase; COR, codeinons reductase; and
CODM, codeine-O-demethylase.

[66574] The enginecred host cell may be modified to include copstitutive ¢xpression of the enginsered
DRE-DRR gene in the engincered host cell. 1o some cases, the eogincered DRS-DRR gene may encede
an enginecred fusion epimerase. 1o some cases, the cogineered DRS-DRR geoe may encode an
enginecred split epimerase. Additionally or alternatively, the engineered host cell may be modified to
synthetically regulate the expression of the DRS-DRR gene in the engincered host ¢ell. In some
examples, the engincered host cell may be modified to 1incorporate a copy, copies, or additional copics, of

the DRS-DRR gene. Additionally or alternatively, the engineerad host cell may be modified to
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ineorporate the introduction of a strong promoter element for the overcxpression of the DRS-DER gene
within the engineered host cell. The DRE-DRR gene may be derived from Papaver bracteatum, Papaver
sommniferum, Papaver setigerum, Chelidonium majus, or another species.

(663751 [CPR] In some examples, the engineecred host cell may modify the expression of the enzyme
cytochrome P450 reductase. The cytochrome P450 reductase is encoded by the PR gene. In some
examples, the cytochrome P430 reductase catalyzes the reaction of (R)-reticuline ~ salutariding, as
referenced io FEG. 4. Additionally, the cytochrorme P450 reduoctase catalyzes other reactions such as
those descubed i F1Gs. throughout the application. The engineered host cell may be modified to include
coostitutive expression of the CPR gene in the enginecred host cell. Additionally or alteroatively, the
enginecred host cell may be medified to synthetically regulate the expression of the (PR gene inthe
enginecred host cell. In some examples, the engineered host cell may be modificed to incorporate a copy,
copics, or additional copics, of the CPR gene. Additionally or alternatively, the engincered host cell may
be modified to incorporate the introduction of a strong promoter element for the overexpression of the
CPR gene within the engineered host cell. The CPR gene may be derived from . californica, P
sommniferum, 1. sapiens. S. cerevisiae, 4. thaliana, or another species.

[00576] [Sallsynj In some exampiles, the enginecred host cell may meodify the expression of the enzyme
salutaridine synthase. The salutaridine synthasc is encoded by the SalSyn gene. In some exampies, the
salutaridine synthase catalyzes the reaction of (R)-reticuling -3 sahataridine, as referenced in FIG. 4. The
cngineered host cell may be modified to include constitutive expression of the SalSva gene inthe
cngineered host cell. Additionally or alternatively, the engineered host cell may be modified to
synthetically regulate the expression of the SalSva gene in the enginecred host cell. Tn some examples,
the engincered host cell may be modified to incorporate a copy., copies, or additional copies, of the RalSyn
gene. Additionally or alternatively. the engincered host cell may be modified to incorporate the
wtredoction of a strong promoter element for the overexpression of the SalSyn gene within the enginecred
host cell. In some cases, the SalSyn gene may be codon optimized for expression in Saccharomyces
cevevisiage. In some examples the SalSyn may be modified at the N-terminus. The SalSyn gene may be
derived from Papaver somniferum, Papaver spp, Chelidonium majus, or another species.

(865771 {SalR] In some examples, the engineered host cell may modify the expression of the enzyme
salutaridine reductase. Salutaridine reductase is encoded by the SalR gene. In some examples,
salutaridine reductase reversibly catalyzes the reaction of salutaridinol -2 salutaridine, as referenced in
FiG. 4. The enginecered host cell may be modified to include constitutive expression of the SalR gene in
the engincered host cell. Additionally or altermatively, the engincered host cell may be modified to
synthetically regulate the expression of the SalR gene in the enginecred host cell. In some examples, the
engincered host cell may be medified to incorporate a copy, copies, or additional copies, of the SalR gens,
Additionally or alternatively, the enginecred host cell may be modified to incorporate the introduction of a
strong promoter clement for the overexpression of the SalR gene within the engineered host ¢ell. In some

cases, the SalR gene may be codon optimized for expression in Saccharomyvees cervevisioe. The SalR gene
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may be derived from Papaver sommniferum, Papaver bracteatum, FPapaver spp., Chelidonium majus, or
another species.

[60878]  [SalAT] In some examples, the engineered host cell may modify the expression of the enzyme
acetyl-CoAssahutandinel 7-O-acetyliransferase. Acetyl-CoAsalutaridinel 7-O-acetvitransferase is
encoded by the SalAT gene. In some examples, acetvi-CoA salutaridinol 7-O-acetyltransferase catalyzes
the reaction of acetyl-CoA + salutaridinol = CoA + 7-O-acetylsalutaridinol, as referonced in FIG. 4. The
engineered host cell may be modified to include constitutive expression of the SalAT geoe in the
cngineered host cell. Additionally or alternatively, the engineered host cell may be modified to
syntheticallv regulate the expression of the SalAT gene in the engineered host cell. In some examples, the
enginecred host cell may be medified to incorporate a copy, copies, or additional copics, of the SalAT
gene. Additionally or alternatively, the engineered host cell may be modified to incorporate the
introduction of a strong promoter element for the overexpression of the SalAT gene within the engincered
hostcell.  In some cases, the SalAT gene may be codon optimired for expression in Saccharomyces
cerevisiae. The SalAT gene may be derived from Papaver somniferum. Papaver bracteatum, Papaver
orientale, Papaver spp., or another species.

[00579] TS} In some exammples, the engineered host cell may modiy the expression of the enzyme
thebaine synthase. Thebaine synthase is encoded by the TS gene. Tn some cxamples, a thebaine synthase
or an enginecred thebaine svnthase catalyzes the reaction of 7-C-acetylsalutariding! = thebaine + acctate,
as referenced 1o FIG. 4. To some examples, the reaction of 7-U-acetylsahitandine] > thebaine + acetate
occurs spontancously, but thebaine synthase catalyzes some portion of this reaction. In particular, FEG. 4
ithustrates a biosynthetic scheme for conversion of L-tyrosine to morphinae atkaloids, in accordasce with
some embodirments of the invention. FIG. 4 provides the use of the erwymes CPR, eyviochrome P450
redoctase; DRS-DRR, dehydroreticuline synthase and dehydrorcticuline reductase; SalSya, salutaridine
synthase; SalR, salutaridine reductase, SalAT, sahuaridinol 7-O-acetyltransferase; TS, thebaine synthase;
ToODM, thebaine 6-O-demethylase; COR, codeinone reductase; and CODM, codeine-C-demethylase.
(805867 The engincered host cell may be modified to include constititive expression of the TS gene or
the engincered TS gene in the engincered host cell. In some cases, the engincered TS gene may encode an
engineered fusion enzyme. Additionally or alternatively, the engineered host cell may be modified o
synthetically regulate the expression of the TS gene in the engineered host cell. In some exampiles, the
engincered host cell may be medified to incorporate a copy, copies, or additional copies, of the TS gene.
Additionally or alicrnatively, the engincered host cell may be modified to incorporaie the introductionof a
strong profeoter element for the overexpression of the TS gene withio the engincerad bost cell. Ta some
cases, the TS gene may be codon optinnized for expression in Saccharomyces cerevisiae. The TS gene
may be derived from Papaver somniferum, Papaver bracteatum, Papaver orientale, Papaver spp., ot
another species.

[60581] [TeODM] In some examples, the engincered host cell may modify the expression of the

enzy o thebaine 6-O-dernethylase. Thebaine 6-0 demethylase is encoded by the TOODM gene. In some

exaraples, thebaine 6-O-demethylase catalyzes the reaction of thebaine—» neopinone, as referenced in
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FiG. 4. Once the neopinone has been produced, the neopinone may be converted to codeinone. The
conversion of neopinone - codeinone may occur sportaneousty. Alternatively, the conversion of
neopinone ~» codeinone mayv occur as a resull of a catalvzed reaction. In other examples, the TOODM
enzyne may catalvze the O-demethylation of substrates other than thebaine. For example, T60ODM may
U-demethylate oripavine to produce morphinone. Alfernatively, T6ODM may catalyze the O-
demethylation of BiAs within the 1-benzylisoquinoline, protoberberine, or protopine classes such as
papavening, canadine, and allocryptoping, respectively. The engingered host cell may be modified to
include constimtive expression of the TGODIM geoe in the engineered host cell. Additionally or
alternatively, the engincered host cell mav be mndified to synthetically regulate the expression of the
ToODM gene 1o the engineered host cell. In some examples, the engineered bost cell may be modified to
incorporate a copy, copies, or additional copies, of the T6ODM gene. Additionally or altcrnatively, the
enginecred host cell may be modified to incorporate the introduction of a strong promoter element for the
overexpression of the TOODM gene within the engincered host cell.  In some cases, the T6ODM gene
may be codon optimized for expression in Saccharomyees cerevisice. The T60ODM gene may be derived
from Papaver somniferum, or another species.

[00582] [NPI} In some examples, the engincered host cell may modify the expression of the enzyme
neopinone isomerase. Neopinone isomerase 1s encoded by the NPI gene. In some examples, a neopinone
isomerase or an enginecred neopinons isomerase catalyzes the reaction of neopinone -2 codeinone, as
referenced in FiG. 4. Insome examples, the reaction of neopinone -2 codeinone occurs spontancously,
but ncopinone 1somerase catalyzes some pottion of this reaction. In pastticular, F1G., 4 illusteates a
biosyathetic scheme for conversion of L-tvrosine to morphinan alkaloids, in accordance with seme
embodimernds of the tavention. FEG. 4 provides the use of the enzymes CPR, cytochrome P450 reductase;
DRS-DRR, dehydroreticuline synthase and dehydroreticuling reductase; SalSyn, salutandine synthase;
SalR, salptaridine reductase; SalAT, salutaridinol 7-C-acciyltransferase; TS, thebaine synthase; ToODM,
thebaine 6-O-demethylase; NP1, neopinone isomerase; COR, codemone reductase; and CODM, codeine-
U~demethyiase.

[60883] The engincered host cell may be modified to include constitutive expression of the NP1 gene or
the engincered NPI genc in the engineered host cell. In some cases, the engineered NPI gene may encode
an enginecred fusion erwyne. Additionally or alternatively, the engincered host cell may be modified to
syntheticaliv regulate the expression of the NPT gene in the engineered host cell. Tn some examples, the
engincered host cell may be meodified to incorporate a copy, copics, or additional copics, of the NPT gene.
Additionally or alicrnatively, the engineered host cell may be modified to jucorporate the mtroductionof a
strong profeoter element for the overexpression of the NPT gene within the engineered bost cell. In some
cases, the NPT gene may be codon optimized for expression in Sacchiaromyces cerevisiae. The NPT gene
may be derived from Papaver somniferum, Papaver bracteatum, Papaver orientale, Papaver spp., 0t
another species,

jo0384] {COR] Io some exarples, the engincered host ¢ell may modify the expression of the envyme

codeinone reductase. Codeinone reductase 1s encoded by the COR gene. In some examples, codeinone
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reductase catalyzes the reaction of codeinone {o codeine, as referenced in FIG. 4. In some cases,
codeinone reductase can catalyze the reaction of neopinone to neopine. In other examples, COR can
catalyze the reduction of other morphinans including hydrocodone = dihwdrocodeine, 14~
hydroxycadeinone -» 14-hydroxycodeine, and bydromorphone - diwdromorphine, The enginecred host
cell may be modified to include constitutive expression of the COR gene in the engineered host cell.
Additionally or aliernatively, the engincered host cell may be modified to synthetically regulate the
expression of the COR gene io the engineered host cell. In some examples, the engineered bost cell may
be modificd to incorporate a copy, copies, or additional copies, of the COR gene. Additionally or
alternatively, the engincered host cell mav be modified to incorporate the indroduction of a strong
promoter element for the overexpression of the COR gepe within the engineered host cell. In some cases,
the COR gene may be codon optimized for expression in Seccharomyces cerevisiae. Additionally or
alternatively, the COR gene may be modified with the addition of targeting sequences for mitochondria,
vacuole, endoplasmic reticulum, or a combination thereof. The COR gene may be derived from Papaver
somniferum, or another species.

[00385] [CODBM] In some examples, the engineered host cell may modily the expression of the enzyme
codeine O-demethvlase. Codeine O-demethylase is encoded by the CODM gene. In some examples,
codeine O-demethylase catalyvzes the reaction of codeine to morphine, as referenced in FIG, 4. Codeine
O-demethylase can also catalyze the reaction of ncopine to neomorphine. Codeine O-demethylase can
also catalvze the reaction of thebaine to oripavine. 1o other examples, CODM may catalyze the O-
demethylation of BIAs within the -benzyisoquinoline, aporphine, and protoberberine classes such as
reticaline, tsocotydine, and scoulerine, respectively. In other examples, the CODM enzy me may catalyze
an O,O-demethylenation reaction to cleave the methylonedioxy bridge structures in protopines. The
engincerad host cell may be modified to include constitlive expression of the CODM gene in the
engincered host cell. Additionally or alternatively, the engincered host cell may be modified to
svnthetically regulate the expression of the CODM gene in the engineered host cell. In some examples,
the engincered host ccll may be modificd to incorporate a copy. copies, or additional copies, of the
CODM gene. Additionally or alternatively, the engincered host cell may be modified to incorporate the
itroduction of a strong promoter element for the overexpression of the CODM gene within the
engincered host cell. In some cascs, the CODM gene may be codon optimized for expression in
Saccharomyvees cerevisioe. Additionally or alternatively, the CODM gene may be modified with the
addition of targeting scquences for mitochondria. The CODM gene may be derived from Papaver
sommiferum, Papaver spp., or another species.

[603586] [BBFE] In some cxamples, the engincered host cell may meodify the expression of the enzyme
betberine budge enzyme. The berberine bridge enzyme is encoded by the BBE gene. Ta sorse examples,
berberine bndge enzyme cataly zes the reaction of (&)-reticuhine ¥ (S)-scoulering. | as referenced in FIG.
9. FIG, 9 illustrates a biosynthetic scheme for conversion of L-tyrosine to protoberberine alkaloids, in
accordance with some embodiments of the invention. In particalar, FIG. 9 provides the use of the

enzymes BBE, berberine bridge envyme; S90MT, scoulerine 9-O-methyltransferase; CAS, canadine
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svnthase; CPR, cvtochrome P450 reductase; and STOX tetrahydroprotoberberine oxidase. The
engineerad host cell may be modified to include constitutive expression of the BBE gene in the
engincered host cell. Additionally or alternatively, the engincered host cell may be modified to
syntheticaliy regulate the expression of the BBE gene in the engincered host cell. In some examples, the
engincered host cell may be meodified to incomporate a copy, copics, or additional copies, of the BBE genc.
Additionally or alicrnatively, the engincered host cell may be modified to incorporaie the introductionof a
strong profooter element for the overexpression of the BBE geoe withio the engincered bost cell. The
BBE gene may be derived from Papaver sommiferum, Argemone mexicana, Fschscholzia californica,
Berberis stolonifera, Thalictrum flovum subsp. glavcum, Coptis japonica Papaver spp., ot anothey
SPeCics.

[60387] [CYPIB6] In some examples, the engineered host cell may modify the expression of
cytochrome P450, famuly 2, subfamily D, polypeptide 6. This particalar cytochrome P450 is encoded by
the CYP2D6 gene. This particular cytochrome P450 enzyme may be charactenized as a promiscuous
oxidase. In some examples, this particular cytochrome P430 enzyme may catalyze the reaction of (R)-
reticuline + NADPH + H™ + O, — satutarndine + NADP™ + 2 H,0, among other reactions.

(D0588] [S9OMT] In some examples, the engincered host cell may modify the expression of the enzyme
S-adenosyl-L-methionine (S ~scoulerine 9-Ol-methvliransierase. S-adenosyl-L-methionine:(S)-scoulerine
9-U-methyitransferase is encoded by the SSOMT gene. In some exaraples, S-adenosyl-L-methionine ()~
scouleninge 9-O-methyltransferase catalyzes the reaction of S-adenosyl-L-methionine + (S)-scoulernine >
S-adenosyl-L-homocysteine + (S -teteabydeocolumbanine, as referenced 10 FIG. 9. The engioeered host
cell may be modified to include constitutive expression of the S90OMT gene in the engineered host cell.
Additionally or alternatively, the engincered host cell may be modified to synthetically regulate the
expression of the S90MT gene in the engincered host ¢ell. In some examples, the engincered host cell
may be modified (o incorporate a copy, copies, or additional copics, of the S390MT gene. Additionally or
alternatively, the engineercd host cefl may be modified to incorporate the introduction of a strong
promoter clement for the overexpression of the S20MT gene within the engineered host cell. In some
cases, the S9OMT gene may be codon optinuiyed for expression in Saccharomyces cerevisiae. The
SOUMT gene may be denved from Thalictrum flavam subsp. glaucum, Coptis japonica, Coptis chinensis,
Papaver somniferum, Thalicirum spp., Coptis spp.. Papaver spp., or another specics. In some cxamples,
the SSOMT gene may be 100% similar to the naturally occurring gene.

(603891 [CASR] In some examples, the engincered host cell may modify the expression of the enzyme
(S)-canadine synthase. (5)-canadine synthase is encoded by the CAS gene. 1o some exaraples, (5)-
canadine synthase catalvzes the reaction of (S)-tetrahvdrocolumbamine = (S)-canadine, as referenced in
Fit. 9. The engineercd host cell may be medified to express the CAS gene in the engioeered host cell.
The engincerad host cell may be modified to inchude constitutive expression of the CAS gene inthe
enginecred host cell. Additionally or alternatively, the enginecred host cell may be modified to
synthetically regulate the expression of the CAS gene in the enginecred host cell. In some examples, the

enginecred host cell may be medified to incorporate a copy, copies, or additional copies, of the CAS gene.
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Additionally or alternatively, the engineered host cell may be modified to incorporate the introdactionof a
strong promoter element for the overexpression of the CAS gene within the enginecred host cell. The
CAS gene may be derived from Thalictrum flovum subsp. glavcum, Coptis japonica, Thalictrum spp.,
Copiis spp., ot another species.

(6053301  [STOX] In some examples, the engincered host cell may modify the expression of the cnzyme
(S -tetrahvdroprotoberberine oxidase. (S)-etrahvdroprotoberberine oxidase is encoded by the STOX
geoe. Insome examples, (S)-tetrahydroprotobetberine oxidase catalyzes the reaction of (5)-
tetrahwdroberberine + 2 Oy - betberine + 2 HyOy, as referenced in FIG. 8. The engineered host cell may
be modified 1o include constibtive expression of the STOX gene in the enginecred hast cell. Additionally
or alicrnatively, the engincered host cell may be modified to synthetically regulate the expression of the
STOX gene in the engincered host cell. In some examples. the engincered host cell may be modified to
incorporate 4 copy, copies, or additional copies, of the STOX gene. Additionally or alternatively, the
enginecred host cell may be modified to incorporate the introduction of a strong promoter element for the
overexpression of the STOX gene within the enginecred host cell. In some examples the STOX may be
modified at the N-terminus. In some cases, the STOX gene may be codon optimired for expression in
Saccharomyces cerevisice. The STOX gene may be derived from Berberis wilsonae, Coptis japanica,
Herberis spp., Coprtis spp., or another specics,

[005%1] [TNMT] In some examples, the engincered host cell may modify the expression of the enzyme
tetrabydroprotoberbenne-N-methyltransferase. Tetrabydroprotaberberine-V-methyitransferase 1s encoded
by the TNMT geone. Insome examples, ietrahvdroprotobederine-N-methyltransferase catalyzes the
reaction of canadine -» N-methylcanading, as referenced in FEG. 7. ¥FiG., 7 dllosteates a biosynthetic
scheme for conversion of L-tyrosige to noscapine, poscapionid, and phthalideisequincling, in accordance
with some embodiments of the wvention. In particudar, FIG, 7 provides the wse of the enzymes BBE,
berberine bridge enzyme;, SPOMT, scoulerine 9-O-methyltransferase; CAS, canadine synthase; CPR,
cytochrome P430 reductase; TNMT, tetrahivdroprotoberberine cis-N-methy liransferase; CYP82ZYE, V-
methyleanadine 1-hydroxylase; CYP82XZ, I-hydroxy-N-methyicanadine 13-hydroxylase; AT1, 1,13~
dihydroxy-N-methyicandine 13-C-acetyltransterase; CYP82X1, 4'-O-desmethyl-3-0-acetylpapaveroxine
svnthase; CXE1, narcotine hemiacetal synthase; NOS (or SDR1), noscapine svnthase; MT2, narcotoline-
4~CO-methylrasnforase 1, MT3, narcotoline-4'-O-methyliransferase 2; and 60MT, 6~-U-methyltransferasc.
(603921  In other cxamples, fetrabydroprotoberberine-NV-methyltranstorase catalyzes the reaction of
stylopine -2 cis-N-methyistylopine, as referenced in FIG. 8. FIG. 8 illustraics a biosvnthetic scheme for
conversien of L-tyrosine 0 sanguinarine and benzophenanthridine alkaloids, in accordance with some
crabodiments of the tnveotion. In particelar, FIG. 8 provides the use of the enzymes BBE, berbedoe
bridge enzyme; CFS, chedanthifoline synthase; STS, stylopine synthase; TNMT, tetrahyvdroberberine V-
methytransferase; MSH, cis-V-methyistylopine 14-hvdroxylase; POH, protopine 6-hydeoxylase; and
BBOX, dihydrobewraphenanthride oxidase. The engincered host cell may be modified to inchide
constitutive expression of the TNMT gene in the engincered host cell. Additionally or alicrnatively, the

enginecred host cell may be modified to synthetically regulate the expression of the TNMT gene inthe
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engineerad host cell. In some examples, the engineered host cell may be modified to incorporate a copy,
copies, or additional copies, of the TNMT gene. Additionally or alternatively, the engineered host cell
may be modified to incorporate the introduction of a strong promoter clerent for the overexpression of
the TNMT gene within the engineered host cell. In some cases, the TNMT gene may be codon optimized
for expression in Saccharomyces cerevisiae. The TNMT gene may be derived from Papaver semmniferum,
Eschscholzia californica, Papaver bracteatum, Argemone mexicana, or another specics.
(605937 [CYP82Y1] In some examples, the enginecred host cell may modify the expression of the
crzyoe N-methyleanadine {-hydroxylase. N-methyicanadine I-hydroxylase is encoded by the CYP82Y L
gene. Inosome examples, N-methyvicanadive 1-hydroxylase catalyzes the reaction of N-methylcanadioe -
1-hydroxy -N-methylcanadine, as referenced in FIG. 7. The enginecred host cell may be modified to
include constibutive expression of the CYP82Y1 gene in the enginecred host cell. Additionally or
alternatively, the engincered host cell may be modified to synthetically regulate the expression of the
CYP82Y1 gene in the engineered host cell. In some examples, the engineered host cell may be modified
to incorporate a copy, copics, or additional copics, of the CYPE2Y ! genc. Additionally or alternatively,
the engineered host cell may be modified 1o incorporate the mtroduction of a strong promoter clement for
the overexpression of the CYP82Y] gene within the enginecred host cell. In some cases, the CYPS2Y]
gene may be codon optimized for expression in Saccharomyces cevevisice. In some examples the
CYPE2Y 1 may be modified at the N-terminus. The CYPE2Y 1 gene may be derived from Papaver
somniferum, Papaver spp., Plantago arenaria, Rawwolfia heterophyila, Adiumia fungosa, Hydrastis
canadensis, Stvlomecon heterophyvlia, Hypecoum, or another species.
[B0394] [CYP82X2] In some cxampies, the engineered host cell may modify the expression of the
enzyme -hydroxy-N-methyleanadine 13-hydroxylase. 1-hydroxy-N-methylcanadine 13-hydroxylase is
encoded by the CYP82X2 gene. In some examples, -hydroxy-N-methylcanadine {3-hydroxylase
catalyzes the reaction of 1-hydroxy-N-methylcanadine - t-hydroxy-N-methylophiocarpine (ic. 1,13-
dihydroxy-N-methyicanadine), as referenced in FIG. 7. The enginecred host cell may be modified to
inclade constitutive expression of the CYP82X2 gene in the engineered host cell. Additionally or
alternatively, the engineered host cefl may be modificd to synthetically regulate the expression of the
CYPE2X2 gene in the enginecred host cell. In some examples, the engineered host cell may be modified
to incorporate a copy, copies, or additional copies, of the CYPE2X2 gene. Additionally or alternatively,
the engincered host cell may be modificed to incorporate the introduction of a strong promoter clement for
the overexpression of the CYPE2X2 gene within the engincered host cell. In some cases, the CYP82X2
gene may be codon optimized for expression in Saccharomyces cerevisiae, In some examples the
CYP82X2 may be modified at the N-terminus. The CYP82X2 gene may be dernived from P. sommniferum,
Papaver spp, Plantago arenaria, Rauwolfia heterophvila, Adfumia fingosa, Hydrastis Canadensis,
Stvlomecon heterophyila, Dactylicapnos torulosn, Gloucium flavum, Berberis laurina, B. Vulgaris,
Corvdalis spp, Fumaria spp, Dactylicapros spp., or another species. {n some examples, the CYPE2X2
gene may undergo N-terminus engineering. In some examples, N-ternunus engincenng may include N-
termnal trancation.
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(805957 {CYP82X1] In some examples, the engincered host cell may modify the expression of the
enzyne 4 -O-desmethyl-3-O-~acetylpapaveroxine synthase. 4'~O-desmethyi-3-O-acetylpapaveroxing
synthase is encoded by the CYPE2ZXT gene. In some examples, 4°-C-desmethyl-3-O-acetyipapaveroxine
synthase catalyzes the reaction of 1-hydroxy-13-U-acetyl-V-methylcanadine - 4°-U-desmethyl-3-0-
acetylpapaveroxine, as referenced in FiG. 7. Additionally, CYP82X1 catalyzes the reaction of 1-
hydroxy -N-racthyicanadine = 47-O-desmethyimacrantaldehyde. The engineered host cell may be
modified to inchide constitutive expression of the CYPR2X pene in the engineered baost cell.
Additionally or aliernatively, the engineered host cell may be modified to syntbetically regulate the
expression of the CYP82X1 gene 1o the engincered host cell. In some examples, the engineered bost cell
may be modified to incorporate a copy, copics, or additional copics, of the CYP8ZXT gene. Additionally
or alicrnatively, the engincered host cell may be modified to incorporate the introdaction of a strong
promoter element for the overexpression of the CYP82X1 gene within the engineered host cell. In some
ases, the CYPB2X1 gene may be codon optimized for expression in Sacoharomyces cerevisige. 1n some
examples the CYP82X1 may be modified at the N-terminus. The CYP82X1 gene may be derived from
Papaver somniferum, Popover spp., Plantago arenaria, Kawwolfia heterophylia, Adhimia fungosa,
Hydrastis canadensis, Stylomecon heterophylia, Hvpecoum, or another species. In other examples, the
CYPE2X] gene may undergo N-terminus engineering. In sone examples, N-ferminus enginecring may
include N-terminal trancation.
[B039¢6¢] [CFS] nsoome examples, the engioecred host cell may roodify the expression of the cozyme
chedanthifoline synthase. Cheilanthifoline syathase is encoded by the CFS gene. Insome examples,
chedlanthifoline synthase catalyzes the reaction of scoulerine > cheilanthifoline, as referenced in FiG. 8
An engineered host cell may be modified to nclude constitutive expression of the CFS gene inthe
engincered host cell. Additionally or alternatively, the engincered host cell may be modified to
svpthetically regulate the expression of the CFS gene in the engineered host cell. In some examples, the
engineered host cell may be modified to incorporate a copy, copies, or additional copies, of the CFS gene.
Additionally or alternatively, the engineered host cell may be modified to incorporate the introdactionof a
strong promotor element for the overexpression of the CFS gene within the engincered host cell. The CFS
gene may be derived from P. somniferum, E. californica, 4. mexicana, or another species.
(603971 [STS] Insome cxamples, the engincered host cell may modify the expression of the enzvme
stylopine synthase. Stylopine synthase is encoded by the 8T8 gene. In some examples, stylopine
synthase catalyzes the reaction of cheilanthifoline -2 stylopine, among other reactions, as referenced in
Fit. 8. Ancngincered host cell may be modified to include constitutive expression of the STS gene in
the engineered host cell. Additionally or altematively, the engincered host cell mav be modified 1o
synthetically regulate the expression of the STS gene inthe ¢ ngi:n@ered host cell. In some examples, the
enginecred host cell may be medified to incorporate a copy, copies, or additional copies, of the STS gene.
Additionally or alternatively, the enginecred host cell may be modified to incorporate the inlroduction of a
strong promaotor clement for the overexpression of the STS gene within the engineered host cell. The STS

gene may be denved from P. somuiferum, £ californica, A. mexicana, or another specics.
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[60598]  [MSH] In some examples, the engineered host cell may modify the expression of the enryme
cis~-N-methyistylopine 14-hydroxylase. Cis-N-methyistylopine 14-hvdroxylase is encoded by the MSH
gene. In some examples, cis-V-methyistvlopine 14-hvdroxylase catalyzes the reaction of cis-NV-
methylstyiopine - protopine, as referenced in FIG. 8. An engineered host cell may be modified to
include constitutive expression of the MSH gene in the enginecred host cell. Additionally or alternatively,
the engincered host cell may be modificed to synthetically regulate the expression of the MSH gene inthe
cngineered host cell. In some examples, the engineered host cell may be modified to jocorporate a copy,
copies, or additional copies, of the MSH geoe. Additionally or aliemnatively, the engineered host cell may
be modified 1o incorporate the tntroduction of a stroog promuotor clement for the overexpression of the
MBH gene within the engineered host cell. The MSH gene may be derwved from P sommniferum or
another species.

[60599]  {PsH] In some examples, the engineered host cell may modify the expression of the enzyme
protopine-O-hvdroxylase. Protopine~-6-hvdroxylase is encoded by the PoH gene. In some examples,
protopine-o-hydroxylase catalyzes the reaction of Protopine > 6-hydroxyprotopine, as referenced in FIG,
8. An engincered host cell may be modified to include constitutive expression of the P6H gene in the
cngincered host cell. Additionally or aliernatively, the engineered host cell may be modified 1o
synthetically regulate the expression of the P6H gene in the engincored host cell. In some examples, the
cngincered host cell may be modified to incorporate a copy, copics, or additional copics, of the P6H gene,
Additionally or alternatively, the engincered host cell may be modified to incorporate the introduction of a
strong promotor clement for the overexpression of the CFS gene within the engineerad host cell. The P6H
zene way be derived from P somniferum, B, californica, or another species.

(8060607 [DBOX] Insome examples, the enginecred host cell may modify the expression of the cnzyme
dihy drobenzophenanthridioe oxidase. Dihydrobenzophenanthriding oxidase is encoded by the DBOX
gene. In some examples, dibydrobenzophenanthnidine oxidase catalyzes the reaction of
dihydrosanguinarine > sanguinarine, as referenced in FIG. 8. An engincered host cell may be modified
to include constitutive expression of the DBOX gene in the engineercd host cell. Additionally or
alternatively, the engineercd host cefl may be modificd to synthetically regulate the expression of the
DBOX gene in the enginecred host cell. In some cxamples, the enginecred host cell may be modified to
incorporate a copy, copies, or additional copies, of the DBOX gene. Additionally or alternatively, the
engincered host cell may be medified to incorporate the introduction of a strong promotor element for the
overcxpression of the DBOX gene within the enginecred host cell. The DBOX gene may be derived from
P. somuniferum or another species.

[e68¥] [ATH] o some exaraples, the engineered host cell may owodify the expression of the eneye 1,
13-dihydwoxy-N-methylcanadine 13-0 acetyl transferase. 1, [3-dihydroxy-N-methylcanadine 13-0
acetyltransferase is encoded by the ATH gene. In some examples. |, 13-dihvdroxy-N-methyleanadine 13-
O acetyitransferase catalyzes the reaction of 1, 13-dikydroxy-Nemethyvicanadine > 1-hydroxy-13-0-
acetyl-N-methylcanadine, as seferenced in FIG, 7. FEG. 7 ilhustrates a biosyathetic scheme for

conversion of canadine to noscaping, in accordance with sore embodiments of the invention. The
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engineerad host cell may be meodified to include constitutive expression of the AT1 gene in the engineered
host cell. Additionally or alternatively, the engineered host cell may be modified o synthetically regulate
the expression of the AT1 gene in the engincered host cell. In some examples, the engineered host cell
may be modified to incorporaie a copy, copies, or additional copies, of the AT gene. Additionally or
alternatively, the engincered host cell may be modified to incorporate the introduction of a strong
promoter clement for the overexpression of the AT1 gene within the engincered host cell. [n some cases,
the AT] gene may be codon optimized for expression in Saccharomyces cerevisiae. The AT gene may
be derived from F. somniferum, Papaver spp, Plantago arenaria, Ravwelfia heterophyila, Adiumia
Jungosa, Hydrastis Canadensis, Stvlomecon heterophyile, Hypecoum leptocarpun, Dactylicaprios
torulosa, Glancium flovum, Berberis lawrinag, B. Vilgaris, Corvdalis spp, Fumaria spp, Dactylicapnos
spp. or another species.

[80602] [CXFEL or CXE2] In some examples, the engincered host cell may modify the expression of the
cnzyine narcotinchemiacetal svnthase. Narcotinehemiacctal synthase is encoded by the CXE1 gene. The
enryme encoded by the CXEZ gene can also fanction as a narcotinchemiacetal synthase. In some
examples, narcotinehemiacetal synthase catalyzes the reaction of 4°-O-desmethyl-3-O-acetylpapaveroxine
-> parcotolinchemiacetal and 3-O-acetylpapaveroxine - narcotinehemiacetal, as referenced in FIG. 7.
The engincered host cell may be modified to include constitutive expression of the CXE1 or CXEZ gene
in the engincered host cefl. Additionally or alternatively, the engineered host cell may be modified to
synthetically regulate the expression of the CXE1 or CXE2 gene in the eogineered host cell. In some
examples, the engincered host cell may be modified to incorporaie a copy, copics, or additional copies, of
the CXE] or CXE2 gene. Additionally or alternatively, the engincered host cell may be rodified to
wcorporate the introduction of a strong promoter element for the overexpression of the CXE] or CXE2
zene within the engineered host cell. In some cases, the CXT1 or CXEZ gene may be codon optimized
for expression in Succharomyces cerevisiae. The CXE} or CXE2 gene may be derived from P
sommniferum, Papaver spp, Plantago arenaria, Rouwolfia heteropiyvila, Adiumio fungosa, Hydrastis
Canadensis, Stylomecon heterophylia, Hvpecoum leptocarpum, Dactviicapnos rorulosa, Gloucium
Javum, Berberis lauring, B. Vulgaris, Corydalis spp, Fumaria spp, Dactvlicapnos spp, or another species.
[60683] [SDR1] In some cxamples, the enginecred host cell may modify the expression of the enzyme
noscapine synthase. Noscapine svithase is encoded by the SDR1 gene. In some examples, noscapine
synthase catalyzes the reaction of narcotolineheniacetal = narcotoline, as referenced in FIG. 7.
Additionally, noscapine synthase catalyzes the reaction of narcotinehemiacetal - noscapine. The
engineered host cell may be medified to include constitutive expression of the SDRI gene in the
cngineered host cell. Additionally or alternatively, the engineered host cell may be modified to
synthetically regulate the expression of the SPR1T gene 1o the engincerad bost cell. In some examples, the
enginecred host cell may be medified to incorporate a copy, copies, or additional copics, of the SDR1
gene. Additionally or alternatively, the engineered host cell may be modified to incorporate the
introduction of a strong promoter clement for the overexpression of the SDR1 gene within the engincered

hast cell. In some cases, the SDR1 gene may be codon optlimized for expression in Saccharomyces
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cevevisicge. The SDRE1 gene may be derived from 2. sommniferum, Fapaver spp, FPlantago arenaria,
Rawwolfia heterophvila, Adlumia fungosa, Hydrastis Canadensis, Stvlomecon heterophylia, Hypecowmn
leptocarpum, Dactviicapnos forulosa, Glaucium flavum, Berberis laurina, B. Vulgaris, Corydalis spp,
Fumaria spp, Dactylicapnos spp, or another specics.

(606047 [MT2 and MT3] In some cxamples, the engineered host cell may modify the expression of the
erzyoe narcotoline 47-O-methylase. Narcotoline 47-C-methylase is a heterodimer formed by the -
methyltransferase monomer encoded by the MT2 and MT3 genes. In some examples, satcotoline 47-0-
methylase catalyzes the waction of narcotoline -2 poscapine, as referenced in FIG. 7. Additionally,
narcotoline 4°-C-oethylase catalyzes the reaction of narcotolinenchemiacetal 2 narcotinchemiacetal and
4 -C-desmethy -3 -Cacetylpapaveroxine = 3-O-acetylpapaveroxine. The engincered host cell may be
modificd to inchide constitutive expression of the MTZ and MT3 genes in the enginecred host cell.
Additionally or alternatively, the engineered host cell may be modified to synthetically regulate the
expression of the MT2 and MT3 genes in the enginecred host cell. In some examples, the engineered host
cell may be modified to incorporate a copy, copices, or additional copies, of the MT2 and MT3 genes.
Additionally or alternatively, the enginecred host cell may be modified to incorporate the introduction of a
strong promoter element for the overexpression of the MT2 and MT3 genes within the engincered host
cell. In some cases, the MT2 and MT3 genes may be codon optimized for expression in Saccharomyces
cerevisicge. The MT2 and MT3 genes may be dertved from P, somniferum, Papaver spp, Fumaria
parviflora, Plantago arenaria, Rauwolfia heteropinlia, or another spocies.

[80605) [meoraA} In some examples, the engincered host cell may moddy the expression of the ¢nzyme
morphine dehydrogenase. Morphioe dehydrogenase is encoded by the morA gene. 1o sorme examples,
morphine debydrogenase catalyzes the reaction of morphine - morphinone, as referenced in FIG. 4. In
other examples, morphine dehydrogenase catalyzes the reaction of codeinone - codeine, also as
refereniced in FIG. 4. FIG, 4 illostrates a biosynthetic scheme for production of semi-synthetic opiads, in
accordance with some embodiments of the invention. In particular, FIG, 4 illustrates extended
transformations of thebaine in veast by incorporating morA, morphine dehyvdrogenase; and morB,
morphine reductase.

(806861 The engincered host cell may be modified to include constitutive expression of the morA gene
in the engineered host cell. Additionally or alternatively, the engincered host cell may be modified to
synthetically regulate the expression of the morA gene in the engincered host cell. In some examples, the
engincered host cell may be meodified to incorporate a copy, copics, or additional copies, of the morA
gene. Additionally or altermatively, the engineered host cell may be modified to incorporate the
introduction of a strong promoter clement for the overexpression of the morA gene within the enginecred
bast cell. In sonwe cases, the morA gene may be codon optimized for expression i Saccharomyces
cerevisice. The morA gepe may be denved from Psendomonas putida or another species.

[60607]  morB] In some exaraples, the engincered host ccll may modify the expression of the cnzyme
morphinene reductase. Morphinone redactase s encoded by the morB gene. In sonx examples,

morphinone redactase catalyzes the meaction of codeinone —» hydrocodone, as referenced in FIG, 4. In
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other examples, morphinone reductase catalvzes the reaction of morphinone -2 hydromorphone | also as
referenced in FIG. 4. In other examples, morphinone reductase catalyzes the reaction 14-
hydroxvcadeinone - oxycodone. The engincered host cell may be modified to include constitutive
expression of the motB gerne in the engineered host cell. Additionally or alternatively, the engineered host
ceil may be modified to synthetically regulate the expression of the morB gene in the engincered host cell.
In some examples, the engineered host cell mav be modified to incorporate a copy, copies, or additional
copies, of the morB gene. Additionally ot alternatively, the engincerad host cell may be modified to
incorporate the introduction of a strong promoter clement for the overexpression of the worB gene within
the engineered bost cell. In sonwe cases, the moB gene may be codon optirnized for expression in
Saccharomyces cerevisiae. The motB gene may be derived from Psendomonas putida or another species.
[60608] [CYPBBA1Y Insome examples, the enginecred host cell may express the enzyme berbamuning
synthase. Berbamunine synthase is encoded by the gene for cytochrome P450 enzyme 80A1 (CYPBGAL).
In some examples, CYPR0AT catalyzes the reaction (S)-N-methyicoclarine + (R)-N-methylcoclaurine -2
berbamunine, as referenced in FIG. 10, In other examples, CYPS80A1 catalyzes the reaction (R)-V-
methylcoclanring + (R)-N-methylcoclavrine -2 guatteganmerine, as referenced in FEG. 10, In other
cxamples, CYPSUAT catalyzes the reaction (R)-N-methylcoclaurine + (S)-coclauring >

2 norberbamunine. The enginecred host cell may be modified o include constitutive expression of the
CYPBOAT gene in the engincered host cell. Additionally or alternatively, the engincered host cell may be
madified to svnthetically regulate the expression of the CYP80OAT gene in the engineered bost cell. In
some examples, the engiocered host cell may be modified to 1ocorporate a copy, copies, or additional
copies, of the CYP8UATL gepe. Additionally or alternatively, the engioeered host cell may be modified to
1corporate the introduction of a strong promoter element for the overexpression of the CYP8GAT gene
within the enginecred host cell. In some cases, the CYP8GAT gene may be codon optimized for expression
1 Saccharomyces cerevisiae. The CYPS8OAT gene may be derived from Berberis stolonifera or another
species.

[60689] [PODA] In some example, the engineered host cell may express the enzyme protopine O-
deallcvlase. Protopine O-dealkylase is encoded by the gene PODA. In some examples, PODA catalyzes
the O,0-demethylation of protoberberines and protopines such as canadine, stvlopineg, berberine,
crypiopine, allocrypiopine, and protopine. In some examples, PODA catalyzes the O-demethylation of
BlAs including tetrahydropapavenne, tetrahydropalmatine, and cryptopine. The engincered host coll may
be modified to include constitutive expression of the PODA gene in the enginecred host cell.

Additionally or aliernatively, the engineered host cell may be modified to syntbetically regulate the
expression of the PODA gene tn the enginecered host cell. I some examples, the engineered host cell may
be modificd to incorporate a copy, copies, or additional copies, of the PODA gene. Additionally or
alternatively, the engineerad host cell may be modified to incorporate the introduction of a strong
promoter element for the overexpression of the PODA gene within the engineered host cell. Insome
cases, the PODIA gene may be codon optimized {or expression in Saccharomyces cevevisice. The PODA

gene may be denved from Papaver somniferunm or other specics.
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[00610] [RNMT] In some examples, the engineered host cell may modily the expression of the enzyme
Reticuline N-methvitransferase. Reticuline N-methyhransierase is encoded by the RNMT gene. Insome
examples, Reticnline N-methvliransferase may catalyzo reactions such as reticuling—tembetarine, among
other reactions.

[00611] [P7OMT] In some examples, the engineered host cell may modify the expression of the
erzyme Papavenne 7-0O-demethylase. Papaverine 7-O-demethyviase is encoded by the PTOMT gene. In
some examples, Papaverine 7-O-demethylase mav catalyze reactions such as papaverine—pacodine,
among other reactions.

(6063121 [30DBM] Insome examples, the enginecred host cell may modify the expression of the enzyme
3-O-demethylase. 3-O-demethylase is encoded by the 30DM gene. 1o some examples, 3-O-demethylase
may catalyze reactions such as oxycodone—oxymorphone, hydrocodone—hydrormorphone;
dibydrocodeine—dibyvdromorphing; 14-hydroxycodeine— 14-hydroxymorphing;
codeinone—morphinone; and 14-hydroxycodeinone—14-hydroxymorphinone, among other reactions.
[00613] INDM] In some examples, the enginecred host cell may modify the expression of the enzyme
N-demethylase. N-demethylase is encoded by the NDM gene. In some examples, N-demethyiase may
catalyze reactions, such as Codeine—MNorcodeine; Morphine—Normorphine;
Uxyeodone-—NMNoroxycodone; Oxyvmorphone-—+Noroxymorphone; Thebaine— Northebaine;
Uripavine—Nororipavine, Hydrocodone—Norhvdrocodone; Hydromorphone—Norhydromorphone;
Dihydrocodeine—Nordihydrocodeine; Dibydromorphine-—Nordihydromorphine; 14-
hvdroxycodeine—Nor-{4-hydroxyeodeine; 14-bydroxymorphine—Nor-14-hvdroxymorpbine;
Codeinone—Noteodeinone; Morphinone—Normorphinone; {4-hyvdroxycodeinone—Nort-4-
hydroxycodeinone; and 14-hydroxymorphinone—Nor-14-hydroxymorphinene. among other reactions.
(80614} [NMT] In some cxamples, the engincered host cell may modify the expression of the enzyme
N-methyliragsferase. N-methyltransferase is encoded by the NMT gene. In some examples, N~
methyhtransferase may catalyze reactions, such as Norcodeine—codeine; Normorphine—morphine;
Noroxycodone—oxycodone; Noroxymorphone—noroxymorphone; Northebaine—thebaine;
Nororipavine—oripavine; Norhydrocodone—hydiocodone; Norhydromorphone— Hydromorphone;
Nordihydrocodeine— Dihyvdrocodeine; Nordihvdromorphine— Dihvdromorphine; Nor-14-
hydroxycodeine— 14-hydroxyeodeine; Nor-14-hydroxymorphine— 14-hydroxymorphing;
Norcodeineone— Codeineone; Nonmorphinone— Morphinone; Nor-14-hydroxy-codeinone— 14-
hydroxycodeinone; Nor-i4-hydroxy-morphinone— 14-hydroxymorphinone.

[63635] [MAT] Io some examples, the engincered host cell may modify the expression of the enzyre V-
allvliransferase. N-allyliransferasc is encoded by the NAT gene. In some examples, N-allvlixansferase
may catalyze reactions, such as Norcodeine—N-altyl-norcodeine; Nommorphine—N-allyl-normorphine;
MNoroxycodone—N-allyl-noroxycodone; Noroxymorphone—N-allyl-norsoroxy morphone;
MNorthebarne—N-allyb-northebaine; Nororipavine—N-allyl-nororipavine; Nothydrocoedone—N-allyl-
narbyvdrocodone; Norhydromorphone— N-allyl-norhvdromorphone;, Nordihydrocodeine— N-allyl-

nardibvdrocadeine, Nordihydromorphine— N-allyl-nordibydromorphine; Nor-14-hydroxycodeine— N-
~142-



WO 2022/109194 PCT/US2021/059980

allyl-nor-14-hydroxvcodeme; Nor-14-hyvdroxymorphine— Neallvl-nor-14-hyvdroxymorphine;
Norcodeineone— N-allyl-norcodeineone; Normorphinone— N-allyl-normorphinone; Nor-14-hyvdroxy-
codeinonc—> N-allvl-nor-14-hydroxycodeinone; Nor-14-hydroxy-morphinone-— N-allyl-nor-14-
hydroxymorphinone, among other reactions.

[80616] [CPMT] Insome examples, the engincered host cell may modify the expression of the enzyme
N-cyclopropylmethyltranserase. N-cyclopropyvimethyliranserase is encoded by the CPMT gene. In some
exaraples, N-cyclopropylmethyitransferase may catalyze reactions, such as
Norcodeine—N{cyclopropylmethylnorcodeine; Noroorphine—N{cyclopropylmethyl) normorphine;
Noroxycodone—N(cvciopropyloethyl) noxyendone; Noroxymorphone—N(cyclopropylmethyl)
pornoroxymorphone; Northebaine—N{cyclopropylmethyl) northebaine;
Noronpavine—N{cyclopropylmethyl) noronipaving; Norhydrocodone—N{cyclopropy imethy1)
norhyvdrocodone; Norhydromorphone— N{cyclopropylmethy Dnorhydromorphone; Nordihydrocodeine—
N{eyclopropyimethyDnordihyvdrocodeine; Nordihydromorphine—

N{eyclopropylmethy Unordihydromorphine; Nor-14-hydroxyeodeine— N{cyclopropylmethylnor-14-
hvdroxycodeine; Nor-14-hydroxvinorphine— N{cvclopropylmethvDnor-14-hydroxymorphine;
Norcadeincone— N{cvclopropylmethyDnorcodeineone; Normorphinone—
Nicyclopropyimethylnormorphinone; Nor-14-hydroxy~codeinone— N{cyclopropyvimethylinor-14-
hvdroxycodeinone; and Nor-14-hydroxy-morphinone— N{cvclopropyimethvnor-14-
hvdroxymompbinone, among other reactions.

(866177 [BM3] In some examples, the enginecred host cell may express the enzyme BM3. BM3 isa
Baciltus megaterium cytochrome P450 jovolved infatty acid rooncoxygenation in #s native host. Insome
cases BM3 N-demethylates an opicid to produce a nor-opicid. In some cases the host cell is modified to
express BM3 1p addition {0 other heterologous envymes for the production of a nal-opiotd or nor-opioid.
The enginecred host cell may be modified to 1nclude constitutive expression of the BM3 gene 1n the
engineered host cell. Additionally or alternanvely, the engingered host cell may be modified to
svnthetically regulate the expression of the BM3 gene in the engineered host cefl. In some examples, the
engineered host cell may be medified to incorporate a copy, copies, or additional copies, of the BM3
gene. Additionally or alternatively, the enginecred host cell may be modificd to incorporate the
introduction of a strong promaier eferment for the overexpression of the BM3 gene within the engineered
host cell. BM3 has several advantages as a biosynthetic enzyme including that it is soluble, comes with a
fused reductase pariner protein, and can readily be engincered o accept new substrates. Additionally,
Table 9 dhustrates varants of BM3 N-demethylases.

[60638] Examples of the aforementioned genes can be expressed from a nurnber of different platfonms
in the hast cell, includiog plasoud g, ARS/CEN), YAC, or genome. In addition, examples of the
aforementioned gene sequences can either be native or codon optimized for expression in the desired

heterologous host {e.g., Succharomyees cerevisiae).
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EXAMPLES
[60619] The following examples are given for the purpose of illustrating various some embodiments of
the invention and arc not meant to limit the invention in any fashion. Where indicated, expression
constructs are understood o incorporate a suitable promater, gene, and terminator, even if the exact
terminator sequence used is not specified. The present examples, along with the methods described hercin
are presently representative of preferred embodiments, are exemplary, and are not intended as limitations
on the scope of the twestion. Changes therein and other uses which are enconpassed withio the spirit of

the invention as defined by the scope of the claims will occur to those skilled in the art.

Example 1: Bivinformatic identification of enzymes for morphinan allaloid production

(606201 The OneKP (Matasci N et al. 2014, Data access for the 1,000 Plants (1KP) project. (Gigascience
3:17) and plant transcriptore database was queried with amino acid sequences of representative vanands
from each of the hypothesized classes of enzymes. To particular, the Papaver genus, which includes many
plant species that produce benzylisoguinoline alkaloids of interest, were searched. The list of candidate
sequences from these plants were narrowed down using an e-value cutoff of 107 to the representative
sequence. For some candidates, the complete sequence was not present in the assembled transcriptong. In

these cases, the sequence was completed using raw sequencing reads.

Example 2: Flatform yeast sivains engincered to produce (S)-veficuline from glucose and simple
nitrogen sources

[#3621] A platfonm yeast strain that produces the significant branch point BIA intermediate (S)-
reticuline from L-tyrosine was constructed (FIG. 19}, Specifically, four mulii-gene expression constncts
were mtegrated into the genome of a veast strain. The composition of the four constructs is indicated in
FIG. 18, Each construct is comprised of 4 or 5 genes expressed from veast promoters. Genes are
positioned at each locus as complete expression cassctics comprising a promoter, gene open reading
frame, and terminator as specified in the annotations above the schematic. The schematic shows the
orientation of cach expression cassetic by the diroction of the arrow representing a given gene. Seloctable
markers are italicized in the anootation and represented by grey artows 1o the schematic. Each selection
marker is flanked by loxP sites to allow removal of the marker from the locus. Additicsally, cach
constract bas a selectable marker flanked by loxP sites so that it can be rereoved by Cre recombinase.
(866221 In the first imtegration construct, four heterologous gencs from Rattus norvegicus are indegrated
wto the YBRIS7C locus together with a G418 selection marker (KandfX). RaPTES, RuSepR, RuPCD, and
RuQDHPR are requited to synthesize and regencrale tetrahydrobiopterin (BHy) from the veast
endogenous folate synthesis pathway as indicated in FEG. 2. Each gene is codon optimized for expression
i yeast.

(866231 In the second integration construct, four heterologous gences are infegrated into the 77753 locus
together with the HISS selection marker. Raftus norvegicus tyrosine hydroxylase (Rulyrfi) converis
tyrosine to L-DOPA using the cosubstrate BH, generated by the preceding integration construct. The
RuTyrii gene can be any of the wild-type or improved nwtants which confer enhanced activity (e g.,
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WI60Y, R37E, and R38E). A second Rottus norvegicus gene, RnDHFR, encodes an enzyme that reduces
dihvdrobiopterin (an oxidation product of BHy) to BHy, in this way increasing the availability of this
cosubstrate. Also included in the third construct is PpDODC from Fseudomaonas pufida, an coryine that
converts L-DOPA 1o dopamine. The fourth enzyme is CiNCS from Coptis japonica, which condenses 4-
HPA and dopamine to make norcoclaurine. Each geng is codon optimized for expression in veast.
(006241  In the third integration construct, five heterclogous genes from plants and the LET 2 selection
marker are integrated inio the locus YDRS4C, Ps6OMT, Ps4 OMT, and PsCNMT arc methyltransferascs
from Papaver somniferim and ate expressed as native plant nucleotide sequences. A fouath 2. somniferum
gene, yPsCPRv2, is codon optimized for veast and encodes a reductase that supports the activity of a
cytochrome P450 from Fschscholzia californica, FeCYPSOAL The enzymes encoded in this construct
perform two O-methylations, an N-methyvlation, and a hydroxylation to produce reticuline from the
norcoclaurine produced by the preceding integration construct. Each gene is codon optimized for
expression in yeast.

[00625] In the final integration construct, additional copices of Saccharomyces cerevisiae endogenous
genes AROD4C1PK 4ROG7 X TYRIE and AROIO are integrated into the ARO4 focus together with a
hygromycin resistance selection marker, 4RO YN and ARO7 7% gre feedback-resistant nutants of
AR0O4 and ARO7 which cach encode a single base pair substitution relative to the wild-type sequence.
TYRI and AROI0 are identical to the native yeast genes, but are expressed behind strong promoters,
Arodp and Ara7p are enzyraes in the blosynthesis of aromatic amino acids including tyrosine. Removing
feedback inhibition from these cnzymes results in upregulation of cndogenous tyrosice biosynthesis.
Overexpression of Tyrlp upregulates tyrosios biosynthesis and thus production of tyrosioe.
Overexpression of Arol0p increases the production of 4-HFPA.

(806261 Platform yeast strains can be constracted with any number of the four expression cassetics.
sSpecifically, platform veast strains were constructed with integration constructs -4 and integration
constructs 1-3, In the latter strain in which the tyrosine over-prodoction construct {(construct 4) is
excluded, additional tyrosine may be supplied in the culture medivim o support the biosynthesis of
reticuline. Additional genetic modifications mayv be incorporated nto the platform strains to support
production of downstream BlAs and increased flux to BIA biosynthesis.

(066271 The veast strains were grown in synthetic complete media with the appropriated anuno acid
drop out solution at 28 °C. BIA metabolites in the media supernatant were analyzed after 48 and 96 hours

of growth by LO-MS/MS analysis.

Example 3: Platform yeast strains engineered to produce thebaine from glucose and simple nitrogen
sources

[B0628]  Yeast strains can be engineered for the production of the morpbinan alkaloid thebaige from
carty precursors such as tyrosine, As an example, the platforo yeast straing descrbed in Example 2 can

be further engincered to produce the morphinan alkaloid products from L-tyrosine (FIG, 28}
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[60629] The platform veast strain producing (Si-reticuline from L~tyrosine (see description in Example
23 was further engincered 1o incorporate an engineered split epimerase DRS-DRE, an engincered
salutaridine svnthase, salutaridine reductase, salutaridine] acetyftransferase, and thebaine synthase to
convert the biosynthesized () ~reticuling to the first morphinan alkaloid thebaine (FI1G, 4). Thiee
expression cassettes (Prom vfcCES o ayPhSS % Prpy-vPbSalR, Pror-vPsSaiAT) were assenibled into
an infegration construct with a URA3 selective marker and integrated into the locus TRP1 in the platform
yeast strain. An additional three expression casseties (PropayPoDRS, Pros-vPEDRR, Ppax -yPsTS) were
assembled inte an integration construct with a 4/eR selective marker and integrated into the locus
YPL2Z50CA tnthe platform veast strain. The composition of the two counsteucts is indicated in FI1G. 26,
[60638] The yeast strains hathoring the intcgrated cassettes were grown in synthetic complete media
with the appropriated drop out sohution at 28 °C. Aficr 96 hours of growth, the media was analyzed for

BiA metabolites by LC-MS/MS analysis.

Example 4: Yeast strains engineered to produce downstream morphinan afkaloids from glucose and
simple nifrogen sources

(806331 Yeast strains can be enginecred for the production of the downstream morphinan alkaloids from
carly precursors such as tyrosine. As an example, the platform veast strains descnibed in Example 3 can
be further engincered to produce the downstream morphinan alkaloid products from L-tyrosine (FEG, 4).
[60632] The platform veast strain producing thebaine from L-tyrosine (sec description in Example 3)
was further engineered to incorpornate thebaine 6-C-demethylase, neopinone isomerase, codeinone
reductase, and codeinone-O-demethylase to convert the biosynthesized thebaine to the downstream
morphinan alkaloids including morphine (FiG. 28). Four expression casseties (Popo-TGODM, Prog-COR,
PapnCODM, Proy-yPsNFPLY were directly assembled with a KandX selective marker and integrated 1nto
the HOAlocus n the thebaine platform veast strain to create a momhine-produciog yeast strain {Thodey
et al,, 2014). Three expression cassettes (Popo-T00DM, Prox-COR, Preg-vPsNPT were directly
assexrnbled with a KandiX selective marker and integrated into the HOA locus o the thebaine platform
yeast strain 1o create a codeine~-producing yeast strain.

[00633] The yeast straing harboring the integrated cassettes were grown in synthetic complete media
with the appropriated drop out solution at 28 °C. After 96 hours of growth, the media was analyzed for

BIA metabolites by LC-MS/MS apalysis.

Example 5: Yeast strains engineered to produce semi-synthetic opioids from glucose and simple
nitrogen sources
[63634] Yeast strains can be eogineered for the production of the downstrean semi-synthetic morphinan
alkaloids from early precursors such as tyrosine. As an example, the veast strains descnbed in Examples
3 and 4 can be further enginecred to produce the semi-synthetic opioid products from L-tyrosine (FIG. 4).
[#3635] The yeast strains producing thebaine from L-tyrosine (sce description in Examples 3 and 4)
were further enginecred o incorporate thebaine 6-O-demethylase, neopinone isomerase, and morphinone
reductase to convert the biosynthesized thebaine to the semi-synthetic morphinan alkaloid hydrocodone
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(FEG. 28). Three expression cassettes (Popp~T60UDM, Ppor-maors, Preu-yPsNP were directly assembled
with a KanddX selective marker and tegrated into the HOA4 locus in the thebaine platform yeast strain to
create a hydrocodone-producing yeast strain (Thodey et al, 2014).

[B063¢] The yeast strains harboring the Udegrated casseties were grown in syothetic complete media
with the appropriated drop out solution at 28 °C. After 96 hours of growth, the media was analyzed for

BIA metabolites by LC-MS/MS apalysis.

Example 6: Production of downstream morphinan alkaloids from giucose and simple nitrogen sources
vig engincered yeast strains

[60637] Yeast strains were engincered as described in Examples 2, 3, and 4 {o produce the downstream
morphinan alkaloids codeine and morphine duectly from siraple sugars (e.g., glacose) and nitrogen
sources present 1o stasdard growth media. Specifically, a CEN. P strain of Saccharomyces cerevisiae
was engineerad to express the following heterologous cnzymes via integration into the veast chromosome:
TyiH, DODC, PTES, SepR, PCD, QDHPR, NCS, 6OMT, ONMT, CYP80B1, CPR, 40MT, DRS, DRR,
SalSyn, SalR, SalAT, T8, TeUDM, COR (vanant 1.3, SEQ ID NO. 87). A version of this yeast strain was
also engineered to express CODM via integration into the veast chromosome. In this example, the SalSyn
cnzyroe is engincered to have s leader sequence replaced with 83 amino acids from the N-erminus of
Fschschoizia californica chelanthifoline syunthase (EcCFS). Additional modifications were made to the
strain fo increasc BIA precursor accummnlation, including: overexpression of AROLU, overexpression of
TYR1, expression of a feedback resistant ARO4 (AROD4Y), and expression of a feedback resistant
ARGT (ARCTY Separate enginecred veast sirains were made as described, harboring different
variants of enzymes epcoding neopinone isomerase aclivity (NP, including SEQ ID NO. 83, whichis a
variant of SEG ID NG, 82 with a N-terminal truncation of the first 18 amino acids (L.e., NFI (truncated)),
and no necpinone isomerase enzyme (codeine-producing stratre YAL033; morphine-prodacing strain:
YA1022). The sequences of the enzyme variants are provided in Table 3.

[80638] The described veast strains were inoculated nto 2 mi of synthetic complete media (yeast
pitrogen base and amino acids) with 2% ghicose and grown for approximately 4 howss at 28°C. Then, 10
ul. of each culture was transferred 1o 400 ul of fresh media in a 96-well plate in replicates of 4 and grown
for an additional 48 hours at 287C. The production media contains 1% veast nifrogen broth and amino
acids, 20 oM ascorbic acid, 300 mg/L tyrosioe, 40 g/t maltodextrin, and 2 wnits/L amylase. The amylase
is used to mimic a fed-batch process and gradually releases glucose from maltodextrin polymer so that the
yeast can use it as a carbon source. The cells were separated from the media by centrifugation, and
thebaine concentration was measured directly in the supematant by LC-MS/MS analysis.

[00639] Engincered codeine-produacing veast strains produced thebaine, codeine, and other
benzylisoquinoline alkaloids from glucose and simple nitrogen sources present in the growth media (FIG.
21A). Engincered morphine-producing yeast strains produced thebaine, codeine, morphine, and other
benzylisoquinoline alkaloids from ghicose and simple nitrogen sources present in the growth media (FIG.

I1B).
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Example 7: Production of downsiream semi-synthetic opioids from glucose and simple nitrogen
sources vig engineered yeast strains

(006401  Yeast strains were engineered as described in Examples 2, 3, 4, and 5 1o produce the
downstream semi~synthetic opioid hvdrocodone directly from simple sugars {e.g., glucose) and nitrogen
sources present in standard growth media. Specifically, a CEN.PK stmin of Saccharomyces cerevisiae

was engincered to express the following heterologous enzymes via integration into the yeast chromosome:

SalSvn, SalR, SalAT, TS, TeODM, morB. Inthis exaraple, the SalSyn enzyme is engineered to have uis
leader sequence replaced with 83 amino acids from the N-terminus of Fschscholzia californica
chelanthifoline synthase (EcCEFS). Additional modifications were made to the strain to increase BIA
precursor accurmiation, inchiding: overexpression of ARG, overexpression of TYRUY, expressionof a
feedback resistant ARO4 (ARG4Y™), and expression of a feedback resistant ARO7 (ARQ7V4Y,
Separate engincered yeast strains were made as descnibed, harboring different variants of enzyvmes
cncoding neopinone isomerase activity (NP, inclading SEQ 1D NO. 34 (e, NPI (full-length)) and SEQ
ID NO. 55, which is a variant of SEQ 1D NGO, 36 with a N-terminal truncation of the first 18 amino acids
(i.c., NPI (truncated)), and no neopinone isomerase cnzyme { Y A1046). The sequences of the enzyme
variants are provided in Table 3.

[00641] The described veast strains were inoculated into 2 o of synthetic complete media (veast
nitrogen base and amine acids) with 2% glucose and grown for approximately 4 hours at 28°C. Then, 10
uL of each culture was transferred to 400 ul. of fiesh media in a 96-well plate i replicates of 4 and grown
for an additional 48 hours at 28°C. The production media contains 1x yeast nitrogen broth and amino
acids, 20 mM ascorbic acid, 300 mg/L tyrosing, 40 g/b maltodextrin, and 2 units/L amylase. The amylase
15 ased to mimic a fed-batch process and gradually releases ghuicose from maltodextrin polvmer so that the
veast can use it as a carbon source. The cells wore separated from the media by contrifugation, and
thebaine concentration was measured directly in the supematant by LC-MS/MS analysis.

(606421 Engincered hvdrocodone-producing yeast strains produced thebaine, hyvdrocodone, and other
beazylisoquioline alkaloids from glucose and simple nitrogen sources present i the growth oedia (FIG.

218y

Example 8: Microbial strains enginecred to produce O-demethylated opicid compounds from ghicose
and simple nitrogen sources

(606437 Envymes listed in Table 11 that displayed O-demethvlase activity on swrphinan alkaloids,
were incorporated 1ato a microbial strain (either Saccharomvees cevevisiae ot Fscherichia coliy which
biosynthesizes morphinan alkaloids de novo (as descrbed in Examples 3, 4, and 5). The complete BIA
biosynthetic pathway uses L-tyrosing produced by the host cell and/or supplemented 1o the culture
medinm. Two molecules of tyrosine are modified and condensed to form the first benzylisoguinoline
strocture, which may be either norcoclaurine or norlaudancsoline. The benzylisoquinoline is further

modified to form (S)-reticuline and then stereochemically inverted by the activity of an epimierase enzyme
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to vicld (y-reticuhine. (R)-reticuline undergoes a carbon-carbon coupling reaction to form the first
promorphinan, sahuaridine, and s further modified before undergoing an oxygen-carbon coupling
reaction catafyzed by a thebaine synthase to arrive at the first morphinan alkaloid structure, thebaine (see
FiG. 4). Table 11 lists enzymes and activities in the corplete pathway.

(006441 FIG. 6 illustrates a biosynthesis scheme in a nucrobial cell, in accordance with some
crnbodiments of the tnvention. Tyrosine produced endogenousty by the cell and/or supplied in the culture
mediun is convered o oxyoodone (broken arrows represent multiple enzymatic steps). The oxycodone is
then 3-O-demethylated to oxymorphone and N-demethylated 1o noroxymorphone. Finally, an N-
methyliransferase accepts allyl and cvclopropyimethyl carbon moteties frorn SAM analogues to produce
naloxone and naltrexone, respectively.

[60645] To detect O-demcthylase activity in strains producing morphinan atkaloid molecules, cells
expressing candidate ensymes, cither from plasmid vectors or chromosomally-integrated casseties, were
propagated by fermentation and cell supernatants were collected (o analyze the total opioid profile (as
described above). O-demethviation of opioid molecules in strains harboring the complete BIA pathway
was detected by LC-MS (as descnibed above). Specifically, the conversion of oxycodone to oxvmorphone
was detected. To detoct U-demcthyiation activity via biocatalysis, strains were cultured in selective
medinm and then lysed by glass bead disruption. Cell Tysates were supplied exogenously with opioid
substrates (sec FIG. 11 and 12), and other cofactors necessary for enzyme function. O-demethylation of

opicid molecules was detected by LC-MS.

Example 9: Microbial strains engineered to produce N-demethylated opioid compounds from glucose
and simple nitrogen sources

[00646] Enzymes listed in Table 13, that displaved V-demethylase activity on morphinan alkaloids,
were incorporated into a nucrobial steain (either Saccharomyces cerevisice or Fscherichia coliy which
biosyathesizes rorphinan alkaloids de novo (as described 1o Examples 3, 4, and 5). The complete BIA
biosynthetic pathhway uses L-tyrosine produced by the bost cell and/or supplemenied in the culture
mediurm. Two molecales of tyrosine are modified and condensed to form the first benzylisoquinoling
structore which may be cither norcoclapnne or aorlaudancsoline. The bepzylisoquinohine is further
modified to form (S)-reticuline and then stereochemically tnverted by the activity of an epimerase enzyme
to vicld (y-reticuhine. (R)-reticuline undergoes a carbon-carbon coupling reaction to form the first
promorphinan, sahuaridine, and s further modified before undergoing an oxygen-carbon coupling
reaction catalyzed by a thebaine synthase to armve at the {irst morplunan alkaloid stracture, thebaine (see
FiG. 4). Table 11 lists cnzymes and activitics in the complete pathway.

[60647)  To detect N-demethylase activity in strains producing morphinan alkaloid molecules, celis
expressing candidate cnzymes, either from plasmid vectors or chromosomally-integrated cassettes, were
propagated by fermentation and celi supermatants were collected o analyze the total opioid profie (as
described above). N-demethylation of opioid molecules in strains barboring the complete BIA pathway

was detected by LOC-MS (as descabed above). Specifically, the conversion of oxymorphone to
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noroxymorphone was detected. To detect N-demethyiation activity via biocatalysis, strains were coltured
i selective medium and then Ivsed by glass bead disruption. Cell lysates were supplicd exogenously with
opioid substrates (see FiGs. 13}, and other cofactors necessary for enzyme function. N-demethylation of

opioid molecules was detected by LC-MS.

Example 10: Microbial strains engineered to produce nal-opicid compounds from gliucose and sinmple
nitrogen sources

[00648] Enrzymes listed in Table 14, that displayed MN-methylase activity on morphinan alkaloids, were
incorporated irto a microbial strain (either Saccharomyces cerevisice or Escherichia coliy which
biosvynthesizes morphinan alkaloids de novo (as described in Examples 3, 4, and 5). FIG. 6 shows an
cxaraple of the complete reaction scherne from the precursor molecule thebaine to the final pal-opioid
compounds naloxoee and palteexone. These strains additionally express enzymes from Examples § and 9
and Table 11, that arc responsible for generating sor-opioid compeounds from the complete BIA pathway.
N-methylase enzymes were also expressed in a microbial strain (either Cen PK2 for S cerevisios or BL2Z1
for . coli, for examaple) lacking the biosynthetic pathway, to generate a strain that is capable of
biocatalysis of several different exogenously -supplied substrate molecnles. The complete BIA
biosynthetic pathway uses tyrosine produced by the host cell and/or supplemented in the cultvre medium.
Two molecules of tyrosine are modified and condensed to form the first benzylisoquinoline structure
which may be either norcoclaurine or norlandanoseline. The benzylisoguinohine is further modified to
form (S)-reticuline and then stereochenucally inverted by the activity of an epimerase enzyme to vicld
(R)-reticuline. (R)-reticuline undergoes a carbon~-carbon coupling reaction to form the first promorphinan,
salutaridine, and is further modified before undergoing an oxygen-~-carbon coupling reaction catalvred by a
thebaine synthase to arrive at the first morphinan alkaloid structure, thebaine (sce FIG. 4). Table 11 lists
cozyraes and activities in the complete pathway.

[30649] To detect N-modifying activity o strains with the complete BIA pathway to nor-opicids (see
FIG. 63, cells expressing candidate enzymes weie propagated by fermentation (as described above) and
weubated with SAM or SAM analogs, such as those listed in FIG, 18, Enwvymatic modification of nor-
opicid or other BIA molecules in strains harboring the complete BIA pathway was detected in
supernatants by LC-MS {as described above). To detect N-modifyving activity via biocatalysis, strains
were cultured in selective medium and then lysed by glass bead disruption. Cell lysates were supplied
exogenously with SAM or SAM analogs, and other cofactors necessary for enzyme function. Specifically,
the conversion of noroxymormphone to naloxone and naltrexone (using the SAM analogs allyl-SAM or
cyclopropane-SAM, as shown in FiG., 18) was detected. Modification of nor-opioid or other BIA
molecules was detected by LO-MS. To detect N-modifyving activity by biocatalysis in 3 strain that docs
not have the complete BIA pathway, Cen PK2 strains expressing the described heterclogous enzymes
were grown in selective medivm and lysed by glass bead disruption. Cell lysates were supplied

cxogenously with SAM or SAM analogs, cofaciors necessary for enzyme function, and nor-opioid
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molecules such as those histed in FIG, 18 and Table 11, Modification of these compounds was detected
by LC-MS.

Example 11: Norooclaurine synthase activity in microbial strains

(806301  To engimecr norcoclaurine prodoction in yeast we: {1) introduced 4 heterologous NCS enzyme
on a plasmid, (2) supplied tyrosing in the colture medinm to promote 4-HPAA production by the host
cell’s native tyrosine catabolic pathway, and (3} supplied dopamine directly 1n the culture mediom to
provide the second substrate for NCS activity. CEN.PK2 was transformed with either a yeast shuitle
plasmid containing NCS (SEQ 1D NO: 70) cloned in an expression cassetic with a Proms promoter and
Tever terminator, or with an empty vector in which there was no gene inseried between the promoter and
teamnator. Cells were transformed usieg the standard hithium acetate technique, plated on selective solid
medinum, and cultured 2 days at 30°C. Colondes were picked at randont and cultured fisst in standard
synthetic complete {(3C) dropout ligpid medinm for 48 hours at 36°C with 300 rpro agliation. The
stationary phase cudteres were then backdiluted 100x into SC media supplemented with ¢ or 100 mM
dopamine and 300 mg/L tyrosine and cultured a further 48 bours at 30°C, 300 rpm. When the cells were
pelicted and the culture medivm analyzed by LOCMS we observed that the empty vector control strain (no-
enzyrae control) biosynthesized and exported 21.9 1M norcoclauring into the culture mediom when
supplied with 100 mM dopamine (FIG. 22). This demonstrated that wild type yeast can take up dopamine
from the culture medium to support a low-level of spontancous norcoclaurine production by the
condensation of endogenous 4-HPAA and exogenous dopamine. However, the enginecred strain
expressing an active NCS enzyme and supplied with 100 mM dopanudne in the culture medium produced
72.1 uM norcoclaurine, more than 3-fold greater than observed in the no~enryrue control, demonstrating
that NCS is active in veast and catalyzes the fonmation of norcoclanrine (FEG, 223

[86651] To investigate NSC natural diversity, plant Bet v T proteins from Coptis japonica, Thalictram
flavum, Argemone mexicang, Sinopodophyllum hexandrum, Papaver bracteatur, Papaver sommiforum,
and. Cordalyis saxicola (Table §) were identificd from the public transcriptomics databases and expressed
i yeast. The open ready {rames of each gene were first codon optimized for Saccharomyces cerevisiae
and then synthesized with 30 base pair overlaps 1o the Prpm promoter and Teve: terminator of the veast
shuttle vector. The genes were then individually transformed into veast strain Y A139 (hartboring a
complete biosynthetic pathway to reticuline, but lacking NCS activity) together with linearized vector. On
fransformation, each NCS was incorporated into the plasmid by gap repair creating a construct in which
NCS expression was driven by the Prons promoter. After two days incubation at 30°C on solid selective
medimm 1odividual colonics were picked and assaved for NCS activity. Strains were cultured first in
standard SC medinm for 48 howurs at 30°C and then backdihuted 100x into SC media supplemented with
200 mg/L tyrosine and coltured a further 48 hours at 30°C. Because strain YA139 encodes a coraplete
heterologous pathway to reticaline (with the exception of a functional NCS enzyme) the spent culture

medinn was analyzed by LOMS for the production of the final end product, reticuline. Al tested NCS
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proteins were observed to be active and catalyzed the formaton of norcoclaurine which was incorporated

mnto reticuline and exported nto the culture medium (FIG. 23).

Table 8. Candidate norcociaurine synthase sequences.

SEQ
NG

Name

Aming acid sequence

Species of origin

69

CiNCS
full fength

MEMEVVLVVFLMFIGTINCERLIFNGRPLLHEVTKE
ETVMLYHELEVAASADEVWSVEGSPELGLBLPDLL
PAGIFAKFEITGDGGEGRILDMTFPPGOFPHHYREKF
VFFDHKNRYKLVEQIDGDFFDLGVTYYMDTIRVVA
TGPDSCVIKSTTEYHVKPEFAKIVKPLIDTVPLAIMSE
ATAKVVLENKHKSSE

S
Coptis japonica

~
<

NCS

parent

MNGRPLLHRVTKEETVMLYHELEVAASADEVWSY
EGSPELGLHLPDLLPAGIFAKFEITGDGGEGSILDMT
FPPGOFPHHYREKFVFFDHKNRYKLVEQIDGDFFDL
GVTYYMDTIRVVATGPDSCVIKSTTEYHVKPEFAK]
VKPLIDTVPLAIMSEAIAKVVLENKHKSSE

. japonica

NCS1

MNGRPLLHRVTKEETVMLYHELEVAASADEVWSY
EGSPELGLHLPDLLPAGIFAKFEITGDGGEGSILDMT
FPPGQFPHHYREKFVFFDHKNREYKLVEQIDGDFFDL
GVTYYMDTIRVVATGPDSCVIKSTTEYHVKPEFAK]
VEPLIDTVPLANMSEATAKVVLENKHKSSE

(:" ; . Frepy
" japonica

72

NCS2

MNGRPLLHRVIKEETVMLYHELEVAASADEVWSY
EGRPELGLHLPDLLPAGIFAKFEITGDGGEGSLDMT
FPPGOFPHHYREKFVFFDHENRYKLVEQIDGDFFDL
GVTYYMDTIRVVATGPDSCVIESTTEYHVKPEFAKI
VKPLITTVPLANMEEAIAKVVLENKHKSSE

C. japonica

~J
fad

NCS3

MNGRPLLHRVTKEETVMLYHELEVAASADEVWSY
EGSPELGLHLPDLLPAGIFAKFEITGRGGEGSILDITE
PPGOFPHHYREKFVFFDHKNRYKLVEQIDGDFFDLG
VIYYMDTIRVVATGPDSCVIKSTTEYHVKPEFAKIYV
KPLITTVPLANMSEATAKVVLENKHESSE

Pl P
L. japonica

74

TENCS
PDB:
SNSO

MMEKMEVVFVELMLLGTINCOKLILTGRPFLHHOQGH
NQVSTVIKVIHHELEVAASADDIWTVYSWPGLAKH
LPDLLPGAFEKLEUGDGGVETILDMTFVPGEFPHEY

EEEFILVDONEHRLKKVOMIEGGYLDLGVTYYMDTI

HVVPTGRDSCVIKSSTEYHVEPEFVKIVEPLITTGPL

AAMADAISKLVEEHKSKSNSDEIEAANIITY

Thalictrum

%

favam
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SEQ
NG

Name

Aming acid sequence

Species of origin

-3
n

TINCS

MMEMEVVFVFLMLLGTINCQKLILTGRPFLHHOQGH
NOVSTVIRKVIHHELEVAASADDIWTVYSWPGLAKH
LPDLLPGAFEKLEUGDGGVGTILDMTFVPGEFPHEY
KEKFILVDNEHRLKKVOMIEGGYLDLGVTYYMDTI

HVVPTGKDSCVIKSSTEYHVKPEFVKIVEPLITTGPL

AAMADAISKLVLEHKSKSNSDEIEAATITY

Thalictrum

flavum

~1
N

AmNCS

MSKLITTAPLKSMSEATANY VLEKQSVIRKVVTYEL
EVPASADSIWAVY SSENIPTLLRDVLLPGVEFERLDV]
EGNGGVGTVLDIVFPPGAVPRRYKEKFVKINNEKRL
KEVIMIEGGYLDMGCTSYMDRIHVEEKTPNSCVIES
SHYEVKOQEY ADEMSKLITTVPLKSMSEVIANYVLEK
QFRVFGYEIKPKLGLSLLLCLECLVILGGLLIAGVPV

Argemone

mexicand

-3
3

SENCS

MEMEIVSLFLFFLACGTSQGRPLLESKELYRESTIOQKY
LHHESTVAASAEEVWOQVYSSPELPEHLSELLPGAFE
KVEIFGDGGVGTILEMVEPPGEIPOSYKEKFVLIDDE

RRLKKVEMIEGGYLDMGVTFYMDTIHIVATGONSC
IKSSTEYYVKPEFADKVOPLITTAPLEAMDEAITKIV

LANKNKSLIET

Sinopaedophvilum
7 1]

hexandrum

~1
o

PoNCS

MMRKVIKYDMEVATSADSVWAVYSSPDIPRLERDY
LLPGVFERLDVIEGNGGVGTVLDIAFPPGAVPRSYK
EXFVNIDRVKRLKEVIMIEGGYLDMGCTFYLDRIHV
VEKTPNSCVIESSUYEVKEEFADKMAKLITTEPLQS
MAEVISGY VLKKRLOQVFGFEIKPNLRFNLLLCLIICL
VIAGGMLIGRVP

Papaver

bracteatum

PsMN{S2

MSKLITTEPLKSMAEVISNY VIQRESFSARNILNENS

LVKKEIRYDLEVPTSADSIWSVYSCPDIPRLLRDVLL
PGVFQKLDVIEGNGGVGTVLDIVFPPGAVPRSYKEK
FVYNINHEKRLEKEVIMIEGGYLDMGCTFYMDRIHIFE

KIPNSCVIESSITYEVEKEEYAGKMAKLITTEPLESMA
EVISGY VLKKRLOQVFGFEIKPKLRFNLLLCLIICLVIA
GGMEFVAGVPL

Papaver

somniferum

PsNCS3

MREVIKYDMEVAVSADSVWAVYSSPDIPRLLRDVL
LPGVFEKLDVIEGNGGVGTVLDIVFPPGAVPREYKE

KFVNIDREKRLEEVIMIEGGYLDMGCTFYLDRIHVY
EXTKSSCVIESSIVYDVKEECADAMSKLITTEPLKSM

P, sommiferum
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SEQ Species of origin
Name Aming acid sequence
BB NG

ABVISNYVIQKELFSARNILSKOSVVKKEIRYDLEVPE
SVDSIWSVYSCPRIPRLL

31 CsNCS MGKRIQKEEAKKILRKELTHELEVPTSADSIWAVYG | Cordalvis
SEDIPRLLRDVILPGVFEKLDHEGNGGVGTVLDIAFP | savicola
PGTVPRSYKEKFVEVDHDEHLKEVVMIEGGYLDLG
CTFYMDRIHVLPKGPNSCVIESSLIYEVREELADAVG
SLISIEPLASMAEVVSSY VLKQOQLRVFGVVVQPRVG
LSLLECLILCLVILGGLLIGGVSE

82 PsPRiG-1 | MRYELINEFDVGASADDVWAVYSSPDLPRUIVELLE | P sommniferum
GVFEKIDVVEGNGGLGTVLHLVYPHGSVPLSYKEK
FVIMDNHKRLKEVROIEGGYLEMGCTFYMDSFOIL
KETHDSCTIRSITKYEVSAELAEKVSSHISVESL VDM
ARAISKYVIQDNERNKABEDPSTCSEEGHDREKHGHL
HRIWISLFGK

Exgmple 12: Microbial strains with enfianced production of 4-HPAA4

[8G632] To suppert the production of norcoclaurine by veast fermentation, strains were engincered {o
enhance the supply of 4-HPAA from the host cell metabobism. Yeast produce 4-HPAA from 4-
hydroxyphenylpyravate (4HPP) when tyrosine is catabolized in the Ebxdich pathway. Thercfore, o
enhance production of 4-HPAA we: (1) enhanced flux throogh the shilimate pathway to upregulate
prodoction of 4HPP apd tyrosine, and (2) overexpressed ARG10, the envvine responsible for the
ireversible conversion of 4HPP to 4-HPAA.

(806331 A yeast strain was engincered with modifications to the chromosomal loci encoding shikimate
pathway enzymes Arodp, Aro7p, and Tyrlp, and Ehrlich pathway enzyme Arol0p (FIG. 1). Specifically,
using homologous recombination we introduced mutations ARQ4YE gad AROT™ 1o retieve tyrosine
feedback inhibition of these enzymes. We further modified the upstream regions of the TYR1 gene and
AROI1U gene to replace the native promoters with the Prpg: and Paary promoters, respectively. These
promoter swaps removed the native regulation and introduced promoters that drive constitutive expression
when yeast are cultured in medium with select carbon sources, Additionally, the GALSO gene was deleted
to aliow for constitutive expression of Poa,-ARGC10 in the presence of glucose. The 4-HPAA-cngineered
strain and a control strain were transformed with a plasrid encoding NCS and the resulting colonies were
cultured 48 bours in standard SC media. The stationary phase cultares were then backdituted 100x 1nto SC
media sapplemented with 0 or 100 ;M dopamine and coltured a further 48 hours. When the culture
medium was analyzed by LCMS the 4-HPAA-enginecred strain was observed to produce 3- {o 4-fold

more norcoclaurnine relative to the control strain.
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Example 13: Microbial straing that biosynthesizes dopamiine

(806341 To support the production of norcoclaurine by veast fermentation, strains were enginecred (o
produce its second substrate, dopamine. In mammalian cells dopamine is synthesized from tyrosing, with
cither 3,4-dihydroxy-L-phenyialanine (L-DOPA) or tyramine as intermediates. To re-constmict the
mammalian biosvnthetic pathway in yeast we first engineered a functional tyrosine hvdroxylase (TyrH)
system to convert fyrosine fo L-DOPA. TviH requires a cofactor, tetrahyvdrobiopterin (BHy), that is not
produced naturally inveast. Therefore, we introduced a four-enzyme system ipto yeast to: (1) conved
diby deoncopterin triphosphate from the native pathway for tetrabydrofolate syothesis into BHy, and (2)
return BHy to its reduced state after it is oxidized by TyrH. Rat BH, biosynthesis gencs 6-pyruvovi-
tetrahydroptenin synthase (RaPTPS) and sepiapterin redociase (RaSepR) were integrated into the yeast
genome together with rat BH, recycling genes pterindalpha-carbinolamine debydratase RaPCD) and
quinonoid dihydropteridine reductase (HnQDHPR). Next we integrated a human TyrH gene encoding
mutations HsTyrH WISV R7EREE 15 releve substrate inhibition by tyrosine. Finally, we integrated a
bacterial DOPA decarboxylase from Pseudomonas putida, PpDODC, to compiete the pathway from
tyrosing to dopamine. Al heterologous enzymes were codon optimized for expression in & cerevisive and
expressed from veast high-expression or constifufive-expression promoters.

[80635] The dopamine enginecring described above was combined with the 4-HPAA engineering from
Example 12 in a strain expressing an NOCS variant (FEG. 1). This norcoclaurine total biosynthesis strain
and a control sirain were cultured 48 hours 1o standard SC media. The stationary phase cultures were then
backdiluted 100x into SC media sapplemented with 300 reg/L tyrosine and 26 M ascorbic acid and
cultured a further 48 hours. The cells were pelleted and the cultnre medium analyzed by LCMS. L-DOPA|
dopaming, and norcoclaurine were all observed in the culture medinm from the norcoclaurine total

biosyathesis strain, byt pot in the culture medinm from the control strain.

Exgmple 14: Improving NCK activity by N-ferminal sruncation

(806367 CNCS (SEQ ID NG: 69) contains a hydropbobic domain in the first 24 aming acids of the N-
termings. This domain could represent a signal peptide, a transmenbrane or mermbrane-interacting
domain, or a protein-protein interaction domain. Alternatively, this region could be involved in the
regolation or catalvtic function of the enzyme. To determune if NCS activity could be enhanced by
removal of the N-terminal region, we made deletions of the first 12 to 40 amino acid residucs (FI1G. 24).
The CINCS template was PCH amplified with oligos to remove the first 12, 15,22, 26, 28, 32, 34, 36, or
40 amino acids (while replacing the methionine start codon) and introduce 30 base pair overlaps to the
Proms promoter and Tever terminator of a veast shuttle vector. The PCR products were each transformed
together with lincarized vector into veast strains encoding the 4-HPAA and doparmine engineering
described in Examples 12 and 13 (FIG. 1), The strains further encoded a heterologous pathway from
norcociauxioe to reticuline comprised of P. somniferum norcoclaunine 6-O-methyvitransferase (Ps6OMT),

P. somuniferum coclavrine N-methyltransferase (PsCNMT), P. bracfeatum N-methyleoclanrine-3’-
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hydroxyiase (PbCYPBOBIL), P. somniferum cytochrome P450 reductase (PsCPR) and £, somniferum 3'-
hydroxy-N-methyvicoclaurnine 4'-O- methyitransferase (Ps40OMT) (FIG. 1)

[60657)  Strains expressing full-length and N-terminal truncated CjNCS variants were cultured 48 hours
in standard SC dropout mediun, 30°C, at 300 rpm. The stationary phase culbires were then backdiluied
100x into SC media supplemented with 200 mg/L tyrosine and 10 mM ascorbic acid and cultured a
further 48 hours. Cells were pelleted and the culture medium was analvzed by LCMS. Strains expressing
the truncated CINCS vanants were observed to produce different tifers of reticuline relative to the full-
leagth CINCS contro] strain. Truocation of 12 or 15 amioo acids from the N-terourus of CjNCS resulied
in titers 3-fold and 1.5-%0ld lower than full-length CINCS (FIG. 24). Tn contrast, truncation of 22, 26, 28,
32, 34, or 36 CINCS N-terminal amino acids increased reticuling titers to 1.6~ to 2. 1-fold that of the full-

fength enzyme. Further truncation of 40 amino acid residucs caused a drop i reticudine titers.

Example 15: Improving NC§ activity by mutagenesis

[B0658] A durected cvolution campaign was cargied out using a 24 aminoe acid N-terminally deleted (Al-
24y Coptis japonica NCS sequence (SEQ 1D NG 70) as a starting template. The purpose of the screen
was to identify residues in any Bet v 1 fold protein that can be modified to enhance activity. A pool of
randomly mutated NCS variants was generated by error-prone PCR to incorporate base pair mutations at a
rate of 1-4 bp changes per gene (the NCS open reading frame 15 522 bp inchuding the start and stop
codons). The oligos wore designed to introduce 30 bp overlaps to the P promoter and Teyvey terminator
of a veast shuttle vector. The mutagenized PCR products were transformed into YA 139 together with
lincarized vector to generate a fibrary of NCS variants by gap repair. A control PCR was also set up with
the same NCS template and oligos but using a high-fidelity polyvmerase for amplification in place of the
crror-prone polymerase. The non-vwitagenized PCR product and linear vector were transformed into
YA139 11 a second transformation to generate a control strain expressing the parent NCS sequence. Strain
Y A139 contains the 4-HPAA, dopamine, and reticaline enginecring from Examples 2-4 above, but lacks a
functional NCS enzyme. Individual colonics were picked and cultured in 96-well microtiter plates in 400
pL standard SC dropout medium at 30°C with 300 rpm shaking. After 48 houss the wells were
backdilated 100x nto 400 pl standard SC dropout medim without supplementation and incabated again
at 30°C with 300 rpra agitation. 48 hours following dilution the plates were centrifuged to pellet the cells
and the cultare mediun in each well analyzed by LOMS to deteronine the reticuline titer.

[80639] Final reticuline titers were comppared between sirains oxpressing the NCS nwtagenesis library
variants and the control strain expressing parent NCS (8 wells of every 96-well plate were reseived for
“parent”). For every well determined to have enhanced reticuline titer, 100 pb of yeast cells was remaved
and used fo prepare plasmid. The plasmids were then transferred to Eschierichia coli for amplification and
sequencing. Many NCS variants contained multiple rmutations, some of them silent. To identify which
mutations were causal, oligos were ordered to recreate the individual mutations in yeast by gap repair for
further testing and validation. The resulis of the mutagenesis screen are provided in Table 6. Residues

confirmed 1o positively impact reticuline titer (and hence norcoclaurine synthase activity) were then
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subjected to saturation mutagencsis. Specifically, oligos were ordered, each with an NNN codon at the
position of the residuc of interest. The new PCR products were transformed into YA$39 to generate a
library of NCS variants with every possible codon at the target residue. These new saturation mutagenesis
librarics were then scroened for enhanced reticuline titers. The results of the saturation mutagenesis screen
arc provided in Table 7. Finally, traproved variants from the random mutagenesis and saturation
nwiagenesis screens were shuifled to identify combinations of mutations that gave the greatest increase in
NCS activity. The results of the shuffling screen are provided in Table 8. The randorm mutagenesis,
saturation nutagenesis, and shuffling rounds were later ropeated with NCS2 (SEQ 1D NG: 72)as a
template.

[60668] The residues identified as being important for catalytic function in the mutagenesis screen
included aminge acids 70, 81, 91, 101, 104, 147, 149 151, and 135 of NCS parent, SEQ ID NO: 7¢. To
identify the structural locations important for engineering Bet v I enwzymes, NCS parent (SEQ 1D NG: 70)
was aligned with TENCS (PDE: SN8() (SEQ D NO: 74}, a natural norcoclaurine svnthase enzyme with a
solved crystal structure. Mapping of the residues from NCS parent to TINCS (PDB: 3N80Q) revealed that
residuoes M70, Y81, D101, F104, 1147, D149, V151, 1155 are located at the entry point to the active sife
(FEG. 25). One exception is K91 which is located at the opposite end of the catalvtic tunmcl.

[80661] To further characterize the structural features of Bet v I enzymes that are important for
engineering improved activity, NCS parent (SEQ ID NO: 76) was aligned with plant Bet v [ proteins from
Coptis joponica, Thalictrum flovim, Argemone mexicana, Sinepodophylium hexandrum, Fapaver
bracteatum, Papaver somniferum, and. Cordalyis saxicola (FIG. 26). Given that Bet v I proteins are
highly conserved at the structural level, the indicated residues of the NCS parent sequence point o the
equivalent structural and sequence locations for enginecring any org of these or other Bet v { proteins.
The locations in the alpha belices and beta strands common to plant Bet v I profeins are shown in the inset
of FYG. 26 and described in Table 9.

(806621 In general, the norcoclanrine synthase natural and mmproved varians are described and recorded
here as amino acid sequences using the standard one letter abbreviation for amino acid residues. These
peptide sequences could be translated to nucleotide sequences using any of the codons in Table 18. In
addition, any one amino acid could be substituted for another amino acid of similar properties as indicated
in Tabie 18,

Table 6. Resuits of a random mutagenesis screen to identify improved variants of NC5S,

v , Activity (relative to
Base pair mutation Codon change Aming acid change § ]
SEQ D NG T8
A>T TAC = TTC Y&IF 13
A->G AAG - GAG K918 1.2
T>A GAT = GAA DIOIE 1.9
T=>C TTC - CTC F104L 13
T A TTG » ATG L147T™M 11
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Base paiv mutation Codon change Amino acid change Activity (relative to
SEQID NG: 78)
G2 A GAT > AAT DI4oN 1.5
T+ A GTT » GAT Visio 11
T-> A ATT = AAT 185N 1.5
Activity (relative to
SEQID NG 72
G>A ATG 2> ATA M76L 16

Table 7. Results of aa NNN sataration mutagenesis screen at individual residues of NCS,

Parent: Mutant:
Residue Farent codon Anting acid New codon Activity (relative to
substitation SEGID NG: 70)

M70 ATG L CTA 1.5
L TG 1.7

I ATT 1.5

I ATC 1.5

v GTC 1.4

Y8l TAC F TTT 16
K9t AAG A QLG 1.6
A GCC 1.5

AY GTT 1.5

v GTC 1.6

S AGT 1.5

S TCA 1.6

I CTT 1.6

B1ot GAT S AGT i1
5 TCA 1.2

5 AGC i1

A GCA 11

Fi04 TrC L TG 15
1147 TTG Y TAC 1.5
Y TAT 1.3

H CAC 1.3

F TTC 1.4

D149 GAT N AAT 1.3
T ACG 1.3
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Parent: BMutant:
Residue Parent codon Aming acid MNew codon A;cmity relative to
substitution SEQ I NG: 70)
T ACA 1.3
T ACC 1.5
S AGT 1.2
V151 GTT E GAG 1.6
A GCA 1.6
A GCG 1.7
A GCT 1.6
K AAG 1.7
K AAA 1.6
T ACG 1.7
AGT 1.7
1155 ATY Q CAG 2.1
A GCT 14
T ACG 1.5
S AGT 1.4
N AAT 1.4
Table 8. Shuffled variants of NCS,
Mutations (relative to SEQ ID NG: 7 Activity (velative to SEQ ID NO: 76)
D497, 1153C¢ 2.5
D149T, 155N 2.8
F104L, D149N, 11350 2.7
KO1S, D497, 11550 2.4
D149S, 11550 2.3
K91A, DI4YT 11550 23
K91A, D497 {153Q 2.7
K918, DI0IS, FI04L, D497, 11550 2.5
K91V, D1498, [155N 2.4
Y8IF, K91A, DI49N 2.3
YEIF, D149N, 1155N 2.4
Activity (relative to SEQ ID NO: 5
N2ZS, M7OL, F140A, D497, T155N i
M70L, K9TA, D1497 (135N 11
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Table 8. Structural locations usefid for enginecring Bet v I fold enzymes,

PCT/US2021/059980

Corresponding position

in SEQ D NG: 76

Structaral location (see FIG. 8)

X70 Beta strand 3

X81 Beta strand 4

X91 Between beta strands 4 and 5

X301 Beta steand 5

X104 Between beta strands 5 and 6

X147 Between beta strand 7 and alpha helix 3
X149 Between beta strand 7 and alpha belix 3
X151 Alpha helix 3

K155 Alphba helix 3

Table 10, Amino acid (also called “residue”) abbreviations, codons, and possible substitutions for

aming acids with similar side chains and propertics.

Aming acid / One letier | Three letter ] Possibie substitutions

residue abbreviation | abbreviation Fossibie codons

Alanine A Ala GCT, GCC, GCA, GCG | Other aliphatic, non-
polar V. LL. M. G

Arginine R Arg CGT, CGC, CGA, CGG, | Other basic polar H K

AGA, AGG

Asparagine N Asn AAT, AAC Other uncharged polar: 5,
T.0

Aspartic acid D Asp GAT, GAC Other acidic polar: E

Cysieine C Cys TGQT, TGC

(Glutamic acid E Glu GAA, GAG Other acidic polar: D

Ghutamine Q Gin CAA, CAG Other uncharged polar: 8,
T.N

Glycine G Gly GOT, GGC, GGA, GGG | Other aliphatic, none
polar ALV, LL M

Histidine H His CAT, CAC {ther basic polar R, K

Tsoleucine i Ile ATT, ATC., ATA, COther aliphatic, non-
polart A, V,L LM, G

Leucine L Leu TTA, TTG, CT7, CTC, Other aliphatic, non-

CTA, CTG polar ALV, LM, G
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Amine acid / Oaeletter | Three letier Possible substitutions
Possible codons
residue abbreviation | abbreviation
Lysine K Lys AAA AAG Other basic polar: B, H
Methionine M Met ATG Other non-polar: A, V. 1,
LG
Phenvlalanine Phe TTE, TIC Other aromatic: Y, W
Proline Pro CCT, CCC, CCA, CCG,
Serine Ser TCT, TCC, TCA, TCG, Other uncharged polan:
AGT, AGC N.T.Q
Threonine T Thr ACT, ACC, ACA, ACG | Other uncharged polar: S,
N.Q
Tevptophan W Trp TGG Other aromatic: Y, F
Tyrosine Y Tyr TAT, TAC Other aromatic: F, W
Valine \% Val GTT, GTC, GTA, GTG, | Other aliphatic, non-
polart A, LL M, G

Example 16: Production of BI4s in microbial strains with engineered NCY

(606631 To demonstrate the utilization of the enginecred NCS enzymes in enhancing the production of

benzyiisoquinoline alkaloids 1o veast, both untruncated and truncated NCS variands with one, two, or thice

beseficial pwtations were used to generate an enzyme ladder. Specifically, plasmids encoding CINCS full
leagth (SEQ 1D NG: 69), NCS parent (SEQ ID NO: 70), NCS1 (SEQ ID NO: 71), NCS2 (3EQ ID NOG:
723, and NCS3 (SEQ 1D NO: 73) were transformed into YA139, When cultured under standard assay

conditions in 96-well microtiter plales {and without tyrosine supplemeniation), NCS 3 with a 24 amino

acid N-terminal truncation and mutations M701, D149T, and 1133N, produced 14.02 uM wticuline (FIG,

27). This observed titer was more than 10-fold greater than the 1.31 uM reticuline produced by a strain

expressing CiNCS full length.
[00664] To further characterize the enhanced activity of NCS3 (SEQ ID NO: 73), a wild type CEN.PK2
strain was transformed with plasmids canrying either NCS parent {SEQ D NO: 70), NCS3 (SEQ ID NO:

73), or an emapty plasmid (no-enzyoic control). Strains were cultured in 96-well microtiter plates with

medium sopplemented with 300 mg/L tyrosine (to promote 4-HP A A production by the host cell’s native

metabolism) and 0, 5, 10, 25, 50, 100, 130, 200 oM dopamine. After 48 hours growth the plates were

centrifoged to pellet the cells and the final norcoclannne titer determuned for each well by LCMS (FIG.

28). The strain expressing NCS parent produced 72.1 pM oorcoclasrine when supplied with 100 mM

dopamine in the culture medium. However, at higher concentrations of 150 and 200 mM dopamine, the

norcoclaurine yield for this strain decreased, indicating the NCS parent suffered inhibition at dopamine

concentrations over 100 mM. In contrast, the strain expressing NCS3 accumulated 182.6 uM
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narcoclaarine at 100 M dopamine, and titers 1ncreased further to 2305 and 283.0 M norcoclaurine at

dopamine supplementation of 150 and 200 mM, respectively.

Example 17: Production of thebaine using enginecved microbin! strains

[80665] A thebaine production stain was constructed that included three copics of the improved
norcoclaurine synthase variant, NCS3, and the complete biosynthetic pathway 1o thebaine (strain Y A467,
FIG. 4). Strain Y A467 was cultured in a 1 L formentor with fed-batch glucose (fermentation AF286), The
synthetic complete medium was further supplemented with amino acids, vitamins, salts, and trace
clerents at the start of the cultwre and at ime points dunog the fermentation. After 48 h the bioprocess
reached OB 130 and achicved a final titer of 206 mg/L. thebaine (FIG, 29). The thebaine strain and
bioprocess counld be further modified to produce any of the opicid molecules depicted 10 Fils. 4 and 6.
[63666] The teproved variant NCS3 was also corapared to the wild-type NCSA24 sequence in strains
producing thebaine from glacose. Strains were run in a fed-batch fermentation process supplemented with
additional amine acids, vitamins, salts, and trace clements. The strain with NCS3 (YA2341, AFQ2696)
produced 1.5 g/l thebaine compared to the wild-type sequence with an N-terminal truncation (YAZ2339,

AF02695) that produced only 9.5 g/L. thebaine after 78 b (FIG. 38).

Example 18: Production of noscapine using engineered microbial strains

[80667] A noscapine production strain was constructed that included four copies of the improved
norcoclaurine synthase variant, NCS3, and the complete biosynthetic pathway {0 noscapine (strain

Y A462, FiG. 7). Strain Y A462 was cultured ina | L fermentor with fed-baich glucose (fermentation
AF293}. The synthetic complete medinm was further supplemented with amino acids, vitamins, salts, and
trace elements at the start of the culture and at fime points during the formentation. After 48 h the

biopeocess reached ODsge 82 and achieved a final titer of 82 mg/L noscapine (FIG. 31).

Example 19: Platform microbial strains engineered to product thebaine with reduced fusel alcohol
production

[00668]  Yeast strains that produce thebaine can be further engincered to rednce accumulation of fusel
alcohols that limit growth and titer. As an exaraple, the platform yeast strains descobed in Example 17
can be further engiseered to reduce phenvictbano! production while naintaining ot increasing thebaine
titer (FIG. 35). The platform veast strain producing thebaine from ghicose was farther enginecred to
1corporate a 4-hydroxyphenylacetaldehyde syathase (4HPAAS). An expression cassetic (Poarr
FPceHPAASY was asserabled and integrated into the AROI0 locus, disropting the gene. The strain with
4HPAAS was compared to an 1sogec strain where the pative ARQI0 promoter was replaced with the
GALT promoter.

[00669] Strain YAL60Y with Pgur ~AROT 0 was compared to Y A2087 with Pgur-PofiPAAY disrupting
the ARO10 locus in a 1 L fermentor with fed-batch ghicose (fermentations AF03231 and AF03234). The
medinm was further supplemented with amino acids, vitamins, salts, and trace clements, After 73 hthe
fiter of YA1669 was 2.4 g/L. thebaine, and the titer of YAZ087 was 2.0 g/l thebaine. The phenylethanol

fevel was 0.51 g/l for YA 1669 compared to 0.12 g/l for YA2087. The tyrosol level was 1.2 g/L for
~162-
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YA1669 compared to 0.43 g/l for YA2087. The reduced fusel alcohols also allowed YAZ2087 to grow to
ODgo0 206 compared to Y AL1669 which grew to ODsos 170

Example 28: Platform wicrobial strains engineered to product thebaine using the arogenate pathway to
migke tyrosine

(806701  Yeast strains that produce thebaine can be further engineered using a heterologous arogenate
pathway to make tyrosinge. This pathway docs not have phenylpyruvaie as an infermediate and can further
reduce phenylothanol production. The platform yeast producing thebaine from glicose and using
4HPAAS from Example 19 was further engineered 1o use the arogenate pathway for the production of
phenvalanine and tyrosine. An expression cassette (Prpe-4tP47T) was integrated at the neutral locus
SWH] to make arogenate. A second expression cassette was asseobled (Poarso-dtPAT, Poar-AtAATY to
add ancther copy of the PAT gene and iiegrate the AAT gone at the CINS locus. A third expression
cassette was assembled (Pron~PsAD7T) aed jntegrated at the PHA?2 locus to distupt the gene. The native
aromatic amino acid biosynthesis pathway was removed by additional deletions of ARO8, ARQ9, and
TYRI. This resulted in the strain YA26%0.

[60671] The yeast strain Y A2696 containing the arogenate pathway was run in a 1 L fermentor with fed-
batch glucose {fermentation AF03237). The medium was further supplemented with anuno acids,
vitamins, salts, and trace clements. After 78 h, the thebaine titer was 1.9 g/L with an ODgeo 265 (K16, 36).
This 15 comparable to the parent strain YAZ087. Phenylethanol and tyrosol were also comparable to

parent at 0.12 g/L and 0.56 g/L, respectively. Methionol was decreased from 1.0 g/l to 0.55 g/L.

Example 21; Platform microbial strains enginecved to product thebaine with reduced ethanoi and fusel
alcohol production

[80672] Yeast strains that produce thebaine and use 4HPAAS can be further engineered to reduce
cthanol and fusecl alcohol accummiation. The platform veast producing thebaine from ghicose and using
$HPAAS was further engineered to reduce production of acetaldchydes by disruption of pyruvate
decarboxvlase genes PDC T, PDRCS, and PDC6. Without pyruvate decarboxylase activily, an altemative
route 1o acetyl-CoA is required for growth on glucose. An expression cassetic was constrocted (Proms-
CaFK) to utroduce a phospboketolase enzyme that converts fructose-6-phosphate to acetyi-P and
crythrose-4-phosphate. Acetyl-P s spontancously converied to acetate which cap then go to acetvl-CoA
using the native acetyl-CoA synthetases (ACS1 or ACS2). Alternatively, a phosphotransacetylase enzyme
{PTA) can be used to convert acetyl-F directly to acety-CoA which usces Iess ATP. With an alterative
route to acetyl-CoA ia place. the pyruvate decarboxylase genes PDCI, PDCS, and PDC6 were disnupted.
(866737 The resulting strain YA2156 with no PDC activity and PK integrated was compared to parcnt
YAZ087 in a shake flask experiment. After overnight growth in minimal media, strains were diloted 1 to
100 1n fresh media containing 8% maltodextrin phus amylase (o provide a slow release of ghicose along
with additional vitamins and amino acids. Shake flask cultures were incubated with shaking at 30°C for
72 hours. Thebaine tier for YA2156 was 0.17 g/L. and titer for YA2087 was 0.535 g/l (FIG. 37). In
YA2156, tvrosol was not detected, phenylethanol was 0.11 g/L., and methionol was 0.25 g/l In YA2087,
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tyrosol was 0.05 g/L, phenylethanol was 0.12 g/L, and methionol was 0.42 g/L. Neither strain

accumulated significant cthanol under this condition.

Example 22: Platform microbiel strains engineered to produce thebaine with increased SAM and
improved methyliransferase activity

[80674] Yeast strains that produce thebaine can be further enginecred to increase the co-factor S-
adenosyi-L-methionine (SAM) and improve the flux through several methyltransferase enzymes in the
pathway. In a platform veast strain producing thebaine, additional constructs were integrated to add two
additional copies of SAHT and onc copy of SAM2 from S cerevisiae (Prpys-SAH T at the PAU24 ocus
and SAM2-Poarr 10-SAHT at the BAST locus).

[63675] The resulting strain Y A1669 with additional copies of SAM2 and SAH! was ranina 1 L
fermentor in a glucose fed-batch process (fermentation AF01877). The medium was supplemented with
vitagiins, trace clements, and amine acids. Afier 78 b, the thebaine titer of YA1669 was 2.4 g/l. compared
to only 1.3 g/L for the parent strain {YAL158, AF01863) (FIG. 38). The methyltransferase substrates

porcoclaurine, coclaurine, and 3°OH-N-methylcoclaurine were significantly reduced.

Example 23: Platform microbiad strains enginecred to produce thebaine that converts aromatic fusel
alcohols to less toxic by-proeducts

[60676] Yeast strains that produce thebaine can be further engincered to convert excess fusel alcohols
tyrosol and/or phenylethanol to salidroside and phenylethyl] beta-D-glacoside. In a platform yeast strain
producing thebaine, an additional constructs were wtegrated fo express the UGT33 enwyme from Riwodiola
rosea {(Prpas~UGT33 at the HXTS locus and Poar - UGT33 deleting the EGHI locus). A third copy of
UGT from Oryza safiva was integrated (Proas~UGT45) at the HST2 locus and BAT2 was also deloted in
this background.

00677 The resulting strain YA3127 producing thebaine and also expressing UGT33 wasrunina 1 L
fermentor in a ghucose fed-batch process (fermentation AF04076). YA3127 produced 3.8 g/l thebaine
compared to the parent strain Y A1069 which made 2.4 g/L. thebaine (FIG. 40). The UGT preferentially
used phenylethanol as a substrate and converted neardy all of the phenylethanol to the glucoside (PG,

Over 80% of the tyrosol was alse converted to salidroside, resulting in a 65% tncrease 1o thebaine titer.
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Enzyme Abbrev | Catalyzed Reactions Source organisms | Genbank #
Transketolase TKL1 fructose-6-phosphate + Saccharomyces NP_015399.1
glyceraldehyde-3-phosphate cerevisiae
<> xylulose-5-phosphate +
erythrose-4-phosphate (EC
22.1.1)
Glucose-6-phosphate ZWF1 glucose-6-phosphate - 6- Saccharomyces CAA96146.1
dehydrogenase phosphogluconolactone (EC cerevisiae
1.1.1.49)
Prephenate dehydrogenase TYR1 prephenate + NADP* - 4- Saccharomyces CAA85127.1
hydroxyphenylpyruvate + CO, + cerevisiae
NADPH (EC 1.3.1.13)
3-deoxy-d-arabinose- ARO4, erythrose-4-phosphate + Saccharomyces CAA85212.1
heptulosonate-7-phosphate DAHP PEP - DAHP (EC 2.5.1.54) cerevisige
synthase synthase
Chorismate mutase ARO7 chorismate - prephenate Saccharomyces NP_015385.1
(EC5.4.99.5) cerevisiae
Phenylpyruvate decarboxylase | ARO10 hydroxyphenylpyruvate - Saccharomyces NP_010668.3
4-HPAA (EC 4.1.1.80) cerevisiae
Alcohol dehydrogenase ADH2-7, [ 4-HPAA - tyrosol {(EC Saccharomyces NP_014032.1,
SFA1 1.1.1.90) cerevisiae AAT93007.1,
NP_011258.2,
NP_009703.3,
NP_014051.3,
NP_010030.1,
NP_010113.1
Aldehyde oxidase ALD2-6 | 4-HPAA > Saccharomyces NP_013893.1,
hydroxyphenylacetic acid cerevisiae NP_013892.1,
(EC 1.2.1.39) NP_015019.1,
NP_010996.2,
NP_015264.1
Aryl-alcohol AAD4, 6, | aromatic aldehyde + NAD* Saccharomyces GAX67600,
dehydrogenase 10, 14-16[ - aromatic alcohol + NADH cerevisiae GAX72034,
(EC 1.1.1.90) AAT93180,
AAS56234,
NP_012689,
GAX69843,
NP_014477,
AAS56127
Aldehyde reductase ARI1 aldehyde - alcohol Saccharomyces Kzv11071.1
cerevisiae
Transcription regulator of OPI1 knockout phenotype: Sacchg(omyces KZv10697.1
phospholipid biosynthetic overproduction of inositol cerevisiae
genes
Aromatic ARO9 hydroxyphenylpyruvate + L- Sacchg(omyces AEC14313.1
aminotransferase alanine < tyrosine + cerevisiae
pyruvate (EC 2.6.1.58)
Aromatic ARO8 hydroxyphenylpyruvate + Saccharomyces KZv11027.1
aminotransferase glutamate <> tyrosine + cerevisiae
alpha-ketogluterate (EC
S-adenosylmethionine SAM?2 ATP + L-methionine + H,0 Saccharomyces NP_010790.3
cerevisiae

synthetase

&> phosphate +
diphosphate + S-adenosyl-L-
methionine (EC 2.5.1.6)
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S-adenosyl-L- SAH1 S-adenosyl-L-homocysteine Saccharomyces Kzv11795.1
homocysteine hydrolase + H,0 ¢ L-homocysteine + cerevisiae

adenosine (EC 3.3.1.1)
Pyruvate PDC1, pyruvate - acetaldehyde + Saccharomyces EGA85775.1,
decarboxylase PDC5, €O, (EC 4.1.1.1) cerevisige NP_013235.1,

PDC6 NP_011601.3

Prephenate PHA2 prephenate > Saccharomyces QHB11078.1
dehydratase phenylpyruvate + CO, + H,0 cerevisiae

(EC 4.2.1.51)
Phosphate PTA acetyl-CoA + phosphate <> Clostridium kluyveri | WP_012101779.1
acetyltransferase acetyl-phosphate + CoA (EC

2.3.18)
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Enzyme Abbrev | Catalyzed Reactions Source organisms | Genbank #
Phosphoketolase PK fructose-6-phosphate + Clostridium WP_034583456.1,

phosphate > acetyl- acetobutylicum, WP_101428637.1,
phosphate + erythrose-4- Bifidobacterium WP_011680497.1
phosphate + H,0 (EC pseudolongum,
Leuconostoc
41.222) mesenteroides
4-Hydroxyphenylacetaldehyde | HPAAS tyrosine - 4-HPA (EC Petroselinum Q06086.1,
synthase 4.1.1.108) crispum, Rhodiola MF674522.1
rosea
Uridine 5’-diphospho- UGT UDP-glucose + a phenol = Rhodiola rosea, Vitis | AUI41147.1,
glucosyltransferase UDP + an aryl beta-D- vinifera, Oryza sativa | AUI41117.1,
glucoside (EC 2.4.1.35) XP_002285770.1,
XP015622802.1
Steryl beta-glucosidase EGH1 Cholesteryl-beta-glucoside + Saccharomyces NP_012272.3
H20 <> D-glucose + cerevisioe
colesterol (EC 3.2.1.104)
Arogenate ADT L-arogenate = L- Papaver somniferum | XP_026414836.1
dehydratase phenylalanine + CO, + H,0
(EC 4.2.1.91)
Arogenate AAT L-arogenate + NAD* = L- Arabidopsis thaliana | NP_001331736.1
dehydrogenase tyrosine + NADH + CO, + H*
(EC 1.3.1.43)
Aspartate-prephenate PAT L-arogenate + oxaloacetate Arabidopsis thaliana | NP_001031394.1
aminotransferase <> prephenate + L-
aspartate (EC 2.6.1.78)
Tyrosinase TYR tyrosine - L-DOPA, L-DOPA Ralstonia NP_518458.1,
- dopaquinone (EC solanacearum, AJ223816,
1.14.18.1) Agaricus bisporus
Tyrosine TyrH L-tyrosine > L-dopa (EC Homo sapiens, Rattus| NP_000351.2,
hydroxylase 1.14.16.2) norvegicus, Hypsibius | NP_036872.1,
duj;:rrdini, Dtrosophila OWA52330.1,
melanogaster,
Schistos%ma mansoni, NP_476897.1,
Schistosoma 017446.1,
japonicum, Canis ADV58258.1,
lupus familiaris, Apis | NP_00100296
mellifera 6.1,
NP_00101163
3.1
L-DOPA DODC L-DOPA - dopamine (EC Pseudomonas putida,| AE015451.1,
decarboxylase 4.1.1.28) Rattus norvegicus NP_001257782.1
Tyrosine/DOPA TYDC L-DOPA -> dopamine {EC Papaver somniferum | AAA97535
decarboxylase 4.1.1.28)
tyrosine >tyramine (EC
4.1.1.25)
Monoamine oxidase MAO dopamine - 3,4-DHPA (EC E. coli, Homo sapiens,| 103792, D2367,
1.4.3.4) Micrococcus luteus | AB010716.1
Norcoclaurine synthase NCS 4-HPAA + dopamine - S- Coptis japonica, BAF45337.1,
norcoclaurine (EC 4.2.1.78) Papaver somniferum, | AB267399.2,AC
3,4-DHPA + dopamine > S- Papaver bracteatum, | 45396 1 AC
norlaudanosoline Thallcttqm flqvum, 090258.1,
Corydalis saxicola
AC090247.1,
AEB71889.1
Norcoclaurine 6-O- 60MT Norcoclaurine - coclaurine P. somniferum AY268894
methyltransferase Norlaudanosoline T. flavum AY610507
- 3’hydroxycoclaurine (EC Coptis japonica™ D29811
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Coclaurine-N- CNMT Coclaurine - N- P. somniferum AY217336
methyltransferase methylcoclaurine L. fla.vu.m . AY610508
3’hydroxycoclaurine Coptis japonica AB061863

- 3’-hydroxy-N-
methylcoclaurine
(EC 2.1.1.140)

4’-O-methyltransferase 4'0MT 3’-hydroxy-N-methylcoclaurine P. somniferum AY217333,
- Reticuline {EC 2.1.1.116) T. flavum AY217334
Coptis japonica* AY610510
D29812
Cytochrome P450 80B1 CYP80B1 | N-methylcoclaurine - 3'- P. somniferum, AAF61400.1
hydroxy-N-methylcoclaurine E. californica, AAC39453.1
(EC1.14.13.71) T. flavum, AAU20767.1

P. bracteatum

AC090224.1
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Enzyme Abbrev | Catalyzed Reactions Source organisms | Genbank #
GTP cyclohydrolase FOL2 GTP - dihydroneopterin Saccharomyces CAA97297.1,

triphosphate (EC 3.5.4.16) cerevisiae, Homo NP_001019195.1,
_Is\ZﬁIcer:Sl'lcruluc NP_0321281
6-pyruvoyl PTPS dihydroneopterin Rattus norvegicus, AAH59140.1,
tetrahydrobiopterin (PTP) triphosphate - PTP (EC Homo sapiens, BAAQ4224.1,
synthase 4.2.3.12) Mus musculus AAH29013.1
Sepiapterin reductase SepR PTP - BH4 (EC 1.1.1.153) Rattus norvegicus, NP_062054.1,
Homo sapiens, NP_003115.1,
Mus musculus NP 035597.2
Aa- PCD da- Rattus norvegicus, NP_00100760
hydroxytetrahydrobiopterin hydroxytetrahydrobiopterin Homo sapiens, 21,
(pterin-4o-carbinolamine) - H20 + quinoid Mus musculus AAB25581.1,
dehydratase dihydropteridine (EC NP_079549.1
4.2.1.96)
Quinoid dihydropteridine QDHPR [ quinoid dihydropteridine - Rattus norvegicus, AAH72536.1,
reductase BH4 (EC 1.5.1.34) Homo sapiens, NP_000311.2,
Mus musculus AAHO2107.1
Dihydrofolate reductase DHFR 7,8-Dihydrobiopterin - Rattus norvegicus, AF318150.1
5,6,7,8-Tetrahydrobiopterin Homo sapiens
(BH4)
(EC1.5.1.3)
1-benzylisoquinoline alkaloid DRS-DRR| (S)-reticuline -> (R)-reticuline Papaver PODKI7.1,
epimerase (cytochrome P4s0 | (CYP- bracteatum, AKO60175.1,
82Y2-codeinone reductase; COR) (S)-1-benzylisoquinoline->(R)-1- Papaver AKO60180.1,
dehydroreticuline synthase- benzylisoquinoline somniferum, AKO60179.1,
dehydroreticuline reductase) Papaver setigerum, AKO60175.1
(EC1.5.1.27) Chelidonium majus
(R)-reticuline,NADPH:oxygen SalSyn (R)-reticuline + NADPH + H+ + Papaver EF451150
oxidoreductase (C-C phenol- 02 - salutaridine + NADP+ + 2 somniferum, (Ref PMID
coupling), also known as H20 Papaver spp 22424601)
salutaridine synthase (EC1.14.21.4) Chelidonium majus
salutaridinol:NADP+ 7- SalR salutaridinol + NADP+ <> Papaver DQ316261,
oxidoreductase, also known salutaridine + NADPH + H+ somniferum, EF184229
as salutaridine reductase (EC1.1.1.248) Papaver (Ref PMID
bracteatum, 22424601)
Papaver spp
Chelidonium majus
acetyl-CoA:salutaridinol 7-O- SalAT acetyl-CoA + salutaridinol - Papaver AF339913,
acetyltransferase CoA + 7-0- acetylsalutaridinol somniferum, FJ200355,
(EC 2.3.1.150) Papaver F1200358,
bracteatum, FJ200356,
Papaver orientale, JQ659008
Papaver spp
Thebaine synthase TS 7-O-acetylsalutaridinol > Papaver AWQ63979,
thebaine + acetate somniferum, AWQ63980
(EC 4.2.99.24) Papaver
bracteatum,
Papaver orientale,
Papaver setigerum,
Papaver spp
Thebaine 6-0O demethylase T60DM | thebaine - neopinone (EC Papaver GQ500139.1
1.14.11.31) somniferium,
Papaver spp.
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Neopinone Isomerase NPI neopinone -» codeinone Papaver XP_026424272.1
neomorphinone - somniferum,
morphinone Papaver
(EC5.3.3.9) bracteatum,
Papaver orientale,
Papaver setigerum,
Papaver rhoeas,
Papaver spp
Codeinone reductase COR codeinone-> codeine (EC Papaver AF108432.1
1.1.1.247), somniferium, AF108433.1
neopinone-> neopine Papaver spp. AF108434.1
AF108435.1
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Enzyme Abbrev | Catalyzed Reactions Source organisms | Genbank #
Codeine O-demethylase CODM codeine-> morphine (EC Papaver GQ500141.1
1.14.11.32), somniferium,
neopine—» neomorphine Papaver spp.
Morphine dehydrogenase morA morphine - morphinone (EC Pseudomonas M94775.1
1.1.1.218), putida
codeinone - codeine (EC
1.1.1.247)
Morphinone reductase morB codeinone - hydrocodone Pseudomonas U37350.1
morphinone = putida
hydromorphone (EC 1.3.1.-)
NADPH:hemoprotein ATR1, NADPH + H+ + n oxidized Arabidopsis NM118585,
oxidoreductase, also known CPR hemoprotein - NADP+ + thaliana, E. CAB58576.1,
as cytochrome P450 n reduced hemoprotein (EC californica, P. CAB58575.1,AAC0502
reductase 1.6.2.4) somniferum, H. 1.1, AAC05022.1 many
sapiens, S. others {Ref PMID
cerevisiae, P. 19931102)
bracteatum,
Papaver spp., all
plants
Cytochrome P450, family 2, CYP2D6 | Promiscuous oxidase, can Homo sapiens BC067432
subfamily D, polypeptide 6 perform
(R)-reticuline + NADPH + H+ +
02 - salutaridine + NADP+ + 2
H20 among other reactions
(EC1.14.14.1)
S-adenosyl-L-methionine:(S)- S9OMT [ S-adenosyl-L-methionine + (S)- Thalictrum flavum AY610512,
scoulerine 9-0- scoulerine - S- adenosyl-L- subsp. glaucum, D29809,
methyltransferase homocysteine + (S)- Papaver EU980450,
tetrahydrocolumbamine somniferum, Coptis JN185323
(EC2.1.1.117) japonica, Coptis
chinensis,
Thalictrum spp,
Coptis spp, Papaver
spp
Tetrahydroprotoberberine- TNMT Stylopine - cis-N- P. somniferum DQO28579
N- methyltransferase methylstylopine (EC E. californica EU882977
2.1.1.122) P. bracteatum EU882994
Canadine - N-methylcanadine A. mexicana HQ116698
Cheilanthifoline synthase CFS Cheilanthifoline - P. somniferum GU325749
stylopine E. californica AB434654
(EC 1.14.21.1) P. bracteatum EF451152
A. mexicana
Stylopine synthase STS Stylopine - cis-N- P. somniferum GU325750
methylstylopine E. californica AB126257
(EC 2.1.1.122) P. bracteatum EF451151
A. mexicana
Cis-N-methylstylopine 14- MSH Cis-N-methylstylopine P. somniferum KC154003
hydroxylase Sprotopine E. californica
(EC 1141337) P. bfaCt:eCItUm
A. mexicana
Protopine-6-hydroxylase P6H Protopine - 6- E. californica AB598834
hydroxyprotopine P. somniferum AGC92397
(EC 1.14.13.55) P. bractfeatum
A. mexicana
Dihydrobenzophenanthridine | DBOX Dihydrosanguinarine - P. somniferum AGL44336,
oxidase sanguinarine E. californica AGL44335,
(EC 1.5.3.12) P. bracteatum AGLA4334
A. mexicana
(S)- STOX (S)-tetrahydroberberine + 2 02 Berberis wilsonae, HQ116697,
tetrahydroprotoberberine - berberine + 2 H202 (BEOP:SJ:GPOHIC? . AB564543
; erberis spp, Coptis
oxidase (EC1.3.3.8) sop
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(S)-tetrahydrocolumbamine, CAS (S)-tetrahydrocolumbamine + Thalictrum flavum AY610513,
NADPH:oxygen NADPH + H+ + 02 - (5)- subsp. glaucum, AB026122,
oxidoreductase canadine + NADP+ + 2 H20 Coptis japonica, AB374407,
(methylenedioxy-bridge- (EC 1.14.21.5) Thalictrum spp, AB374408

Coptis s
forming), also known as (S)- piis sep

canadine synthase

-168/1-

SUBSTITUTE SHEET (RULE 26)




WO 2022/109194

PCT/US2021/059980

Enzyme Abbrev | Catalyzed Reactions Source organisms | Genbank #
(S)-reticuline:oxygen BBE (S)-reticuline + 02 = (S)- Papaversommferum, AF025430,
oxidoreductase (methylene- scoulerine + H202 Argemone mexicand, | Eugg1889,
bridge-forming), also known (EC 1.21.3.3) Eschscholzia | Eussi1s9p,
- - californica, Berberis
as berberine bridge enzyme stolonifera S65550
Thalictrum flavum AF005655,
subsp. glaucum, AF049347,
Coptis japonica, AY610511,
Papaver spp, AB747097
Eschscholzia spp,
Berberis spp,
Thalictrum spp
Berbamunine synthase CYP80A1| (S)-N-methylcoclaurine + {R)-N- Berberis stolonifera, | AAC48987,
methylcoclaurine -> Capsicum chinense, | pHU28278,
berbamunine Quercus suber POF05239
(EC1.14.21.3)
1-benzylisoquinoline alkaloid + 1-
benzylisoquinoline alkaloid ->
bis-benzylisoquinoline alkaloid
Protopine O-dealkylase PODA 0,0-demethylenation of P. somniferum, GQ500140.1
canadine, stylopine and Papaver spp.
berberine
Reticuline N- RNMT reticuline->tembetarine Papaver KX369612.1
methyltransferase somniferum,
Papaver spp.
Papaverine 7-O-demethylase P70MT | papaverine->pacodine Papaver KT159979.1
somniferum,
Papaver spp.
3-O-demethylase 30DM  |oxycodone->oxymorphone Papaver
hydrocodone—>hydromorphone somniferum,
Papaver
dihydrocodeine->dihydromorphi bracteatum,
Papaver rhoeas,
ne
Papaver spp.

14-hydroxycodeine—14-
hydroxymorphine
codeinone—>morphinone
14-hydroxycodeinone—>14-

hydroxymorphinone
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N-demethylase (in some
cases the NDM activity is
encoded in BM3 or an
engineered variant of BM3)

NDM

Codeine—>Norcodeine
Morphine->Normorphine
Oxycodone-»Noroxycodone
Oxymorphone-»Noroxymorphon
e

[Thebaine—>Northebaine
Oripavine— Nororipavine
Hydrocodone->Norhydrocodone
Hydromorphone-»Norhydromor
phone
Dihydrocodeine->Nordihydrocod
eine
Dihydromorphine—->Nordihydro
morphine
14-hydroxycodeine->Nor-14-
hydroxycodeine
14-hydroxymorphine->Nor-14-
hydroxymorphine
Codeinone->Norcodeinone
Morphinone->Normorphinone
14-hydroxycodeinone—>Nor-14-
hydroxycodeinone
14-hydroxymorphinone—>Nor-
14-hydroxymorphinone

Bacillus
megaterium, Homo
sapiens, Papaver
somniferum,
Papaver spp.,
Chelidonium majus,
Stylophorum
diphyllum, Nigella
sativa, Hydrastis
canadensis,
Glaucium flavum,
Eschscholzia
californica,
Menispermum
canadense, Papaver
bracteatum
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PCT/US2021/059980

Enzyme

Abbrev

Catalyzed Reactions

Source organisms

Genbank #

N-methyltransferase

NMT

Norcodeine->codeine
Normorphine->morphine
Noroxycodone->oxycodone
Noroxymorphone->noroxymorp
hone

Northebaine->thebaine
Nororipavine—>oripavine
Norhydrocodone->hydrocodone
Norhydromorphone->
Hydromorphone
Nordihydrocodeine—>
Dihydrocodeine
Nordihydromorphine->
Dihydromorphine
Nor-14-hydroxycodeine- 14-
hydroxycodeine
Nor-14-hydroxymorphine—> 14-
hydroxymorphine
Norcodeineone-> Codeineone
Normorphinone-» Morphinone
Nor-14-hydroxy-codeinone-> 14-
hydroxycodeinone
Nor-14-hydroxy-morphinone—>
14-hydroxymorphinone

Papaver spp.,
Chelidonium majus,
Thalictrum flavum,
Coptis japonica,
Papaver
somniferum,
Eschscholzia
californica, Papaver
bracteatum,
Argenome
mexicana, Glaucium
flavum, Sanguinaria
canadensis,
Corydalis
chelanthifolia,
Nigella sativa,
Jeffersonia diphylla,
Berberis thunbergii,
Mahonia
aquifolium,
Menispermum
canadense,
Tinospora cordifolia,
Cissampelos
mucronata,
Cocculus trilobus
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N-allyltransferase NAT Norcodeine—>N-allyl-norcodeine Papaver spp.,
Chelidonium

Normorphine—>N-allyl-
normorphine
Noroxycodone—>N-allyl-
noroxycodone
Noroxymorphone->N-allyl-
nornoroxymorphone
Northebaine—N-allyl-northebaine
Nororipavine—>N-allyl-nororipavine
Norhydrocodone->N-allyl-
norhydrocodone
Norhydromorphone-> N-allyl-
norhydromorphone
Nordihydrocodeine—> N-allyl-
nordihydrocodeine
Nordihydromorphine-> N-allyl-
nordihydromorphine
Nor-14-hydroxycodeine—> N-allyl-
nor-14-hydroxycodeine
Nor-14-hydroxymorphine-> N-allyl-
nor-14-hydroxymorphine
Norcodeineone-> N-allyl-
norcodeineone

Normorphinone-> N-allyl-
normorphinone
Nor-14-hydroxy-codeinone-> N-
allyl-nor-14-hydroxycodeinone
Nor-14-hydroxy-morphinone-> N-

allyl-nor-14-hydroxymorphinone

majus, Thalictrum
flavum, Coptis
japonica, Papaver
somniferum,
Eschscholzia
californica,
Papaver
bracteatum,
Argenome
mexicana,
Glaucium flavum,
Sanguinaria
canadensis,
Corydalis
chelanthifolia,
Nigella sativa,
Jeffersonia
diphylla, Berberis
thunbergii,
Mahonia
aquifolium,
Menispermum
canadense,
Tinospora
cordifolia,
Cissampelos
mucronata,
Cocculus trilobus
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N- CPMT  |Norcodeine->N{cyclopropylmethyl)norc | Papaver spp.,
cyclopropylmethyltransferase Chelidonium

odeine
Normorphine->N{cyclopropylmethyl
) normorphine
Noroxycodone-»N{cyclopropylmeth
vl) noroxycodone
Noroxymorphone->N{cyclopropylm
ethyl) nornoroxymorphone
Northebaine->N{cyclopropylmethyl)
northebaine
Nororipavine->N({cyclopropylmethyl)
nororipavine
Norhydrocodone->»N({cyclopropylme
thyl) norhydrocodone
Norhydromorphone->
N{cyclopropylmethyl)norhydromorp
hone

Nordihydrocodeine—>
N{cyclopropylmethyl)nordihydrocod
eine

Nordihydromorphine->
N{cyclopropylmethyl)nordihydromor
phine

Nor-14-hydroxycodeine->
N{cyclopropylmethyl)nor-14-
hydroxycodeine
Nor-14-hydroxymorphine->
N{cyclopropylmethyl)nor-14-
hydroxymorphine

Norcodeineone—>
N{cyclopropylmethyl)norcodeineone
Normorphinone->
N{cyclopropylmethyl)normorphinon
e

Nor-14-hydroxy-codeinone->
N{cyclopropylmethyl)nor-14-
hydroxycodeinone
Nor-14-hydroxy-morphinone—>
N{cyclopropylmethyl)nor-14-

hydroxymorphinone

majus, Thalictrum
flavum, Coptis
japonica, Papaver
somniferum,
Eschscholzia
californica,
Papaver
bracteatum,
Argenome
mexicana,
Glaucium flavum,
Sanguinaria
canadensis,
Corydalis
chelanthifolia,
Nigella sativa,
Jeffersonia
diphylla, Berberis
thunbergii,
Mahonia
aquifolium,
Menispermum
canadense,
Tinospora
cordifolia,
Cissampelos
mucronata,
Cocculus trilobus
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Table 12. O-demethylase candidate enzymes

PCT/US2021/059980

Name

Sequence

SEQ
ID NO.

T60DM

MEKAKLMKLGNGMEIPSVQELAKLTLAEIPSRYVCANENLLLPMGASVINDHETIPVIDIENLLSPEPIIGKLEL
D
RLHFACKEWGFFQVVNHGVDASLVDSVKSEIQGFFNLSMDEKTKYEQEDGDVEGFGQGFIESEDQTLDWADI
FMMFTLPLHLRKPHLFSKLPVPLRETIESYSSEMKKLSMVLFNKMEKALQVQAAEIKGMSEVFIDGTQAMRM
NYYPPCPQPNLAIGLTSHSDFGGLTILLQINEVEGLQIKREGTWISVKPLPNAFVVNVGDILEIMTNGIYHSVDH
RAVVNSTNERLSIATFHDPSLESVIGPISSLITPETPALFKSGSTYGDLVEECKTRKLDGKSFLD SMRI

83

CODM

METPILIKLGNGLSIPSVQELAKLTLAEIPSRYTCTGESPLNNIGASVTDDETVPVIDLQNLLSPEPVVGKLELDK
LHSACKEWGFFQLVNHGVDALLMDNIKSEIKGFFNLPMNEKTKYGQQDGDFEGFGQPYIESEDQRLDWTEVF
SMLSLPLHLRKPHLFPELPLPFRETLESYLSKMKKLSTVVFEMLEKSLQLVEIKGMTDLFEDGLQTMRMNYYP
PCPRPELVLGLTSHSDFSGLTILLQLNEVEGLQIRKEERWISIKPLPDAFIVNVGDILEIMTNGIYRSVEHRAVVN
STKERLSIATFHDSKLESEIGPISSLVTPETPALFKRGRYEDILKENLSRKLDGKSFLDYMRM

84

PsP70
DM

MEKAKLMKLGNGLSIPSVQELAELTFAEVPSRYVCTNDENLLLMTMGASEIDDETVPVIDLQNLLSPEPAIGKS
ELDWLHYSCKEWGFFQLVNHGVDALLVDHVKSEIHSFFNLPLNEKTKYGQRDGDVEGFGQAFLVSENQKLD
WADMFFINTLPLHLRKPHLFPNLPLPLRETIESYSSEMKKLSMVLFEMMGKAIEVIDIKEAITEMFEDGMQSM
RMNYYPPCPQPERVIGITPHSDFDGLTILLQLNEVEGLQIRKEDKWISIKPLPDAFIVNVGDIWEIMTNGVHRSV
DHRGVINSTKERLSIATFHSPKLELEIGPISSLIRPETPAVFKSAGRFEDLLKEGLSRKLDGKSFLDCMRM

85

PsoDIO
X1

MEKAKLMKLGNGMEIPSVQELAKLTLAEIPSRYVCANENLLLPMGASVINDHETIPVIDIENLLSPEPIIGKLEL
DRLHFACKEWGFFQVVNHGVDASLVDSVKSEIQGFFNLSMDEKTKYEQEDGDVEGFGQGFIESEDQTLDWAD
[FMMFTLPLHLRKPHLESKLPVPLRETIESYSSEMKKLSMVLFNKMEKALQVQAAEIKGMSEVFIDGTQAMRM
NYYPPCPQPNLAIGLTSHSDFGGLTILLQINEVEGLQIKREGTWISVKPLPNAFVVNVGDILEIMTNGIYHSVD

86

PsoDIO
X2

METAKLMKLGNGMSIPSVQELAKLTLAEIPSRYICTVENLQLPVGASVIDDHETVPVIDIENLISSEPVTEKLELD
RLHSACKEWGFFQVVNHGVDTSLVDNVKSDIQGFFNLSMNEKIKYGQKDGDVEGFGQAFVASEDQTLDWADI
FMILTLPLHLRKPHLFSKLPLPLRETIESYSSEMKKLSMVLFEKMEKALQVQAVEIKEISEVFKDMTQVMRMN
YYPPCPQPELAIGLTPHSDFGGLTILLQLNEVEGLQIKNEGRWISVKPLPNAFVVNVGDVLEIMTNGMYRSVDH
RAVVNSTKERLSIATFHDPNLESEIGPISSLITPNTPALFRSGSTYGELVEEFHSRKLDGKSFLDSMRM

87

PbrDIO
X2

METPKSIKLGGSLLVPSVQELAQQSFAEVPARYVRDDLEPLTDLSGVSMIDQTIPVIDLQKLQSPVPIIRELESEK
LHSACKEWGFFQVVNHGVDILLVEKTKSEIKDFFNLPMDEKKKFWQEEGDIQGFGQAFVQSEDQKLDWADIF
LMVTLPRHTRNPRLFPKLPLPLRNTMDSYSSKLSKLASTLIEMMGKALHMETSVLAELFEDGRQTMRINYYPP
CPQPKDVIGLTPHSDGGGLTILLQLNEVDGLQIRKEKIWIPIKPLPNAFVVNIGNILEIMTNGIYRSVEHRATIHS
TKERLSVAAFHNPKVGVEIGPIVSMITPESPALFRTIEYDDYGKKYFSRKLDGKSSLDFMRIGEGDEENKAT

88

PbrDIO
X3

METPKLIKLGGSLLVPSVLELTKQSPAEVPARYIRNDLEPMTDLSSASLTDQTIPVIDLQNLLSPEPELELEKLHS
GCKEWGFFQVMNHGVDILLVEKVKSEIQGFFNLPIDEKNKFWQEEGDLEGYGKAFVHSEDEKLDWADMEFEFIL
TQPQYMRKPRVFPKLPLRLRETIESYSLELSKLGLTLLDLMGKALQIETGVMSELFEDGRQTMRMNYYPPCPQ

PEHVIGLTPHSDGGALTILLQLNQVDGLQIRKEEIWVPIKPLPNAFVVNIGDILEIMSNGVYRSVEHRATINSSKE
RLSVAIFQSPKHGTEIGPILSMITPEAPALFKTIPYEDYLRKFFSRKLGGKSFVDSMRIGESDEDNNTA

89

PbrDIO
X4

METQKQENFGASLSVPNVQELAKQSPEQVPDRYIRSDQDSSTNISCPSMTDQIPVIDLQSLLSPDPIIGELELERL
HSACKEWGFFQVVNHGVDNLLVEKVKSEIQGFFNLPMDEKKKFWQEEGDFEGFGQAFVFSEDQKLDWGDVF
FILTQPQHMRKPRLFPKLPLPFRKTIESYSLETNKLSMTLLELMEKALKIETGVMTELFEGGIQRMRMTYYPPC
PQPKHVIGLTPHSDPDALTILLQLNEVDGLQIRKEKIWVPIKPLSNAFVVNIGDILEIMSNGIYRSVEHRATVNS
TKERLSVATFHSPRKDTEIGPILITPETPALFRTSGFEDYFRKFFAHKLNGKSFLSSIRIGETDEGNNAT

90

PbrDIO
X5

MEAPKLIMLGGSLFVPSVQELAKQSLAEVPVRYVRDDQDTLGNNINITPMSMIDQSIPVIDLEKLLSPEPIVGEL
ELERLHSACKEWGFFQVVNHGVDSLLVEKVKSEIEGFFKLPMDEKTKFWQEEGDIEGFGQVFVHSQDQKLDW
GDMFLMQTLPRHTRKPRLFPNLPLPLRQTIESYSSELSKLVLTLVDLMGKALQMESGVLTELFENGIQRMRMN
YYPPCPQPEQVIGLTPHSDVGGLTILLQLNEVDGLQIKKDKVWVPIKPLANAFVVNVGDALEIMSNGIYRSVEH
RATINSTKERLSIATFHNPRADREIGPIPSMISPETPALFKTTGYEEYFKKFFSRKLEGKSFLDSLRIREGDEHCG
RLDVKGPCN

91

PbrDIO
X6

MEIPNPIKIGSSLLVPSVQELAKQSFAEVPARYIRNDVDPLITKLSDVSLIDQTVPVIDLQKLLSPEPIV
GELELERLHSACKEWGFFQVVNHGVDNLLVEKVKSEIQ GFFNLPMEEKKKFWQEEGDFEGFGQMFVQSEE
QKLDWGDMFFILTQPQHMRKPRLFSKLPLPLRETIESYSLELIKLGLTIIKLMEKALQIDAGVMAELFED
GIHTMRMNYYPPCPQPEHVIGLTPHSDGGGLTILLQLNEVDGLQIRRENIWVPIKPLPNAFVVNIGDILE
ILSNGIYRSVEHRSTVNATKERLSVATFQNPKQESVIGPNMITPERPALFRKIVYKDYMKKLFSRKLDGK
SFLDSLRIGEGDERP

92

PbrDIO
X8

METLKTVKPGGSLFIPNGQELAKQSLEEVYVGNDQDTMLLIGQTIPVIDLQKLLSPEPITGDMELDKLHS
ACKEWGFFQVVNHGVDILLVEKVKSEVHDFFNIPMDEKKPFWQEEGDLEGFGQVFITSEDQQLDWGDMFF
MVTLPKHMRKPRLFLKLPLPLRETIESYSLKLSKLGVTLVELMGKALQMEDRIMSELFDDGRQTMRMNYY
PPCPQPEQVIGLTPHSDPGGLTILLELNEVNGLIRKENIWVPIIPLPNAFIVNIGDILEIMSNGIYHSVE
HRATINSTKERLSVAMENSPKVD TEIGPIHSMITPETPALFRTIGYDEYLKIFFSRKLDGKSLLESMKI

93

PbrDIO
X10

MEAPKLIMLGGSLFVPSVQELAKQSLAEVPVRYVRDDQDTLGNNINITPMSMIDQSIPVIDLEKLLSPEP
[VGELELERLHSACKEWGFFQVVNHGVDSLLVEKVKSEIEGFFELPVDEKKKFWQEEGDIEGFGQIFVHS
EDQKLDWADMFYMLTLPPNMRKPRLFPNLPLPLRQTIDSYSSELSKLVLTLVDLMGKALQMESGVLTELF
ENGIQRMRMNYYPPCPQPEQVIGLTPHSDVGGLTILLQLNEVDGLQIKKDKIWVPIKPLRNAFVVNVGDA
LEIMSNGIYRSVEHRATINSTKERLSIATFHNPRADREIGPIPSMISPETPALFKTTGYEEYFKKFFSRK
LEGKSFLDSLRIGEGDEHCGRLXVKGXCN

94
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PbrDIO | METPKLMKLGGSLFVPSVQELAKQSLAEVPARYVRDDRDMVGNIINVTPMSMIDQSIPVIDLEKLLSPDL 95

X11 IVGELELERLHSACKEWGFFQVVNHGVDSLLVEKVKSEIEGFFELPMDEKKKFWQEEGDAEGFAQFFVQS
EDQKLDYSGDMFFMLNLPQHMRKPRLFLKLPLPLRETIESYSLKLSKLGVTLVELMGKALQMEDRIMSEL
FDDGRQTMRMNYYPPCPQPEQVIGLTPHSDPGGLTILLELNEVNGLIRKENIWVPIIPLPNAFIVNIGDI
LEIMSNGIYHSVEHRATINSTKERLSVAMFNSPKVDTEIGPIHSMITPETPALFRTIGYDEYLKIFFSRK
LDGKSLLESMKI

PbrDIO | METPKLRDFGSFLPVPSVQELAKQVLTEIPPRYIRTDLEALNKLSCASNTDQTVPIIDMQCLLSAEPEME 96

X13 LEKLHSACKEWGFFRVVNHGVDNLESVKSEIESFLNLPVNAKNKYGQKQGDDQGFGSRFVLSEEQKLDWG
DFFYMVTRPLYLRKPHLFPELPLPLRETIESYSSEVSKLAMALFEMMGKALKIETGVMTEIFEGGMQAMR
MNYYPPCPRPDLVIGLNAHSDFGGLTILLQLNEVEGLEIRNKGEWVSVKPLANAFVVNVGDVMEILTNGI
YHSVEHRATINSSKERLSVATFHYPKLETGIGPLPCMITPKTPALFGRIERYELLLRKYYARKLNGKSTL
DCMRIGNGFEDDNTA

PbrDIO | MEAPKLIMLGGSLFVPSVQELAKQSLAEVPARYVRDDQDTLGNNINITPMSMIDQSIPVIDLEKLLSPEP 97

X18 IVGELELERLHSACKEWGFFQVVNHGVDSLLVEKVKSEIEGFFELPVDEKKKFWQEEGDIEGFGQIFVHS
EDQKLDWADMFYMLTLPPNMRKPRLFPNLPLPLRQTIDSYSSELSKLVLTLVDLMGKALQMESGVLTELF
ENGIQRMRMNYYPPCPQPEQVIGLTPHSEVGGLTILLQLNEVDGLQIRKEKIWVPIKPLSNAFIVNIGDI
LEIMSNGIYRSVEHRATVNSTKERLSVATFHSPRKD TEIGPILITPETPALFRTSGFEDYFRKFFAHKLN
GKSFLSSIRIGETDEGNNAT

PbrDIO | MSMIDQSIPVIDLEKLLSPEPIVGELELERLHSACKEWGFFQVVNHGVDSLLVEKVKSEIEGFFELPVDE 98

X19 KKKFWQEEGDIEGFGQIFVHSEDQKLDWADMFYMLTLPPNMRKPRLFPNLPLPLRQTIDSYSSELSKLVL
TLVDLMGKALQMESGVLTELFENGIQRMRMNYYPPCPQPEQVIGLTPHSDVGGLTILLQLNEVDGLQIRK
EKIWVPIKPLSNAFIVNIGDILEIMSNGIYHSVEHRATINSTKERLSVAMENSPKVDTEIGPIHSMITPE
TPALFRTIGYDEYLKIFFSRKLDGKSLLESMKI

PbrDIO | METPKLVKSSGSSLFLSTSVQELAKQSLPEVPARYIRTNLEPLSNVSGDSQSVPVIDLQKLLSSEPIIGE 99

X21 LELDKLHSACKEWGFFQVVNHGVDNLVMEKIKTEIQGFFNLSLDEKQKFWKKEGDAEGFGQNFIESEDQK
LDWGDTFGMFTLPIHMRNPRLFPELPLPLRETIESYSLDVRKLALALIGLMEKALKIKTSAMSELFEDGG
QAMRMNYYPPCPQPEHVIGLTPHSDAGGLTILLQLNEVDGLQIKKDKIWVPIKPLPNAFVVNIGDILEIM
TNGIYRSVEHRATINSSKERLSVAAFHSPKGD TLIGPMVSLITPETPALFRTIGYQDYMKKFMSRKLDGK
SLVNSMRIGEGDEDK

PbrDIO | METPTLMKLGNGLSVPSVQELAKATLAEIPSRYICTDENLLTMGASTTDNETVPVIDLQNLLSPEPVIGMLELD | 100

X- RLHSACKEWGFFQLVNHGVDALLVDNEVQGFFNLPMDEKTKYGQKDGDDEGFGQFFVISEDQKLDWADVFY

ZSNV- MSTLPLHSRKPHLFPELPLPLRETMESYSSEMKKLSMVLFDMMGKALQVVEIKGITELFEDGAQQIRMNYYPP

20040 CPQPELVFGLTSHSDFDGLTILLQLGEVEGLQIKKEERWISIKPLPDAFIVNVGDILEIMTNGIYRSVDHRAVVNS

18 IKERLTIATFHDPRLEAEIGPISSLITPETPALFKRGVFEDLLKEMFLRKLDGKSFLDCMRM

PrhDIO | GNGLSVPSVQELAKQTLAEIPSRYICTDENPLITGASVVDDETVPVINLQNLLSPEPVIGKLELDKLHSACKEWG | 101

X- FFQVVNHGVNDSLVDSVKSEIEGFFNLPANEKLKYGQKDGDVEGFGQHFVVSEDQKLDWADVFYMVTLPVRL

MVTX- | RKPHLFPELPLPLRDTLDSYSSELNKLSMVLLEMMEKALKLVECKGITDFFEDGFQQMRMNYYPPCPRPELVT

20015 GLTSHSDFGGLTILLQLNDVEGLQIKKEERWISIKPLPNAFIVNIGDVLEIMSNGIYRSVDHRAVINSTKVRMSVA

22 TFHDPRLEAVIGPISSLITPETPALFKRGVFEDLLKEMFLRKLDGKSFLDCMRI

PseDIO | LMKLANGMSVPIVQELAKLTVGEIPSRYICTDGNLLTMGASVIDYETVPVIDLQNLQSREPVIEKLELDRLHSAC | 102

X-JSVC- | KEWGFFQLLNHGVDASLMDNVRSEIRGFFNLPISDKMKYGQKDGDEEGFGQHFIVSEDQKLDWVDAFMMEFT

20058 LPLHSRNPRLTPEFPQPLRETVESYSSEMKKLSVLLFELMEKALQVKGITEMFEDGLQSIRMNYYPPCPRPELA

42 IGLTSHSDFDGLTILLQLNEVEGLQIKKEERWISIKPLPNAFIVNVGDVLEVMTNGIYRSVDHRAVVNSTKERLS
[ATFHDPELESEIGPIASLITPETPALFKRGRFKDLLKENLSTKLDGKSFLDCIRM

CYP2D | MGLEALVPLAVIVAIFLLLVDLMHRRQRWAARYSPGPLPLPGLGNLLHVDFQNTPYCFDQLRRRFGDVFSLQL | 103

6 AWTPVVVLNGLAAVREALVTHGEDTADRPPVPITQILGFGPRSQGVFLARYGPAWREQRRFSVSTLRNLGLGK

KSLEQWVTEEAACLCAAFANHSGRPFRPNGLLDKAVSNVIASLTCGRRFEYDDPRFLRLLDLAQEGLKEESGF
LREVLNAVPVLLHIPALAGKVLRFQKAFLTQLDELLTEHRMTWDPAQPPRDLTEAFLAEMEKAKGNPESSFN
DENLRIVVADLFSAGMVTTSTTLAWGLLLMILHPDVQRRVQQEIDDVIGQVRRPEMGDQAHMPYTTAVIHEV
QRFGDIVPLGVTHMTSRDIEVQGFRIPKGTTLITNLSSVLKDEAVWEKPFRFHPEHFLDAQGHFVKPEAFLPES
AGRRACLGEPLARMELFLFFTSLLQHFSFSVPTGQPRPSHHGVFAFLVTPSPYELCAVPR
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Table 13. N-demethylase candidate enzymes

PCT/US2021/059980

Name

Sequence

SEQ
ID NO.

BM3

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRFDKNLSQ
AAKFARDFAGDGLVTSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKWERLNADEHIEVSE
DMTRLTLDTIGLCGFNYRENSFYRDQPHPFIISMVRAADEVMNKLQRANPDDPAYDENKRQFQEDIKVMND
LVDKIIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLIAGHETTSGLLSFALYFLVKNPHVLQ
KVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTAPAFSLYAKEDTVLGGEYPLEKGDEVMVLIPQL
HRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGNGQRACIGQQFALHEATLVLGMMLKHFDFEDHTNYEL
DIKETLTLKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIA
MSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWA
TTYQKVPAFIDETLAAKGAENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFV
DSAADMPLAKMHGAFSTNVVASKELQQPGSARSTRHLEIELPKEASYQEGDHLGVIPRNYEGIVNRVTARFGL
DASQQIRLEAEEEKLAHLPLAKTVSVEELLQYVELQDPVTRTQLRAMAAKTVCPPHKVELEALLEKQAYKEQ
VLAKRLTMLELLEKYPACEMKFSEFIALLPSIRPRYYSISSSPRVDEKQASITVSVVSGEAWSGYGEYKGIASNYL
AELQEGDTITCFISTPQSEFTLPKDPETPLIMVGPGTGVAPFRGFVQARKQLKEQGQSLGEAHLYFGCRSPHED
YLYQEELENAQSEGIITLHTAFSRMPNQPKTYVQHVMEQDGKKLIELLDQGAHFYICGDGSQMAPAVEATLM
KSYADVHQVSEADARLWLQQLEEKGRYAKDVWAG

104

CYP3A4
-1

MALIPDLAMETWLLLAVSLVLLYLYGTHSHGLFKKLGIPGPTPLPFLGNILSYHKGFCMFDMECHKKYGKVW
GFYDGQQPVLAITDPDMIKTVLVKECYSVFTNRRPFGPVGFMKSAISIAEDEEWKRLRSLLSPTFTSGKLKEMV
PIIAQYGDVLVRNLRREAETGKPVTLKDVFGAYSMDVITSTSFGVNIDSLNNPQDPFVENTKKLLRFDFLDPFF
LSITVFPFLIPILEVLNICVFPREVTNFLRKSVKRMKESRLEDTQKHRVDFLQLMIDSQNSKETESHKALSDLEL
VAQSIIFIFAGYETTSSVLSFIMYELATHPDVQQKLQEEIDAVLPNKAPPTYDTVLQMEYLDMVVNETLRLFPIA
MRLERVCKKDVEINGMFIPKGVVVMIPSYALHRDPKYWTEPEKFLPERFSKKNKDNIDPYIYTPFGSGPRNCI
GMRFALMNMKLALIRVLQNFSFKPCKETQIPLKLSLGGLLQPEKPVVLKVESRDGTVSGA

105

CYP3A4
-2

MALIPDLAMETWLLLAVSLVLLYLYGTHSHGLFKKLGIPGPTPLPFLGNILSYHKGFCMFDMECHKKYGKVW
GFYDGQQPVLAITDPDMIKTVLVKECYSVFTNRRPFGPVGFMKSAISIAEDEEWKRLRSLLSPTFTSGKLKEMV
PIIAQYGDVLVRNLRREAETGKPVTLKDVFGAYSMDVITSTSFGVNIDSLNNPQDPFVENTKKLLRFDFLDPFF
LSITFPFLIPILEVLNICVFPREVTNFLRKSVKRMKESRLEDTQKHRVDFLQLMIDSQNSKETESHKALSDLELV
AQSIIFIFAGYETTSSVLSFIMYELATHPDVQQKLQEEIDAVLPNKAPPTYDTVLQMEYLDMVVNETLRLFPIA
MRLERVCKKDVEINGMFIPKGVVVMIPSYALHRDPKYWTEPEKFLPERFSKKNKDNIDPYIYTPFGSGPRNCI
GMRFALMNMKLALIRVLQNFSFKPCKETQIPLKLSLGGLLQPEKPVVLKVESRDGTVSGA

106

McaCY
P82-4

MIMMFIDYYSSWLPQTLLLQSILLAVSLVIFINLFLTRRRSYSSKSHTNIIHPPKAAGALPVIGHLYTLF
RGLSAGVPLYRQLDAMADRYGPAFIIHLGVYPTLVVTCRELAKECFTTNDQTFATRPSTCAGKYIGYNYA
FFGFAPYGPYWREARKIATVELLSNYRLDSLRHVREAEVGRNVDELYALHASSSTNKQNMMKIDMKQWED
QVTLNVILMMVVGKRCVTTGGNEEEVRVVKVLHEFFKHLGTLSVSDVVPYVEWMDLDGNIGRMKSTAKEL
DCILGRWLEEHRRERRSDFMDAMLAMVEGIKIPYYDSDTVIKAICLNLLNAGSDTLGITMTWALSLLLNN
RHVLKKVKDELDVHVGKNRQVEELDVKNLVYLHAVVKETLRLFPPAPLGVPHEAMEDCVVGGFHVAKGTR
LVVNVWKLHRDPSVWSDPLAFKPERFLDNNTVDVRGQHFQLLPFGSGRRGCPGITFALQVAHLTLARLLH
GFEWDTPDGAPVDMSEVSVLTTAKKNPVEVLFTPRLPAEVYTQN

107

NsaCYP
82-4

MLSIHDSTMVFLQLQAICGIFGFIFIITTWWTRWKSSNKMKAPEVAGAWPVIGHLHLLGGGRPLYQLLGDM
SDKYGPAFTLRMGIQKALVVSSWEVAKECLTTNDRALATRPSSAGGKYMGYNNALIPFSPYGPYWRDMRK
[ATLELLSNHRLEELKHVREMEINTCISDMYKLCQVEDGVEIKPISVDLSQWFADLTFNVVVMMITGKRY
[GSTDAGDMNEIRHFQAALVKFMRLLRISLLVDVFPVLQWINYGGFKGVMKSTARDIDSVLENWLQEHQR
KRLSPDFNGNHDFIDVMISTLEGTEFSDYDHNTIIKAISMAMVVGGTD TTTTTLIWAISLLLNNPNAMKK
VQEELEIHVGKERNVDGSDIQHLVYLQAVVKETLRLYPPVPLSVMHQAMEDCVIGSYNIQAGTRVLFNLW
KLHRDSSVWSDPLEFRPERFLTSHVDVDVRGQHFELIPFGSGRRSCPGISFALQVIHLTIARLFHGFNLT
TPGNSSVDMSEISGATLSKVTPLEVLVTPRLSSKLYN

108

HcaCYP
82-10

MDSLLQLQIIGALAALIFTYKLLKVICRSPMTDGMEAPEPPGAWPIIGHLHLLGGQDPIARTLGVMTDKY
GPILKLRLGVHTGLVVSNWELAKECFTTNDRVLASRPMGAAGKYLGYNYAIFGLAPHGPYWSEVRKIVLR
ELLSNQSLEKLKHVRISEINTCLKNLFSLNNGNTPIKVDMKQWFERPMFNVVTMMIAGKRYFSMENDNEA
MNFRKVATEFMYLTGVFVVSDALPYLEWLDLQGHVSAMKRTAKELDIHVGKWLEEHRRAKLLGETKNEDD
FVDVLLTILPEDLKDNQTYIHDRDTIIKATALALFLAASD TTAITLTWALSLILNNPDVLKRAQDELDKH
VGKEKLVKESDIINLVYLQAIIKETLRLYPAAPLLLPHEAMEDCTVGGYHVPKGTRIFVNIWKLQRDPRV
WEFDPNEFRPERFLTTHANVDFKGQHFEYIPFSSGRRVCPGITFSTQIMHLTLAHLLHEENIVTPTKSNAG
VDMTESLGITMPKATPLEVLLTPRLPSNLYNQYRD

109

EcaCYP
82-7

MNLLIFFQFLLQFQVLVGLSVLLAFSYYLWVSKNPKINKFKGKGALLAPQAAGAWPIVGHLPQLVGPKPL
FRILGAMADNYGPIFMLRFGVHPTVVVSSWEMTKECFTTNDRHLASRPSNAASQYLIYEVYALFGEFSLYG
SSYWRDARKIATLELLSHRRLELLKHVPYTEID TCIKQLHRLWTKNNKNQNNPELKVEMNQFFTDLTMNV
[LKLVVGKRFFNVDDAADHEKEEARKIQGTIFEFFKLTEGSVSAGALPLLNWLDLNGQKRAMKRTAKKMD
SIAEKLLDEHRQKRLSKEGVKGTHDHNDFMDVLLSILDADQGDYSHHPFNYSRDHVIKATTLSMILSSMS
[SVSLSWALSLLLNNRHVLKKAQDELDMNVGKDRQVEEGDIKNLVYLQAIVKETFRMYPANPLLLPHEAI
EDCKIGGFNVPAGTRVVVNAWKLQHDPRVWSNPSEFKPERFLNDQAAKVVDVRGQNFEYLPFGSGRRVCP
GISFSLQTIHMSLARLVQAFELGTPSNERIDMTEGSGLTMPKTTPLHVLLNPRLPLPLYE

110

GfICYP
82-8

MELINSLEIQPITISILALLTVSILLYKITWNHGSRKNNKSNKNNRKTSSSAGVVEIPGAWPIIGHLHLF
NGSEQMFHKLGSLADQYGPAPFFIRFGSRKYVVVSNWELVKTCFTAQSQIFVSRPPMLAMNILFFPKDSL

111
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SEQ
ID NO.

SYIQHGDHWRELRKISSTKLLSSHRVETQKHLIASEVDYCFKQLYKLSNNGEFTLVRLNTWCEDMALNVH
VRMIAGMKNYVAAPGSGEYGGQARRYRKALEEALDLLNQFTITDVVPWLGWLDHFRDVVGRMKRCGAELD
SIFATWVEEHRVKRASGKGGDVEPDFIDLCWESMEQLPGNDPATVIKLMCKEHIFNGSGTSSLTLAWILS
LIMNNPYVIKKAREELEKHVGNHRQVEESDLPNLLYIQAIIKEGMRLYTPGPFIDRNTTEDYEINGVHIP
AGTCLYVNLWKIHRDPNVYEDPLEFKPERFLKNNSDLDLKGQNYQLLPFGAGRRICPGVSLALPLMYLTV
SRLIHGFDMKLPKGVEKADMTAHGGVINQRAYPLEVLLKPRLTFQQA

SdiCYP
82-3

MTIGALALLSFIYFLRVSVIKRTKYTNTAVTATNKLENDEDEANHSKRVVAPPEVAGAWPILGHLPQLVG
LKQPLFRVLGDMADKYGPIFIVRFGMYPTLVVSSWEMAKECFTTNDRVLASRPASASGKYLTYNYAMFGF
TNGPYWREIRKISMLELLSHRRVELLKHVPSTEIDSSIKQLYHLWVENQNQNKQGDHQVKVDMSQLLRDL
TLNIVLKLVVGKRLFNNNDMDHEQDEAARKLQKTMVELIKVAGASVASDALPFLGWLDVDGLKRTMKRIA
KEIDVIAERWLQEHRQKKLTSNDKGGSNNIQGGGGDNDFMDVMLSILDDDSNFFINYNRDTVIKATSLTM
[LAGSDTTTLSLTWALTLLATNPGALRKAQDELDTKVGRDRQVDERDIKNLVYLQAIVKETLRMYPAAPL
AIPHEATQDCIVGGYHVTAGTRVWVNLWKLQRDPHAWPNPSEFRPERFLAVENDCKQQGTCDGEAANMDF
RGQHFEYMPFGSGRRMCPGINFAIQIIHMTLARLLHSFELRVPEEEVIDMAEDSGLTISKVTPLELLLTP
RLPLPLYI

112

SdiCYP
82-6

FCQFQGIVGILLAFLTFLYYLWRASITGLRTKPKHNDFKVTKAAPEAD GAWPIVGHFAQFIGPRPLFRIL
GDMADKYGSIFMVRFGMYPTLVVSSWEMAKECFTTNDRFLASRPASAAGKYLTYDFAMLSFSFYGPYWRE
[RKISMLELLSHRRVELLKHVPSTEIDSSIKQLYHLWVENQNQNKQGDHQVKVDMSQLLRDLTLNIVLKL
VVGKRLFNNNDMDHEQDEAARKLQKTMVELIKVAGASVASDALPFLGWLDVDGLKRTMKRIAKEIDVIAE
RWLQEHRQKKLTSNDKGGSNNIQGGGGDNDFMDVMLSILDDDSNFFINYNRDTVIKATSLTMILAGSDTT
TLSLTWALTLLATYPLCALRKAQDELDTKVGRDRQVDERDIKNLVYLQAIVKETLRMYPAAPLAIPHEAT
QDCIVGGYHVTAGTRVWVNLWKLQRDPHAWPNPSEFRPERFLAVENDCKQQGTCDGEAANMDFRGQHFEY
MPFGSGRRMCPGINFAIQIIHMTLARLLHSFELRVPEEEVIDMAEDSGLTISKVTPLELLLTPRLPLPLY

[

113

CmacCyY
P82-6

MDLFIFFSRFQYIVGLLAFLTFFYYLWRVSITGTRIKTNQNIMNGTNMMAPEAAGAWPIVGHLPQLVGPQ
PLFKILGDMADKYGSIFMVRFGMHPTLVVSSWEMAKECFTTNDKFLASRPTSAGGKYLTYDFAMFGFSFY
GPYWREIRKISTLELLSHRRVELLKHVPYTEIGGSIKQLYKLWMETQNQNKQRDDHQVKVDMSQVFGYLT
LNTVLKLVVGKGLFNNNDMNHEQEEGRKLHETVLEFFKLAGVSVASDALPFLGWLDVDGQKRSMKRIAKE
MDLIAERWLQEHRQKRLTSNNKASSGHDDFMSVLLSILDDDSNFFNYNRD TVIKATSLNLILAASDTTSV
SLTWVLSLLVTNPGALKKVQDELDTKVGRNRHVEERDIEKLVYLQATVKETLRMYPAGPLSVPHEATQDC
TVGGYQVTAGTRLVVNVWKLQRDPRVWPNPSEFKPERFLPDGCEVGCGEAANMDFRGQHFEYIPFGSGRR
MCPGIDFAIQIIHMTLACLLHAFEFQVPSSLDKHLVPAVIDMSEGSGLTMPKVTPLEVLLNPRLPLPLYE

L

114

EcaCYP
82-5

MEKPILLQLQPGILGLLALMCFLYYVIKVSLSTRNCNQLVRHPPEAAGSWPIVGHLPQLVGSGKPLFRVL
GDMADKFGPIFMVRFGVHPTLVVSSWEMAKECFTSNDKFLASRPPSAASIYMAYDHAMLGFSSYGPYWRE
[RKISTLHLLSHRRLELLKHVPHLEIHNFIKGLYGIWKDHQKQQQQPTARDDQDSVMLEMSQLFGYLTLN
[VLSLVVGKRVCNYHADGHLDDGEEAGQGQKLHQTITDFFKLSGVSVASDALPFLGLFDLD GQKKIMKRV
AKEMDFVAERWLQDKKSSLLLSSKSNNKQNEAGEGDVDDFMDVLMSTLPDDDDSFFTKYSRDTVIKANSL
SMVVAGSDTTSVSLTWALSLLLNNIQVLRKAQDELDTKVGRDRHVEEKDIDNLVYLQAIVKETLRMYPAG
PLSVPHEAIEDCNVGGYHIKTGTRLLVNIWKLQRDPRVWSNPSEFRPERFLDNQSNGTLLDFRGQHFEYI
PFGSGRRMCPGVNLATPILHMTLARLLQSFDLTTPSSSPVDMTEGSGLTMPKVTPLKVLLTPRLPLPLYD

Y

115

PbrCYP
82-5

MDVAIIVDHHYLQPFVSIAGLLALLSFFYCIWVFIIRPRIIKSNLDERKLSPSSPPEVAGAWPIVGHLPQ
LIGSTPLFKILADMSNKYGPIFMVRFGMYPTLVVSSWEMSKECFTTNDRLFATRPPSAAGKYLTKALFAF
SVYGPYWREIRKISTIHLLSLRRLELLKHGRYLEIDKCMKRLFEYWMEHHKNIISTTSSVKVNMSQVFAE
LSLNVVLKIIVGKTLFIKNGNEDYTKEEEEGQKLHKTILKFMELAGVSVASDVLPFLGWLDVDGQKKQMK
RVYKEMNLIASKWLGEHRERKRLQIIQKRGAARGSNYDDGNDFMDVLMSILDEENDDLFFGYSRD TVIKS
TCLQLIVAASDTTSLAMTWALSLLLTNPNVLQKAQDELDTKVGRDRIIEEHDIECLVYLQAIVKETLRLY
PPAPLSLPHEAMEDCTVGGYQVKAGTRLVVNLWKLQRDPRVWSNPLEFKPERFLPQSDGGFGGEEARMDF
RGQHFEYTPFGSGRRICPGIDFFLQTVHMALARLLQAFDFNTAGGLVIDMVEGPGLTMPKVTPLEVHLNP
RLPVTLY

116

PbrCYP
82-6

MQVDWPNILQKYYPIITCSLLTLLSFYYIWVSITKPSRNSKTKLPPPEVAGSWPIVGHLPQLVGSTPLFK
[LANMSDKYGPIFMVRFGMHPTLVVSSWEMSKECFTTNDKFLASRPPSASAKYLGYDNAMFVESDYGPYW
REIRKISTLQLLTHKRLDSLKNIPYLEINSCVKTLY TRWAKTQSQIKQNVGGAADDFVKVDMTEMFGHLN
LNVVLRLVVGKPIFIQKDNADEDYTKDGHNKEELGQKLHKTIIEFFELAGASVASDVLPYLGWLDVDGQK
KRMKKIAMEMDLFAQKWLEEHRQKGINHDNENDFMAVLISVLGEGKDDHIFGYSRDTVIKATCLTLIVAA
TDTTLVSLTWALSLLLTNPRVLSKAQDELDTVVGKERNVEDRDVNHLVYLQAVIKETLRLYPPSPLAVPH
EAIENCNVGGYEVKARTRLLVNLWKIHRDPRVWSNPLEFKPERFLPKLDGGTGEASKLDFKGQDEFVYTPF
GSGRRMCPGINFASQTLHMTLARLLHAFDEDIESNGLVIDMTEGSGLTMPKVTPLQVHLRPRLPATLY

117

McaCY
P82-4

MIMMFIDYYSSWLPQTLLLQSILLAVSLVIFINLFLTRRRSYSSKSHTNIIHPPKAAGALPVIGHLYTLF
RGLSAGVPLYRQLDAMADRYGPAFIIHLGVYPTLVVTCRELAKECFTTNDQTFATRPSTCAGKYIGYNYA
FFGFAPYGPYWREARKIATVELLSNYRLDSLRHVREAEVGRNVDELYALHASSSTNKQNMMKIDMKQWED
QVTLNVILMMVVGKRCVTTGGNEEEVRVVKVLHEFFKHLGTLSVSDVVPYVEWMDLDGNIGRMKSTAKEL
DCILGRWLEEHRRERRSDFMDAMLAMVEGIKIPYYDSDTVIKAICLNLLNAGSDTLGITMTWALSLLLNN
RHVLKKVKDELDVHVGKNRQVEELDVKNLVYLHAVVKETLRLFPPAPLGVPHEAMEDCVVGGFHVAKGTR
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SEQ
ID NO.

LVVNVWKLHRDPSVWSDPLAFKPERFLDNNTVDVRGQHFQLLPFGSGRRGCPGITFALQVAHLTLARLLH
GFEWDTPDGAPVDMSEVSVLTTAKKNPVEVLETPRLPAEVYTQN

NsaCYP
82-4

MLSIHDSTMVFLQLQAICGIFGFIFIITTWWTRWKSSNKMKAPEVAGAWPVIGHLHLLGGGRPLYQLLGDM
SDKYGPAFTLRMGIQKALVVSSWEVAKECLTTNDRALATRPSSAGGKYMGYNNALIPFSPYGPYWRDMRK
[ATLELLSNHRLEELKHVREMEINTCISDMYKLCQVEDGVEIKPISVDLSQWFADLTFNVVVMMITGKRY
[GSTDAGDMNEIRHFQAALVKFMRLLRISLLVDVFPVLQWINYGGFKGVMKSTARDIDSVLENWLQEHQR
KRLSPDFNGNHDFIDVMISTLEGTEFSDYDHNTIIKAISMAMVVGGTD TTTTTLIWAISLLLNNPNAMKK
VQEELEIHVGKERNVDGSDIQHLVYLQAVVKETLRLYPPVPLSVMHQAMEDCVIGSYNIQAGTRVLFNLW
KLHRDSSVWSDPLEFRPERFLTSHVDVDVRGQHFELIPFGSGRRSCPGISFALQVIHLTIARLFHGFNLT
TPGNSSVDMSEISGATLSKVTPLEVLVTPRLSSKLYN

108

HcaCYP
82-10

MDSLLQLQIIGALAALIFTYKLLKVICRSPMTDGMEAPEPPGAWPIIGHLHLLGGQDPIARTLGVMTDKY
GPILKLRLGVHTGLVVSNWELAKECFTTNDRVLASRPMGAAGKYLGYNYAIFGLAPHGPYWSEVRKIVLR
ELLSNQSLEKLKHVRISEINTCLKNLFSLNNGNTPIKVDMKQWFERPMFNVVTMMIAGKRYFSMENDNEA
MNFRKVATEFMYLTGVFVVSDALPYLEWLDLQGHVSAMKRTAKELDIHVGKWLEEHRRAKLLGETKNEDD
FVDVLLTILPEDLKDNQTYIHDRDTIIKATALALFLAASD TTAITLTWALSLILNNPDVLKRAQDELDKH
VGKEKLVKESDIINLVYLQAIIKETLRLYPAAPLLLPHEAMEDCTVGGYHVPKGTRIFVNIWKLQRDPRV
WEFDPNEFRPERFLTTHANVDFKGQHFEYIPFSSGRRVCPGITFSTQIMHLTLAHLLHEENIVTPTKSNAG
VDMTESLGITMPKATPLEVLLTPRLPSNLYNQYRD

109

EcaCYP
82-7

MNLLIFFQFLLQFQVLVGLSVLLAFSYYLWVSKNPKINKFKGKGALLAPQAAGAWPIVGHLPQLVGPKPL
FRILGAMADNYGPIFMLRFGVHPTVVVSSWEMTKECFTTNDRHLASRPSNAASQYLIYEVYALFGEFSLYG
SSYWRDARKIATLELLSHRRLELLKHVPYTEID TCIKQLHRLWTKNNKNQNNPELKVEMNQFFTDLTMNV
[LKLVVGKRFFNVDDAADHEKEEARKIQGTIFEFFKLTEGSVSAGALPLLNWLDLNGQKRAMKRTAKKMD
SIAEKLLDEHRQKRLSKEGVKGTHDHNDFMDVLLSILDADQGDYSHHPFNYSRDHVIKATTLSMILSSMS
[SVSLSWALSLLLNNRHVLKKAQDELDMNVGKDRQVEEGDIKNLVYLQAIVKETFRMYPANPLLLPHEAI
EDCKIGGFNVPAGTRVVVNAWKLQHDPRVWSNPSEFKPERFLNDQAAKVVDVRGQNFEYLPFGSGRRVCP
GISFSLQTIHMSLARLVQAFELGTPSNERIDMTEGSGLTMPKTTPLHVLLNPRLPLPLYE

110

GfICYP
82-8

MELINSLEIQPITISILALLTVSILLYKITWNHGSRKNNKSNKNNRKTSSSAGVVEIPGAWPIIGHLHLF
NGSEQMFHKLGSLADQYGPAPFFIRFGSRKYVVVSNWELVKTCFTAQSQIFVSRPPMLAMNILFFPKDSL
SYIQHGDHWRELRKISSTKLLSSHRVETQKHLIASEVDYCFKQLYKLSNNGEFTLVRLNTWCEDMALNVH
VRMIAGMKNYVAAPGSGEYGGQARRYRKALEEALDLLNQFTITDVVPWLGWLDHFRDVVGRMKRCGAELD
SIFATWVEEHRVKRASGKGGDVEPDFIDLCWESMEQLPGNDPATVIKLMCKEHIFNGSGTSSLTLAWILS
LIMNNPYVIKKAREELEKHVGNHRQVEESDLPNLLYIQAIIKEGMRLYTPGPFIDRNTTEDYEINGVHIP
AGTCLYVNLWKIHRDPNVYEDPLEFKPERFLKNNSDLDLKGQNYQLLPFGAGRRICPGVSLALPLMYLTV
SRLIHGFDMKLPKGVEKADMTAHGGVINQRAYPLEVLLKPRLTFQQA

111

SdiCYP
82-3

MTIGALALLSFIYFLRVSVIKRTKYTNTAVTATNKLENDEDEANHSKRVVAPPEVAGAWPILGHLPQLVG
LKQPLFRVLGDMADKYGPIFIVRFGMYPTLVVSSWEMAKECFTTNDRVLASRPASASGKYLTYNYAMFGF
TNGPYWREIRKISMLELLSHRRVELLKHVPSTEIDSSIKQLYHLWVENQNQNKQGDHQVKVDMSQLLRDL
TLNIVLKLVVGKRLFNNNDMDHEQDEAARKLQKTMVELIKVAGASVASDALPFLGWLDVDGLKRTMKRIA
KEIDVIAERWLQEHRQKKLTSNDKGGSNNIQGGGGDNDFMDVMLSILDDDSNFFINYNRDTVIKATSLTM
[LAGSDTTTLSLTWALTLLATNPGALRKAQDELDTKVGRDRQVDERDIKNLVYLQAIVKETLRMYPAAPL
AIPHEATQDCIVGGYHVTAGTRVWVNLWKLQRDPHAWPNPSEFRPERFLAVENDCKQQGTCDGEAANMDF
RGQHFEYMPFGSGRRMCPGINFAIQIIHMTLARLLHSFELRVPEEEVIDMAEDSGLTISKVTPLELLLTP
RLPLPLYI

112

SdiCYP
82-6

FCQFQGIVGILLAFLTFLYYLWRASITGLRTKPKHNDFKVTKAAPEAD GAWPIVGHFAQFIGPRPLFRIL
GDMADKYGSIFMVRFGMYPTLVVSSWEMAKECFTTNDRFLASRPASAAGKYLTYDFAMLSFSFYGPYWRE
[RKISMLELLSHRRVELLKHVPSTEIDSSIKQLYHLWVENQNQNKQGDHQVKVDMSQLLRDLTLNIVLKL
VVGKRLFNNNDMDHEQDEAARKLQKTMVELIKVAGASVASDALPFLGWLDVDGLKRTMKRIAKEIDVIAE
RWLQEHRQKKLTSNDKGGSNNIQGGGGDNDFMDVMLSILDDDSNFFINYNRDTVIKATSLTMILAGSDTT
TLSLTWALTLLATYPLCALRKAQDELDTKVGRDRQVDERDIKNLVYLQAIVKETLRMYPAAPLAIPHEAT
QDCIVGGYHVTAGTRVWVNLWKLQRDPHAWPNPSEFRPERFLAVENDCKQQGTCDGEAANMDFRGQHFEY
MPFGSGRRMCPGINFAIQIIHMTLARLLHSFELRVPEEEVIDMAEDSGLTISKVTPLELLLTPRLPLPLY

[

113

CmacCyY
P82-6

MDLFIFFSRFQYIVGLLAFLTFFYYLWRVSITGTRIKTNQNIMNGTNMMAPEAAGAWPIVGHLPQLVGPQ
PLFKILGDMADKYGSIFMVRFGMHPTLVVSSWEMAKECFTTNDKFLASRPTSAGGKYLTYDFAMFGFSFY
GPYWREIRKISTLELLSHRRVELLKHVPYTEIGGSIKQLYKLWMETQNQNKQRDDHQVKVDMSQVFGYLT
LNTVLKLVVGKGLFNNNDMNHEQEEGRKLHETVLEFFKLAGVSVASDALPFLGWLDVDGQKRSMKRIAKE
MDLIAERWLQEHRQKRLTSNNKASSGHDDFMSVLLSILDDDSNFFNYNRD TVIKATSLNLILAASDTTSV
SLTWVLSLLVTNPGALKKVQDELDTKVGRNRHVEERDIEKLVYLQATVKETLRMYPAGPLSVPHEATQDC
TVGGYQVTAGTRLVVNVWKLQRDPRVWPNPSEFKPERFLPDGCEVGCGEAANMDFRGQHFEYIPFGSGRR
MCPGIDFAIQIIHMTLACLLHAFEFQVPSSLDKHLVPAVIDMSEGSGLTMPKVTPLEVLLNPRLPLPLYE

L

114

EcaCYP
82-5

MEKPILLQLQPGILGLLALMCFLYYVIKVSLSTRNCNQLVRHPPEAAGSWPIVGHLPQLVGSGKPLFRVL
GDMADKFGPIFMVRFGVHPTLVVSSWEMAKECFTSNDKFLASRPPSAASIYMAYDHAMLGFSSYGPYWRE
[RKISTLHLLSHRRLELLKHVPHLEIHNFIKGLYGIWKDHQKQQQQPTARDDQDSVMLEMSQLFGYLTLN
IVLSLVVGKRVCNYHADGHLDDGEEAGQGQKLHQTITDFFKLSGVSVASDALPFLGLFDLD GQKKIMKRV
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AKEMDFVAERWLQDKKSSLLLSSKSNNKQNEAGEGDVDDFMDVLMSTLPDDDDSFFTKYSRDTVIKANSL
SMVVAGSDTTSVSLTWALSLLLNNIQVLRKAQDELDTKVGRDRHVEEKDIDNLVYLQAIVKETLRMYPAG
PLSVPHEAIEDCNVGGYHIKTGTRLLVNIWKLQRDPRVWSNPSEFRPERFLDNQSNGTLLDFRGQHFEYI
PFGSGRRMCPGVNLATPILHMTLARLLQSFDLTTPSSSPVDMTEGSGLTMPKVTPLKVLLTPRLPLPLYD

Y

PbrCYP
82-5

MDVAIIVDHHYLQPFVSIAGLLALLSFFYCIWVFIIRPRIIKSNLDERKLSPSSPPEVAGAWPIVGHLPQ
LIGSTPLFKILADMSNKYGPIFMVRFGMYPTLVVSSWEMSKECFTTNDRLFATRPPSAAGKYLTKALFAF
SVYGPYWREIRKISTIHLLSLRRLELLKHGRYLEIDKCMKRLFEYWMEHHKNIISTTSSVKVNMSQVFAE
LSLNVVLKIIVGKTLFIKNGNEDYTKEEEEGQKLHKTILKFMELAGVSVASDVLPFLGWLDVDGQKKQMK
RVYKEMNLIASKWLGEHRERKRLQIIQKRGAARGSNYDDGNDFMDVLMSILDEENDDLFFGYSRD TVIKS
TCLQLIVAASDTTSLAMTWALSLLLTNPNVLQKAQDELDTKVGRDRIIEEHDIECLVYLQAIVKETLRLY
PPAPLSLPHEAMEDCTVGGYQVKAGTRLVVNLWKLQRDPRVWSNPLEFKPERFLPQSDGGFGGEEARMDF
RGQHFEYTPFGSGRRICPGIDFFLQTVHMALARLLQAFDFNTAGGLVIDMVEGPGLTMPKVTPLEVHLNP
RLPVTLY

116

PbrCYP
82-6

MQVDWPNILQKYYPIITCSLLTLLSFYYIWVSITKPSRNSKTKLPPPEVAGSWPIVGHLPQLVGSTPLFK
[LANMSDKYGPIFMVRFGMHPTLVVSSWEMSKECFTTNDKFLASRPPSASAKYLGYDNAMFVESDYGPYW
REIRKISTLQLLTHKRLDSLKNIPYLEINSCVKTLY TRWAKTQSQIKQNVGGAADDFVKVDMTEMFGHLN
LNVVLRLVVGKPIFIQKDNADEDYTKDGHNKEELGQKLHKTIIEFFELAGASVASDVLPYLGWLDVDGQK
KRMKKIAMEMDLFAQKWLEEHRQKGINHDNENDFMAVLISVLGEGKDDHIFGYSRDTVIKATCLTLIVAA
TDTTLVSLTWALSLLLTNPRVLSKAQDELDTVVGKERNVEDRDVNHLVYLQAVIKETLRLYPPSPLAVPH
EAIENCNVGGYEVKARTRLLVNLWKIHRDPRVWSNPLEFKPERFLPKLDGGTGEASKLDFKGQDEFVYTPF
GSGRRMCPGINFASQTLHMTLARLLHAFDEDIESNGLVIDMTEGSGLTMPKVTPLQVHLRPRLPATLY

117

PbrCYP
82-7

MMDLAMFIDQYFSLAKIAGLLALLSFFYYLWISTLWSPRNPKLSSVSPPEVAGAWPILGHLPQLLGSRPL
FKILADMSDNYGPIFMVRFGMHPTLVVSSWEMAKECFTTNDRFLAGRPSGAANKYLTFALFGFSTYGPYW
REIRKIATLHLLSHRRLELLKHVPDLEVTNCMKHLHRRWIDSQNQIKQNDAAAGSVKVDMGRVFGELTLN
VVLKLVAGKSIFFKNDNTRQYDSKDGHNKEEEEGKKLHKTIIDFYSLAGASVASDVLPFLGWLDVDGQKK
RMKRVAKDMDFIAAKWLEEHRHQKRQTVLSSSATLGSSNHDDAKDFMDVLMSILDGENDDLFFGYSRDTV
[KTTCLQLIAAAADTTSVTMTWALALLITNPTILRKAQDELDTKVGKDRNIEERDINDLVYLQAIVKETL
RMYPAGPLNVPHEAIADCNIGGYEVRAGTRLLVNLWKMHRDPRVWSNPSEFKPERFLPQLDGGSGGEAAN
LDFRGQDFEYLPFSAGRRMCPGIDFSLQTLHMTLARLLHGFDFNNDSAGIIIDMEEGSGLTMPKLTPLEI
YLCPRLPAKLY
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Name

Sequence

SEQ
ID NO.

TFCNMT

MAVEGKQVAPKKAIIVELLKKLELGLYPDDEIKKLIRIQLGRRLOWGCKSTYEEQIAQLVNLTHSLRQMKIATE
VETLDDQMYEVPIDFLKIMNGSNLKGSCCYFKNDSTTLDEAEIAMLELYCERAQIKDGHSVLDLGCGQGALT
LYVAQKYKNSRVTAVTNSVSQKEFIEEESRKRNLSNVEVLLADITTHKMPDTYDRILVVELFEHMKNYELLLRKI
KEWMAKDGLLFVEHICHKTFAYHYEPIDEDDWFTEYVFPAGTMIIPSASFFLYFQDDVSVVNHWTLSGKHFS
RTNEEWLKRLDANVELIKPMFVTITGQCRQEAMKLINYWRGFCLSGMEMFGYNNGEEWMASHVLFKKK

119

CiCNMT

MAVEAKQTKKAAIVELLKQLELGLVPYDDIKQLIRRELARRLOWGYKPTYEEQIAEIQNLTHSLRQMKIATEVE
TLDSQLYEIPIEFLKIMNGSNLKGSCCYFKEDSTTLDEAEIAMLDLYCERAQIQDGQSVLDLGCGQGALTLHVA
QKYKNCRVTAVTNSVSQKEYIEEESRRRNLLNVEVKLADITTHEMAETYDRILVIELFEHMKNYELLLRKISEWI
SKDGLLFLEHICHKTFAYHYEPLDDDDWFTEYVFPAGTMIIPSASFFLYFQDDVSVVNHWTLSGKHFSRTNEE
WLKRLDANLDVIKPMFETLMGNEEEAVKLINYWRGFCLSGMEMFGYNNGEEWMASHVLFKKK

120

PsCNMT

MQLKAKEELLRNMELGLIPDQEIRQLIRVELEKRLOQOWGYKETHEEQLSQLLDLVHSLKGMKMATEMENLDL

KLYEAPMEFLKIQHGSNMKQSAGYYTDESTTLDEAEIAMLDLYMERAQIKDGQSVLDLGCGLGAVALFGAN
KFKKCQFTGVTSSVEQKDYIEGKCKELKLTNVKVLLADITTYETEERFDRIFAVELIEHMKNYQLLLKKISEWMK
DDGLLFVEHVCHKTLAYHYEPVDAEDWYTNYIFPAGTLTLSSASMLLYFQDDVSVVNQWTLSGKHYSRSHE

EWLKNMDKNIVEFKEIMRSITKTEKEAIKLLNFWRIFCMCGAELFGYKNGEEWMLTHLLFKKK

121

PsTNMT

MGSIDEVKKESAGETLGRLLKGEIKDEELKKLIKFQFEKRLQWGYKSSHQEQLSFNLDFIKSLKKMEMSGEIET
MNKETYELPSEFLEAVFGKTVKQSMCYFTHESATIDEAEEAAHELYCERAQIKDGQTVLDIGCGQGGLVLYIA
QKYKNCHVTGLTNSKAQVNYLLKQAEKLGLTNVDAILADVTQYESDKTYDRLLMIEAIEHMKNLQLFMKKLS
TWMTKESLLFVDHVCHKTFAHFFEAVDEDDWYSGFIFPPGCATILAANSLLYFQDDVSVVDHWVVNGMH
MARSVDIWRKALDKNMEAAKEILLPGLGGSHETVYNGVVTHIRTFCMGGYEQFSMNNGDEWMVAQLLFK
KK

122

ECTNMT

MGSSAGEIMGRLMKGEIEDEELKKLIRHQWDRRIEWGYKPTHEKQLAFNLDFIKGLKEMVMSGEIDTMNK
ETYELPTAFLEAVFGKTVKQSCCYFKDENSTIDEAEEAAHELYCERAQIKDGQTVLDIGCGQGGLVLYIAEKYK
NCHVTGLTNSKAQANYIEQQAEKLELTNVDVIFADVTKFDTDKTYDRILVVETIEHMKNIQLFMKKLSTWMT
EDSLLFVDHISHKTFNHNFEALDEDDWYSGFIFPKGCVTILSSSTLLYFQDDVSALDHWVVNGMHMARSVE
AWRKKLDETIEAAREILEPGLGSKEAVNQVITHIRTFCIGGYEQFSYNNGEEWMITQILFKKK

123

PsRNMT

MSTTMETTKISQQDDLWKNMELGQISDEEVRRLMKIGIEKRIKWGTKPTQQEQLAQLLDFNKSLRGMKMA
TEIDTLENHKIYETPESFNQIIGGKESAGLFTDETTTTMEEANTKMMDLYCERAGLKDGHTILDLGCGAGLLVL
HLAKKYKKSKITGITNTSSHKEYILKQCKNLNLSNVEILADVTKVDIESTFDRVFVIGLIEHMKNFELFLRKISKW
MKDDGLLLLEHLCHKSFSDHWEPLSEDDWYAKNFFPSGTLVIPSATCLLY FQEDVTVIDHWILSGNNFARSN
EVILKRIDGKIEEVKDIFMSFYGIGREEAVKLINWWRLLCITANELFKYNNGEEWLISQLLFKKKLMTCI

124

TFPNMT

METKQTKKEAVANLIKRIEHGEVSDEEIRGMMKIQVQKRLKWGYKPTHEQQLAQLVTFAQSLKGMEMAEE
VDTLDAELYEIPLPFLHIMCGKTLKFSPGYFKDESTTLDESEVYMMDLYCERAQIKDGQSILDLGCGHGSLTLH
VAQKYRGCKVTGITNSYSQKEFIMDQCKKLDLSNVEIILEDVTKFETEITYDRIFAVALIEHMKNYELFLKKVST
WIAQYGLLFVEHHCHKVFAYQYEPLDEDDWYTEYIFPSGTLVMSSSSILLYFQEDVSVVNHWTLSGKHPSLG
FKQWLKRLDDNIDEVKEIFESFYGSKEKAMKFITYWRVFCIAHSQMYSTNNGEEWMLSQVLFKKK

125

PbrTNM
T1

MGSIDEVKKESAGETLGRLLKGEIKDEELKKLIKFQFEKRLQWGYKSSHQEQLSFNLDFIKSLKKMEMSGEIET
MNKETYELPSEFLEAVFGKTVKQSMCYFKHESATIDEAEEAAHELYCERAQIKDGQTVLDIGCGQGGLVLYIA
RKYKKCHVTGLTNSKAQVNYLLKQAEKLGLTNVDAILADVTQYESDKTYDRLLMIEAIEHMKNLQLFMKKLS
TWMTEESLLFVDHVCHKTFAHFFEAVDEDDWYSGFIFPPGCATILAANSLLYFQDDVSVVDHWVVNGMH
MARSVDIWRKALDKNMEAAKEILLPGLGGSHEAVNGVVTHIRTFCMGGYEQFSMNDGDEWMVAQLLFK
KK

126

PbrTNM
T2

MGSIEEVKKESAEETLGRLLRGEINDEELKKLIKYQLEKRLOWGYKSSHQEQLSFNLDFINSLKKMGMSGQVE
AFTNEVYELPTECFEAAYGKSMKLSGCYFKHESSTIDEAEEASHELYCERAQIKDGQTVLDIGCGQGGLVLYV
AQKYKNCHVTGLTNSKEQVNYILKQAEKLGLRNVDVILADVTQYESDKTYDRILVIGVVEHMKNMQLFIKKLS
TWMAEDSLLFVDHSCHKTFNHFFEALDEDDWYSGYIFPPGCATFLSADSLLYFQDDVSVVDHWVVNGMHF
ARTVDAWRKKLDKNMEAVKEILLPGLGGNHEAVNGVITHIRTCCVGGYVQFSLNDGDEWMNAQLLFKKK

127

AmeNM
Tl

MCLFFAEKMGLMAEANNQQQLKKEDLLKNMELGLIPDEEIRKLIRVQLEKRLNWGYKSTHEQQLSQLLHLY
HSLKKMKIATEMENLDLKLYEAPFSFVQIQHGSTIKESSGLFKDESTTLDEAEIAMLDLYTKRAKIEDGQSVLDL
GCGLGAVTLYVAQKFKNCYVTGITSSVEQKDFIEGRCKELKLSNVKVILADITTYETEEKYNRIFAVELIEHMKN
YELLLRKISEWMKQDGLLFIEHVCHKTLAYHYEPLDEEDWYTNYIFPAGTLTLSSATLLLYFQDDVAVVDQWT
LSGKHYSRSHEEWLKRIDGNIEEVKEIMKSITKSEEEAKKLLNFWRIFCMCGAELFGYKNGEEWMMTHILFKK
K

128
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Name Sequence SEQ
ID NO.

GfINMT | MDLMATSKQVKKKEELLKNMELGLVPDEEIRRLIRIELEKRLKWGYKPTHQQQLAQLLDLVHSLKKMKIATE | 129

1 MESLDLKLYEAPFSFVQIKHGSTIKESSSYFKDESMTLDEAEIAMLDLYVERAQIEDGQSVLDLGCGLGAVTLH
VAKKYKNCHVTGLTNSVEQKDFIEGKCKELNLSNVKVILADVTSHEMEDKFDRIFAVELIEHMKNYELLLRRIS
KWMKDDGLLFIEHVCHKTFAYHYEPIDEDDWYTEYIFPAGTLTLSSASLLLYFQDDVSVVNHWTLSGKHYSR
SHEEWLKRIDGNMDAVKEIMKSITKTEEEAVKLINFWRIFCMCGAELFGYKDGEEWMMSHVLFKKKQLLQ
Qc

EcaNMT | MVDLKVEKEELLKSMELGLVPDEDIRKHIRSQLEKRLKWGYKPNHEQQLAQLLDVIHSLKKMKISKEYESFDL | 130

1 RLYEAPFDFHKIQLGTHLKESCSYYKDESTTLDEAEGAMLDLYTQKAKIEDGQSILDLGCGVGAVTLFVANKYK
NCKVTGITSCQWQKDFIENKCKELNLTNVRVIIGDVTAYEMEETFDRIFAIELIEHMKNYELLLRKISKWMKD
DGLLFIEHVCHKILAYPYEPIDEEDWFTEYIFPGGTLTLSSASLLLYFQDDVSVVEHSSLNGKHYSRSHGEWLKN
IDANIDEVKGIMRSITKTEEEAVRLVNFWRIFCMCGIELFGYNNGEEWMVSHILLKKK

EcaNMT | MAADLVVKKWNNKKELIDEMELGLVGDEEIRELIRNDLEKRLKWGYKSNHEQQLAQLLHFVHSLRGMKIAA | 131

2 DEVESFNIKVYEAPFSFNKIQLGSSLKESSCYYKHDETTLDEGEIAMMELYTEKAQIKDGQSVLDLGCGLGSLTL
YVANKYPNCKVTGTTASLWHKDFIESKCKEQELTNVKIVLGDATTHEMEERFDRILAIGLIEHLKNYGLLLGRIS
KWLKDDGFLFIQHVCHKTLAYPLVPVDEEDWIGEYIFPGGTLTMPSASLLLYFQDELSVVDHSTLNGKHFSRT
HEEWLKNIDAKIDEVKEILKSVTKTEEEVVRLTNFWRIFCMFGVEMFGYNEGEEWMLSQILFKKK

CmaNM | MASGKVVDLLKRLDSGLVSDEELRRVIRFELERRLKWGYKPTHEQQLAELLNLAHATKQMEIATKIDTLNST 132

T4 MYEVPNSFLEIQLGSTLKESCLYFKDESTTVDEAEIAMMDLYLERAQIKDGQIILDLGCGLGALAFHIAQKYTN

CNVTSVTNSVKQKEFIEEKCKILNVSNVKVILTDICTLEMEATFDRIFAIGLIEHMKNYELLLRKFSAWMKQDG
LLFIEHLCHKTLGYHNEPIDEDDWYTAYFFPAGTLTFIPSSFLLYFQDDVSVVNHWTLSGKHFSRSNEEWLKR
MDNKIDEVKEIYKAAASETKDDDIMKLIRLWRFLSISAAEMFGYKDGEEWMISQVLFKKK
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Name

Sequence

SEQ
ID NO.

EcNMT3

MASLVEEGSFVYNNKESVKERVSELVKRLKNGLVYSDEELRKLMRVELEKRLEWGYKSTHEQQLSQLIDLAHSM
KKMEIAMEIDALNSTVYEVPLSFLQIHGTTIKESCLYFKDESTTVDEAEIAMMDLYLERAQIKDGQSILDLGCG
LGGFSFHIASKFTGCNITAVTNSVKQKEFIEEKCKTLNVPNIKVILADICTTEIENVFDRHAIGLIEHMKNYELLLK
KFSKWMTQDGLLFIEHLCHKTFGYHNEPLDEDDWYTTYFFPAGTLTFIPSSFLLYFQDDVSVVDHWTLNGKH
FARSNEEWLKRMDEKMDEVKQIFRSNLKSENEVTKTIGEWRFLSMSAAEMFGYNNGEEWMVSQLLFKKK

133

GfINMT
5

MGSNETNGELKTKEMVPDLLKRLESGLVADEELRKLIRFELERRLKWGYKPTHEQQLAELLKLAHSTKQMKIA
TETDSLNSTMYEVPIPFLQLQFGSAIKESCCYFKDESTTLDEAEVAMMDLYLERTQIKDGQSILDLGCGLGALA
FHIVOKYPNCNVLAITNSVEQKEFIEEKCKIRKVENVKVSLADICTLEMKTTFDRIFAIGLLEHMKNYQLLLKKFS
NWMKQDGLLFIEHLCHKTLAYHYEPLDEDDWYTEYFFPAGTLTIISSSFLLYFQDDVSIVNHWSLSGKHFSRS
NEEWLKRMDMKIDEVKEILEAAFENKDHDITKLINHWRFLAINATEMFGYNNGEEWMVSQVLFKKK

134

ScaNMT
1

MASDHEVSNKELKKKKEVITELLKRLESGLYSDEELRGLIRFELERRLRWGYKPTHEQQLAQLLNLAHSMKQ
MKIATEIDALNSTMYEVPIPFLQIQLGSTLKESCCYFKDESTTVDEAEIAMMDLYLERAQIKDGQSILDLGCGL
GALAFHIAQKYTNCNITAITNSVRQKEFIEEKCKILNVSNVKVSLADICTLEMEATFDRIFAIGLIEHMKNYELLL
KKFSEWMKQDGLIFIEHLCHKTLAYHYEPLDEDDWYTEYFFPAGTLTLISSSFLLYFQDDVSVVDHWTLSGKH
FSRSNEEWLKRMDEKIDEVKEIFESVSDSKDDDVTKLINHWRFFCISSAEMFGYNNGEEWMISQVLFKKK

135

CchNMT
3

MIKKSKIMAFSDHHHEVVKNHSKKEMIADLLKRLEAGLYPDEEMRNLFRFELERRLOWGYKSIHQEQLSQLL
KLAHSTKEMTIVAEMDALNSSMYELPISFLOQIQLGSNLKQSSLYFKDELTTVDEAEVAIMDLYLERAQIEDGQS
ILDLGCGLGAFSFHVARKYTNCNITAVTNSLTQKEFIEKKSKILNIQNVKVIFADVTTVEMETTFDRVFAIGLIEH
MQNYELFLKKLSKWMKQDGLLFIEHFCHKTLAYHYKPIDEDDWFTNLLYPNGTVISSSLLLYFQDDVSVVDH
WSLSGKHFSRASEESLKRMDAKMDEMKEIFESITDSKEEAMKLINQWRIFCISCAEMFGYNNGEEWMTSHF
LFKKKL

136

CchNMT
6

MGSSTASDHEMVIMENDSKNKQVVIADLLKRLYGGLVPDEEMRNMFRFELEKRLKWGYKSTHQQQLSQL
LNLVELNKGIAKIAPEMDALNSAMYEVPIPYLKLMLGSTLKQSCLYFKDESTTLDEAEIEMMDLYLERADIQD
GQSILDLGCGLGGLGFHIAQKYISCNITALTNSLTQKEFIEEKCKTLNIPNVKVILADVTTVEIETTFDRLFAIGLY
EHMENYELFLRKLSKWMKQDGLLFIEHLCHKTLAYHYKPIDEDDWYSNLLYPTGTLTSASFLLYFQDDLSVVD
HWSLSGKHFSRATEEWLKMIDANMDKIREIYESVTESKEEATRSINQWRIFCISCAEMFGYNDGEEWMISH
FLFKNKKQIE

137

CchNMT
1

MATSDQEVKTSKMEMIADLLKRLEAGLVPDDEIRSLIRVELERRLKWGYKSTHQEQLDQLLNLAHSIKKMKIA
STEMDGLTSTMYEVPISLVQIQLGSHLKESCLYFKDETTTVDEAEIAMMDLYLERAQIKDGQSILDLGCGLGA
VSFHIAQKYTSCNITAVTNSVRQKEFIEEKSKTLNVPNVKVLLADITTLEMEHTFDRLFAISLIEHMENYELLLRK
LSEWMKQDGLLFIEHLCHKTLSYHFEPMDEDDWYTNLLFPAGTLTLVSASFLLYFQDDLSVVNQWYMSGK
HFSRANEEWLKNMDAKMDEMREIFESITDSEEEVVKLINHWRIFCISSAEMFAYNDGEEWMNSHVLFKKK
KalQ

138

CchNMT
2

MAGSGANKEMIADLLKRLEVGLVPDEEIRSLIRFQLKRRLKWGYKTTHQEQLEQLLSLAHSIRKMKIATEMD
ALNSTMYEVPISFMQIVFGSTLKESCLYFKDEATTVNEAEIAMMDLYLERAQIKDGQSILDLGCGMGSLCFHI
ARKYTNCNITAVTNSVSQKEFIEEKSKTLNLPNVKVILADITTLEMDDTYDCLFAIGLIEHMKNYELLLRKLSNW
MKQDSLLFIDHVCHKTLAYHYEPIDEDDWYTNLLFPAGTLTLVSASFLLYFQDDLSLYDHWSMSGKHFSRTN
KEWLKNIDGKMDKIREIVKSITDSEEEVVKLINHWRMLCINSSEMFGFNDGEEWMNSHVLFKKKKQI

139

ScaNMT

MEMIADLLKRLEAGLVPDDEIRSLIRVELERRLKWGYKSTHQEQLDQLLNLAHSIKKMKIASTEMDGLTSTMY
EVPISLVQIQLGSHLKESCLYFKDETTTVDEAEIAMMDLYLERAQIKDGQSILDLGCGLGSVCFHIARKYTSCNI
TAVTNSVSQKEFIEEKSKTLNVPNVKVLLADITTLEMDDTFDCLFAIGLIEHMENYELLLRKLSDWMKQDGLLF
IDHVCHKTLSYHFEPMDEDDWYTNLLFPAGTLTLVSASFLLYFQDDLSLYDHWSMSGKHFSRTNKEWLKNI
DGKMDKIREIVKSITDSEEEVVKLINHWRMLCINSSEMFGFNDGEEWMN SHVLFKKKKQI

140

PbrNMT
2

MCTTMDTTKISQOQDDLWKNMELGLISDEEVRRLMKIETEKRIKWGTKPTQQEQLAQLLDFNKSLRGMKM
ATEVHALENHKIYEIPDSFNQIIGGKESAGLFTDEATTTIEEANTKMMDLYCERAGLKDGQTILDIGCGAGLLY
LHLAKKYKNCKITGYVTNTSWHKEHILEQCKNLNLSNVEVILADVTTVDIERTFDRVFVIGLIEHMKNFELFLRKI
SKWMKDDGLLFLEHLCHKSFSDHWEPLSEDDWYAKNFFPSGTLVIPSATCLLYFQEDVTVKDHWLLSGNNF
ARSNEAILKRIDSKIEEVKDIFMSFYGIGEEEAVKLINWWRLLCITANELFKYNNGEEWLISQLLFKKKLMTCI

141

PbrNMT
1

MVKGDQFQTTTMEETKISQENDLWTNMELGLIPDEEVRRLMKIEIEKRIEWGMKPTQHQQLAQLLDFTKSL
RGMKMATELDKLDSKLYETPHSFNQIVNGSTLKESSGLYTDVTTTMDEASIKMMDLYCERANIKDGQTILDL
GCGPGPLVLHIAKKYSNCKITGVTNAFSQREYILEECKKLSLSNVEIILADVTSLDLETTFDRVFVIGFIEHMKNF
ELFLRKISKWMKDDAVLFLEHFCHKSFSYHGEPLSEDDWYAKNFFAPGTLVIPSATCLLYFQEDLAVIDHWFL
SGNHFARTNEEMLKGIDGKIEEIKDIFMSFYGINEAEAVKLINWWRLFCITGAEMFSYNNGEEWFISQLLFKK
K

142
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EcaNMT
4

MALEQEDSMSVPERNEGVADLIKRMELGLVNDEEIRRLMRIQIENRLKWGYKPTHDQQLAQHLHFINSLKE
MKMATEMDSLDSQVYESPNSFQQIMCGRSMKESAGLFMDDVTTVEEAHIRMMDLYCDKATFEDGQKILD
LGCGHGSVVLHVAQKYKGCQVTGVTNSSAQKQYILEQCKKLDLSNVEILADVTTLEMEEKFDRVIIIGLIEHM
KNFKLFFOKVSKWMKEGGLLFLENYFHKDFAYHCEKIDEDDWYDGYIFPPGSLLMPSASTLLYFQEDLTVAD
HWVLPGTHFAKTFEEFLKKIDLRIEEVREIFEAFYGISKEEAMKLSNYWRNFCISAMEIFNYNNGQEWMISHL
LYTKK

143

CmaNM
T5

METGKNNQNMKTTIDDLWNQMMLGIVPDKEIRRLMKIELKKRLDWGYRPTHQQQLSQLLDFAKGLCNYC
WTALRCMKMSAEFDTLDSKVYETPKSFQQIMCGTTIKESSGLFMNESTTLDQAQISMLDLYFDKAKIKDGQS
ILDLGCGHGALILYLAQKYQNCNITGVTNSLSQKEFIVEKCKKLGLSNVEILLADVTKLEMEDMFDRVFVIGLIE

HMKNFELFLRKISEWMKPDGLLFLEHYCHKSFAHQWEPIDEEDWFSKYIFPPGTVIIPSASFLLYFQEDVKVID
HWTLSGNHFARTQEEWLKGIDGHIDEVEKTFESFYGISKEEAVKLINFWRVFCLSGVEMFGYNNGEEWMIS

HLLFKKK

144

GfINMT
4

MTMEANNAKKEAIENLWEQMMMGLVPDHEITRLMKSELQKRLNWGYKPTHQQQISQLLDFAKSLRRME
MS

LDFDNLELDTKMYETPESFQLIMSGTTLKESSGLFTDETATLDQTQIRMMDLYLEKAKIKDGQSILDLGC
GHGALILHVAQKYRNCNVTGVTNSIAQKEFIFKQCKKLGLSNVEMVLADVTKCEMKATFDHIFVIGLIEH
MKNFELFLRKVSEWMKSDGLLFMEHYCHKSFAYQWEPMDDDDLFSKYVFPPGSAIIPSASFLLYFQDDLT
VVDHWTLSGNHFARTHQEWLKRIDSQSDEIKGIFESFYGISKEEAVKLINYWRVFCLFGVEMFGYNNGEE
WMISHLLFKKK

145

CchNMT
5

MEVVATSSARNPKKEIVDLWKRMELGLIPDEEIRDLMKIGLEKRLKWGYKPTHEQQLSQLLHFAKSLRSM
KMASEMETLDDOMYETPTAFQQLMCGSTIKESAGFFKDESTTLDEAEIKMLDLYCEKARIEDGQKILDLG
CGHGAVMLHIAQKYKNCNVTGVTNSISQQQFIVQRSKELNLSNVNMILADVTMLEMDATYDRIFIIGLIE
HMKNFELFLRKISKWITKEGLLFLEHYCHKTFAYQCEPVDEDDWYNMFIFPPGTLILPSASFLLYFQDDL
IVVDRWTLNGNHYARTQEEWLKRIDANVDGVKQMFESVCDGNKEEAVKLMNFWRIFCISGAEMLAYNNG
E

EWMISHYLFKKRN

146
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Name

Sequence

SEQ
ID NO.

NsNMT

MEATQITKKQGVAELIKRIENGQVPDEEITRMMKIQIQKRLKLGYKSTHEQQLAQLLHFVHSLOKMEMAE
EVDTLDSELYEIPLPFLHIMCGKALKFSPGYFKDESTTLDESEVNMLDLYCERAQIEDGQTILDLGCGHG
SLTLHVAKKYRGCKVTGITNSVSQKDFIMEECKKLNLSNVEILEDVTKFETGTTYDRIFAVALIEHMKN
YELFLKKVSAWMAQDGLLFVEHHCHKVFAYKYEPIDDDDWYTEYIFPTGTLYMSSSSILLYFQEDVSVVN
HWTLSGKHPSLGFKQWLKRIDDNIDEIKEIFESFYGSKEKATKFITYWRVFCIAHSEMYATNGGEEWMLS
QVLFKRK

147

ScaNMT

MGGVADLLKKMELGLVPEEEIRRLMRINEKRLEWGYKPTHAEQLDHLTNFIQCLRGMKMADEIDALDAK
MYEIPLPFMQTICGSTLKFSPGYFKDESTTLDESEIHMMDLYCERAEVKDGHSILDLGCGHGGFVLHVAQ
KYKNSIVTGVTNSVAEKEFIMTQCKKLCLSNVEHNLADVTKFEPETTYDRVFAIALIEHMKNYELVLEKL
SKWVAQDGFLFVEHHCHKVFPYKYEPLDEDDWYTEYIFPGGTIVLPSASILLYFQKDVSVVNHWSLNGKH
PARGFKEWLKRLDENMDAVKAIFEPFYGSKEEAMKWITYWRVFCITHSEMYAYNNGEEWMLSQVLFKRK

148

JdiNMT
1

MSKGVAKLVERMELGLYSDDEVRRLMRILIEKRLKWGYKPTHEEQLTYLTNFIQGLKGMKIAEEIDALDA
KMYEIPIAFMQILCGYSLKFSPGFFEDESTTLDESETIMMDLYCERAQVQDGQSILDLGCGHGGFVLHVA
QKYKNCKVTGVTNSVSETEYIMEQCKKLGLSNVEIIIADVTKFEPEVTYDRVFAIALIEHMKNYELVLQOK
LSKWVAQDGFLFVDHHCHKVFPYKYEPIDEDDWYTQYIFPGGTLVLPSASILLYFQEDVSIVNHWTLSGN
HPARGFKEWLKRLDDNMDEIKAIFEPFYGSKEEAMKWITYWRVFCITHSEMYAYNGGEEWMISQVLFKRK

149

BthNMT
1

MEVKQAGKEGVTELLVKRMELGLVPEEEIRRLMRIQIQKRLDWGYKPTHEEQLAHLTKFIOQNIRGMKMAD
EIDALDAKMYEIPLPFLQTICGKTLKFSPGYFKDESTTLDESETLMMODLYCERAQVKDGQSILDLGCGHG
GFVLHLAQKYRNSVVTGVTNSVSETEYIKEQCKKLGLSNVEIIADVTKFEPEVTYDRVFAIALIEHMKN
YALVLNKISKWVAQDGYLFVEHHCHKVFPYKYEPLDEDDWYTNYIFPGGTLILPSASILLYFQEDVTVLN
HWSLSGKHPSRGFIEWLKRLDENIDVIMGIFEPFYGSKEEATKWINYWRVFCMTHSEMYAYGNGEEWMLS
QVLLKRK

150

MaqNM
T3

MELGLVPEKEIRRLMRIQIQKRLEWGYKPTHEEQLAHLTKFIQNIRGMKMADEIDALDAKMYEIPLPFLQ
TICGKTLKFSPGYFKDESTTLDESETLMMDLYCERAQVKDGQSILDLGCGHGGFVLHLAQKYRNSIVTGY
TNSVSETEYIKEQCKKLGLSNVENIADVTKFEPEVTYDRVFAIALIEHMKNYALVLNKISKWVAQDGYL
FVEHHCHKVFPYKYEPLDEDDWYTNYIFPGGTLILPSASILLYFQEDVTVINHWSLSGKHPSRGFIEWLK
RLDENIDVIMGIFEPFYGSKEEATKWINYWRVFCITHSEMYAYGNGEEWMLSQVLLKRK

151

McaNM
T4

MDKANERELKRAELFKKLEDDLVTYDEIKQVMRTELAKRLEWGYKPTHQQQLAHLLDFAHALEGMKIANE
VETLASEVYETPLPFXEIVLGPAKKXSSCLFEDESTTLEQAEIAMLDLYFERAQIRXGMSVLDLGCGXGS
VGLHIARKYKNCXVTCITNSISQKQYIENQCKLYNLSNVKIILADIVAHDTDDTFDVVLVIGVIEHMKNY
ALLLNKISKWMAKDGLLFVEHLCHKTFPYHFEPLDEDDWYSNFVFPTGTLTMPSVSFLLYFQADVSILNH
WILSGKNFSRTXEEFLKRIDANVDAIKDGLKPSLGSEGVAKLISYWRGFCLTGMEMFGYNNGEEWMVSQV
LFKNK

152

TcoNMT
3

MEDNNNLLQEEMNVVELLQRPELGLVPDEKIRKLTRLOLOKRLKWGYKPTHEAQLSHLFQFIHSLPSLNM
ESEDENPKSWLYETPTSFLQLLYGDCIKESDTYYKEDTATLEEAVINMLELYCERARITEGLSVLDLGCG
YGALTLHVAQKYKSCKVTGVTSSISQKQYIMEKCKKLNLTNVEHLADVATIEIEAASYDRIFALGIFEH
VNDYKLFLGKLSKWMKQDGLLFVEYLCHKTFPYQNKPLDKGDKWYNEYVFPSGGLIIPSASFILYFQNDV
SVVRQWTQGGQHSARTFEELLKRIDGNIDKIKEIFIESYGSKEDAVRFINYWRVFLITGVEMFSYNDGEE
WMGAHFLFKKKFIMQE

153

CmuNM
T4

MEVKQSKGDELRSRVAELLERPELGLVPDEEIRRLAKARLEKRLKWGYKATHGEQLSSLLQFVESLPSLN
MASEDDSPKAWLYETPTSFLQLIYGDIIKESGSYYKDESTTLEEAMIHNMNLCCERANIKEGQSVVDLGC
GYGAFILHVAQKYKTCRVTGITSSISQKHYIMEQCKKLNLSNVEVILADVATIKLDATFDRVFAAGMFEH
VNDYKSFLRKITNWMKPDGRLFVEHLCNKTFPYQNKPLDDGDNWGEYVFPSGGLIIPSASLLLYFQEDVS
IVNHWTFSGKHAANKFEELLKRIDAKIDAIKRIFNECYGSKDSIRFINYWRVFLITAAEMFGYNNGEEWM
GVHLLFKKK

154

CtrNMT
2

GLKSSVAELLERPELGLVPDGEIRKLTKTRLAKRLEWGYKATHEDQLSHLLRFIHSLPSLNMASEDDSPK
AWLYETPTSFLQLIYGDIIKESGTYYKDESSTLEEAIIHNMDLCCERARIKEGQSVLDLGCGYGAFTLHY
AQKYKSCSVTGITSSISOKDYIMEQCKKLNLSNVEVILADVATIKMNTTFDRVFALGMFEHINDYKLFLR
RISNWMKHDGLLFVEHLCNKTFAYQNKPLDDGDDWFNEYVFPSAGLIIPSASLLLYFQEDVSIVHHWTFS
GKHAAYKFEELLERIDAKIEAIKEIFIECYGSKEDAIRFINYWRVFLITAAEMFAYRDGEEWMGSHVLFK

KK
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Table 15. Variants of BM3 N-demethylase

PCT/US2021/059980

BM3
varia
nt

Genotype

SEQ
ID NO.

8F11

L437A

4H9

L181A, T260A, L437A

8C7

L75A,L181A

4H5

L75A, M177A,1181A

7A1

L75A, M177A, L181A, T260A

BM3
varia
nt

Amino Acid Sequence

8F11

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRF
DKNLSQALKFARDFAGDGLVTSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKWE
RLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFIISMVRALDEVMNKLQRANPDDPA
YDENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLIA
GHETTSGLLSFALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTAPA
FSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGNG
QRACIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKETATLKPKGFVVKAKSKKIPLGGIPSPST
EQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPREGA
VLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKG
AENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPLAKM
HGAFSTNVVASKELQQPGSARSTRHLEIELPKEASYQEGDHLGVIPRNYEGIVNRVTARFGLDASQQI
RLEAEEEKLAHLPLAKTVSVEELLQYVELQDPVTRTQLRAMAAKTVCPPHKVELEALLEKQAYKEQ
VLAKRLTMLELLEKYPACEMKFSEFIALLPSIRPRYYSISSSPRVDEKQASITVSVVSGEAWSGYGEYK
GIASNYLAELQEGDTITCFISTPQSEFTLPKDPETPLIMVGPGTGVAPFRGFVQARKQLKEQGQSLGE
AHLYFGCRSPHEDYLYQEELENAQSEGIITLHTAFSRMPNQPKTYVQHVMEQDGKKLIELLDQGAHF
YICGDGSQMAPAVEATLMKSYADVHQVSEADARLWLQQLEEKGRYAKDVWAG

158

4H9

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRF
DKNLSQALKFARDFAGDGLVTSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKWE
RLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFIISMVRAADEVMNKLQRANPDDPA
YDENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIIAFLIA
GHETTSGLLSFALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTAPA
FSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGNG
QRACIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKETATLKPKGFVVKAKSKKIPLGGIPSPST
EQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPREGA
VLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKG
AENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPLAKM
HGAFSTNVVASKELQQPGSARSTRHLEIELPKEASYQEGDHLGVIPRNYEGIVNRVTARFGLDASQQI
RLEAEEEKLAHLPLAKTVSVEELLQYVELQDPVTRTQLRAMAAKTVCPPHKVELEALLEKQAYKEQ
VLAKRLTMLELLEKYPACEMKFSEFIALLPSIRPRYYSISSSPRVDEKQASITVSVVSGEAWSGYGEYK
GIASNYLAELQEGDTITCFISTPQSEFTLPKDPETPLIMVGPGTGVAPFRGFVQARKQLKEQGQSLGE
AHLYFGCRSPHEDYLYQEELENAQSEGIITLHTAFSRMPNQPKTYVQHVMEQDGKKLIELLDQGAHF
YICGDGSQMAPAVEATLMKSYADVHQVSEADARLWLQQLEEKGRYAKDVWAG

159

8C7

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRF
DKNLSQAAKFARDFAGDGLVTSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKW
ERLNADEHIEVSEDMTRLTLD TIGLCGFNYRFNSFYRDQPHPFIISMVRAADEVMNKLQRANPDDP
AYDENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLI
AGHETTSGLLSFALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTAP
AFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGN
GQRACIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKETLTLKPKGFVVKAKSKKIPLGGIPSPS
TEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPREG
AVLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAK
GAENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPLAK
MHGAFSTNVVASKELQQPGSARSTRHLEIELPKEASYQEGDHLGVIPRNYEGIVNRVTARFGLDASQ
QIRLEAEEEKLAHLPLAKTVSVEELLQYVELQDPVTRTQLRAMAAKTVCPPHKVELEALLEKQAYKE
QVLAKRLTMLELLEKYPACEMKESEFIALLPSIRPRYYSISSSPRVDEKQASITVSVVSGEAWSGYGEY
KGIASNYLAELQEGDTITCFISTPQSEFTLPKDPETPLIMVGPGTGVAPFRGFVQARKQLKEQGQSLG

160

-181-

SUBSTITUTE SHEET (RULE 26)




WO 2022/109194

PCT/US2021/059980

BM3
varia
nt

Genotype

SEQ
ID NO.

EAHLYFGCRSPHEDYLYQEELENAQSEGIITLHTAFSRMPNQPKTYVQHVMEQDGKKLIELLDQGA
HFYICGDGSQMAPAVEATLMKSYADVHQVSEADARLWLQQLEEKGRYAKDVWAG

4H5

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRF
DKNLSQAAKFARDFAGDGLVTSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKW
ERLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFIISAVRAADEVMNKLQRANPDDPA
YDENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLIA
GHETTSGLLSFALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTAPA
FSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGNG
QRACIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKETLTLKPKGFVVKAKSKKIPLGGIPSPSTE
QSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAV
LIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGA
ENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPLAKMH
GAFSTNVVASKELQQPGSARSTRHLEIELPKEASYQEGDHLGVIPRNYEGIVNRVTARFGLDASQQIR
LEAEEEKLAHLPLAKTVSVEELLQYVELQDPVTRTQLRAMAAKTVCPPHKVELEALLEKQAYKEQV
LAKRLTMLELLEKYPACEMKEFSEFIALLPSIRPRYYSISSSPRVDEKQASITVSVVSGEAWSGYGEYKGI
ASNYLAELQEGDTITCFISTPQSEFTLPKDPETPLIMVGPGTGVAPFRGFVQARKQLKEQGQSLGEAH
LYFGCRSPHEDYLYQEELENAQSEGIITLHTAFSRMPNQPKTYVQHVMEQDGKKLIELLDQGAHFYI
CGDGSQMAPAVEATLMKSYADVHQVSEADARLWLQQLEEKGRYAKDVWAG

161

7A1

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRF
DKNLSQAAKFARDFAGDGLVTSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKW
ERLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFIISAVRAADEVMNKLQRANPDDPA
YDENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIIAFLIA
GHETTSGLLSFALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTAPA
FSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGNG
QRACIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKETLTLKPKGFVVKAKSKKIPLGGIPSPSTE
QSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAV
LIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGA
ENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPLAKMH
GAFSTNVVASKELQQPGSARSTRHLEIELPKEASYQEGDHLGVIPRNYEGIVNRVTARFGLDASQQIR
LEAEEEKLAHLPLAKTVSVEELLQYVELQDPVTRTQLRAMAAKTVCPPHKVELEALLEKQAYKEQV
LAKRLTMLELLEKYPACEMKEFSEFIALLPSIRPRYYSISSSPRVDEKQASITVSVVSGEAWSGYGEYKGI
ASNYLAELQEGDTITCFISTPQSEFTLPKDPETPLIMVGPGTGVAPFRGFVQARKQLKEQGQSLGEAH
LYFGCRSPHEDYLYQEELENAQSEGIITLHTAFSRMPNQPKTYVQHVMEQDGKKLIELLDQGAHFYI
CGDGSQMAPAVEATLMKSYADVHQVSEADARLWLQQLEEKGRYAKDVWAG

162

BM3
varia
nt

Nucleotide Sequence

8F11

ATGACCATCAAAGAAATGCCACAACCTAAGACTTTCGGTGAATTGAAGAATTTGCCTTTGTTGAAC
ACCGATAAGCCAGTTCAAGCTTTGATGAAGATTGCTGATGAATTGGGTGAAATCTTCAAGTTTGAA
GCTCCAGGTAGAGTCACTAGATACTTGTCATCTCAAAGATTGATCAAAGAAGCCTGCGACGAATCC
AGATTTGATAAGAATTTGTCTCAAGCTTTGAAGTTCGCTAGAGATTTTGCTGGTGATGGTTTGGTT
ACTTCTTGGACTCACGAAAAGAATTGGAAGAAGGCCCATAACATTTTGTTGCCATCTTTCTCACAA
CAAGCCATGAAGGGTTATCATGCTATGATGGTTGATATCGCCGTTCAATTGGTTCAAAAGTGGGAA
AGATTGAACGCCGATGAACATATCGAAGTCTCTGAAGATATGACCAGATTGACCTTGGATACCATT
GGTTTGTGTGGTTTCAACTACAGATTCAACTCCTTCTACAGAGATCAACCACATCCATTCATCATC
TCTATGGTTAGAGCTTTGGATGAAGTCATGAACAAATTGCAAAGAGCTAATCCAGACGATCCAGCT
TATGACGAAAACAAGAGACAATTCCAAGAAGATATCAAGGTCATGAACGATTTGGTCGATAAGAT
TATCGCTGATAGAAAGGCTAGAGGTGAACAATCTGATGATTTGTTGACCCAAATGTTGAACGGTA
AGGATCCAGAAACTGGTGAACCATTGGATGATGGTAACATCAGATACCAAATTATCACCTTCTTGA
TTGCTGGTCACGAAACTACATCTGGTTTGTTGTCTTTTGCCTTGTACTTTTTGGTTAAGAACCCAC
ACGTCTTGCAAAAGGTTGCTGAAGAAGCTGCAAGAGTTTTGGTTGATCCAGTTCCATCTTACAAGC
AAGTCAAGCAATTGAAGTACGTTGGTATGGTTTTGAACGAAGCTTTGAGATTGTGGCCAACTGCTC
CAGCTTTTTCATTATACGCTAAAGAAGATACCGTCTTGGGTGGTGAATATCCATTGGAAAAAGGTG
ATGAAGTTATGGTCTTGATCCCACAATTGCATAGAGATAAGACTGTTTGGGGTGATGATGTCGAAG
AATTCAGACCAGAAAGATTCGAAAACCCATCTGCTATTCCACAACATGCTTTTAAGCCATTTGGTA
ACGGTCAAAGAGCTTGCATTGGTCAACAATTCGCTTTACATGAAGCTACCTTGGTTTTGGGTATGA
TGTTGAAACACTTCGACTTCGAAGATCACACCAACTACGAATTGGATATCAAAGAAACCGCTACCT
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TGAAGCCAAAGGGTTTTGTTGTTAAGGCTAAGTCCAAAAAGATTCCATTGGGTGGTATTCCATCTC
CATCTACTGAACAATCCGCTAAGAAGGTTAGAAAGAAAGCTGAAAACGCTCATAACACACCTTTGT
TGETCTTGTACGGTICTAATATGGGTACTGCTGAAGGTACAGCAAGAGATTTGGCAGATATTGCTA
TGTCTAAAGGTTTCGUTCCACAAGTTGUTACTTTGGATTCTCATGCTGGTAATTTGCCAAGAGAAG
GTGCTGTTTTGATAGTTACTGCTTCTTACAATGGTCACCCACCAGATAATGCTAAGCAATTCGTTG
ATTGGTTGGATCAAGCTTCAGCTGATGAAGTAAAAGGTGTTAGATACTCTGTTTTCGGTTGOGGTG
ACAAAAATTGGGCTACTACTTATCAAAAGGTTCCAGCCTTTATTGACGAAACTTTGGCTGCTAAAG
GTGCTGAAAACATTGCTGACAGAGGTGAAGETGATGCCTCCGACGACTTCGAAGGTACTTACGAAG
AATGGAGAGAACACATGTGOTCTGACGTTGCTGCTTACTTCAACTTGGACATCGAAAACTCTGAAG
ACAACAAGTCCACTTTGTCTTTGCAAT TCGTTCGACTCCGUTGCTGACATGCCATTGGUTAAGATGC
ACGGTGCTTTCTCTACCAACGTCRTTGCOTCCAAGGAATTGCAACAACCAGGTTCTGCTAGATCTA
CTAGACACTTGGAAATCGAATTGCCAAAGGAAGCTTCCTACCAAGAAGRTGACCACTTGGGLGTTA
TTCCAAGAAACTACGAAGGTATCGTCAACAGAGTTACTGCTAGATTCGGTTTGGATGCTTCTCAAC
AAATCAGATTAGAAGCTGAAGAAGAAAAGTTGGUTCACTTGCCATTAGCTAAGACTATCTCCGTIG
ABGAATTGTTGCAATACGTCGAATTGCAAGACCCAGTTACCAGAACCCAATTGAGAGUCATGGUTG
CCAAGACCGTCTGTCCACCACACAAGGTTGAATIGGAAGCOTTGTTGGAAAAGCAAGLCTACAAGG
AACAAGTTTTGGCTAAGAGATTGACCATCETTGGAATTGTTGGAAAAGTACCCAGLCTGUGAAATGA
AGTTCTCTGAATTTATCGCCTTGTTGCCATCTATCAGACCACGTTACTACTCTATIICTTCCTCTCC
ACGTGTTGACGAAAAGCAAGCTTCTATTACTGTTTCCGTTGTCTCCGGTGAAGCTTGGTCCGGTTA
CGGTGAATACAAGGGTATTGCTTCTAACTACTTGGCTGAATTGCAAGAAGGTGACACCATTACTTG
TTTCATCTCTACTCCACAATCCGAATTTACTT TGCCAAAGGACCCAGAAACTCCATTGATCATGGT
TGGETCCAGGTAUTGGTAETCGCTCCATTCAGAGGTTTCOTTCAAGCTAGAAAACAATTGAAGGAACA
AGGTCAATCTTTGGETGAAGCTCACTTCTACTTCGGTTGTAGATCTCCACACGAAGACTACTTATA
CCAAGAAGAATTGGAAAACGCTCAATCCGAAGGTATTATCACTTTGCACACCGCTTTCTCCAGAAT
CCAAACCAACCAAAGACTTACGTCCAACACGTTATGGAACAAGACGGTAAGAAGTTGATTGAATT
GTTGGACCAAGGTGCTCACTTCTACATTTGTGETGATCGGTTCTCAAATGGCTCCAGCCGTTGAAGC
CACTTTGATGAAGTCTTACGCTGATGTTCACCAAGTTTCCGAAGCCGATGUTAGATTATGLGTTGCA
ACAATTGGAAGAAAAAGGTCETTACGCTAAGGATGTOTGGGCOGGTTGA

4H9

ATGACCATCAAAGAAATGCCACAACCTAAGACTTTCGGTCGAATTGAAGAATTTGCCTTTGTTGAAC
ACCGATAAGCCAGTTCAAGCTTTGATGAAGATTGUTGATGAATTGGGTCAAATCTTCAAGTTTGAA
GUTCCAGGTAGAGTCACTAGATACTTIGTCATCTCAAAGATTGATCABAGAAGCCTGCGALGAATCC
AGATTTGATAAGAATTTGTCTCAAGCTTTGAAGTTCGOTAGAGATTTTGCTGGTGATGETTTGGTT
ACTTCTTGGACTCACGAAAAGAATTGGAAGAAGGCCCATAACATTTTGTTGCCATCTTTCTCACAA
CAAGCCATGAAGGGTTATCATGCTATGATGGTTGATATCGCCGTTCAATTGGTTCAAAAGTGGRAA
AGATTGAACGCCGATGAACATATCGAAGTCTCTGAAGATATGACCAGATTCGACCTTGGATACCATT
GETTTGTGTGGTTTCAACTACAGATTCAACTCCTTCTACAGAGATCAACCACATCCATTCATCATC
TCTATGGTTAGAGCTGCAGATGAAGTCATGAACAAATTGCAAAGAGCTAATCCAGACGATCCAGCT
TATGACGAAAACAAGAGACAATTCCAAGAAGATATCAAGGTCATGAACGATT TGGTCGATAAGAT
TATCGCTGATAGAAAGGCTAGAGGTGAACAATCTGATGATTTGTTGACCCAAATGTTGAACGGTA
AGGATCCAGAAACTGGTGAACCATTGGATGATGGTAACATCAGATACCAAATTATCGCTTTCTTGA
TTGCTGOTCACGAAACTACATCTGGTTTGTTGTCTITTGCCTTGTACTTTTTGGTTAAGAACCCAC
ACGTCTTGCAAAAGGTTGCTGAAGAAGCTGLAAGAGTTTTGGTTGATCCAGTTCCATCTTACAAGC
AAGTCAAGCAATTGAAGTACGTTGGTATGGTTT TGAACGAAGCTTTGAGATTGTGGCCAACTGCTC
CAGCTTTTTCATTATACGCTAAAGAAGATACCRTCTTGRGTGGTGAATATCCATTGGAAAAAGGTG
ATGAAGTTATGGTCTTGATCCCACAATTGCATAGAGATAAGACTGTTTGGGGTGATGATGTCRAAG
AATTCAGACCAGAAAGATTCGAAAACCCATCTGCTATTCCACAACATGCTTTTAAGCCATTTGGTA
ACGGTCAAAGAGCTTGCATTGGTCAACAATTCOUTTTACATCGAAGCTACCTTGGTTTTGGGTATGA
TGTTCGAAACACTTCRACTTCRAAGATCACACCAATTACGAATTGGATATCAAAGAAACCGLTACET
TCGAAGCCABAGGGTTTTGTTGTTAAGGCTAAGTCCAAAAAGATTCCATTGGETGGTATTCCATCTC
CATCTACTGAACAATCCGOTAAGAAGGTTAGAAAGAAAGCTGAAAACGCTCATAACACACCTTTGT
TGGTCTTGTACGGTTCTAATATGGGTACTGCTGAAGGTACAGCAAGAGATTTGGCAGATATTGCTA
TGTCTAAAGGTTTCGCTCCACAAGTTGCTACTTTGGATTCTCATGCTGGTAATTTGCCAAGAGAAG
GTGCTGTTTTCGATAGTTACTGCTTCTTACAATGOTCACCCACCAGATAATGCTAAGCAATTCGTTG
ATTGGETTGGATCAAGCTTCAGCTGATGAAGTAABMAGETETTAGATACTCTGTTTTCGGTTGCGGTG
ACAAAAATTGGGOTACTACTTATCAAAAGGTTCCAGCOTTTATIGACGAAACTTTGGUTGCTAAAG
GTGCTGAAAACATTGCTGACAGAGGTGAAGUTGATGCCTCCGACGACTTCGAAGGTACTTACGAAG
AATGGAGAGAACACATGTGGTCTGACGTTGCTGCTTACTTCAACTTGGACATCGAAAACTCTGAAG
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ACAACAAGTCCACTTTGTCTTTGCAATTCGTTGACTCCGCTGCTGACATGCCATTGGCTAAGATGC
ACGGTGCTTTCTCTACCAACGTCGTTGCCTCCAAGGAATTGCAACAACCAGGTTCTGCTAGATCTA
CTAGACACTTGGAAATCGAATTGCCAAAGGAAGCTTCCTACCAAGAAGGTGACCACTTGGGCGTTA
TTCCAAGAAACTACGAAGGTATCGTCAACAGAGTTACTGCTAGATTCGGTTTGGATGCTTCTCAAC
AAATCAGATTAGAAGCTGAAGAAGAAAAGTTGGCTCACTTGCCATTAGCTAAGACTGTCTCCGTTG
AAGAATTGTTGCAATACGTCGAATTGCAAGACCCAGTTACCAGAACCCAATTGAGAGCCATGGCTG
CCAAGACCGTCTGTCCACCACACAAGGTTGAATTGGAAGCCTTGTTGGAAAAGCAAGCCTACAAGG
AACAAGTTTTGGCTAAGAGATTGACCATGTTGGAATTGTTGGAAAAGTACCCAGCCTGCGAAATGA
AGTTCTCTGAATTTATCGCCTTGTTGCCATCTATCAGACCACGTTACTACTCTATTTCTTCCTCTCC
ACGTGTTGACGAAAAGCAAGCTTCTATTACTGTTTCCGTTGTCTCCGGTGAAGCTTGGTCCGGTTA
CGGTGAATACAAGGGTATTGCTTCTAACTACTTGGCTGAATTGCAAGAAGGTGACACCATTACTTG
TTTCATCTCTACTCCACAATCCGAATTTACTTTGCCAAAGGACCCAGAAACTCCATTGATCATGGT
TGGTCCAGGTACTGGTGTCGCTCCATTCAGAGGTTTCGTTCAAGCTAGAAAACAATTGAAGGAACA
AGGTCAATCTTTGGGTGAAGCTCACTTGTACTTCGGTTGTAGATCTCCACACGAAGACTACTTATA
CCAAGAAGAATTGGAAAACGCTCAATCCGAAGGTATTATCACTTTGCACACCGCTTTCTCCAGAAT
GCCAAACCAACCAAAGACTTACGTCCAACACGTTATGGAACAAGACGGTAAGAAGTTGATTGAATT
GTTGGACCAAGGTGCTCACTTCTACATTTGTGGTGATGGTTCTCAAATGGCTCCAGCCGTTGAAGC
CACTTTGATGAAGTCTTACGCTGATGTTCACCAAGTTTCCGAAGCCGATGCTAGATTATGGTTGCA
ACAATTGGAAGAAAAAGGTCGTTACGCTAAGGATGTCTGGGCCGGTTGA

8C7

ATGACCATCAAAGAAATGCCACAACCTAAGACTTTCGGTGAATTGAAGAATTTGCCTTTGTTGAAC
ACCGATAAGCCAGTTCAAGCTTTGATGAAGATTGCTGATGAATTGGGTGAAATCTTCAAGTTTGAA
GCTCCAGGTAGAGTCACTAGATACTTGTCATCTCAAAGATTGATCAAAGAAGCCTGCGACGAATCC
AGATTTGATAAGAATTTGTCTCAAGCTGCTAAGTTCGCTAGAGATTTTGCTGGTGATGGTTTGGTT
ACTTCTTGGACTCACGAAAAGAATTGGAAGAAGGCCCATAACATTTTGTTGCCATCTTTCTCACAA
CAAGCCATGAAGGGTTATCATGCTATGATGGTTGATATCGCCGTTCAATTGGTTCAAAAGTGGGAA
AGATTGAACGCCGATGAACATATCGAAGTCTCTGAAGATATGACCAGATTGACCTTGGATACCATT
GGTTTGTGTGGTTTCAACTACAGATTCAACTCCTTCTACAGAGATCAACCACATCCATTCATCATC
TCTATGGTTAGAGCTGCAGATGAAGTCATGAACAAATTGCAAAGAGCTAATCCAGACGATCCAGCT
TATGACGAAAACAAGAGACAATTCCAAGAAGATATCAAGGTCATGAACGATTTGGTCGATAAGAT
TATCGCTGATAGAAAGGCTAGAGGTGAACAATCTGATGATTTGTTGACCCAAATGTTGAACGGTA
AGGATCCAGAAACTGGTGAACCATTGGATGATGGTAACATCAGATACCAAATTATCACCTTCTTGA
TTGCTGGTCACGAAACTACATCTGGTTTGTTGTCTTTTGCCTTGTACTTTTTGGTTAAGAACCCAC
ACGTCTTGCAAAAGGTTGCTGAAGAAGCTGCAAGAGTTTTGGTTGATCCAGTTCCATCTTACAAGC
AAGTCAAGCAATTGAAGTACGTTGGTATGGTTTTGAACGAAGCTTTGAGATTGTGGCCAACTGCTC
CAGCTTTTTCATTATACGCTAAAGAAGATACCGTCTTGGGTGGTGAATATCCATTGGAAAAAGGTG
ATGAAGTTATGGTCTTGATCCCACAATTGCATAGAGATAAGACTGTTTGGGGTGATGATGTCGAAG
AATTCAGACCAGAAAGATTCGAAAACCCATCTGCTATTCCACAACATGCTTTTAAGCCATTTGGTA
ACGGTCAAAGAGCTTGCATTGGTCAACAATTCGCTTTACATGAAGCTACCTTGGTTTTGGGTATGA
TGTTGAAACACTTCGACTTCGAAGATCACACCAACTACGAATTGGATATCAAAGAAACCTTGACCT
TGAAGCCAAAGGGTTTTGTTGTTAAGGCTAAGTCCAAAAAGATTCCATTGGGTGGTATTCCATCTC
CATCTACTGAACAATCCGCTAAGAAGGTTAGAAAGAAAGCTGAAAACGCTCATAACACACCTTTGT
TGGTCTTGTACGGTTCTAATATGGGTACTGCTGAAGGTACAGCAAGAGATTTGGCAGATATTGCTA
TGTCTAAAGGTTTCGCTCCACAAGTTGCTACTTTGGATTCTCATGCTGGTAATTTGCCAAGAGAAG
GTGCTGTTTTGATAGTTACTGCTTCTTACAATGGTCACCCACCAGATAATGCTAAGCAATTCGTTG
ATTGGTTGGATCAAGCTTCAGCTGATGAAGTAAAAGGTGTTAGATACTCTGTTTTCGGTTGCGGTG
ACAAAAATTGGGCTACTACTTATCAAAAGGTTCCAGCCTTTATTGACGAAACTTTGGCTGCTAAAG
GTGCTGAAAACATTGCTGACAGAGGTGAAGCTGATGCCTCCGACGACTTCGAAGGTACTTACGAAG
AATGGAGAGAACACATGTGGTCTGACGTTGCTGCTTACTTCAACTTGGACATCGAAAACTCTGAAG
ACAACAAGTCCACTTTGTCTTTGCAATTCGTTGACTCCGCTGCTGACATGCCATTGGCTAAGATGC
ACGGTGCTTTCTCTACCAACGTCGTTGCCTCCAAGGAATTGCAACAACCAGGTTCTGCTAGATCTA
CTAGACACTTGGAAATCGAATTGCCAAAGGAAGCTTCCTACCAAGAAGGTGACCACTTGGGCGTTA
TTCCAAGAAACTACGAAGGTATCGTCAACAGAGTTACTGCTAGATTCGGTTTGGATGCTTCTCAAC
AAATCAGATTAGAAGCTGAAGAAGAAAAGTTGGCTCACTTGCCATTAGCTAAGACTGTCTCCGTTG
AAGAATTGTTGCAATACGTCGAATTGCAAGACCCAGTTACCAGAACCCAATTGAGAGCCATGGCTG
CCAAGACCGTCTGTCCACCACACAAGGTTGAATTGGAAGCCTTGTTGGAAAAGCAAGCCTACAAGG
AACAAGTTTTGGCTAAGAGATTGACCATGTTGGAATTGTTGGAAAAGTACCCAGCCTGCGAAATGA
AGTTCTCTGAATTTATCGCCTTGTTGCCATCTATCAGACCACGTTACTACTCTATTTCTTCCTCTCC
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ACGTGTTGACGAAAAGCAAGCTTCTATTACTGTTTCCGTTGTCTCCGGTGAAGCTTGGTCCGGTTA
CGGTGAATACAAGGGTATTGCTTCTAACTACTTGGCTGAATTGCAAGAAGGTGACACCATTACTTG
TTTCATCTCTACTCCACAATCCGAATTTACTTTGCCAAAGGACCCAGAAACTCCATTGATCATGGT
TGGTCCAGGTACTGGTGTCGCTCCATTCAGAGGTTTCGTTCAAGCTAGAAAACAATTGAAGGAACA
AGGTCAATCTTTGGGTGAAGCTCACTTGTACTTCGGTTGTAGATCTCCACACGAAGACTACTTATA
CCAAGAAGAATTGGAAAACGCTCAATCCGAAGGTATTATCACTTTGCACACCGCTTTCTCCAGAAT
GCCAAACCAACCAAAGACTTACGTCCAACACGTTATGGAACAAGACGGTAAGAAGTTGATTGAATT
GTTGGACCAAGGTGCTCACTTCTACATTTGTGGTGATGGTTCTCAAATGGCTCCAGCCGTTGAAGC
CACTTTGATGAAGTCTTACGCTGATGTTCACCAAGTTTCCGAAGCCGATGCTAGATTATGGTTGCA
ACAATTGGAAGAAAAAGGTCGTTACGCTAAGGATGTCTGGGCCGGTTGA

4H5

ATGACCATCAAAGAAATGCCACAACCTAAGACTTTCGGTGAATTGAAGAATTTGCCTTTGTTGAAC
ACCGATAAGCCAGTTCAAGCTTTGATGAAGATTGCTGATGAATTGGGTGAAATCTTCAAGTTTGAA
GCTCCAGGTAGAGTCACTAGATACTTGTCATCTCAAAGATTGATCAAAGAAGCCTGCGACGAATCC
AGATTTGATAAGAATTTGTCTCAAGCTGCTAAGTTCGCTAGAGATTTTGCTGGTGATGGTTTGGTT
ACTTCTTGGACTCACGAAAAGAATTGGAAGAAGGCCCATAACATTTTGTTGCCATCTTTCTCACAA
CAAGCCATGAAGGGTTATCATGCTATGATGGTTGATATCGCCGTTCAATTGGTTCAAAAGTGGGAA
AGATTGAACGCCGATGAACATATCGAAGTCTCTGAAGATATGACCAGATTGACCTTGGATACCATT
GGTTTGTGTGGTTTCAACTACAGATTCAACTCCTTCTACAGAGATCAACCACATCCATTCATCATC
TCTGCTGTTAGAGCTGCAGATGAAGTCATGAACAAATTGCAAAGAGCTAATCCAGACGATCCAGCT
TATGACGAAAACAAGAGACAATTCCAAGAAGATATCAAGGTCATGAACGATTTGGTCGATAAGAT
TATCGCTGATAGAAAGGCTAGAGGTGAACAATCTGATGATTTGTTGACCCAAATGTTGAACGGTA
AGGATCCAGAAACTGGTGAACCATTGGATGATGGTAACATCAGATACCAAATTATCACCTTCTTGA
TTGCTGGTCACGAAACTACATCTGGTTTGTTGTCTTTTGCCTTGTACTTTTTGGTTAAGAACCCAC
ACGTCTTGCAAAAGGTTGCTGAAGAAGCTGCAAGAGTTTTGGTTGATCCAGTTCCATCTTACAAGC
AAGTCAAGCAATTGAAGTACGTTGGTATGGTTTTGAACGAAGCTTTGAGATTGTGGCCAACTGCTC
CAGCTTTTTCATTATACGCTAAAGAAGATACCGTCTTGGGTGGTGAATATCCATTGGAAAAAGGTG
ATGAAGTTATGGTCTTGATCCCACAATTGCATAGAGATAAGACTGTTTGGGGTGATGATGTCGAAG
AATTCAGACCAGAAAGATTCGAAAACCCATCTGCTATTCCACAACATGCTTTTAAGCCATTTGGTA
ACGGTCAAAGAGCTTGCATTGGTCAACAATTCGCTTTACATGAAGCTACCTTGGTTTTGGGTATGA
TGTTGAAACACTTCGACTTCGAAGATCACACCAACTACGAATTGGATATCAAAGAAACCTTGACCT
TGAAGCCAAAGGGTTTTGTTGTTAAGGCTAAGTCCAAAAAGATTCCATTGGGTGGTATTCCATCTC
CATCTACTGAACAATCCGCTAAGAAGGTTAGAAAGAAAGCTGAAAACGCTCATAACACACCTTTGT
TGGTCTTGTACGGTTCTAATATGGGTACTGCTGAAGGTACAGCAAGAGATTTGGCAGATATTGCTA
TGTCTAAAGGTTTCGCTCCACAAGTTGCTACTTTGGATTCTCATGCTGGTAATTTGCCAAGAGAAG
GTGCTGTTTTGATAGTTACTGCTTCTTACAATGGTCACCCACCAGATAATGCTAAGCAATTCGTTG
ATTGGTTGGATCAAGCTTCAGCTGATGAAGTAAAAGGTGTTAGATACTCTGTTTTCGGTTGCGGTG
ACAAAAATTGGGCTACTACTTATCAAAAGGTTCCAGCCTTTATTGACGAAACTTTGGCTGCTAAAG
GTGCTGAAAACATTGCTGACAGAGGTGAAGCTGATGCCTCCGACGACTTCGAAGGTACTTACGAAG
AATGGAGAGAACACATGTGGTCTGACGTTGCTGCTTACTTCAACTTGGACATCGAAAACTCTGAAG
ACAACAAGTCCACTTTGTCTTTGCAATTCGTTGACTCCGCTGCTGACATGCCATTGGCTAAGATGC
ACGGTGCTTTCTCTACCAACGTCGTTGCCTCCAAGGAATTGCAACAACCAGGTTCTGCTAGATCTA
CTAGACACTTGGAAATCGAATTGCCAAAGGAAGCTTCCTACCAAGAAGGTGACCACTTGGGCGTTA
TTCCAAGAAACTACGAAGGTATCGTCAACAGAGTTACTGCTAGATTCGGTTTGGATGCTTCTCAAC
AAATCAGATTAGAAGCTGAAGAAGAAAAGTTGGCTCACTTGCCATTAGCTAAGACTGTCTCCGTTG
AAGAATTGTTGCAATACGTCGAATTGCAAGACCCAGTTACCAGAACCCAATTGAGAGCCATGGCTG
CCAAGACCGTCTGTCCACCACACAAGGTTGAATTGGAAGCCTTGTTGGAAAAGCAAGCCTACAAGG
AACAAGTTTTGGCTAAGAGATTGACCATGTTGGAATTGTTGGAAAAGTACCCAGCCTGCGAAATGA
AGTTCTCTGAATTTATCGCCTTGTTGCCATCTATCAGACCACGTTACTACTCTATTTCTTCCTCTCC
ACGTGTTGACGAAAAGCAAGCTTCTATTACTGTTTCCGTTGTCTCCGGTGAAGCTTGGTCCGGTTA
CGGTGAATACAAGGGTATTGCTTCTAACTACTTGGCTGAATTGCAAGAAGGTGACACCATTACTTG
TTTCATCTCTACTCCACAATCCGAATTTACTTTGCCAAAGGACCCAGAAACTCCATTGATCATGGT
TGGTCCAGGTACTGGTGTCGCTCCATTCAGAGGTTTCGTTCAAGCTAGAAAACAATTGAAGGAACA
AGGTCAATCTTTGGGTGAAGCTCACTTGTACTTCGGTTGTAGATCTCCACACGAAGACTACTTATA
CCAAGAAGAATTGGAAAACGCTCAATCCGAAGGTATTATCACTTTGCACACCGCTTTCTCCAGAAT
GCCAAACCAACCAAAGACTTACGTCCAACACGTTATGGAACAAGACGGTAAGAAGTTGATTGAATT
GTTGGACCAAGGTGCTCACTTCTACATTTGTGGTGATGGTTCTCAAATGGCTCCAGCCGTTGAAGC
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CACTTTGATGAAGTCTTACGCTGATGTTCACCAAGTTTCCGAAGCCGATGCTAGATTATGGTTGCA
ACAATTGGAAGAAAAAGGTCGTTACGCTAAGGATGTCTGGGCCGGTTGA

7A1

ATGACCATCAAAGAAATGCCACAACCTAAGACTTTCGGTGAATTGAAGAATTTGCCTTTGTTGAAC
ACCGATAAGCCAGTTCAAGCTTTGATGAAGATTGCTGATGAATTGGGTGAAATCTTCAAGTTTGAA
GCTCCAGGTAGAGTCACTAGATACTTGTCATCTCAAAGATTGATCAAAGAAGCCTGCGACGAATCC
AGATTTGATAAGAATTTGTCTCAAGCTGCTAAGTTCGCTAGAGATTTTGCTGGTGATGGTTTGGTT
ACTTCTTGGACTCACGAAAAGAATTGGAAGAAGGCCCATAACATTTTGTTGCCATCTTTCTCACAA
CAAGCCATGAAGGGTTATCATGCTATGATGGTTGATATCGCCGTTCAATTGGTTCAAAAGTGGGAA
AGATTGAACGCCGATGAACATATCGAAGTCTCTGAAGATATGACCAGATTGACCTTGGATACCATT
GGTTTGTGTGGTTTCAACTACAGATTCAACTCCTTCTACAGAGATCAACCACATCCATTCATCATC
TCTGCTGTTAGAGCTGCAGATGAAGTCATGAACAAATTGCAAAGAGCTAATCCAGACGATCCAGCT
TATGACGAAAACAAGAGACAATTCCAAGAAGATATCAAGGTCATGAACGATTTGGTCGATAAGAT
TATCGCTGATAGAAAGGCTAGAGGTGAACAATCTGATGATTTGTTGACCCAAATGTTGAACGGTA
AGGATCCAGAAACTGGTGAACCATTGGATGATGGTAACATCAGATACCAAATTATCGCTTTCTTGA
TTGCTGGTCACGAAACTACATCTGGTTTGTTGTCTTTTGCCTTGTACTTTTTGGTTAAGAACCCAC
ACGTCTTGCAAAAGGTTGCTGAAGAAGCTGCAAGAGTTTTGGTTGATCCAGTTCCATCTTACAAGC
AAGTCAAGCAATTGAAGTACGTTGGTATGGTTTTGAACGAAGCTTTGAGATTGTGGCCAACTGCTC
CAGCTTTTTCATTATACGCTAAAGAAGATACCGTCTTGGGTGGTGAATATCCATTGGAAAAAGGTG
ATGAAGTTATGGTCTTGATCCCACAATTGCATAGAGATAAGACTGTTTGGGGTGATGATGTCGAAG
AATTCAGACCAGAAAGATTCGAAAACCCATCTGCTATTCCACAACATGCTTTTAAGCCATTTGGTA
ACGGTCAAAGAGCTTGCATTGGTCAACAATTCGCTTTACATGAAGCTACCTTGGTTTTGGGTATGA
TGTTGAAACACTTCGACTTCGAAGATCACACCAACTACGAATTGGATATCAAAGAAACCTTGACCT
TGAAGCCAAAGGGTTTTGTTGTTAAGGCTAAGTCCAAAAAGATTCCATTGGGTGGTATTCCATCTC
CATCTACTGAACAATCCGCTAAGAAGGTTAGAAAGAAAGCTGAAAACGCTCATAACACACCTTTGT
TGGTCTTGTACGGTTCTAATATGGGTACTGCTGAAGGTACAGCAAGAGATTTGGCAGATATTGCTA
TGTCTAAAGGTTTCGCTCCACAAGTTGCTACTTTGGATTCTCATGCTGGTAATTTGCCAAGAGAAG
GTGCTGTTTTGATAGTTACTGCTTCTTACAATGGTCACCCACCAGATAATGCTAAGCAATTCGTTG
ATTGGTTGGATCAAGCTTCAGCTGATGAAGTAAAAGGTGTTAGATACTCTGTTTTCGGTTGCGGTG
ACAAAAATTGGGCTACTACTTATCAAAAGGTTCCAGCCTTTATTGACGAAACTTTGGCTGCTAAAG
GTGCTGAAAACATTGCTGACAGAGGTGAAGCTGATGCCTCCGACGACTTCGAAGGTACTTACGAAG
AATGGAGAGAACACATGTGGTCTGACGTTGCTGCTTACTTCAACTTGGACATCGAAAACTCTGAAG
ACAACAAGTCCACTTTGTCTTTGCAATTCGTTGACTCCGCTGCTGACATGCCATTGGCTAAGATGC
ACGGTGCTTTCTCTACCAACGTCGTTGCCTCCAAGGAATTGCAACAACCAGGTTCTGCTAGATCTA
CTAGACACTTGGAAATCGAATTGCCAAAGGAAGCTTCCTACCAAGAAGGTGACCACTTGGGCGTTA
TTCCAAGAAACTACGAAGGTATCGTCAACAGAGTTACTGCTAGATTCGGTTTGGATGCTTCTCAAC
AAATCAGATTAGAAGCTGAAGAAGAAAAGTTGGCTCACTTGCCATTAGCTAAGACTGTCTCCGTTG
AAGAATTGTTGCAATACGTCGAATTGCAAGACCCAGTTACCAGAACCCAATTGAGAGCCATGGCTG
CCAAGACCGTCTGTCCACCACACAAGGTTGAATTGGAAGCCTTGTTGGAAAAGCAAGCCTACAAGG
AACAAGTTTTGGCTAAGAGATTGACCATGTTGGAATTGTTGGAAAAGTACCCAGCCTGCGAAATGA
AGTTCTCTGAATTTATCGCCTTGTTGCCATCTATCAGACCACGTTACTACTCTATTTCTTCCTCTCC
ACGTGTTGACGAAAAGCAAGCTTCTATTACTGTTTCCGTTGTCTCCGGTGAAGCTTGGTCCGGTTA
CGGTGAATACAAGGGTATTGCTTCTAACTACTTGGCTGAATTGCAAGAAGGTGACACCATTACTTG
TTTCATCTCTACTCCACAATCCGAATTTACTTTGCCAAAGGACCCAGAAACTCCATTGATCATGGT
TGGTCCAGGTACTGGTGTCGCTCCATTCAGAGGTTTCGTTCAAGCTAGAAAACAATTGAAGGAACA
AGGTCAATCTTTGGGTGAAGCTCACTTGTACTTCGGTTGTAGATCTCCACACGAAGACTACTTATA
CCAAGAAGAATTGGAAAACGCTCAATCCGAAGGTATTATCACTTTGCACACCGCTTTCTCCAGAAT
GCCAAACCAACCAAAGACTTACGTCCAACACGTTATGGAACAAGACGGTAAGAAGTTGATTGAATT
GTTGGACCAAGGTGCTCACTTCTACATTTGTGGTGATGGTTCTCAAATGGCTCCAGCCGTTGAAGC
CACTTTGATGAAGTCTTACGCTGATGTTCACCAAGTTTCCGAAGCCGATGCTAGATTATGGTTGCA
ACAATTGGAAGAAAAAGGTCGTTACGCTAAGGATGTCTGGGCCGGTTGA
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Table 16, Tailoring enzymes
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Table 17. Comparison of impurities that may be present in concentrate of poppy straw and clarified

yeast culture medium.

Concentrate
of Clarified Yeast
Impurities: Poppy Straw Culture Medium
Inorganic Sodium v v
Magnesium v v
Silicon v %(not in culture medium)
Phosphorus v v
Sulfur v v
Chloride v v
Potassium v v
Calcium v v
Copper v v
Zinc v v
Molybdenum v v/ (sodium molybdenite in
medium)
Iron v v
Manganese v v
Ammonium v v
Boron v v
Organic Polysaccharides (starch, cellulose, xylan) v x(yeast fed simple sugars)
Lignin (p- cournaryl,, coniferyl, sinapyl, alcohols) v x
Pigments (chlorophyll, anthocyanins, carotenoids) v x
Flavonoids v x
Phenanthreoids v *
Latex, gum, and wax v x
Rubisco v x
Meconic acid v x
Pseudomorphine v x
Narceine v x
Thebaol v x
Other Pesticides v x
Pollen v x
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Table 18. Distinct groups of molecules present in clarified yeast culture medium (CYCM). Unlike

concentrate of poppy straw (CPS), yeast host strains may be engineered to produce molecules of a

predetermined class of alkaloids (i.c., only one biosynthesis pathway per strain) such that other classes of

alkaloids are not present. Therefore, the CYCM may contain molecules within a single biosynthesis

pathway including a subset of molecules spanning one or two columns, whereas the CPS may contain a

subset of molecules across many columns.

1- Protoberberine and Morphinan Isopavine Aporphine BisBIA
Benzylisoquinoline Phthalideisoquinoline
Tetrahydropapaverine Scoulerine Salutaridine Pavine Magnoflorine Dauricine
Dihydropapaverine Chelanthifoline Salutaridinol Caryachine Corytuberine Berbamunine
Papaverine Stylopine Salutaridine-7-O-acetate ~ Bisnorargemonine Apomorphine Ligensinine
Cis-N-methylstylopine Thebaine Isonoraremonine Boldine Fangchinoline
Protophine Codeinone Tetrandrine
Dihydrosanguinarine Oripavine Curine
Sanguinarine Morphinone Cepharanthine
Tetrahy drocolumbamine Neopinone Berbamine
Canadine Neopine
N-methylcanadine Codeine
Noscapine Morphine
Berberine Neomorphine
Hydrocodone
Oxycodone

14-hydroxycodenone
14-hydroxycodeine
Dihydromorphine

Dihydrocodeine
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Table 19, Impuritics that may be present in chemical synthesis preparations of compounds

Compound

Impurities

Buprenorphine

15,16-Dehydrobuprenorphine, 17, 18-Delwdrobuprenorphine, 18,19-
demethylbupeenarphice, 19,197 -Ethylbupresorphine, 2.2°-
Bisbuprenorphine, 3-Deshydroxybuprenotphine, 3-0O-
Methylbuprenorphine, 3-O-Methyl-N-cyanonorbuprenorphine, 3-0-
Methyl-N-methyinothuprenorphine, 6-O-Desmethylbuprenorphing,
Buprenorpbine N-oxide, N-But-3-enylnorbuprenorphioe, N-Bui-3-
coyinormethylbuprencrphine, N-Butylnotbuprenorphine, N-
Methylbuprenorphine, Norbuprenarphine, Tetramethyuran
buprenorphing

Oxymorphene

{-Bromooxymorphone, 6-Beta oxymorphol, 10-Alpha-
hvdroxyosymorphone, 10-Ketooxymorphone, 2,2-Bisoxymorphone,
Noroxymorphone, Oxymorphone N-oxide, 10-Hydroxyoxymorphone,
4-Hydroxyoxymorphone, 8-Hydroxvoxymorphone, Hydromormhingl,

Naltrexone

10-Hydroxynalirexone, 10-Ketonaltrexone, 14-Hydroxy-17-
cyclopropyimethyinormorphinone, 2,2 -Bisnaltrexone, 3-
Cyclopropyimethyinaltrexone, 3-O-Methy Inaltrexone, 8-
Hydroxynaltresone, N-(3-Butenyl)-noroxymorphone, Naltrexone aldol
dimer, N-Formyl-noroxymorphone

Naloxone

10-Alpha-hydroxynaloxone, 10-Beta-hydroxynaloxone, 10-
Ketonaloxone, 3-O-Allylnaloxone, 7.8-Bidehydronaloxone, 2,27
Bisnaloxone, Naloxone N-oxide

Nalbuphine

Beta-cpimer of nalbuphine, 2,2°-Bisnalbuphine, ¢-Ketonalbuphine, 10-
Ketonalbuphine, Alpba-noroxymaorphol, N-(Cyvclobutylcarbonyl)-
alpha-noroxymombol, N-Formyl-6-alpha-noroxyraophol

[80678] While preforred embodiments of the invention have been shown and described herein, it will be

obvious o those skilled in the art that such embodiments are provided by way of example only.

Numerous variations, changes, and substitutions will now occur to those skilled in the art without

departing from the invention. I should be nnderstood that various altermatives o the embodiments of the

invention described herein mav be emploved in practicing the invention. 1t is intended that the following

claims define the scope of the invention and that metheds and stouctares within the scope of these claims

and their equivalents be covered thercby.
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CLAIMS
WHAT IS CLAIMED (8.
I A maethod of producing a benzy isoguinaline atkaloid (BIA) product in an engineered host

cell, the method comprising:

{(a) expressing an engingered norcoclauring synthase in the enginecred host cell;

(b} contacting the engincered norcoclanrine synthase with a BlA-precursor substrate; and

{¢) producing the BIA product within the host cell;

wherein the engineered norcoclaurine synthase corprises an N-terminal fruncation and/or one
or more aming acid mutations compared 10 a non-enginecred wild-type norcoclaurine svuthase, and
has increased condensation activity comparced to the non~engineered wild-type norcoclaurine
synthase; and

wherein the engineered bost cell produces more BIA proeduact than a non-engincered host cell.

2. The metbod of claim 1, wherein the engincered porcoclanrios synthase comprises an N-
terminal trancation compared {0 a non-engineered wild-tvpe norcoclaurine synthase.

3 The metbod of claim 1 or 2, wherein the engineered norcoclaurine synthase comprises ope
or more aming acid mutations compared 0 a non-engincered wild-type norcoclaurine svathase.

4. The method of any ose claims -3, wherein the enginecred porcoclannine synthase
comprises at Jeast 90% sequence identity to the amine acid sequence of SEQ 1D NO: 69, 70, 71, 72, 73, 74,
75,76, 77,78, 79, 80, 81, or 82

5. The method of any one of claims 1-4, wherein the engineered norcoclagrine synthase
comprises at feast one amino acid muiation at one or more residue positions selected from the group
consisting of amino acid residue 70, 81, 91, 101, 104, 147, 149, 151, and 135 with reference to the amino
acid sequence of SEQ. ID. NO: 70

6. The method of any one of claims 1-5, wherein the engineered host cell produces a BIA
selected from the group consisting of benzylisoguinolines, promorplinans, morphinans, protoberberines,
protopines, benzophenanthridines, secoberberines, phthalideisoquinolines, aporphines,
bisbenzylisoquinolines, nal-opioids, and nor-opioids.

7. An engincered host cell that produces a benzylisogquinoline alkaloid (BIA) product, the
engineered host celf comprising:

(1) one or more engincered biosvanthetic cozymes that reduces accumulation of one or more
byproducts that inhibits the production of the BIA product; and/or

(i1) an inactivation of onc or more genes that results inthe reduction of accumulation of one or more
byproduct that inhibits the production of the BIA product,

8. The engineered host cell of claim 7, wherein the one or more engincered biosyathetic

cozyraes comprises at least oune amino acid modification compared o a non-enginecred wild-type

biosyathetic enzyme.
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9. The engincered host cefl of claim 7 or 8, wherein the inactivation of one or more genes
occurs in one or more genes that encodes an cnzyme selected from the group consisting of aromatic
aninotransferase (AROS), aromatic amnotransterase (ARGY), phenyipyruvate decarboxyiase (ARQ10),
pyruvate decarboxylase (PDC1), pyruvate decarboxviase (PDCS5). pyruvaie decarboxylase (PDCG),
aldehyvde reductase (ARIL), alcohol acetyltransforase 1 (ATFI), alcohol acetyltransferase 2 (ATF2),
octanoyi-coenzyme Accthanol acyltransferase (EHTIL), acyl-coenzyme Accthanol O-acyliransferase
(FEEB1), (putative) arvi-alcohol dehydrogenase (AAD3Z), NADPH-dependent aldo-keto reductase (YPR1),
J-owthylbutanal  reductase and NADPH-dependent nwthviglyoxal reductase (GRE2),  alcohol
dehydrogenase 1 {ADH1), alcohel dehvdrogenase 2 (ADH2), aleohol dehydrogenase 3 (ADH3), alcohol
dehydrogenase 4 {ADH4), aleohol dehvdrogenase 5 (ADHS), aleohol dehydrogenase 6 (ADHS), alcohol
dehydrogenase 7 (ADH7), aldehyde redoctase (YDRS41¢), branched-chain amino-acid aminotransferase
(BAT2), hexadecenal dehvdrogenase (HFDU), prephenate dehydrogenase (TYRI), and prephenate
dehydratase (PHAZ).

10. The engincered host cell of any one of claims 7-9, wherein the one or more engineered
biosynthetic enzymes is selected from the group consisting of (4-Hydroxyphenyvlacctaldehyde synthase
{(HPAAR), aspartate-prephenate aminotransierase (PAT), arogenate dehvdratase {(ADT), arogenate

dehvdrogenase (AAT), phosphoketolase (PR, and Uridine 5'~diphosphoghicosyitransferase (UGT).
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