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Genetic design of pathway modules for yeast strain construction. Modules are designed to integrate into one of six chromosomal loci in the yeast

genome. White block arrows indicate gene expression cassettes with a promoter, coding sequence, and terminator. Gray block arrows indicate loxP flanked
selection markers. Orange block arrows indicate gene expression cassettes that encode for genes applied for gene modification during optimization process.
For nonyeast enzymes, codon optimization is indicated by a leading “y,” and the source genus and species are designated by the two letters immediately
preceding the gene symbol. Asterisk indicates the N-terminal modification of CjNCS. See Tables S1 and S2 for expression cassette, strain number, genome
assembly primers, and synthetic coding sequences.
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Fig. S2. Turning NADPH supply for higher noscapine titer. (A) Regeneration mechanism of selected S. cerevisiae endogenous enzymes: Pos5p, mitochondrial NADH
kinase; Idp1p, Idp2p, and Idp3p, isocitrate dehydrogenase; Pdcép, pyruvate decarboxylase; Ald4p and Ald6p, aldehyde dehydrogenase; Tyr1p, prephenate dehydrogenase.
(B) Genotype of CSY1203. (C) Noscapine titer from CSY 1203 expressing different NADPH regeneration enzymes. (D) Noscapine titer from CSY 1152 expressing Aldép, Tyr1p,
or Aldép and Tyr1p together. S. cerevisiae endogenous genes were expressed from a low-copy plasmid in CSY1203 and CSY1152. ALD6 was expressed from a low-copy
plasmid harboring the selection marker LEU (Aldép_L) or URA (Ald6p_U). TYR1 was expressed from a low-copy plasmid harboring the selection marker URA (Tyr1_U) (Table
S1). All strains were cultured in SD with 2% dextrose, in the presence of 10 mM ascorbic acid at 25 °C for 72 h. Error bars represent SD of three biological replicates.
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Fig. S3. Titer of (A) reticuline, (B) scoulerine, (C) tetrahydrocolumbamine, (D) canadine, (E) N-methylcanadine, and (F) 1-hydroxy-N-methylcanadine from
engineered yeast strains. All strains were cultured in SD with 2% dextrose, in the presence of 10 mM ascorbic acid at 25 °C for 72 h. Error bars represent SD of
three biological replicates.
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Fig. S4. Titer of (A) reticuline, (B) scoulerine, (C) tetrahydrocolumbamine, (D) canadine, (E) N-methylcanadine, (F) 1-hydroxy-N-methylcanadine, (G) 1,13-
dihydroxy-N-methylcanadine, and (H) 1,hydroxyl-13-O-acetyl-N-methylcanadine from engineered yeast strains in different base medium and carbon sources.
Base media are SD (synthetic defined) and YP (yeast extract and peptone). Carbon sources are 2% or 10% of dextrose, galactose, sucrose, trehalose, and
glycerol. All noscapine titers were obtained from CSY1153 cultured at 25 °C for 72 h in the presence of 10 mM ascorbic acid. Error bars represent SD of at least
three biological replicates.
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Fig. S5. Noscapine titers from CSY1153 under high glycerol concentrations. The 10%, 15%, 20%, or 25% glycerol were supplemented into YP with 2% dextrose.
The strain was cultured at 25 °C for 72 h in the indicated media composition with 10 mM ascorbic acid. Error bars represent SD of three biological replicates.
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Engineered S. cerevisiae strains and yeast expression constructs used in this study

Plasmid no. Fig.

Plasmid-based

Genome modifications

Table S1.
Strain
CSY1060
=N
-'
CSY1061
csY1149
CSY1150

2A and S4

1 B, ii, and 2A

and S4

ybf1 97c¢A::Prpq -anSpr- Tste2 PTEF1-anPtS-

Teven PappyRNQAPr-Tapwi, Prai1-yRnPcbd1-
Trros: ydr514cA::Ppyi;-PSCNMT-Tyira1, Ppeki-
Ps60MT-Tpros, Prorz- YECNMCH-Tapp1, Preei-
YPsCPR-Tcyci, Prpii-yPs4 OMT-Tsre;
ymr206wWA::Pspp-RntyrhVR-T apu1, Pres-
yPpddc-Tsrez, Prerr-yRnDhfr-Teyer, Praki-
YGNCS-Tpros; ybl059wA::ARO4?T66K,
ARO7™¢, Preei-ARO10- Teyer, Props-TKL1-
Taoh1; YPI250¢A::Papp-Rntyrh™®-T ppp1, Preei-
Ps4'OMT-Tcycr, Prak1-YGNCS-Tpros

ybr197cA::Prp-yRNSpr-Tsrez, Preri-yRNPts-

Tever Pepp-yRnQApr-Tapwi, Preki-yRnPcbd1-
TPHOS; ydr574CA::PPyK1—PSCNMT-TMF5 1 PPGK1_
Ps6OMT-Tpnos, Prprz- YECENMCH-Tapni1, Preer-
YPsCPR-Tcyci, Prpir-yPs4' OMT-Tsrez,
ymr206wWA::Pgpp-RntyrhVR-T apu1, Pres-
yPpddc-Tsrez, Preri-yRNDhfr-Teyc, Praki-
YCNCS-Tppos; yblO59WA:zARO4T6%K,
ARO7™2%, Preci-ARO10- Teyer, Props-TKLIT-
TapH1: ZWfM-'-'PGPD‘RntyrhWR'TADHh Prerr-
Ps4'OMT-Tcycr, Prek1-YGNCS-Tpros

ybr197cA::Prp;-yRNSpr-Tsrez, Prep-yRnPts-
Teven PeppyRNQAPr-Tapwi, Prei1-yRnPcbd1-
Trros: ydr514cA::Ppyk-PsSCNMT-Tyirar, Ppeki-
Ps6OMT-Tpros, Prorz- YECNMCH-T appi1, Preei-
YPsCPR-Tcyci, Prpir-yPs4' OMT-Tsrez;
ymf206WA.'.'PGPD'RntyrhWR-TADH1, PTp”-
yPpddc-Tsrez, Preri-yRNDhfr-Teyer, Proki-
YCNCS-Tpos; ybl059wWA::ARO4T66K,
ARO7™2% Proci-ARO10- Teyer, Props-TKLI-
Taoh1; ZWF1A::Ppp-RtyrhR-Tapus, Preri-
Ps4'OMT-Tcycr, Ppok1-YCGNCS-Tpros; trp1A::
PHXT7-CYP82Y1A—TPGK1, PTEF1-P5590MT-
Tevers Praki-PSBBE-Tpros, Papp-CJCAS-TapH1:
HIS3A::PGpp-PSTNMT-Tcyc1, Ppgi1-PSMT2-
Teros: Papr1-CYP82X1-Tap1, Ppyi1-PSCXET-
TMFA1; IeUZA.'.'PHXTTCYPSZXZ'Tcycy, PGPD'
PSAT1-Tapr1, Prein-PsSDR1-Tsrez, Prki-
PSMT3-TPH05

ybr197cA::Prp;-yRNSpr-Tsrez, Preri-yRNPts-
Teven PeppyRNQApr-Tapwi, Peeki1-yRnPcbd1-
Tpros; ydr514cA::Ppyk1-PSCNMT-Tara1, Ppeii-
Ps60MT-Teros, Prorz- YECNMCH-Tap1, Preei-
YPsCPR-Tcyc1, Prpii-yPs4' OMT-Tsrez;
ymr206WA.'.'PGPD-RntyrhWR-TADm, PTPI1'
yPpddc-Tsrez, Prerr-yRNDhfr-Teycr, Praki-
YCNCS-Tppos; yblO59wWA::ARO4RT66K,
ARO7™26 p_.c-ARO10-Tcycr, PronsTKLI1-
TapH1: ,VPIZ50CA-'-'PGPD'RntyrhWR'TADHh Prers-
PS4/OMT-Tcyc1, PPGK1_ijNCS_TPH05; trp1A
Puxt7~CYP82Y1A-TpGk1, Prer1-PsS9OMT-
Teven Peoki-PSBBE-Tpos, Papo-CJCAS-Taph1:
HIS3A::PGpp-PSTNMT-Tcyc1, PpGki-PSMT2-
Teros: Papr1-CYP82X1-Tap1, Ppyk1-PSCXET-
TMFA1; IeUZA.'.'PHXTTCYP82X2-TCYC1, PGPD'
PSAT1-Tapr1, Prein-PsSDR1-Tsrez, Preki-
PsMT3-Tpros
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Table S1. Cont.

Plasmid-based
Strain Plasmid no. Fig. x-axis label constructs Genome modifications

CSY1151 2A and S4 ybr197cA::Prp;-yRNSpr-Tsrez, Pree-yRnPts-
Teven PeppyRNQAPr-Tapwi, Preki1-yRnPcbd1-
TeHos; ydr514cA::Peyic1-PSCNMT-Tyira1, Ppii-
Ps6OMT-Tpros, Prorz- YECNMCH-Tapp1, Preei-
YPsCPR-Tcyci, Prpii-yPs4’ OMT-Tsres;
ymf206WA.'.'PGPD'RntyrhWR-TADH1, Prpi1-
yPpddc-Tsrez Preei-yRNDhfr-Teyer, Proki-
truncated-yGNCS-Tpyos ybIO59wWA::
ARO4R165K ARO772%, Prir;-ARO10- Teycy,
PTDHg'TKL 1 'TADHI; yplZSOCA::PGPD-RntyrhWR
~Tapr1: Prer1-Ps4' OMT-Tcycr, Ppeki-
trunca ted-ijNCS- TrHos; trp 1A::Prxrs
CYP82Y1A-Tpgk1, Prer1-PSS9OMT-Tcycs,
PPGK1-PSBBE-TPH05, PGPD-CjCAS-TADH1; HIS3A::
PGpo-PSTNMT-Tcycr, Ppok1-PSMT2-Tpros,
PapH1-CYP82X1-TGap1, Pryk1-PSCXET-Trnrar;
leu2A::Px17-CYP82X2-Tcycy, Pgpp-PSAT1-
TapH1: Prrii-PsSDR1-Tsrez, Ppai1-PSMT3-Tpros

CSY1152 2A and S4 ybr197cA::Prp;-yRNSpr-Tsrez, Preri-yRNPts-
Teven PeppyRNQAPr-Tapwi, Peeii1-yRnPcbd1-
Teros; ydr514cA::Ppy1-PSCNMT-Tarar, Praki-
Ps6OMT-Tpros, Prprz- YECENMCH-Tapn1, Preer-
YPsCPR-Tcyci, Prpir-yPs4' OMT-Tsrez;
ymr206WA .'.'PGPD-antyrh WR-TAD/.”, PTp”'
yPpddc-Tsrez, Preri-yRNDhfr-Teycr, Praki-
truncated-yGiNCS-Tppos; ybl059wA::
ARO41%6K  ARO77226! Prpr1-ARO10- Teyer,
Props-TKL1-Tapu1; ypI250cA::Pgpp-yRntyrhVR
~Tap1: Preri-Ps4' OMT-Tcycr, Ppeki-
truncated-yGNCS-Tpyos; trp1A:Pyxrr-
CYP82Y1A-Tpgk1, Prer1-PSS9OMT-Tcycs,
PpGi1-PSBBE-Tpos, PGpo-CiCAS-Tapn1; HIS3A::
Pepp-PSTNMT-Tcyci, Ppai1-PSMT2-Tpros,
PapH1-CYP82X1-TGap1, Ppyk1-PSCXET-Tyipa1;
leUZA.'.'PHXTTCYP82X2—Tcyc1, PGpp-PsATT-
Tapr1, Preii-PsSDR1-Tsrez, Ppak1-PSMT3-Tpros

L T

z

1\

BN AS  DNAS P

CSY1152 PAG416GPD-ccdB 2B Control Pgpp-ccdB-Teyci-URAT
CSY1152 pCS3645 2B POS5 PGpp-POS5-Tcyci-URAT
CSY1152 pCS3649 2B IDP1 PGpp-IDP1-Tcyc-URAT
CSY1152 pCS3652 2B IDP2 PGpp-IDP2-Tcyc1-URAT
CSY1152 pCS3646 2B IDP3 Pepp-IDP3-Tcyci-URAT
CSY1152 pCS3657 2B PDC6 PGpp-PDC6-Tcyc1-URAT
CSY1152 pCS3647 2B ALD4 PGpp-ALD4-Tcyc1-URAT
CSY1152 pCS3653 2B ALD6 PGpp-ALD6-Tyc1-URAT
CSY1152 pAG415GPD-ccdB, S3C Control Pgpp-ccdB-Tcyci-LEU2
pAG416GPD-ccdB Papp-ccdB-Teyci-URAT

CSY1152  pAG415GPD-ccdB, pCS3653 S3C ALD6_U Pgpp-ccdB-Teyci-LEU2
Papp-ALD6-Tcyci-URAT

CSY1152  pCS4104, pAG416GPD-ccdB S3C ALD6_L PGpp-ALD6-Tcyci-LEU2
Papp-ccdB-Teyci-URAT

CSY1152  pAG415GPD-ccdB, pCS3655 S3C TYR1_U Pgpp-ccdB-Teyci-LEU2
Papp-TYRI-Teyci-URAT

CSY1152 pCS4104, pCS3655 S3C ALDG6_L PGpp-ALD6-Tcyci-LEU2
TYR1_U  Pepp-TYRI-Teyci-URAT

CSY1152 pCS3655 2B TYR1 PGpp-TYR1-Tcyci-URAT
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Table S1. Cont.

Plasmid-based

Strain Plasmid no. Fig. x-axis label constructs Genome modifications
CSY1153 2A, 3, 4B, 5, and ybr197cA::Prp;-yRNSpr-Tsrez, Pree-yRnPts-
6 and S4 and S5 Teyen PGPD'ander'TADHh PPGK1'anPde7'

Teros: ydr514cA::Ppyk-PsSCNMT-Tyira1, Ppeki-
Ps6OMT-Tpros, Prorz- YECNMCH-Tapp1, Preei-
YPsCPR-Tcyci, Prpir-yPs4' OMT-Tsrez;
ymr206WA.':PGPD-antyrhWR-TADm, Prpir-
YPpddc-Tsrez, Preer-yRnDhfr-Teyc, Peoki-
truncated-yGNCS-Tpyos ybIO59wWA::
ARO4R165K ARO772%, Prir;-ARO10- Teycy,
Pronz-TKL1-Tapni; yplZSOCA::PGPD-antyrhWR
~Tapr1: Prer1-Ps4' OMT-Tcycr, Ppeki-
trunca ted-ijNCS- TPHOE; trp 14 -'-.PHXTT
CYP82Y1A-Tpgk1, Prer1-PSS9OMT-Tcycs,
PPGK1-PSBBE-TPH05, PGPD-CjCAS-TADH1; HIS3A::
PGpo-PSTNMT-Tcycr, Ppok1-PSMT2-Tpros,
Papr1-CYP82X1-TGap1, Ppyk1-PSCXET-Tyipa1;
leu2A::Px17-CYP82X2-Tcycy, Pgpp-PSAT1-
TapH1: Prpii-PSSDR1-Tsrez, Ppgk1-PSMT3-Tprios;
uralA::Preei-TYR1-Teycr, Ppyki-CYP82X2-
Teyx1, TMTRP, Pgpp-PsSOOMT-T apnH1, Ppyki-
ALD6-Tpjrar

CSY1203 S3B ybr197cA::Prp;-yRNSpr-Tsrez, Prep-yRnPts-
Tever PeppyRNQApr-Taphi, Pegii-yRnPcbd1-
TPHOS; ydr514CA.'.'PPYK1'PSCNMT-TMF5 1 PPGKT'
Ps60OMT-Tpros, Prorz- YECNMCH-Tapp1, Preei-
YPsCPR-Tcyc1, Preii-yPs4' OMT-Tsrey;
ymr206wWA::Pgpp-RntyrhR-T apn1, Pres-
yPpddc-Tsrez, Prerr-yRnNDhfr-Teyer, Pegii-
truncated-yGiNCS-Tpros; ybI059wA::
ARO4'6K ARO7™2%! Prrri-ARO10- Teyer,
Prprz-TKL1-Tapry; YPI250cA::Ppp-RntyrhVR
-TapH1, Prer1-Ps4' OMT-Tcycr, Preki-
trunca ted—ijNCS— TpHo5; tfp 14 -'-.PHXTT
CYP82Y1A-TeGk1, Prer1-PsS9OMT-Teyc,
PPGK1-PSBBE-TPH05, PGPD'qCAS'TADH1; HIS3A::
PGpo-PSTNMT-Tcyc1, Ppok1-PSMT2-Tpros,
PaprH1-CYP82X1-TGap1, Pryk1-PSCXET-Trraz:
leu2A::Px17-CYP82X2-Tcycy, Pgpp-PSAT1-
Taph1, Preii-PsSDR1-Tsrez, Ppok1-PSMT3-Tpos;
uralA:: Ppgii-truncated-yGiNCS-Tpros, Prxtr-
CYP82X2-Tcyc1, Popo-PSSOOMT-T apr1, Ppyki-

L T

z

1\

BN AS  DNAS P

Ald6-Tyea1
CSY1203 PAG416GPD-ccdB S3B control Pgpp-ccdB-Teyci-URAT
CSY1203 pCS3645 S3B POS5 Pgpp-POS5-Tcyci-URAT
CSY1203 pCS3649 S3B IDP1 PGpp-IDP1-Tcyc-URAT
CSY1203 pCS3652 S3B IDP2 PGpp-IDP2-Tcyc1-URAT
CSY1203 pCS3646 S3B IDP3 PGpp-IDP3-Tcyc-URAT
CSY1203 pCS3657 S3B PDC6 Pspp-PDC6-Teyc1-URAT
CSY 1203 pCS3647 S3B ALD4 PGpp-ALD4-Tcyc1-URAT
CSY1203 pCS3653 S3B ALD6 PGpp-ALD6-Tyc1-URAT
CSY1203 pCS3655 S3B TYR1 PGpp-TYR1-Tcyci-URAT

Base strain is CEN.PK2-1D (MATe, ura3-52; trp1-289; leu2-3,112; his3A1; MAL2-8%; SUC2), and constructs are expressed from low-copy plasmids. P, promoter;
T, terminator.
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Table S2. Plasmids used in this study

Plasmid no. Genotype Refs.
pAG416GPD-ccdB Centromeric URA3, attR1-PGPD-ccdB-attR2 37
pCS3636 attL1-POS5-attL1 This work
pCS3642 attL1-IDP1-attL1 This work
pCS3643 attL1-IDP2-attL1 This work
pCS3637 attL1-IDP3-attL1 This work
pCS3663 attL1-PDCé6-attL1 This work
pCS3640 attL1-ALD4-attL1 This work
pCS3639 attL1-ALD6-attL1 This work
pCS3644 attL1-TYRT-attL1 This work
pCS3125 attL1-Prgpq-CYP82Y1A-Teycr-attl2 14
pCS3131 attL7-PPYK1-CYP82Y7A-TMFA1-attL2 14
pCS3146 Puxt7-CYP82Y1A-Tcycs, leu2, template for integration cassette 14
pCS3064 attL1-Preri-PsSS9OMT-Tcycr-attl2 14
pCS3060 attL1-Ppgk1-PSBBE-Tppos-attL2 16
pCS3075 attL 1—PGPD-CjCAS-TADH1-attL2 16
pCS3145 Ppp-PSTNMT-Tcyc;, KanMX, template for integration cassette 14
pCS3143 attL 7-PPGK1-PSMT2—TPH05-attL2 14
pCS2922 hphNTI selection marker (HygR) flanked by loxP 38
pCS3134 attL1—PADH1-CYP82X1-TGAP1—attL2 14
pCS3141 attL1-Ppyi1-PSCXE1-Tppas-attL2 14
pCS3147 Prix77-CYP82X2-Tcyci, KanMX, template for integration cassette 14
pCS3140 attL1- Pgpp-PSAT1-Tpppi-attl2 14
pCS3142 attL1-Prp;-PSSDR1-Tsres-attL2 14
pCS3244 attl1-Ppgi-PSMT3-Tpos-attl2 14
pCS3659 attL1—PTEF1-TYR1-Tcyc1-attL2 This work
pCS3136 attl1-Pcyci-CYP82X2-Tpyq-attl2 14
pCS2923 TmtrpF selection marker (TYR) flanked by loxP 38
pCS3661 attL1-Ppyk1-ALD6-Tyjpps-attl2 This work
pCS3638 CRISPR Construct for removal of N terminus of GINCS This work
pCS3658 CRISPR Construct for replacement of codon-optimized Rntyrh"® (yRntyrh""¥) This work

P, promoter; T, terminator.
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Table S3. DNA sequences of genes used in this study

Codon-optimized

Gene or GenBank accession no.

DNA sequence

PSTNMT DQ028579.1
CYP82Y1A Codon-optimized

PsSOOMT Codon-optimized

PsBBE AF025430.1

ATGAGAACCGAATCCATCAAGACCAACAGACCAATGGATTTGTTGTTGCAATACTTAC-
AACCTATCTCCGTTGCCTTGGTTGTTATTGCTTTGGTTTGGAATTACGGTAGAAGAAA-
CCCAACTAAGAAATTGGCTCCTGAAGCTAGTGGTGCTTGGCCAGTTATTGGTCATTTG
TTGTTGTTTATGAACGAAAACGACTTGAACCACGTTACTTTGGGTCACATGGCTGATA-
AGTATGGTCCAATTTTCTCATTGAGATTCGGTAGACATAGAACCTTGGTTGTTTCTTC-
ATGGGAAATGGTCAAAGAATGTTTCACCGGTACAAACGACAAGTTGTTTTCTAACAGA-
CCATCTTCCTTGGCCGTTAAGTTGATGTTTTACGACACTGAATCTTACGGTTTTGCCC—-
CATACGGTAAATATTGGAGAGAATTGAGAAAGATCTCCACCCATAAGTTGTTGTCCAA-
TCAACAATTGGAAAAGTTCAAGCACTTGAGAATCTCCGAAGTTGACAACTCCTTCAAA-
AAGTTGCATGAATTGTGCTCCAACAACAAGCAAGGTGGTGATACAACTTACGTTGCTT-
CTTTGGTTAGAATGGATGATTGGTTTGCCTACTTGACCTTCAACGTTATTGGTAGAAT -
CGTCAGTGGTTTCCAATCTAATGCTGTTGCTGGTGCTACTAATTCCCAAGAAAAGTAC
AAGTTGGCCATCGATGAAGTCTCTAATTTGATGGCTACTTTCGCCGTTTCTGATGTTG-
TTCCAAGATTGGGTTGGATTGATAGATTGACTGGTTTGACCGGTAAGATGAAGAACT—
GTGGTAAAAAGTTGGATGCCGTTGTTGGTGATGCTGTTGAAGATCATAGACAAAAGA-
AATTGAAGATCTCTAGAAACAACACCGGTGCTTTGACTGAACATGAAGAAGAAGATTT -
CATCGACGTCTGCTTGTCCATTATGGAACAATCTCAAATTCCAGGTAACCACCCAGAA-
ATCTCCGTTAAGTCTATTGCTTTGGATATGTTGTCTGGTGGTTCTGATACCACCAAGT -
TGATTATGACTTGGACCTTGTCTTTGTTATTGAACCACCCTGATATTTTGGACAAGGC-
CAAAGAAGAAGTTGATACCTACTTTGGTAAGAAAAAGATCTCTGATAACACCCCAGTT-
GTTGATGCTGCTGATGTTCCTAATTTGGTTTACATTCAAGCCATCATCAAAGAATCCA-
TGAGATTATACCCAGCCTCTACCTTGATGGAAAGAATGACTTCTGATGATTGTGATGT -
CGGTGGTTTTCATGTTCCAGCTGGTACTAGATTGTGGGTTAATGTTTGGAAGATGCAA-
AGAGATCCAAGAGTTTGGAAAGACCCATTGGTTTTTTTGCCAGAAAGATTCTTGTCCA-
ACGATAAGGGTATGGTTGATGTTAAGGGTCAAAACTACGAATTGATCCCATTTGGTAC-
TGGTAGAAGAATTTGTCCAGGTGCTTCTTTTGCTTTAGAAGTCTTGCATTTGGTCTTG-
ACCAGATTGATCTTGGAATTCGAAATGAAGGCTCCTGAAGGTAAGATTGATATGAGA-
GCTAGACCAGGTTTCTTCCACAACAAAGTTGTTCCATTGGATGTTCAATTGACCCCAA-

GAACTTTGGACTAA

ATGGCTACTAATGGTGAAATTTTCAACACCTACGGTCACAACCATCAATCTGCTACTG-
TTACTAAGATTACCGCCTCTAACGAATCTTCTAACGGTGTTTGTTACTTGTCTGAAAC-
TGCCAACTTGGGTAAATTGATCTGTATTCCAATGGCTTTGAGAGCTGCTATGGAATTG-
AATGTTTTCCAATTGATCTCCAAGTTCGGTACTGATGCTAAAGTTTCCGCTTCTGAAA-
TTGCTTCTAAGATGCCAAATGCTAAGAACAATCCTGAAGCTGCAATGTACTTGGACAG-
AATCTTGAGATTATTGGGTGCCTCCTCTATCTTGTCTGTTTCTACTACTAAGAAATCC-
ATCAACAGAGGTGGTGATGATGTTGTTGTACACGAAAAGTTGTACGGTTTGACCAAC-
TCTTCTTGTTGTTTGGTTCCAAGACAAGAAGATGGTGTTTCCTTGGTTGAAGAATTGT -
TGTTCACCTCCGATAAGGTTGTTGTTGACTCCTTCTTCAAATTGAAATGCGTCGTTGA-
AGAAAAGGACTCCGTTCCATTTGAAGTTGCTCATGGTGCTAAGATTTTTGAATACGCT -
GCTACTGAACCTAGAATGAATCAAGTTTTCAACGATGGTATGGCCGTTTTCTCTATCG
TTGTTTTTGAAGCCGTTTTCAGAGTTTACGATGGTTTCTTGGACATGAAGGAATTATT -
GGATGTTGGTGGTGGTATCGGTACTTCCGTTTCTAAAATCGTTGCTAAGTACCCATTG
ATCAGAGGTGTTAATTTCGATTTGCCACACGTTATTTCTGTTGCTCCACAATATCCTG-
GTGTTGAACATGTTGCTGGTGATATGTTCGAAGAAGTTCCAAAAGGTCAAAACATGTT-
GTTGAAGTGGGTTTTACATGATTGGGGTGACGAAAGATGTGTCAAGTTGTTGAAAAA-
CTGCTGGAACTCTTTGCCAGTTGGTGGTAAGGTTTTGATCATCGAATTTGTCTTGCCA-
AACGAATTGGGTAACAACGCTGAATCTTTCAACGCTTTGATTCCAGATTTGTTGTTAA-
TGGCCTTGAACCCAGGTGGTAAAGAAAGAACTATTTCCGAATACGACGATTTGGGTA-
AAGCTGCTGGTTTCATTAAGACCATTCCAATCCCAATCTCCAACGGTTTACATGTTAT-

CGAATTCCATAAGTAA
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CjCAS Codon-optimized ATGGAAATGAACCCTTTGTTGGTTTGTGCTACTGTTGCTATCGTTTTCGCTACTACCA-
CCATTATCAGAATCTTGTTCTCCTCTTCTTCCTTGCCACAAATGAAGTGGCCATCTGG-
TCCAAGARAATTGCCAATTATTGGTAACTTGCACCAATTAGGTGATGATGTCTTGCAT-
GTTGCTTTGGCTAAATTGGCARAAGTTCACGGTTCTGTTATGACCATTTGGATTGGT T
CTTGGAGACCAGTTATCGTTATCTCCGATATTGAAAAGGCTTGGGAAGTTTTGGTTAA-
CAAGTCTGCTGATTATGGTGCTAGAGATATGCCAGAAATTACCAAGATTGCTTCTGCT-
TCTTGGCATACCATTTCTACATCTGATGCTGGTTCTTTCTGGCAAAATGTCAGAAAGG-
GTTTACAATCTGGTGCTATGGGTCCATTGAATGTTGCTGCTCAAAATCAATACCAAGA-
AAGAGACATGAAGAGATTGATCAAGGCCATGTCTGATGAAGCTGCTAACAACAATGG-
TATCGTTAAGCCATTGGATCACATCAAGAAGAACACCGTTAGATTATTGACCAGATTG-
ATTTTCGGTCAAGCCTTCGATGATAACAAGTTCATCGAATCCATGCACTACGAAATCG-
ARGATATCATCAGAATTTCCGGTTACGCTAGATTGGCTGAAGCCTTTTATTACGCTAA-
ATACTTGCCATCCCATAAGAAGGCTGAAAGAGAAGCCTTCTTGGTTAAGTGTAGAGTT-
GAAGAATTGGTCAGACCTTTGTTGTCATCTAAGCCACCAACTAACTCTTACTTGTACT-
TCTTGTTGTCCCAAAACTTTGAAGAAGAAGTTATCATCTTCTGCATCTTTGAATTATAC
TTGTTGGGTGTTGACTCCACTTCTTCTACTACTACATGGGCTTTGGCTTACTTGATTA-
GAGAACAAGGTGCTCAAGAAAAGTTGTACCAAGATATCAGAATGACCTTGGGTGATG-
TTGATTTGGTCAAGATCGAAGATGTCAACAAGTTGAAGTACTTGCAAGGTGTTGTCAA-
AGAAACCATGAGAATGAAGCCTATTGCTCCATTGGCTATTCCACATAAGACTGCTAAA-
GAAACTACCTTGATGGGTACTAAGGTTGCTAAGGGTACTAGAATCATGGTTAACTTGT-
ACGCCTTGCACCACAATCAAAACATTTGGCCAGATCCATACAAATTCATGCCTGAAAG-
ATTCTTGGAAGGTGAAACTGGTACTGCTTACAACAAAGCTATGGAACAATCTTTCTTG-
CCATTCTCTGCTGGTATGAGAATTTGTGCAGGTATGGATTTGGGTAAATTACAATTCG-
CTTTTGCCTTGGCCAACTTGGTTAATGCTTTTAAGTGGTCTTGTGTTGAAGAAGGTAA-
ATTGCCAGATATGGGTGAAGAATTATCCTTCGTCTTGTTGATGAAGACTCCATTGGAA-
GCTAGAATTGCTGGTAGAAACGTTTAA

PsAT1 Codon-optimized ATGGCTACCATGTCATCTGCTGCCGTTGAAGTTATTTCTAAAGARAACCATCAAGCCAA-
GAAACCCAACTCCATATCAATTGAGAAACTACAACATGTCCTTGTTGGACCAATACTC-
CTCTTTGGTTTACGTTCCAATCATCTTGTTTTACCCAGCTGCTTCTGATGCTAATTCCA-
CTGGTTCTAAACATCATGATGACTTGCACTTGTTGAAGAGATCCTTGTCTGAAACTTT-
GGTTCACTTTTATCCAATGGCCGGTAGAATGAAGGATAACATGACTGTTGATTGCAAC-
GATGAAGGTATCGACTTCTTTGAAGTTAGAATCAAGGGTAGAATGTGCGACTTCATG-
ATGAAGAGTGATGCTCATTTGTCTTTGTTGTTGCCATCTGAAGTTGCTTCTACCAACT-
TTGTCAAAGAAGCCCAAGTTATCGTTCAAGTCAACATGTTTGATTGTGGTGGTACTGC-
TATTTGCTTCTGCATTTCTAACAAGATTGCTGATGCTTGCACCATGATTACCTTCATTA-
GATCTTTGGCTGGTACTACCAACATTGCTAGAAGAGGTTCTTCTATTGCTGCTCCAAC-
TACCAATCAAAATTTGGTTCCTTCTTTCGACTCCACCTCTTTGTTTCCACCATCTGAAC—
AATTGGCTTCCCAAGTTTCTTATCCAACTCAAGATTCTACCTCCGTTGACAAGTTGGT -
TTCTAAGAGATTTGTTTTCGATGCCGCCAAGATTACTTCTGCTAGAGAAAAATTGCAA-
TCCTTGATGCACGATAAGTACAAGTGTCATAGACCAACCAGAGTTGAAGTTGTTTCTG-
CTTTGATTTGGAAGTCCGCTGTTAAGTCTGCTCCACCAGGTTCTATTTCTACTGTTAC
TCATGCTATGAACTTCAGAAAGAAGATGGATCCACCATTGCAAGATGCTTCATTTGGT -
AACTTGTGTGTTGTTGTTACTGCTGTTTTGCCAGCTACTACTGCTACTACAACTAATC
CAGCTACTAAGAAGGTTTCCTCTACCTCTAATGAAGAACAAGTTGCCTTGGATGAATT-
GTCCGATTTTGTTGCTTTGTTGAGAAGAGAAATCGACAAGGTTAAGGGTGATAAGGG-
TTGCATGGAAAAGATCATCCAAAAGTTCATCTACGGTCATGATGCCTCTGTTGCTAAA-
GATTCTGATGTTGAAGATAAGGTTACCGCCTTGTTTATGACTTCT TGGTGTAAGTTTG-
GTTTCTACGAAGCTGATTTTGGTTGGGGTACTCCAGTTTGGGTTACTACTGTTCCATT-
GATTGAACCTAAGTACAAGAACATGGTTTTCATGAACGATATGAAGTGCGGTGAAGG—
TATTGAAGTTTGGGTTAACTTCTTGGAAGATGACATGACCAAGTTTGAACACCACTTG-
AGAGAAATCTTGCAATTATTCTAA
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CYP82X1 Codon-optimized ATGGAATTATTCATCAAGTTGCCATTCATCCAACCTATCCCATTCTCCATTATTTTGGT -
TACCACCGTTTCCATCGTCTTGTTGTACTCTGTTTTTTTCTGGGTTACCGACAAAAAG-
AAGAAGAGAAAAAAGGCTCCAAATGCTGCTGGTGCTTGGCCATTGATTGGTCATTTG—
AGATTATTGATGAACGACAAAGAACCATTATACAGAGCCTTGGGTTCTATGGCTGATA-
AGTATGGTCCAGCTTTCAACATCAGATTGGGTAATCAAGAAGTCTTGGTTGTCTCTAA-
TTGGGAAATGGTTAAGCAATGCTTCGGTAATCAAAACGACAAGTTGTTCTCTAACAGA-
CAAACTACTTTGGCTGCCAAGTACATGTTGAATCAAACTACCTCTTCTGGTTTTGCTC-
CATACGGTCCATATTGGAGAGAATTGAGAAAGATCATGGTTCAACAATTATTGTCCAA-
GCAATCCTTGGAATCTTGGAAGCACTTGAAGATCAAAGAAATGGATGCCTCCTTCTCC-
AAATTGAACGAATTGTGTAACAACAACGGTACTGGTACTGCTACCTTGATTAGAATGG-
ACGAATGGTTTGCTGAATTGACCTTCAACGTTATTGCCAGAAATGTTTTCGGTTACCA-
ATCTGGTGGTAGATCAACTGCTTTGACTAATGGTGATACTGAATCCAAGGGTGAAAG-
ATACAAAAAGACTTTGGAAGAAGCCTTGCACTTGATGTCTATTTTCGCCGTTTCTGAT -
ATCTTCCCATCTTTGGAATGGGTTGATAGATTGAGAGGTTTGATCAGAAACATGAAGA-
GATTCGGTGACGAATTGAACTCTATTGCTGGTTGCTTGATCGAAGAACACAGACAAA-
AGAGATTACAATCCGTCAGTAAGTCCGATAAGGGTGTTGGTGATGAACAAGATTTCG-
TTGACGTTTTGTTGTCCGTTGCTGAAAAATCTCAATTGCCAGGTGATGATCCAGATTT -
GGTTATCAAGTCCATGATTTTGGAAATCGTCAGTGGTGGTTCTGAAACCACTTCTTCT -
ACTTTGACTTGGGCTTTGTGTTTGTTATTGAACCATCCACACGTTTTGAAGAAGGCCA-
AAGAAGAATTGGATACTCACGTTGGTAAGGATAGACACGTTGAAGAATCTGATACTC-
CAAAGTTGGTTTACATCAACGCCATCATCAAAGAATCCATGAGATTATACCCAAACGG-
TGCCATGTTGGATAGATTGGCTTTAGAAGAATGTGAAGTTGGTGGTTTTCATGTTCCA-
GCCGGTGGTAGATTATTTGTTAACGTTTGGAAGATCCAAAGAGATCCATCTGTTTGGG-
AAAACCCATTGGAATTCAAACCAGAAAGATGGTTCTTGTCCAACGGTGAAAAAATGG—
ATGTTGATTACAAGGGTCACAACCACGAATTCATTCCATTTGGTATTGGTAGAAGAAT -
GTGCGCTGGTATGTTGTGGGCTTCTGAAGTTATTCATTTGGTCTTGCCAAGATTGATC-
CACGGTTTTGATATGAAGGCTGCTTCAGCTAATGGTAAGGTTGATATGGCTGAAATG—
GCTGGTATGGTTATCTGTTTCAAGAAAACCCCTTTGGAAGTTATGGTCAACCCAAGAG—
AATGA

PsCXE1 Codon-optimized ATGGCCGATCCATACGAATTCTTGATGTGTATTCATAACCCAGAAGAAGATACCTTGA-
CCAGAAATTTTCCAATTCCAGCTACTCCATTGGACCAAAACACTAAGGATATTTCTTT-
GAACCCAGACAGAAAGACCTCCTTGAGAATTTTTAGACCACCTACAAAAGAACCACC-
AGTCACTAAGAACAAGTTGTTGCCAATTATCATCTACTTCCATGGTGGTGGTTTCATT-
TTGTTCAACGCTGATTCTACCATGAACCACGATTTCTGTCAATCTATTGCTACCCATA-
TTCCAGCCTTGGTTGTTTCTGTTGATTATAGATTGGCTCCAGAAAACAGATTGCCAGC—-
TGCTTATGATGATGCTGTTGATGCTTTGAATTGGGTTAAGGATCAAGGTTTGGGTAAA-
TTGAACAACTCCGAAGTCTGGTTGAAAGAATACGGTGATTTCTCCAAGTGCTTTATCA-
TGGGTTGTTCTTCAGGTGCTAATGTTGCTTATCATGCTTCCTTGAGAGCCATCGAAAT -
GGATTTGGAACCAGCTAAAATCAACGGTTTGATCTTGCATTGTCCATTCTTCGGTTCT -
TTGGAAAGAACTGAATCCGATTCCAAGGTCATCAACAATCAAGATTTGCCATTGGCCG-
TTAGAGATGTTATGTGGGAATTGGCTTTGCCATTAGGTTCTACTAGAGATCATGTTTA-
CTGCAACCCAAACATCGATCATGATGGTTCTTCATCTGGTAACATGGTTGGTTTGATT -
GAAAGATGCTTCGTTGTTGGTTTTTACGGTGATCCATTGATCGACAGACAAATCCAAT-
TGGTCAAGATGTTGGAAGAAAAGGGTGTTAAGGTTGAAACCTGGATTGAACAAGGTG-
GTTATCATGGTGTTTTGTGCTTCGATCCAATGATCAGAGAAACCTTCTTGGAAAAGTT-
GAAGCACTTCATCTTGAACGACGAATTCATCTACTAA
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PsSDR1 Codon-optimized ATGCACGGTCAAAAGAACATCTCCGAAAGATACCAAAAGTTCAAAGAAATGGAAGGT -
ACTGGTAAGATCGTTTGTGTTACTGGTGGTGCTGGTTATTTGGCTTCTTGGTTGATTA
TGAGATTATTGGAAAGAGGTTACTCCGTTAGAACCACCGTTAGATCTGATCCAAAGTT-
CAGAGAAGATGTCTCTCATTTGAAAGCTTTGCCAGAAGCTACTGAAAAGTTGCAAATT-
TTTGAAGCCGACTTGGAAAACCCAGAATCTTTTGATGATGCTATCAACGGTTGTGTCG-
GTGTTTTTTTGGTTGCTCAAGGTATGAATTTCGCCGAAGAATACACTTTGGAARAGAT-
CATTAAGACCTGCGTCGAAGGTACTTTGAGAATCTTGCAATCTTGCTTGAAGTCCAAG-
ACCGTTAAGAAGGTTGTTTACACTTCTTCTGCTGATGCTGCCATGATGATTTCTAATT -
TGAAGGCCGTAAAAGAAATCGACGAAACCATTTGGTCTGAAGTCGATAACTTCATCTC-
TAAGCCAGAACAAGTTATTCCAGGTTTGCCATCTTACGTTGTTTCTAAGGTTTTGACC-
GAAAGAGCCTGTTTGAAGTTCTCTGAAGAACATGGTTTGGATGTTGTTACCATTTTGC -
CACCATTGGTTGTTGGTCCTTTTATTACTCCACATCCACCACCATCTGTTTCCATTGCT -
TTGTCTATTATCTCCGGTGATGTCTCTATGATGTTGGGTGTTAGATTGGAAAACGCCG-
TTCATATTGATGATGTTGCTTTGGCCCATATCTTCGTTTTCGAATGTGAAAAAGCTAA-
GGGTAGACACATCTGCTCCTCTGTTGATTTTCCAATGCATGATTTGCCTAAGTTCATC—
TCTGAARACTACCCAGAATTCAACGTTCCAACCGATTTGTTGAAGGACATCGAAGAAC-
AAGAACCAGTTCATTTGTCCTCCGATAAGTTGTTGTCTATGGGTTTCCAATTCAAGTA-
CGACTTCGCTGAAATTTTCGGTGATGCTATTAGATGCGCTARAGAAAAGGGTTTCTTG-
TAA

PsMT2 Codon-optimized ATGGAAATCCACTTGGAATCCCAAGAACAAGAAATGAAGTACCAATCCCARATCTGG-
AATCAAATCTGCGGTACTGTTGATACCTCTGTTTTGAGATGTGCTATCCAATTGGGTA-
TTTTCGATGCCATTCATAACTCTGGTAAGCCAATGATTACCTTGACCGAATTGTCATC-
CATAGTCTCTTCTCCATCCTCCTCTTCTATTGAACCATGTAACTTGTACAGATTGGTCA-
GATACTTGTCCCAAATGGACTTGATTTCTATCGGTGAATGTTTGAACGAAGCCACTGT-
TTCTTTGACTGGTACTTCTAAGTTGTTGTTGAGAAATCAAGAAAAGTCCTTGATCGAT-
TGGGTTTTGGCTATTTCTTGCGAAATGATGGTTGTTGTCTGGCACGAATTATCCTCTT-
CAGTTTCTACTCCAGCTGATGAACCACCAATTTTCCAAAAAGTTCATGGTAAGAACGC—
TTTGGAATTGGCTGGTGAATTTCCAGAATGGAACGATTTGATTAACAACGCTATGACT -
TCTGACACCTCTGTTACAAAACCAGCTTTGATTCAAGGTTGCGGTAAGATTTTGAACG-
GTGTTACCTCTTTGATTGATGTTGGTGGTGGTCATGGTGCTACTATGGCTTATATCGT-
TGAAGCTTTCCCACATATTAAGGGTGCCGTTATTGATTTGCCACATGTTGTTGAAGCT -
GCTCCAGARAGACCAGGTGTTGAATTCATTTCTGGTGACATCTTCAAGTCTATCTCTA-
ACGCTGATGCTGTCTTGTTGAAATACGTCTTGCATAACTGGGAAGATACCGAATGTGT -
TAACTTGTTGAAGAGATGCAAAGAAGCTGTTCCAGCAGATAAGGGTAAGGTTATTAT -
CATGGATTTGGTTATCGATGACGACGACAACTCTATTTTGACCCAAGCTARATTGTCC—
TTGGATTTGACCGTTATGAATCACGGTGGTGGTAGAGAAAGAACAAAAGAAGATTGG-
AGAAACTTGATCGAAATGTCCGGTTTTTCCAGACACGAAATTATTCCAATTTCCGCCA-
TGCCATCTATTATCGTTGCTTACCCATAA

PsMT3 Codon-optimized ATGGAAGTTGTCTCCAAGATCGATCAAGAAAATCAAGCCAAGATCTGGAAGCAAATT -
TTCGGTTTTGCTGAATCCTTGGTTTTGAAGTGTGCTGTTCAATTGGAAATTGCCGAAA-
CCTTGCATAACAACGTTAAGCCAATGTCCTTGTCTGAATTGGCTTCTAAATTGCCAGC—
TCAACCAGTTAACGAAGATAGATTATACAGAATCTTGCACTTCTTGGTCCACATGAAG-
TTGTTTAACAAGGATGCTACTACCCAAAAGTACTCTTTAGCTCCACCAGCTAAATACT -
TGTTGAAAGGTTGGGAAAAGTCCATGGTTCCATCCATTTTGTCTGTTACCGATAAGGA-
TTTTACTGCTCCATGGAATCATTTGGGTGATGGTTTGACTGGTAACTGTAATGCTTTT -
GAAAAGGCTTTGGGTAAGGGTATCAGAGTCTACATGAGAGAAAAT CCAGAAAAGGAC—
CAATTATTCAACGAAGGTATGGCTTGCGATACCAGATTATTTGCTTCTGCTTTGGTTA-
ACGAATGCAAGTCCATTTTCTCCGATGGTATTAACACTTTGGCTGGTGTTGGTAGAGG—
TACTGGTACTGCTGTTAAGGCTATTTCTAAAGCTTTCCCAGATATCAAGTGCACCATT-
CATGATTTGCCAGAAGTTACCTCTAAGAACTCCAAGATTCCAAGAGATGTTTTCAAGT -
CTGTTCCATCTGCTGATGCCATTTTCATGAAGTCTATATTGCACGAATGGAACGACGA-
AGAATGCATCCAAATTTTGAAGAGATGCAAAGAAGCCATTCCAAAGGGTGGTAAGGT -
TATTATTGCCGATGTTGTTATCGATATGGATTCCACTCATCCATACTCCARATCAAGA-
TTGGCTATGGATTTGGCCATGATGTTGCATACTGGTGGTAAAGAAAGAACCGAAGAA-
GATTGGAAGAAGTTGATTGACGCTGCTGGTTTTGCTTCTTGTAAGATTACAAAATTGT-
CCGCCTTGCAATCCGTTATTGAAGCTTATCCACATTAA
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CYP82X2 Codon-optimized ATGAAGTCGTTAATGATGAACAAGTTATTATTTCTCCAACGGATTACTGATTCTCCTT—
CGACCACCATTATCAGTACTTTTATTGTTACAATAATATCCATTGTTTTTCTCTACACT -
GTCTTGTTGATAAGGACGACTAAGAATAAGCAGAAGATAGCAGCACCAARAGCATCG-
GGGGCGTGGCCGTTCATAGGTCATCTCAAACTATTCATGAAACAAGATACTCAGTTTT -
ACAGAACTCTAGGAACCATGTCTGATAAATACGGGTCGGTGTTCACACTTCGATTAG-
GARACCAAGCAATCCTAGTTGTGAGCAACTGGGAGATGGTAAAAGAATGTTTCACAA-
CAAACGACAAGTCATTCTCGAATCGTCCAAGTACGTTAAGCACTAAATACATGCTGAA-
TGACACTAATTCTGTCGTGTTTTCACCTTACGGAACGTATTGGAGAGAAATGCGGAAG-
ATATTGGTGCAAAAACTACTGATCTCTAACCAAAGATCAGAGGCATTGAARAATCTGA-
AAACGAAAGAAATCGACAACTCGTTTGTAAAGCTTAATGATTTATGCAACAACGATGT-
CAGTGGAGGAGGCACAAAAGTTAGGATGGACGAATGGTTGGCTGACATGATGTTCAA-
CATTATTGCTAGGATTACATTTGGTTACCAAAGCGGAGGAGGCGATGCACCTGGCGC-
TTCTACAACATCCAAGAATGTCGAGAGATACAAGAAAACGTTGGACGAGATGTTTGTT -
GTTTTAGCGACGAGGTTTGCAGTTTCAGATATATTTCCATCTCTGGAGTTTATAGACC
GATTGAGAGGTCTTGTAAAGGATATGAAAATCTTGGGAGACGAATTAAACTCCATTG-
CTGGATGTTTTATTGAAGAACATCGTCAAAAGAGACGAGAATCATTATCCTCATTGTT-
ATCTTTGTCAAATGAATCCGTTGGTGATGAACAAGATTTCATTGATGTTCTCTTGTCA-
ATAATGGATCAGTCACGGCTTCCCGGAGATGACCCAGATTTTATTATCAARATTATGA-
TCCTGGAAGCTTTTGCAGGTGGGACGGACAGTTTAAGTGCAACCTTAACTTGGGTCC—
TCTCTCTACTGCTGAACCACCCAAACGTGTTAAAGAGGGCAAGGGAGGAAATAGATA
GGCATGTGGAAAACGGTAAGCAAGTGGAAGTGTCTGATATTCCGAAGCTCGGATACA-
TTGATGCAATAATCAAAGAGACGATGAGATTGTATCCAGTCGGAGCATTAAGCGAAC-
GATACACGACTGAAGAATGCGAGGTTGGTCGGTTTAACGTACCCGCTGGCACACGCT -
TACTGGTGAATATATGGAAGATCCACAGAGACCCAAGTGTGTGGGAGAATCCATCAG-
ATTTTCAACCAGAGAGGTTTTTGTGCAGCGATAAGGTGGGTGTGGATTTATATGGCC
AGAATTATGAGCTGATACCATTTGGGGCCGGTAGGAGGGTATGTCCGGCTATAGTTT -
CATCACTGCAGACGATGCATTATGCGTTGGCGCGTCTTATTCAAGGATATGAAATGAA-
ATCAGCCAGCCTCGATGGGAAGGTGAATATGGAAGAAATGATAGCCATGTCGTGCCA-
CARGATGAGCCCTCTTGAAGTTATTATCAGTCCTCGGGAGCCGAGGCGGAGTTAA

N-terminal truncated CjNCS Codon-optimized ATGAACGGTAGACCTTTGTTGCACAGAGTCACCARAGAAGARACTGTTATGTTGTACC-
ACGAATTGGAAGTTGCTGCTTCTGCTGATGAAGTTTGGTCTGTTGAAGGTTCTCCAGA-
ATTGGGTTTACATTTGCCAGATTTGTTGCCAGCTGGTATTTTTGCCAAGTTCGARATT-
ACTGGTGATGGTGGTGAAGGTTCCATTTTGGATATGACTTTTCCACCAGGTCAATTCC
CACATCATTACAGAGAAAAGTTCGTCTTTTTCGACCACAAGAACAGATACAAGTTGGT-
CGAACAAATCGATGGTGATTTCTTCGATTTGGGTGTTACTTACTACATGGATACCATT-
AGAGTTGTTGCTACTGGTCCAGATTCTTGCGTTATTAAGTCTACTACTGAATACCACG-
TCAAGCCAGAATTTGCTAAAATCGTTAAGCCATTGATCGATACCGTTCCATTGGCTAT-
TATGTCTGAAGCTATTGCCAAGGTCGTCTTGGARAACAAACATAAGTCATCTGAATGA
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TyrHWR Codon-optimized ATGCCAACTCCATCTGCTCCATCTCCACAACCAAAGGGTTTCAGAAGAGCTGTTTCTG—
AACAAGACGCTAAGCAAGCTGAAGCTGTTACTTCTCCAAGATTCATCGGTGAAGAAC-
AATCTTTGATCGAAGACGCTAGAAAGGAAAGAGAAGCTGCTGCTGCTGCTGCTGCTG—
CTGCTGTTGCTTCTTCTGAACCAGGTAACCCATTGGAAGCTGTTGTTTTCAGAAGAGA-
AGAAAGAGACGGTAACGCTGTTTTGAACTTGTTGTTCTCTTTGAGAGGTACTAAGCCA-
TCTTCTTTGTCTAGAGCTGTTAAGGTTTTCGAAACTTTCGAAGCTAAGATCCACCACT -
TGGAAACTAGACCAGCTCAAAGACCATTGGCTGGTTCTCCACACTTGGAATACTTCGT -
TAGATTCGAAGTTCCATCTGGTGACTTGGCTGCTTTGTTGTCTTCTGTTAGAAGAGTT -
TCTGACGACGTTAGATCTGCTAGAGAAGACAAGGTTCCATACTTCCCAAGAAAGGTTT -
CTGAATTGGACAAGTGTCACCACTTGGTTACTAAGTTCGACCCAGACTTGGACTTGGA-
CCACCCAGGTTTCTCTGACCAAGTTTACAGACAAAGAAGAAAGTTGATCGCTGAAATC-
GCTTTCCAATACAAGCACGGTGAACCAATCCCACACGTTGAATACACTGCTGAAGAA-
ATCGCTACTTGGAAGGAAGTTTACGTTACTTTGAAGGGTTTGTACGCTACTCACGCTT -
GTAGAGAACACTTGGAAGGTTTCCAATTGTTGGAAAGATACTGTGGTTACAGAGAAG—
ACTCTATCCCACAATTGGAAGACGTTTCTAGATTCTTGAAGGAAAGAACTGGTTTCCA-
ATTGAGACCAGTTGCTGGTTTGTTGTCTGCTAGAGACTTCTTGGCTTCTTTGGCTTTC-
AGAGTTTTCCAATGTACTCAATACATCAGACACGCTTCTTCTCCAATGCACTCTCCAG-
AACCAGACTGTTGTCACGAATTGTTGGGTCACGTTCCAATGTTGGCTGACAGAACTTT -
CGCTCAATTCTCTCAAGACATCGGTTTGGCTTCTTTGGGTGCTTCTGACGAAGAAATC-
GAAAAGTTGTCTACTGTTTACTGGTTCACTGTTGAATTCGGTTTGTGTAAGCAAAACG-
GTGAATTGAAGGCTTACGGTGCTGGTTTGTTGTCTTCTTACGGTGAATTGTTGCACTC-
TTTGTCTGAAGAACCAGAAGTTAGAGCTTTCGACCCAGACACTGCTGCTGTTCAACCA-
TACCAAGACCAAACTTACCAACCAGTTTACTTCGTTTCTGAATCTTTCAACGACGCTA-
AGGACAAGTTGAGAAACTACGCTTCTAGAATCCAAAGACCATTCTCTGTTAAGTTCGA-
CCCATACACTTTGGCTATCGACGTTTTGGACTCTCCACACACTATCCAAAGATCTTTG-
GAAGGTGTTCAAGACGAATTGCACACTTTGGCTCACGCTTTGTCTGCTATCTCTTGA

ARH1 KZV12618.1
IDP1 KZV12165.1
IDP2 KZVv09419.1
IDP3 KZVv08616.1
PDC1 KZVv09290.1
PDC6 KZV11313.1
ALD4 KZV08266.1
ALD6 KZVv07457.1
TYR1 KZV13247.1
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Table S4. Tyrosine derivatives tested in this study in addition to 3-halo-tyrosines

Name PubChem CID Structure
3-amino-L-tyrosine 160450 o
HZNMOH
HO Hz
3-nitro-L-tyrosine 65124 o]
O2N OH
HO NHe
o-methyl-L-tyrosine 441350 (0]
H,N CHa
HO £
3-O-methyl-DOPA 13206354 —0 H.N o
HO—@.)—%H
3-(hydroxymethyl)- L-tyrosine 10081872 o)
HO™ OH
2-amino-3-hydroxy-3-(4-hydroxyphenyl)propanoic acid 13309269 OH
HO
HoN o
OH
2-amino-3-(3-tert-butyl-4-hydroxyphenyl)propanoic acid 18352476 N B
2
HO OH
(25)-2-amino-3-[4-hydroxy-3-(phosphonomethyl)phenyl]propanoic acid 15045708 OH o
o 'F!,OH
HoN' b “OH
OH
2-amino-3-(3-ethyl-4-hydroxyphenyl)-2-methylpropanoic acid 18544337 NH,
): 7( el
HO
OH
p-o-methyl DOPA 721860 OH
HO%
o]
Mo HoN
3-(2-Amino-2-carboxyethyl)benzoic acid 265274 HO
o
e}
OH
L-m-tyrosine 6950578 o]
HO™ Ot
H NH,
4-aminophenylalanine 95174 i HO_ 0
2
2-amino-3-(3,4,5-trihydroxyphenyl)propanoic acid 22283619 OH
HN
OH
o]
OH OH
3-carboxytyrosine 583884 0 o}
HO OH
NH, i
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Table S5. MRM transitions used to quantify alkaloids in LC-MS/MS analysis

Quantifier MRM transition

Qualifier MRM transition

Collision Collision
Compound Precursor — production Fragmentor  energy  Precursor — production Fragmentor  energy
Reticuline 330 - 192 120 19 330 - 137 120 31
Scoulerine 328 — 151 135 30 328 - 178 135 29
Tetrahydrocolumbamine 342 - 178 135 29 342 - 163 135 29
Noscapine 414 - 220 138 23 414 — 353 138 23
Canadine 340 - 176 135 29 340 —» 149 135 25
N-methylcanadine 354 - 190 135 25 354 - 188 135 25
1-Hydroxy-N-methylcanadine 370 — 206 135 25 —* —* —*
1,13-Dihydroxy-N-methylcanadine 386 — 206 135 25 —* —* —*
1-Hydroxy-13-O-acetal-N- 428 — 206 135 25 428 — 368 135 25

methylcanadine

4'-O-desmethyl-3-O-acetylpapaveroxine 444 - 206 138 23 444 - 398 138 23
Narcotolinehemiacetal 402 - 206 138 23 —* —* —*
Narcotoline 400 — 206 138 23 400 — 339 138 23

*The qualifier transitions of 1-hydroxy-N-methylcanadine, 1,13-dihydroxy-N-methylcanadine, and narcotolinehemiacetal are not determined; the identities of

1-hydroxy-N-methylcanadine, 1,13-dihydroxy-N-methylcanadine, and narcotolinehemiacetal are confirmed by the retention time.
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