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Benzylisoquinoline alkaloids (BIAs) are a structurally diverse group of plant metabolites
renowned for their pharmacological properties. However, sustainable sources for these com-
pounds remain limited. Consequently, researchers are focusing on elucidating BIA biosynthet-
ic pathways and genes to explore alternative sources using synthetic biology approaches.
CYP80B, a family of cytochrome P450 (CYP450) enzymes, plays a crucial role in BIA biosyn-
thesis. Previously reported CYP80Bs are known to catalyze the 3'-hydroxylation of (S)-N-
methylcoclaurine, with the N-methyl group essential for catalytic activity. In this study, we
successfully cloned a full-length CYP80B gene (StCYP80B) from Stephania tetrandra (S.
tetrandra) and identified its function using a yeast heterologous expression system. Both in
vivo yeast feeding and in vitro enzyme analysis demonstrated that StCYP80B could catalyze N-
methylcoclaurine and coclaurine into their respective 3'-hydroxylated products. Notably,
StCYP8OB exhibited an expanded substrate selectivity compared to previously reported wild-
type CYP80Bs, as it did not require an N-methyl group for hydroxylase activity. Furthermore,
StCYP8OB displayed a clear preference for the (S)-configuration. Co-expression of StCYP80B
with the CYP450 reductases (CPRs, StCPR1, and StCPR2), also cloned from S. tetrandra, signi-
ficantly enhanced the catalytic activity towards (S)-coclaurine. Site-directed mutagenesis of
StCYP8OB revealed that the residue H205 is crucial for coclaurine catalysis. Additionally,
StCYP8OB exhibited tissue-specific expression in plants. This study provides new genetic re-
sources for the biosynthesis of BIAs and further elucidates their synthetic pathway in natural
plant systems.

1. Introduction

hosis .
The production of BIAs presents challenges due to limited

Benzylisoquinoline alkaloids (BIAs) constitute a class of plant
metabolites predominantly found in the Ranunculales order, par-
ticularly in the Ranunculaceae, Papaveraceae, Menispermaceae,
Berberidaceae, and Magnoliaceae families. These natural alkal-
oids exhibit remarkable structural diversity, encompassing mul-
tiple subclasses, including monobenzylisoquinoline, bisbenzyl-
isoquinoline, protobeberine, aporphine, and morphinan. Medi-
cinal plants containing BIAs have been integral to traditional
pharmaceutical practices, notably in China. To date, numerous
BlAs have gained approval as analgesics, antitussives, muscle
relaxants, neuromuscular blockers, and smooth muscle relaxa-
nts. Furthermore, research has demonstrated their potential in
addressing viral infections, cancer, malaria, HIV, and psyc-
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natural sources and high chemical synthesis costs, impeding the
development of BIA-based pharmaceuticals. Synthetic biology of-
fers a promising solution to this issue. Consequently, researchers
are focusing on elucidating the natural BIA biosynthetic pathway
and establishing microbial systems for BIA production °. As de-
picted in Fig. 1, the complex BIA biosynthesis process begins with
the conversion of L-tyrosine into dopamine and 4-hydrox-
yphenylacetaldehyde. These compounds subsequently undergo a
subsequent condensation to form (S)-norcoclaurine, catalyzed by
(S)-norcoclaurine synthase (NCS) *. Following the 6-0-methyla-
tion that transforms (S)-norcoclaurine into (S)-coclaurine °, two
distinct natural biosynthetic pathways have been proposed. One
proceeds through N-methylation to form (S)-N-methylcoclaurine,
followed by several N-methylated intermediates, including (S)-re-
ticuline —a crucial precursor for most BIA subclasses (the N-
methylated pathway in Fig. 1) > °. The other pathway involves a
series of N-desmethylated intermediates, converting (S)-coclaur-
ine into (S)-3'-hydroxy-coclaurine and (S)-norreticuline sequen-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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Fig. 1 Proposed biosynthetic pathways for benzylisoquinoline alkaloids (BIAs). Hydroxylation reactions identified in this study are highlighted in red. The dotted arrows in-
dicate multiple enzymes and conversion steps. Blue dashed and green dashed boxes indicate N-desmethylated (the NH pathway) and N-methylated (the NCH3 pathway)

pathways, respectively.

tially  (the N-desmethylated pathway in Fig. 1). The former path-
way is well-established and extensively documented in existing
literature, with the associated enzymes having been successfully
identified *'". In contrast, the latter pathway is mentioned in only
a few articles, possibly due to incomplete enzyme characteriza-
tion ', Notably, a key enzyme responsible for the hydroxylation
of (S)-coclaurine to (S)-3'-hydroxy-coclaurine remains unidenti-
fied.

In the natural N-desmethylated pathway, enzymes from the
CYP80 family of cytochrome P450 (CYP450) are responsible for
the 3' position hydroxylation of BIAs. These enzymes, identified
as CYP8OBs, are also known as N-methylcoclaurine hydroxylases
(NMCH) due to their role in catalyzing the 3'-hydroxylation of (5)-
N-methylcoclaurine. This has been observed in several plant spe-
cies (Fig. 1), including Eschscholzia californica (EcCYP8OB) °,
Papaver somniferum (PsCYP80B) °, and Corydalis yanhusuo
(CyCYP80B) °.CYP80Bs exhibit high substrate specificity, requir-
ing an N-methyl group in the substrate for hydroxylase activity.
Experimental evidence confirms that EcCYP80B and CyCYP80B
do not exhibit hydroxylation effects on coclaurine, an N-de-
methylated substrate “'°. While a recent study developed an Ec-
CYP8O0B variant displaying activity on coclaurine ", the capacity
of wild-type CYP80Bs to catalyze hydroxylation on N-demethyl-
ated BIAs remains uncertain.

Stephania tetrandraS. (Menispermaceae)
renowned traditional Chinese medicinal plant with a history
spanning millennia. The Chinese Pharmacopoeia documents the
extensive use of its roots for treating arthritis, rheumatism, ed-

Moore is a
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ema, and eczema . The primary bioactive components of this
species are BIAs, comprising various subtypes. Phytochemical
studies have revealed that S. tetrandra contains BIAs both
without N-methyl groups (such as coclaurine and norreticuline)
and with N-methyl groups (including N-methylcoclaurine and re-
ticuline) "*'°. Our preliminary liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis identified the presence
of coclaurine, 3'-hydroxy-coclaurine, N-methylcoclaurine, and its
corresponding 3'-hydroxylation derivative in the roots ofS.
tetrandra (Supplementary Fig. S1). This finding highlights the po-
tential of S. tetrandra as an ideal candidate species for discover-
ing a wild-type CYP80B enzyme capable of hydroxylating N-de-
methylated BIAs.

This study successfully cloned a full-length CYP80B gene
from S. tetrandra (successfully cloned a full-length CYP80B gene
(StCYP80B) ) and elucidated its function using a yeast heterolog-
ous expression system. Notably, StCYP80B demonstrated hy-
droxylation activity on both (S)-coclaurine and (S)-N-methylcoc-
laurine, indicating an expanded substrate selectivity compared to
the previously reported wild-type CYP80Bs. The research further
examined the stereoselectivity of StCYP80B, the influence of
CYP450 reductases (CPRs) fromS. tetrandra (StCPR1
and StCPR2) on its catalytic activity, and identified key amino
acids crucial for coclaurine catalysis. Moreover, the study invest-
igated the expression patterns of StCYP80OB and CPR sequences
from S. tetrandra (StCPRs) in plant tissues. The identification
of StCYP8O0B contributes new genetic elements for BIA biosyn-
thesis, supporting the proposed N-desmethylated pathway in nat-
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ural plant systems.

2. Material and methods

2.1. Plant materials and chemicals

S. tetrandra specimens were obtained from Yichun City, Ji-
angxi Province, China, in May 2019 and verified by Dr. Y. Kang at
the School of Pharmacy, Fudan University. Fresh plant samples
intended for ribonucleic acid (RNA) extraction were cleaned, sec-
tioned appropriately, and immediately submerged in RNA-Be-
Locker A solution provided by Sangon Biotech (Shanghai, China)
for transport. Long-term storage is maintained at a temperature
of -80 °C.

(#)-coclaurine and (#)-norcoclaurine were acquired from
Weikeqi Biotech (Chengdu, China). (R)-N-methylcoclaurine and
(#)-armepavine were procured from Desite Bio-Technology
(Chengdu, China). (5)-3'-hydroxy-coclaurine and (S)-3'-hydroxy-
N-methylcoclaurine were obtained from Toronto Research Chem-
icals (Mississauga, Canada). The stated purities of these chemic-
als exceeded 95%. R- and S-coclaurine were isolated from the
purchased (#)-coclaurine via chiral HPLC, with their configura-
tions confirmed through optical rotation data (refer to Support-
ing Information) ' '. (#)-N-methylcoclaurine was synthesized
from (#)-coclaurine utilizing a coclaurine N-methyltransferase
(CNMT) as previously described ", and its structure was verified
by NMR and MS data (Supporting Information) *’.

2.2. Sequence analysis of candidate genes

The previously reported S. tetrandra transcriptome data *'
served as the foundation for identifying potential candidate se-
quences encoding CYP80Bs and CPRs. Building upon the earlier
functional annotation results, candidate genes underwent fur-
ther screening through blastp searches. Clustal Omega ** was em-
ployed to align the deduced amino acid sequences of StCYP80B
and StCPRs with known sequences. ESPript 3.0 * facilitated the
generation of multiple alignment figures for the candidate genes.
The complete nucleotide sequences of the candidate genes are ac-
cessible in Supplementary Table S1.

2.3. Phylogenetic analysis

Phylogenetic analysis was conducted using MEGA 7.0 soft-
ware, employing the Neighbor-joining (N]J) method. The evolu-
tionary distance was computed using the Poisson correction
method. Bootstrap values, indicated on the branches, were as-
sessed with 1000 replicates.

2.4. RNA isolation and gene cloning

RNA extraction from S. tetrandra was performed using the
Omega Plant RNA Kit (Omega Bio-tek, USA). The extracted RNA
was then reverse transcribed utilizing the Hifair® I 1% Strand
complementary deoxyribonucleic acid (cDNA) Synthesis Kit
(Yeasen Biotech, China). Full-length cDNAs of StCYP80B and
StCPRs were amplified through polymerase chain reaction (PCR)
using PrimeSTAR MAX DNA Polymerase (Takara, Japan) with the
primers listed in Supplementary Table S2. All primers were de-
signed using Primer Premier 5.0 software.

2.5. Construction of the yeast expression vector
Full-length cDNAs with homologous arms were amplified us-

ing the primers listed in Supplementary Table S3. StCYP80B and
StCPRs were cloned into separate multiple cloning sites (MCS)
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sites regulated by the GAL1-GAL10 divergent promoter. Initially,
StCYP80B was subcloned into the Sacl/Notl-digested eukaryotic
expression vector pESC-Leu (Invitrogen, USA) using the Multi
One Step Cloning Kit (Yeasen Biotech, China). Subsequently,
StCPR1/2 ¢DNA was introduced into the Xhol/Nhel-digested
pESC-Leu-StCYP80B vector, resulting in the construction of re-
combinant plasmids pESC-Leu-StCPR1-StCYP80B, and pESC-Leu-
StCPR2-StCYP80B. The recombinant plasmids were introduced in-
to Escherichia coli DH5a (Yeasen Biotech, China). Positive clones
were confirmed through bacterial PCR and DNA sequencing of ex-
tracted plasmids. The recombinant plasmids were then extracted
using SanPrep Column Plasmid Mini-Prep Kits (Sangon Biotech,
China).

2.6. Heterologous expression of candidate genes in yeast

The recombinant plasmids containing candidate genes (pESC-
Leu-StCYP80B, pESC-Leu-StCPR1-StCYP80B and pESC-Leu-StCPR2-
StCYP80B) were introduced into yeast (Saccharomyces cerevisiae)
YPH499 utilizing the Frozen-EZ Yeast Transformation II kit
(Zymo Research, USA) for heterologous expression. The YPH499
strain transformed with the empty vector pESC-Leu served as a
control. The transformants were cultivated on a solid SD-Leu me-
dium at 30 °C for 2-4 days. Positive transformants, verified thr-
ough colony PCR, were subsequently cultured in a liquid SD-Leu
medium (2% glucose) at 30 °C and 220 r-min"" until reaching an
ODgp of 0.8-1.2. The yeast cells were then transferred to an SG-
Leu medium (containing 0.8 mmol-L™" 5-aminolevulinic acid hy-
drochloride, 1.6 mmol-L'FeS0,, and 2% galactose) to induce pro-
tein expression at 30 °C for 18-20 h. Finally, the yeast cells were
then harvested by centrifugation (5000 r-min”", 10 min, 5 °C).

2.7. In vivo supplementary assay of recombinant yeast

After galactose induction, the recombinant yeast cells were
resuspended in a buffer containing 50 mmol-L™ phosphate-buf-
fered saline (PBS, pH 7.4). Substrates were added to the suspen-
sion to achieve a final concentration of 0.06 mmol-L™". The cata-
lysis process was conducted for 24 h at 30 °C with agitation at
220 r-min”", after which the reaction was terminated by the addi-
tion of an equal volume of methanol. The reaction samples were
subjected to ultrasonic extraction for 15 min, followed by centri-
fugation at 5000 r-min"" and 5 °C for 10 min. The resulting super-
natant was then appropriately diluted with methanol and 0.05%
aqueous formic acid in a 1 : 1 ratio (V : V) in preparation for LC-
MS/MS analysis.

2.8. Extraction of yeast microsomal fractions and in vitro enzyme
activity assays

Yeast microsomal fractions were prepared following a previ-
ously described method ** with minor modifications. The yeast
cells, collected as outlined in the in vivo supplementary assay sec-
tion for recombinant yeast, were washed in buffer I (100
mmol-L™ KCl, 50 mmol-L™ Tris, 1 mmol-L™" ethylene diamine tet-
raacetic acid (EDTA), pH 7.5) and subsequently resuspended in
buffer 1I (20 mmol-L™" B-mercaptoethanol, 1% BSA, 0.6 mol-L™
sorbitol, 50 mmol-L™" Tris, 1 mmol-L™' EDTA, pH 7.5). An OMNI
Bead Mill homogenizer was utilized to disrupt the yeast cells. The
resulting lysate underwent centrifugation at 10 000 x g for 20
min to remove cell debris, followed by ultracentrifugation of the
supernatant at 100 000 x g for 1 h to obtain the microsomal frac-
tion. The microsomes were suspended in buffer 111 (30% Glycerin,
50 mmol-L™ Tris, 1 mmol-L™ EDTA). Protein concentration was
determined using the Modified Bradford Protein Assay Kit (Sagon
Biotech, Shanghai, China), with bovine serum albumin serving as
the standard.
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The in-vitro activity was evaluated in a 500 pL reaction sys-
tem, comprising 0.005 mmol-L™" flavin adenine dinucleotide
(FAD), 0.005 mmol-L™ flavin mononucleotide (FMN), 1 mmol-L™
NADP*,20 mmol-L™" glucose, 1 unit of glucose-6-phosphate de-
hydrogenase, 0.1 mmol-L™" substrate, and approximately 400 ug
of microsomal protein. Following incubation at 30 °C and 220
r-min”" for 2 h, the reactions were terminated by the addition of
an equal volume of methanol. The reaction samples were sub-
sequently diluted appropriately with methanol and 0.05%
aqueous formic acid ina 1: 1 ratio (V: V) for LC-MS/MS analysis.

2.9. Protein modeling, molecular docking, and site-directed muta-
genesis

Structural prediction of StCYP80B and the StCYP80B"**"
mutant was conducted using AlphaFold 3.0 (https://www.al-
phafoldserver.com) *°. Molecular docking of the predicted pro-
tein model and its substrates was executed using Discovery Stu-
dio 2019, with subsequent molecular graphics rendered using
PyMOL 2.5.4 (http://www.pymol.org/).

Site-directed mutagenesis of the StCYP80B gene was per-
formed using the PCR method with specific mutant primers. The
resulting PCR product underwent Dpnl digestion to eliminate the
template plasmid. The digested product was then transformed in-
to E. coli DH5a cells for amplification. The generated recombin-
ant plasmids, including pESC-Leu-StCYP80B"*"Y, pESC-Leu-
StCPR1-StCYP8OB™, and pESC-Leu-StCPR2-StCYP8OB™*Y, were
subsequently expressed and functionally characterized in yeast
cells.

2.10. Expression analysis with quantitative real-time PCR (qRT-
PCR)

To evaluate the expression levels of the StCYP80B and StCPRs
in various tissues of S. tetrandra, QRT-PCR amplification was con-
ducted using an ABI QuantStudio3 RT-PCR system (Thermo Fish-
er, USA). RNA extracted from different tissues underwent treat-
ment with a DNA digester mix to eliminate DNA contamination,
followed by cDNA synthesis using Hifair® IIl supermix plus
(Yeasen Biotech, China). The qRT-PCR experiment utilized
the SYBR Green Master Mix (Yeasen Biotech, China) according to
the manufacturer’s protocol. The S. tetrandra actin gene served as
an internal reference to normalize expression levels *'. Gene-spe-
cific primers and internal reference gene primers (detailed in
Supplementary Table S4) were designed using Primer Premier
5.0 software. The relative expression of each gene was determ-
ined using the 27" method *.

2.11. LC-MS/MS analysis

The sample analysis was performed using a UPLC-triple
quadrupole (QqQ)-MS/MS system (Shimadzu, Japan) equipped
with a Venusil XBP PH C;g column (2.1 mm x 100 mm, 5 pm,
Agela Technologies, Tianjin, China). The mobile phase comprised
a 0.1% formic acid aqueous solution (A) and acetonitrile (B), with
a flow rate of 0.5 mL-min~". The elution program was as follows:
5%-25% B at 0-5 min, 25%-95% B at 5-7 min, 95% B at 7-9
min, 95%-5% B at 9-10 min, and 5% B at 10-13 min. The
column temperature was maintained at 40 °C, and the injection
volume was 2 pL.

The QqQ-MS/MS scan parameters were configured as fol-
lows: ESI interface; nebulizing gas flow at 3 L-min""; heating gas
flow at 10 L-min™"; interface temperature of 300 °C; DL temperat-
ure of 250 °C; heat block temperature of 400 °C; and drying gas
flow at 10 L-min™". The MS/MS scan parameters, including pre-
cursor/product ion transition, Q1 pre-bias, collision energy, and
Q3 pre-bias, were optimized for each analyte: N-methylcoclaur-
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ine (m/z 300.25/107.15, -26.0 V, -25.0 V, and -26.0 V); coclaur-
ine (m/z 286.25/107.15, -22.0 V, -28.0 V, and -20.0 V); 3'-hy-
droxy-N-methylcoclaurine (m/z 316.15/123.05, -21.0 V, -27.0 V,
and -12.0 V); and 3'-hydroxy-coclaurine (m/z 302.15/123.05,
-21.0V, -27.0 V, and -12.0 V). The dwell time was set at 100.0
msec for all the analytes.

3. Results and discussion

3.1. Sequences analyses of StCYP80B and StCPR

The potential candidate sequences of CYP80B and CPR, ini-
tially annotated based on the S. tetrandra transcriptome dataset
in our previous study *', underwent further screening through
blastp homolog search. A full-length CYP80B sequence was suc-
cessfully cloned from S. tetrandra and designated as StCYP80B.
This sequence comprises 1473 nucleotides, encoding 491 amino
acids. Multiple sequence alignments of amino acid sequences re-
vealed that StCYP80B shared approximately 70% sequence iden-
tity with CYP80Bs from other species, including EcCYP80B1
(68.17%) °, CjCYP80B2 (72.99%) **, PsCYP8OB3 (74.53%) °,
TfCYP80B4 (71.96%) ', and CyCYP80B (75.10%) . Fig. 2 illus-
trates the amino acid sequences, secondary structure elements,
and conserved regions of these CYP80Bs. Notably, highly con-
served motifs were identified among the six CYP80B sequences,
including the Helix-I region, the heme-binding region of Helix-L,
the transmembrane helix followed by a short linker region con-
sisting of approximately ten amino acids, and the proline-rich re-
gion.

CPRs function as essential partners for CYP450s in euka-
ryotes *’, prompting the screening of candidate CPR genes from
the S. tetrandra transcriptome dataset using blastp homolog
search. Previous research has demonstrated that CPR homologs
in flowering plants exhibit high conservation, with sequence
identities ranging from 65% to 80% *°. Consistently, two candid-
ate StCPRs displayed high similarity (sequence identities exceed-
ing 65%) to previously identified CPRs from other species. Align-
ment of the deduced amino acid sequences of the StCPRs with the
reported CPRs revealed five CPR-related conserved motifs were
identified in all CPR proteins (as illustrated in Fig.3): the mem-
brane anchor, FMN-, FAD-, P450-, and (reduced) nicotinamide
adenine dinucleotide phosphate (NADPH)-binding domains.

CPRs from vascular plants can be categorized into two
classes: Class I and Class II. Class I CPRs typically exhibit con-
stitutive expression throughout plant growth and development,
while Class II CPRs are inducible by injury or treatment with
methyl jasmonate (MeJA)*’. These two classes are distinguish-
able based on their N-terminal sequences preceding the hydro-
phobic region. Class I CPRs possess short N-terminal ends,
whereas Class II CPRs have extended N-terminal ends with signi-
ficant sequence identities®. Consequently, the two StCPRs are
designated as StCPR1 and StCPR2, with StCPR1 presumed to be-
long to Class I and StCPR2 to Class Il based on their sequence
characteristics.

3.2. Phylogenetic analyses of StCYP80B and StCPRs

The phylogenetic tree of CYP450s (Fig. 4A) was constructed
using the deduced StCYP80B amino acid sequence, along with
CYP80B homologs from other species, CYP450 hydroxylases in-
volved in various metabolite biosynthetic processes, and other
CYP450 genes associated with BIAs biosynthesis. In addition to
CYP80B, other BIA-related CYP450s include CYP80A, CYP80G,
CYP82, and CYP719, which catalyze C-O phenol-coupling, C-C
phenol-coupling, hydroxylation, and methylenedioxy bridge
formation, respectively” “* ****. The phylogenetic tree demon-
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strap support values, calculated by 1000 replicates, are displayed on the branches. The reference genes are as follows: BsCYP80A1(Berberis stolonifera, AAC48987.1),
CjCYP80G2 (Coptis japonica, BAF80448.1), EcCYP80B1 (Eschscholzia californica, AAC39452.1), CjCYP80B2 (Coptis japonica, BAB12433.1), PsCYP80B3 (Papaver somniferum,
AAF61400.1), TfCYP80B4 (Thalictrum flavum subsp. Glaucum, AAU20767.1), CyCYP8OB (Corydalis yanhusuo, No genbank id), CjCYP719A1 (Coptis japonica, BAB68769.1),
EcCYP719A2 (Eschscholzia californica, BAD98250.1), AmCYP719A13 (Argemone mexicana, ABR14721.1), AmCYP719A14 (Argemone mexicana, ABR14722.1), PsCYP82Y1
(Papaver somniferum, 13PLR1.1), EcCYP82N2 (Eschscholzia californica, F229C1.1), PsCYP82N4 (Papaver somniferum, L7X3S1.1), SICYP75A31 (Solanum lycopersicum,
NP001234840.2), CrCYP75A8 (Catharanthus roseus, Q9ZRY0), EpCYP93E1l (Entada phaseoloides, UEP53726.1), GuCYP93E3 (Glycyrrhiza uralensis, BAG68930.1),
DcCYP73A1 (Dendrobium catenatum, XP020701874.1), VrCYP73A2 (Vigna radiata, NP001304077.1), AtCPR1 (Arabidopsis thaliana, CAA46814.1), AtCPR2 (Arabidopsis
thaliana, AAK17169.1), PsCPR (Papaver somniferum, AAC05021.1), EcCPR (Eschscholzia californica, AAC05022.1), MbCPR (Mung bean, A47298), NaCPR (Nicotiana attenu-
ate, 0IT38777.1), CrCPR1 (Catharanthus roseus, AJA37723), ApCPR1 (Andrographis paniculate, AQT38168.1), ApCPR2 (Andrographis paniculate, AQT38169.1), and ApCPR3
(Andrographis paniculate, AQT38170.1).

strates that the CYP450s cluster within specific families, such as High bootstrap values associated with these clades indicate their
the CYP80, CYP82, CYP93, CYP75, CYP73, and CYP719 clades. reliable distinction within the established tree. Within the CYP80
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clade, StCYP80B clusters together with CYP80B homologs from
other species (EcCYP80B1, CjCYP80B2, PsCYP80B3, TfCYP80B4,
and CyCYP80B), all of which have been verified to catalyze the hy-
droxylation of (S)-N-methylcoclaurine at C-3'.CYP450 hy-
droxylases involved in other metabolite types, such as protober-
berines (e.g., CYP82) *, flavonoids (e.g., CYP75A) ** "', terpen-
oids (e.g., CYP93E) *, and organic acids (e.g., CYP73A) *"*,
exhibit a closer relationship to CYP80Bs than CYP719s, which
catalyze methylenedioxy bridge formation in BlAs.

The phylogenetic tree of CPRs (Fig. 4B) was constructed us-
ing the deduced amino acid sequences of StCPRs, along with re-
ported CPRs from other plant species. The analysis reveals that
StCPR1 clusters with CPR Class I, which includes AtCPR1 and Ap-
CPR1, while StCPR2 aligns with CPR Class II, encompassing
AtCPR2 and ApCPR2 “"*, Furthermore, StCPR1 and StCPR2 show
close phylogenetic relationships with CPRs from Papaveraceae
(EcCPR and PsCPR) “, indicating their evolutionary proximity.
These phylogenetic findings provide additional evidence support-
ing the classification and evolutionary relationships of StCPR1
and StCPR2.

3.3. Functional characterization of StCYP80B in vivo and in vitro

To validate the catalytic function of StCYP80B, heterologous
expressions of pESC-Leu-StCYP80B, pESC-Leu-StCYP80B-StCPR1,
and pESC-Leu-StCYP80B-StCPR2 vectors were detected independ-
ently in yeast (S. cerevisiae). Yeast cells transformed with the
PESC-Leu vector served as the control. Four racemic substrates,
specifically N-methylcoclaurine, coclaurine, norcoclaurine, and
armepavine, were individually introduced to the transgenic yeast
cells. LC-MS/MS analysis (Fig. 5) demonstrated that StCYP80B
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Fig. 5 LC-MS/MS analysis of in-vivo StCYP80B and StCPR1 reaction system cata-
lyzing substrate N-methylcoclaurine. (A) Standards of N-methylcoclaurine and 3'-
OH-N-methylcoclaurine; (B) Control reaction without StCYP80B and StCPRs; (C)
StCYP80B-catalyzed reaction with StCPR1; (D) StCYP80B-catalyzed reaction
without StCPRs. Peak 1: N-methylcoclaurine (m/z 300.25/107.15, tz3.7 min); 2: 3'-
OH-N-methylcoclaurine (m/z 316.15/123.05, tg 3.2 min).
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specifically catalyzed the conversion of (%)-N-methylcoclaurine
(1, m/z 300.25/107.15) to its hydroxylation product (2, m/z
316.15/123.05). Likewise, StCYP80B distinctly transformed ()-
coclaurine (3, m/z 286.25/107.15) into its hydroxylation product
(4, m/z 302.15/123.05), as illustrated in Fig. 6. Compounds 2
and 4 were identified as 3'-OH-N-methylcoclaurine and 3'-OH-
coclaurine, respectively, through comparison with authentic
standards. However, the addition of (%)-norcoclaurine and (%)-
armepavine to the cells did not yield detectable corresponding
hydroxylation products.

To further validate the functionality of StCYP8OB, in vitro en-
zymatic assays were performed. Microsomal proteins were ex-
tracted from StCYP80B transgenic yeast cells co-expressing either
with StCPR1 or StCPR2. Subsequently, (+)-N-methylcoclaurine
and (#)-coclaurine were incubated with the microsomes, result-
ing in the production of their respective 3'-hydroxylation
products (Supplementary Figs. S4 and S5). Compared to the pre-
viously reported wild-type CYP80Bs from other species, such as
E. californica and C. yanhusuo, StCYP80B demonstrates a broader
substrate selectivity. Earlier studies have indicated that the re-
ported CYP80Bs require an N-methyl group for hydroxylase
activity ®'°. The consistent results obtained from both the in vivo
feeding assay and the in vitro enzyme assay provided conclusive
evidence that StCYP80B was the first wide-type enzyme capable
of catalyzing the conversion of both N-methylcoclaurine and coc-
laurine into their respective 3'-hydroxylated products. Virus-in-
duced gene silencing (VIGS) in opium poppy plants implicated (S)-
coclaurine as a key branch-point intermediate in the biosynthes-
is of N-demethylated alkaloids, such as papaverine ’. The expan-
ded substrate selectivity of StCYP80B suggests its pivotal role in
the biosynthesis of downstream BIAs without N-methyl groups in
S. tetrandra (Fig.1, NH pathway), such as norreticuline ™.

To evaluate the stereoselectivity of StCYP80B, we obtained
optically pure (R)-coclaurine and (S)-coclaurine were obtained
through chiral separation (Supplementary Figure S2), while (R)-
N-methylcoclaurine was acquired from a commercial source. The
in vivo catalytic experiment using these optically pure substrates
(Figs. S6 and S7) revealed that supplementation of (S)-coclaurine
to the yeast cells resulted in a significant production of 3'-OH-coc-
laurine. Conversely, supplementation with (R)-coclaurine or (R)-
N-methylcoclaurine did not produce quantifiable 3'-hydroxyla-
tion products. These results demonstrate that StCYP80B exhibits
a clear preference for the S-configuration. The observed stereose-
lectivity of StCYP8OB is consistent with the characteristics of the
known CYP80Bs *', which also require the S-configuration in the
substrate for hydroxylase activity.

3.4. Enhanced catalytic activity of StcCYP80B toward (S)-coclaurine
through co-expression with StCPRs

The catalytic functions of most eukaryotic cytochrome P450
enzymes (CYP450s) necessitate the support of NADPH-cyto-
chrome CPRs through a two-step, single-electron transfer pro-
cess from NADPH to the prosthetic heme group of CYP450s. Re-
search has demonstrated that the interactions between CYP450s
and CPRs are complex and diverse, significantly impacting the
production of metabolites *°.

Our comparative analysis of StCYP80B expression alone and
in combination with StCPRs further elucidated the critical
role of CPRs. StCYP80B, when expressed independently in trans-
genic yeast cells, demonstrated minimal catalytic activity to-
wards(S)-coclaurine. Notably, co-expression of StCYP80B with
either StCPR1 or StCPR2 resulted in a substantial increase
in coclaurine hydroxylation activity, reachinglevels approxim-
ately 100-fold higher than those observed without a redox part-
ner (Fig. 7A). However, the hydroxylation activity of StCYP80B
with either StCPR1 or StCPR2 towards N-methylcoclaurine
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showed no significant difference compared to the expression of
StCYP80B alone. Co-expression of CPRs from diverse sources
with monooxygenases frequently alters enzyme activity and
product profiles *> **° providing a method to optimize and
modify CYP450 characteristics in the artificial biosynthesis of
natural products. This study confirms that co-expression of
StCYP80B with appropriate StCPRs effectively enhances St
CYP8O0B activity on (S)-coclaurine, offering a potential strategy to
exploit the capabilities of CYP450s.

3.5. Protein modeling, ligand docking, and key residue analysis of
StCYP80B

The crystal structure analysis of plant CYP450s presents
challenges due to their membrane localization, resulting in lim-
ited available crystal structures for these enzymes. To address
this limitation, structure modeling and ligand docking provide
valuable tools for examining the structure-function relationships
of proteins ****", A previous study on the homology model of Ec-
CYP8O0B identified six contiguous amino acid chains (C1: 94 to
109, C2: 202 to 205, C3: 271 to 294, C4: 344 to 356, C5: 416 to

H,CO O
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e

3
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StCYP80B
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434, C6: 465 to 468) as key regions in the substrate binding pock-
et. Additionally, a mutant (L203S) of EcCYP80B demonstrated
significant activity towards the substrate coclaurine, enhancing
norreticuline production in a norreticuline-producing yeast
strain'’. Recently, AlphaFold has revolutionized protein struc-
ture modeling . To elucidate the coclaurine catalytic mechanism
of StCYP80B, we developed a model using the non-homology-
based modeling method —AlphaFold 3, and predicted the sub-
strate binding pocket for coclaurine. Through analysis and com-
parison of the substrate binding pocketsof StCYP80B and
EcCYP8O0B, focusing on the positions with amino acid variances
between the two enzymes, five sites were identified as poten-
tially influencing catalytic activity. Subsequently, site-directed
mutagenesis was performed on StCYPB0OB, generating five
StCYP80B variants with substituted amino acids (H205Y, 1206L,
Q208R, M212L, and A357P). Among the variants investigated, the
H205Y variant of StCYP80B exhibited a significant decrease in hy-
droxylation activity —over 70-fold when co-expressed with
StCPR1 or StCPR2, and 5-fold when expressed without StCPRs
(Fig. 7A). The catalytic results of the four other mutations are
presented in Supplementary Fig. S8. Molecular docking of the
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Fig. 6 LC-MS/MS analysis of in-vivo StCYP80B and StCPR1 reaction system catalyzing substrate coclaurine. (A) Standards of coclaurine and 3'-OH-coclaurine; (B) Control re-
action without StCYP80B and StCPRs; (C) StCYP80B-catalyzed reaction with StCPR1; (D) StCYP80B-catalyzed reaction without StCPRs. Peak 3: coclaurine (m/z

286.25/107.15, tg 3.3 min); 4: 3'-OH-coclaurine (m/z 302.15/123.05, tg 2.8 min).
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Fig. 7 Influence of co-expression with CPRs and mutation of crucial amino acid H205 on the hydroxylation function of CYP80B. (A) Concentration of (S)-3'-OH-coclaurine
produced by pESC-Leu, StCYP80B with and without StCPRs, and a mutant StCYP80B"*** with and without StCPRs. Three biological duplications were performed for each en-
zyme reaction (P < 0.001). (B) Molecular docking of StCYP80B and (S)-coclaurine. (C) Molecular docking of StCYP80B"**" and (S)-coclaurine. The H205 residue of
StCYP8OB is highlighted in yellow, and the mutant Y205 residue is shown in orange. The four other residues 1206, Q208, M212, and A357 are indicated in purple. (S)-coc-

laurine is shown in cyan, and heme is displayed in grey.

wide-type StCYP80B and the histidine-to-tyrosine mutant
StCYP8OB™*Y with the substrate (S)-coclaurine (Figs. 7B and C)
indicated a close distance (3.8 A inFig. 7C) between the carbonyl
group of tyrosine and the hydrogen atom of 6-methoxy on the
substrate. This proximity potentially leads to hydrogen bond
formation and an increased distance between H-3' of (S)-coclaur-
ine and Fe=0 of heme (observed at 2.5 A in Fig. 7B and 4.0 & in-
Fig. 7C). In conclusion, the residue H205 of StCYP80B plays a cru-
cial role in its catalytic activity towards (S)-coclaurine.

3.6. Tissue-specific expression analysis

StCYP80B is a crucial enzyme involved in the biosynthesis
pathway of BIAs. The enzymatic activity of StCYP80B towards
specific substrates is influenced by the presence of StCPR1 and
StCPR2. To examine the expression patterns of these genes, a qRT-
PCR assay was conducted on six tissues of S. tetrandra: the main
root, lateral root, periderm, and phloem of the main root, xylem
of the main root, stem, and leaf. As illustrated in Fig.8, StCYP8OB
demonstrates relatively higher expression levels in the under-
ground parts compared to the aerial parts. It also exhibits a signi-
ficantly higher level in the outer part of the main root (including
the periderm and phloem) than in the inner part (xylem). Previ-
ous research has shown that BIA metabolites primarily accumu-
late in the underground parts of S. tetrandra, particularly in the
epidermis *" ** *°. Consequently, the expression pattern of
StCYP80B aligns with the distribution pattern of BIA metabolites.

However, the expression levels of the two CPR genes identi-
fied in S. tetrandra do not exhibit a clear correlation with BIA ac-
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cumulation in roots. Notably, plants generally possess two types
of CPR genes. One type is characterized by constitutive expres-
sion, while the expression of the other type can be induced by ex-
ternal stimuli such as wounding, light exposure, or MeJA treat-
ment *"***°, In the case of S. tetrandra, it is plausible that the two
StCPRs are involved in a broad spectrum of oxidative reactions
within the plant, rather than being exclusively associated with
BIA biosynthesis. Consequently, their expression patterns may
not consistently align with the BIA distribution.

4. Conclusions

In conclusion, this study successfully isolated and character-
ized a CYP80B gene (StCYP80B) and two CPR genes (StCPR1 and
StCPR2) from S. tetrandra. Through in vivo yeast feeding experi-
ments and in vitro enzyme analyses, St CYP80B was confirmed to
catalyze the 3'-hydroxylation of (S)-N-methylcoclaurine and (S)-
coclaurine. Significantly, StCYP80B demonstrated broader sub-
strate selectivity compared to the previously reported wild-type
CYP80s, functioning without the requirement of an N-methyl
group for hydroxylase activity. Moreover, StCYP80B exhibited a
distinct preference for the (S)-configuration. Co-expression of
StCYP80B with StCPRs notably enhanced the activity of StCYP80B
on (S)-coclaurine. The substitution of the key residue H205 sub-
stantially influenced the catalytic activity of StCYP80B towards
(8)-coclaurine. Furthermore, StCYP80B displayed tissue-specific
expression patterns in plants. The identification of the wild-type
enzyme, StCYP8OB, corroborates the existence of the proposed N-
desmethylated pathway within natural plant systems. This re-

501
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StCPR2

Fig. 8 Relative expression levels of StCYP80B, StCPR1, and StCPRZ in six tissues of S. tetrandra. Group 1: main root; 2: lateral root; 3: periderm and phloem of main root; 4:
xylem of main root; 5: stem, 6: leaf (n=3, P <0.05,” P < 0.01 versus the leaf group). The genes were analyzed by qRT-PCR with actin as a reference gene.
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search advances our understanding of CYP80Bs, offering compre-
hensive insights into the biosynthetic pathway of BlAs.
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