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Abstract

Eight UbiA-type prenyltransferases were mined in Laetiporus sulphureus by bioinformatic analysis, and phylogenetic
analysis showed that they have unique functions. Through heterologous expression in Aspergillus oryzae and addition
of exogenous hydroquinone (HYQ, 2) substrate, it was found that LaPT3 could transfer isoprenyl groups on 2. Sub-
strate specificity studies revealed that LaPT3 was substrate specific and could only transfer dimethylallyl diphosphate
(DMAPP) using 2 as substrate to produce the product 2-(3-methylbut-2-en-1-yl) benzene-1,4-diol (1). The key active
sites of LaPT3 were analyzed and two key amino acid sites near the conserved motifs were targeted for mutation,
and the product yields were reduced to 60% and 29% respectively by mutating N100 to S and G208 to A. Molecular
docking and site-directed mutagenesis results indicate that these two amino acid sites play a crucial role in the cata-
lytic generation of 2 by LaPT3 to produce 1.
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Genome mining reveals the unique function of UbiA-type

in Laetiporus sulphureus

1 Introduction

Laetiporus sulphureus is a representative species of the
genus Laetiporus, which belongs to the family Polypo-
raceae, order Polyocracies, order Agaricomycetes, and
is widely distributed in the decayed parts of deciduous
tree species in Europe, South America, Africa, and Asia,
and is a wood-decay fungus. L. sulphureus is known as
the “chicken in the forest” because of its fruiting bodies
with bright and attractive colors, fresh and tender meat,
and rich fatty acids, lipids and bioactive metabolites [8].
It has been used as food and herbal medicine for a long
time in Asia. It is a medicinal and edible macrofungus
with important edible value [17]. Fungi of Laetiporus
also produce a variety of bioactive metabolites, includ-
ing polysaccharides, melanin, lectins, sterols, terpenes,
saponins, phenolic acids and tocopherols [30-32]. These
metabolites have significant medicinal values such as
anti-microbial, anti-tumor, anti-inflammatory, anti-clot-
ting, anti-oxidant, antibacterial and cytostatic activities
[14, 15, 18, 28]. The in-depth study of L. sulphureus and

its metabolites provides a broad prospect for its applica-
tion in the fields of medicine, food and biotechnology,
and demonstrates its great potential as a raw material for
natural medicine and functional foods [6].
Prenyltransferases (PT) are a class of enzymes that
catalyze isoprenylation reactions requiring the involve-
ment of isoprenyl donors and acceptors. Common
donors are isoprenyl pyrophosphate (XPP, X represents
isoprenyl chains of different lengths), including GPP,
FPP, GGPP, etc. [13]. Based on their evolutionary origin,
structure and intracellular localization, PTs can be clas-
sified into two groups: soluble prenyltransferases (sPTs)
and membrane-bound PTs (UbiA) [33]. UbiA is a mem-
brane-bound prenyltransferase that depends on biologi-
cal membranes for its function, catalyzes the production
of a number of secondary metabolites that are not essen-
tial for the growth and development of organisms, and
isoprenylates many essential bioactive compounds that
must be isoprenylated in order for them to be solubilized
in biological membranes and perform their functions
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[12, 27]. UbiA prenyltransferase (UbiA-PTs) comprises at
least one aspartic acid-rich motif (e.g., NQxxDxxxD) for
binding isoprenyl pyrophosphate, and its catalytic activ-
ity is typically dependent on the assistance of metal ions
to maintain the stability of the enzyme’s structure and to
facilitate the isoprenylation reaction [19, 25].

In recent years, some UbiA-PTs have been successively
identified in fungi, which are able to use aromatic com-
pounds as substrates for isopentenyl transfer at different
positions [38]. However, not many UbiA-PTs have been
identified in the basidiomycetes, only nine have been
found, and the vast majority of these enzymes are capable
of transferring isopentenyl groups using only 4-hydroxy-
benzoic acid (PHB, 3) as a substrate, and only a few of
them are capable of using other aromatic compounds
as a substrate. For example, UbiA-type PTs (VibP1 and
VibP2) from Boreostereum vibrans can accept 3 as an iso-
pentenyl acceptor for isoprenylation with GPP and FPP
as isopentenyl donors. In addition, VibP1 and VibP2 can
undergo isoprenylation with ShPT1 and ShPT2 from
Stereum hirsutum using 3, p-hydroxybenzyl alcohol (4)
and p-hydroxybenzaldehyde as substrates [7]. UbiA-type
PT (PanE) from Panus rudis is capable of isoprenyla-
tion using 3 as substrate and DMAPP as donor [37]. The
discovery of ClaS is considered a groundbreaking turn-
ing point, as researchers have found that UbiA-type PT
(ClaS) from Clitocybe clavipes is an atypical PHB-type
UbiA prenyltransferase, which is able to isoprenyla-
tion with 2 rather than 3 as the acceptor, and GPP as the
donor [34]. Recently, our team has elucidated the key
prenyltransferase step in the biosynthetic pathway of
hericenones from Hericium erinaceus. Aspergillus ory-
zae has emerged as a crucial tool in the study of fungal
natural product biosynthesis [21]. Through heterologous
expression in A. oryzae, it was first demonstrated that the
UbiA-type PT enzyme HePT8 catalyzes the GPP transfer
in orsellinic acid, synthesizing the core skeleton interme-
diate for hericenone type compounds [9].

In the present study, we found that LaPT3 from L.
sulphureus, is also an atypical PHB-type UbiA-PT,
which is able to undergo isoprenylation with 2, but not
3, as the acceptor and DMAPP as the donor to produce
2- (3-methylbut-2-en-1-yl) benzene-1,4-diol (1). Targeted
mutagenesis of two key amino acid sites near the con-
served motif of LaPT3 revealed that the product yields
were reduced to 60% and 29%, respectively, LaPT3 is the
first UbiA-PT reported in fungi that uses 2 as an acceptor
to transfer DMAPP. The discovery of the key active site
provides a theoretical basis for the subsequent rational
design of modified UbiA-PT. Our study further enriches
the library of natural producers of 1, which may provide
valuable genetic elements and strain resources for the
development of engineered strains of these compounds.
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2 Results
2.1 ldentification and analysis of L. sulphureus UbiA-PT
sequences

Using the already characterized UbiA-PT ClaS as a tar-
get gene [34], the L. sulphureus genome was blasted, and
eight genes potentially encoding UbiA-PT were screened,
named LaPT(1-8). Analysis of the gene structure of
LaPTs revealed that these genes ranged in size from 1000
to 1300 bp, with the number of introns ranging from
0 to 7 (Fig. S1), and the length of the encoded proteins
was in the range of 263-362 amino acids (Table S2). The
transmembrane segments of LaPTs were analyzed, and
it was found that those LaPTs with 5-8 transmembrane
structural domains belong to insoluble prenyltransferase,
which are classified as UbiA class PTs (Fig. S2). To fur-
ther understand the function of the functional family of
LaPTs in L. sulphureus, the conserved structural domains
of eight proteins in L. sulphureus were analyzed, and it
was found that except for LaPT6 the other seven UbiA-
PTs have the three conserved motifs (NDxxDxxxD,
YxxxK and DxxxD) of the UbiA transferase [24]. It indi-
cates that these seven LaPTs may have the ability to cata-
lyze isoprenyl transfer, while LaPT6 is unable to perform
isoprenyl transfer (Fig. S3). In order to better analyze the
evolutionary properties of L. sulphureus UbiA-PT, LaPTs
were phylogenetically analyzed with UbiA-PT genes from
functionally known fungi. Phylogenetic analysis showed
that proteins with the same function were clustered in
the same branch, with LaPT2 and LaPT6 each belong-
ing to a separate branch, and LaPT1, LaPT3, LaPT4,
LaPT5, LaPT7, and LaPT8 in the same branch, predicted
to possibly have the same function (Fig. 1, Table S3).
The relative phylogenetic independence of these genes
from UbiA-PT, whose function is known, suggests that
they may have different donors and may catalyze differ-
ent substrates to generate products with more diverse
structures.

2.2 Functional analysis of LaPT(1-8) in A. oryzae

To associate metabolites with the eight LaPTs genes
encoding proteins, we amplified these genes from sul-
fur-oxidizing fungal genomic DNA. Purified PCR frag-
ments were cloned into the pDP201 vector to construct
the pDP201-LaPT (1-8) plasmid. Given A. oryzaes abil-
ity to autonomously splice introns, the plasmid was
transformed into the A oryzae strain NSPID1 to obtain
the AO-LaPT (1-8) transformant. In order to verify the
functionality of LaPT (1-8), we performed substrate
feeding experiments using 2 and all the resulting trans-
formants were cultured separately with 2 ml of MPY
liquid mini-tube medium, as well as culturing wild-type
A. oryzae as a control. The HPLC results showed that,
compared to the wild-type (AO-WT), after feeding the
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Fig. 1 Phylogenetic analysis and substrate structure of fungal UbiA prenyltransferase (red dots represent the position of isoprenylation)

substrate 2, AO-LaPT3 produced one new metabolite,
while the amount of substrate 2 was significantly reduced
compared to the control (Fig. 2a). UV mapping analysis
showed that the UV absorption feature of compound 1
at 294 nm was similar to that of 2, revealing that it might
be a derivative of 2 (Fig. 2b). No new metabolites were
detected to be generated in the fermentation products
of AO-LaPT (1-2, 4-8). Based on the own function of
UbiA-PT, it was speculated that the new product might
be an isopentenyl derivative of 2, and in order to further
verify our conjecture, the product was further analyzed
and detected by LC—MS. The ionic peak of compound
1 was m/z 179.1071 m/z [M+H] ¥, and the molecu-
lar weight exceeded that of 2 by 68 Da, suggesting that
its structure contained an additional DMAPP unit with
the molecular formula caled. for C;;H;,O0, [M+H] ™
179.1067. (Fig. 2c¢).

2.3 Separation, extraction and structural characterization
of compound 1

In order to confirm the structure of compound 1, we per-
formed a 2 L liquid fermentation of AO-LaPT3, and after
1 day of incubation at 30 °C, the substrate 2 (50 pg/mL,
methanol solution) was added to the culture medium.
After incubation at 30 °C for another 3 days, the bacte-
rial liquid was extracted using ethyl acetate, and later
isolated and purified using silica gel and HPLC to obtain
compound 1. It was detected using NMR after dissolv-
ing in deuterated chloroform (Figures S4—S8)."3C-NMR
(CDCl,;, 125 MHz) é: 128.23, 148.13, 11645, 113.72,
149.31, 116.60) and "H-NMR (CDCl,, 500 MHz) &: 6.57
(1H, dd, J = 8.5, 3.0 Hz), 6.67 (1H, d ] = 8.4Hz), 6.61 (1H,
d J = 3.0Hz) data showed that compound 1 contains 2
unit and *C-NMR showed 5 more C signals at positions
C1 (8: 29.70), C2 (8: 121.42), C3 (8: 134.96), C4 (5: 25.80),
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Fig. 2 HPLC and LC-MS profiles. A HPLC detection of AO-LaPT (1-8) fed 2; B UV spectra of 2 and 1; C mass spectra of compound 1

and C5 (6: 17.88) respectively for compound 1 on 2 basis.
'"H-NMR showed two more methyl groups at positions
C4 (1.77, 3H, s) and C5 (1.76, 3H, s), one methylene Table 1 The NMR spectral data of 1 (CDCl,)
group (3.29, 2H, d / = 7.3Hz) and one hydrogen on the OH

allyl group (5.29, 1H, m), respectively (Table 1). Consist-
ent with isopentenyl signals, and this result is consistent
with reported NMR patterns of the compound. Thus, we
identified compound 1 as 2-(3-methylbut-2-en-1-yl) ben-
zene-1,4-diol [36].

2.4 Substrate specificity studies of LaPTs Position 6, (JinHz) &¢
Most fungal PTs are substrate selective, which is the .
. . . . 1 128.23
basis for the structural and functional diversity of natural |
. . 0 2 148.13
products. To investigate the substrate specificity of LaPT |
. " 3 6.57 (1H,dd J=85,3.0 Hz) 116.45
(1-8), eight structurally similar compounds were selected
. 4 6.68 (1H,d J=8.5Hz) 113.72
as potential substrates and added to the culture system o 14931
of AO-LaPT (1-8) strains for experiments (Fig. 3). HPLC )
6' 6.61 (1H,dJ=3.0H2) 116.60
assay revealed that only when 2 was used as the substrate, W 320 QM. dJ=70H2) 5970
. . . ,dJ=70Hz .
AO-LaPT3 catalyzed the isoprenylation of 2 to produce
2 529 (1H, m) 12142
compound 1, when 2 serves as the substrate; no products 3 13406
were detected for the remaining seven tested substrates. . — 25'80
This suggests that LaPT3 exhibits substrate specificity for 77(3H,3) ‘
5 1.76 (3H,s) 17.88

2, and the enzyme can only catalyze the isoprenylation
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reaction with 2 as the receptor, a property that is consist-
ent with the reported substrate-selective pattern of fun-
gal UbiA-PT.

2.5 LaPT3 key active site analysis
UbiA-PT possesses three typical conserved motifs,
NDxxDxxxD, DxxxD, and YxxxK, for Mg®* ion and iso-
prenyl group binding. Multiple sequence alignment
reveals that LaPT3 and ClaS share the same conserved
motifs but perform distinct functions. As an atypi-
cal PHB-type UbiA PT, ClaS transfers GPP to position
2, whereas LaPT3 transfers DMAPP to position 2. We
hypothesize that neighboring amino acids within these
conserved motifs confer the ability to transfer different
substrates to these two enzymes. We identified amino
acid differences between LaPT3 residues 100 and 208
and Cla$, with this region residing within the substrate-
binding domain. Therefore, we mutated N to S at posi-
tion 100 and G to A at position 208 to confer LaPT3 with
the ability to transfer other isoprenyl groups (Fig. 4a).
The constructed mutant recombinant plasmid was
introduced into A. oryzae to obtain the AO-LaPT3-
N100S and AO-LaPT3-G208A mutant transformants.
The mutant transformants were fed 2 separately to detect
the changes in isoprenylation function (Fig. 4b). Unfortu-
nately, that neither position 100 nor position 208 of the
mutants was not able to transfer other isoprenyl group.
However, that the isoprenylation activity of the mutant
underwent a significant reduction. Mutating N100 to S

reduced the product yield to 60% of the original yield, and
mutating G208 to A reduced the product yield to 29% of
the original product yield (Fig. 4c). Based on the analy-
sis of the ApUDbiA protein structure (PDB ID: 40D5) [2],
we modeled DMAPP and HYQ in the LaPT3 structure
using AutoDock software. Two magnesium ions (Mg*")
coordinate through four aspartic acid residues (D88, D92,
D211, and D215) within two conserved aspartic acid-rich
motifs (Fig. 4d), which collectively stabilize the diphos-
phate moiety of DMAPP. The N100 residue was found to
be in close proximity to D88 and D92. Mutating it to S
further disrupted the binding of D92 to Mg*', resulting in
reduced yield of the N100 S mutant (Fig. 4e). The G208A
mutant exhibited an even greater reduction in yield, indi-
cating that larger residues hinder substrate binding or
protein folding (Fig. 4f). These results demonstrate that
amino acids adjacent to the conserved motif also play a
crucial role in maintaining enzyme activity.

3 Conclusion and discussion

As a woody macrofungus with high medicinal and edible
value, the fruiting bodies of L. sulphureus have a long his-
tory of consumption in China, Europe and the Ameri-
cas, and their medicinal value has been documented in
ancient Chinese medical texts [29]. In recent years, many
structurally diverse and biologically active natural prod-
ucts, such as sesquiterpenoids, triterpenoids, sterols and
polyenes, have been isolated from L. sulphureus [3, 4, 10,
11, 16, 20], they have a variety of physiological activities
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such as antitumor, antifungal, anticancer and anti-inflam-
matory. And because of the known cultivation methods
of this mushroom, together with its rich chemical com-
position and beneficial effects on the human body, many
companies consider it as a potential raw material for the
food industry [1].

UbiA-PTs is a membrane-bound prenyltransferase
that is dependent on biological membranes and is able
to participate in cellular processes and multiple meta-
bolic pathways, resulting in structurally and biologically
diverse natural products, and is therefore expected to
be a potential target for new drug discovery [2, 19, 35].
In plants UbiA-PTs produces many natural products
with enhanced pharmacological activity, such as can-
nabinoids, polycyclic polyprenylated acylphloroglu-
cinols, isoprenylated flavonoids and stilbenoids [22]. In
macrofungus in identified a number of UbiA-PTs, most
of which are capable of using aromatic compounds as

substrates and transferring different amounts of isopre-
nyl groups at different positions to produce a number
of meroterpenoids precursor substances. Subsequently,
more structurally complex meroterpenoids are generated
by oxidoreductases. The introduction of isoprenyl groups
increases the structural diversity and biological activity
of these natural products. We therefore used a genome
mining strategy to target UbiA-PTs in L. sulphureus, and
a total of eight UbiA-PTs were mined, and phylogenetic
analyses suggested that they may have unique functions.
LaPT3 was found to transfer DMAPP on 2 by heterolo-
gous expression in A. oryzae and exogenous substrate
addition. The substrate specificity of LaPT3 reveals its
potential application value in natural product synthesis
and drug development, providing valuable ideas for the
design and development of enzymes with specific sub-
strates. By analyzing the key active site of LaPT3, as well
as performing targeted mutagenesis of its key amino acid
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sites, mutating N100 to S and G208 to A of LaPT3, we
found that there was a significant decrease in the yield of
the products in both cases, suggesting that we have found
the key active site for controlling LaPT3. The discovery
of key active sites provides a molecular foundation and
theoretical basis for the subsequent rational design of
modified PTs.

These findings provide an important foundation for the
development of novel isoprenylated biocatalysts. In the
future, we can continue to excavate heteroterpene post-
biosynthesis modification genes and targeted modifica-
tion of related enzyme genes in the L. sulphureus genome
to optimize the efficiency of meroterpene synthesis and
enhance the substrate specificity and catalytic activity. By
combining synthetic biology and metabolic engineering
technologies, we can realize the efficient biosynthesis of
these valuable compounds.

4 Materials and methods

4.1 Strain and medium

Standard recombinant DNA techniques were used for
molecular cloning using Escherichia coli DH5a. The
fungal strain used in this experiment was L. sulphureus
NWAFU-1 [5]. The heterologous expression host strain
used in this study was A. oryzae NSPID1 in Czapek-Dox
(CD)+ Dextrin [0.3% NaNO,, 0.2% KCl, 0.1% KH,PO,,
0.05% MgSO,"7H,0, 0.002% FeSO,7H,O, 2% Dextrin,
0.9% (NH,),SO,, pH 6.0, 100 mL] with necessary sup-
plements (0.15% methionine, 0.5% uridine, 0.2% uracil)
in the medium for cultivation of nutritive strains of A.
oryzae [26]. The transformants were grown on DPY (dex-
trin-polypeptone-yeast extract: 2% dextrin, 1% polypep-
tone, 0.5% yeast extract, 100 mL) medium supplemented
with appropriate nutrients [23].

4.2 Extraction of gDNA and cDNA

The 5x5 mm L. sulphureus clusters were inoculated
in 100 mL of Potato Dextrose Broth and incubated for
5-7 days at 28 °C and 200 rpm with oscillation to col-
lect the mycelium, and then the genome of L. sulphureus
was extracted using chloroform extraction. Total RNA
was extracted from dried mycelium using TRIzol reagent
(Invitrogen) according to the manufacturer’s instruc-
tions, followed by reverse transcription with DNase I
(Life Technologies). The cDNA was synthesized with the
PrimeScript II First Strand cDNA Synthesis Kit (TaKaRa)
using oligonucleotide (dT) primers according to the man-
ufacturer’s instructions.

4.3 Bioinformatics analysis

Based on L. sulphureus genome-wide data [5], a blast
search was performed in the L. sulphureus genome
with Bioedit using the already characterized UbiA-PTs
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ClaS as a target gene, and a total of eight UbiA-PTs
were identified, and the web analysis tool 2ndFind
(http://biosyn.nih.go.jp/2ndFind/)  identified eight
genes for UbiA-PTs from L. sulphureus, named LaPT
(1-8). Multiple sequence comparison was performed
using MEGA11, and ESPript3.0 (https://espript.ibcp.
fr/ESPript/ESPript/index.php) was used to visualize
the results. Using MEGA11 software, neighbor-joining
method was used to generate an evolutionary tree to
determine its branches, and self-expansion values were
calculated based on 1000 replicates. The transmem-
brane structural domains of LaPT (1-8) were analyzed
by TMHMM online analysis website.

4.4 Plasmid construction and transformation of A. oryzae
LaPT (1-8) was amplified from L. sulphureus genomic
DNA using the primer sets shown in Supplemen-
tal Table S1. PCR reactions were performed using
KOD-Plus-Neo (TOYOBO). Then introduced into
the pDP201 vector using a ClonExpress Ultra One
Step Cloning Kit (Vazyme Biotech Co., Ltd.) to con-
struct expression plasmids, pDP201-LaPT (1-8). A
spore suspension of A. oryzae NSPLD1 (1.0 x 10® cells)
was inoculated into CD (0.3% of NaNOg, 0.2% of KCl,
0.1% of K,HPO,, 0.05% of MgSO, 7H,0, 2% of dextrin,
0.002% of FeSO,7H,0, 0.15% of methionine, 0.9% of
(NH,),SO,, 0.49% of uracil, 0.2% of uridine, 100 mL,
pH 5.5) in medium and incubated at 30 °C, 200 rpm
for 2 days. Mycelium were collected, and the myce-
lium was washed 3-5 times with distilled water to
remove the water. Protoplasts were incubated for 2 h at
30 °C using Yatalase (Takara; 5.0 mg/mL) in solution 1
(0.8 mM NacCl, 10 mM NaH,PO,, pH 6.0). The proto-
plasts were centrifuged at 800 g for 5 min and washed
with 0.8 M NaCl solution and repeated three times. The
protoplasts were then conditioned to 2.0x10% cells/
mL by adding solution 2 (0.8 M NaCl, 10 mM CacCl,,
10 mM Tris—HCI, pH 8.0) and solution 3 (40% (w/v)
PEG 4000, 50 mM CacCl,, 50 mM Tris—HCI, pH 8.0) at
a volume ratio of 4/1. The pDP201-cas9 plasmid (2 pg)
and pDP201-LaPT (1-8) plasmid (2 pg) were added to
the protoplast solution (200 pL). Aliquots were incu-
bated on ice for 20 min, and then solution 3 (1 mL)
was added to the aliquots. After incubation for 20 min
at room temperature, Solution 2 (10 mL) was added to
the mixture and the mixture was centrifuged at 800 g
for 10 min to remove the supernatant. After decanta-
tion, the residue was diluted with Solution 2 (1 mL) and
the mixture (200 puL) was poured onto a CD agar plate
(1.5%), which was then covered with soft-top CD agar
(0.6%) containing 21.8% sorbitol. The plates were incu-
bated at 30 °C for 3-5 days.
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4.5 Biotransformation experiments

Mycelium of the transformant strain AO-LaPT (1-8) was
inoculated into 2 mL of MPY (maltose-peptone-yeast
extract: 3% maltose, 1% polypeptone, 0.5% yeast extract)
medium containing the appropriate nutrients, and incu-
bated at 30 °C for 1 day. The substrate (2, 3, 4, olivanic
acid 5, o-orsellinaldehyde 6, 4-hydroxybenzaldehyde 7,
phloroglucinol 8 and 1-hydroxynaphthalen 9) in metha-
nol solution (50 pg/mL) was then added to the medium.
After incubation at 30 °C for another 3 days, the extract
products were separated by adding ethyl acetate and
soaking overnight, the crude extract was analyzed.

4.6 Compound detection methods

An Agilent HPLC 1260 Infinity II liquid chromatograph
was used in this experiment with a stationary phase col-
umn of Agilent 5 TC-C18 (2) (250 X 4.6 mm), The system
was operated on a mobile phase of methanol and water
(0.1% formic acid) with a linear gradient of 10-40%
MeOH for 5 min, followed by a linear gradient of 40—-80%
MeOH for 15 min, 80-100% MeOH for 5 min, 100%
MeOH for 5 min, and 100-10% MeOH for 8 min. The
detection wavelength was 290 nm, and the flow rate was
1 ml/min for 38 min per sample.

LC-MS was analyzed using a TripleTOF 6600 mass
spectrometer (AB/SCIEX, Milford, MA) and an HPLC
system (AB/SCIEX). The scanning mode was set as
continuous full scan with positive ions, and the scan-
ning range was m/z=120-1200. The liquid-phase C18
reversed-phase chromatographic column was a Kinetex
C18 column (150%4.6 mm, 2.6 pm) with the column
temperature controlled at 30 °C, the detection wavelength
was in the region of 200-600 nm, and the sample vol-
ume was 1 pL with a flow rate of 0.5 mL/min. The mobile
phase A was ddH,O containing 0.01% formic acid, and
the mobile phase B was acetonitrile containing 0.01% for-
mic acid. The gradient elution program was set up as fol-
lows: in 0—5 min, the mobile phase B was increased from
10 to 100%, and in 5—10 min, 100% of the mobile phase B
was kept unchanged.

4.7 Large-scale biotransformation and product separation
Mycelium of the transformed strain AO-LaPT3 was inoc-
ulated into 20 vials of 100 mL of MPY medium containing
appropriate nutrients. After incubation at 30 °C for 1 day,
the substrate 2 (50 pg/mL, methanol solution) was added
to the medium. After incubation at 30 °C for another
3 days, the mycelium and bacterial liquid were separated
by filtration. The mycelium was placed in a conical flask,
soaked overnight with appropriate amount of ethyl ace-
tate, and the concentrate was extracted three times with
equal volume of ethyl acetate, and concentrated to finally
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obtain the mycelial extract; the mycelium was soaked
with acetone and then filtered to remove the fermenta-
tion broth, and then the bacterium was collected and
extracted three times in successive infusions, and then
extracted three times with equal volume of ethyl acetate,
and concentrated to finally obtain the mycelial extract.

The fermentation broth extract was separated using
silica gel column chromatography. Hexane/ethyl acetate
(10:1—>1:1, v/v) gradient elution, the volume of elu-
ent for each gradient was twice the column volume.
The analytes were analyzed by using a combination of
TLC and HPLC, and after combining the target frac-
tions, the purification was carried out by applying a
semi-preparative column, YMC-Triart C18 (specifica-
tion: 250 mm X 10 mm, 5 pum). The target compounds
obtained after repeated separation and purification were
dissolved in Chloroform-d(Cambridge Isotope Laborato-
ries, Inc) and then detected by NMR.'H- and *C-NMR
spectra were recorded on a Bruker AMX-500 spectrom-
eter. Chemical shifts were reported as J scale in ppm as
an internal reference (CDCly; '"H NMR=7.26 ppm, *C
NMR=77.16 ppm). Data are reported as follows: chemi-
cal shift, multiplicity (s=singlet, d=doublet, m =multi-
plet), coupling constant (Hz), and integration.

4.8 Site-directed mutagenesis of LaPT3

The c¢cDNA of AO-LaPT3 strain was used as a PCR
template, and two candidate amino acid residues were
mutated by site-directed mutagenesis, i.e., N at position
100 mutated to S, G at position 208 mutated to A. Subse-
quently, the mutated sequences were constructed into the
pDP201C vector, which resulted in the mutant recom-
binant plasmid. The constructed recombinant plasmid
was introduced into A. oryzae to obtain the AO-LaPT3-
NI100S and AO-LaPT3-G208A mutant transformants.

4.9 Molecular docking

The three-dimensional structure of the LaPT3 protein
was predicted using AlphaFold3. The complete amino
acid sequence of LaPT3 was submitted to the Alpha-
Fold3 server for modeling. Among the generated mod-
els, the one with the highest predicted local distance
difference test (pLDDT) score was selected as the ini-
tial structure for subsequent molecular docking stud-
ies. Molecular docking experiments were performed
using Discovery Studio software. Based on the ApUbiA
structure (PDB:40OD5), Discovery Studio was employed
to dock two Mg** ions, DMAPP, and 2 into the pre-
dicted structure of LaPT3. Active sites were defined
based on homology models and conserved residues.
The final protein-ligand complexes were obtained by
considering CDOCKER interaction scores alongside
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the orientations of DMAPP and 2. Visualization of the
final docking complexes was performed using PyMOL
software.
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