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window. Our study describes the first tests of variecolin and its analogues in animals and demonstrates the
utility of synthetic biology for creating molecules with improved biological activities.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sesterterpenoids are a class of terpenoids derived from five
isoprene (Cs) molecules and are widely distributed in nature but
relatively rare compared with other terpenoid species' °. Fungi
are prolific producers of sesterterpenoids with a wide range of
biological activities, such as ophiobolin A, which exerts potent
anticancer activity®. Since the discovery and characterization of
the first sesterterpene synthase in 2013°, the biosynthetic pathways
of several fungal sesterterpenoids have been elucidated® °.
Several new sesterterpenoids have been obtained using a genome
mining approach that targets unexploited fungal sesterterpene
synthase genes'® >, The characterized fungal sesterterpene syn-
thases were found to be chimeric proteins comprising C-terminal
prenyltransferase (PT) and N-terminal terpene cyclase (TC) do-
mains. The PT domain is responsible for synthesizing C,s ger-
anylfarnesyl pyrophosphate (GFPP), using one molecule of
dimethylallyl pyrophosphate (DMAPP) and four molecules of
isopentenyl pyrophosphate (IPP) as substrates, whereas the TC
domain produces a cyclized product via the ionization-initiated
(class T) cyclization of GFPP?. Finally, this cyclized product is
converted into a sesterterpenoid through tailoring reactions.
Interestingly, the biosynthetic gene clusters of fungal ses-
terterpenoids are more compact than those of other fungal sec-
ondary metabolites, suggesting that fungal sesterterpenoid
biosynthesis may be easily engineered to generate diverse
analogues.

Variecolin (1) is a tetracyclic sesterterpenoid originally iso-
lated from the fungus Aspergillus variecolor MF138 and acts as an
angiotensin II receptor binding inhibitor**. Subsequently, 1 and its
congeners such as variecolactone (2) and emericolin A (3) were
obtained from several different fungi and have been proven to
possess diverse biological activities (Fig. 1A)* °°, including
antifungal®, immunomodulatory”’, C—C chemokine receptor 5
(CCR5) inhibitoryzx, antibacterialz‘), antimalarial3(), and anti-
cancer’’ activities. The biological activities and intriguing mo-
lecular framework of 1 have inspired synthetic chemists to attempt
the synthesis of this sesterterpenoid®' >*; however, 1 is a chal-
lenging synthetic target, and its total synthesis has not been ach-
ieved. Furthermore, despite recent rapid advances in biosynthetic
studies on fungal sesterterpenoids, the biosynthetic genes for 1
have not been reported. Thus, identification and characterization
of the biosynthetic gene cluster for 1 would facilitate the efficient
production and structural modification of this medicinally
important molecule via biocatalytic or synthetic biological
approaches.

In this study, to achieve the heterologous biosynthesis and
derivatization of 1, we first identified the biosynthetic gene cluster
for 1 in Aspergillus aculeatus. Then, we heterologously produced
1 using the terpene synthase VrcA and the cytochrome P450
monooxygenase VrcB. We also used a series of VrcB homologues

to obtain three new variecolin analogues. Finally, we evaluated the
biological activity of the obtained molecules in a mouse model
and found that one of the newly synthesized variecolin analogues
exerted promising anticancer activity with significantly less
toxicity than 1.

2. Results and discussion

2.1.  Discovery of the biosynthetic gene cluster of variecolin in
Aspergillus aculeatus

To discover the biosynthetic gene cluster of 1, we examined the
sequence of the A. aculeatus ATCC 16872 (CBS 172.66)
genome™, as A. aculeatus is a known producer of 1°°. This
investigation revealed the presence of two homologous proteins of
known sesterterpene synthases. As the molecular backbone of 1 is
expected to be biosynthesized in a similar manner as that of
astellifadiene'', the terpene synthase required for variecolin
biosynthesis should display high sequence identity with astelli-
fadiene synthase (EvAS). One possible sesterterpene synthase in
A. aculeatus was found to exhibit 65% amino acid sequence
identity with EvAS, and we therefore reasoned that this enzyme
may be involved in the biosynthesis of 1. In the flanking region of
this terpene synthase gene, we observed genes encoding a cyto-
chrome P450 monooxygenase and an ATP-binding cassette (ABC)
transporter, which appeared to form a cluster with the terpene
synthase gene (Fig. 1B). This gene cluster (hereafter, vrc cluster)
is conserved among several fungi, including the known variecolin
producer Aspergillus japonicus™®, further supporting its involve-
ment in the biosynthesis of 1. Based on this gene cluster infor-
mation, the following route of variecolin biosynthesis was
predicted: the sesterterpene synthase VrcA first yields a hydro-
carbon with the backbone of 1, which then undergoes multiple
oxidations catalyzed by the P450 VrcB to yield 1 (Fig. 1C).

2.2.  Elucidation of the variecolin biosynthesis

To analyze the function of the vrc cluster, we heterologously
expressed the terpene synthase gene vrcA in Aspergillus oryzae
NSAR1?, a powerful platform for the heterologous reconstitution
of fungal metabolite biosynthesis®® *’. The metabolites derived
from this A. oryzae transformant were analyzed by GC—MS. A
new compound 4 with an m/z of 340 [M], which corresponds to a
sesterterpene hydrocarbon, was detected only in the transformant
harboring vrcA (Fig. 2A). After large-scale cultivation of the
transformant, 4 was isolated and subjected to MS and NMR
analysis for structural characterization. HR-APCI-MS analysis
showed the molecular formula of 4 was C,sH,g, with six degrees
of unsaturation. Four olefinic carbon signals were observed in the
3C NMR spectrum of 4, indicating the tetracyclic nature of the
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pathway of 1.

product. Further analysis of the 2D NMR spectra revealed that 4
possesses a carbon skeleton identical to that of 1 (Supporting
Information Fig. S1) and therefore is likely to be the biosynthetic
precursor of 1. Compound 4 was named variecoladiene (Fig. 2C).

The cyclization of GFPP to form 4 should occur in a manner
resembling that of astellifadiene (Fig. 3), as previously dis-
cussed''. Thus, after the departure of the pyrophosphate group,
C—C bonds form at C-1/C-11 and C-10/C-14 to generate the
bicyclic intermediate 4a* with an 11-5-fused ring system. Next,
the five-membered ring undergoes ring expansion, concomitant
with the formation of an additional ring at C-14/C-18. The
resultant 11-6-5-fused tricyclic cation 4b™ is then neutralized by
deprotonation from C-24 to yield 4c. Subsequently, C-3 is
reprotonated, followed by the formation of a C—C bond at C-2/C-
6 to provide 4d* with a 5-8-6-5-fused ring system. This repro-
tonation was experimentally confirmed in an EvAS-catalyzed re-
action''. Finally, deprotonation from C-8 installs a double bond
between C-7 and C-8 to complete the cyclization reaction.

We then co-expressed the P450 gene vrcB along with the
terpene synthase gene vrcA in A. oryzae, and consequently, two
major peaks were observed in the HPLC analysis of the metabo-
lites produced by the two gene-expressing strains (Fig. 2B, trace
iii). The major products 1 and 2 were then purified and identified
as variecolin and variecolactone, respectively, by the comparison
of their NMR spectra and specific rotation values with the liter-
ature data®®*’. This also allowed the determination of the absolute
configuration of 4, as shown in Fig. 2C. In the course of the pu-
rification procedure, we noticed the presence of another minor
metabolite, which was also isolated and identified as emericolin A
(3)*®. Thus, it is indicated that the P450 VrcB is solely responsible
for the multiple oxidations at C-5 and C-20 positions; similar
multifunctional P450s have been found in several sesterterpenoid
biosynthetic pathways® 5'%1%!5_ Collectively, it has been proven

(A) Structures of variecolin (1) and its selected analogues. (B) Schematic representation of the vrc cluster. (C) Predicted biosynthetic

that the vrc cluster is indeed responsible for the variecolin
biosynthesis, and heterologous production of 1 was successfully
achieved.

2.3.  Creation of unnatural sesterterpenoid pathways

Having established a heterologous platform for variecolin (1)
production, we next sought to derivatize the scaffold of 1 using the
A. oryzae system. To this end, we collected known P450 genes
involved in fungal di-/sesterterpenoid biosynthesis and uncharac-
terized P450 genes found to be clustered with potential di-/ses-
terterpene synthase genes; we sought to include diverse P450s,
ranging from close homologues of VrcB to those exhibiting little
similarity with VrcB (Supporting Information Table S2 and Figs.
S2 and S3). These collected P450 genes were then utilized as
genetic building blocks to construct artificial sesterterpenoid
pathways. Each P450 gene was individually co-expressed with the
sesterterpene synthase gene vrcA; four of the 17 tested P450s
yielded oxidized products of 4. Two P450s from Aspergillus
violaceofuscus CBS 115571** (designated as VrcB'; GenBank:
PY114930.1) and Aspergillus heteromorphus CBS 117.55*
(designated as VrcB"; GenBank: XP_025395330.1) exhibited the
same product profile as VrcB (Fig. 2B, trace iv and v). This is
consistent with the high sequence similarity between VrcB and the
two P450s (89% and 79% amino acid identity, respectively).
Intriguingly, the introduction of acldA-P450, which is involved in
the biosynthesis of asperterpenol B, afforded a new metabolite, 5
(Fig. 2B, trace vi), which was revealed to be a monooxygenated
form of 4 by HR-MS analysis. Further analysis of the NMR
spectra confirmed that 5 harbors a hydroxy group at C-4. The
stereochemistry at C-4 was deduced based on the NOESY cor-
relation between H-4 and Hs-19 (Fig. 2C and Fig. S1), and
was further confirmed using the modified Mosher’s method
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(A) GC—MS chromatograms of A. oryzae transformants. (B) HPLC chromatograms of the A. oryzae transformants. The chro-

matograms were monitored at 215 nm. (C) Structures of the metabolites obtained in this study. (D) X-ray crystal structure of 7.

(Supporting Information Fig. S4)*°. This observation is consistent
with the fact that AcldA-P450 performs the C-4a hydroxylation
on its native substrate’. Compound 5 was hereby named 4a-
hydroxyvariecoladiene. Moreover, Stl-P450, which is responsible
for stellatic acid biosynthesish, transformed 4 into two products, 6
and 7 (Fig. 2B, trace vii), both of which were isomers of 5. The
NMR spectra of 6 and 7 were very similar and lacked exo-
methylene signals at C-23/C-24. Two doublets at 2.5—2.7 ppm in
the "H NMR spectra of 6 and 7 were not observed in the "H NMR
spectrum of 4; likewise, there were two new signals at 55—61 ppm

in the *C NMR spectra of 6 and 7, implying that the exo-
methylene was epoxidized by Stl-P450. Analysis of the 2D NMR
spectra of 6 and 7 confirmed that they had the same planar
structure, with an epoxide at C-23/C-24, and only differed in the
stereochemistry at C-23 (Fig. 2C and Fig. S1). Fortunately, 7 was
crystallized and subjected to X-ray diffraction analysis, which,
along with the absolute configuration of 1, determined the ste-
reochemistry of the epoxide in 7 to be S (Fig. 2D; CCDC:
2217442). Accordingly, it was deduced that 6 has the 23R
configuration. Compounds 6 and 7 were designated as (23R)- and

Figure 3
catalyzed reaction.

Proposed mechanism of the VrcA-catalyzed cyclization. The carbon atom numbering is in accordance with that for the EvAS-
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(235)-oxidovariecoladiene, respectively. Interestingly, Stl-P450
oxidizes a methyl group to a carboxy group in stellatic acid
biosynthesis (Fig. S3), which is distinct from the reaction that
occurred on the variecolin scaffold.

2.4. Investigation of the anticancer activity of variecolin and its
analogues

All of the compounds except 3 were obtained in sufficient quan-
tities and purities for biological testing (Supporting Information
Fig. S5), and therefore, we evaluated their biological activities. As
the compounds were poorly soluble in water, stock solutions were
prepared in DMSO and subsequently diluted with complete Dul-
becco’s Modified Eagle Medium (DMEM) cell-culture media. The
stability of compounds 1, 2, and 4—7 in DMSO was assessed
using 'H NMR spectroscopy at 0, 24, 48, and 72 h, and all of the
compounds were found to be stable throughout the experimental
period (Supporting Information Fig. S6). We then assessed the
cytotoxicity of 1, 2, and 4—7 in the human breast adenocarcinoma
cell line MCF-7 and murine colon cancer cell line CT26 using a
colorimetric MTT assay with an exposure time of 72 h (Table 1
and Supporting Information Fig. S7). All of the tested com-
pounds demonstrated activity at low to high micromolar concen-
trations in both cancer cell lines with the exception of 4, which
was not cytotoxic in MCF-7 cells. The cytotoxicities of 1 and 2
were previously assessed in MCF-7 cells (ICso = 30.99 and
14.47 pmol/L, respectively); however, those data cannot be
directly compared with the data from the current study because the
incubation time and standard deviations were not reported’’. Our
results indicate that the anticancer activities of the compounds
increased in the following order: 4 < 6 <7 <2 <5 < 1. The
comparison of 4 and 6 revealed a significant difference in their
cytotoxicities (4.3 and 6.8-times in MCF-7 and CT26 cells,
respectively), demonstrating that epoxidation at C-23/C-24
significantly improved the anticancer activity of this scaffold
compound. Although 6 and 7 only differed in terms of their ste-
reochemistry at C-23, the cytotoxicity of 7 was 3.9 and 3.2-times
higher than that of 6 in MCF-7 and CT26 cells, respectively. The
most drastic change in cytotoxicity was revealed by comparing 4
with its hydroxylated form, 5. The presence of the C-4 hydroxy
group on 5 resulted in 63- and 132-fold increases in cytotoxicity in
MCF-7 and CT26 cells, respectively. Among all of the tested

compounds, 1 and 5 were the most active in both cell lines
(ICsps = 1—8 umol/L). The selectivity of each tested compound
toward cancer cells is represented by a selectivity factor (SF),
which was calculated as the ratio of the ICs, value in the non-
cancerous human lung fibroblast cell line (MRC-5) to that in the
respective cancer cell line. All of the compounds except 5 were as
toxic in MRC-5 cells (SF < 1) as in cancer cells (Table 1), or more
toxic in MRC-5 cells than in cancer cells, suggesting they may
cause serious side effects during treatment. Similarly, poor
selectivity is typically observed for anticancer natural product
drugs such as paclitaxel and doxorubicin®®*’. That is, despite
being very effective, these drugs can cause severe toxicity in
cancer patients, including heart toxicity and peripheral neuropa-
thy*®*°. In contrast, compared with 1, the unnatural analogue 5
was less cytotoxic but was selective for cancer cells over normal
cells (SF = 1.4-3.5), indicating that this compound may poten-
tially offer a wider therapeutic window, more flexible dosing, and
fewer adverse effects.

2.5.  Invivo evaluation of antitumor efficacy of variecolin (1)
and 5 in mouse colon cancer xenograft model

Variecolin (1) and § were chosen for subsequent in vivo studies. To
determine the appropriate dose, we conducted a pilot acute
toxicity study in BALB/c mice. The mice (n = 15) were randomly
distributed into five groups and intraperitoneally injected every
other day with 1 or 5 or vehicle (five injections within 10 days).
The groups received the following treatments: Group 1, 10 mg/kg
of 1; Group 2, 20 mg/kg of 1; Group 3, 10 mg/kg of 5; Group 4,
20 mg/kg of 5; and Group 5, vehicle. The mice were monitored
daily to detect weight changes and clinical signs of toxicity. After
the last injection, the animals were followed for seven days to
watch for signs of delayed toxicity. Mice in Groups 3—5 did not
exhibit any signs of toxicity during the observation period. In
contrast, all of the mice in Group 2, which received the highest
dose of 1, died spontaneously after the second injection (Day 4).
Initially, the mice in Group 1 tolerated treatment with a low dose
of 1, as indicated by a lack of weight loss or other signs of toxicity.
However, during the follow-up period, all of these mice started to
show signs of toxicity, such as severe diarrhea and weight loss, so
were humanely sacrificed. These in vivo results are consistent with
those of the in vitro selectivity study described above. Therefore,

Table 1  Anticancer activity of the metabolites 1, 2, and 4—7.
Compd. ICso (nmol/L)" SFucr.7” SFcra6
MCE-7 CT26 MRC-5

Variecolin (1) 1.4 4+ 0.3 1.0+ 0.3 1.1 £0.2 0.8 1.1
Variecolactone (2) 22 £ 8 14 £3 15+£3 0.7 1.1
Variecoladiene (4) >500 409 + 131 >500 - —

5 8+2 3.1+05 11+3 14 3.5

6 117 £+ 29 60 + 10 33+6 0.3 0.5

7 30 + 8 19+ 7 14+ 5 0.5 0.7
Paclitaxel 0.00278 n.d.® 0.00261 0.9 -

“Half-maximal (50%) inhibitory concentrations in the MCF-7 (human breast adenocarcinoma) and CT26 (murine colon carcinoma) cell lines, as
determined using an MTT assay with an exposure time of 72 h. Values are means =+ standard deviations obtained from at least three independent

experiments.

"The selectivity factor (SF) was calculated as ICso(MRC-5)/ICs5o(MCF-7).

“The SF was calculated as IC5o(MRC-5)/ICso(CT26).
9The ICs, values and SFycr- were taken from the literature™.
°n.d. = not determined.
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Figure 4

Effects of 1 and 5 on CT26 tumor growth in vivo. (A) Representative images of tumors at the study endpoint after five intraperitoneal

(i.p.) injections of 1, 5, or vehicle (DMSO/Cremophor EL in sterile PBS). (B) CT26 tumor growth over time in BALB/c mice. The tumors first
became palpable on Day 7, and their volumes were measured with calipers every other day. Mice (n = 5) were treated with 1 at 8 mg/kg, 5 at
20 mg/kg, or vehicle via i.p. injection every other day (arrows represent the injection days). (C) Weights of the isolated tumors shown in Fig. 4A.
(D) Quantification of necrosis in hematoxylin- and eosin-(H&E) stained tumor tissues. (E) Representative H&E-stained tumor tissues from
vehicle, 1, and 5-treated mice. (B) Two-way analysis of variance with Dunnett’s post-hoc analysis or (C and D) unpaired #-tests were conducted
using GraphPad Prism 9 software (GraphPad Software Inc., La Jolla, CA, USA); P < 0.05 is considered significant (*P < 0.05, **P < 0.01,

*#*%P < 0.001, ns: not significant).

we chose subtoxic dosage of 8 mg/kg of 1 and 20 mg/kg of 5 for
subsequent efficacy studies.

Next, we established a mouse xenograft model using the
colorectal cancer cell line CT26. The animals (n = 15) were
randomly divided into three groups and treated as follows: Group
1, 1 (8 mg/kg); Group 2, 5 (20 mg/kg); and Group 3, vehicle (1%
DMSO/Cremophor EL in sterile phosphate-buffered saline
[PBS]). Cremophor EL was used to ensure sufficient solubility of
the tested compounds in aqueous buffers. As soon as the tumors
became palpable (Day 7), their volumes were measured every
other day. On Day 12, the mice were intraperitoneally injected
with the indicated compound or vehicle every second day for 10
consecutive days (a total of five injections). Throughout the
experiment, all of the mice remained bright, alert, and responsive
and did not exhibit any clinical signs of toxicity (no body weight
changes exceeding 5%, and no diarrhea; Supporting Information
Fig. S8). When the tumor volume in the control group reached
2000 mm?, all animals were humanely sacrificed, and the tumors,
kidneys, and livers were harvested for further histological exam-
ination. The kidneys and livers from all three groups demonstrated
a normal structure without significant microscopic structural
changes (Supporting Information Fig. S9). Analysis of the tumor
volumes at the experimental endpoint revealed that mice treated
with 5, but not those treated with 1, demonstrated significant in-
hibition of tumor growth (Fig. 4A and B). However, the tumor
weights were significantly reduced in both treatment groups
relative to the controls (Fig. 4C). The histological examination of
tumor tissues from drug-treated mice revealed high levels of ne-
crosis, especially in the group treated with 1 (Fig. 4D and E). In
contrast, tumors from the vehicle-treated group exhibited rapid
growth and low levels of necrosis. In conclusion, both 1 and §

were able to reduce the tumor burden; however, the efficacy of 1
was markedly limited by its toxicity, whereas 5 was not toxic,
even at the highest dose (20 mg/kg). To the best of our knowledge,
this is the first study to explore the in vivo antitumor efficacy of 1
and its analogues.

3. Conclusions

In this study, we successfully achieved the heterologous produc-
tion of variecolin (1), which has long been a challenging target for
synthetic chemists. Furthermore, we derivatized the scaffold of 1
by employing P450s from other fungal terpenoid pathways, and
thus obtained three distinct biocatalysts that can efficiently oxidize
the skeleton of 1. Given that the new analogues of 1 with different
oxidative modifications all exhibited anticancer activity, the
skeleton of 1 could be considered a privileged scaffold for
developing anticancer agents. Most significantly, one of its de-
rivatives, 5, was characterized by a wider therapeutic window with
an ideal combination of toxicity and efficacy, which is in clear
contrast to 1 exhibiting higher cytotoxicity but severer side effects.
Given the structural differences between 1 and 5, the aldehyde
group of 1, which would react with various biological molecules,
might be attributed to the toxic side effects of 1. Although many
additional investigations have yet to be performed for further
application of 5, these findings demonstrate the utility of our
synthetic biology strategy to obtain bioactive unnatural natural
products. This approach could also be applied to the structural
modification of other fungal sesterterpenoids, which would further
diversify this class of natural products and possibly provide future
lead compounds with improved biological activities.
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4. Experimental
4.1.  General experimental procedures

Organic solvents were purchased from Anaqua (Hong Kong) Co.
Ltd., and other chemicals were purchased from Wako Chemicals
Ltd., Thermo Fisher Scientific, Sigma—Aldrich, or J&K Scientific
Ltd., unless noted otherwise. Oligonucleotide primers (Supporting
Information Table S4) were purchased from Tech Dragon Limited
or Beijing Genomics Institute. Thiazolyl blue tetrazolium bromide
(MTT) was purchased from Alfa Aesar, Roswell Park Memorial
Institute (RPMI 1640) medium, Dulbecco’s Modified Eagle’s Me-
dium (DMEM) medium, Fetal Bovine Serum (FBS), Phosphate
Buffered Saline (PBS), Tris-acetate EDTA were purchased from
Thermo Fisher Scientific. Milli-Q-grade purified water was ob-
tained from a Milli-Q UV purification system (Sartorius Stedim
Biotech S.A., Aubagne Cedex, France). 2',7'-Dichlorodihydro-
fluorescein diacetate and Cremophor EL were purchased from
Sigma—Aldrich. PCR was performed using a T100 Thermal Cycler
(Bio-Rad Laboratories, Inc.) with Phanta Max Super-Fidelity DNA
Polymerase (Vazyme Biotech Co., Ltd.). Analytical HPLC was
performed on a Dionex Ultimate 3000 UHPLC system
(Thermo Scientific), using a Kinetex 2.6 um C;g 100 A column
(2.1 mm id. x 100 mm; Phenomenex). Preparative HPLC was
performed on a Waters 1525 Binary HPLC pump with a 2998
photodiode array detector (Waters Corporation), using a an XBridge
BEH C18 OBD Prep Column (100 ;\, 5 um, 19 mmi.d. x 250 mm;
Waters Corporation). Flash chromatography was performed using
an Isolera Spektra One flash purification system (Biotage). NMR
spectra were obtained at 600 MHz ('H)/150 MHz ('*C) with a
Bruker Ascend Avance III HD spectrometer, and chemical shifts
were recorded with reference to solvent signals (‘"H NMR: CDCl,
7.26 ppm; '*C NMR: CDCl; 77.0 ppm). HR-ESI-MS and HR-
APCI-MS spectra were obtained with a SCIEX X500R Q-TOF
mass spectrometer. Optical rotations were measured with P-2000
Digital Polarimeter (JASCO Corporation). GC—MS analyses were
performed with an Agilent 7890A/5975C system using an HP-5ms
capillary column (0.25 mm i.d. x 30 mm, 0.25 um film thickness).

4.2.  Strains

Emericella variecolor NBRC 32302 was obtained from the Bio-
logical Resource Center, National Institute of Technology and
Evaluation (Chiba, Japan), and the other fungal strains listed in
Table S2 were purchased from the Westerdijk Fungal Biodiversity
Institute. A. oryzae NSAR1 (niaD™, sC~, AargB, adeA™)’” was
utilized as the fungal heterologous expression host. Standard DNA
engineering was performed with Escherichia coli DH5« (Takara
Bio Inc.).

4.3.  Construction of fungal transformation plasmids

To construct the fungal transformation plasmid with vrcA, it was
first amplified from the genomic DNA of E. variecolor NBRC
32302 and introduced into pTAex3 vector’’, using a ClonExpress
Ultra One Step Cloning Kit (Vazyme Biotech Co., Ltd.). A DNA
fragment harboring the amyB promoter (PamyB)-vrcA-amyB
terminator (TamyB) was then amplified from the pTAex3-based
plasmid, and further introduced into the pAdeA vector’'. Mean-
while, each P450 gene was amplified from the genomic DNA of

the corresponding fungal strain and ligated into the pTAex3-HR
vector’”. Primers used in this study and detailed methods for the
construction of the plasmids are summarized in Supporting In-
formation Tables S4 and S5, respectively.

4.4.  Fungal transformation

Initially, A. oryzae NSAR1 was transformed with pAdeA-vrcA by
the previously reported protoplast—polyethylene glycol method””.
Subsequently, the resultant transformant was further transformed
using the pTAex3-HR-based plasmid containing each P450 gene
by CRISPR-Cas9-mediated DNA double-strand break and repair
by homologous recombination, as previously described”™. Trans-
formants created in this study and the plasmids used for the
transformation are given in Supporting Information Table S6.

4.5. GC—MS and HPLC analysis of each product from A.
oryzae transformants

To analyze the metabolites from each A. oryzae transformant, the
transformants were cultivated on a DPY agar plate [2% dextrin,
1% hipolypepton (Nihon Pharmaceutical Co., Ltd.), 0.5% yeast
extract, 0.5% KH,PO,, 0.05% MgSO,-7H,0, and 1.5% agar] for
seven days at 30 °C. A small piece of fungal mycelia and agar was
cut from the plate, soaked in ethyl acetate, and extracted using an
ultrasonic bath. The ethyl acetate layer was transferred to a new
tube, and the solvent was removed using nitrogen gas flow.

For the analysis of the metabolites from the A. oryzae trans-
formant harboring vrcA, the extract was subjected to a GC—MS
analysis. The temperature of the ionization chamber was
260 °C, with electron impact ionization at 70 eV. Helium was used
as a carrier gas, and its average velocity was 27.573 cm/s. The
program held the temperature at 100 °C for 3 min, increased the
temperature at a rate of 14 °C/min up to 268 °C, and then held it at
268 °C for 6 min.

HPLC analyses were performed with a solvent system of
20 mmol/L formic acid (solvent A) and acetonitrile containing
20 mmol/L formic acid (solvent B), at a flow rate of 0.4 mL/min
and a column temperature of 40 °C. Separation was performed
using a linear gradient from 10:90 (solvent B/solvent A) to 100:0
for 10 min, 100:0 for the following 3 min, and a linear gradient
from 100:0 to 10:90 within the following 2.0 min, and then 10:90
for 2.5 min of equilibrium.

4.6.  Isolation of each metabolite

To isolate each metabolite, A. oryzae transformants were cultivated
on DPY agar plates at 30 °C for seven days. Then fungal cultures and
agar medium were crushed into small pieces, soaked in ethyl ace-
tate, and extracted twice using an ultrasonic bath. After filtration,
ethyl acetate was removed in vacuo. The crude extract was frac-
tionated by flash chromatography or silica-gel column chromatog-
raphy, and further purified by preparative HPLC. Purification
methods for each compound are described in detail below.

4.6.1.  Purification conditions for variecolin (1), variecolactone
(2), and emericolin A (3)

A. oryzae NSAR1 with vrcA and vreB was cultivated on 150 DPY
agar plates (ca. 3 L) at 30 °C for seven days. The extract from the
transformant (1.64 g) was subjected to flash chromatography and
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eluted stepwise using a dichloromethane:ethyl acetate gradient
(100:0 to 0:100). Fractions that contained 1 were then purified by
reverse-phase preparative HPLC (90% aqueous acetonitrile,
10.0 mL/min) to yield 31.7 mg of white powder. Fractions that
contained 2 were purified by reverse-phase preparative HPLC
(90% aqueous acetonitrile, 10.0 mL/min) to yield 63.5 mg of
white powder. Fractions that contained 3 were purified by reverse-
phase preparative HPLC (80% aqueous acetonitrile, 10.0 mL/min)
to yield 4.7 mg of white powder.

4.6.2.  Purification conditions for variecoladiene (4)

A. oryzae NSAR1 with vrcA was cultivated on 50 DPY agar plates
(ca. 1 L) at 30 °C for seven days. The extract from the trans-
formant (432 mg) was reextracted with hexane and then subjected
to silica-gel column chromatography and eluted with hexane to
finally yield 13.0 mg of colorless oil.

4.6.3.  Purification conditions for compound 5

A. oryzae NSARI1 with acldA-P450 was cultivated on 150 DPY
agar plates (ca. 3 L) at 30 °C for seven days. The extract from the
transformant (820 mg) was subjected to silica-gel column chro-
matography and eluted with hexane: ethyl acetate (100:0—10:1).
Fractions that contained 5 were then purified by reverse-phase
preparative HPLC (95% aqueous acetonitrile, 10.0 mL/min) to
yield 14.3 mg of colorless oil.

4.6.4.  Purification conditions for compounds 6 and 7

A. oryzae NSARI1 with Stl-P450 was cultivated on 150 DPY agar
plates (ca. 3 L) at 30 °C for seven days. The extract from the
transformant (750 mg) was subjected to silica-gel column chro-
matography and eluted with hexane: ethyl acetate (100:0—99:1).
Fractions that contained 6 and 7 were then purified by reverse-phase
preparative HPLC (95% aqueous acetonitrile, 10.0 mL/min) to yield
18.2 mg of colorless oil (6) and 6.2 mg of colorless oil (7).

4.7.  Synthesis of (S)-MTPA ester of compound 5

(R)-MTPA chloride (82.8 mg) was added to a solution of 5 (5.3 mg)
in dry pyridine (1 mL) at room temperature. After 1 h, the reaction
mixture was concentrated to dryness and purified by reverse-phase
preparative HPLC (98% acetonitrile) to yield 6.8 mg of (S )-
MTPA ester of 5. '"H NMR (CDCl;, 600 MHz): ¢ 5.55 (1H, brd,
J = 1.2 Hz, H-8), 5.19 (1H, d, J = 4.8 Hz, H-4), 4.68 (1H, d,
J = 19Hz,H-24),4.56 (1H, brs, H-24),3.41 (1H, q,J = 9.4 Hz, H-
6), 2.55 (1H, td, J = 11.1, 7.2 Hz, H-2), 2.39 (1H, td, J/ = 10.8,
5.1 Hz, H-16), 2.34 (1H, brd, J = 17.6 Hz, H-9«), 2.27 (1H, ddd,
J=15.4,7.5,5.3 Hz, H-58),2.09 (1H, quin, J = 7.2 Hz, H-3), 2.04
(1H, overlapped, H-10), 2.00 (1H, m, H-5¢«), 1.94 (1H, m, H-17 ),
1.69 (3H, s, H-25), 1.65 (1H, m, H-1p), 1.65 (3H, s, H-20), 1.65 (1H,
overlapped, H-98), 1.61 (1H, overlapped, H-12«), 1.38 (1H, ddd,
J =12.7,4.5,2.5 Hz, H-13«), 1.36 (1H, overlapped, H-18w), 1.33
(1H, overlapped, H-133), 1.32 (1H, m, H-178), 1.28 (1H, t,
J = 11.1Hz,H-15),1.15 (1H, q, J = 10.5 Hz, H-180), 0.96 (1H, d,
J = 13.9 Hz, H-1«), 0.88 (1H, overlapped, H-128), 0.87 (3H, s, H-
21),0.75 3H, d, J = 7.4 Hz, H-19), 0.66 (3H, s, H-22); for NMR
spectra see Supporting Information Fig. S28.

4.8.  Synthesis of (R)-MTPA ester of compound 5

The synthesis of the (R)-MTPA ester of 5 was performed in the
same manner as described for the (S )-MTPA ester with 5 (5.4 mg)

and (S )-MTPA chloride (84.3 mg), yielding 7.8 mg of (R)-MTPA
ester of 5. '"H NMR (CDCl;, 600 MHz): ¢ 5.55 (1H, brd,
J = 7.4 Hz, H-8), 5.19 (1H, d, J = 4.8 Hz, H-4), 4.69 (1H, d,
J = 1.9 Hz, H-24), 4.56 (1H, brs, H-24), 3.36 (1H, q, J = 9.4 Hz,
H-6), 2.64 (1H, td, J = 11.3, 7.0 Hz, H-2), 2.39 (1H, td, / = 10.9,
5.1 Hz, H-16), 2.33 (1H, brd, J = 17.3 Hz, H-9«), 2.24 (1H, ddd,
J = 154,7.7, 5.0 Hz, H-50), 2.15 (1H, quin, / = 7.2 Hz, H-3),
2.05 (1H, td, J = 12.0, 5.0 Hz, H-10), 1.95 (1H, m, H-5«), 1.95
(1H, m, H-17a), 1.70 (1H, td, J = 14.0, 4.5 Hz, H-12«), 1.69 (3H,
s, H-25), 1.66 (1H, m, H-18), 6 1.64 (3H, s, H-20), 1.64 (1H, m,
H-96), 1.41 (1H, ddd, J = 12.7, 4.6, 2.5 Hz, H-13w), 1.36 (1H,
overlapped, H-18«), 1.35 (1H, overlapped, H-138), 1.32 (1H, m,
H-1768), 1.28 (1H, t, J = 11.1 Hz, H-15), 1.16 (1H, q,
J = 11.0 Hz, H-180), 0.99 (1H, d, J = 14.1 Hz, H-1«), 0.92 (1H,
ddd, J = 13.9, 4.6, 2.5 Hz, H-12(), 0.88 (3H, s, H-21), 0.77 (3H,
d, J = 7.5 Hz, H-19), 0.70 (3H, s, H-22); for NMR spectra see
Supporting Information Fig. S29.

4.9.  Examination of the purity and stability of isolated
compounds

Purified compounds 1—3 and 5—7 were analyzed by HPLC with
the same condition used for the metabolites from A. oryzae
transformants, whereas compound 4 was analyzed by HPLC using
100% acetonitrile containing 0.05% formic acid as a sole solvent,
at a flow rate of 0.4 mL/min and a column temperature of 40 °C
(Fig. S5). To check the stability of 1—2 and 4—7 in DMSO, these
compounds were dissolved in DMSO-de, and '"H NMR spectra
were obtained at different time points (Fig. S6).

4.10. Cell lines and culture conditions

MCEF-7 (human breast adenocarcinoma), CT26 (murine colorectal
carcinoma), and MRC-5 (human lung fibroblasts, non-cancerous)
were obtained from the American Type Culture Collection
(ATCC). All cell lines were cultured in DMEM containing 10%
FBS and 1% of penicillin-streptomycin (10,000 U/mL). Cells
were grown in tissue culture flasks (75 and 25 cm? SPL Life
sciences). All cell lines were grown at 37 °C in a humidified at-
mosphere of 95% air and 5% CO,. All drug stock solutions were
prepared in DMSO, and the final concentration in the medium did
not exceed 1%, at which cell viability was not inhibited.

4.11.  Inhibition of cell viability assay

The cytotoxicity of the compounds was determined by colori-
metric MTT assay. The cells were harvested from culture flasks by
trypsinization and seeded into Cellstar 96-well microculture plates
at the seeding density of 6000 cells per well (6 x 10* cells/mL).
After cells were allowed to resume exponential growth for 24 h,
they were exposed to drugs at different concentrations in media
for 72 h. The drugs were diluted in complete medium at the
desired concentration and added to each well (100 pL) and serially
diluted to other wells. After exposure for 72 h, the media was
replaced with MTT in media (5 mg/mL, 100 pL) and incubated for
additional 45 min. Subsequently, the medium was aspirated, and
the purple formazan crystals formed in viable cells were dissolved
in DMSO (100 pL). Optical densities were measured at 570 nm
using the BioTek H1 Synergy microplate reader. The quantity of
viable cells was expressed in terms of treated/control (T/C) values
by comparison to untreated control cells, and 50% inhibitory
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concentrations (ICsg) were calculated from concentration-effect
curves by interpolation. Evaluation was based on means from at
least three independent experiments, each comprising three rep-
licates per concentration level.

4.12.  In vivo experiments

All animal procedures were performed under the Guidelines for
Care and Use of Laboratory Animals of the City University of
Hong Kong and approved by the Animal Ethics Committee of the
City University of Hong Kong. All mice were maintained in the
laboratory animal research unit (LARU) of the City University of
Hong Kong in specific pathogen-free conditions. All mice ex-
periments were performed in compliance with the guidelines and
protocols, which were approved by the institutional and local
ethics committee of HKSAR, Department of Health. Six to eight-
week-old BALB/c mice were purchased from the Laboratory
Animal Research Unit (LARU) of the City University of Hong
Kong. Animals were randomly assigned to different groups. Prior
to assignment to groups, the weight variation of the animals did
not exceed 20% of the mean weight. Animals were grouped and
housed in solid bottom polycarbonate cages (5 mice per cage) and
provided with pelleted food and water ad libitum. Environmental
controls for the animal room were set to maintain 22—27 °C, a
relative humidity of 55%—75%, a minimum of 10 air changes/h,
and a 12 h light/12 h dark cycle. No known contaminants were
present in the diet or water at levels that might interfere with this
study. To identify the appropriate dose of the experimental drugs
for subsequent in vivo efficacy study, BALB/c mice were injected
every second day via i.p. route with 10 or 20 mg/kg of variecolin
(1) or 10 or 20 mg/kg of 5 for 10 days (5 injections in total). The
control group received only the respective vehicle (DMSO/Cre-
mophor EL/PBS). The location of the i.p. injection was the lower
left abdominal quadrant. Animals were controlled for distress
development. Their weight changes were monitored daily for the
whole duration of the experiment. On Day 4, all mice receiving
20 mg/kg of 1 died. Mice receiving 10 mg/kg of 1 experienced
severe diarrhea during the follow-up period. Other mice did not
show any signs of toxicity. For in vivo efficacy study, BALB/c
mice were subcutaneously injected with 0.1 mL of CT26 cells
(5 x 10° cells/L) on the right flank.

Tumors became palpable on Day 7 after implantation. After
the tumor volume reached 100 mm3, the treatment was initiated
(Day 12 after implantation). Animals were randomly divided into
three groups (n = 5), and tumor dimensions were measured using
a caliper. The volume (mm?) of the tumor was calculated ac-
cording to Eq. (1):

Tumor volume = (Longest diameter) x (Shortest diameter)?
x 0.5 (1

Drug-treated groups were intraperitoneally injected with 8 mg/
kg of 1 or 20 mg/kg of 5 in sterile PBS with DMSO/Cremophor
EL, whereas control group was injected with sterile PBS with
DMSO/Cremophor EL as a vehicle. Treatment was performed on
Days 12, 14, 16, 18, and 20. After the end of treatment, animals
were sacrificed on Day 24. Animals were controlled for distress
development. Their weight changes were monitored every day
during the whole duration of the experiment. All mice were bright,
alert, and responsive during the whole study. After sacrificing

mice, tumors were collected, weighed, and harvested, together
with organs (liver and kidney), for further histopathological
examination.

4.13.  Histopathological examination

Tumor, liver, and kidney tissues were fixed in 10% buffered
formalin overnight and washed twice with PBS. Tissues were then
embedded in paraffin. Sections with a thickness of 4 pm were
prepared, mounted on slides, and deparaffinized in xylene (twice).
Then sections were rehydrated in a graded series of alcohol
(2 x 100% alcohol and 2 x 75% alcohol) and distilled water.
Later, sections were stained with a haematoxylin solution, rinsed
in water, passed through a 70% ethanol solution containing 1%
HCI, and rinsed again with tap water. Sections were stained with
eosin for 5 min and rinsed with absolute alcohol and xylene for
5 min®*. The slides were analyzed using Leica DM2700 micro-
scope and Panoramic 250 Flash III (3D Histech, Hungary). Ne-
crosis, hemorrhages, steatosis in hepatocytes, cell shrinking,
nuclear enlargement or pyknosis, chromatin condensation,
ruptured cell membrane, and apoptotic body were evaluated as
potential signs of liver and kidney toxicity’”. The extent of tumor
necrosis was quantified on H&E-stained slides by evaluating the
percent of tumor necrotic area by the visual assessment of an
experienced pathologist.

4.14.  Analytical data

Variecolin (1). White powder; [a]2D2 —80.4 (¢ 1.00, CH;CN); 'H
NMR (CDCl;, 600 MHz): 6 9.18 (s, 1H), 6.92 (m, 1H), 4.73 (brd,
J = 2.1 Hz, 1H), 463 (brt, J = 1.7 Hz, 1H), 3.57 (d,
J = 10.3 Hz, 1H), 2.86 (d, J = 18.6 Hz, 1H), 2.65 (dt, J = 10.7,
6.8 Hz, 1H), 2.52 (ddd, J = 18.7, 8.3, 0.8 Hz, 1H), 2.46—2.36 (m,
3H), 224 (ddd, J = 19.1, 12.6, 6.5 Hz, 1H), 2.19 (brt,
J = 12.6 Hz, 1H), 1.99 (dtd, J = 13.8, 10.7, 8.5 Hz, 1H), 1.89 (td,
J = 13.8, 4.5 Hz, 1H), 1.71 (brs, 3H), 1.55 (dd, J = 14.6,
11.9 Hz, 1H), 1.50 (ddd, J = 12.9, 4.4, 2.5 Hz, 1H), 1.47—1.34
(m, 4H), 1.23 (q, J = 10.6 Hz, 1H), 1.20 (d, J = 14.8 Hz, 1H),
1.02 (ddd, J = 13.9, 3.9, 2.6 Hz, 1H), 0.93 (s, 3H), 0.83 (s, 3H),
0.79 (d, J = 7.4 Hz, 3H); '3C NMR (CDCls, 150 MHz): 6 220.7,
193.0, 160.7, 150.3, 139.8, 110.7, 50.4, 48.6, 48.4, 46.3, 43.3,
42.2,40.6, 39.8,39.2,39.1, 35.4,35.2, 34.7, 31.5, 29.9, 21.8, 19.0,
18.0, 15.8; for NMR spectra see Supporting Information Figs. S10
and S11; HRMS (ESI) m/zz [M+H]" Calcd for C,sH3;0,
369.2788; Found 369.2772. The NMR data are in good agreement
with the reported data’®.

Variecolactone (2). White powder; [oz]zD5 +108.9 (¢ 0.5,
CH;CN); '"H NMR (CDCls, 600 MHz): 6 6.96 (m, 1H), 4.71 (brd,
J = 1.4 Hz, 1H), 4.63 (brs, 1H), 3.59 (m, 1H), 2.79 (m, 1H), 2.75
(m, 1H), 2.38 (td, / = 11.1, 5.6 Hz, 1H), 2.28—2.20 (m, 2H),
2.18—2.08 (m, 3H), 2.03—1.92 (m, 2H), 1.69 (brs, 3H), 1.54—1.40
(m, 5H), 1.36 (ddd, J = 13.7, 10.2, 5.6 Hz, 1H), 1.23 (q,
J = 10.6 Hz, 1H), 1.08 (dd, J = 14.6, 1.4 Hz, 1H), 0.98 (dt,
J = 13.7, 3.0 Hz, 1H), 0.90 (s, 3H), 0.86 (s, 3H), 0.68 (d,
J = 7.2 Hz, 3H); *C NMR (CDCl;, 150 MHz): 6 171.0, 150.5,
144.6, 125.3, 115.5, 110.4, 51.8, 48.1, 48.0, 44.8, 43.4, 40.8, 39.9,
39.8, 38.9, 38.6, 37.9, 35.1, 34.3, 30.0, 29.7, 21.7, 19.3, 18.1, 15.9;
for NMR spectra see Figs. S12 and S13; HRMS (ESI) m/z:
[M+H]" Calcd for C,sHs;,05 385.2737; Found 385.2728. The

26

NMR data are in good agreement with the reported data™.
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Emericolin A (3). White powder; [a]3 +34.9 (¢ 0.26, CHCL);
'"H NMR (CDCls, 600 MHz): 6 9.29 (s, 1H), 6.76 (td, J = 5.3,
1.3 Hz, 1H), 4.75 (brd, J = 1.7 Hz, 1H), 4.65 (brs, 1H), 4.63 (m,
1H), 3.04 (m, 1H), 2.75 (m, 1H), 2.46—2.38 (m, 2H), 2.32—2.20
(m, 2H), 2.08—1.94 (m, 2H), 1.78 (td, J = 13.8, 4.6 Hz, 1H), 1.73
(m, 1H), 1.72 (brs, 1H), 1.52—1.35 (m, 5H), 1.27—1.20 (m, 2H),
1.14 (brd, J = 14.9 Hz, 1H), 0.97 (ddd, J = 14.0, 3.8, 2.5 Hz,
1H), 0.89 (s, 3H), 0.84 (s, 3H), 0.84 (d, J = 6.5 Hz, 3H); "°C
NMR (CDCl;, 150 MHz): 6 199.5, 161.4, 150.5, 142.2, 110.5,
75.9,52.8,48.3,48.1,43.5,41.2,40.9, 40.3, 39.9, 38.5, 38.2, 37.7,
35.2,34.2,30.5, 29.8, 21.8, 19.0, 18.2, 15.4; for NMR spectra see
Figs. S14 and S15; HRMS (ESI) m/z: [M—H,O+H]" Calcd for
C,5H3,0 353.2839; Found 353.2831. The NMR data are in good
agreement with the reported data”®.

Variecoladiene (4). Colorless oil; [a]5y +34.0 (¢ 0.93, CHCl);
for NMR data and spectra see Supporting Information Table S7,
Fig. S1, and Figs. S16—S21; HRMS (APCI) m/z: [M + H]" Calcd
for CysHyy 341.3203; Found 341.3199.

4a-Hydroxyvariecoladiene (5). Colorless oil; [oz]lz)2 +21.1 (¢
1.00, CHCl3); for NMR data and spectra see Table S7, Fig. S1, and
Supporting Information Figs. S22—S27; HRMS (ESI) m/z:
[M—H,O-+H]" Calcd for C,5Hso 339.3046; Found 339.3039.

(23R)-Oxidovariecoladiene (6). Colorless oil; [a]zDz +47.0 (c
1.00, CHCl3); for NMR data and spectra see Table S7, Fig. S1, and
Supporting Information Figs. S30—S35; HRMS (APCI) m/z:
[M+H]™" Caled for C,5H,,0 357.3152; Found 357.3140.

(23S)-Oxidovariecoladiene (7). Colorless oil; [a]% +51.9 (c
0.33, CHCly); for NMR data and spectra see Table S7, Fig. S1, and
Supporting Information Figs. S36—S41; HRMS (APCI) m/z:
[M+H]™" Calcd for C,5H,,0 357.3152; Found 357.3140.

4.15.  X-ray crystallographic analysis

A single crystal of compound 7 was formed in DMSO by a slow
evaporation process at room temperature for approximately three
weeks. Single crystal X-ray diffraction measurements were per-
formed on a Bruker D8 Venture diffractometer using Cu K« ra-
diation at 213 K. The data collection was performed with the
APEX3 program, and cell refinement and data reduction were
carried out using the SAINT program. The structure of 7 was
solved by direct method with the SHELXT program and refined
using the SHELXL program. All non-hydrogen atoms were
refined anisotropically, whereas hydrogen atoms were placed by
geometrical calculations. See the X-ray Crystallographic Data
section in the Supporting Information for more details.
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