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1. Introduction and brief summary

1.1. Introduction: stable isotopes

Biomolecules are composed of atoms from various elements, each exhibiting distinct
chemical properties that are determined by their position in the periodic table, which is
based on the number of protons in their nuclei (atomic number). Stable isotopes are
atoms of the same element that differ in the number of neutrons within their nuclei,
resulting in variations in atomic mass. The term "isotope" refers to the different isotopes
of the same element occupying the same ("iso") position ("topos") in the periodic table!.
Most elements possess multiple naturally occurring isotopes; as the name suggests,
stable isotopes are those that do not undergo radioactive decay. While it is common for
one isotope to be more abundant, every element in nature invariably exists as a mixture
of its isotopic forms. For instance, carbon typically has 6 protons and 6 neutrons,
yielding an atomic mass of 12; however, 1.11% of carbon on Earth possesses an
additional neutron, resulting in a mass of 13. Although *C is significantly less abundant
than !2C, it is not rare: a 50-kilogram human body contains approximately 137 grams

of 13C, equivalent to over 6 x 10?4 atoms?> .

Table 1.1 Summary of the more commonly used stable isotopes for tracer work

including their natural abundance*

Element Stable isotopes %Natural abundance
'H 99.985
Hydrogen
’H (D) 0.015
2c 98.89
Carbon
BC 1.11
N 99.63
Nitrogen
BN 0.37
160 99.76
Oxygen 70 0.037

0) 0.204




328 95.00

Sulfur 3S 0.76
343 4.22
28Si 92.21
Silicon 2Si 4.9
30Si 3.09
4Fe 5.82
SFe 91.66
fron STFe 2.19
8Fe 0.33
647Zn 48.89
667n 27.81
Zinc 877Zn 4.11
87Zn 18.57
Zn 0.62
4Se 0.87
76Se 9.02
Selenium 77Se 7.58
8Se 23.52
80Se 49.82

Since the 1930s, when stable isotope tracers were first isolated and implemented, they
have provided the scientific community with invaluable insights into the metabolic
mechanisms underlying diseases®, aging®, and genetic disorders’. While stable isotopes
are primarily utilized in the study of biological systems, their application is not confined
to this domain; they have found extensive use in fields such as art, forensics, and
geology® !0, By substituting one or more of the naturally occurring isotopes in target
compounds—such as 12 carbon, 14 nitrogen, 16 oxygen, or 1 hydrogen (Table 1)—
with their heavier and less abundant stable isotope counterparts, namely 13 carbon (*C),
15 nitrogen (°N), 18 oxygen (%0), or 2 hydrogen (*H or D), stable isotope tracers can
be created. These labeled compounds can then be introduced into the systems under

investigation, allowing for the monitoring of the fate of the compound and/or its



metabolites over time, thereby providing dynamic measurements of metabolism within

the system.

1.2. Brief summary of the study

Isotopic labeling is a powerful technique extensively used in many aspects such as
pharmaceutical industry. This technique involves incorporating either stable isotopes,
such as deuterium (D) and carbon-13 ('*C), or radioactive isotopes, such as tritium (T)
and carbon-14 (*C), into molecules. By tracking these labeled molecules, researchers
gain unique and invaluable insights into the pharmacokinetics and pharmacodynamics
of new drug candidates. There are two main methods to achieve stable isotopic labeling
into bioactive molecules, chemical labeling and metabolic labeling.

In this research, both two methods were performed, and isotopic labeling compounds
were successfully obtained with high yield and effects. Deuterium-labeled indole-3-
propionoic acid (IPA) was achieved through chemical synthesis under mild reaction
conditions and '3C-labeled squalene was obtained through metabolic biosynthesis in
filamentous fungus Trichoderma virens PS1-7, which can be used to elucidate the
metabolic pathways of indole derivatives and steroidal substances in living organisms
individually.

1.2.1. Chemical synthesis of deuterium-labeled indole-3-propionoic
acid (IPA) through H/D exchange with deuterated
trifluoromethanesulfonic acid (TfOD)

Indole-3-propionic acid (IPA), a member of the plant auxin family, plays an important
role in biological activity. Deuterium incorporation via H/D exchange is one of the
simplest ways to prepare deuterated compounds, however, there are few reports for the
preparation of their deuterated derivatives for IPA. In this research, H/D exchange with
deuterated trifluoromethanesulfonic acid (TfOD), can achieve our aim easily. The
reactions can be conducted in a temperature-dependent manner according to the
chemical stability of the ligands without the use of special reagents. The detailed
analysis of H/D exchange of IPA revealed that the reaction proceeded swiftly at low
temperature. The effective H/D exchange of indole-3-alkanoic acids will be helpful not

only in plant regulation studies but also in drug development.



1.2.2. Metabolic biosynthesis of 1*C-enriched squalene in filamentous
fungi Trichoderma virens PS1-7 in the presence of butenafine
hydrochloride, squalene epoxidase inhibitor.

Squalene is a primary metabolite of almost all triterpenoids with polyene structure and
has been attracting attention from the pharmaceutical and cosmetics industries.
Filamentous fungi have biosynthesis of various terpenoids via mevalonate pathway, but
few accumulations of squalene were observed under normal cell growth culture
conditions. I investigated the accumulation of squalene in filamentous fungi by
inhibiting squalene epoxidase, which is the first enzyme in squalene metabolism.
Squalene epoxidase is essential enzymes for fungi homeostasis to biosynthesis of
important steroids (ex. ergosterol). Moderate inhibition of the enzyme is required to
maintain both cell growth and squalene accumulation. It is optimized that filamentous
fungi, Trichoderma virens PS1-7, produced squalene up to 429.93 + 51.60 mg/L after
culturing for 7 days in the medium consisted of potato infusion with glucose at pH 4.0,
in the presence of 200 uM butenafine hydrochloride. I conducted other eight
Trichoderma virens strains, which are available from NBRC, because 7Trichoderma
virens PS1-7 is housekeeping fungi. All Trichoderma virens strains were found to be
suitable for squalene accumulation. I found that PS1-7 is one of the most suitable strains
for squalene accumulation among Trichoderma virens. The results means that
filamentous fungi Trichoderma virens PS1-7 can be a potential source of producing
squalene with the presence of squalene epoxidase inhibitor, butenafine hydrochloride,
which heavily upgraded squalene accumulation than that without butenafine. Through
further optimizing cultivation conditions, the squalene can be accumulated up to 608.94
+ 46.87 mg/L in PS1-7 by culturing up to 28 days. Based on that result, [U-'3Cs]-
glucose was utilized to biosynthesize [U-'3C]-labeled squalene in the presence of
exogeneous butenafine. The biosynthesized squalene, which is C30 triterpene,
contained up to 30 atoms of stable isotope '*C from mass spectrometry. The high
incorporation of 1*C enables to measure *C-13C COSY, which is not easy to measure
in natural product, to elucidate structural analysis of labeled squalene. The
accumulation of stable isotope squalene in filamentous fungi can be utilized to analyze

terpene metabolites derived from squalene.



1.2.3. Metabolic biosynthesis of *C-enriched squalene in filamentous
fungi Trichoderma virens

Viridin and viridiol are useful compounds with potent bioactivities, including
antibacterial and antifungal activities. Additionally, they strongly inhibit
phosphoinositide 3-kinases, which are associated with tumor cell survival. However,
despite their benefits, methods for the large-scale production of viridin, viridiol, and
their derivatives are limited. Therefore, in this study, we developed a simple production
and purification method for these compounds. NBRC 9169 showed viridin and viridiol
accumulation of 47.80 +£4.71 and 61.92 + 4.39 mg/L after seven days of incubation at
pH 3 and pH 2, respectively. Additionally, we established an efficient method to
irreversibly convert viridin into B-viridin at high yields reaching 76% using the
TEA/CHCI3 system, thus facilitating further research on B-viridin. Notably, we
determined the absolute configuration of B-viridin, which has been unknown for more
than 70 years since its discovery. Our findings revealed the potential of NBRC 9169
for the biosynthesis of *C-labeled viridin and viridiol using [U-!3C¢]-glucose. Future
studies should elucidate the detailed biosynthetic pathways of *C-labeled viridin and
viridiol. Moreover, it will be expected to reveal a group of unidentified gene clusters
responsible for the biosynthesis of viridin and viridiol using our unique culturing

techniques to produce highly enriched *C- furanosteroids.



2. Chemical labeling: H/D exchange with
trifluoromethanesulfonic acid-D

2.1. Introduction

With the progress of techniques for mass analysis, stable isotope-labeled bioactive
ligands have become attractive tools in the field'!. Deuterium is one of the simplest
stable isotopes and can be utilized for post-introductions to bioactive compounds.
Hydrogen-deuterium exchange (H/D exchange)!>!'* at a specific position and universal
hydrogen-deuterium exchange in acidic conditions'> and/or metal catalysis'® in
aromatics have been reported in the literature. Indole-3-propionic acid (IPA) is well
known as not only a plant auxin but also a potent neuroprotective antioxidant and drug
for Alzheimer's disease. Partial deuteration on the indole moiety of IPA was reported
using photolysis in D,O, with deuteration degrees up to 40%!’. There are few reports
on a high H/D exchange for the indole moiety on IPA. Recently, we developed a method
for effective H/D exchange for natural aromatic a-amino acids and their corresponding
peptides with deuterated trifluoromethanesulfonic acid (TfOD) at a temperature lower
than room temperature without a side-effect on stereochemistry!®-22, We report in this
paper the details of the H/D exchange of IPA and indole-3-alaknoic acid derivatives
with TfOD under mild conditions.

O 0
CF,SO;D
OH OH
\ ' \
k M

2.2. Results and discussion

2.2.1. H/D exchange of Indole-3-propionic acid (IPA, 1)

Indole-3-propionic acid (IPA, 1) was dissolved in deuterated trifluoromethanesulfonic
acid (TfOD, 40 eq) at rt or 30 °C. The progress of H/D exchange was monitored using
IH-NMR. The results are summarized in Table 1. The priority of H/D exchange for the
indole ring was observed as H-2 > H-5 > H-4, 6 and 7. A partial H/D exchange was



observed at B-methylene. Complete H/D exchange could not be achieved when the
reaction was conducted at rt within 5 days, but no deuterated starting material 1 was
observed from 1H-NMR analysis. The reaction conducted at 30 °C for 4 days afforded
over 80% H/D exchange at all protons expect the a-position (Table 1). The reaction at
higher temperature promoted side reactions for 1. The intramolecular cyclization to
form 5-membered ring also promoted at higher temperature in the strong acid condition.

Ester forms of IPA was subjected to H/D exchange with TfOD.

CF,S0;D
OH R

I=

Table 2.1 H/D exchange of indole-3-propionic acid (1) with TfOD

Time
Temperature 2 4 5 6 7 o B
(h)
12 92 58 88 50 50 0 26
rt 36 93 69 90 51 47 0 38
120 93 86 90 76 71 0 64
6 94 46 75 35 32 0 14
12 94 57 87 44 47 0 27
36 94 85 89 68 61 0 49
30°C 48 96 91 91 79 71 0 58
60 96 92 91 80 76 0 60
72 96 94 92 80 85 0 79
96 96 94 92 82 90 0 86

2.2.2. H/D exchange of IPA methyl ester (IPA-OMe, 2)
IPA methyl ester (IPA-OMe, 2) was subjected to H/D exchange with TfOD in a
shortened reaction time (Table 2). H/D exchange on the indole moiety of IPA-OMe (2)

was faster than that of IPA (1) and prevent intramolecular cyclization. The results



promoted the reactions are conducted at higher temperature (up to 60 °C). The
deuterium incorporation at the B-position of the propionic acid moiety proceeded in a
time-dependent manner. On the other hand, the deuterium incorporations on the indole
moiety proceeded in a temperature-dependent manner until 60 °C. Methyl ester was
hydrolyzed in alkaline conditions, and deuterium enrichment on the indole ring of IPA

was obtained.

OMe .

I=

Table 2.2 H/D exchange of indole-3-propionic acid methyl ester (2) with TfOD

Time
Temperature 2 4 5 6 7 o B
(h)
1 93 19 37 20 16 0 0
2 94 27 63 26 32 0 0
rt
6 95 44 65 53 36 0 6
12 97 67 89 64 32 0 26
1 95 57 87 62 47 0 0
2 95 65 90 62 51 0 5
3 97 77 91 62 60 0 7
40 °C
4 97 81 92 62 60 0 10
12 97 84 93 83 78 0 48
72 97 90 93 88 89 0 84
1 92 86 89 85 84 0 0
2 92 89 91 85 85 0 10
60 °C
3 92 90 91 87 86 0 18
4 92 92 92 90 88 0 25




2.2.3. H/D exchange of Indole-3-acetic acid (IAA, 3)

The established methods for IPA (1) and IPA-OMe (2) were applied to other indole
alkanoic acid derivatives. Indole-3-acetic acid (IAA, 3), which is the shortest alkanoic
acid moiety, was treated with TfOD (Table 3). Deuterium incorporations were observed
at4 °C. The a-methylene of IAA did not participate in the H/D exchange. H/D exchange
on the indole ring was achieved within an hour at 40 °C. Intramolecular cyclization to
form 4-membered ring was prevented. It has been reported H/D exchange of IAA with
acidic condition (DCI or D2SO4). But the methods are conducted at higher temperature
(over 100 °C) and long reaction time (over 12 h) due to less acidic condition. H/D
exchange to be carried out at low temperatures and in short reaction times. TfOD
archive the unique advantage of H/D exchange to be carried out at low temperatures

and in short reaction times>>: 24,

OH CF;SO;D wi%\ OH
> ]
W Sw \2 0
N 7 N
H H
3 3-D

Table 2.3 H/D exchange of indole-3-acetic acid (3) with TfOD

Time
Temperature 2 4 5 6 7 o
(min)
60 0 2 0 0 3 0
4°C
480 83 &3 80 58 78 0
15 82 80 88 76 69 0
30 88 87 93 86 81 0
40 °C
45 91 90 93 90 87 0
60 90 90 93 90 86 0

2.2.4. H/D exchange of Indole-3-butyric acid (IBA, 4)
Indole-3-butyric acid (IBA, 4) was treated with TfOD (Table 4). The deuterium

incorporations were specifically observed at the 2-position of the indole and y-position



of the alkanoic moiety at rt. The reaction conducted at 40 °C improved this
incorporation into the indole rings. But higher temperature promoted intramolecular

cyclization to form 6-membered ring.

on  CF:SO;D
(37 '

N
H

4 4-D

Table 2.4 H/D exchange of indole-3-butyric acid (4) with TfOD

Time
Temperature 2 4 5 6 7 o B Y
(h)
0.5 61 0 0 0 0 0 0 14
1 74 0 0 0 0 0 0 36
2 75 0 0 0 0 0 0 57
1t 3 79 0 0 0 0 0 0 61
4 85 0 0 0 0 0 0 79
6 86 0 0 0 0 0 0 89
8 88 0 0 0 0 0 0 92
1 95 26 46 17 10 0 5 82
1.5 96 35 51 23 12 0 5 83
40 °C 2 98 44 66 37 16 0 6 88
3 98 50 72 42 20 0 5 88
4 98 55 79 51 22 0 5 90

2.3. Conclusion

Deuterium incorporation via H/D exchange is one of the simplest ways to prepare
deuterated compounds, which are utilized to elucidate not only of biological activities
but also reaction mechanisms. It has been reported that many H/D exchange reactions
under acidic conditions proceed at higher temperature and with a longer reaction time.

Indole-3-alkanoic acids are well known as plant growth regulators (auxins), but there

10



are few reports for the preparation of their deuterated derivatives for [AA?*2* and IBA?.
The many reported reactions were conducted at high temperature. H/D exchange with
deuterated trifluoromethanesulfonic acid (TfOD), which was recently reported by us,
can overcome these problems. The reactions can be conducted in a temperature-
dependent manner according to the chemical stability of the ligands without the use of
special reagents (e.g., complex metal). The detailed analysis of H/D exchange of indole-
3-alkanoic acids revealed that the reaction proceeded swiftly at low temperature. The
effective H/D exchange of indole-3-alkanoic acids will be helpful not only in plant

regulation studies but also in drug development.

2.4. Experimental section

General. All reagents used were analytical grade. Deuterated trifluoromethanesulfonic
acid was purchased from Aldrich. NMR spectra were measured by using an EX 270
spectrometer (JEOL, Tokyo, Japan). HRMS-ESI spectra were obtained with a Waters
UPLC ESI-TOF mass spectrometer (Waters, Milford, CT, USA). H/D exchange of
Indole-3-alakanoic acid derivatives were conducted up to 150 mg scale for each
compound.

3-(1H-Indol-3-yl-2,4,5,6,7-d5)propanoic-2,2-d>  acid (1-D).  3-(1H-indol-3-
yl)propanoic acid (1, 26.5 mg, 0.14 mmol) was dissolved in TfOD (0.5 mL, 5.65 mmol)
at 0 °C. The reaction mixture was stirred at 30 °C for 96 h and slowly poured into 3.5
mL D;0 on ice. The aqueous solution was extracted with ethyl acetate. The organic
layer was washed with brine, dried over MgSOQy, filtered, and concentrated. The residue
was purified by column chromatography (ethyl acetate: n-hexane, 1:1) to afford
colorless solid (19.8 mg, 72 %). 'H-NMR (270 MHz, CD3;0D) §: 7.47 (0.06H, s, H-
4),7.27 (0.10H, s, H-7), 7.03 (0.18H, s, H-6), 6.96 (0.08H, s, H-5), 6.95 (0.04H, s, H-
2),3.00 (0.28H, t, J 7.6 Hz, H-b), 2.62 (2H, t, J 7.6 Hz). 3.C-NMR (67.8 MHz, CD30D)
6:177.5,138.0, 128.4, 122.8 (t, J 24.0 Hz), 121.8 (t, J 25.1 Hz), 118.7 (t, J 22.8 Hz),
114.8 (t, J 23.1 Hz), 111.8 (t, J 25.1 Hz), 36.0, 21.8 (m). HRMS-ESI (m/z) [M + H]"
calcd for C11HsD7NO;" 197.1302, found 197.1284.

Methyl 3-(1H-indol-3-yl-2,4,5,6,7-ds)propanoate (2-D). 3-(1H-indol-3-yl)propanoic
acid (1, 2.0 g, 10.6 mmol) was dissolved in 53 mL methanol. Concentrated H>SO4 (1.7

mL) was added at 0 °C. The reaction mixture was stirred at room temperature overnight,

11



poured into 88 mL of H»O, extracted with CH>Cl, (100 mL x 2), dried with MgSOs,
filtered, and concentrated to afford methyl 3-(1H-indol-3-yl)propanoate (2) as a pale
brown solid (1.80 g, 84%). Compound 2 (143.0 mg, 0.70 mmol) was dissolved in TfOD
(2.5 mL, 28.3 mmol) at 0 °C. The reaction mixture was stirred at 60 °C for an hour and
slowly poured into 20 mL of D>O on ice, and then extracted with CHCI3 (10 mL X 3).
The organic layer was washed with brine (5 mL x 3), dried over MgSOs, filtered, and
concentrated to afford pale yellow solid (103.0 mg, 70%). 'H-NMR (270 MHz, CD3;0D)
6:7.47 (0.11H, s, H-4), 7.27 (0.15H, s, H-7), 7.03 (0.10H, s, H-6), 6.96 (0.08H, s, H-
5), 6.95 (0.08H, s, H-2), 3.72 (s, 3H), 3.00 (2H, t, J 7.6 Hz), 2.62 (2H, t, J 7.6 Hz). 13C-
NMR (67.8 MHz, CD3OD) 6:177.5,138.0, 128.4, 122.8 (t, J 23.8 Hz), 121.8 (t,J 25.0
Hz), 118.7 (t, J 22.0 Hz), 114.8 (t, J 22.2 Hz), 111.8 (t, J 25.1 Hz), 51.5, 34.7, 20.6.
HRMS-ESI (m/z) [M + H]" calcd for Ci12HoDsNO>* 209.1333, found 209.1350.
Hydrolysis of 2-D. Compound 2-D (63.0 mg, 0.30 mmol) was dissolved in methanol
(3.5mL), and 1 M NaOH (1.2 mL) was added slowly. The reaction mixture was stirred
at room temperature overnight and washed with CH2Cl.. The aqueous layer was
acidified with 2 M HCl and extracted with ethyl acetate (20 mL x 2). The organic layer
was dried over MgSQOyq, filtered and concentrated. The residue was purified by column
chromatography (ethyl acetate: n-hexane, 1:1) to give 3-(1H-indol-3-yl-2,4,5,6,7-
d5)propanoic acid as a colorless solid (56.2 mg, 96 %).
2-(1H-Indol-3-yl-2,4,5,6,7-ds)acetic acid (3-D). 2-(1H-indol-3-yl)acetic acid (3, 24.6
mg, 0.14 mmol) was dissolved in TfOD (0.5 mL, 5.65 mmol) at 0 °C. The reaction
mixture was stirred at 40 °C for 45 min and slowly poured into 3.5 mL of D>O on ice,
and then extracted with ethyl acetate. The organic layer was washed with brine, dried
with MgSOQs, filtered, and concentrated. The residue was purified by column
chromatography (ethyl acetate: n-hexane, 1:1) to afford a colorless solid (24.8 mg,
98%). 'H-NMR (270 MHz, CD;0D) §:7.52 (0.10H, s, H-4), 7.33 (0.13H, s, H-7), 7.14
(0.09H, s, H-6), 7.08 (0.10H, s, H-5), 7.00 (0.07H, s, H-2), 3.72 (2H, s). 3C-NMR (67.8
MHz, CD;0OD) §:176.5, 137.9, 128.6, 124.4 (t, J 26.8 Hz), 121.9 (t, ] 24.6 Hz), 119.0
(t, J 24.6 Hz), 118.4 (t, J 24.6 Hz), 108.7 (t, J 25.0 Hz), 31.9. HRMS-ESI (m/z) [M +
H]" caled for Ci1oHsDsNO>* 181.1020, found 181.1045.
4-(1H-Indol-3-yl-2-d)butanoic-4,4-d; acid (4-D). 4-(1H-indol-3-yl)butanoic acid (4,
434.4 mg. 0.17 mmol) was dissolved in TfOD (0.6 mL, 6.78 mmol) at 0 °C. The mixture

was stirred at rt for 8 h and slowly poured into 3.5 mL D>O on ice. The aqueous solution
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was extracted with ethyl acetate. The organic layer was washed with brine, dried with
MgSOs4, and filtered. The residue was purified by column chromatography (ethyl
acetate: n-hexane, 1:1) to afford a colorless solid (31.7 mg, 91%). '"H-NMR (270 MHz,
CDCl3) 6:7.60 (1H,t,J 3.8 Hz, H-4), 7.35 (1H, d, J 7.9 Hz, H-7), 7.19 (0.12H, t, J 7.3
Hz, H-6), 7.11 (1H, t,J 7.3 Hz, H-5), 6.99 (0.07H, s, H-2), 2.83 (0.16H, dd, J 12.5, 6.6
Hz, H-g), 2.43 (2H, t, J 7.4 Hz), 2.05 (2H, q, J 6.9 Hz) 3*C-NMR (67.8 MHz, CDCl;)
6:179.2,136.3,127.4,122.0,119.3, 118.9, 115.1 (t, ] 24.6 Hz), 111.1, 33.4,24.9, 24.2
(m). HRMS-ESI (m/z) [M + H]" calcd for C12H11D3NO>* 207.1207, found 207.1188.
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3. Biosynthesis of *C squalene

3.1. Introduction

3.1.1. squalene

Squalene is a lipid compound classified as a triterpene, first identified in 1906 by
Manmaru Tsujimoto at the Tokyo Industrial Research Institute, extracted from the liver
oil of the black dogfish?®. Subsequently, in 1926, Heilbron and colleagues elucidated
its structure, naming it squalene due to its discovery in deep-sea sharks (Squalus spp.)*’.

The structure of squalene is illustrated in Figure 3.1.

Figure 3.1 Structure of squalene

Squalene serves as a crucial intermediate in the biosynthesis of all triterpenoids, playing
an essential role in the production of sterols and hopanoids. Consequently, a wide range
of organisms, from bacteria to humans, are known to biosynthesize squalene?®.
Additionally, squalene remains in a liquid state at room temperature and is secreted by
human skin®.

Squalene is recognized as a potent antioxidant, capable of protecting cells from free
radicals and reactive oxygen species by preventing lipid peroxidation®°. Furthermore,
it has been demonstrated to inhibit tumor formation in the colon, lungs, and skin,
exhibiting chemopreventive and immunomodulatory activities, which have garnered
significant interest from the pharmaceutical and medical industries®!>*2. Moreover, due
to its emollient properties that help maintain skin moisture and softness, squalene is
also utilized in cosmetic formulations**. The demand for squalene, with its diverse
functional applications, has been steadily increasing; the global market, valued at $129
million in 2020, is projected to reach $184 million by 2025, with an average annual

growth rate of 7.3%>*.
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Currently, the primary commercial source of squalene is the liver of deep-sea sharks,
which typically contains 40-60% squalene. For instance, Hadimoto et al. reported that
in the Okinawa dogfish (Centrophorus moluccensis), approximately 83% of the liver is
composed of liver oil, with about 95% of that being squalene?®. Due to rising demand
and concerns over overfishing leading to potential extinction of these deep-sea sharks,
there is an urgent need to explore alternative sources of squalene. Some plants have
been reported to accumulate squalene; for example, olive oil contains significant
amounts of squalene, ranging from 200 mg to 700 mg per 100 g of biomass, while
amaranth seeds contain 6-8% squalene in their 0il** 3. However, the long lifecycle of
plant resources and limitations on arable land due to climatic factors render plant-
derived squalene insufficient to meet global industrial and food demands?”.

In light of these challenges, microorganisms have emerged as promising new sources
of squalene. Although microorganisms do not accumulate squalene in quantities
comparable to sharks or plants, they exhibit rapid growth rates and numerous reports
of genetic modifications, making them suitable candidates for squalene production. For
instance, the model eukaryote Saccharomyces cerevisiae (yeast) accumulates squalene
at a rate of 1.6 mg/g CDW (cell dry weight)®8. Other organisms, such as Aspergillus
nidulans (0.3 mg/g CDW)?® and the industrial yeast Saccharomyces uvarum (14.3 mg/g
CDW)*, also possess the ability to accumulate squalene. Additionally, microalgae such
as Aurantiochytrium sp. strain 18W-13a (1.29 g/L)*' and Schizochytrium limacinum
strain SR21 (16.34 mg/g CDW)*? have been reported to accumulate substantial amounts
of squalene. Research is being conducted to further enhance squalene accumulation in
these various wild-type microorganisms through strategies such as optimizing culture
conditions®, genetically modifying existing squalene biosynthetic pathways*, and
employing appropriate inhibitors (e.g., terbinafine) to block competing pathways.
Conversely, research utilizing filamentous fungi has not yet been conducted. This may
be attributed to the challenges associated with genetic modification compared to the
model organism S. cerevisiae, as well as the relatively low squalene accumulation in
wild-type strains compared to Traustochytrids. Nevertheless, filamentous fungi
inherently possess the mevalonate pathway responsible for squalene biosynthesis and
are capable of producing a diverse array of secondary metabolites, including terpenes,

suggesting their potential as a viable source of squalene.

15



3.1.2. biosynthetic pathway of terpenes

Terpenoids are compounds that are biosynthesized by plants, insects, fungi, and
bacteria. Terpenes are classified based on the number of isoprene units, with the basic
structure being isoprene (CS5). They are categorized into hemiterpenes (C5),
monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), triterpenes (C30), and
sesterterpenes (C40), depending on the number of isoprene units present in the
molecule. These terpenoids originate from isopentenyl diphosphate (IPP) and its isomer,
dimethylallyl diphosphate (DMAPP), which are synthesized via the mevalonate
pathway®. Additionally, some plants and bacteria have been reported to possess
alternative biosynthetic pathways leading to IPP and DMAPP** 47, Currently, it is
known that the mevalonate pathway primarily exists in eukaryotes and archaea, while
the non-mevalonate pathway is predominantly found in bacteria.

As previously mentioned, in filamentous fungi, which are eukaryotes, terpenoids are
biosynthesized through the mevalonate pathway. In this pathway, terpenoids are
synthesized starting from acetyl-CoA, leading to the production of mevalonic acid,
which is subsequently phosphorylated to yield isopentenyl diphosphate (IPP) and its
isomer dimethylallyl diphosphate (DMAPP)*. IPP and DMAPP are then linked head-
to-tail by dimethylallyltransferase to form geranyl diphosphate (GPP), which serves as
the precursor for monoterpenes. GPP is further combined with DMAPP by farnesyl
diphosphate synthase to synthesize farnesyl diphosphate (FPP), the precursor for
sesquiterpene biosynthesis. Moreover, two molecules of FPP are joined by squalene
synthase to produce squalene, which is subsequently cyclized to yield sterol-type
triterpenes, including ergosterol*®. Additionally, FPP can be converted into
geranylgeranyl diphosphate (GGPP) through the action of geranylgeranyl diphosphate

synthase, which serves as the precursor for diterpenes®. The biosynthetic pathways of

these terpenoids are illustrated in Figure 3.2°°.
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Figure 3.2 Biosynthetic pathways of terpenoids, with solid lines indicating single-step

reactions and dashed lines representing multi-step reactions™.

3.1.3. Butenafine hydrochloride

Squalene is oxidized to squalene epoxide by the enzyme squalene epoxidase and
subsequently metabolized into sterols and other compounds. Given that sterols are
essential molecules for living organisms’!, squalene is typically metabolized rapidly
and does not accumulate within microbial cells. Squalene epoxidase inhibitors are
specific inhibitors of the aforementioned enzyme, leading to the inhibition of sterol
biosynthesis, which can result in lethality as an antifungal agent. Additionally, it has
been reported that these inhibitors impede the metabolism of squalene, causing its

accumulation within microbial cells>2.
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Figure 3.3 Structure of butenafine

3.2. Results and discussion

3.2.1. Prescreening results of the suitable filamentous fungus and
concentration of butenafine to produce squalene

Squalene is used as a crucial precursor to synthesize sterols, such as ergosterol which
is an essential component of cell membranes and its accumulation without any interfere
is nearly undetectable under normal growth in fungi cells®. It is well known that the
biosynthesized squalene is initially oxidated by squalene epoxidase (SQE) in the sterol
metabolic pathway, giving the hypothesis that squalene accumulation will be increased
through partial inhibiting the activity of SQE?®:. Butenafine hydrochloride, a
benzylamine antifungal derivative, has been widely reported to block the biosynthesis
of ergosterol by restraining the SQE activity, resulting in the improvement of squalene
accumulation®*. But complete inhibition of SQE will promote cell death. It is important
to set up the butenafine concentration for cell growth and squalene accumulation.

We chose 13 species of filamentous fungus belonging to 4 genera to conduct
prescreening experiments to find out the suitable one as our main species in the further
research about squalene production. The fresh weight of the mycelia (MFW) indicates
that the growth of the majority of fungi used in this study was significantly inhibited
upon the addition of butenafine, and this inhibition intensified with increasing
concentrations of butenafine hydrochloride. However, the sensitivity of different fungal
genera to butenafine concentrations varied. For instance, 1 pM of butenafine reduced
the growth of mycelium of Penicillium spinulosum NBRC5793 by 82% (Table 3.3),
while a concentration of 1200 uM only resulted in a 33% reduction in the mycelia of
Rhizopus oryzae NBRC5418 (Table 3.1). More importantly, the production of squalene

exhibited considerable differences among various fungal genera. The optimal
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concentration of butenafine ranged from 10 to 600 pM, with significant variations in
squalene production. For example, R. oryzae NBRC9364 achieved a maximum
squalene production of 0.79 mg/L at 100 uM butenafine, whereas the production
without the inhibitor was only 0.47 mg/L. In contrast, for 7. virens psl-7, the squalene
accumulation under the presence of 200 uM butenafine reached 336 mg/L, compared
to a yield of 0.36 mg/L without the inhibitor. Furthermore, in all strains, there was
almost no accumulation of squalene in the culture filtrate; the majority was retained
within the fungal cells. This is believed to be due to squalene being a primary metabolite
essential for growth, which is directly utilized for the synthesis of sterols for cell

membrane formation in the absence of any inhibitors.

Table 3.1 The squalene accumulation and fresh weight of mycelia for different species
of Rhizopus with different butenafine concentration for cultivated in 200 mL PDB

medium (pH no adjustment, 5.0) at 25 °C, 100 rpm for 7 days.

Concentration Squalene (mg/L)
Species of butenafine =~ MFW (g/L)
(M) Mycelia Culture filter
0 6.67 1.24 ND
200 6.14 18.93 0.89
sp. SH35
400 5.92 23.71 0.55
600 5.86 29.64 0.26
0 7.84 0.32 ND
200 8.02 21.07 0.89
sp. SH36
400 6.77 36.40 0.55
600 5.89 6.67 0.26
0 11.41+0.15 2.85+0.74 0.05+0.03
200 10.13+1.00 67.23+7.60 3.12+0.96
oryzae 1-1 400 8.86+0.41 70.13£5.06 13.67+£2.19
600 4.92+1.44 70.53+26.18 2.02+0.34
800 3.43+0.22 40.83+7.26 0.81+0.20
0 2.29+0.19 0.47+0.11 ND
oryzae NBRC9364
100 3.66+0.82 0.79+0.21 0.11
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200 2.41+0.27 0.49+0.08 ND

300 2.64+0.30 0.37+0.08 ND
400 2.05+0.08 0.66+0.03 ND
0 7.86 0.92 ND
400 7.32 6.61 ND
oryzae NBRC5418
800 6.31 1.15 ND
1200 5.29 0.15 ND

Table 3.2 The squalene accumulation and fresh weight of mycelia for different species
of Mortierella isaberina with different butenafine concentration for cultivated in 200

mL PDB medium (pH no adjustment, 5.0) at 25 °C, 100 rpm for 7 days.

Concentration Squalene (mg/L)
Species of butenafine =~ MFW (g/L)
Mycelia Culture filter

(uM)
0 10.79 0.14 ND
100 9.785 ND 0.06
200 8.12 178.42 0.15

NBRC7824

300 9.28 132.24 0.04
400 1.61 26.07 0.34
600 0.82 3.40 0.04

Table 3.3 The squalene accumulation and fresh weight of mycelia for different species
of Penicillium spinulosum with different butenafine concentration for cultivated in 200

mL PDB medium (pH no adjustment, 5.0) at 25 °C, 100 rpm for 7 days.

Concentration Squalene (mg/L)
Species of butenafine =~ MFW (g/L)
Mycelia Culture filter
(nM)

0 15.50 0.09 ND

1 2.85 1.39 ND

NBRC5793 10 243 12.26 ND
20 1.56 8.16 ND

30 1.55 8.10 ND
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50
100
150
200
400
600
800

0.43
0.28
0.41
0.37
0.15
0.16
0.19

2.04
1.43
2.49
1.78
0.89
1.18
1.27

ND
ND
ND
ND
ND
ND
ND

Table 3.4 The squalene accumulation and fresh weight of mycelia for different species

of Trichoderma with different butenafine concentration for cultivated in 200 mL PDB

medium (pH no adjustment, 5.0) at 25 °C, 100 rpm for 7 days.

Concentration Squalene (mg/L)
Species of butenafine =~ MFW (g/L)
Mycelia Culture filter
(uM)
0 10.72+1.00 0.36+0.04 ND
100 7.09+0.88 279.48+12.29 0.22+0.07
virens PS1-7 200 5.29+0.19 336.35+53.02 0.33+0.13
300 2.91+1.41 113.64+84.57 0.05+0.04
400 1.08+0.20 3.00+0.61 ND
reesei NBRC31326 200 0.95 22.17 -
virens NBRC8349 200 3.12 215.24 -
virens NBRC9166 200 3.85 168.41 -
virens NBRC30547 200 4.75 326.85 -
virens NBRC31959 200 3.60 260.81 -

The results above indicate that Trichoderma strains possess a higher capacity for

squalene production compared to other strains. It has been reported that Trichoderma

species produce a wealth of secondary metabolites, including numerous terpenoids and

it is believed that Trichoderma initially engages in the mevalonate pathway for

terpenoid biosynthesis and exhibit a robust metabolic flux for the production of various

terpenoid compounds, suggesting a high potential for squalene production.
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Mortierella is a type of oilseed microorganism with a lipid content exceeding 20% of
its dry weight, which also includes various microalgae that produce substantial amounts
of squalene. This high lipid storage capacity within their cells is considered one of the
reasons why the Mortierella isabelline NBRC7824 produces significant quantities of
squalene. Furthermore, this finding suggests that other oilseed microorganisms,
including those in the Mortierella genus, may possess a high potential for squalene
production.

Rhizopus exhibits a wide range of squalene production capabilities depending on the
species. Our laboratory isolated strain I-1, which, upon TLC analysis, was identified as
a high squalene-producing strain; however, the maximum yield of squalene remained
around 70 mg/L. In contrast, no significant decrease in fresh weight of mycelia or
increase in squalene was observed in strain NBRC9364 under approximately 800 pM
butenafine hydrochloride conditions, indicating that NBRC9364 may be less sensitive
to butenafine. Our laboratory analyzed the SQE gene of strains NBRC9364 and I-1,
finding no differences in the sequence from 370 bp to the stop codon, suggesting that
this region of the gene has not been characterized. Variations in sensitivity may lead to
differences in production capabilities.

The optimal concentration of butenafine hydrochloride for the production of squalene
by the Penicillium spinulosum NBRC5793 is relatively low, at 10 pM, and its
sensitivity to butenafine hydrochloride surpasses that of other strains. From a cost-
reduction perspective, a lower optimal concentration of butenafine hydrochloride is
preferable; however, the squalene production remains around 12 mg/L, indicating a
limited potential for this strain as an alternative source of squalene.

Among the 13 species examined, the 7. virens PS1-7 exhibited a squalene production
of approximately 340 mg/L, demonstrating its high squalene production capacity.
Therefore, in the subsequent chapter, we will investigate the optimal cultivation

conditions for squalene production using the PS1-7 strain.
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3.2.2. Effect of initial pH of culture liquid for squalene accumulation
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Figure 3.4 The squalene accumulation and cell growth status for 7. virens PS1-7 of
different medium pH (MFW (A) and squalene accumulation in mycelia (B) of different
medium pH from 3.0 ~ 7.0) cultivated in PDB medium with 200 uM butenafine
hydrochloride at 25 °C, 100 rpm for 7 days. Data are means + S.D. (n=3).

Table 3.5 Squalene accumulation of 7 virens PS1-7 from culture filtrate and mycelia

in different pH
Squalene (mg/L)
pH MFW (g/L)
Culture filtrate Mycelia

3.0 8.35+0.26 0.03+0.03 215.87 £58.09
4.0 8.03+0.33 0.09 £0.11 429.93 + 51.60
5.0 5.29+0.19 0.33+£0.13 336.35+53.02
6.0 1.64 £0.72 0.06 £ 0.04 242.17 £21.04
7.0 1.60 +0.30 0.13+0.03 47.04 £ 13.82

The pH of the medium has a strong influence on cell membrane function, cell
metabolism, alimentation and biosynthesis activity>>. The pH of liquid media is much
more adjustable compared to solid media, 7. virens were cultured in liquid media of
different pH ranged from 3.0 to 7.0. Figure 3.4 showed that the MFW of T. virens PS1-
7 under pH 3.0 is highest among all the conditions and the MFW decreased at higher
pH. The squalene accumulation in cell body were maximized at pH 4.0. Meanwhile the

squalene accumulation from culture liquid, which accounts for 10% in the mycelia, also
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showed the same pH dependent manner (Table 3.5). Results showed that the
accumulation of squalene was highest at pH 4.0 with the value achieving 429.93 + 51.60
mg/L. A decreasing trend of squalene was also observed at pH 3.0. It can be confirmed

that the optimum initial pH of the medium for squalene production of the PS1-7 strain

is 4.0.

3.2.3. Effect of culture temperature for squalene accumulation

It’s been well reported that the temperature of living surroundings has nonnegligible
effects on microbial metabolism>® *7. Squalene production of S. cerevisiae Y2805 was
affected by the culture temperature™. 7. virens PS1-7 was pre-investigated on potato

broth agar medium (PDA) from 15 to 40 °C.
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Figure 3.5 Time growth status of PS1-7 on PDA plate until 7 days at different

temperature from 15 ~ 40 °C. Data are means + S.D. (n=3).
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Figure 3.6 Growth status of PS1-7 on PDA plate under different temperature from 2 ~
7 days.

As shown in the Figure 3.5 and 3.6, the optimum culture temperature for PS1-7 strain
on PDA plate was 25 and 30 °C. The growth was clearly inhibited over 35 °C, and was
completely suppressed while no visible growth inhibition was observed less than 15 °C,
but the growth rate decreased on PDA plate. Based on these results, the range of the

temperature in liquid culture was subjected at 20, 25 and 30 °C.
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Figure 3.7 The squalene accumulation and cell growth status of different temperature
from 20 ~ 30 °C (MFW (A) and squalene accumulation in mycelia (B) of different
medium temperature) cultivated in 200 mL PDB medium (pH adjusted to 4.0) with 200

uM butenafine hydrochloride at 100 rpm for 7 days. Data are means + S.D. (n=3).

Figure 3.7(A) showed that the optimum culturing temperature for the MFW of PS1-7
is 25 °C, and the squalene accumulation suggested same tendency as the MFW between
these temperatures (Figure 3.7(B)). All the results from solid PDA plate and liquid
culture indicated that the optimal culture temperature for squalene production for PS1-

7 was 25 °C.

3.2.4. Effect of different carbon source for squalene accumulation

Glucose is the main carbon source in glycolysis, and fructose is metabolized by multiple
enzymes and incorporated into glycolysis. Disaccharides such as sucrose and starch are
metabolized in the same manner as monosaccharides such as glucose after being
decomposed. Glycerol is metabolized to dihydroxyacetone phosphate (DHAP) and
incorporated into glycolysis after being phosphorylated. Whether these carbon sources
can be used depends greatly on the physiological characteristics of the strain. Squalene
productions were verified based on utilization of carbon sources for fungus which
accumulated squalene without SQE inhibitor in the cell body>> %6, However, the potato
dextrose broth (PDB) normally used is commercially available and it has already
contained glucose. The potato infusion powder (PI) does not contain exogeneous
glucose and can be used as a supplementary material to the media with different kinds

of saccharides as carbon sources at 20 g/L.
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Figure 3.8 The squalene accumulation and cell growth status for PS1-7 from different
carbon sources (20 g/L) with PI (4 g/L) cultivated in 200 mL medium with 200 pM
butenafine hydrochloride at 25 °C, 100 rpm for 7 days (MFW (A) and squalene
accumulation in mycelia (B) from different carbon sources). Data are means + S.D.

(n=3).

As shown in the Figure 3.8, PS1-7 produced some degree of squalene with glucose at
420.53 + 45.70 mg/L which was consistent with the that of PDB media. The results
indicated that PS1-7 utilized carbon source for growth and biosynthesis of metabolites
as order: Glucose > Starch = Glycerol = Maltose > Sucrose > Fructose > Lactose. The
orders are slightly different from squalene accumulation in yeast-like fungus at normal
conditions 3. Therefore, the optimum carbon source for PS1-7 producing squalene is

glucose.

3.2.5. Effect of exogeneous precursors on squalene accumulation

Squalene is a kind of essential metabolite in fungi and the biosynthetic pathway is quite
complicated and affected by many substances. There are lots of precursors and crucial
enzymes participating in the biosynthesis of squalene, and several kinds of intermedia
(thiamine, pyruvic acid, acetate, mevalolactone, ergosterol and lanosterol) were

selected to put into the culture medium to check the effects on producing squalene of
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PS1-7. Figure 3.9 suggested the biosynthesis pathway of squalene and effective

positions of the precursors used in this study.
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Figure 3.9 The precursors used in this study and biosynthesis pathway of ergosterol.

The solid line indicates a one-step reaction, and the dashed line indicates a multiple-

step reaction; PP: an abbreviation for diphosphate. Thiamine-HCI, pyruvic acid,

mevalonolactone, ergosterol and lanosterol were added into 200 mL PIG medium at pH

4.0 with 200 uM butenafine individually at 25 °C, 100 rpm.

Table 3.6 Squalene accumulation of PS1-7 in the medium with different kinds of

precursors present

Concentration of

Squalene in

Precursors MFW (g/L)
precursors mycelia(mg/L)
- - 6.50 + 0.34 420.53 £45.70
100 uM 6.78 247.07
Thiamine-HCI 500 uM 5.90 250.11
1000 pM 5.45 249.58
NADPH I mM 3.40 149.86
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Pyruvic acid 10 g/L 0.67+0.14 185.16 + 18.46

Mevalolactone 10 g/L 8.00 322.28
10 g/L 7.84 276.05

Ergosterol
100 g/L 7.15 227.05
30 g/L 7.00 358.65
60 g/L 6.30 384.39

Lanosterol
90 g/L 9.70 319.68
120 g/L 7.75 270.56

Among all the exogeneous precursors, none of them increased the production of
squalene obviously and some additives even had adverse effects such as growth
inhibition (Table 3.6). The results showed that even though certain intermediates are
present in large quantities in tightly controlled metabolic systems in the body of
organisms, the metabolism of these products requires a considerable number of
coenzymes and metabolism-related factors, and if these substances are not sufficient,
the additional products cannot be used effectively, such as thiamine hydrochloride
which acts as an essential part of coenzyme. Organic acids are known to have
antimicrobial activity. Matsuda et al. found an MIC of 0.5% v/v for acetic acid at pH
4.0 and > 5.0 % v/v for pyruvate acid in a test for antimicrobial activity of organic acids
using common fungi®®. Since pyruvic acid is a normal and important metabolic
intermediate of many microorganisms, it should have poor antibacterial activity against
cells, however in this experiment, a significant growth inhibitory effect was confirmed
in the 10 g/L (0.79% v/v) pyruvic acid-added group. Different from acetic acid which
inhibited the growth of PS1-7, 10 mM mevalolactone neither showed such effects on
restraining the growth status of the fungi nor enhance the production of squalene. The
results suggested that even if mevalonate is present in a large amount, it may not be
effectively utilized due to insufficient coenzymes such as NADPH required for
metabolism as aforementioned description. Same with other exogeneous substances, no
positive results on improving production of squalene were observed with lanosterol and
ergosterol into the media. All the symptoms suggested that the metabolism in fungi
cells is rather complicated and self-adjusted which will not easily be upgraded to

produce squalene by adding the intermediates into the culturing liquid.
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3.2.6. Effects of supplement of glucose into the media on producing
squalene

Since squalene accumulation is associated with cell growth and might be enhanced with
the increase of cell weight, long term culturing with the supplement of glucose were
investigated until 28 days. 20 g/L glucose was supplied into the flask at 7%, 14% and

21t day of culturing respectively.
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Figure 3.10 The squalene accumulation and cell growth status for PS1-7 of control
group with/without additional glucose with 200 uM butenafine hydrochloride at 25 °C,
100 rpm for 7 days (MFW (A) and squalene accumulation in mycelia (B) without

additional glucose (inicial glucose: 20 g/L); MFW (C) and squalene accumulation in
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mycelia (D) with additional glucose (20 g/L every 7 days)). Data are means + S.D.
(n=3); *, ** ***mean values are significantly different between these two groups at P

<0.05,0.01, 0.001 individually.

MFW ranged from 8 to 9 g/L without adding glucose (Figure 3.10(A)), and there was
no significant difference on squalene accumulation with the prolongation of cultivation
time and the squalene content reached maximum at 482.37 + 82.67 mg/L after 14 days
of culture (Figure 3.10(B)). In addition, in the group without adding glucose, initial
glucose was completely consumed in 14 days culture on TLC analysis (Figure 3.11).
In the glucose-added group treated at each 7 days, MFW increased in a day dependent
manner (Figure 3.10(C)). On the other hand, in the glucose-added group, squalene

accumulation increased in a time dependent manner, reaching 608.94 + 46.87 mg/L at

28 days of culture (Figure 3.10(D)).

without addition with addition of

of glucose glucose every 7 days
Figure 3.11 Analysis results the amount of glucose in the medium (with/without
glucose addition) at 200 puM butenafine hydrochloride; Gle: Glucose standard;
Developing solvent: 1-butanol : 2-propanol : AcOH : H2O =7 : 5 : 2 : 4, Detection:
Anisaldehyde-H>SO4.
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It is known from several previously published reports that biosynthesized squalene
might be metabolized into other compounds in the later stage of culture causing the
decrease of squalene® . In this study, the squalene accumulation with butenafine also
showed a downward trend after 14 days when the carbon source was insufficient,
because the initial glucose in the medium was completely consumed after 14 days of
cultivation, and squalene accumulation became static state until 28 days. On the other
hand, the addition of glucose every 7 days improved squalene accumulation because
the growth phase was promoted by glucose addition, and continuous increasement of

squalene accumulation was observed until 28 days.

3.2.7. Biosynthesis of >C labeled squalene using [U-'3C¢]-glucose in
culture media replacing normal glucose

In filamentous fungi, biosynthesized squalene is normally utilized to downstream
metabolism immediately and is not stored in the cell body. And the possible precursors
for biosynthesis of squalene did not affect squalene accumulation (Figure 3.9). These
results promoted us that enrichment of stable isotope labeled squalene can be
accumulated with inoculation of [U-'*Cg]-glucose in cultivation of PS1-7 with
butenafine hydrochloride.

PS1-7 was cultured with 1g [U-!3Ce]-glucose and 0.2 g PI powder in 50 mL water at
pH4.0 with exogeneous 200 uM butenafine. The cell growth and squalene
accumulation are almost same with 200 mL scale. After extraction from cell body, 26.2
mg biosynthesized squalene was isolated. The isolated squalene was subjected to NMR

analysis.
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Figure 3.12 *C-NMR spectrum of biosynthesized '3C enriched squalene in CDCl;.

Table 3.7 3C-1*C coupling constants of '3C-squalene

3 (ppm) J (Hz) Carbon-position
16.10 d, 42.14 6, 10, 15, 19-Me
17.77 d, 42.14 2,23-Me
25.77 d, 42.87 1, 24-Me
28.35 d, 41.90 12, 13-CH>
26.78 ddd, 12.28, 32.39, 43.83 4,8,17,21-CH
39.83 m 5,9, 16, 20-CH>
124.43 m 3,7,11, 14, 18, 22-CH
135.08 m 6, 10, 15, 19-C
131.31 m 2,23-C
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P S | |

230304.3.ser

No529

—  13CSqualené” g N 0
cosy1ac F20

3 Y B °° s

1

30

50

60

1 (ppm)

80

90

100

110

F120

& . F130

F140

T T T T T
140 130 120 10 100 90 80 70 60 50 40 30 20

(B) INADEQUATE (128 scans)

| A we

230225 3.ser
No530
Hokudai Hashimoto f-e0
13C Squalene
cociz
inadequate
F100
F110
W
F120
Ll L]
—2 F130
y F1a0
s ! ) ] ‘ F150 £
L ] gt g
] (]
' F160
i )
F170
o L
F180
] ] F190
& ’ 200
A
F210
T T T T T T T T T T T T T T
140 130 120 110 100 %0 80 70 60 50 40 30 20 10

12 (ppm)

Figure 3.13 3C-13C COSY (A) and INADEQUATE (B) spectrum of *C labeled
squalene. INADEQUATE (B): part of 2-bond correlations from methyl moiety were

sometimes observed due to high *C incorporations.
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BC-NMR was measured by shorter scan (256 times, Figure 3.12) and *C-'*C coupling

of isolated squalene were clearly observed at all carbon (Table 3.7). The high
incorporation of !’C atom afforded '*C-'*C COSY (Figure 3.13(A)) and
INADEQUATE (Figure 3.13(B)) in short scanning measurement.
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Figure 3.14 FD-MS spectrum (A: full view; B: m/z 415 ~ 445) of *C labeled squalene
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It is shown in the FD-MS analysis of '*C-enriched squalene with maximum 30 3C
incorporated (m/z 440.49061) in the structure, the squalene with 25 '3C was detected
as the main species (m/z 435.47325). The sample was also subjected to EI-MS (Figure
3.14).

(A)EI-MS spectrum of 1*C labeled squalene
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(C) EI-MS spectrum of unlabeled squalene
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Figure 3.15 MS spectrum of biosynthesized squalene (A: full view, B: m/z 425 ~ 445

of EI-MS spectrum of '3C-labeled squalene; C: EI-MS spectrum, D: FD-MS spectrum

of unlabeled squalene).

From EI-MS, fragmentation of *CsHy (m/z 72 ~ 74) indicated that incorporation of

13C-atom to C5 unit estimated 3, 4 and 5 respectively. Mass proportions for *CioHi7
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fragmentations (m/z 142 ~ 147) also estimated '3C-atoms incorporation from 6 to 10
and major kind is 8. Molecular ion of '3C-squalene was also detected (m/z 423 ~ 438).
It is consisted with the results of Cs and Cio fragmentations, which were ’C
incorporated of 3 ~ 5 and 6 ~ 10 respectively and FD-MS results (Figure 3.15). It has
been reported that lycopene was biosynthesized in the tomato cell culture with 3C-
glucose and '*C incorporations in the first cell culture was calculated as 80%°'. Our
results of 13C incorporations into squalene reached 78% and was identical with previous
reports.

There are few reports about isotope labeled squalene. The '*C radioisotope labeled
squalene has been previously biosynthesized from [2-!'*C]-mevalonate with cell-free
system of fungus®?-%. The labeled positions of squalene were predicted based on the
biosynthetic route, but it was not described clearly. SQE inhibitors, which act important
role for accumulation of squalene in our system, also promoted increasement of
radioisotope incorporation to squalene in cell-free system®. Furthermore, in-vitro
biosynthesis system sometimes afforded complicated non-saponifiable lipids mixture,
which needs to isolate labeled squalene effectively®®. There are few reports on the
preparations of 1*C-labeled squalene through chemical synthesis. Hoshino et al has been
reported the chemical synthesis of 3C-stable-isotope labeled squalene at Cio and Cis
position from [3-1*C]-ethyl acetoacetate at 5% overall yield in 6 steps®.

To our best knowledge, this is the first report for biosynthesis of uniformly *C-enriched
squalene, which will be utilized to elucidate the biosynthesis of squalene and confirmed
chemical structure by NMR and mass spectrometry. Because the biosynthesized
squalene is accumulated in 7. virens fungus body, not in culture liquid, the extraction

and isolation of labeled squalene is easier than cell-free systems.

3.3. Conclusion

Here we confirmed that filamentous fungi can be a potential source of producing
squalene, and Trichoderma virens PS1-7 has quite strong ability than other kinds of
filamentous fungi. Through optimizing cultivation conditions and carbon sources, the
squalene accumulation of PS1-7 can reach 608.94 + 46.87 mg/L at 28 days.
Furthermore, the filamentous fungi can be utilized in biosynthesis of '3C-labeled

squalene with 3C-glucose. The accumulations of squalene in filamentous fungi will be
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utilized to be one of squalene source and to analyze terpene metabolites derived from

squalene with stable isotope labeled squalene.

3.4. Experimental section

3.4.1. Chemicals
Potato dextrose broth was purchased from BD Difco, USA; potato infusion powder was
obtained from Millipore, USA; butenafine hydrochloride was purchased from BLD

pharm; [U-'3Ce]-Glucose was purchased from Cayman, US.

3.4.2. Microorganisms

Table 3.8 Information of strains used in this study

Species Name Origin

Rhizopus oryzae I-1 isolated by our lab

Rhizopus oryzae NBRC9364 purchased from NBRC
Rhizopus oryzae NBRC5418 purchased from NBRC
Rhizopus microsporus NBRC31987 purchased from NBRC
Rhizopus sp. SH35 obtained from HABA
Rhizopus sp. SH36 obtained from HABA
Trichoderma virens PS1-7 isolated by our lab

Trichoderma virens NBRC9166 purchased from NBRC
Trichoderma virens NBRC30547 purchased from NBRC
Trichoderma virens NBRC31959 purchased from NBRC
Trichoderma reesei NBRC31326 purchased from NBRC
Mortierella isabellina NBRC7824 purchased from NBRC
Penicillium spinulosum NBRC5793 purchased from NBRC

NBRC: Biological Resource Center of the National Institute of Technology and
Evaluation (Japan).

These fungi were pre-cultured on potato dextrose agar (PDA) plate at 25 °C.

3.4.3. Cryopreservation of strains used in this study

The fungal strains utilized in this study were cryopreserved at -80°C in accordance with
the guidelines outlined in NBRC News No. 3 (June 1, 2010), Section 2: Microbial
Preservation Methods (2).
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Upon reaching the edge of the plate and achieving sufficient growth, the mycelial mass
was excised using a cork borer and immersed in the glycerol solution detailed in Table
3.9. The samples were allowed to stand at 4°C for one hour to facilitate the permeation
of the solution into the mycelium. At this stage, 4 to 5 pieces of mycelial fragments
were added to each vial (CryoKING® Cryogenic Vials, BIOLOGIX, USA).
Subsequently, the samples were rapidly frozen in liquid nitrogen and stored at -80°C.
Additionally, the glycerol solution was autoclaved prior to use and aliquoted into

cryovials at a volume of 1 mL each.

Table 3.9 Glycerol solution for cryopreservation of fungi

Reagent Volume/Weight
Glycerol 10 mL
Trehalose 50¢g
MilliQ Water 90 mL

The revival of the cryopreserved strains was performed by immersing the vials in a
30°C water bath for approximately three minutes for rapid thawing, after which the

mycelial discs were directly inoculated onto subculture plates without disintegration.

3.4.4. Subculture of filamentous fungi, inoculation into liquid medium
The filamentous fungi were cultured at 25°C in the dark using PDA plate. The hyphal
tips, which elongated and reached the edges of the plate, were excised into 7 mm
squares with a spatula and subsequently inoculated onto new subculture plates.

For inoculation into liquid media, plates were selected where the hyphae had
sufficiently extended to the edges and had formed conidia. A single 7 mm square piece
of mycelium was cut with a spatula and inoculated into autoclaved liquid medium.
Furthermore, to minimize the impact of changes in the strain's characteristics due to
increased subculturing on PDA medium, only those plates with subculture counts of 10

or fewer were utilized for inoculation into liquid media.

3.4.5. Growth and cultivation conditions
All fungi cells were pre-incubated in 200 mL of liquid medium (PDB (20 g/L); PIG (4
g/L PI + 20 g/L glucose); pH of liquid medium was adjusted with 1 M H2SO4 or 5 M
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KOH) for 42 hours in a shaking incubator at 25 °C and 100 rpm followed by 800 pL
butenafine stock liquid (50 mM solution in ethanol) being added into flasks individually,
and then continuously cultivated for 7 days as the same conditions with pre-incubation.
15 ~ 40 °C was chosen to pre-screen suitable temperature for growth of PS1-7 on PDA
plate (24 g/L Potato dextrose broth, 15 g/L agar). A 7 mm square piece from the edge
of previous subculturing plate was cut out and cultured on new PDA plates in above
temperatures for 7 days, photo of plate was taken and diameter of the mycelial was
measured every day.

Screenings carbon sources subjected in 4 g/L potato infusion powder with 20 g/L
different carbohydrates (glucose, fructose, sucrose, lactose, maltose, starch and
glycerol). Other basic conditions were same with the conditions above.

1 g [U-13C¢]-glucose and 0.2 g potato infusion powder were dissolved in 50 mL water
and pH was adjusted to 4.0 as the medium to incubate PS1-7. Other basic conditions

were same with the aforementioned conditions.

3.4.6. Squalene extraction and quantification

The harvested fungi cells of each bottle were filtrated and immersed in 70 mL acetone
individually for 3 days to extract squalene. The crude acetone extract was dried over
Na>SO4 to remove the water and then concentrated to dryness under reduced pressure
and re-dissolved in 1 mL of acetone for squalene quantification.

Squalene was quantified using HPLC system: L-6250 Intelligent Pump (Hitachi, Tokyo,
Japan) and L-4000 UV Detector (Hitachi, Tokyo, Japan). The column used was
Wakosil-II 5C18 HG ¢4.6 mmx250 mm (Wako, Osaka, Japan). The mobile phase is
100% MeOH, and the detection wavelength is 205 nm ¢7.

3.4.7. NMR analysis

The product was analyzed using NMR, to identify the squalene. The purified *C
labeled squalene was dissolved in CDCls and analyzed using 'H and "*C-NMR (400
MHz, INM-ECS400, JEOL Ltd., Tokyo, Japan; 700 MHz, Avans III, Brucker, Tokyo,
Japan).
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3.4.8. Mass analysis

The identification of obtained squalene was performed using the EI-TOF MS analyser
(JMS-2000GC, JEOL Ltd., Tokyo, Japan) and FD-MS analyser (JMS-T100GCV,
JEOL Ltd., Tokyo, Japan).
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4. Biosynthesis of *C viridin and viridiol

4.1. Introduction

Viridin and viridiol (Figure 4.1), belonging to the family of furanosteroid family, are
biosynthesized by the filamentous fungus, Trichoderma virens, which is a biocontrol
agent for various bacteria and fungi®®. Furanosteroids strongly inhibit
phosphatidylinositol 3-kinases, which are associated with tumor cell proliferation .
Therefore, structure—activity relationship studies of furanosteroids can aid in the
development of effective pesticides and therapeutics’® 7!. Chemical synthesis of viridin
and viridiol involves 17—18 steps, with an extremely low overall yield of approximately
2%7*74, Viridin is unstable in neutral and alkaline media’>. Strongly acid alumina is
used as the adsorbent for the chromatography to avoid the isomerization of viridin
during purification’®78, These reports highlight the difficulty of producing and isolating
viridin on a large scale. Structure and 'H nuclear magnetic resonance (NMR)
spectroscopic data of B-viridin, an isomer of viridin, have been reported’?; however, its
exact structure remains unknown, and the Chemical Abstracts Service number of [3-
viridin has been registered without stereochemistry.

Many studies have investigated the biosynthetic pathways of viridin and viridiol.
Isotope analysis is a simple but powerful strategy to assess metabolic profiles and
pathways. Previous studies using '*C- and 'C-labeled mevalonates and acetate

)80-83

confirmed that viridin is formed from lanosterol (Figure 4.1 and that the carbonyl

group neighboring the methoxy group in viridin is reduced to the hydroxy group in
viridiol®®. The detailed gene cluster of demethoxyviridin, the precursor of viridin, has
been proposed®’; however, the pathways involved in the biosynthesis of viridin and
downstream furanosteroid compounds remain unclear. Therefore, practical production
methods for viridin, B-viridin, and viridiol are urgently needed to facilitate their
application as therapeutic agents for various diseases, including cancer.

In this study, we screened nine 7. virens and identified out the most suitable culture
conditions to produce and isolate pure viridin (pH 3) and viridiol (pH 2) on a large scale.
Using [U-13Cs]-glucose as the sole carbon source, we successfully obtained [U-'3C]-
viridiol and [U-!3C]-viridiol, which can be used to elucidate the biosynthetic pathways

of furanosteroids. To the best of our knowledge, this study is the first to demonstrate
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the X-ray structure of B-viridin crystal and reveal the irreversible conversion of viridin

into B-viridin.
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Figure 4.1 Structures and biosynthetic pathway of viridin and viridiol

4.2. Results and discussion

4.2.1. Determination of optimal pH for viridin and viridiol
accumulation

First, to determine the optimal pH conditions for the viridin or viridiol production, 7.
virens PS1-7 was cultured in the PIG medium at different pH values (2.0-5.0). This
was based on our previous report on the significant impacts of pH on cell growth and
squalene accumulation in the filamentous fungus, 7. virens %. Although cell growth of
PS1-7 was strongly inhibited in a strong acidic environment, viridin exhibited the
highest accumulation (24.99 + 10.14 mg/L) at pH 3 but none at pH 2. In contrast,
viridiol exhibited significant accumulation (52.60 + 5.23 mg/L) at pH 2, which was a

harsh condition for fungal survival (Table 4.1).

Table 4.1 Accumulation of viridin and viridiol in the culture filter, and the fresh weight
of mycelia (MFW) of T. virens PS1-7 at different pH in 200 mL PIG medium at 25 °C
and 100 rpm for seven days. Data are represented as the mean + standard deviation
(S.D.; n=3).

pH MFW (g/L) viridin (mg/L) viridiol (mg/L)
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2 6.17+0.29 *N.D. 52.60 +£5.23
3 9.93 £0.36 2499 +£10.14 31.29 £5.59
4 10.80 £ 0.57 16.00 +3.13 17.99 £7.12
5 13.40+£0.10 12.60 +£2.74 11.13+1.74

*N.D., not detected.

Next, stability of viridin was checked in the culture filter. The culture filter was
separated from the mycelia after five days of incubation at pH 3, and the pH was
adjusted to 2, 3, 4, and 5, followed by two days of incubation. Notably, viridin remained
stable at pH 2, but its stability drastically decreased at pH 5 (Figure 4.2). Although the
specific enzyme involved in its biosynthesis pathway remains unknown, viridin is
suggested to be the precursor of viridiol®*. These results suggest that the activity of the
reductive enzyme involved in the conversion of viridin into viridiol is enhanced under

low pH conditions.

A

viridin viridin

viridiol viridiol

Figure 4.2 Stability of viridin in culture filter. (A) 7. virens PS1-7 was cultivated in
200 mL PIG pH 3 medium at 25 °C, 100 rpm for 7 days; (B) 7. virens PS1-7 was
cultivated in 200 mL PIG pH 3 medium at 25 °C, 100 rpm for 5 days, then culture filter
was separated from mycelia followed by pH adjusted to 2, 3, 4 and 5 relatively, then

continued 2 days’ incubation.

45



4.2.2. Screening of filamentous strain for viridin accumulation

Next, we used filamentous fungus 7. virens strains for efficient production of viridin
and viridiol at pH 2 and 3. As shown in Table 4.2, at pH 3, each filamentous fungal
strain produced viridin, with NBRC 9168 and 9169 exhibiting the highest production
of 42.29 + 6.32 and 47.80 + 4.71 mg/L, respectively. In contrast, NBRC 8350 and
NBRC 9166 barely produced viridin. At pH 2, no viridin production was observed,
indicating that the lack of viridin accumulation in the culture liquid at pH 2 was not due
to a random effect. PS1-7, NBRC 8349, and NBRC 9169 exhibited the highest viridiol
production of 52.60 + 5.23, 52.77 + 7.48, and 61.92 + 4.39 mg/L, respectively (Table
4.3).

Table 4.2 Viridin and viridiol accumulation in the culture filter, and the fresh weight
of mycelia (MFW) for nine 7. virens at pH 3 in 200 mL PIG medium at 25 °C and

100 rpm for seven days. Data are represented as the mean + S.D. (n=3)

strain (7. virens) MFW (g/L) viridin (mg/L) viridiol (mg/L)
PS1-7 9.93+£0.36 24.99 £ 10.14 31.29 +5.59
NBRC 30547 8.57+0.58 15.67 £ 1.35 2.32+0.41
NBRC 8350 10.33 £ 0.26 2.57+1.30 15.03 +£1.35
NBRC 9168 6.40+0.18 42.29 +6.32 2.09 +2.03
NBRC 31959 6.15+0.68 14.08 £7.29 17.85 +£9.96
NBRC 9166 10.17 + 0.68 3.68+£2.02 5.20+2.21
NBRC 6355 9.93+0.47 10.54 + 3.87 0.49 +£0.08
NBRC 8349 9.43 +1.62 30.97 +£5.74 12.51 £ 6.30
NBRC 9169 6.92 +0.15 47.80 £4.71 4.02 +1.55

Table 4.3 Viridin and viridiol accumulation in the culture filter, and the fresh weight
of mycelia (MFW) for nine 7. virens at pH 2 in 200 mL PIG medium at 25 °C and

100 rpm for seven days. Data are represented as the mean + S.D. (n=3)

strain (7. virens) MFW (g/L) viridin (mg/L) viridiol (mg/L)
PS1-7 6.17+0.29 *N.D. 52.60 +5.23
NBRC 30547 2.87+0.12 N.D. 18.01 +0.50
NBRC 8350 5.28+0.46 N.D. 17.78 £ 1.96
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NBRC 9168 2.58+£0.20 N.D. 28.91 £3.06
NBRC 31959 3.80 £0.15 N.D. 13.71 £0.89
NBRC 9166 2.83+0.20 N.D. 2.06 = 0.39
NBRC 6355 4.68 £0.78 N.D. 8.67+2.27
NBRC 8349 5.35+£0.71 N.D. 52.77 +7.48
NBRC 9169 6.60 + 0.63 N.D. 61.92 +£4.39

*N.D., not detected.

4.2.3. Purification of viridin and viridiol from 7. virens

Avent et al. reported that viridin is easily isomerized into B-viridin during purification
76, Therefore, a new purification method is needed for fungal culture media. Based on
the above screening experiments, a crude medium was prepared by cultivating NBRC
9169 in PIG medium at pH 2 and 3 for 10 d. After the medium was filtered and extracted
with diethyl ether, viridin (118.1 mg/L) was successfully purified by recrystallization
in one step, without isomerization into -viridin, by adding acetone to the organic phase
under -20 °C. In contrast, viridiol (75.6 mg/L) was obtained via silica gel purification

of the ethyl acetate extract of the culture filtrate.

4.2.4. X-ray crystallography of pB-viridin

B-viridin is a secondary metabolites produced by soil fungi’® 7°; however, its absolute
configuration remains unknown. Here, evaluation of viridin stability on silica gel
revealed that viridin was partially converted to another compound, whose polarity was
close to that of viridin maintained on silica gel for one hour (Figure 4.3). The detected
spots increased when viridin was kept on the silica gel for longer periods (> 12 h).

However, the levels of other unknown compounds also increased (Figure 4.4).
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viridin

new compound

spot on TLC
wait for 1 h

viridin

Figure 4.3 Result of spotting viridin on TLC plate for 1 hour under UV 254 nm
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viridin
new compound

spot on TLC
wait for 13 h

viridin

Figure 4.4 Result of spotting viridin on TLC plate for 13 hours under UV 254 nm

The converted compound was subjected to thin-layer chromatography-mass
spectrometry (TLC-MS), was exhibited a peak at m/z 351.1 [M-H] ion (molecular
weight of viridin: 352.3; Figure 4.5). Therefore, we hypothesized that the converted
compound was a stereoisomer of viridin. To confirm this hypothesis, we clarified the
absolute configuration of the converted compound using X-ray diffraction. Viridin (150
mg) was dissolved in chloroform, and the solution was evenly spread on a TLC silica
gel plate and left for 3 h. Through preparative TLC plate separation and recrystallization
using acetone, 21 mg crystal of the converted compound was obtained. Using X-ray
crystallography (Figure 4.6, Table 4.4), the absolute configuration of the converted
compound was confirmed by refinement of the Flack parameter (—0.06(7)) using
anomalous dispersion effects>’], which indicated that it was a stereoisomer of the
methoxy group in viridin. Furthermore, vibrational circular dichroism (VCD)
techniquel®®?’!, which can analyze the reliable absolute configuration on the

comparison of experimental spectrum and theoretical one, provided more detailed
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results. (Figure 4.7). Molecular mechanics conformational search was performed using
CONFLEX 9 software. Obtained geometries within 3.0 kcal/mol from the most stable
(1 conformer for viridin and 2 conformers for B-viridin) were optimized at
DFT/B3LYP/6-311+G(d,p) using PCM for chloroform on Gaussian 16 program. The
VCD and IR spectra of the resultant conformers were calculated at the same level of
theory. The calculated frequencies, dipole strengths and rotational strengths were
converted to VCD and IR spectra on GaussView 6 software using a peak half-width at
half height of 8 cm™!. The calculated frequencies were scaled with a factor of 0.985. For
B-viridin, the VCD and IR spectra of each conformer were averaged based on its

Boltzmann populations simulated at 298 K.

351.1
100 4 viridin
387.1
—
§ 80
2 60-
wn
=
}E’ 40 - 389.1
= 323.1| 38p.1
20 - ' 841
1431 205.0 26:3-8 324.1 i|
0 - I I " m/z
100 200 300 400
351.1
1004 new compound
- 80 -
S
>, 60
~—
B
5 40 - 323.1
= I 367.0
RS 20 268.7 3701
| 340! ‘L 38|6.9
0_ ! M Mo v m/Z
250 300 350 400

Figure 4.5 TLC-MS spectrum of viridin and the converted compound
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Figure 4.6 X-Ray structure of the compound, B-viridin

Table 4.4 Crystal data and structure refinement for B-viridin: The correct absolute

configuration of B-viridin was defined by the Flack parameter, —0.06(7)%’.

Crystal B-viridin
Empirical formula C20H1606
Formula weight 352.33
Temperature/K 103(2)
Crystal system orthorhombic
Space group P2:212:

a,b, c(A) 8.25630(10), 10.9299(2), 17.6929(3)
a, B,y (°) 90, 90, 90
Volume/A3 1595.17(4)
Z 4

Pealcg/cm’ 1.467

wmm-! 0.911

F(000) 736.0

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected

Independent reflections

o1

0.073 x 0.059 x 0.043
CuKo (A = 1.54184)

9.518 to 149.224
-10<h<10,-13<k<13,-21<1<21
21552

3162 [Rint = 0.0317, Ryigma = 0.0210]



Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

3162/0/238

1.064

R;=0.0310, wR> = 0.0797
R; =0.0339, wR> = 0.0809
0.22/-0.21

Flack parameter 0.06(7)
viridin B-viridin
T T T T T T T T T T T T T T
calculated for viridin VvCD calculated for B-viridin D
+0.025 | 17 4 +0.04 v?
16 15 14 12 10 8 1
A 0 7 A VA Ae O
€ 17 13) 1 9 4 2
1
0025 F | * 1 4 +0.025 -0.04 +0.04
45 2 s ° N
N2 0 Ae 0 Ae
1B 9 M 2 15 13
- observed for viridin 6 - -0.025 - observed for B-viridin . - -0.04
L L L L 1 L L 1 L 1 ' L L L
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2000 | IR 4 2000 IR

1000
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1000
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1000

1
1700 1600 1500 1400 1300

wavenumber [cmT]
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Figure 4.7 VCD analysis of viridin and B-viridin.
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0
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This result was verified via 'H-NMR and '3C -NMR (Figures 4.8 and 4.9; Tables 4.5

and 4.6), which revealed that the stereoisomerism of the methoxy group and hydrogen

caused a chemical shift at 8.31 ppm, but this was observed at 8.28 ppm for the converted

compound. Therefore, the converted compound of viridin on silica gel was confirmed

to be B-viridin, and this study provides the first report of the absolute configuration of

B-viridin.
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Figure 4.8 'H NMR spectrum of viridin and B-viridin
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Figure 4.9 1°C NMR spectrum of viridin and B-viridin
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viridin

B-viridin

Table 4.5 Comparison of "H NMR spectroscopic data of Guerrero’s synthetic viridin”?

with our biosynthetic viridin and synthetic B-viridin

position Synthetic viridin reported Our biosynthetic Our synthetic B -
by Guerrero viridin viridin
& BC [ppm], 500 MHz § BBC [ppm], 400 § BBC [ppm], 400
MHz MHz
1 3.89(d, 5.0) 3.88(1H,d, 5.1) 4.26 (1H, d, 9.6)
2 4.35 (1H, dd, 10.8, 4.16 (1H, d, 9.6)
4.37 (bs)
5.0)
11 8.66 (dd, 8.2, 0.8) 8.64 (1H, d, 8.2) 8.62 (1H, d, 8.3)
12 7.98(d, 8.2) 7.96 (1H, d, 8.3) 7.95(1H, d, 8.3)
15-a 3.87-3.78 (m) 3.81-3.76 (1H, m) 3.85-3.75 (1H, m)
15-b 3.72-3.64 (m) 3.72-3.60 (1H, m) 3.72-3.60 (1H, m)
16 2.79-2.73 (m) 2.88-2.62 (2H, m) 2.77-2.71 (2H, m)
18 1.69 (s) 1.67 (3H, s) 1.72 (3H, s)
19 3.76 (s) 3.74 (3H, s) 3.87 (3H, s)
20 8.33 (s) 8.31 (1H, s) 8.28 (1H, s)

OH
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Table 4.6 Comparison of 1*C NMR spectroscopic data of Guerrero’s synthetic viridin

with our biosynthetic viridin and synthetic B-viridin

position Synthetic viridin reported | Our biosynthetic viridin Our synthetic B -
by Guerrero § BC [ppm], 100 MHz viridin
§ BC [ppm], 125 MHz § BBC [ppm], 100 MHz
1 73.31 73.29 75.51
2 83.58 83.62 86.00
3 187.09 187.10 189.20
4 121.77 121.76 122.23
5 143.13 143.16 142.20
6 147.09 147.06 146.81
7 173.43 173.40 173.36
8 129.65 129.64 129.88
9 156.61 156.63 155.78
10 42.10 42.08 41.87
11 127.95 127.93 128.41
12 127.77 127.71 127.69
13 137.3 137.27 137.42
14 158.18 158.15 158.12
15 28.59 28.54 28.55
16 36.49 36.44 36.44
17 206.66 206.64 206.54
18 29.95 29.89 27.38
19 61.10 61.05 61.84
20 149.53 149.54 148.71

Specific rotations of viridin and B-viridin were determined via optical rotation testing,
viridin: [a]3’ = -177° (CHCl3), B-viridin: [a]3® = -39° (CHCls), which are also

consistent with previous reports 2.
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4.2.5. Irreversible conversion from viridin to B-viridin

Viridin readily isomerizes into -viridin in neutral, alkaline, and weakly acidic media

due to keto—enol tautomerism’®. However, the specific conditions and conversion

yields remain unclear. Therefore, in this study, we investigated the isomerization of

viridin to triethylamine (TEA), formic acid (FA), and trimethylsilanol (Me3SiOH) at

room temperature. 'H-NMR (Figure 4.10) revealed that Me3SiOH did not convert

viridin into B-viridin. However, small amounts of B-viridin were formed by TEA and

FA after 13 h treatment, with more impurities observed with FA than with TEA (Figure
4.11). Notably, viridin completely dissolved in FA, but not in TEA. Addition of CDCIl3

to the reaction system turned it into a liquid system. -viridin was the main conversion

product after 10-h reaction in the TEA system, but -viridin was not detected in the FA

system (Figure 4.11(B)).

viridin

viridin + Me;SiOH

JLJLL

\
P\ ‘LL e JA\ L

b

b —

45 a0
1 (opm)

__ Signal of 3Me in Me;SiOH

~

Figure 4.10 '"H NMR spectrum of viridin reacting with trimethylsilanol (Me3SiOH)
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(A)

Viridin in triethylamine (TEA)

viridin
(3.5 mg)

+

rt 13h in CDCI3

Solid reaction

it 10h

Triethylamine
(100 pL)

NN

N

undissolved
Color change fast

TEA

TLC check system acetone : CHCI; : formic acid

2 70 2
(B)
Viridin in formic acid (FA)
viridin
(3.5 mg)
rt 13h in CDCI13
+
rt 10h
Formic acid
(100 pL)
HCOOH

dissolved

FA

TLC check system acetone : CHCl; : formic acid
28 70 2

Figure 4.11 TLC results of viridin reacting with TEA (A) and FA (B).

Next, based on the stable conversion into -viridin using the TEA/CHCI3 system, we
determined the optimal conditions and values of conversion. Different amounts of TEA
were added to a 10 mM viridin solution in CDCI3 and allowed to react for 1 h. The
conversion ratios were calculated by the specific integration value of each compound

in 'TH-NMR. As shown in Table 4.7, B-viridin ratio increased with increasing TEA
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concentration, and 100 eq TEA significantly increased the conversion ratio. It’s
predicted that the isomerization from viridin to B-viridin is through keto-enol
tautomerism due to alkali existing (Figure 4.12). To investigate the conversion in
alkaline conditions with high efficiency and fewer by-products, various representative
organic and inorganic alkalis were reacted with the viridin solution. Among the
different alkaline compounds, TEA exhibited the best potential to convert viridin into
B-viridin (Table 4.8). However, purified B-viridin did not yield any a-viridin on TLC.
These results indicated that the configuration of B-viridin was more stable than that of
a-viridin, which was confirmed via crystallographic analysis. We further assessed our
conversion method on a large scale using 31.5 mg of viridin and obtained 24 mg of
pure B-viridin with a conversion rate of 76% after separation using the silica gel column.
For the first time, we demonstrated the irreversible conversion of viridin to B-viridin at

a high yield using TEA.

alkaline condition

viridin

r n B-viridin

acidic condition

viridin r 7] B-viridin

Figure 4.12 Predicted isomerization scheme of viridin to B-viridin.

Table 4.7 Viridin and B-viridin ratios after reacting with different amounts of
triethylamine (TEA) for 1 h.
TEA (eq) 1 5 10 50 100 200
a:p 1:0.05 1:0.16 1:0.53 1:1.33 1:6.82 1:7.82
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Table 4.8 Viridin and B-viridin ratios after reacting with different alkalis for 1 h.

Base Conversion rate
triethylamine 1:6.82

diisopropylethylamine Viridin broken
DBU Viridin broken
NaOH No conversion

K CO, a:f=1:0.25

NaHCO, a:f=1:0.08

Cs, CO, a:f=1:0.33

CsF a:p=1:0.25
t-BuONa Viridin broken

Note: alkali (100 equiv.) was added into 1 mL of 10 mM viridin solvent in CHCl3 and

reacted for 1 h at room temperature.

4.2.6. Biosynthesis of >C labeled viridin and viridiol using [U-13Cg]-
glucose in the culture medium

Viridin, derived from mevalonic acid, partly shares the mevalonate pathway with
squalene®; however, the gene cluster involved in the biosynthesis of viridin and its
conversion into viridiol remains unclear. Recently, we bionsynthesized *C-enriched
squalene using [U-13C¢]-glucose as a carbon source instead of normal glucose®. Here,
we attempted to biosynthesize '*C-labeled viridin and viridiol. NBRC 9169 was
cultured with 1 g of [U-3Ce]-glucose and 0.2 g PI powder in 50 mL of water at pH 3.
After separating the culture from the cells, 5.8 mg '*C-labeled viridin was obtained
using our established purification method. Consistent with previous reports, 1*C-labeled
viridiol was obtained at pH 3. '3C incorporation into viridin and viridiol was evaluated
via NMR and MS analyses. As shown in Figure 4.13 and Table 4.9 and 4.10, 3C-13C
coupling was observed in all carbons of '*C-viridin and '*C-viridiol. In FD-MS analysis
of 3C-enriched viridin and viridiol, 20 '3C atoms were incorporated (m/z 372 and 374,
respectively) into the structures (Figure 4.14) compared to nor mal viridin and viridiol
(m/z 352 and 354, respectively) (Figure 4.15). Compared to our previous study with
78% '3C incorporation into squalene®®, '*C incorporation into viridin and viridiol
reached 82 and 76%, respectively, in this study. Additionally, ESI time-of-flight-MS
analysis revealed the [M+H]" ion peaks of '3C-enriched viridin (m/z = 366-373), with
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the major ion peak observed at m/z = 370, whereas the [M+H]" ion peak of viridin (m/z
=353) was rarely detected. For *C-enriched viridiol, [M+H]" ion peaks of '3C-enriched
viridiol were observed at m/z 366—375, with the major ion peak observed at m/z = 372
(Figure 4.16). In negative mode, both '*C-viridin and '3C-viridiol shows peaks after CI
addition into the structure (approximately m/z 407 and 409, respectively; Figure 4.17).
Therefore, 13-20 '*C atoms were incorporated into viridin and 11-20 3C atoms were
incorporated into viridiol, confirming that all carbon atoms of viridin and viridiol were
successfully replaced by '*C isotopes. To the best of our knowledge, this is the first
report on the biosynthesis of '*C-viridin and '3C-viridiol which can aid in the

biosynthetic pathway analysis of other furanosteroids in the future.

240524_7wen_SI-313C viridin_2nd recrystallization Fo.oo21

(A)

T T T T T T T T T T T T T T T T T T T T T T
20 210 200 190 180 170 160 150 140 130 120 10 100 90 80 70 60 50 40 30 20 10
1 (ppm)
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230422_7w_13C 9169_acetone extract_column_viridiol 9.8 mg

(B) e

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 10 100 90 80 70 60 50 40 30 20 10 o
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Figure 4.13 3C NMR spectrum of biosynthesized *C enriched viridin (A) and viridiol
(B) in CDCl;

Table 4.9 3C-13C coupling constants of *C-viridin

o (ppm) J (Hz) Carbon-position
28.61 m 15-CH2
29.89 d, 32.27 18-Me
36.43 m 16-CH2
41.82 m 10-C
61.05 m 19-OMe
73.28 m 1-CH
83.55 m 2-CH
121.67 m 4-C
127.29 m 12-CH
128.05 m 11-CH
129.81 m 8-C
137.25 m 13-C
143.02 m 5-C
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146.69 m 6-C
149.45 d, 70.80 20-CH
156.38 m 9-C
158.26 m 14-C
173.32 m 7-C
187.04 m 3-C
206.59 m 17-C
Table 4.10 *C-'3C coupling constants of '3C-viridiol
o (ppm) J (Hz) Carbon-position
28.46 m 15-CH2
30.59 d, 32.75 18-Me
36.51 m 16-CH2
42.32 m 10-C
60.8 q, 1.57,1.57,1.93 19-OMe
61.7 m 3-C
71.76 m 1-CH
81.76 m 2-CH
122.06 m 4-C
127.14 m 12-CH
127.54 m 11-CH
129.50 m 8-C
137.14 m 13-C
142.59 m 5-C
145.31 d, 73.21 17-C
146.04 m 6-C
157.93 m 14-C
158.71 m 9-C
173.52 m 7-C
206.80 m 20-CH
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Figure 4.14 Field desorption-mass spectrometry (FD-MS) spectra of (A) 3C-labeled
viridin, (B) '3C-labeled B-viridin, and (C) '3*C-labeled viridiol.

Relative Intensity

100+ (A) ~352.12
80
60+
40: 353.13
201
| 278.10
7 337.36 | ~354.13
1 4306 '76.1'06 L279.11 3221” \L uEe.f»s.w
- L L - L ——————————————— Il e
100 200 300 400
m/z

64



Relative Intensity

100+ (B) ~352.12
80+
60
40 _ 353.12
20+
i 35413
13102 321.10
| 1 355.13
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
100 200 300 400
m/z
Relative Intensity
100+ (C) 354,12
801
) 336.12
60
| 355.13
40 280.09
i 279.08
. 75.05
201 308.12
| 74.04~ 356.13
: 177.07
1‘“105 177.57 l l}i/ssma
- * T rrTrToTT T > T T T T T R T T T T T
100 200 300 400
m/z

Figure 4.15 FD-MS spectrum (A: viridin; B: B-viridin; C: viridiol)
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Figure 4.16 Positive mode of TOF-MS spectrum (A: *C labeled viridin; B: *C labeled
viridiol; C: m/z 352 ~ 378 of '3C labeled viridin; D: m/z 352 ~ 378 of '*C labeled

viridiol)
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Figure 4.17 Negative mode of TOF-MS spectrum (A: ’C labeled viridin; B: 13C
labeled viridiol; C: m/z 352 ~ 480 of '3C labeled viridin; D: m/z 352 ~ 480 of 1*C
labeled viridiol)

4.2.7. Bioactivities of viridin, B-viridin and viridiol

Viridin and B-viridin, but not viridiol, exhibited high DPPH radical scavenging activity

percentages of 84.7 and 64.99%, respectively, at § mM. Compared to ascorbic acid

(ICs0: 0.13 mM), viridin exhibited stronger antioxidant activity (ICso: 2.00 mM),
followed by B-viridin (ICso: 4.09 mM).

67



4.3. Conclusion

Viridin and viridiol are useful compounds with potent bioactivities, including
antibacterial and antifungal activities. Additionally, they strongly inhibit
phosphoinositide 3-kinases, which are associated with tumor cell survival. However,
despite their benefits, methods for the large-scale production of viridin, viridiol, and
their derivatives are limited. Therefore, in this study, we developed a simple production
and purification method for these compounds. NBRC 9169 showed viridin and viridiol
accumulation of 47.80 +4.71 and 61.92 + 4.39 mg/L after seven days of incubation at
pH 3 and pH 2, respectively. Additionally, we established an efficient method to
irreversibly convert viridin into B-viridin at high yields reaching 76% using the
TEA/CHCI3 system, thus facilitating further research on B-viridin. Notably, we
determined the absolute configuration of B-viridin, which has been unknown for more
than 70 years since its discovery. Our findings revealed the potential of NBRC 9169
for the biosynthesis of *C-labeled viridin and viridiol using [U-!3C¢]-glucose. Future
studies should elucidate the detailed biosynthetic pathways of *C-labeled viridin and
viridiol. Moreover, it will be expected to reveal a group of unidentified gene clusters
responsible for the biosynthesis of viridin and viridiol using our unique culturing

techniques to produce highly enriched *C- furanosteroids.

4.4. Experimental section

4.4.1. General methods or Chemicals
Potato dextrose broth (PDB) was purchased from BD Difco (USA). Potato infusion (PI)
was purchased from Millipore (USA). [U-!3Cs]-glucose was obtained from Cayman

(USA). All other chemicals were of commercially available grade.

4.4.2. Microorganisms and culture medium

T. virens PS1-7 was previously isolated in our laboratory®®. Other Trichoderma virens
were purchased from the Biological Resource Center of the National Institute of
Technology and Evaluation (NBRC, Japan). All strains were maintained in potato
dextrose agar at 25 °C. PIG medium contained PI powder (4 g/L) and glucose (20 g/L)
in distilled water, and its pH was adjusted using 1 M H2SO4.
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4.4.3. Growth and cultivation conditions

All fungal cells were incubated with 200 mL of PIG liquid medium (PI + glucose) for
seven days in a shaking incubator at 25 °C and 100 rpm.

[U-13Cs]-glucose (1 g) and PI powder (0.2 g) were dissolved in 50 mL of water, and the

pH of the medium was adjusted to 3.0 to produce '3C-labeled viridin and viridiol.

4.4.4. Extraction and purification of metabolites

After incubation, the culture liquid and biomass were separated, and the culture liquid
was extracted with ethyl acetate (200 mL x 2) for the quantitative analysis of
metabolites. The organic phase was dried (NaxSO4) and concentrated under vacuum.
For large-scale isolation and purification, the culture liquid was extracted with hexane,
ether (viridin), or ethyl acetate (viridiol). Viridins and viridiol were successfully
purified by recrystallization or silica gel chromatography before conducting chemical

validation.

4.4.5. Quantitation of viridin and viridiol via high-performance liquid
chromatography

High-performance liquid chromatography was performed using the Hitachi Model D-
2000 Elite system with Inertsil ODS-02 C18 column. Aqueous 0.1% H3PO4 (A) and
acetonitrile (B) gradient was used as the mobile phase. Metabolites in the residue were
dissolved in 1 mL CHCIl3/MeOH (7/3), and the solution was eluted at 1 mL/min using
a 22-min solvent gradient: 0—15 min 78% A and 22% B to 63% A and 37% B, with a 7
min hold. The analysis was performed at a wavelength of 220 nm. Standard curves were
plotted and used to quantify the concentrations of viridin and viridiol in the samples.

The standards were isolated and identified in our laboratory.

4.4.6. Mass analysis

The isolated compounds were identified using the high-resolution mass spectrometry
field desorption-mass spectrometry (FD-MS) analyzer (JMS-T100GCV; JEOL Ltd.,
Tokyo, Japan).
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4.4.7. NMR analysis

NMR spectra were acquired using the JEOL JINM-ECZ400 spectrometer at 25 °C in
CDCl3, at 400 MHz for 'H and 100 MHz for '3C. Chemical shifts (8) are reported in
ppm and coupling constant values (J) are in Hertz (Hz0) relative to those of CDCls ('H,
8 7.26; 13C, & 77.00) and tetramethylsilanol. The following abbreviations were used to
indicate the signal multiplicity: s = singlet, d = doublet, t = triplet, q = quartet and m =

multiplet.

4.4.8. VCD analysis

VCD and IR spectra were recorded for a chloroform-d solution at a concentration of
0.125 M placed in a 100-pum BaF; cell. These spectra were measured on a JASCO FVS-
6000 spectrometer equipped with an optical filter that passes through 2200-850 ¢cm!
light and a MCT-V detector at a resolution of 4 cm™! under ambient temperature. VCD
spectra were recorded for 4000 scans, while IR spectra were recorded for 16 scans.
Both spectra were corrected by solvent spectra obtained under the identical

measurement conditions.

4.4.9. Antioxidant activity: 2, 2-Diphenyl-1-picryl-hydrazyl-hydrate
(DPPH) assay

DPPH radical scavenging activity of isolated compounds was determined as previously
described %%, with some modifications. Briefly, DPPH dissolved in EtOH as a 0.2 mM
solution was mixed with the viridin, B-viridin and viridiol (0.5 - 8 mM) and incubated
at 37 °C for 30 min in the dark. Then, absorbance of different solutions was measured
at 517 nm using a spectrophotometer. The percentage of DPPH scavenging activity was

calculated using the following equation (1):

Ap—Aq
Ay

DPPH scavenging activity (%) = X 100 (1)

where, Ao and A; are the absorbance values of the DPPH solution and sample,
respectively. Half-maximal inhibitory concentration (ICso) values were calculated by

plotting the percentage inhibition against the concentration.
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