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Site-selective biotransformation of ursane
triterpenes by Streptomyces griseus ATCC 132737

Shao-Hua Xu,? Chao Zhang,? Wei-Wei Wang,” Bo-Yang Yu & *® and Jian Zhang & *2

The oxidization of unactivated C—-H bonds of pentacyclic triterpenes (PTs) is of great interest for the
structural modification of PTs. Herein, we discovered the unique capability of Streptomyces griseus
ATCC 13273 to catalyze the site-selective oxidation of the C-30 methyl group to the carboxyl group and
hydroxylation of the C-24 methyl group over a range of ursane triterpenes, including ursolic acid (1), 3-
oxo ursolic acid (2), and corosolic acid (3). It is noteworthy that while using asiatic acid (4) and
madasiatic acid (5), which bear one hydroxyl group on C-23 as substrates, the hydroxylation on C-24
was blocked. As a result, eight new compounds (la-3a, 5a, 1b—3b and 5b) of the metabolites were
isolated and their structures were elucidated based on 1D and 2D NMR and HR-MS data. In addition, the
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Introduction

Pentacyclic triterpenes (PTs) are bioactive natural products,
which display a remarkable spectrum of biological activities,
such as anti-tumor, anti-HIV, anti-microbial, anti-diabetic, and
anti-inflammatory activities.'™ The substitution of hydroxyl or
carbonyl groups to the methyl or methenyl carbons, respec-
tively, of the skeleton greatly enrich the structural diversity>>®
and is also essential for the biological activities and structural
modification of PTs.””® Herein, the research on the structural
modification of PTs was focused on the functionalization of the
unactivated C-H bonds on the skeleton; it could also enrich the
structural diversities and generate more effective and/or less
toxic derivatives.'*'> However, selective C-H activation remains
a challenge for synthetic chemists.”*™* In the chemical modi-
fication of natural small molecules including PTs, regiose-
lective oxidation of CH; or CH, is one of the most difficult
steps, and the present chemical processes always involve the
use of heavy metals and tedious steps.'®'” With the versatile
enzyme systems of microbes, biotransformation makes the
C-H oxidation modification of small molecules including PTs
facile and green in a single step.'®' In fact, when using
microorganisms as a biocatalyst, the cheap and readily avail-
able compounds in nature can be directionally converted to

“State Key Laboratory of Natural Medicines, China Pharmaceutical University, 24#
Tong Jia Xiang Street, Nanjing, Jiangsu 210009, China. E-mail: 1020071849@cpu.
edu.cn; Fax: +86-25-86185158; Tel: +86-25-86185157

Jiangsu Key Laboratory of TCM Evaluation and Translational Research, China
Pharmaceutical University, 639# Long Mian Avenue, Nanjing, Jiangsu 211198,
China. E-mail: boyangyu59@163.com; Fax: +86-25-83313080; Tel: +86-25-83271321
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra01811h

20754 | RSC Adv., 2017, 7, 20754-20759

cytotoxicity of substrates and transformed products was preliminarily evaluated by an MTT assay.

high added-value natural compounds or new natural product-
like compounds.>*>*

In our previous studies, some novel microbial trans-
formations of pentacyclic triterpenoids such as asymmetric
ketone hydroxylation* and methyl hydroxylation** have been
reported individually. Streptomyces griseus ATCC 13273 has been
proven as a potent strain that can achieve oxygenation of
unactivated C-H bonds of the olean-type pentacyclic tri-
terpenes.”* In order to investigate the regioselective oxidizing
capability of S. griseus ATCC 13273 to ursane triterpenes and
expand the structural diversities of PTs, five ursane triterpenes,
ursolic acid (1), 3-oxo ursolic acid (2), corosolic acid (3), asiatic
acid (4) and madasiatic acid (5), were used as the substrates in
this study, resulting in eight new metabolites and one known
metabolite. This was the first time the biotransformation of
ursane triterpenes by S. griseus ATCC 13273 was screened.
Moreover, the influence of the hydroxyl substitutions on the A
and B rings on the reactions was also analyzed as the five
ursane-type substrates bear different numbers of hydroxyl
groups on the A and B ring skeleton: 3-oxo ursolic acid (2, with
no hydroxyl group), ursolic acid (1, with one hydroxyl group at
C-3), corosolic acid (3, with two hydroxyl groups at C-3 and C-2),
asiatic acid (4, with three hydroxyl groups at C-3, C-2 and C-23)
and madasiatic acid (5, with four hydroxyl groups at C-3, C-2, C-
23 and C-6). In addition, the cytotoxicity of the substrates and
metabolites against HepG2 and MCF-7 cells was evaluated by an
MTT assay.

Results and discussion
Identification of transformed products

Ursolic acid (1) (150 mg) was added into a 2 day-old culture of
S. griseus ATCC 13273, and two additional polar metabolites,

This journal is © The Royal Society of Chemistry 2017
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compounds 1a (48.6 mg, yield 30.4%) and 1b (52.1 mg, yield
31.6%), were isolated (Fig. 1).

Compound 1a was isolated as a colorless powder, and the
HR-ESI-MS of compound 1a showed an [M — H]™ ion at m/z
485.3260 (caled for C30H4505, 485.3272), indicating a 30 amu
mass increase compared to that of compound 1. The "H NMR
spectrum of compound 1a displayed six characteristic methyl
groups at oy 0.94 (3H, s), 1.05 (3H, s), 1.09 (3H, s), 1.26 (3H, s),
1.31 (3H, d) and 1.32 (3H, s), with the absence of one splitting
methyl signal in the substrate. The "*C NMR spectrum exhibited
a new signal at 0c 179.02 ppm, and only six characteristic
methyl signals appeared at d¢ 29.25, 24.48, 19.43, 17.90, 17.04
and 16.14 ppm. This evidence suggested that one methyl group
might be oxidized to carboxyl group. Namely, the resonance of
C-30 (a methyl group at ¢ 21.41 in ursolic acid) disappeared,
and the carbon signal at 6 17.52 ppm attributed to C-29 shifted
down-field 1.91 ppm to 6¢ 19.43 ppm in 1a, indicating that the
oxidization was on C-30. In addition, the three-bond correlation
between dy 1.31 (d, 3H, H-29) ppm and d¢ 53.10 ppm (C-20) was
also observed in the HMBC spectrum. The relative stereo-
chemistry of the carboxyl group was established as equatorial
based on NOESY experiments. The NOESY spectrum of 1a
showed NOE enhancements between dy 1.31 (d, 3H, H-29) and
0 2.80 (d, 1H, J = 11.4 Hz, B-H-18) ppm. This further evidenced
that the methyl group of C-30 was oxidized to a carboxyl group
in the biotransformation. Thus, compound 1a was elucidated
as 3P-hydroxy-urs-12-en-28,30-dioic acid, which is a new
compound.

Compound 1b was isolated as a colorless powder, and the
HR-ESI-MS of compound 1b showed an [M — H]™ ion at m/z
501.3222 (caled for CzoH4506, 501.3222), which indicated an
increment of 46 amu as compared to compound 1. The new
signal at dc 179.02 ppm in the *C NMR spectrum could be
attributed to C-30 for the same 2D NMR evidence of 1a. The 'H
NMR spectrum of 1b showed two new proton signals at dyy 4.49
(d, 1H,J = 11.0 Hz) and 3.67 (d, 1H, J = 11.0 Hz) ppm, whereas
the DEPT spectrum showed the presence of a new CH, signal at
0c 65.04 ppm, with the disappearance of one methyl group's
carbon signals, confirming that 1b was a monohydroxylated
metabolite of 1a. In the HSQC experiment, the new proton
signals showed correlations with the new carbon signal at dc
65.04 ppm, and in the HMBC experiment, the new CH, signals
showed long-range (two- and three-bond) "H-"*C correlations
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Fig. 1 Biotransformation of ursolic acid (1) by S. griseus ATCC 13273.
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with C-3 and C-4, confirming C-23 or C-24 as the site of
hydroxylation. Furthermore, the relative stereochemistry of the
hydroxyl group was established as axial based on NOESY data
(Fig. 2). The NOESY spectrum of 1b showed NOE enhancements
between the new proton signals at 6y 4.49 (d, 1H, J = 11.0 Hz)
and 3.67 (d, 1H, J = 11.0 Hz) ppm with ¢y 0.88 ppm (s, 3H,
H-25), indicating that the hydroxyl group was substituted at
C-24. Based on all the evidence, metabolite 1b was characterized
as 3p,24-dihydroxy-urs-12-en-28,30-dioic acid, which is a new
compound.

S. griseus ATCC 13273 was found to be a potent strain based
on the regioselective unactivated C-H bond oxidation of PTs, as
it conducted the same oxidation reactions to ursolic acid (1) as
well as oleanolic acid* on the same reaction sites (the methyl
group on C-4 and C-20).

To understand the conversion process of ursolic acid (1) by
S. griseus ATCC 13273, we next conducted a time-course analysis
of the biotransformation process of 1 (ESI Fig. S217). Then, we
subjected 1a as the substrate, which also resulted in the product
of 1b. Therefore, in the biotransformation process, 1a was the
initial product of 1, and 1b was the further oxidized product
via 1a.

To further explore the biotransformation capability of
S. griseus ATCC 13273 to ursane triterpenes and investigate the
influence of the hydroxyl substitutions on A and B rings in the
reactions, another four ursane-type substrates, 3-oxo ursolic
acid (2), corosolic acid (3), asiatic acid (4) and madasiatic acid
(5), were screened.

Biotransformation of 3-oxo ursolic acid (2, 150 mg) with
S. griseus ATCC 13273 also resulted in two additional polar
metabolites 2a (38.5 mg, yield 24.1%) and 2b (75.9 mg, yield
45.9%) (Fig. 3A). Two additional polar metabolites, 3a (46.2 mg,
yield 29.0%) and 3b (29.2 mg, yield 15.9%) (Fig. 3B), were isolated
from the biotransformation of corosolic acid (3, 150 mg).

Based on the HR-ESI-MS, 1D and 2D NMR data and the
reaction types on ursolic acid, compound 2a was identified as
3-oxo-urs-12-en-28, 30-dioic acid; compound 2b was identified
as 24-hydroxy-3-oxo-urs-12-en-28,30-dioic acid;** compound 3a
was identified as 2a,3B-dihydroxy-urs-12-ene-28,30-dioic acid,
and compound 3b was identified as 2a,38,24-trihydroxy-urs-12-
ene-28,30-dioic acid (the structure elucidation can be seen in
the ESI{).
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Fig. 2 Key HMBC and NOESY correlations of compound 2b.
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Biotransformation of asiatic acid (4, 100 mg) with S. griseus
ATCC 13273 resulted in only one additional polar metabolite, 4a
(52.1 mg, yield 49.1%) (Fig. 4).

Compound 4a was obtained as a white amorphous powder.
The HR-ESI-MS of compound 4a showed an [M — H]|™ ion at m/z
517.3164 (caled for CzoH450,, 517.3171), which indicated an
increment of 30 amu as compared to compound 4. Then, 4a was
characterized as 2a,38,23-trihydroxy-urs-12-ene-28,30-dioic acid
due to its NMR spectral data being identical to those reported in
the literature.”®

Biotransformation of madasiatic acid (5, 100 mg) with
S. griseus ATCC 13273 resulted in two additional polar metab-
olites, 5a (12.5 mg, yield 12.1%) and 5b (33.4 mg, yield 31.5%)
(Fig. 5).

The HR-ESI-MS of compound 5a showed an [M — H]|™ ion at
m/z 519.3319 (caled for C;oH4,0;, 519.3327), indicating a 16
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Biotransformation of 3-oxo ursolic acid (2) and corosolic acid (3) by S. griseus ATCC 13273.

amu mass increase compared to that of compound 5. The
"H NMR spectrum of compound 5a displayed five characteristic
methyl groups in the absence of one splitting methyl signal in
the substrate. The DEPT spectrum exhibited a new methylene
carbon signal at d¢c 65.66 ppm, confirming C-30 or C-29 as the
site of hydroxylation. The hydroxylation at C-30 was authenti-
cated by the paramagnetic shifts of the neighboring carbons
C-20 (from 6¢ 39.99 ppm of the substrate to ¢ 47.97 ppm),
whereas the signals of C-19 and C-21 shifted upfield by 5.52 and
5.41 ppm, respectively. The HMBC spectrum exhibited correla-
tions of H-30 with C-19 and C-21, as well as H-29 with C-18, C-19
and C-20, which further confirmed the structure of the compound
5a as 20,38,60,23,30-pentahydroxy-urs-12-ene-28-oic acid.

The molecular formula of 5b was established as C;qH,;605
based on HR-ESI-MS, in which a quasimolecular ion was
detected at m/z 533.3113 [M — H]| (caled for C3oH,;50s,

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Biotransformation of asiatic acid (4) by S. griseus ATCC 13273.
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Fig. 5 Biotransformation of madasiatic acid (5) by S. griseus ATCC 13273.

533.3120), indicating a 30 amu mass increase compared to that
of compound 5. According to a similar analysis of the NMR
spectrum with 3a and 4a, we judged that the C-30 methyl group
of 5 was oxidized to the corresponding carboxyl group.
Compound 5b was identified as 2a,3p,68,23-tetrahydroxy-urs-
12-ene-28,30-dioic acid, and it is reported for the first time.

It was encouraging to find that S. griseus ATCC 13273 could
catalyze highly efficient regioselective methyl oxidation at C-
30 for all of these ursane triterpenes, regardless of the varia-
tion of hydroxyl substitutions on A and B rings. The hydrox-
ylation of methyl at C-24 would be shielded when the
substrates (compound 4 and 5) bear the vicinal hydrox-
ymethyl group at C-23. Moreover, the methyl group at C-30 of
compounds 1-4 could be deeply oxidized to a carboxyl group
rapidly, and no potential intermediates were observed in the
HPLC analysis, but to the substrate 5, bearing one hydroxyl
substitution at C-6, the hydroxylated intermediate
(compound 5a) was isolated. Therefore, we speculated that
the hydroxyl substitution at C-6 or excessive hydroxyl substi-
tutions on A and B rings may slow the progress of further
oxidation of methyl at C-30. This reaction would also provide
a new active-site on the E rings for further structural modifi-
cation of PTs. In general, the facile biocatalytic oxidation of
the unactivated C-H bonds by whole cells illustrates the
advantages and properties of microbial transformations very
well in a reaction that is difficult to achieve using synthetic
chemical methods.>**” Developing green and highly regiose-
lective catalytic methods for the oxidation of unactivated sp®
C-H bonds will have widespread applications in synthetic
chemistry.

This journal is © The Royal Society of Chemistry 2017

Table 1 In vitro cytotoxicities of the substrates with more than fifty
percent inhibition rate in 50 uM

Inhibition rate (%) 72 h

HepG-2 MCF-7
Compounds 50pM 10pM 1puyM  50puM  10uM 1 pM
1 60.1 5.4 —7.2 78.1 —32.6 5.7
3 94.6 —7.5 —4.8 83.9 6.7 5.6
4 91.8 —-3.3 —-0.9 70.5 23.1 5.2

Cytotoxic activities of the compounds

All compounds were tested for in vitro cytotoxicity. Ursolic acid
(1), corosolic acid (3) and asiatic acid (4) showed an inhibitory
effect against HepG-2 human hepatoma cancer cells and MCF-7
human breast cancer cells (see Table 1). None of the metabolites
showed significant inhibitory activities against these cancer cell
lines, which may be due to the toxicity attenuated effect of
microbial metabolism on exogenous substrates.

Experimental
General procedures

NMR spectra were recorded on a Bruker AV-500 spectrometer in
C5D;5N solution with TMS as the internal standard, and chem-
ical shifts were expressed in ¢ (parts per million). HR-ESI-MS
experiments were performed on an Agilent 6210 ESI-TOF spec-
trometer. Preparative HPLC was carried out on a SHIMADZU
system with an Ultimate® LP-C18 column (10 x 250 mm). The

RSC Adv., 2017, 7, 20754-20759 | 20757
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high performance liquid chromatography (HPLC) analysis was
performed on an Agilent 1260 system with an Ultimate® LP-C18
column (4.6 x 200 mm) eluent: acetonitrile/water, flow rate: 1.0
mL min ", detector: Alltech 3300 ELSD. All of the solvents used
for extraction and isolation were of analytical grade. TLC was
performed on precoated silica gel GF,s4 plates. Separation and
purification were carried out by column chromatography on
silica gel (200-300 mesh). Silica gel was purchased from Qing-
dao Marine Chemical Group Co., PR China.

Substrates and microorganism

Ursolic acid (1) and corosolic acid (3) were purchased from
Spring&Autumn Pharmacy Co., Ltd., Nanjing China. 3-Oxo
ursolic acid (2) was prepared by the oxidation of 1 with Jones
reagent and purified by crystallization in methanol. Asiatic acid
(4) and madasiatic acid (5) were isolated from Centella asiatica
in our lab. Their structures were characterized by '"H NMR,
3C NMR, and MS spectra (see Table S17).

S. griseus ATCC 13273 was obtained by courtesy of Prof. John
P. N. Rosazza of the University of Iowa, USA.

Analytical and preparative scale biotransformation, isolation,
and identification of biotransformation products

Cultures were grown by a two-stage procedure in 50 mL of
soybean meal glucose medium held in 250 mL culture flasks.
The soybean meal glucose medium contained (in g L") 20
glucose, 5 yeast extract, 5 soybean meal, 5 NaCl, and 5 K,HPO,
in distilled water and was adjusted to pH 7.0 with 6 N HCI
before being autoclaved at 121 °C for 15 min. Cultures were
incubated with shaking at 180 rpm at 28 °C. A 10% inoculum
derived from 48 h-old stage I cultures was used to initiate stage
II cultures, which were incubated for 24 h before receiving
10 mg of substrates in 1 mL of DMSO, and incubations were
conducted as before. Substrate controls consisted of sterile
medium and substrates incubated under the same conditions
but without microorganisms. Cultures were incubated for 3-5
days and extracted with equal volumes of EtOAc. The organic
phase was concentrated and spotted on a silica gel TLC plate,
which was developed by chloroform/methanol (10 : 1, v/v). The
results were visualized by spraying with H,SO, (10% in ethanol)
and heating at 120 °C for 1-2 min.

Using 24 h-old stage II cultures, the substrate (1-3, 150 mg; 4
and 5, 100 mg) was distributed evenly among thirty 125 mL
culture flasks. Substrates containing cultures were incubated
for 3-5 days and then extracted with equal volumes of EtOAc
three times. The organic solvent layer was evaporated to
dryness. The crude extracts of substrates 1-5 were subjected to
silica gel column chromatography eluted with a solvent system
of chloroform/methanol (99 : 1 to 90 : 10) to afford the fractions
1-5, respectively. Fraction 1 was purified by preparative HPLC
with acetonitrile : H,O = 45 : 55, 14 mL min_'. Metabolites 1a
(48.6 mg) and 1b (52.1 mg) were isolated. Fraction 2 was puri-
fied by preparative HPLC with acetonitrile : H,O = 55 : 45, 14
mL min~'. Metabolites 2a (38.5 mg) and 2b (75.9 mg) were
isolated. Fraction 3 was purified by preparative HPLC with
acetonitrile : H,O = 42 : 58, 14 mL min~'. Metabolites 3a (46.2
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mg) and 3b (29.2 mg) were isolated. Fraction 4 was purified
again by silica gel column chromatography eluted with a solvent
system of chloroform/methanol (93 : 7 to 90 : 10) to afford 4a
(52.1 mg). Fraction 5 was purified by preparative HPLC with
acetonitrile : H,O = 40:60, 14 mL min ‘. Metabolites 5a
(12.5 mg) and 5b (33.4 mg) were isolated. The structures were
identified based on their HR-MS and NMR.

Metabolite 1a. White solid, HR-ESI-MS: m/z 485.3260,
[M — H] (caled for C30H4505, 485.3272), **C NMR (125 MHz,
pyridine-d5), see Table S2.}

Metabolite 1b. White solid, HR-ESI-MS: m/z 501.3222,
[M — H] (caled for C3yH,506, 501.3222), 'H NMR (500 MHz,
pyridine-d5), see Fig. S2.7 '*C NMR (125 MHz, pyridine-d5), see
Table S2.F

Metabolite 2a. White solid, HR-ESI-MS: m/z 483.3088,
[M — H] (caled for C3oH430s, 483.3115), **C NMR (125 MHz,
pyridine-d5), see Table S2.}

Metabolite 2b. White solid, HR-ESI-MS: m/z 499.3049,
[M — H] ™ (caled for C3oH,406, 499.3065), >C NMR (125 MHz,
pyridine-d5), see Table S2.}

Metabolite 3a. White solid, HR-ESI-MS: m/z 501.3215,
[M — H] (caled for C3oHy506, 501.3222), "*C NMR (125 MHz,
pyridine-d5), see Table S2.T

Metabolite 3b. White solid, HR-ESI-MS: m/z 517.3167,
[M — H] (caled for C30H4505, 517.3171), **C NMR (125 MHz,
pyridine-d5), see Table S2.}

Metabolite 4a. White solid, HR-ESI-MS: m/z 517.3164,
[M — H] (caled for C3oH,50-, 517.3171), *C NMR (125 MHz,
pyridine-d5), see Table S2.1

Metabolite 5a. White solid, HR-ESI-MS: m/z 519.3319,
[M — H] ™ (caled for C3H4,0-, 519.3327), *C NMR (125 MHz,
pyridine-d5), see Table S2.}

Metabolite 5b. White solid, HR-ESI-MS: m/z 533.3113,
[M — H] ™ (caled for C3oH,50s, 533.3120), °C NMR (125 MHz,
pyridine-d5), see Table S2.7

Time course for the biotransformation of ursolic acid (1)

Using 24 h-old stage II cultures, 10 mg of substrate 1 in 1 mL of
DMSO was added in each 250 mL culture flask, and incubations
were conducted as before. Substrates containing cultures were
incubated for 0, 14, 24, 36, 48 and 72 h, and extracted with equal
volumes of EtOAc. The compound contents in the extract were
measured by HPLC-ELSD analysis.

Cytotoxicity assay

Two cancer cell lines, HepG2 and MCF-7, were purchased from
Peking Union Medical College (PUMC) Cell Bank (Beijing,
China). All cells were maintained in DMEM medium supple-
mented with 10% fetal bovine serum. The culture was main-
tained at 37 °C, 5% CO,, and grown in 96-well microtiter plates
for the assay. All media were supplemented with 100 U mL ™"
penicillin and 100 ug mL ™" streptomycin. The cytotoxic activity
in vitro was measured using the MTT assay. The MTT solution
(10.0 mL per well) was added in culture media after cells were
treated with various concentrations of compounds for 72 h, and
cells were incubated for a further 4 h at 37 °C. The purple

This journal is © The Royal Society of Chemistry 2017
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formazan crystals were dissolved in 100 mL DMSO. After
10 min, the plates were read on an automated microplate
spectrophotometer (Bio-Tek Instruments, Winooski, VT) at
570 nm and 650 nm. Assays were performed in triplicate on
three independent experiments. In all of these experiments,
three replicate wells were used to determine each point.

Conclusions

In conclusion, S. griseus ATCC 13273 showed highly efficient
site-selective methyl oxidizing capacity (especially at C-30) over
all five substrates of ursane triterpenes, resulting in eight
additional unreported metabolites. Moreover, the site-selective
oxidation of PTs obtained is particularly valuable for the fact
that it provided the new active-site with the ability to access
a greater number and larger variety of further derivatives. The
wild microbe with such a specific site-selectivity and high
conversion rate to multiple substrates is even more remarkable
and uncommon. The whole genome of S. griseus 13273 in our
lab has been sequenced. Future efforts will focus on the iden-
tification, cloning and heterologous expression of cytochrome
P450 genes for the discovery of new biocatalysts for the specific
oxidation of unactivated C-H bonds.
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