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Abstract

Microbial transformation was used to prepare novel cytotoxic bufadienolides. Twelve pro8idbts \ere obtained from bufalinlj
by the fungusMucor spinosusTheir structures were elucidated by high-resolution mass spectroscopy (HR-MS) and extensive NMR
techniques, includingH NMR, 13C NMR, DEPT,'H-!H correlation spectroscopy (COSY), two dimensional nuclear Overhauser effect
correlation spectroscopy (NOESY), heteronuclear multiple quantum coherence (HMQC), and heteronuclear multiple bond coherence
(HMBC). Compounds3, 4, 9 and11-14 are new mono- or dihydroxylated derivatives of bufalin with novel oxyfunctionalities g8 C-1
C-7B, C-11B, C-123 and C-1& positions. The in vitro cytotoxic activities against human cancer cell lin€s-dt4, together with 16
biotransformed products derived from cinobufadif+30) were determined by the MTT method, and their structure—activity relationships
(SAR) were discussed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction liver carcinoma PLC/PRF/5 cells. It was found that sub-
tle changes in functionality of bufadienolides could signifi-
Bufadienolides are a new type of natural steroids with cantly alter their cytotoxic activities. The essential structural
potent antitumor activities, originally isolated from the tra- requirements for increasing the inhibitory activities have
ditional Chinese drug Chan’Si,2]. They have been re- been identified. Unfortunately, all the test bufadienoclides are
ported to exhibit significant inhibitory activities against hu- natural products isolated from Chan’Su, or their chemical
man myeloid leukemia cells (K562, U937, ML1, HL60), derivatives, and the oxyfunctionality sites are restricted to
human hepatoma cells (SMMC7221), and prostate cancerC-3, C-5, C-15 and C-I¥$positions. The cytotoxicities of
cells (LNCaP, DU105, PC3). The activities are mediated by bufadienolides oxygenated at other sites, which are obvi-
induction of cell apoptosis and cell differentiation, and the ously difficult to obtain by chemical means, still remain un-
regulations of a variety of genes and proteins are involved known.
in the proces§3-8]. Bufalin (1) and cinobufaginZ) are two Biotransformation, however, is an alternative tool in the
major components of Chan’SHif). 1), and their contents in  structural modification of complex natural products due to
the crude drug could be as high as 1-5% of the dry weight its great capabilities to catalyze novel reactions and its regio-
[9]. Bufalin also is one of the most potent bufadienolides and stereo-selectivity12,13] Microorganisms, especially
against cancer cells, with kgvalues of 10° to 10~ mol/I. filamentous fungi, are well known as efficient and selective
Recently, Kamano et a]10,11] obtained 80 bufadieno-  hydroxylation catalyst§14—16] In previous papers we re-
lides and studied their structure—activity relationships (SAR) ported the biotransformations of cinobufagin by plant cell
and QSAR on the inhibition of colchicines-resistant primary suspension cultures and obtained a series of new glucosy-
lated productd17]. The present study intends to produce
new bufadienolides from bufalin by microbial transforma-
~* Corresponding author. Tek:86 10 82801516; fax:-86 10 82802700.  tion. The cytotoxicities of the obtained products were also
E-mail addressgda@bjmu.edu.cn (D. Guo). described.
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2. Materials and methods

2.1. General

Melting points were determined with an XT4A apparatus

89

pusillum AS 1.1905, Flavobacterium oryzaeAS 1.1584,
Proteus vulgarisAS 1.1208, and®seudomonas aeruginosa
AS 1.860. Strains were maintained on potato agar slants at
4°C. Fermentations of fungi were carried out in a potato
medium[18] consisting of 20g of potato extract, 20g of

and are uncorrected. Optical rotations were measured with aglucose, and 1000 ml of distilled 4®. Luria-Bertani (LB)
Perkin-Elmer 243B polarimeter. UV spectra were detected medium[19] was used for the fermentation of bacteria. It is

with a TU-1901 UV-Vis spectrophotometer. IR spectra were
recorded in KBr with an Avatar 360 FT-IR spectropho-
tometer.1H and 13C NMR spectra were recorded on a
Bruker DRX-500 spectrometer (500 MHz f&H NMR and
125 MHz for 3C NMR) in DMSO-d; at ambient tempera-

ture with tetramethylsilane (TMS) as the internal standard.

The chemical shifts§(values) are given in parts per million
(ppm) relative to TMS at 0 ppm. The coupling constamts (

composed of 10 g of tryptone (Oxoid Ltd, England), 5g of
yeast extract (Oxoid), 5 g of NaCl, diluted with distilled wa-

ter to 1000 ml, and adjusted to pH 7.2 with 5% NaOH. The
media were sterilized at 12C and 1.06 kg/crhfor 30 min.

2.4. Preliminary screening tests

The fungal mycelia or bacterial colonies from the agar

values) are reported in hertz (Hz). Standard pulse sequenceslants were aseptically transferred to liquid medium. Cul-
were used for DEPT (distortionless enhancement by polar- tures were incubated in 250-ml Erlenmeyer flasks containing
ization transfer)H-1H correlation spectroscopy (COSY), 80 ml of medium at 25C with rotary shaking at 180 rpm in
two dimensional nuclear Overhauser effect correlation spec-the dark. After 48 h incubation, 3 mg of bufalif, (L0 mg/ml
troscopy (NOESY), heteronuclear multiple quantum coher- in ethanol) was added to the cultures. The incubation con-
ence (HMQC), and heteronuclear multiple bond coherencetinued for 3 days. Then the cultures were filtered through
(HMBC) experiments. Matrix-assisted laser desorption ion- Whatman no. 1 filter paper in vacuo, and the filtrate ex-
ization time-of-flight (MALDI-TOF) mass spectra were tracted with an equal volume of ethyl acetate. The organic
measured on a Bruker BIFLEX Il mass spectrometer. extract was evaporated to dryness in a rotary evaporator un-
High-resolution mass spectra (HR-MS) were obtained on a der reduced pressure at 8D, and the obtained residue dis-

Bruker APEX Il Fourier transform ion cyclotron resonance

(FT-ICR) mass spectrometer in the positive mode with a

secondary ion mass spectrometry (SIMS) ion source.

2.2. Chemicals

Bufalin (1) was isolated from the Chinese drug Chan’Su,
and unambiguously identified by NMR and MS techniques.
The purity was determined to be >99.5% by HPLC analy-

solved in 1 ml of methanol for analysis. Thin-layer chro-
matography (TLC) analyses were carried out on precoated
silica gel Gks4 plates (Qingdao Marine Chemical Corpo-
ration, China). The plates were developed with petroleum
ether—acetone (1:1, v/v) and visualized by spraying with
10% H,SO, (in ethanol) and heated at 120 for 10 min

to produce colorful spots. Culture controls consisted of fer-
mentation blanks in which the microorganisms were incu-
bated under identical conditions with no bufalin. Substrate

sis. Silica gel (200-300 mesh) for column chromatography controls were composed of sterile medium to which bufalin
was purchased from Qingdao Marine Chemical Corporation, was added and were incubated without the microorganisms.
Qingdao, China. Sephadex LH-20 was from Pharmacia. All

chemical solvents used for products isolation were of ana- 2.5. HPLC analysis

Iytical grade or higher.

2.3. Microorganisms and culture media

An Agilent 1100 HPLC apparatus equipped with a
diode-array detector (DAD) and a quaternary pump system
was used. The column was Zorbax ExtengCAgilent,

The microorganisms were purchased from China Generalysa), 5um, @ 4.6 mm x 250 mm. The mobile phase was

Microbiological Culture Collection Center (CGMCC, Bei-
jing, China). The filamentous fungi (20 strains from 9 gen-
era) includedAbsidia coeruleaAS 3.3389,Alternaria (A.
alternataAS 3.4578A. alternataAS 3.577 A. longipesAS
3.2875),Aspergillus(A. avenaceuasS 3.4454A. flavusAS
3.3554,A. nigerAS 3.1858A. nigerAS 3.739,A. nigerAS
3.795),CunninghamellgC. blakeslean&S 3.970,C. ele-
gansAS 3.1207),Fusarium avenaceurAS 3.4594 Mucor
(M. polymorphosporusS 3.3443 M. spinosusAS 3.2450,
M. SpinOSUAS 3.3450,M. subtilissimusAS 3.2454) Peni-
cillium (P. janthinellumAS 3.510,P. melinii AS 3.4474),
Sporotrichunsp. AS 3.2882, an8yncephalastrum racemo-
SUmMAS 3.264. The bacteria screened wénartobacterium

methanol-water (52:48, v/v) for the first 6 min, then linearly
gradient to methanol-water (72:28, v/v) over 19 min, and
held for 10 min. The flow rate was 1.0 ml/min; detection
wavelength was 296 nm; column temperature was@5
The samples were filtered through 0.4B6+ filter mem-
branes prior to use. An aliquot of 10 of the sample was
injected into the apparatus for each analysis.

2.6. Preparative HPLC conditions
For the isolation of biotransformation products, a Sepec-

traSERIES HPLC apparatus (Thermo Quest) with a LDO-
loop was used. The column was PEGASIL ODS packing
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(Senshu Pak, Japan)pbn, @ 10 mm x 250 mm. The flow 2.8.2. 3-epi-B-Hydroxyl bufalin @)

rate was 2.0ml/min, and the detection wavelength was White powder; G4Hz40s; mp 210-214C; [¢]2® +16.7
296 nm. The samples were eluted with mixtures of methanol (¢ 0.06, MeOH); UV Amax (loge) (MeOH): 206.0 (4.08),
and water. 298.0 (3.88)nm; IRvmax (KBr): 3371, 2931, 2863,
1707, 1540, 1261, 1143, 1053, 946, 848, 804¢m
HR-FT-ICRMS m/z calcd for G4H350s5 [M + H]™,
403.2478, found 403.2476'H and 13C NMR data, see
Tables 1 and 2

2.7. Preparative-scale biotransformation of bufalin by
Mucor spinosus AS 3.3450

Mycelia of M. spinosudrom agar slants were aseptically 5 g 3 B-Hydroxy! bufalin §)
transferred to 250-ml Erlenmeyer flasks containing 80 ml of  \y/hite powder; G4Hz4O0s; mp 196-197C: [a]%5 _30.00

liquid potato medium. The fungus was incubated &t@%n (c 0.33, MeOH); UV imax (I0ge) (MeOH): 210.0 (3.65)

a rotary shaker (180 rpm) in the dark for 24 h to make a stock 3 (3.55) nm; TOF-MSni/2): 403 M + H]*: 1H NMR
inoculum. Then an amount of 5 ml of the stock inoculumwas (p\SO-g, 500 ,MHZ)Z 7.91 (1H, dJ = 10.0 Hy H-22)

added to each of the 40 1-I flasks containing 350 ml of potato 7 5 (1H, s, H-21), 6.27 (1H, d = 10.0Hz, H-23), 5.13
medium. After 36 h incubation, a total amount of 800 mg of (1H, d,J L 4’1_5 o é-OH) 4.7,7 AT 7_;5 o 1:OH)

bufalin dissolved in 40 ml of ethanol was distributed equally 4.14 (1H, s, 14-OH), 3.99 (1H, brs, H-3), 3.58 (1H, brs
among the 40 flasks. The incubation was allowed to continue 1 > a1 (,1H m H117) 0.94 £3H s 19_('5)_, 0.58 (3,H

for additional 4 days on the shaker. The cultures were thenS, 18-CH); 13C NMR data, sedable 1

pooled and filtered through Whatman no. 1 filter paper in

vacuo. The filtrate was extracted with 101 of ethyl acetate 5 g 4 1%-Hydroxyl bufalin 6)

for three times. The organic extract was concentrated and \yphite

powder; G4H340s; mp 236-238C; [¢]2® —2.9°

evaporated to dryness in a rotary evaporator under reduced(C 0.34, MeOH); UV Amax (I0ge) (MeOH): 206.0 (3.38)

pressure at 60C to yield 2.47 g of a brownish solid.

2.8. Isolation and purification of biotransformation
products

The extract was subjected to silica gel column chromatog-

raphy (1359, 200—-300 mesi, 3cm x 45cm), and eluted
in 100 ml fractions with petroleum ether (60-90) and ace-
tone (4:1to 1:1, v/v), gradually increasing the proportion of

301.0 (2.99) nm; HR-FT-ICRM%$z calcd for G4H3505
[M + H]*, 403.2478, found 403.248%H and 13C NMR
data, sedables 1 and 3

2.8.5. 13B-Hydroxyl bufalin {)

White powder; G4Hz40s; mp 236-238C; [¢]3° —30.0°
(c 0.30, MeOH); UV Amax (loge) (MeOH): 208.0 (3.61),
299.0 (3.29) nm; TOF-MSn{/2): 403 M + H]*+; IH and
13C NMR data, sedables 1 and 3

acetone. The fractions were combined under the guidance

of TLC analysis. Fr. 11-13 were crystallized in acetone to
give 3 (127.6 mg, 16.0% yield). Fr. 17-23 were subjected

2.8.6. Telocinobufagin (5-hydroxyl bufali@)
White powder; G4Hz40s; mp 114-116C; [¢]3® —12.6°

to preparative RP-HPLC and eluted with methanol-water (C 0.16, MeOH); UV imax (loge) (MeOH): 206.0 (3.75),

(60:40, v/v) to gived (4.6 mg, 0.6% yield)5 (16.0 mg, 2.0%
yield), 6 (3.0mg, 0.4% yield),7 (7.9mg, 1.0% vyield)8
(8.1 mg, 1.0% yield), anél (10.0 mg, 1.2% yield). Fr. 24-37

300.0 (3.52) nm; TOF-MSnt/2): 403 M + H]*; 1H NMR
(DMSO-cs, 500 MHz):7.91 (1H, dd,J = 10.0, 2.0Hz,
H-22), 7.51 (1H, d,J = 2.0Hz, H-23), 6.27 (1H, dJ]

were subjected to preparative RP-HPLC and eluted with = 10.0Hz, H-21), 5.17 (1H, dJ = 4.0Hz, 3-OH), 4.77

methanol-water (54:46, v/v) to givé0 (88.3mg, 11.0%
yield) and11 (12.0 mg, 1.5% yield). Fr. 38-55 were crystal-
lized in acetone to giv&é2 (44.0 mg, 5.5% yield). Fr. 5664

were purified over a Sephadex LH-20 column and eluted

with methanol to givel3 (55.6 mg, 7.0% vyield). Fr. 65-69
were purified by preparative RP-HPLC to obtai(3.7 mg,
0.5% vyield).

2.8.1. B-Hydroxyl bufalin @)

Colorless needles from acetonezs8340s5; mp 247-
248°C (decomp.);:{;]%5 —1.6° (c 0.64, MeOH); UV Amax
(loge) (MeOH): 208.0 (3.68), 300.0 (3.51) nm; IRyax
(KBr): 3367, 2933, 2894, 2865, 1701, 1634, 1544, 1032,
949, 843 cm!; HR-FT-ICRMS m/z calcd for G4H350s
[M + H]*, 403.2478, found 403.2479H and 13C NMR
data, sedables 1 and 2

(1H, s, 5-OH), 4.14 (1H, s, 15-OH), 3.99 (1H, brs, H-3),
2.45 (1H, ddJ = 9.5, 6.0 Hz, H-17), 0.81 (3H, s, 19-GH
0.58 (3H, s, 18-Ch); 13C NMR data, sedable 1

2.8.7. 1B-Hydroxyl bufalin @)

White powder; G4H340s; mp 213-214C; [o]® —1.4
(c 0.73, MeOH); UV Amax (loge) (MeOH): 215.0 (3.82),
299.0 (3.62) nm; IRvmax (KBr): 3430, 3382, 2920,
2851, 1712, 1625, 1536, 1060, 1031, 948, 828tm
HR-FT-ICRMS m/z calcd for G4H3zs50s [M + H]™,
403.2478, found 403.2475:H and 13C NMR data, see
Tables 1 and 3

2.8.8. 13-Hydroxyl bufalin (0)
White crystalline powder; &3H3405; mp 228-229C;
[¢]Z® —5.9 (c 1.19, MeOH); UV Amax (loge) (MeOH):
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Table 1

13C NMR spectral data of compoundsand 3-14 (DMSO-ds, 125 MHz)

C 12 3 4 5 6 7 8 9 10 11 12 13 14

1 29.5t 29.2t 30.2t 72.0d 29.7t 29.5t 24.9t 29.6t 29.6t 71.9d 29.5t 29.2t 72.1d

2 27.5t 27.3t 33.2t 32.0t 27.7t 27.6t 27.3t 27.8t 27.5t 31.8t 27.6t 27.3t 32.1t

3 64.6d 64.3d 69.6d 66.7d 64.7d 64.6d 66.5d 64.6d 64.5d 66.5d 64.5d 64.3d 66.8d

4 33.1t 33.2t 37.2t 33.0t 33.4t 33.1t 36.5t 33.1t 33.0t 34.0t 33.0t 34.1t 32.9t

5 35.6d 36.4d 41.7d 30.0d 35.9d 35.8d 73.5s 35.9d 35.7d 31.1d 35.6d 36.4d 30.1d

6 26.5t 36.7t 37.0t 26.0t 26.9t 26.6t 34.9t 25.7t 26.4t 36.1t 26.4t 36.6t 25.9t

7 21.1t 69.2d 69.1d 20.9t 20.6t 21.0t 23.3t 21.4t 21.3t 69.1d 21.1t 69.1d 21.0t

8 41.2d 45.9d 46.1d 41.2d 41.8d 41.3d 40.2d 37.5d 40.7d 46.2d 41.0d 45.8d 40.8d

9 34.8d 34.1d 34.9d 36.6d 33.5d 34.4d 38.1d 37.8d 31.5d 36.1d 34.9d 34.1d 33.2d
10 34.9s 34.7s 34.2s 40.0s 35.2s 35.0s 40.3s 35.3s 34.8s 40.0s 34.9s 34.7s 39.8s
11 21.1t 21.2t 20.9t 20.8t 20.3t 19.7t 21.5t 65.3d 29.8t 20.9t 21.1t 21.2t 29.7t
12 40.0t 39.8t 39.8t 39.8t 40.4t 38.9t 40.0t 48.1t 74.0d 39.6t 40.8t 40.6t 73.8d
13 48.0s 47.4s 47.4s 47.8s 47.1s 47.0s 47.9s 47.7s 54.2s 47.2s 47.2s 46.6s 54.0s
14 83.4s 84.4s 84.4s 83.2s 83.5s 80.6s 83.4s 84.4s 84.0s 84.4s 82.9s 83.8s 83.8s
15 32.0t 34.1t 34.5t 31.9t 78.2d 71.9d 31.9t 32.1t 32.2t 33.2t 40.8t 42.1t 32.0t
16 28.4t 28.4t 28.4t 28.4t 39.1t 38.2t 28.4t 28.3t 28.6t 28.4t 76.6d 76.6d 28.6t
17 50.1d 50.0d 50.5d 50.0d 49.2d 47.4d 50.0d 50.9d 45.4d 50.0d 60.3d 60.2d 45.3d
18 16.7q 16.8q 16.8q 16.6q 18.2q 17.1q 16.7q 19.6q 10.2q 16.8q 16.6q 16.7q 10.2q
19 23.7q 23.6q 23.0q 18.7q 22.7q 23.9q 16.6q 27.1q 23.7q 18.6q 23.7q 23.6q 18.7q
20 122.7s 122.6s 122.6s 122.7s 122.1s 122.2s 122.7s 122.8s 122.9s 122.5s 121.2s 121.0s 122.8s
21 149.1d 149.1d 149.1d 149.1d 148.8d 149.5d 149.2d 149.0d 149.2d 149.1d 149.5d 149.6d 149.2d
22 147.4d 147.5d 147.5d 147.3d 147.0d 147.3d 147.3d 147.5d 147.6d 147.5d 147.2d 147.3d 147.5d
23 114.1d 114.2d 114.2d 114.1d 114.3d 114.0d 114.1d 114.0d 114.1d 114.2d 114.3d 114.3d 114.1d
24 161.3s 161.3s 161.3s 161.3s 161.2s 161.2s 161.3s 161.3s 161.3s 161.3s 161.3s 161.3s 161.3s

a75MHz.

207.0 (3.63), 301.0
[M +H]*; H and
and 3

(3.38) nm; TOF-MSnfg): 403.1
13C NMR data, seeTables 1

2.8.9. 18,78-Dihydroxyl bufalin (1)

White crystalline powder; &H3406; mp 250-252C
(decomp.); §]3° —17.5 (c 0.34, MeOH); UVimax (loge)
(MeOH): 210.0 (3.67), 298.0 (3.57) nm; IRnax (KBr):
3394, 2940, 1719, 1632, 1539, 1447, 1050, 943, 832i¢m
HR-FT-ICRMS m/z calcd for G4Hzs0s [M + H]™,
419.2428, found 419.2432H and 3C NMR data, see
Tables 1 and 2

2.8.10. l@-Hydroxyl bufalin (2)

Colorless needles from acetonez48340s5; mp 189—
191°C; [¢]% —43.6 (c 0.28, MeOH); UV Amax (l0ge)
(MeOH): 211.0 (3.68), 299.0 (3.47) nm; IRnax (KBr):

Co4H3506 [M + H]t, 419.2428, found 419.2429H and
13C NMR data, sedables 1 and 2

2.8.12. 3B,128-Dihydroxyl bufalin (4)

Colorless needles from acetonez483406; mp 268—
270°C; [¢]%® +15.6 (c 0.32, MeOH); UV Amax (loge)
(MeOH): 208.0 (3.84), 299.0 (3.67) nm; IRnax (KBr):
3374, 2937, 1696, 1629, 1538, 1409, 1236, 1135, 1018, 945,
827, 572cml; HR-FT-ICRMS m/z calcd for GaH3z506
[M + H]*, 419.2428, found 419.2434H and 13C NMR
data, sedables 1 and 3

2.9. Bioassay
Human hepatoma Bel-7402 cells, human gastric cancer

BGC-823 cells, human cervical carcinoma HelLa cells and
human leukemia HL-60 cells were maintained in RPMI 1640

3428, 2936, 2869, 1729, 1633, 1539, 1137, 1040, 948, medium (GIBCO/BRL, Maryland, USA) supplemented with

831cnt!; HR-FT-ICRMS m/z calcd for Gg4H3505 [M
+ H]*, 403.2478, found 403.247%H and13C NMR data,
seeTables 1 and 2

2.8.11. 'B,16x-Dihydroxyl bufalin (L3)

Colorless prisms from acetone—methanal;ldz40g; mp
293-295C (decomp.); 1% —21.9 (c 1.23, MeOH); UV
Amax (loge) (MeOH): 215.0 (3.63), 299.0 (3.48) nm; iRyax

10% (v/v) fetal bovine serum and cultured in 96-well mi-
crotiter plates for the assay. Appropriate dilutions (3@

107 wmol/l) of the test compounds were added to the cul-
tures. After incubation at 37C, 5% CQ for 72 h, the sur-
vival rates of the cancer cells were evaluated by the MTT
method[20,21] The activity was shown as the 4gvalue,
which is the concentrationmol/l) of test compound to give
50% inhibition of cell growth. Results were expressed as the

(KBr): 3356, 2944, 2921, 2879, 1701, 1633, 1542, 1141, mean value of triplicate determinations. Taxol was selected

1052, 1033, 964, 835city HR-FT-ICRMS m/z calcd for

as the reference substance.
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Table 2
1H NMR spectral data of compounds 4 and 11-13 (500 MHz, in DMSO-@)2
H 3 4 11 12 13
1 1.40 1.48 3.57brd(7.5) 1.37 143

1.36 1.20 1.37 1.34
2 1.43 2.12 1.69 1.57 1.44

1.30 1.72 1.69 1.35 131
3 3.85brs 3.31brs 3.95brs 3.90brs 3.88brs
4 211 1.68 1.80 1.80 1.72

171 1.46 1.44 1.18 131
5 1.76 1.42 2.00 1.61 1.77
6 1.78 1.75 1.73 1.75 1.72

1.35 1.35 1.42 1.15 1.32
7 3.80brs 3.80brs 3.83 1.70 3.78brs

1.05

8 1.55 1.56 1.60 1.39 1.49
9 157 157 1.48 1.65 1.59
11 1.32 1.32 1.21 1.33 1.33

1.12 1.10 1.14 1.13 1.12
12 1.39 1.40 1.36 191 1.58

1.33 1.32 1.29 1.59 1.52
15 1.62 1.65 211 1.87 2.07brs

1.30 1.30 171 1.61 2.05brs
16 2.08 2.08 2.07 4.11brs 4.21

1.65 1.65 1.69
17 2.46 245 244 2.20d (5.0) 2.25d (5.5)
18 0.62 (3H, s) 0.61 (3H, s) 0.62 (3H, s) 0.55 (3H, s) 0.61 (3H, s)
19 0.89 (3H, s) 0.82 (3H, s) 0.94 (3H, s) 0.85 (3H, s) 0.90 (3H, s)
21 7.52d (2.0) 7.51d (2.0) 7.50d (2.0) 7.52d (2.0) 7.54d (2.5)
22 7.95dd (9.5, 2.0) 7.94dd (9.5, 2.0) 7.93dd (10.0, 2.0) 7.82dd (9.5, 2.0) 7.84dd (9.5, 2.5)
23 6.28d (9.5) 6.27d (9.5) 6.26d (10.0) 6.32d (9.5) 6.32d (9.5)
1-OH 4.82d (7.5)
3-OH 4.21brs 4.46d (4.0) 5.14d (5.0) 4.19d (3.0) 4.20brs
7-OH 5.57d (4.0) 5.63d (4.0) 5.58d (4.5) 5.58d (3.0)
14-OH 5.54s 5.55s 5.56s 4.29s 5.62s
16-OH 4.87d (5.0) 4.90brs

aThose peaks whose multiplicity was not designated are multiplets (m).

3. Results

bufalin (1). TLC and HPLC analyses suggested thabuld
be actively metabolized bivucor (M. polymorphosporus
AS 3.3443M. spinOSUAS 3.2450 M. spinoSUAS 3.3450,
M. subtilissimusAS 3.2454),Alternaria (A. alternataAS
3.4578,A. alternata AS 3.577,A. longipesAS 3.2875),
CunninghamellgC. blakesleanaAS 3.970,C. elegansAS
3.1207), Absidia coeruleaAS 3.3389, andSyncephalas-
trum racemosunAS 3.264 strains. By spraying with 10%
H>S0Oy and heating at 120C, new fluorescent colorful spots

ilar spot or peak was observed in the culture control. The

stability of bufalin in the culture medium was ensured by
Twenty strains of filamentous fungi and four species of the substrate control. No new spot or peak was observed,

bacteria were screened for their capabilities to metabolize either, suggesting that the formation of the products is due

to the microorganisms.
Mucor spinosusAS 3.3450 was the most potent strain
for bufalin and was therefore selected for preparative-scale
biotransformation. A total amount of 800 mg of bufalin
was used and 12 pure products isolated by repeated silica
gel column chromatography and preparative reversed-phase
liquid chromatographyKig. 2). Based on high-resolution
mass spectrometry and extensive NMR techniques, their
structures were identified asp-hydroxyl bufalin @),

could be observed in the thin-layer chromatograms of the 3-epi73-hydroxyl bufalin @), 1B-hydroxyl bufalin &)
biotransformed products. HPLC/DAD analysis also showed [3], 15x-hydroxyl bufalin €) [22], 153-hydroxyl bufalin
new peaks with on-line UV absorption maximum at 296 nm, (7) [23], telocinobufagin (5-hydroxyl bufalin8) [24],

which is characteristic for bufadienolideBig. 2). No sim-

11B-hydroxyl bufalin @), 123-hydroxyl bufalin (0) [25],
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Table 3
1H NMR spectral data 06, 7, 9, 10 and 14 (500 MHz, in DMSO-@)?
H 6 7 9 10 14
1 1.34 1.36 151 1.41 3.57brd(7.5)
1.34 1.36 1.40 1.34
2 1.35 151 1.44 1.47 1.80
131 1.32 1.32 131 1.75
3 3.86brs 3.89brs 3.87brs 3.87brs 3.98brs
4 1.97 1.87 1.76 1.80 1.88
1.16 1.15 1.15 1.18 1.38
5 1.65 1.64 1.91 1.69 1.91
6 1.75 1.65 1.78 1.75 1.69
1.12 1.10 1.06 1.14 1.20
7 1.25 1.32 181 1.71 1.72
1.00 1.06 1.17 1.12 1.13
8 1.46 1.47 1.61 1.45 1.46
9 2.39 1.67 1.53 1.58 145
11 1.77 1.63 3.87brs 142 1.29
1.60 1.56 1.05 1.06
12 1.91 1.35 1.58 3.20brd(12.0) 3.16
1.82 1.35 1.35
15 4.02brs 4.38 1.92 181 1.69
1.59 1.58 1.56
16 2.05 2.43 2.01 2.00 1.98
1.38 1.40 1.50 1.60 1.59
17 2.66 2.27dd (6.0, 9.5) 2.40dd (6.0, 9.5) 2.99 2.97
18 0.56 (3H, s) 0.61 (3H, s) 0.81 (3H, s) 0.49 (3H, s) 0.48 (3H, s)
19 0.81 (3H, s) 0.84 (3H, s) 1.09 (3H, s) 0.84 (3H, s) 0.93 (3H, s)
21 7.50s 7.50d (2.0) 7.49d (2.0) 7.43d (2.0) 7.43s
22 7.67d (9.5) 7.93dd (10.0, 2.0) 7.90dd (10.0, 2.0) 7.84dd (10.0, 2.0) 7.84d (9.5)
23 6.28d (9.5) 6.26d (10.0) 6.25d (10.0) 6.27d (10.0) 6.28d (9.5)
1-OH 4.82d (7.5)
3-OH 4.09brs 4.14brs 4.10d (3.0) 4.14brs 5.14d (4.5)
11-OH 3.91d (3.5)
12-OH 4.46brs 4.47d (5.0)
14-OH 4.00s 4.02s 4.01s 4.13s 4.18s
15-OH 4.70d (4.5) 4.65d (6.5)

2Those peaks whose multiplicity was not designated are multiplets (m).

1B,7B8-dihydroxyl bufalin (L1), 16a-hydroxyl bufalin @2), monohydroxylated product of bufalil), When compared
7B,16a-dihydroxyl bufalin @3), and 1B,123-dihydroxyl to that of 1, the 13C NMR spectrum of3 showed an ad-
bufalin (14), respectively. Among then8, 10, 12 and 13 ditional oxygenated methine signal &1%69.2. In addition,
were obtained as major products in 16.0, 11.0, 5.5 and 7.0%C-6 (§ 36.7) and C-8 { 45.9) shifted downfield by 10.2
final yields, respectively. Metabolite3, 4, 9, 11, 12, 13 and 4.7 ppm, respectively, suggesting that the additional hy-
and 14 are novel bufalin derivatives hydroxylated at @;1  droxyl group was introduced at C-7. The signal of H&7 (
C-7B8, C-12 and C-16: positions. The!H and13C NMR 3.80) appeared as an unusually broad peak with half-height
spectral data of the new compounds were unambiguouslywidth (Wy,2) of 24 Hz. Its large coupling constants result
assigned according to their DEP'H-'H COSY, NOESY, from the axial-axial couplings of H-7 with Hg6and H-8,
HMQC and HMBC spectrd26]. The structures ob, 7 indicating that 7-OH should be in th&-configuration. The
and 10 have been proposed in previous literatures but with NOE enhancement between H-7 and H84.(57) also sup-
no detailed spectral dafa2,23,25] Their NMR data were  ported the3-orientation of 7-OH. Accordingly, the signal of
reported for the first time in this papéefgbles 1-3 14-OH (§ 5.54) significantly shifted downfield by 1.44 ppm,
The molecular formula 08 was established asgH3405 as aresult of the intramolecular hydrogen bonding®OH
according to the pseudo-molecular ion peakné&t403.2479 and 14-OH. Based on the above evidence, comp@unds
[M + H]™ in the HR-MS spectrum, suggesting ttgats a identified as B-hydroxyl bufalin.
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Fig. 2. HPLC profile of the biotransformed products from bufall) by Mucor spinosusAS 3.3450, showing typical DAD on-line UV absorption

spectrum of the products. Fdrand 3-14, seeFig. 1

Metabolite4 was obtained and identified as a mixture with
3in a molar ratio of 2:1. The two compounds showed very
similar chromatographic behaviors, and were extremely dif-
ficult to be separated. IESC NMR spectrum was essentially
similar to that of3 except the signals of ring-A carbons.
An additional oxygenated CH signal appeared @9.1, and
both C-6 § 37.0) and C-8446.1) significantly shifted down-
field, consistent witl being a C-B hydroxylated derivative
of bufalin. The signal of H-3 shifted upfield #3.31, and
signals for ring A carbons are almost identical to those in
3-epidesacetylcinobufagif27], both suggesting that 3-OH
in 4 should be in thex-configuration. Therefore, compound
4 was characterized asepi7p3-hydroxyl bufalin. Its NMR
spectral data were assigned by comparing with thoseé of
and 3epidesacetylcinobufagin.

The HR-MS spectrum 08 showed the M1 + H]™ ion
peak atnvz 403.2475, suggesting the molecular formula
of Cp4H340s. In the 13C NMR spectrum, an additional
oxygen-bearing tertiary signal appeare@@%.3. The signal
of C-12 ¢ 48.1, t) shifted downfield by 8.1 ppm when com-
pared with the corresponding signal in bufalin, indicating
that C-11 in9 was hydroxylated. ThéH NMR signals of
18- and 19-methyl groups both shifted downfield due to their
1,3<cis-diaxial interactions with 11-OHP8], suggesting the
axial position of 11-OH. The NOE enhancements of 11-OH
with 18-CHs (6 0.81) and 19-CHl (§ 1.09) were observed
in the NOESY spectrum, which vigorously confirmed the

sulting from the axial-axial couplings of H-glwith H-9
and H-12 (Fig. 3). Therefore, the structure &was iden-
tified as 1B-hydroxyl bufalin.

The HR-MS spectrum o1l showed the Y1 4+ H]* ion
peak atm/z 419.2432, suggesting the molecular formula of
C24H3406. The13C NMR spectrum showed two additional
oxygenated CH signals 4t71.9 and$ 69.1, suggesting that
11 is a dihydroxylated product of bufalit). The signal of
C-19 significantly shifted upfield t6 18.6, suggesting that
C-1was hydroxylated. This was confirmed by the long-range
coupling between 19-CH(s 0.94) and C-1{ 71.9) in the
HMBC spectrum. ThéH-H COSY spectrum showed the
correlation between H-15(3.57) and H-3 { 3.95), which
is a characteristic W-typ&/ long-range coupling, suggest-
ing that both H-1 and H-3 are in the equatorial position
[30]. In accordance, 3-OH resonated at a much lower field
(8 5.14), as a result of the intramolecular hydrogen bonding
between 3-OH and 1-OH-g. 4). The NOE enhancements
of 1-OH and 3-OH with H-5 { 2.00) also supported the
B-configuration of 1-OH. The downfield shift of C-&\¢
+9.6) and C-8 AS +5.0) in the3C NMR spectrum sug-
gested that the other hydroxyl group 14 was introduced
at C-7. The signal of H-7§(3.83) appeared as an unusually
broad peak\\1» = 24 Hz), suggesting that 7-OH was in
theB-configuration. This was further confirmed by the NOE
enhancement between H-7 and H891(48) in the NOESY
spectrum. Therefore, the structure If was identified as

B-configuration of 11-OH. In accordance, C-8 resonated at a 18,73-dihydroxy! bufalin.

higher field when compared to that ind-hydroxyl bufalin,
as a result ofy-gaucheeffect of 113-OH. H-11 appeared

The HR-MS spectrum o012 showed the 1 4+ H]* ion
peak atm/z 403.2479, suggesting the molecular formula of

as a much narrower signal rather than the unusually broadC,4H340s5. The 13C NMR spectrum showed an additional

peak in 5,1&-dihydroxyl bufalin V1> = 20 Hz) [29] re-

CH signal ats 76.6, and signals for A-, B- and C-ring
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1,3-cis-diaxial interactions

3.56(brs, W ,=20Hz)
19.6(C) ]
27.1(C) ’/—\Olf{/\& 0.81(H) H 17.6(C)

17.0(0) 0.61(H)
1.09(H) CHy PG 3 0.92(H) CH, CH

3.87(brs, Wy,,=12Hz)

/—‘ OH  y-gauche H y-trans
Cg Cs
OH

Fig. 3. Comparison of NMR data for Bthydroxyl bufalin @, left, 500 MHz, in DMSO-d) and 5,1&-dihydroxyl bufalin (right, 600 MHz, in DMSO-¢)
[29].

HO

T

carbons were essentially similar to those in bufalin. How- as an unusually broad peakV{,, = 24Hz), indicating
ever, C-17 § 60.3) and C-154 40.8) shifted downfield by  that 7-OH should be in th@-configuration. This also was
10.2 and 8.8 ppm, respectively, suggesting that C-16 was hy-supported by the NOE enhancements of H-7 withdi¢4
droxylated in12. In the NOESY spectrum, H-16 4.11) 1.72) and H-9 § 1.59) observed in the NOESY spectrum
showed NOE enhancements with H-227.82) and H-21 (Fig. 5. Another significant difference of th&C NMR
(6 7.52), strongly indicating the-configuration of 16-OH. spectrum of13 with that of bufalin was the downfield shift
In addition, H-17 § 2.20) exhibited a coupling constant of C-17 (A§ +10.1), suggesting that the other hydroxyl
of 5.0Hz, similar to that of other 60H bufadienolides.  group in 13 was introduced at C-16. That was supported
While the coupling constant of H-17 for B6OH analogues by the long-range coupling between H-1§ 2.25) and
are 9.0-10.0 Hz, consistent with the dihedral angle of ap- C-16 (§ 76.6). The NOE enhancements of H-1654.21)
proximately O for H-16a and H-17 and the Karplus rela- with 18-CH; (§ 0.61), H-21 § 7.54) and H-22 § 7.84)
tionship[31]. Based on the above analysis, the structure of in the NOESY spectrum, as well as the coupling constant
12 was identified as 1&-hydroxyl bufalin. of H-17 (J = 5.5Hz), established the-configuration of
The HR-MS spectrum o013 showed the {1 4+ H]* ion 16-OH. Based on the above evidence, compoliddvas
peak atm/z 419.2429, suggesting the molecular formula of characterized asf{16«-dihydroxyl bufalin.
C24H3406. The13C NMR spectrum showed two additional The HR-MS spectrum of4 showed the Y1 + H]™ ion
oxygen-bearing tertiary signals &69.1 ands 76.6, respec-  peak atn/z 419.2434, suggesting the molecular formula
tively, indicating that two hydroxyl groups were introduced of Cp4H340s. The 13C NMR spectrum showed two ad-
at secondary carbons 8. When compared to correspond- ditional oxygen-bearing CH signals &t72.1 and$ 73.8,
ing signals of bufalin, C-6 and C-8 shifted downfield by respectively, suggesting thid was a dihydroxylated prod-
10.0 and 4.6 ppm, respectively, suggesting that C-7 wasuct of bufalin. When compared to that of bufalin, C-18
hydroxylated in13. The signal of H-7 § 3.78) appeared  (510.2) shifted upfield by 6.5 ppm, indicating that C-12 was
hydroxylated in14. In accordance, the HMBC spectrum
showed the long-range correlation between H-123.(6)
and C-18. The stereochemistry of 12-OH was established
as B-configuration by comparing the carbon signals with
those in 1B-hydroxyl bufalin (L0). The significant upfield
shift (Aé —5.0) of C-19 § 18.7) suggested that C-1 i
also was hydroxylated. In thg4—1H COSY spectrum, H-1
(6 3.57) and H-3 § 3.98) showed W-type long-range cou-
pling, suggesting that 1-OH was in tigeconfiguration. In
accordance, 3-OHs(5.14) shifted downfield by 0.99 ppm
because of the hydrogen bonding between 1-OH and 3-OH.

Fig. 4. Partial structure of @,73-dihydroxyl bufalin (1), showing the Based on the above evidence. the structurédofvas iden-
W-type long-range coupling of H-1 and H-3 (bold line), and the hydrogen tified 1 dihvd | buf ’I.
bonding of 1-OH and 3-OH (dotted line). ified as 13,123-dihydroxyl bufalin.
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Fig. 5. Key HMBC (left) and NOESY (right) correlations of compoutgl

Table 4

Cytotoxic activities 0f1-30 against human cancer cell lines £ 3)

Compound 1Go (rmolll)

Bel-7402 BGC-82% HelL&f HL-609

Taxol 3.4x 101 1.0 1.5x 102 4.4 x 1074
1 7.0x 1073 45x 102 2.8 x 1072 5.0 x 1073
2 5.4 x 1072 6.5 x 102 7.4 x 1072 3.4 x 102
3 2.3x 101 2.0x 101 6.1 x 102 5.7 x 1072
4 6.7 x 101 6.3x 101 51x 101 53 x 101
5 3.2 x 1072 2.4 x 1072 5.5x 1073 3.5 x 102
6 19.5 23.6 6.1 9.9
7 1.4 3.8 2.9 15
8 6.4 x 1072 8.8 x 1072 4.1 x 102 5.3 x 1072
9 43x 1071 36x 101 1.6 x 101 2.8x 101
10 2.6 x 1072 3.1x 102 7.6 x 1073 3.4 x 102
11 3.3 2.6 2.1 9.1x 1071
12 6.7 7.6 3.8 1.4

13 37.2 57.1 43.4 24.5

14 40 x 1071 54 x 101 25x 101 43x 1071
15 7.7 8.1 4.8 5.2

16 32.9 43.1 51.5 28.6

17 7.7 8.9 4.6 6.1

18 58.8 58.8 >100 47.2

19 2.6 x 1072 3.0x 102 3.3 x 102 2.6 x 1072
20 16.2 145 12.4 6.5

21 25.8 31.4 32.6 15.7

22 20.0 27.2 9.4 13.9

23 >100 47 1.8 2.6

24 55 5.4 4.4 4.4

25 3.7x 101 53 x 101 1.9x 101 1.2 x 101
26 56.4 63.8 42.4 27.0

27 46 4.2 1.1 3.3

28 62.5 £ 37.2 17.1

29 8.2 € 4.0 x 1071 9.4 x 102
30 6.1x 101 42 x 101 22x 101 1.4 x 101

@Human hepatoma cells.

b Human gastric cancer cells.
¢Human cervical carcinoma cells.
dHuman leukemia cells.

€Not determined.

The in vitro cytotoxic activities 0f3-14, together with 4. Discussion
16 biotransformed products from cinobufagini5€30)
(Fig. 1), were determined with four human cancer cell  Bufalin is an active substrate for microorganisms to pro-
lines by the MTT method20,21] The results are givenin  duce a variety of metabolites. Different microbial strains
Table 4 showed different metabolic patterns on bufalin, while
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strains from the same genus generally produced similarylations at 1&-, 153- or 16x-positions significantly reduced
metabolites. It is noteworthy that most filamentous fungi the activity, and the corresponding compougdg, 12 and
produced B-hydroxyl bufalin @), even as a major prod- 13 exhibited very weak or no cytotoxicities.

uct for several strainsMucor, Aspergillusand Absidig. The 16-acetoxyl group is essentially important for the
Pseudomonas aeruginoges 1.860 was the only bacterium  activities of cinobufagin derivatives. All deacetylated prod-
screened that could metabolize bufalin, @&hdas observed  ucts ((5-18, 24, 26 and 28) have very weak cytotoxicities,
as the only product. The B2hydroxylated productlO and glucosylation of 16-OH does not improve the activ-
also was found to be a main product for several strains ity (compounds20-22). However, the 3-OH glucosylated
(Mucaor, Alternaria and Cunninghamella Thus B- and/or product (compoundl9), which was obtained as a major
123-hydroxylation might be the predominant metabolic biotransformation product bgatharanthuscell suspension
routes of bufalin by microorganisms. The microbial transfor- cultures, is two times more active than cinobufagin against
mation of other related bufadienolides still needs to be inves- all the four test cancer cell lines. The @-hydroxylation

tigated. of cinobufagin is a popular reaction by filamentous fungi
The biotransformation product3-14 obtained in this and slightly reduces the activities. Compouintis the only
study are bufalin derivatives hydroxylated at @;1C-5, 12«-hydroxylated bufadienolide examined, and is about 10

C-78, C-118, C-128, C-1&, C-153 or C-16x positions. times more active than its B20H epimerl4.
All the oxyfunctionalities except 5-hydroxylation are novel Bufalin derivatives are generally more active than corre-
for natural bufadienolides, and are obviously difficult to sponding cinobufagin analogues. Thus thg,143-epoxy
obtain by chemical meangl,2,32] In previous studies ring appears to reduce cytotoxicity. The results obtained in
[17,27], we obtained a series of new bufadienolides from this study could lead to a preliminary structure—cytotoxic
cinobufagin by plant cell suspension cultures and microor- activity relationship of bufadienolides as illustrated in
ganisms, including the novel 3-OH or 16-OH glucosylated, Fig. 6.
and 1RB-hydroxylated products. In an effort to estab- In conclusion, biotransformation of bufalin byv.
lish the structure—activity relationship of bufadienolides, spinosusyielded 12 products3-14), including 7 new com-
the cytotoxic activities of these products were evaluated pounds with novel oxyfunctionalities atBi, 78-, 118-,
(Table 4. 128-, and 1@&-positions. The in vitro cytotoxicities of 30
Hydroxylation of bufalin at different sites could remark- bufadienolides suggested that 3-OH glucosylation or hy-
ably alter the cytotoxic activities.gtHydroxyl bufalin &) droxylation at C-B or C-12 positions might be promising
and 1B-hydroxyl bufalin (L0) showed potent cytotoxicities  reactions to obtain more polar bufadienolides with enhanced
comparable to bufalin. Both compounds are even more ac-cytotoxic activities. The novel oxyfunctionalized derivatives
tive against human gastric cancer BGC-823 cells and hu- of bufalin obtained in this study could provide new plat-
man cervical cancer HeLa cells withd@values of 108 to forms for combinatorial synthesj83—35]and other further
102 mol/l. Compounds3, 8 and9 showed a little weaker investigations for the development of new bufadienolide
but still potent cytotoxicities than bufalin. However, hydrox- antitumor drugs.

12B3-hydroxyl

11B-hydroxyl
reduced activity
1B3-hydroxyl

slightly reduced activity
slightly reduced activity
3-glucosyl \’

increased activity

HO 15-hydroxyl, epoxide
/ H reduced activity

160-hydroxyl
reduced activity

reduced activity

. \ 16-deacetylation
16-glucosyl

3a-hydroxyl, ketone U 7B-hydroxyl
reduced activity 5B-hydroxyl slightly reduced activity
slightly reduced activity

Fig. 6. Effects of structural modifications of cinobufagin and bufalin derivatives on growth inhibition of human cancer cell lines.
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