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Fungal biotransformations of a-santonin (1) were conducted with Mucor plumbeus (ATCC
4740), Cunninghamella bainieri (ATCC 9244), Cunninghamella echinulata (ATCC 9245),
Curvularia lunata (ATCC 12017) and Rhizopus stolonifer (ATCC 10404). Rhizopus stolonifer
(ATCC 10404) metabolized compound 1 to afford 3,4-epoxy-a-santonin (2) and 4,5-dihydro-
a-santonin (3) while Cunninghamella bainieri (ATCC 9244), Cunninghamella echinulata
(ATCC 9245) and Mucor plumbeus (ATCC 4740) were capable of metabolizing compound 1
to give a reported metabolite, 1,2-dihydro-a-santonin (4). The structures of these transformed
metabolites were established with the aid of extensive spectroscopic studies. These fungi
regiospecifically reduced the carbon-carbon double bond in ring A of a-santonin.
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Introduction

Microorganisms are known for their ability to
catalyze a large number of oxidative, reductive,
conjugative and degradative reactions of many
classes of natural products in a xenobiotic fashion
(Charney and Herzog, 1967). Most interestingly,
common microorganisms can metabolize xenobio-
tics in a manner remarkably similar to that shown
by mammals. This similarity in metabolic profile is
largely explained by the presence of the enzyme
cytochrome P-450 monooxygenase in these organ-
isms (Shocken et al., 1997). Microorganisms have
been used successfully as in vitro models to mimic
and predict the metabolic fate of pharmaceutical
agents in mammalian systems (Smith and Rosazza,
1982). In the mammalian system, metabolites are
not produced in large quantities and are difficult
to identify, whereas through the use of microbial
transformations, metabolic products can be pro-
duced in large quantities by using large-scale fer-
mentation, and the metabolites can then be iden-
tified by spectroscopic methods. The metabolites
obtained through this method are often very
closely parallel those obtained from human bio-
transformations (Orabi et al., 1999). In organic
synthesis, microbial reactions may be applied to
improve the regioselectivity and stereoselectivity
of some chemical reactions during the enantios-
pecific synthesis of natural sesquiterpene lactones
(Barrero et al., 1999). Bioconversion of bioactive
natural products produces metabolites with an en-

hanced bioactivity and low toxicity (El Sayed
et al., 1998, 1999).

a-Santonin (1) is a sesquiterpene lactone and it
is found in several species of genus Artemisia
(Marshall and Wuts, 1978; El-Feraly et al., 1983).
It had been used in the treatment of nervous com-
plaints and as an anthelmintic (Sareen et al., 1961).
This compound has shown a number of biological
activities such as anti-inflammatory and antipy-
retic activities (Alharbi et al., 1994). We are inter-
ested to do microbial transformations of bioactive
natural products isolated in our lab in order to
study their structure-activity relationships. We
used a-santonin as a model compound to perform
microbial transformations. In this paper, we report
the fungal biocatalysis of a-santonin (1) and struc-
ture elucidation of transformed products, 3,4-ep-
oxy-a-santonin (2), 4,5-dihydro-a-santonin (3) and
1,2-dihydro-a-santonin (4). Spectroscopic methods
were used to establish the structures of com-
pounds 2—4.

Results and Discussion

The first biotransformed metabolite, 3,4-epoxy-
a-santonin (2), was obtained as a colorless gum
after incubation with R. stolonifer (ATCC 10404).
Its UV spectrum showed a maximum absorption
at 229 nm indicating the lack of any conjugated =z
bond. The IR spectrum displayed intense absorp-
tion bands at 1795 (y-lactone), 1588 (C=C) and
1100 (C-O) cm~!. The high-resolution electron-im-

0939-5075/2004/0300—0209 $ 06.00 © 2004 Verlag der Zeitschrift fiir Naturforschung, Tiibingen - http://www.znaturforsch.com - D



210

Fig. 1. Structures of a-santonin (1), 3,4-epoxy-a-santonin
(2), 4,5-dihydro-a-santonin (3), and 1,2-dihydro-a-santo-
nin (4).

pact mass spectrum (HREIMS) of compound 2
showed a molecular ion peak at m/z 248.1416
(calcd. 248.1412) which provided the molecular
formula C15H2003.

The 'H NMR spectrum (500 MHz, CDCl3) of
compound 2 showed two signals at 6 1.19 and 1.67,
integrating for three protons each, due to the C-15
and C-14 methyl protons, respectively. A three-hy-
drogen doublet at 6 1.26 (J = 6.9 Hz) was assigned
to the C-13 secondary methyl protons. A signal for
the C-6 methine proton at 6 4.66 (J; = 10.0 Hz,
J> = 1.49 Hz) was also observed in the 'H NMR
spectrum. The COSY-45° spectrum was recorded
to assign the '"H NMR chemical shift assignments
of compound 2 and it revealed the presence of two
isolated spin systems in the molecule. The first
spin system (C-1H ~ C-3H) started from the ole-
finic C-1 methine proton (6 5.63), which showed
cross-peaks with the C-2 methine proton (6 5.30),
which in turn exhibited cross-peaks with the C-3
methine proton (6 3.49). The second fragment
(C-5H ~ C-13H3) was traced from the C-6 methine
proton (6 4.66), which showed 'H-'H spin correla-
tions with C-5 (6 2.45) and C-7 (6 1.96) methine
protons. The latter exhibited cross-peaks with
C-11 methine (6 2.15) and C-8 methylene (6 1.42
and 2.12) protons. The vicinal couplings of H-11
with the C-13 methyl protons (6 1.26) were also
observed in the COSY-45° spectrum. H,-8 showed
'H-'H spin shift correlations with the C-9 methy-
lene protons (6 1.37 and 2.00).
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The 1*C NMR spectrum (125 MHz, CDCl;) of 2
showed the resonance of all fifteen carbon atoms
in the molecule. The DEPT experiment was also
performed to establish the multiplicity of each sig-
nal in the '3*C NMR broadband spectrum. It re-
vealed the presence of three CHj;, two CH, and
seven CH carbon signals in compound 2. The
subtraction of DEPT spectrum from the broad-
band '3C NMR spectrum indicated the presence
of three quaternary carbon atoms in this com-
pound. The C-6 signal, geminal to the lactone moi-
ety, resonated at 6 80.1, while two olefinic signals
at 0 136.2 and 129.8 were assigned to the C-1 and
C-2 carbon atoms, respectively. The C-12 signal
appeared at 6 175.1. The additional methine signal
at 0 63.9 in the DEPT spectrum was due to C-3
and in the HMQC spectrum showed 'H/!'3C one-
bond shift correlation with H-3 (6 3.49). The
downfield 'H and *C NMR chemical shift values
suggested the presence of a geminal oxygen func-
tionality. The 'H NMR spectrum of compound 2
was also recorded in pyridine-ds to confirm the
epoxide nature of oxygen between C-3 and C-4.
The C-3 methine proton showed a paramagnetic
shift from 6 3.49 to 3.52. It has been reported in
the literature that a pronounced shift of = 0.2 ppm
was observed in case of protons adjacent to
hydroxyl group, when 'H NMR spectrum was
recorded in pyridine-ds (Atta-ur-Rahman et al.,
1992). These spectral observations indicated the
presence of an oxirane ring at C-3 and C-4. The
presence of an epoxide in compound 2 was also
evident from the mass spectrum, which provided
the molecular formula C;sH,,O5 and six degrees
of unsaturation in compound 2. Two oxygen atoms
were due to a five-member lactone ring, while the
third one was involved in the epoxidation at C-3/
C-4. Five degrees of unsaturation were accounted
for three rings, a double bond in the ring A and a
lactone carbonyl moiety. The presence of an oxi-
rane ring in this compound also satisfied the sixth
degree of unsaturation for this new metabolite.
Complete 3C NMR chemical shift assignments
and 'H/3C one-bond shift correlations of all hy-
drogen-bearing carbon atoms, as determined from
HMQC spectrum of compound 2, are shown in
Table I.

The HMBC spectrum of compound 2 was used
to assign the *C NMR chemical shift assignments
of all quaternary carbon atoms of compound 2 and
to establish the gross-structure of compound 2
from the sub-structures obtained form COSY-45°
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Table 1. '"H and 3C
4 NMR chemical shift

assignments and 'H/

Carbon 'H et 'H et 'H et 13C one-bond shift cor-
1 563 1362 (d) 667 1567 (d) 1.57 336 (1) ;fé?;“;‘l‘gocdigeeﬁ‘r‘;f}
- - - - 171 -
2 530 1298 (d) 539 1303 (d) 2.45 38.32 (1) compounds 2-4.
_ - - - 2.50 -
3 3.49 63.9 (d) - 198.6 (s) N 19838 (s)
4 327 612 (s) 2.77 404 (d) - 1286 (s)
5 2.45 55.4 (d) 2.42 55.6 (d) - 152.5 (s)
6 4.66 80.1 (d) 4.65 80.2 (d) 4.67 81.9 (d)
7 1.96 532 (d) 2.12 514 (d) 1.80 529 (d)
8 142 403 (1) 139 397 (1) 1.65 417 (1)
2.12 - 2.00 - 1.90 -
9 137 249 (1) 1.34 25.4 (1) 1.65 2461 (1)
2.00 - 1.88 _ 1.60 -
10 - 402 (s) _ 39.4 (s) N 383 (s)
11 215 413 (d) 2.10 413 (d) 235 413 (d)
12 - 175.1 (s) - 176.7 (s) N 177.7
13 126 149 (q) 127 153 (q) 127 12.4 (q) | Multiofi .
14 167 210 (q) 1.4 115 (q) 2.00 243 (q) ultiplicity was de-
15 1.19 12.0 (q) 1.21 123 (q) 1.33 11.24 (q) termined by DEPT

expriment.

spectrum. Important HMBC interactions of com-
pound 2 are shown around structure 2 in Fig. 2.
The NOESY spectrum of 2 was used to establish
the relative stereochemistry at various chiral cen-
ters. H-3 (6 3.49) showed a NOE with C-14 methyl
protons (J 1.67), which in turn showed cross-peaks
with the C-15 methyl protons (6 1.19). The latter
showed cross-peaks with the C-6 methine proton
(0 4.66). H-6 methine and C-15 methyl protons
have ff-orientations in a-santonin, thus suggesting
the S-orientations of H-3 and H3-14 in compound

Fig. 2. Important HMBC interactions of compounds 2—
4 and probable conformations of rings A, B, C and D in
compound 2 obtained from NOESY spectrum.

2. These observations derived from the NOESY
spectrum suggested a a-stereochemistry for an
epoxide functionality at C-3/C-4. The H-5 (6 2.45)
showed NOESY interactions with H-7 (6 1.96).
The H-7 had an a-orientation in a-santonin, thus
indicating an a-orientation for H-5 in compound
2. The probable conformation of rings A, B, C and
D obtained from the NOESY spectrum in com-
pound 2 and important NOE interactions are
shown in Fig. 2. Based on these spectroscopic
studies, structure 2 was assigned to this new trans-
formed product.

The second transformed compound, 4,5-dihy-
dro-a-santonin (3), was also isolated as a colorless
gum from the fermentation flask of R. stolonifer
(ATCC 10404). The UV spectrum showed a maxi-
mum absorption at 246 nm indicating the presence
of an a,f-unsaturated carbonyl chromophore in
the molecule. Its IR spectrum displayed intense
absorption bands at 2909 (CH), 1785 (y-lactone),
1680 (C=0) and 1599 (C=C) cm~'. The HREIMS
of compound 3 showed a molecular ion peak at
m/z 248.1402 (calcd. 248.1412) and provided the
molecular formula C;5H,7O5.

The '"H NMR spectrum of compound 3 was dis-
tinctly similar to that of compound 1. However the
former spectrum exhibited a significant difference
for the resonances of H-4, H-5, H3-14. The C-14
methyl protons appeared as a doublet at 6 1.44
(/ = 6.8 Hz) and it showed vicinal couplings with
a C-4 methine proton (6 2.77), which in turn ex-
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hibited 'H-'H spin correlations with H-5 (6 2.42)
in the COSY-45° spectrum. The latter showed
COSY-45° interactions with H-6 (6 4.65). The re-
maining observations in the COSY-45° spectrum
for compound 3 were the same, as were observed
in the COSY-45° spectrum of compound 1. The
13C NMR spectrum of compound 3 was similar to
that of compound 1 except that it showed differ-
ences in the resonances of C-4 (6 40.4), C-5
(055.6) and C-14 (0 11.5) signals. The upfield
chemical shift value of C-15 indicated that this
methyl group was bonded to an sp? hybridized car-
bon atom. The DEPT and HMQC spectra of com-
pound 3 indicated that C-4 and C-5 were methine
carbon atoms. The >C NMR chemical shift values
also indicated that C-4 and C-5 were sp> hybrid-
ized carbon atoms. This '3C NMR data suggested
that a double bond present between C-4/C-5 had
been reduced by R. stolonifer (ATCC 10404).
Complete "H/'3C one-bond shift correlations of all
hydrogen-bearing carbon atoms of compound 3,
as determined from HMQC spectrum, are shown
in Table I. Important HMBC interactions of com-
pound 3 are shown around structure 3 in Fig. 2.

The NOESY spectrum was also recorded to es-
tablish the relative stereochemistry at various chi-
ral centers in compound 3. H-4 (6 2.77) and H-5
(0 2.42) showed NOE cross-peaks with C-7 me-
thine (0 2.12) and C-13 methyl (6 1.27) protons. a-
Santonin has a-orientations for H-7 and the C-13
methyl group and this NOE data helped us to as-
sign the a-stereochemistry for H-4 and H-5. H-6
(0 4.65) also showed cross-peaks with C-14
(6 1.44) and C-15 (6 1.21) methyl protons. H-6 and
H;3-15 have p-orientations in a-santonin, thus sug-
gesting a (-orientation of the C-14 methyl group.
Based on these spectral studies, structure 3 was
proposed for this transformed metabolite.

Our third metabolite, 1,2-dihydro-a-santonin
(4), was obtained from the incubation of a-santo-
nin with C. bainieri (ATCC 9244), C. echinulata
(ATCC 9245), M. plumbeus (ATCC 4740). Pre-
viously, this metabolite was obtained through bio-
transformations of a-santonin with Aspergillus
niger, Cunninghamella blaksleeana, Streptomyces
aureofaciens, Bacillus subtilis, B. cereus (UI1477)
and Pseudomonas sp. (ATCC 43388) (Atta-ur-
Rahman et al., 1999; Calaco et al., 1993; El-
Sharkawy et al., 1996). The UV, IR, 'H, 3C NMR
and mass spectra (see Experimental Section and
Table I) of compound 4 were identical to those of
1,2-dihydro-a-santonin reported in the literature
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(Atta-ur-Rahman et al., 1999; Calaco et al., 1993;
El-Sharkawy et al., 1996).

In summary, we have identified two different
types of fungi, which are capable of reducing the
carbon-carbon double bond in a-santonin. Addi-
tionally, we also got an epoxy derivative of a-san-
tonin.

Experimental
General

Mass spectrometric measurements were con-
ducted on a Varian MAT 312 double focussing
mass spectrometer connected to a DEC PDP 11/
34 computer system. 'H NMR spectra were re-
corded in CDCIl; on a Varian Inova and an AM
500 Bruker NMR spectrometer at 200 and
500 MHz, while the 3C NMR spectra were re-
corded on an AM 500 Bruker NMR spectrometer
at 125 MHz with TMS as an internal standard. The
IR spectra were recorded on a Jasco-IRA1 IR
spectrophotometer. Hewlett Packard GC-MS was
used to monitor the microbial reactions. The UV
spectra were recorded on a Shimadzu UV 240 in-
strument. The optical rotations were measured on
a Polatronic D polarimeter (Hitachi) and the puri-
ties of the samples were checked on TLC (silica
gel, GF 254 precoated plates purchased from
Merck).

Microorganisms

Fungi, Mucor plumbeus (ATCC 4740), Cunnin-
ghamella bainieri (ATCC 9244), Cunninghamella
echinulata (ATCC 9245), Curvularia Ilunata
(ATCC 12017) and Rhizopus stolonifer (ATCC
10404), were purchased from ATCC and main-
tained on potato dextrose agar and stored in a re-
frigerator at 4 °C.

Preparation of media

The medium for M. plumbeus (ATCC 4740), C.
bainieri (ATCC 9244), C. echinulata (ATCC 9245),
C. lunata (ATCC 12017) was prepared by mixing
the following ingredients in 11 of distilled water:
Dextrose (20 g), yeast (5 g), sodium chloride (5 g),
potassium hydrogen phosphate (5 g) and soy flour
(5 g). The pH was adjusted to 7.0 before autoclav-
ing.

The medium of R. stolonifer (ATCC 10404)
was prepared by mixing tartaric acid (3.5%), su-
crose (5%), KH,PO, (2%), MgSO,4-2H,0 (1%),
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NHNO;3 (2%), Zn(OAc), (0.03%) in 11 of dis-
tilled water. The pH was adjusted to 8.0 with the
aid of 0.04 N NaOH before autoclaving.

Incubation experiment

First of all, biotransformation experiments were
performed on analytical scale to screen above-
mentioned five fungal strains. During our initial
screening, we found that C. echinulata (ATCC
9245), C. bainieri (ATCC 9244), M. plumbeus
(ATCC 4740) and R. stolonifer (ATCC 10404)
were capable of metabolizing a-santonin (1) into
compounds 2, 3 and 4. Biotransformation experi-
ments with these fungi were carried out on a pre-
parative scale. Both analytical and preparative fer-
mentation experiments were conducted by using
standard two-stage fermentation experiments
(Atta-ur-Rahman et al., 1994; Herath et al., 2003).
For the preparation of stage I liquid cultures, ten
500 ml flasks (each containing 150 ml of liquid cul-
ture media) were inoculated with microorganisms
to be screened and incubated on a shaker for 24 h.
Stage II cultures were prepared by adding a-san-
tonin (1) (500 mg) as a solution in ethanol having
a concentration of 0.33 mg/ml to each flask having
four different microorganisms. These fermentation
experiments were also monitored by including two
controls, a “culture control” and a “substrate con-
trol” to eliminate the possibility that metabolic
products were not microbial secondary metabo-
lites and that the culture media has not done any
chemical transformation on the substrate. Culture
control contained only fermentation blanks in
which the microorganisms were grown under iden-
tical conditions but without substrates, while the
substrate control consisted of the substrate in ster-
ile liquid media. All these flasks were again placed
on a shaker at room temperature. After 10 d, these
culture media were extracted with ethyl acetate
and the crude extracts concentrated under re-
duced pressure and analyzed by TLC and GC-MS.
The crude extracts were subjected to silica gel col-
umn chromatography using gradient elution with
hexane/ethyl acetate (0—100%) and ethyl acetate/
methanol (0-100%) to purify compounds 2
(21.2 mg), 3 (65 mg) and 4 (25 mg).

a-Santonin (1): [a]y = +121° (¢ 9.7, CHCly). -
UV(MeOH): A.x = 258 nm. — IR(CHCl3): vy =
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2910 (CH), 1780 (y-lactone), 1590 cm~! (C=C). -
TH NMR (200 MHz, CDCLy): 6 = 1.22 (3H, d, J =
6.5 Hz, H3-13), 1.31 (3H, s, H5-14), 2.16 (3H, d, J =
1.5 Hz, Hs-15), 477 (1H, dd, J; = 10.6 Hz, J, =
1.5 Hz, H-6), 622 (1H, d, J = 10.0 Hz, H-2), 6.65
(1H, d, J = 10.0 Hz, H-1). - 3C NMR (125 MHz,
CDCL): ¢ = 10.9 (q, C-14), 12.5 (g, C-13), 23.1 (q.
C-15), 25.1 (t, C-9), 37.8 (t, C-8), 41.0 (d, C-11), 41.3
(s, C-10), 53.5 (d, C-7), 81.4 (d, C-6), 125.9 (d, C-2),
128.8 (s, C-4), 150.8 (s, C-5), 154.8 (d, C-1), 177.5 (s,
C-12) 186.3 (s, C-3). — EIMS: m/z (rel. int.) = 246
(C1sH;503, 10%), 231 (C4H; 505, 8), 91 (80), 41
(100).

3,4-Epoxy-a-santonin (2): [a]y = + 112° (c 10.3,
CHCLy). - UV(MeOH): Amae = 229nm. — IR
(CHCL): Viax = 2904 (CH), 1795 (y-lactone), 1588
(C=C), 1100 cm~! (C-0). — 'H NMR (500 MHz,
CDCl;): see Table I B3C NMR (125 MHz,
CDCl): see Table I. — HREIMS: m/z (rel. int.) =
248.1416 (CysHy005, calcd. 248.1412, 7), 233.1250
(C14H1703, calcd. 2331255, 14)

4,5-Dihydro-a-santonin (3): [a]y = + 75° (c 9.7,
CHCL). - UV (MeOH): Apa = 246nm. —
IR(CHCL): Vmae = 2909 (CH), 1785 (y-lactone),
1680 (C=0), 1599cm~! (C=C). - 'H NMR
(500 MHz, CDCl;): see Table 1. — '3C NMR
(125 MHz, CDCl;): see Table I. — HREIMS: m/z
(rel. int.) = 248.1402 (C;5H,003, caled. 248.1412.
35), 233.1259 (C14H;03, calcd. 233.1255, 29).

1,2-Dihydro-a-santonin (4): [a] = + 89° (¢ 6.1,
CHCl;). - UV(MeOH): A,.x = 245nm. -
IR(CHCL3): vax = 2914 (CH), 1789 (y-lactone),
1600 cm~! (C=C). — 'H NMR (500 MHz, CDCl,):
see Table I. — 3C NMR (125 MHz, CDCly): see
Table I. — HREIMS: m/z (rel. int.) = 248.1399
(CisHyOs,  caled.  248.1412, 15), 233.1246
(C14H 703, caled. 233.1255, 10).

Acknowledgements

This research was supported by a Cottrell Col-
lege Science Award to Athar Ata from Research
Corporation, Tucson, AZ, USA and authors
greatly acknowledge this support. We are also
thankful to Dr. Kirk Marat and Mr. Terry Wolo-
wiec, Department of Chemistry, The University of
Manitoba, for their help in running two-dimen-
sional NMR experiments.



214

Alharbi M. M., Qureshi S., Ahmed M. M., Raza M., Mi-
ana G. A., and Shah A. H. (1994), Studies on the anti-
inflammatory, antipyretic and analgesic activities of
santonin. Japan. J. Pharmacol. 64, 135-139.

Atta-ur-Rahman, Choudhary M. I., Ata A., and Dagne
E. (1992), New tetrahydrofuranoid steroidal alkaloids
from the leaves of Buxus hildebrandtii. Heterocycles
34, 157-171.

Atta-ur-Rahman, Choudhary M. 1., Ata A., Alam M.,
Farooq A., Parveen S., Shekhani M. S., and Ahmad N.
(1994), Microbial transformations of 7a-hydroxyfrul-
lanolide. J. Nat. Prod. 57, 1251-1255.

Atta-ur-Rahman, Choudhary M. 1., Shaheen F.,, Rauf A.,
and Farooq A. (1998), Microbial transformations of
some bioactive natural products. Nat. Prod. Lett. 12,
215-222.

Atta-ur-Rahman, Farooq A., Anjum S., and Choudhary
M. 1. (1999), Microbial transformations of cytotoxic
natural products. Curr. Org. Chem. 3, 309-326.

Badria F. A., Zaghloul A. M., Maatooq G.T., and El-
Sharkawy S. H. (1997), Biotransformations of a-san-
tonin. Int. J. Pharmacog. 35, 375-378.

Barrero A. F, Oltra J. E., Raslan D. S., and Saude D. A.
(1999), Microbial transformations of sesquiterpene
lactones by the fungi Cunninghamella echinulata and
Rhizopus oryzae. J. Nat. Prod. 62, 726-729.

Calaco D., Furtado 1., Naik U. P., Mavinkurve S., and
Paknikar S. K. (1993), Transformations of a-santonin
via two independent pathways by Pseudomonas strain
(ATCC 43388). Lett. Appl. Micro. 17, 212-214.

Charney W. and Herzog H. L. (1967), Microbial Trans-
formations of Steroids. Academic Press, New York.

El-Feraly F. S., Beniginda D. A., and McPhail A. T. (1983),
Biogenetic-type synthesis of santonin, chrysanolide, di-
hydrochrysanolide, tulirinol, arbusculin-C, tanacetin
and artemin. J. Chem. Soc. Perkin Trans. 1 2, 355-364.

A. Ata and J. A. Nachtigall - Microbial Transformations of a-Santonin

El Sayed K. A., Hamann M. T., Wadling C. A., Jansen
C., Lee S. K., Dunstan C. A., and Pezzuto J. M. (1998),
Structurally novel bioconversion products of the
marine natural product sarcophine effectively inhibit
JB6 cell transformation. J. Org. Chem. 63, 7449-
7455.

El Sayed K. A., Mayer A. M. S., Kelly M., and Hamann
M. T. (1999), The biocatalytic transformation of furan
to amide in the bioactive marine natural product pali-
nurin. J. Org. Chem. 64, 9258—-9260.

El-Sharkawy S., Zaghloul A., Badria F., Farid A., and
Matooq G. T. (1996), Biotransformations of a-santo-
nin. Mansoura J. Pharm. Sci. 12, 99-1009.

Herath W. H. M. W,, Ferreira D., and Khan I. A. (2003),
Microbial transformations of xanthohumol. Phyto-
chemistry 62, 673-677.

Marshall J. A. and Wuts P. G. M. (1978), Stereocon-
trolled synthesis of a- and f-santonin. J. Org. Chem.
43, 1086-1089.

Orabi K. Y., Clark A. M., and Hufford C. D. (1999), Mi-
crobial transformations of benzosampangine. J. Nat.
Prod. 63, 396-398.

Sareen K. N., Misra N., Varma D. R., Amma M. K. P,
and Gujral M. L. (1961), Oral contraceptives. V. An-
thelmintics as antifertility agents. Ind. J. Phys. Pharm.
5, 125-135.

Shocken M. J., Mao J., and Schabacker D.J. (1997),
Microbial transformations of the fungicide cypro-
dinil (CGA-219417). J. Agric. Food Chem. 45, 3647 —
3651.

Smith R.V. and Rosazza J. P. (1982), In: Microbial
Transformations of Bioactive Compounds (Rosazza
J P, ed.). CRC Press, Boca Raton, FL, Vol.II,
pp- 1-42.



