<FEBS

Journal

Hydroxylation of the triterpenoid dipterocarpol with
CYP106A2 from Bacillus megaterium

Daniela Schmitz', Josef Zapp? and Rita Bernhardt'

1 Department of Biochemistry, Saarland University, Saarbruecken, Germany
2 Department of Pharmaceutical Biology, Saarland University, Saarbruecken, Germany

Keywords

Bacillus megaterium; bioactive natural
products; CYP106A2; cytochrome P450;
dipterocarpol; screening

Correspondence

R. Bernhardt, Department of Biochemistry,
Saarland University, Campus, B 2.2, 66123
Saarbruecken, Germany

Fax: +49 681 302 4739

Tel: +49 681 302 4241

E-mail: ritabern@mx.uni-saarland.de

(Received 20 September 2011, revised 12
January 2012, accepted 16 January 2012)

doi:10.1111/.1742-4658.2012.08503.x

The bacterial steroid-hydroxylase CYP106A2 from Bacillus megaterium
ATCC 13368 hydroxylates a variety of 3-oxo-A-4-steroids and has recently
been shown to catalyse regioselective hydroxylation of the diterpene abietic
acid, as well as the pentacyclic triterpene 11-keto-B-boswellic acid. The
broad substrate spectrum of this enzyme makes it an excellent candidate
for biotechnological application. Because the natural substrate of this
enzyme is not known, we assumed that the whole substrate spectrum might
not yet be fully discovered. The difference spectroscopy method was used
to screen a natural product library of 502 compounds. Screening of the
library resulted in the identification of twelve hits, among them eight
potential and four known substrates for CYP106A2. Interestingly, when
testing the potential substrates, product formation was obtained only with
triterpenes, namely dipterocarpol and betulin. Dipterocarpol is the most
promising compound for biotechnological application because it is a dam-
marane-type triterpenoid, as are the major bioactive compounds of ginseng.
The dipterocarpol hydroxylation products were analysed by NMR and
identified as 7B-hydroxydipterocarpol and 7p,11a-dihydroxydipterocarpol.
To investigate the putative bioactive properties of these novel compounds,
in vitro cytotoxicity assays with HeLa and COS-1 cells were performed.
The substrate dipterocarpol and the dihydroxylated product did not show
cytotoxic activity in our study. By contrast, the 7B-hydroxylated product
was found to be cytotoxic to both tested cell lines. This study highlights
the potency of CYPI06A2 as a versatile biocatalyst for the bioconversion
of natural products into pharmaceutically relevant bioactive products.

Introduction

Cytochrome P450 enzymes (CYPs) constitute a super-
family of heam—thiolate proteins capable of converting
a wide range of endogenous and exogenous substrates
[1]. A wide range of reactions is also catalysed by these
enzymes, i.e. hydroxylations, epoxidations and dealky-
lations [2]. Their ability to insert hydroxyl groups into
even nonactivated carbon bonds is unique. To date,
> 18 000 CYP genes have been discovered (http://

Abbreviation
CYP, cytochrome P450.

www.ncbi.nlm.nih.gov/gene?term = cytochrome%20p450),
with representatives in all kingdoms of life [3], reflect-
ing the essential roles these enzymes play in meta-
bolism. For example, they are involved in the
biosynthesis of cholesterol and cholesterol-derived
sterols, prostaglandins, vitamins and eicosanoids, as
well as in the metabolism of drugs and xenobiotics [4].
Moreover, mainly in plants and fungi, but also in
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bacteria and animals, they take part in the biosynthesis
and tailoring of important secondary metabolism prod-
ucts. The broad substrate range and the increasing
number of CYP family members make these enzymes
potent candidates for biotechnological applications [5].

However, CYPs are rarely employed as biocatalysts
in industrial processes for several reasons. For exam-
ple, a major disadvantage of human CYPs is that they
are membrane-bound proteins and therefore difficult
to express and handle, which limits productivity [5,6].
In addition, CYPs involved in degradation processes
convert a broad range of substrates and this may lead
to unspecific reactions. The use of soluble, bacterial
enzymes, which can often be expressed more easily,
provides a solution to overcome the limits of expres-
sion and expand the substrate spectrum compared with
the human enzymes [7]. However, the identification
and characterization of CYP substrates and their
respective products precedes any possible biotechno-
logical application. Screening techniques are required
for the quick and easy identification of novel sub-
strates. Hence, a multitude of screening systems have
been developed, often based on the measurement of
CYP activity, for example, by monitoring the forma-
tion of a fluorescent product [8]. These systems are
suitable for screening mutant libraries for more active
CYP variants or small-molecule libraries to identify
new enzyme inhibitors. LC [9], LC-MS [10] GC-MS or
MS [11] analyses remain the methods of choice for effi-
cient substrate identification. Unfortunately, these
techniques are often time-consuming and expensive.
Other approaches rely on measuring the consumption
of cosubstrates like NADPH and molecular oxygen to
indirectly monitor substrate conversion. These methods
have been used successfully for self-sufficient cyto-
chromes like P450 BM3 (CYP102A1) that show very
stringent coupling [12], but they remain challenging for
cytochrome substrate interactions that show low cou-
pling efficacy.

Fortunately, the chromophoric haem group of CYP
can be used to analyse the enzymes’ interaction with
potential substrates or inhibitors, even at a high
throughput [13]. Compounds that bind to the active
site and thereby induce a high-spin shift in the haem
iron are often substrates for these enzymes, whereas
ligands that stabilize the enzyme in the low-spin state
are more often inhibitors than substrates. The absor-
bance spectra display a shift in the soret band to
higher wavelengths for low-spin enzymes (from 417 to
~ 425 nm; type II spectrum), and to lower wavelengths
for high-spin enzymes (from 417 to ~ 380 nm; type |
spectrum) [14]. Thus, difference spectroscopy is a
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promising method for the cheap, fast and easy identifi-
cation of putative CYP substrates.

The bacterial steroid hydroxylase CYP106A2 has
been investigated extensively in our laboratory, and
has been shown to be an excellent candidate for bio-
technological applications [15,16]. The enzyme is able
to convert a variety of substrates, especially triterp-
enes, usually with high regio- and stereoselectivity.
Recently, we reported the role of this enzyme as a reg-
ioselective diterpene allylic hydroxylase, utilizing differ-
ence spectroscopy to screen a library containing 16 671
synthetic organic compounds [13]. Because the natural
substrate of CYP106A2 is not known, we assumed
that the substrate spectrum of this enzyme may not yet
be fully discovered. Therefore, a natural product
library was screened to identify pharmaceutically rele-
vant new reaction products of CYP106A2.

Results

Natural product library screen

The purpose of this study was the functionalization of
pharmaceutically relevant natural products by a bacte-
rial CYP enzyme. Starting with the identification of
new potential substrates, a commercially available nat-
ural product library (Biomol International, Enzo Life
Sciences GmbH, Loérrach, Germany) comprising 502
organic molecules (flavonoids, terpenoids, peptolides,
coumarines, synthetic derivatives) was screened using
difference spectroscopy. Difference spectroscopy was
adapted to the 96-well format and optimized to
increase sensitivity. Optimizations were performed
using betulinic acid [17] and cholestenone [18] as type I
substrates, imidazole as a type II ligand, pregnenolone
and 11-deoxycorticosterone as type 0 ligands [19]; the
solvent dimethylsulfoxide was used as a blank. The
enzyme concentrations ranged from 0 to 10 um, and
the compound concentration ranged from 0 to 50 pum.
Optimal results were achieved using 5 uM enzyme and
5 uMm substrate (Fig. 1). Pregnenolone and dimethylsulf-
oxide showed no spin-shift spectra; in both cases, only
a decrease in the absorbance at 420 nm was observed.
Imidazole induced a typical type II spectrum with a A4
(440-420 nm) value of 0.053. Clear type I spectra were
obtained with betulinic acid and cholestenone, with a
AA (380—420 nm) value of 0.1017 for betulinic acid and
0.0214 for cholestenone, respectively (Fig. 1). Surpris-
ingly, a type I shift with a A4 of 0.047 was also
achieved by using 11-deoxycorticosterone as substrate,
which, to the best of our knowledge, has never been
described causing a type I shift before (Fig. 1B).
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Fig. 1. Optimized screening conditions. Difference spectra of CYP106A2 (5 um) in 50 mm potassium phosphate buffer (250 plL, pH 7.4)
recorded in a 96-well plate. Absorbance scans performed from 300 to 500 nm in 10-nm steps and 100 reads per well. After recording the
ligand-free spectra, 5 pM compound (dissolved in 0.5 pL dimethylsulfoxide) was added and incubated for 15 min at room temperature. Differ-
ence spectra were achieved by subtracting the ligand-free from the ligand-bound form. (A) Pregnenolone was chosen as the type O control
(blue line), imidazole as the type Il inhibitor (red line) and dimethylsulfoxide (black line) as the blank. (B) Betulinic acid (black line), choleste-

none (blue line) and 11-deoxycorticosterone (red line) served as type | ligands.

After optimization, the screening was successfully
applied to the natural product library and resulted in
twelve hits (Fig. 2 and Scheme 1): four triterpenoic
carbon acids (betulinic acid, oleanolic acid, ursolic acid
and glycyrrhizic acid), four triterpenes (sarsasapogenin,
panaxadiol, betulin and dipterocarpol), two flavonoids
(rhamnetin and geraldol), one alkaloid (noscapine) and
one oxytetracycline derivative (alpha-apo-oxytetra-

cycline). The screening results were confirmed by
recording the spectra in a two-beam photometer.

In vitro conversion assays

Because binding to the active site is an essential, but
not the only, requirement for catalytic activity, verifi-
cation of the screening hits as substrates was done
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Fig. 2. Screening hits. Difference spectroscopy-based screening performed with 5 um CYP106A2 in 50 mMm potassium phosphate buffer
(250 plL, pH 7.4) in 96-well plates. Absorbance scans were performed from 300 to 500 nm in 10-nm steps and 100 reads per well. After
recording the ligand-free spectra, 5 um of compound (dissolved in 0.5 pL dimethylsulfoxide) was added and incubated for 15 min at room
temperature. Difference spectra were achieved by subtracting the ligand-free from the ligand-bound form. (A) Dipterocarpol (solid line), pana-
xadiol (dashed line) and betulin (spotted line). (B) Betulinic acid (solid line), oleanolic acid (dashed line) and glycyrrhizic acid (spotted line). (C)
Sarsasapogenin (solid line), geraldol (dashed line) and ursolic acid (spotted line). (D) Rhamnetin (solid line), oxytetracycline-alpha-apo (dashed
line) and noscapine (spotted line).
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using an in vitro conversion assay. The in vitro recon-
stituted system consisted of CYPI06A2, truncated
bovine adrenodoxin and bovine adrenodoxin reductase
in a molar ratio of 1: 2 : 20. For the sufficient supply
of electrons, a glucose-6-phosphate dehydrogenase-
based NADPH regenerating system was used.

Four triterpenoic carbon acids were found (glyc-
yrrhizic, oleanolic, ursolic and betulinic acid) among
the screening hits; these have recently been identified
as substrates for CYP106A2 [17] and are investigated
in detail elsewhere. The remaining eight screening hits
depicted novel binders for CYP106A2 which were
tested for in vitro product formation. For this, 50 um
compound was converted for 10 min at 30 °C with
0.25 pMm enzyme. No in vitro product formation was

D. Schmitz et al.

Scheme 1. Structures of the screening hits:
(1) rhamnetin, (2) geraldol, (3) alpha-apo-oxy-
tetracycline, (4) dipterocarpol, (5) sarsasapo-
genin, (6) panaxadiol, (7) noscapine, (8)
betulin, (9) betulinic acid, (10) glycyrrhizic
acid, (11) ursolic acid and (12) oleanolic acid.

observed using rhamnetin, sarsasapogenin, noscapine
and panaxadiol. Geraldol and alpha-apo-oxytetracycline
were not tested because both compounds are scarce
and also not promising with regard to potential bio-
technological applications. Successful in vitro conver-
sion was achieved using betulin and dipterocarpol,
confirming both as novel substrates for CYP106A2.
Whereas the dipterocarpol conversion resulted in the
formation of two major products [Ry 0.62 (P1) and
0.21 (P3)] and one minor product [Ry 0.42 (P2)]
(Fig. 3A), betulin was specifically converted to just one
product (R¢ 0.28) (Fig. 3B).

Dipterocarpol was further examined as a substrate
for CYP106A2 because the compound has structural
similarities with the leading bioactive compounds of
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Fig. 3. In vitro conversion of dipterocarpol (A) and betulin (B). TLC
plates after single development with hexane/ethylacetate (50 : 50)
and staining with anisaldehyde. Substrate (100 um) was converted
for 10 min at 30 °C. No additional spots were detected in the nega-
tive controls (left lanes). Dipterocarpol was converted into three
products (Rf 0.62, 0.42 and 0.21) and betulin into one product
(R¢ 0.28).

ginseng. The bioactive ginseng component dipterocar-
pol is a dammarane-type triterpene, which differs only
in the position and number of the hydroxyl groups, indi-
cating a high probability of increasing the bioactivity of
dipterocarpol by functionalization with a CYP enzyme.
The binding affinity of dipterocarpol to CYP106A2 was
determined using difference spectroscopy, by titrating
10 pum of enzyme with various amounts of the substrate.
The equilibrium dissociation constant (Kp) was calcu-
lated to be 2.82 + 0.35 um (Fig. 4). The in vitro cata-
lytic activity of CYP106A2 towards dipterocarpol was
analysed by Michaelis—Menten kinetics using standard
assay conditions for CYP106A2 as detailed in the litera-
ture [20,21]. Exceptionally high reaction velocities were
obtained for the overall reaction. Individual analysis of
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Fig. 4. Binding affinity. The dissociation constant Kp of dipterocar-
pol was analysed by titrating 10 um enzyme with 0-50 um diptero-
carpol dissolved in dimethylsulfoxide. The assay was performed in
tandem cuvettes at 25°C. Peak to trough differences AA
(Asgo — As17) were plotted in reverse to the final substrate concen-
tration (um) and the dissociation constant was calculated by hyper-
bolic fitting of the resulting diagram.

Hydroxylation of dipterocarpol

the products showed that saturation was only achieved
for the reaction leading to product 3 (R; 0.21), resulting
in an apparent V.. of 18.72 =+ 1.16 nmol product/n-
mol P450/min™" and K, of 75.40 + 821 um. Down-
scaling of the reactions to saturate the reactions leading
to product 1 and 2 was not feasible within the detection
limits.

Whole-cell conversion of dipterocarpol

The next step was identification of the dipterocarpol
reaction products. Whole-cell conversions were per-
formed to obtain sufficient amounts of the products
for NMR analysis and further investigations. Several
studies have demonstrated that the host strain of
CYP106A2, B. megaterium ATCC 13368, can be used
for the preparative scale whole-cell production of
CYPI106A2 reaction products [16,22]. This strain has
the advantages that it is easy to cultivate and does not
encode other CYPs in its genome. In vivo conversion
of dipterocarpol with the wild-type B. megaterium
resulted in the formation of six in vivo products, two
main products with Ry values of 0.6 (P1) and 0.214
(P2), and four minor products with Ry values 0.4, 0.38,
0.142 and 0.00285. Compared with the in vitro reaction
product pattern, more minor products were obtained.
Nevertheless, the Ry values of the main products were
in accordance with those of products P1 and P3 of the
in vitro reaction (Fig. 3A). A cypl06a2-knockout strain
was used to confirm that the observed reactions are
CYP106A2 dependent. No reaction products were
detected using the knockout strain (Fig. 5).

W Dipterocarpol

L P1

Minor products 1-2

& P2
Minor products 3-4
i@ & Start

Fig. 5. /n vivo conversion of dipterocarpol. TLC plate after single
development with hexane/ethylacetate (50 : 50) and staining with
anisaldehyde. Dipterocarpol (100 um) was incubated with B. mega-
terium ATCC 1338 and the corresponding knockout strain lacking
the capacity to express CYP106A2. Dipterocarpol was metabolized
into two major and four minor products in the wild-type strain (left),
whereas no products were obtained from the knockout strain lack-
ing the capacity to express CYP106A2 (right).
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For the preparative scale of dipterocarpol conver-
sion, 150 mg of substrate were added to 1L of
B. megaterium culture and incubated for 25 h at 30 °C
and 150 r.p.m.. The conversion resulted in a relatively
low yield of 6.66% for P1 (R 0.6) and 1.33% for P3
(R¢ 0.214). Because the product yield might be limited
by the toxic effects of dipterocarpol, we checked
whether growth inhibition occurs by incubating the
cells with the substrate. We therefore monitored the
growth of B. megaterium in the presence and absence
of dipterocarpol for 30 h. Only the solubilizer ethanol
was added to the control culture. Both the substrate
and pure ethanol were added 4 h after inoculation of
the culture (end of initial-lag phase). The addition of
dipterocarpol had a considerable impact on the growth
of the B. megaterium cells, resulting in the Dsgs value
being half (9.68) that obtained with the control culture
(19.49) (Fig. 6). To increase the product yield, conver-
sion of dipterocarpol was done by stepwise addition of
substrate to 1-L cultures, followed by cultivation for
48 h. Substrate (300 mg) was dissolved in 50 mL etha-
nol and added to the culture in 10-mL portions with a
1 h break between individual additions. After three
time extractions and subsequent chromatography via a
silica gel column, 46 mg of Pl and 33 mg of P3 (15
and 11% yield, respectively) were obtained. To investi-
gate whether the observed minor products are
CYP106A2 metabolites, the isolated products were
used in the in vitro conversion assay. P1 was thereby
converted into P3, whereas P3 was not metabolized by
CYP106A2 (Fig. S1).
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Fig. 6. Growth curve of B. megaterium ATCC 13368: 50 mL of
soytone-containing media was inoculated with 500 uL of a cryo-
genic culture. Cells were cultivated at 30 °C with vigorous shaking.
After 4 h incubation, 2.5 mL of ethanol was added to one culture
(empty dots) and 2.5 mL of an ethanolic solution of dipterocarpol
(final concentration 200 pul) was added to the other (solid dots).
Dsgs was monitored over 26 h.
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NMR characterization of the dipterocarpol
reaction products

The purified in vivo reaction products were of adequate
amount and purity to be characterized by NMR spec-
troscopy. In contrast to dipterocarpol, the '*C NMR
of its first biotransformation product showed the signal
of an additional secondary alcohol function at J¢
74.52. Its carbinol proton at dy 3.81 was correlated to
C-5, C-6, C-8, C-9, C-14 and C-30 in the HMBC spec-
trum and was thus assigned to C-7. The stereochemis-
try at C-7 could not be deduced from the coupling
pattern of its proton. Unfortunately, H-7 was part of
an ABX spin system, in which H-6a (8 1.60) and H-
6b (8 1.59) represented the AB part. Therefore, the
coupling pattern for H-7 was of a higher order and
any form of first-order analysis would lead to wildly
incorrect structure interpretations. Finally, the NOESY
spectrum revealed the axial position of H-7 with corre-
lations to the axial H-5, H-9 and methyl group H-18.
Therefore, the hydroxyl group at C-7 was equatorial
and in the B-orientation (Scheme 2).

The second biotransformation product was found to
be a dihydroxylated dipterocarpol derivative. The
NMR data again showed signals for a B-orientated
hydroxyl group at C-7 (8y 3.79 m and 6c 74.25). The
additional secondary hydroxyl function could be
located at C-11 (8¢ 70.69) because of correlations
between its carbinol proton (6y 3.79 ddd) with H-9,
H-12a and H-12b in the HHCOSY, as well as with
C-8, C-9, C-10 C-12 and C-13 in the HMBC. The rela-
tive position of H-11 followed directly from the analy-
sis of its six-line spin system. This indicated a special
case of a doublet of doublet of doublets, in which two
of three coupling constants were equal with J = 11,
11 and 5 Hz. Thus H-11 was in axial position, showing
diaxial couplings to H-9 and H-12ax and an axial-
equatorial coupling to H-12eq. The position of the
hydroxyl group at C-11 was therefore equatorial and
in an o-orientation (Scheme 2).

Cytotoxicity assays with dipterocarpol and its
biotransformation products

To confirm the assumption that insertion of a hydroxyl
group into dipterocarpol influences the bioactive behavi-
our of the compound, cytotoxicity assays were per-
formed using two different cell lines. Assays were
conducted in 96-well tissue culture plates with HeLa and
COS-1 cells. To ensure logarithmic growth, 10 000 cells
were seeded per well and doubled overnight in a 95% air
incubator. Dipterocarpol, 7B-hydroxydipterocarpol and
7B,11a-dihydroxydipterocarpol were added to the cells
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Scheme 2. CYP106A2-catalysed hydroxy-
lation of dipterocarpol in B. megaterium
ATCC 13368.

at final concentrations ranging from 0 to 250 pMm. A
XTT-based assay was used to investigate potential cyto-
toxicity. The substrate dipterocarpol and the dihydroxy-
lated product P3 were not cytotoxic to the tested cell
lines. By contrast, the monohydroxylated P1 showed
cytotoxicity against both tested cell lines, with a ICsy of
24.58 + 14.66 um using HeLa cells (Fig. 7A) and
62.36 £ 2.75 pum using COS-1 cells (Fig. 7B).

Discussion

The aim of this study was the identification and char-
acterization of new pharmaceutically relevant substrates
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for CYP106A2. Difference spectroscopy was used to
screen a library of 502 bioactive natural products.
Twelve hits were identified (Scheme 1), among them
eight novel potential substrates of this enzyme and
four compounds (namely betulinic acid, oleanolic acid,
ursolic acid, and glycyrrhizic acid) that had previously
been identified as type I substrates of CYP106A2 in
our laboratory, supporting the feasibility of the screen-
ing system used here.

Triterpenoids, namely dipterocarpol, panaxadiol,
sarsasapogenin and betulin, were found among the
novel type I ligands detected. These compounds match
the substrate spectrum of CYP106A2 perfectly,
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Fig. 7. XTT assay. (A) COS-1 cells, (B) Hela cells. Cells were cultivated in Dulbecco’s modified Eagle’'s medium supplemented with 5%
(v/v) fetal bovine serum and 100 U streptomycin/penicillin. Cells (10 000 per well) were seeded into 96-well microtiter plates and doubled
overnight in a 95% air incubator. 7B-Hydroxydipterocarpol was added to the cells at different concentrations (0-250 um). After further incuba-
tion for 48 h, the medium was changed to Phenol Red- and serum-free Dulbecco’s modified Eagle’s medium and 20% XTT solution was
added. After an additional 4-h incubation at 37 °C, specific absorbance was measured and plotted against the final concentration of
7B-hydroxydipterocarpol. The ICgo value was determined by sigmoidal fitting of the resulting plot.
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because the main substrates for this enzyme identified
to date are penta- and tetracyclic triterpenes, like the
abovementioned carbon acids. Furthermore, CYP106A2
was one of the first discovered bacterial steroid hy-
droxylases and the conversion of different steroids has
been characterized in detail [18,20,21]. To verify these
novel binders as substrates for CYP106A2, in vitro
reaction assays were performed and reaction products
were obtained for two of the four potential substrates,
specifically dipterocarpol and betulin. However, in
addition to the triterpenoids, four hits were identified
during the screening that are structurally rather differ-
ent from the CYPI06A2 substrates known to date.
Two of these are flavonoids (rhamnetin and geraldol),
one is a morphine-type alkaloid (noscapine) and one a
polyketide (alpha-apo-oxytetracycline). Despite the
observed binding, in vitro reaction assays of rhamnetin
and noscapine with CYP106A2 did not result in any
detectable product formation.

The most promising novel CYPI06A2 substrate
identified in this study is dipterocarpol, a tetracyclic
triterpene found in the exudate of dipterocarpaceae
(dammar resin). A strong binding behaviour of
dipterocarpol was observed, with a Kp of 2.82 +
0.35 pMm. The catalytic activity of CYP106A2 towards
dipterocarpol was investigated using Michaelis—Menten
kinetic tests. Unfortunately, saturation was achieved
only for the reaction leading to 7p,11a-dihydroxydi-
pterocarpol (one of the main products, Ry 0.21, see
Fig. 3A). Determination of K, and V. for the over-
all reaction was therefore obsolete. In this context, it is
noteworthy that dipterocarpol belongs to the group of
oxidized triterpenes of medium polarity, implying poor
solubility in polar and nonpolar solvents. However,
the kinetic constants of the reaction leading to 7f,11a-
dihydroxydipterocarpol were calculated as an apparent
Vimax of 18.72 £ 1.16 (nmol-product-nmol P4507"
min~') and a K,, of 75.40 + 8.21 pM.

The dipterocarpol in vivo conversion with the host
strain of CYP106A2, B. megaterium, resulted in the
formation of two main products, whose Ry values on
TLC matched those of the in vitro reaction products
Pl and P3. In contrast to the in vitro reactions,
additional more-hydrophilic minor products were
seen. Interestingly, the isolated 7B-hydroxydipterocar-
pol was metabolized by CYPI06A2 in vitro to
7B,11a-dihydroxydipterocarpol, whereas no conver-
sion was observed using 7p,11a-dihydroxydipterocar-
pol as the substrate (Fig. S1). Additional LC-MS
analysis detected only the masses of the monohydr-
oxylated dipterocarpol [m/z 459 (positive ion mode)]
and dihydroxylated dipterocarpol [m/z 475 (positive
ion mode)], no polyhydroxylated products were
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observed. Likewise, no polyhydroxylated dipterocarpol
products were observed with LC-MS analysis of the
in vivo conversion. These results indicate that the reac-
tion product P3 is not metabolized further by
CYP106A2, prompting the assumption that the observed
minor products of the in vivo conversion are P450-inde-
pendent side products of B. megaterium metabolism.

Further, the presented results do not give informa-
tion about the natural function of CYP106A2 and the
endogenous substrate remains unknown. However, the
fact that CYP106A2 metabolizes a huge variety of tri-
terpenoids, and deletion of the gene is not lethal to
B. megaterium, leads to the presumption that the
enzyme plays a role in detoxification processes, similar
to mammalian liver CYP enzymes.

Nonetheless, preparative scale conversion of diptero-
carpol succeeded in the production of the two main
products, which could be identified as dammarane-type
triterpenoids, which to the best of our knowledge, have
not been described in the literature to date. Dammara-
ne triterpenoids are known to be biologically active
components of ginseng, one of the most used herbal
drugs worldwide. Today, more than 30 different dam-
marane-type saponins of ginseng, called ginsenosides,
are described, displaying a vast range of pharmaco-
logical effects including antioxidant, antiviral and
anti-tumour, as well as effects on the cardiovascular,
endocrine and immune systems [22,23]. This diversity
in bioactivity is due to different physiochemical prop-
erties of these compounds. It has been demonstrated
that the cytotoxic effects of these compounds are
inversely proportional to the number of sugar mole-
cules and the number of hydroxyl groups [24].

However, despite their pharmacological potency,
ginsenosides have not yet been developed for clinical
medicine because obtaining large amounts remains
challenging. By contrast, dipterocarpol can be isolated
from various plants of the Dipterocarpaceae family
and is therefore affordably obtained at adequate pur-
ity. Employing CYP106A2 as an efficient dipterocarpol
hydroxylase, we now show that it is possible to bio-
technologically produce 7B-hydroxydipterocarpol and
7B,11a-dihydroxydipterocarpol with high yield. The
insertion of O-functional groups into dipterocarpol
provides new chemical properties, which might be
accompanied by changes in bioactivity [25]. To exam-
ine the bioactivity of dipterocarpol compared with its
hydroxylated derivatives, a XTT-based in vitro cyto-
toxicity assay was performed with HeLa and COS-1
cells. Previously conducted MTT-based (MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide)
cytotoxicity tests displayed that dipterocarpol had
potent activity against leukaemia cells (HL60) with an
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ICso value of 19.2 um, whereas the compound showed
no cytotoxic effects on melanoma (CRL1579) cells
[26]. In our study, dipterocarpol did not show any
cytotoxicity against HeLa cells or COS-1 cells.

By contrast, 7p-hydroxydipterocarpol showed a
dose-dependent cytotoxic effect on both tested cell
lines, with ICsy values of 24 pm for HelLa and 60 pum
for COS-1 cells. A cytotoxicity of 100% was obtained
after 48 h using 100 pm 7B-hydroxydipterocarpol with
the HeLa cells and 200 um 7B-hydroxydipterocarpol
with the COS-1 cells. The measured cytotoxicity of
7B-hydroxydipterocarpol is lower than that of the gin-
senoside precursor panaxadiol observed with HeLa
cells (ICso = 1.2 um) [27]. The cytotoxicity is compa-
rable with that of other dammarane triterpenes tested
with HeLa cells, for example 38,30(S),24(S)-tryhydr-
oxyldammara-25-enol (ICsy ~ 30 pm) [28]. Little data
of cytotoxic activity of dammarane triterpenoids on
COS cells is available, but it has been observed that
ginsenoside-Rh2 arrests the cell cycle of SK-HEP-1
cells at the G1/S boundary and also exhibits strong
effects on the viability of COS and HeLa cells [29].

The 7pB,11a-dihydroxydipterocarpol did not show
any cytotoxicity at the tested concentrations. However,
the compound is interesting chemically, because the
combination of a 7B- and 1la-hydroxyl-groups seems
to be very uncommon in dammarane triterpenes. Nat-
urally occurring dammaranes are mainly hydroxylated
at position 6, 12 or both, whereas there is little data
regarding 7-hydroxylated compounds and none dis-
playing the combination of 7 and 11 [30]. Instead of
being cytotoxic, this compound might have other inter-
esting effects which are worth investigating.

In summary, the screening of 502 compounds contain-
ing a natural product library succeeded in the identifica-
tion of dipterocarpol as a very interesting new substrate
for CYP106A2. The bioconversion of this compound
resulted in the first description of two new dammarane
triterpenoids, namely 7B-hydroxy- and 7f,11a-dihydroxydi-
pterocarpol. Furthermore, 7B-hydroxydipterocarpol
emerged as a pharmaceutically relevant compound,
exerting cytotoxic effects on two mammalian cell lines.
This study again highlights the capability of CYP
enzymes in biotechnological and drug-development
processes.

Material and methods

Enzymes used

The following enzymes were used: CYPI106A2
EC 1.14.15.8, adrenoxodin reductase EC 1.18.1.2 and glu-
cose-6-phosphate dehydrogenase EC 1.1.1.49.

Hydroxylation of dipterocarpol

Reagents and chemicals

The natural product library was purchased from Biomol
International as deep frozen dimethylsulfoxide
(1 mg0.5 mL™"). All other chemicals were from standard
sources and of the highest purity available.

stocks

Bacteria strains and cultivation

Bacillus megaterium ATCC13368, the host strain of
CYP106A2 and the cypl06A42 knockout strain, were both
kind gifts of R. Rauschenbach (Schering AG, Berlin, Ger-
many). Bacillus megaterium cultivation was performed as
described previously [17]. The cypl06a2 DNA was a kind
gift from R. Rauschenbach (Schering AG). Expression and
purification of the enzyme were performed as described pre-
viously [31]. Truncated bovine adrenodoxin (4-108) and
bovine adrenodoxin reductase were expressed and purified
as described elsewhere [32].

Difference spectroscopy-based screening

The screening was conducted with 5 uM enzyme and 5 pum
compound in potassium phosphate buffer (50 mm, pH
7.4). Medium throughput screening assays were performed
with flat-bottomed, transparent, pure grade polystyrene
96-well plates from Brand (Wertheim, Germany). The
assay volume was 250 pL. Absorbance spectra were
recorded using a Tecan Saphire Il (Tecan Group Ltd,
Maennedorf, Germany) (100 reads per well, 0.3 ms
between move and read, 10-nm steps). Absolute spectra
were recorded before and after addition of the compound,
at which the final amount of dimethylsulfoxide did not
exceed 1% (v/v). The mixtures were incubated at 25 °C
for 15 min. Difference spectra were obtained by subtract-
ing the substrate-free spectrum from the substrate-bound
spectrum using Microsoft EXCEL 2003 (Microsoft Corp.,
Redmond, CA, USA). The accuracy of the spectra was
affirmed by comparison with spectra recorded in a two-
beam spectrophotometer.

Determination of the dissociation constant

The Kp of dipterocarpol was determined by titration of
10 um enzyme solution with dipterocarpol (0-50 puM) in
tandem cuvettes. Equal amounts of dipterocarpol were
added to the reference cuvette in the enzyme free cham-
ber. All assays were performed in triplicate. Kp was
determined by plotting the peak-to-trough difference
AA (Asg7 — A417) versus the substrate concentration and
subsequent hyperbolic fitting. Hyperbolic regression was
performed wusing ORIGIN LAB 7.5 (OriginLab Corp.,
Northampton, MA, USA) with a regression coefficient of
0.98.
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In vitro conversion and catalytic activity

Substrate conversions with CYP106A2 were performed
with an in vitro reconstituted system consisting of trun-
cated bovine adrenodoxin (5 uMm), bovine adrenodoxin
reductase (0.5 um), CYP106A2 (0.25 um) and a NADPH
regenerating system consisting of glucose-6-phosphate-
dehydrogenase (1 U), glucose-6-phosphate (5 mM) and
MgCl, (1 mm). Reactions were performed in Hepes buffer
(pH 7.4, 50 mm) supplemented with 0.05% (v/v) Tween 20,
in a total reaction volume of 500 pL. Reactions were
started by the addition of 100 pv NADPH to prewarmed
reaction mixtures and performed under continuous mixing
with an eppendorf thermomixer (Eppendorf, Hamburg,
Germany) at 750 r.p.m. and 30 °C for 10 min. Reactions
were quenched and extracted with 500 pL ethylacetate.
The organic phases were evaporated to dryness and subse-
quently chromatographed. The residues were redissolved in
acetonitrile or methanol (100 uL) for HPLC analysis and
in acetone (50 pL) for TLC analysis.

To measure the catalytic activity of CYP106A2 towards
dipterocarpol, reactions were performed in 250 pL total
volume and started by addition of 500 um NADPH. Reac-
tions were quenched with 500 um ethylacetate after 2 min
reaction time and subsequently extracted. Organic phases
were evaporated to dryness and redissolved in 25 pL ethyl-
acetate. The substrate concentration was varied from 10 to
300 um. Product amounts were determined using relative
spot intensity and the respective activity was calculated.
Kinetic constants were determined by plotting the amount
of products formed (nmolproductsnmol P450~''min™?)
against the substrate concentration (uM) followed by hyper-
bolic fitting with the ORIGIN LAB 7.5 software.

In vivo conversion

Dipterocarpol in vivo conversions were performed with
B. megaterium. After inoculation of the main culture, cells
were cultivated for 16 h prior to the addition of substrate.
Dipterocarpol conversion was investigated using 500-pL
aliquots of fresh culture and conversion was performed in
1.5-mL reaction tubes at 30 °C, 1 h and under continuous
mixing with an eppendorf thermomixer (Eppendorf,
Hamburg, Germany) at 1000 r.p.m. Reactions were
quenched and concomitantly extracted with 500 pL ethylac-
etate. Organic phases were evaporated to dryness and chro-
matographed using TLC.

For the preparative scale conversion of dipterocarpol,
1-L cultures were used in baffled shake flasks, inoculated
with 1 mL of a cryogenic culture and cultivated for 16 h at
30 °C. Dipterocarpol was added as ethanolic solution and
the in vivo conversions were performed at 30 °C. The reac-
tion was quenched with 500 mL ethylacetate and extracted
three times with 500 mL ethylacetate. The resulting organic
phase was dried and chromatographed via a silica gel (60)
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column, with hexane/ethylacetate 50 : 50. Resulting homo-
geneous fractions were evaporated to dryness and analysed
by NMR spectroscopy.

HPLC and TLC analysis

Compounds that were not detectable with a UV—Vis detec-
tor were analysed by TLC with subsequent anisaldehyde
staining (betulin, panaxadiol, sarsasapogenin, dipterocar-
pol). Compounds that had conjugated double bonds or
other UV-active moieties were analysed by HPLC.
Reversed-phase liquid chromatography was performed
using a Jasco system (Pu-980 HPLC pump, an AS-950 sam-
pler, a UV-975 UV/visible detector, and a LG-980-02 gra-
dient unit; Jasco, Gross-Umstadt, Germany). The mobile
phase was methanol/water 85 : 15 for rhamnetin and aceto-
nitrile/water 30 : 70 with 0.1% (v/v) trifluoracetic acid for
noscapine. The respective detection wavelengths were 254
and 240 nm. The following measurement parameters were
used: temperature, 40 °C; flow rate, 1 mL-min’l; injection
volume, 5 pL.

For the TLC the samples were spotted onto TLC alumin-
ium plates (4 x 8 cm; silica 60; layer thickness, 0.2 mm;
Roth, Karlsruhe Germany), and developed once in a rectan-
gular solvent tank containing hexane/ethylacetate 50 : 50.
Spots were detected with an anisaldehyde dipping bath
(4-methoxybenzaldehyde, 5 mL; sulfuric acid, 2.5 mL; glacial
acetic acid, 3.75 mL; ethanol, 478.75 mL), the colour reac-
tion was started by heating the plates with a hot air gun.

NMR characterization of the dipterocarpol
hydroxylation products

All NMR spectra were recorded in CDCl; at 300 K with a
Bruker DRX 500 NMR spectrometer. The chemical shifts
were given relative to CHCl; at & 7.24 ('"H NMR) or
CDCl; at § 77.00 ('*C NMR) using the standard & notation
in parts per million (p.p.m.). The 2D NMR spectra were
recorded as gs-HHCOSY, gs-NOESY, gs-HSQCED and
gs-HMBC.

7B-Hydroxydipterocarpol

'H NMR: (CDCls, 500 MHz), & 0.90 s (3H, 3x H-19),
0.93 s (3H, 3x H-18), 0.98 s (3H, 3x H-30), 1.03 s (3H, 3x
H-29), 1.07 s (3H, 3x H-28), 1.14 s (3H, 3x H-21), 1.22 m
(H-12a), 1.30 m (H-15a), 1.31 m (H-9), 1.37 m (H-1la),
1.39 m (H-1a), 1.46 m (H-5), 1.46 m (2H, 2x H-22), 1.50 m
(H-11b), 1.51 m (H-16a), 1.59 m (H-6a),1.60 m (H, H-6b),
1.61 m (H-13), 1.61 s (3H, 3x H-27), 1.67 m (H-15b), 1.67 s
(3H, 3x H-26), 1.69m (H-17), 1.77 m (H-16b), 1.86 m
(H-12b), 1.87 m (H-1b), 2.04 m (2H, 2x H-23), 243 m
(H-2a), 2.46 m (H-2b), 3.81 m (H-7), 5.10 tsep (J = 7 and
1.5Hz, H-24). C NMR (CDCl;, 125MHz), & 9.51
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(C-30), 15.94 (C-19), 16.16 (C-18), 17.69 (C-27), 20.98
(C-29), 21.98 (C-11), 22.54 (C-23), 25.22 (C-16), 25.66
(C-21), 25.66 (C-26), 26.72 (C-28), 27.33 (C-12), 28.98
(C-6), 33.93 (C-2), 34.60 (C-15), 36.64 (C-10), 39.44
(C-1), 40.19 (C-22), 43.18 (C-13), 45.89 (C-8), 47.04 (C-4),
48.83 (C-17), 49.55 (C-9), 49.58 (C-14), 52.72 (C-5), 74.52
(C-7), 75.30 (C-20), 125.58 (C-24), 131.72 (C-25), 217.35
(C-3).

78, 11a -dihydroxydipterocarpol

'"H NMR: (CDCl;, 500 MHz), & 098 s (3H, 3x H-18),
1.00 m (3H, 3x H-30),1.04 s (3H, 3x H-19), 1.05 m (3H, 3x
H-29), 1.08 m (3H, 3x H-28),1.15 s (3H, 3x H-21), 1.34 m
(H-15a), 1.39 m (H-12a), 1.47 m (2H, 2x H-22), 1.48 m (H-
9), 1.51 m (H-16a), 1.59 m (H-6a),1.61 m (H-6b), 1.61 m
(3H, 3x H-27), 1.62 m (H-5), 1.62 m (H-15b), 1.66 m (H-
la), 1.67 m (3H, 3x H-26), 1.73 m (H-17), 1.78 m (H-13),
1.79 m (H-16b), 2.04 m (2H, 2x H-23), 2.16 ddd (J = 12, 5
and 3 Hz, H-12b), 2.37 ddd (J = 15, 8.3 and 7 Hz, H-2a),
2.48 ddd (J = 15, 9 and 5.7 Hz, H-2b), 2.65 ddd (J = 14,
8.3 and 5.7 Hz, H-1b), 3.79 m (H-7), 4.01 ddd (J = 11, 11
and 5 Hz, H-11), 5.10 tsep (J = 7 and 1.5 Hz, H-24).
13C NMR (CDCls, 125 MHz), § 10.32 (C-30), 15.94 (C-18),
16.80 (C-19), 17.72 (C-27), 20.71 (C-29), 22.55 (C-23), 25.55
(C-16), 25.71 (C-26), 2595 (C-21), 27.54 (C-28), 29.12
(C-6), 34.05 (C-2), 34.45 (C-15), 38.19 (C-10), 2x 39.66
(C-12 and C-22), 41.50 (C-13), 41.59 (C-1), 46.14 (C-8),
47.36 (C-4), 48.74 (C-17), 49.35 (C-14), 52.37 (C-5), 54.60
(C-9), 70.69 (C-11), 74.25 (C-7), 75.17 (C-20), 124.46
(C-24), 131.88 (C-25), 218.09 (C-3).

In vitro cytotoxicity assay

The cytotoxicities of 7B-hydroxydipterocarpol and 7f,11a-
dihydroxydipterocarpol were determined using HelLa and
COS-1 cell lines. Cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10 mL-L™' penicil-
lin/streptomycin solution and 10% (v/v) fetal bovine
serum. To maintain logarithmic growth, 1 x 10* cells per
well were seeded and into 96-well plates in 100 pL medium.
After 24 h of incubation at 37 °C and 5% CO, the prod-
ucts of the CYP106A2-dependent conversions were added
(final concentration 0-250 um) and the cells were treated
for 48 h. Afterwards, the cells were washed once with
100 pL. NaCl/P; before adding 80 pL of serum-free Dul-
becco’s modified Eagle’s medium without Phenol Red. Cell
viability was checked with a XTT reaction kit (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) [33]. Twenty
micrlitres of XTT reagent were added and the mixture was
incubated for 4 h at 37 °C. The absorbance at 450 nm
(specific wavelength for formazan) and 690 nm (unspecific
wavelength) was measured with a Tecan Saphire II plate
reader. The specific absorbance of treated cells was calculated
mathematically as follows: Agso(test) — Agso(blank) — Agoo

Hydroxylation of dipterocarpol

(test). 1Csq values were calculated by plotting the resulting
specific absorbance against the concentration of the test-com-
pound and subsequent sigmoidal fitting.

Acknowledgements

The authors thank Wolfgang Reinle for the excellent
purification of adrenodoxin and adrenodoxin reduc-
tase. The authors express their gratitude to Prof. Dr
Manfred Schmitt, Bjorn Becker and especially Nina
Miiller for the kind gift of the HeLa cells and help
with the cell culture experiments. The authors thank
Eva Luxenburger for the conduction of the LC-MS
measurements. Former thanks also to Prof Dr. Uli
Miiller to enable the use of the plate reader. This work
was supported by a grant from the Saarland Ministry
of Education and Research within the Saarbridge pro-
ject. The natural product library was granted by an
initial funding from the Saarland University.

References

1 Bernhardt R (1996) Cytochrome P450: structure, func-
tion, and generation of reactive oxygen species. Rev
Physiol Biochem Pharmacol 127, 137-221.

2 Sono M, Roach MP, Coulter ED & Dawson JH (1996)
Heam-containing oxygenases. Chem Rev 96, 2841-2888.

3 Nelson DR (2009) The cytochrome P450 homepage.
Hum Genomics 4, 59-65.

4 Ruckpaul K & Rein H (eds) (1991) Frontiers in Bio-
transformation, Vol. 6. Akademie Verlag, Berlin.

5 Urlacher VB & Girhard M (2011) Cytochrome P450
monooxygenases: an update on perspectives for syn-
thetic application. Trends Biotechnol 30, 26-36.

6 Urlacher VB, Lutz-Wahl S & Schmid RD (2004) Micro-
bial P450 enzymes in biotechnology. Appl Microbiol
Biotechnol 64, 317-325.

7 Bernhardt R (2006) Cytochromes P450 as versatile bio-
catalysts. J Biotechnol 124, 128—145.

8 Sukumaran SM, Potsaid B, Lee M, Clark DS & Dor-
dick JS (2009) Development of a fluorescence-based,
ultra high-throughput screening platform for nanoliter-
scale cytochrome P450 microarrays. J Biomol Screen 14,
668—678.

9 Hakki T, Hiibel K, Waldmann H & Bernhardt R
(2011) The development of a whole-cell based medium
throughput screening system for the discovery of human
aldosterone synthase (CYP11B2) inhibitors: old drugs
disclose new applications for the therapy of congestive
heart failure, myocardial fibrosis and hypertension.

J Steroid Biochem Mol Biol 125, 120-128.

10 Tang Z, Martin MV & Guengerich FP (2009) Elucida-
tion of functions of human cytochrome P450 enzymes:
identification of endogenous substrates in tissue extracts

FEBS Journal 279 (2012) 1663-1674 © 2012 The Authors Journal compilation © 2012 FEBS 1673



Hydroxylation of dipterocarpol

using metabolomic and isotopic labeling approaches.
Anal Chem 81, 3071-3078.

11 Furuya T, Nishi T, Shibata D, Suzuki H, Ohta D & Kino
K (2008) Characterization of orphan monooxygenases by
rapid substrate screening using FT-ICR mass spectrome-
try. Chem Biol 15, 563-572.

12 Tsotsou GE, Cass AEG & Gilardi G (2001) High
throughput assay for cytochrome P450 BM3 for screen-
ing libraries of substrates and combinatorial mutants.
Biosens Bioelectron 17, 119-131.

13 Bleif S, Hannemann F, Lisurek M, von Kries JP, Zapp
J, Dietzen M, Antes I & Bernhardt R (2011) Identifica-
tion of CYP106A2 as a regioselective allylic bacterial
diterpene hydroxylase. ChemBioChem 12, 576-582.

14 Luthra A, Denisov IG & Sligar SG (2011) Spectro-
scopic features of cytochrome P450 reaction intermedi-
ates. Arch Biochem Biophys 507, 26-35.

15 Zehentgruber D, Hannemann F, Bleif S, Bernhardt R
& Liitz S (2010) Towards preparative scale steroid
hydroxylation with cytochrome P450 monooxygenase
CYP106A2. ChemBioChem 11, 713-721.

16 Bleif S, Hannemann F, Zapp J, Hartmann D, Jauch J
& Bernhardt R (2011) A new Bacillus megaterium
whole-cell catalyst for the hydroxylation of the pentacy-
clic triterpene 11-keto-B-boswellic acid (KBA) based on
a recombinant cytochrome P450 system. Appl Microbiol
Biotechnol 93, 1135-1146.

17 Bleif S (2011) Identification of New Substrates for
CYPI06A2. Dissertation, Saarland University, Germany.

18 Lisurek M, Simgen B, Antes I & Bernhardt R (2008)
Theoretical and experimental evaluation of a CYP106A2
low homology model and production of mutants with
changed activity and selectivity of hydroxylation.
ChemBioChem 9, 1439—-1449.

19 Berg A, Gustafsson J & Ingelmann-Sundberg M (1976)
Characterization of a cytochrome P-450-dependent ste-
roid hydroxylase system present in Bacillus megaterium.
J Biol Chem 251, 2831-2838.

20 Virus C & Bernhardt R (2008) Molecular evolution of a
steroid hydroxylating cytochrome P450 using a versatile
steroid detection system for screening. Lipids 43, 1133—
1141.

21 Lisurek M, Kang M, Hartmann RW & Bernhardt R
(2004) Identification of monohydroxy progesterones
produced by CYP106A2 using comparative HPLC and
electrospray ionisation collision-induced dissociation
mass spectrometry. Biochem Biophys Res Commun 319,
677-682.

22 Lee J, Lee E, Kim D, Lee J, Yoo J & Koh B (2009)
Studies on absorption, distribution and metabolism of
ginseng in humans after oral administration. J Ethno-
pharmacol 122, 143-148.

23 Shibata S (2001) Chemistry and cancer preventing activ-
ities of ginseng saponins and some related triterpenoid
compounds. J Korean Med Sci 16, 28-37.

D. Schmitz et al.

24 Qi L, Wang C & Yuan C (2010) American ginseng:
potential structure—function relationship in cancer
chemoprevention. Biochem Pharmacol 80, 947-954.

25 Sticher O (2007) Pharmakognosie — Phytopharmazie, 8th
edn. Springer, Berlin.

26 Ukiya M, Kikuchi T, Tokuda H, Tabata K, Kimura Y,
Arai T, Ezaki Y, Oseto O, Suzuki T & Akihisa T
(2010) Antitumor promoting effects and cytotoxic activ-
ities of dammar resin triterpenoids and their derivatives.
Chem Biodivers 7, 1871-1884.

27 Jin YH, Choi J, Shin S, Lee KY, Park JH & Lee SK
(2003) Panaxadiol selectively inhibits cyclin A-associated
Cdk2 activity by elevating p21 WAF1/CIP1 protein levels
in mammalian cells. Carcinogenesis 24, 1767-1772.

28 Wang K, Sun C, Wu X & Pan Y (2006) Novel bioactive
dammarane caffeoyl esters from Celastrus rosthornianus.
Planta Med 72, 370-372.

29 Lee KY, Park JA, Chung E, Lee YH, Kim SI & Lee
SK (1996) Ginsenoside-Rh2 blocks the cell cycle of
SK-HEP-1 cells at the G1/S boundary by selectively
inducing the protein expression of p27kipl. Cancer Lett
110, 193-200.

30 Hill RA & Connolly JD (2011) Triterpenoids. Nat Prod
Rep 28, 1087.

31 Rauschenbach R, Isernhagen M, Noeske-Jungblut C,
Boidol W & Siewert G (1993) Cloning sequencing and
expression of the gene for cytochrome P450meg, the
steroid-15B;-monooxygenase from Bacillus megaterium
ATCC 13368. Mol Gen Genet 241, 170-176.

32 Uhlmann H, Beckert V, Schwarz D & Bernhardt R
(1992) Expression of bovine adrenodoxin in E. coli
and site-directed mutagenesis of/2Fe—2S/cluster
ligands. Biochem Biophys Res Commun 188, 1131—
1138.

33 Roehm NW, Rodgers GH, Hatfield SM & Glasebrook
AL (1991) An improved colorimetric assay for cell
proliferation and viability utilizing the tetrazolium
salt XTT. J Immunol Methods 142, 257-265.

Supporting information

The following supplementary material is available:

Fig. S1. In vitro conversion assays using 7p-hydroxy-
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