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Abstract

Xanthone 6-hydroxylase activity was detected in the microsomal fractions from two plant cell cultures. The enzyme from
cultured cells of Centaurium erythraea (Gentianaceae) exhibited absolute specificity for 1,3,5-trihydroxyxanthone as substrate,
whereas xanthone 6-hydroxylase from cell cultures of Hypericum androsaemum (Hypericaceae) preferred the isomeric 1,3,7-
trihydroxyxanthone but used 1,3,5-trihydroxyxanthone also to a small extent. Both xanthones were regioselectively hydroxylated
in position 6. The xanthone 6-hydroxylases are cytochrome P450 monooxygenases, as shown by their dependence on NADPH
and molecular oxygen and their inhibition by carbon monoxide and typical P450 inhibitors. In both cell cultures, xanthone
accumulation was preceded by an increase in xanthone 6-hydroxylase activity. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Many pharmacologically active plant xanthones pos-
sess a 6-hydroxy group. For example, rubraxanthone
exhibits efficient antibiotic activity against methicillin-
resistant strains of Staphylococcus aureus (linuma et
al., 1996), subelliptenone F is a strong inhibitor of the
DNA topoisomerases I and II (Tosa et al., 1997), and
some polyhydroxyxanthones possess pronounced anti-
malarial activity against multiresistant strains of Plas-
modium  falciparum (Ignatushchenko, Winter,
Béchinger, Hinrichs & Riscoe, 1997).
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In order to study xanthone biosynthesis in plants we
use cell cultures of Centaurium erythraca RAFN (Gen-
tianaceae) and Hypericum androsaemum L. (Hyperica-
ceae). A number of xanthones have been isolated from
these two cell cultures. The major constituents in cul-
tured cells of H. androsaemum are derivatives of
1,3,6,7-tetrahydroxyxanthone  (Schmidt, Abd El-
Mawla, Wolfender, Hostettmann & Beerhues, 1999),
whereas xanthone formation in cell cultures of C. ery-
thraea was found to proceed via the isomeric 1,3,5,6-
tetrahydroxyxanthone (Fig. 1) (Beerhues & Berger,
1994). The immediate precursors of these two isomers
are 1,3,5- and 1,3,7-trihydroxyxanthones both of
which lack the hydroxy group in position 6. They have
been shown recently to arise by enzyme-catalyzed oxi-
dative phenol couplings from the same intermediate
2,3',4,6-tetrahydroxybenzophenone (Peters, Schmidt
and Beerhues, 1998).

In this study we report the detection and character-
ization of the xanthone 6-hydroxylases from cell cul-
tures of C. erythraea and H. androsaemum.
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Fig. 1. Metabolism of 2,3’,4,6-tetrahydroxybenzophenone in cell cultures of H. androsaemum and C. erythraea. XS = xanthone synthase. X6H

= xanthone 6-hydroxylase.

2. Results

2.1. Detection of xanthone 6-hydroxylase activity in cell
cultures of C. erythraea and H. androsaemum

Incubation of the microsomal fraction from cell cul-
tures of C. erythraea with 1,3,5-trihydroxyxanthone
and NADPH resulted in the formation of 1,3,5,6-tetra-
hydroxyxanthone, as shown by HPLC analysis. The
identity of the enzymatic product was confirmed by
UV and mass spectroscopy. The spectra obtained
agreed with the properties reported in the literature for
1,3,5,6-tetrahydroxyxanthone (Abou-Shoer, Suwanbor-
irux, Habib, Chang & Cassady, 1993; Sia, Bennett,
Harrison & Sim, 1995). No product formation was
observed when NADPH was omitted, the microsomes
were heat-inactivated and 1,3,7- instead of 1,3,5-trihy-
droxyxanthone was used as substrate (Table 1).

In contrast, the microsomal fraction derived from
H. androsaemum cell cultures catalyzed, in the presence

of NADPH, the hydroxylation of both 1,3,7- and
1,3,5-trihydroxyxanthones. The products formed enzy-
matically were isolated using TLC and HPLC and sub-
jected to UV and mass spectroscopy. Their properties
were in accordance with the data published for 1,3,5,6-
and 1,3,6,7-tetrahydroxyxanthones (Chen, Lin &

Table 1
Substrate specificities of the xanthone 6-hydroxylases from cell cul-
tures of C. erythraea and H. androsaemum

Substrate Relative xanthone 6-hydroxylase activity

(%)

C. erythraea H. androsaemum

100* 65
100°

1,3,5-Trihydroxyxanthone
1,3,7-Trihydroxyxanthone 0

4100% corresponds to 384 nkat/mg protein.
®100% corresponds to 512 nkat/mg protein.
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Hung, 1975). The enzyme from H. androsaemum cell
cultures preferred 1,3,7-trihydroxyxanthone (Table 1).
Its relative activity with 1,3,5-trihydroxyxanthone was
65%. Both hydroxylation reactions did not proceed
using heat-inactivated microsomes.

2.2. Characterization of the xanthone 6-hydroxylases

The enzyme from cell cultures of H. androsaemum
exhibited maximal activity at pH 7.0 (half-maximal ac-
tivity at pH 6.3 and 7.7) and an incubation tempera-
ture of 30°C. The hydroxylation reactions required
strictly molecular oxygen, as demonstrated by preincu-
bation with an oxygen-consuming system. Established
cytochrome P450 inhibitors blocked the enzyme ac-
tivity significantly. The ICsy values determined were 1
UM for tetcyclacis and plumbagin and 11 puM for cyto-
chrome ¢, respectively. Xanthone 6-hydroxylase was
also inhibited by treatment with a CO:0, (9:1) gas
mixture in the dark. Under these conditions, enzyme
activity was 52% of that in the standard incubation.
The inhibitory effect was restored partly by illuminat-
ing the incubation assay with white light, resulting in a
relative enzyme activity of 73%. Xanthone 6-hydroxyl-
ase was not inhibited by potassium cyanide at 100 pM,
a potent inhibitor of peroxidases (Fujita, Oba & Uri-
tani, 1982). On the contrary, enzyme activity was
stimulated by 20%.

Similar properties were observed for the enzyme
from cell cultures of C. erythraea. Our experimental
findings clearly demonstrate that the xanthone
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6-hydroxylases from the two cell cultures studied are
membrane-bound cytochrome P450 monooxygenases.

2.3. Changes in xanthone 6-hydroxylase activity during
the growth of the two cell cultures

Maximum xanthone 6-hydroxylase activity in H.
androsaemum cell cultures occurred around day 3
when the xanthone content started to increase (Fig. 2).
At day 7, xanthone formation reached a plateau and
the enzyme activity decreased rapidly. In cell cultures
of C. erythraea xanthone 6-hydroxylase exhibited high-
est activity between day 4 and 6, after which the
increase in the xanthone content started. At day 10
xanthone 6-hydroxylase activity was low.

3. Discussion

Xanthone 6-hydroxylase activities have been
detected in cultured cells of C. erythraea and H.
androsaemum. In both cell cultures, 6-hydroxylation
is the first modifying step at the xanthone level.
The substrates of the xanthone 6-hydroxylases are
supplied by xanthone synthases catalyzing the oxi-
dative phenol couplings of 2,3'.4,6-tetrahydroxyben-
zophenone (Peters et al., 1998). In C. erythraea, the
product of this regioselective intramolecular cycliza-
tion is 1,3,5-trihydroxyxanthone. This finding is in
good agreement with the substrate specificity of
xanthone 6-hydroxylase. The enzyme from C. ery-
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Fig. 2. Changes in xanthone 6-hydroxylase activity and xanthone content during the growth of H. androsaemum and C. erythraea cell cultures.
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thraea exhibits absolute specificity for 1,3,5-trihy-
droxyxanthone which is regioselectively hydroxylated
in position 6. The isomeric 1,3,7-trihydroxyxanthone
does not serve as substrate.

In cultured cells of H. androsaemum both isomers
are converted by xanthone 6-hydroxylase, with
1,3,7-trihydroxyxanthone, however, being the pre-
ferred substrate. Since these cell cultures contain
primarily derivatives of 1,3,6,7-tetrahydroxyxanthone,
metabolic channelling is mainly due to the regios-
electivity of the xanthone synthase reaction (Fig. 1).
2,3',4,6-Tetrahydroxybenzophenone is cyclised prefer-
entially to 1,3,7-trihydroxyxanthone (Peters et al.,
1998), the isomeric 1,3,5-trihydroxyxanthone is a
minor product. It is yet unclear whether H. andro-
saemum cell cultures contain a single xanthone
synthase exhibiting less pronounced regioselectivity
or two enzymes differing in their regioselectivities.

In both cell cultures the increase in xanthone 6-
hydroxylase activity preceded the increase of
xanthone content. When maximum enzyme activity
occurred, xanthones started to accumulate. Similar
kinetics were found for the enzymes catalyzing the
preceding reactions in xanthone biosynthesis (W.
Schmidt, S. Peters and L. Beerhues, unpublished
results) and have also been observed with enzymes
involved in other biosynthetic pathways (Kutchan,
Dittrich, Bracher & Zenk, 1991; Chappell & Hahl-
brock, 1984).

The xanthone 6-hydroxylases are cytochrome P450
monooxygenases. Their properties are similar to those
of other microsomal hydroxylases (Grand, 1984; Song
& Brash, 1991; Gabriac, Werck-Reichhart, Teutsch &
Durst, 1991; St-Pierre & De Luca, 1995). They are
reported here for the first time. Very recently, cell cul-
tures of H. androsaemum were shown to contain
another membrane-bound monooxygenase, benzophe-
none 3’-hydroxylase. The detection of this enzyme and
the finding that benzophenone synthase from H.
androsaemum converts most efficiently benzoyl-CoA
led us to postulate alternative pathways of xanthone
biosynthesis (Schmidt & Beerhues, 1997). The cyto-
chrome P450 enzymes also include the xanthone
synthases which, however, are likely to be cytochrome
P450 oxidases (Peters et al., 1998).

The products isolated from cell cultures and intact
plants of H. androsaemum are derivatives of either
1,3,6,7- or 1,3,5,6-tetrahydroxyxanthones (Nielsen &
Arends, 1979; Schmidt et al., 1999), demonstrating
that further hydroxylations do not occur in this
species. In contrast, cell cultures of C. erythraea ac-
cumulate 3,5,6,7,8-pentamethoxy-1-O-primeverosyl-
xanthone (Beerhues & Berger, 1994) the formation of
which requires two additional hydroxylation reactions.
At present, we are cloning cytochrome P450 enzymes

of the two species studied to carry out comparative
molecular analyses.

4. Experimental

4.1. Plant cell cultures

Cell suspension cultures of C. erythraea and H.
androsaemum were grown as described previously
(Peters et al., 1998).

4.2. Chemicals

1,3,5- and 1,3,7-Trihydroxyxanthones were syn-
thesized and purified as described earlier (Peters et al.,
1998); cytochrome ¢ and plumbagin were purchased
from Sigma (Deisenhofen, Germany); tetcyclacis was a
kind gift from Prof. W. Barz (Miinster, Germany).

4.3. Enzyme extraction and preparation of microsomes

These procedures were carried out according to pub-
lished methods (Peters et al., 1998).

4.4. Enzyme assay

The xanthone 6-hydroxylase assay was similar to
that for xanthone synthase (Peters et al., 1998), with
the exception that 1,3,5- or 1,3,7-trihydroxyxanthone
replaced 2,3',4,6-tetrahydroxybenzophenone. An enzy-
matic oxygen-scavenging system was used as described
earlier (Peters et al., 1998).

4.5. Analytical procedures

HPLC analysis of the ethylacetate-soluble products
formed enzymatically was performed on an RP-18 col-
umn using water:acetonitrile (66:34) as solvent and a
flow rate of 1 ml/min. The formation of 1,3,5,6- and
1,3,6,7-tetrahydroxyxanthones was detected at 326 and
361 nm, respectively. Both products had an R, value of
9.3 min. Silica gel 60 F,s4 coated aluminium sheets
(Merck, Darmstadt, Germany) were used for TLC
analysis. Preparative TLC was carried out on silica gel
60 F,s4 coated glass plates with a concentrating zone.
The solvent used contained -cyclohexane:dichloro-
methane:ethyl formate:formic acid (35:30:30:1). The R
value of 1,3,5,6-tetrahydroxyxanthone was 0.12, and
that of 1,3,6,7-tetrahydroxyxanthone 0.18.

4.6. Xanthone content

Xanthones were quantified as described by Beerhues
& Berger (1994) and Schmidt et al. (1999).
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4.7. Protein determination

Protein concentrations were measured by the
method of Bradford (1976).
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