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ABSTRACT 
Extracts from Hypericum perforatum (St. John’s wort; Clusiaceae) are widely used for the treatment of mild to moderate depression. Four 
classes of constituents – hyperforins, hypericins, flavonoids, and xanthones – appear to contribute to the antidepressant activity. 
Interestingly, all four classes of secondary metabolites involve polyketide derivatives. Key reactions of their biosyntheses are catalysed by 
type III polyketide synthases. These enzymes differ in the starter substrates used, the number of extender units added, and the mode of 
intramolecular cyclization catalysed. Their products are metabolised by downstream enzymes, such as prenyltransferases and cytochrome 
P450 enzymes, to give the final active compounds. Despite the medicinal importance of H. perforatum, little is known about the 
metabolism generating the complex pattern of constituents. 
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INTRODUCTION 
 
Hypericum perforatum (St. John’s wort; Clusiaceae) is a 
well-known medicinal plant which contains a complex 
mixture of secondary metabolites (Tatsis et al. 2007). Dried 
alcoholic extracts prepared from the flowering upper parts 
by highly sophisticated processes are widely used for the 
treatment of mild to moderate depression (Linde 2009). 
Their therapeutic efficacy was demonstrated in a number of 
placebo-controlled and comparative clinical trials versus 
standard antidepressants (Whiskey et al. 2001; Linde et al. 
2008). The relatively low rate of adverse effects and the 
good tolerability lead to a high degree of compliance. Hype-
ricum extracts are thus among the best characterised and 
top-selling herbal medicines worldwide (Percifield et al. 
2007). 

The antidepressant activity of St. John’s wort prepara-
tions is attributed to several classes of constituents that 
exhibit additive, synergistic and partly antagonistic effects 
(Butterweck and Schmidt 2007; Hammer et al. 2007). Thus, 
the total extract is considered the active principle. The phar-
macologically best studied constituent is hyperforin with 
multiple activities (Fig. 1; Beerhues 2006; Leuner et al. 
2007). Flavonoids and hypericins are also among the well-
characterised secondary metabolites and contribute to the 
antidepressant effect (Butterweck and Schmidt 2007). Ap-
preciable quantities of xanthones which also exhibit anti-
depressant activity were found in the aerial parts of H. 
perforatum collected in India (Muruganandam et al. 2000). 

Interestingly, all four classes of active constituents in-
volve polyketide derivatives. Key reactions of their biosyn-
thetic pathways are catalysed by type III polyketide syn-
thases (PKSs) which sequentially condense acetyl units 
from the decarboxylation of malonyl-CoA with a specific 
starter molecule (Schröder 1999a; Austin and Noel 2003). 
This reaction sequence is reminiscent of fatty acid biosyn-
thesis and PKSs are evolutionarily related to ß-ketoacyl 
synthases. Type III PKSs form an amazing array of natural 
products by varying the starter substrate (aliphatic or aro-
matic units), the number of acetyl additions (one to seven), 
and the mechanism of ring formation used to cyclise linear 
polyketide intermediates (Claisen condensation, aldol con-
densation, or heterocyclic lactone formation) (Austin and 
Noel 2003; Yu and Jez 2008; Flores-Sanchez and Verpoorte 
2009). In H. perforatum, these variations in the principal 
reaction lead to the formation of the four classes of active 
polyketide derivatives. 
 
FLAVONOIDS 
 
Flavonoids are commonly involved in UV protection, 
flower pigmentation, and pathogen and herbivore resistance 
(Winkel-Shirley 2001). They also affect developmental pro-
cesses, i.e. processes of primary metabolism, such as auxin 
transport, pollen germination, and signalling to microorga-
nisms (Buer and Muday 2004; Taylor and Grotewold 2005). 
The flavonoid content in aerial parts of H. perforatum is 2-
4% (Nahrstedt and Butterweck 1997). 
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In the forced swimming test, the quercetin glycosides 
isoquercitrin, hyperoside, and miquelianin exhibited anti-
depressant activity (Butterweck et al. 2000; Paulke et al. 
2008). Furthermore, rutin was found to be essential for the 
activity of extracts (Nöldner and Schötz, 2002). Flavonoids 
play an important role in the modulation of the function of 
the hypothalamic-pituitary-adrenal (HPA) axis (Butterweck 
et al. 2004). The biflavonoid amentoflavone which is a 
minor constituent of buds and blossoms (0.01-0.05%) ef-
ficiently inhibited benzodiazepine binding to the �-amino-
butyric acid (GABA) receptor (Nahrstedt and Butterweck 
1997; Baureithel et al. 1997; Hölzl and Petersen 2003). Fla-
vonoids are able to penetrate the blood-brain-barrier and to 
reach the central nervous system (Gutmann et al. 2002; 
Jürgenliemk et al. 2003; Paulke et al. 2008). 

Biosynthesis of flavonoids is initiated by chalcone syn-
thase (CHS). This enzyme is the most common type III 

PKS in higher plants and the prototype enzyme of the super-
family (Schröder 1999a, 1999b; Austin and Noel 2003). 
CHS uses 4-coumaroyl-CoA as a starter substrate and cata-
lyses the sequential addition of three acetyl units from the 
decarboxylation of malonyl-CoA to yield a linear tetra-
ketide (Fig. 2). In the same active site cavity, this interme-
diate is subjected to intramolecular cyclization via C6�C1 
Claisen condensation to give naringenin chalcone which is 
released. This product then undergoes either chalcone-iso-
merase (CHI)-catalysed stereospecific or spontaneous ran-
dom isomerization to yield naringenin (Jez et al. 2000). 
Downstream enzymes metabolise this flavanone to the 
diverse subgroups of flavonoids, such as flavonols and fla-
vones (Ferrer et al. 2008). The latter group was induced in 
H. perforatum cell cultures by methyl jasmonate treatment 
(Conceição et al. 2006). Similarly, jasmonic acid stimulated 
flavonoid accumulation and upregulated phenylalanine-
ammonia lyase (PAL) and CHI activities (Gadzovska et al. 
2007). So far, downstream enzymes involved in flavonoid 
metabolism of Hypericum species have not yet been studied. 

cDNAs encoding CHSs from H. perforatum, H. andro-
saemum, and H. calycinum were cloned and the enzymes 
were functionally expressed in Escherichia coli (Liu et al. 
2003; Klingauf and Beerhues, unpublished). The preferred 
starter substrates for the PKSs were 4-coumaroyl-CoA and 
cinnamoyl-CoA. The enzymes were active as homodimers 
consisting of 41-44 kDa subunits, which is true for all type 
III PKSs so far studied (Schröder 1999b). CHS from H. 
androsaemum was subjected to site-directed mutagenesis of 
amino acids shaping the active site cavity (Liu et al. 2003). 
A triple mutant (L263M/F265Y/S338G) preferred benzoyl-
CoA over 4-coumaroyl-CoA. 

The first crystal structure of a type III PKS, CHS2 from 
Medicago sativa, was determined by Ferrer et al. (1999) 
and provided a framework for understanding the substrate 
and product specificities and facilitated rational engineering 
of new enzyme activities. Three catalytic residues are highly 
conserved in type III PKSs. Cys 164 (numbering in M. 
sativa CHS2) serves as the nucleophile in the loading reac-
tion and as the attachment site of the polyketide during the 
elongation reactions. The thiolate anion is stabilised by an 
ionic interaction with His 303 as an imidazolium cation (Jez 
and Noel 2000). His 303 and Asn 336 catalyse the decar-
boxylation of malonyl-CoA and stabilise the transition state 
during the condensation steps. The crystal structure defined, 
beside this catalytic triad, a number of conserved amino 
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acids that line the internal bi-lobed initiation/elongation 
cavity. One lobe of this catalytic center forms the starter 
unit binding pocket and the other accommodates the grow-
ing polyketide chain (Ferrer et al. 1999; Austin and Noel 
2003). 

 
XANTHONES 

 
Xanthones are commonly minor constituents of the herb of 
H. perforatum (Nahrstedt and Butterweck 1997; Hölzl and 
Petersen 2003). No xanthones were found in in vitro re-
generated shoots, in contrast to roots that contain the com-
pounds (Pasqua et al. 2003). In cell cultures, xanthone for-
mation was stimulated by addition of a fungal elicitor pre-
pared from Colletotrichum gloeosporioides which causes St. 
John’s wort wilt (Gärber and Schenk 2003; Conceição et al. 
2006). The response was increased by preceding priming 
using either methyl jasmonate or salicylic acid. Induction of 
xanthone accumulation by elicitation was also observed 
with H. androsaemum cell cultures, suggesting that xan-
thones function in Hypericum species as phytoalexins 
against microbial pathogens (Abd El-Mawla et al. 2001; 
Franklin et al. 2009). In addition, their radical scavenging 
properties appear to protect the plant cells from oxidative 
damage by reactive oxygen species (ROS) (Franklin et al. 
2009). 

Xanthones, such as 1,3,5,8-tetrahydroxyxanthone, 1,5-
dihydroxyxanthone, and 1,5,8-trihydroxy-3-methoxyxan-
thone, are selective and reversible inhibitors of the mono-
amine oxidase (MAO) isoenzyme A which is involved in 
oxidative deamination of neurotransmitters (Suzuki et al. 
1981; Schaufelberger and Hostettmann 1988; Sparenberg et 
al. 1993; Rocha et al. 1994). Indian H. perforatum plants 
were found to contain appreciable quantities of xanthones 

(2-4%; Muruganandam et al. 2000). A xanthone-enriched 
fraction from these plants and some isolated xanthones 
exhibited significant antidepressant activity in the forced 
swimming test. They also caused changes in the regulation 
of some receptors. 

The carbon skeleton of xanthones is formed by benzo-
phenone synthase (BPS). cDNAs encoding BPS from cell 
cultures of H. androsaemum and H. calycinum were cloned 
and the enzymes were functionally expressed in E. coli (Liu 
et al. 2003; Klingauf and Beerhues, unpublished). BPS 
cDNAs were also isolated from H. perforatum but their 
products not yet characterised (Franklin et al. 2009; Kling-
auf and Beerhues, unpublished). BPS catalyses the iterative 
condensation of benzoyl-CoA with three molecules of 
malonyl-CoA to give a linear tetraketide intermediate which 
is cyclised into 2,4,6-trihydroxybenzophenone via intra-
molecular Claisen condensation (Fig. 3). Treatment of H. 
perforatum cell cultures with elicitor induced a transient 
accumulation of BPS transcripts, with a maximum mRNA 
level after 12 h (Franklin et al. 2009). In H. androsaemum 
cell cultures, the starter substrate for BPS, benzoyl-CoA, is 
derived from cinnamic acid by side-chain degradation via a 
CoA-dependent and non-ß-oxidative pathway (Abd El-
Mawla and Beerhues 2002). Cinnamic acid is supplied by 
PAL-catalysed oxidative deamination of phenylalanine 
(Hanson and Havir 1981). Both PAL activity and transcripts 
were upregulated by elicitor treatment, indicating transcrip-
tional regulation (Abd El-Mawla et al. 2001; Franklin et al. 
2009). Recently, BPS from H. androsaemum was converted 
by a single amino acid substitution in the active site cavity 
into phenylpyrone synthase, a new type III PKS variant 
(Klundt et al. 2009). The changes in product and substrate 
specificities were rationalised by homology modeling. 

The product of the BPS reaction, 2,4,6-trihydroxyben-
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zophenone, is regiospecifically hydroxylated by benzophe-
none 3'-hydroxylase, a cytochrome P450 monooxygenase, 
detected in H. androsaemum cell cultures (Fig. 4; Schmidt 
and Beerhues 1997). 2,3',4,6-Tetrahydroxybenzophenone 
undergoes regioselective oxidative phenol coupling reac-
tions either ortho or para to the 3'-hydroxy group, giving 
1,3,5- and 1,3,7-trihydroxyxanthones, respectively (Peters 
et al. 1998). These intramolecular cyclizations are catalysed 
by cytochrome P450 enzymes named xanthone synthases. 
The isomeric products appear to be the precursors of all 
plant xanthones (Bennett and Lee 1989). They are subjected 
to 6-hydroxylation in cell cultures of H. androsaemum and 
Centaurium erythraea (Gentianaceae). The microsomal 6-
hydroxylase activities preferred 1,3,7- and 1,3,5-trihydroxy-
xanthones, respectively (Schmidt et al. 2000). 

The genus Hypericum encompasses about 450 species 
of trees, shrubs and herbs widely distributed in temperate 
regions across the globe (Robson 2003). Beside xanthones, 
polyprenylated polycyclic benzophenone derivatives are 
characteristic constituents. 2,4,6-Trihydroxybenzophenone 
and hydroxylated derivatives can undergo stepwise C-pre-
nylation. Concomitant intramolecular cyclizations of the 
attached C5 and C10 isoprenoid side chains result in the for-
mation of bridged polycyclic compounds (Fig. 4; Hu and 
Sim 2000). These complex metabolites fulfill dual function 
as floral UV pigments and defence compounds (Gronquist 
et al. 2001). In the ovarian wall of H. calycinum flowers, 
polyprenylated benzoyl and acyl phloroglucinols amount to 
~20% and protect the developing seeds against herbivores 
and microorganisms. A number of polyprenylated benzo-
phenone derivatives with bi-, tri-, and tetracyclic skeletons 
possess interesting pharmacological properties, such as 
antitumoral and antibacterial activities (Yoshida et al. 2005; 
Hong et al. 2006). 

 
HYPERFORINS 

 
Hyperforins are bicyclic polyprenylated acylphloroglucinol 
derivatives with challenging structures and interesting acti-
vities (Beerhues 2006). They are abundant in reproductive 

organs, their content increasing from 2.5% in buds to 8.5% 
in capsules (Rep�ák and Mártonfi 1997; Tekel'ová et al. 
2000). Relatively low levels are present in undifferentiated 
in vitro cultures, indicating that their accumulation is coup-
led to organ differentiation (Pasqua et al. 2003). Recently, 
the schizogenous translucent glands of H. perforatum were 
found to be the site of hyperforin accumulation (Soelberg et 
al. 2007; Hölscher et al. 2009). Dark nodules contained 
only minute amounts of hyperforins. 

Hyperforin is a broad-band neurotransmitter reuptake 
inhibitor which does not directly interact with the transmit-
ter transporters but elevates the intracellular sodium con-
centration, thereby inhibiting the gradient-driven neuro-
transmitter reuptake (Müller 2003). This is a novel mode of 
action. Recently, the molecular target of hyperforin was 
identified, the compound specifically activates TRPC6 
channels (Treiber et al. 2005; Leuner et al. 2007). Transient 
receptor potential (TRP) channels constitute a group of non-
selective cation channels, and hyperforin is the first selec-
tive TRPC activator. TRPC6 activation by hyperforin also 
stimulated keratinocyte differentiation (Müller et al. 2008). 
Furthermore, hyperforin is a promising novel anticancer 
agent which induces apoptosis, inhibits angiogenesis, and 
suppresses metastasis formation and lymphangiogenesis 
(Schempp et al. 2002; Donà et al. 2004; Martínez-Poveda et 
al. 2005; Rothley et al. 2009). Its antibacterial and anti-
inflammatory activities may explain the traditional use of St. 
John’s wort extracts for the local treatment of infected 
wounds and inflammatory skin disorders, respectively 
(Schempp et al. 1999; Albert et al. 2002; Hammer et al. 
2007). Recently, hyperforin turned out to be a novel type of 
5-lipoxygenase inhibitor (Feißt et al. 2009). However, 
hyperforin also contributes to drug-drug interactions by bin-
ding to the pregnane X receptor and affecting the expres-
sion of CYP3A4 and P-glycoprotein (Moore et al. 2000; 
Madabushi et al. 2006). 

Biosynthesis of hyperforins divides into two sections, 
i.e. formation of the nucleus and attachment of prenyl side 
chains. The hyperforin nucleus is formed by isobutyrophe-
none synthase (BUS). In contrast to CHS and BPS which 
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prefer aromatic starter substrates, BUS uses an aliphatic 
starter unit (Fig. 3). Isobutyryl-CoA is condensed with three 
molecules of malonyl-CoA to give a linear tetraketide inter-
mediate which undergoes intramolecular Claisen condensa-
tion to yield phlorisobutyrophenone. This reaction was det-
ected in cell-free extracts from H. calycinum cell cultures 
which contain mainly the homologue adhyperforin (Kling-
auf et al. 2005). Formation of hyperforins during cell cul-
ture growth was preceded by an increase in BUS activity. 
Adhyperforin originates from 2-methylbutyryl-CoA as a 
starter molecule. A putative BUS cDNA was cloned from H. 
perforatum but not yet functionally characterised (Karp-
pinen and Hohtola 2008). However, the tissue-specific pat-
tern of transcript expression correlated with that of hyper-
forin accumulation. A cDNA for a PKS preferring isovale-
ryl-CoA (3-methylbutyryl-CoA) was cloned from Humulus 
lupulus cones (Paniego et al. 1999; Okada and Ito 2001). 
Glands of this plant contain constituents that resemble 
hyperforins but lack the bicyclic structure. Isobutyryl-CoA, 
2-methylbutyryl-CoA, and isovaleryl-CoA are derived from 
the amino acids valine, isoleucine, and leucine, respectively 
(Adam et al. 2002; Karppinen et al. 2007). Feeding H. per-
foratum shoot cultures with isoleucine and its biosynthetic 
precursor, threonine, significantly stimulated the formation 
of adhyperforin (Karppinen et al. 2007). 

The hyperforin nucleus undergoes a series of C-preny-
lation reactions (Fig. 5). The isoprenoid residues used arise 
from the non-mevalonate (MEP) pathway (Adam et al. 
2002). Triple electrophilic substitution of the unsubstituted 
hyperforin nucleus involves two dimethylallyl diphosphate 
(DMAPP) units and one geranyl diphosphate (GPP) mole-
cule. The ring closure to give the bicyclic system is trig-
gered by electrophilic attack of a third DMAPP on the 2´/3´ 
double bond of the preimplanted geranyl chain. The se-
quence of the steps is largely open. Since hyperforin ac-
cumulates together with essential oil in translucent glands, 
the chloroplast-containing cells surrounding the large cavity 
were proposed to be the biosynthetic site of both essential 
oil components and isoprenoid moieties of hyperforin 
(Soelberg et al. 2007). The first C-alkylation step is cata-
lysed by a dimethylallyltransferase which was detected in H. 
calycinum cell cultures (Boubakir et al. 2005). Formation of 

hyperforins was preceded by an increase in prenyltransfer-
ase activity. The enzyme preferred dimethylallyldiphos-
phate (DMAPP) as prenyl donor and phlorisobutyrophe-
none as prenyl acceptor. The activity of the soluble enzyme 
was dependent on a divalent cation as cofactor, preferrably 
Fe2+. The majority of so-called aromatic prenyltransferases 
are integral membrane proteins and contain a typical prenyl 
diphosphate binding site [(N/D)DXXD] (Pojer et al. 2003). 
Another class of transferases includes soluble enzymes that, 
however, lack the prenyl diphosphate binding site and thus 
the absolute requirement for a divalent cation. Prenyltrans-
ferases resembling the enzyme from H. calycinum cell cul-
tures, i.e. soluble and ion-dependent, participate in the bio-
synthesis of bitter acids in hop (Humulus lupulus) and can-
nabinoids in hemp (Cannabis sativa) (Fellermeier and Zenk 
1998; Zuurbier et al. 1998). 

Recently, a hyperforin homologue lacking a prenyl 
group at C-15 was detected in H. perforatum shoot cultures 
(Charchoglyan et al. 2007). The accumulation of hyperforin 
and its homologue, secohyperforin, was differentially sti-
mulated by increasing concentrations of N6-benzylamino-
purine and naphthalene-1-acetic acid, respectively, which 
might be due to differentially regulated aromatic prenyl-
transferases exhibiting prenyl donor specificity for either 
DMAPP or GPP. Interestingly, Greek H. perforatum was 
found to contain another hyperforin homologue, hyperfirin, 
which lacks the prenyl group at C-4 (Tatsis et al. 2007). 

 
HYPERICINS 

 
Hypericins constitute the crimson pigments in flowers and 
leaves. They accumulate in multicellular nodules which ap-
pear as dark red to black dots or streaks (Curtis and Lersten 
1990; Zobayed et al. 2006; Hölscher et al. 2009). The con-
tent of hypericins in the aerial parts varies between 0.08 and 
0.44%, highest levels being observed in the reproductive 
organs (Hölzl and Petersen 2003). Stamens are particularly 
rich in dark nodules and thus hypericins (Zobayed et al. 
2006). In leaves, the black dots are mostly arrayed around 
the margin. In callus and cell cultures, relatively high levels 
of hypericins correlated with the presence of globular cell 
aggregates (Kirakosyan et al. 2004). Recently, Kusari et al. 
(2008, 2009) detected an endophytic fungus from H. per-
foratum, identified as Thielavia subthermophila, that can 
accumulate emodin and hypericin in axenic cultures and 
may have industrial potential to meet the pharmaceutical 
demand for hypericin. 

In the forced swimming test, hypericin and pseudo-
hypericin exerted antidepressant activity when solubilised 
by addition of procyanidins (Butterweck et al. 1998). Evi-
dence for the involvement of the dopaminergic system was 
also found. Hypericin downregulated the plasma levels of 
the adrenocorticotrophic hormone (ACTH) and corticoste-
rone and affected the centers that control the activity of the 
HPA axis (Butterweck et al. 2001a, 2001b). A number of 
patients suffering from depression exhibit hypersecretion of 
ACTH and plasma cortisol. Hypericins also exhibit light-
dependent antiviral activity against various enveloped but 
not non-enveloped viruses (Meruelo et al. 1988; Birt et al. 
2009 and literature cited therein). Light-sensitised hypericin 
exhibits multiple modes of antiviral activity, such as in-
hibition of budding of new virions, cross-linking of capsids 
preventing viral uncoating, and inhibition of protein kinase 
activity required for replication of a number of viruses. 
Hypericins are also responsible for the photosensitizing 
effect of extracts, which is of limited clinical relevance in 
the dose ranges used in antidepressant therapy (Schulz 
2006). However, due to its light-dependent tumor destruc-
tive properties hypericin may be applied as a potent photo-
sensitizer in photodynamic therapy (PDT) of cancer (Kubin 
et al. 2005; Kiesslich et al. 2006; Olivo et al. 2006). In ad-
dition, it is a promising fluorescing agent for use in photo-
dynamic diagnosis (PDD) of cancer (Kiesslich et al. 2006; 
Saw et al. 2006). 

Biosynthesis of hypericins was proposed to proceed via 
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emodin anthrone (Falk et al. 1993). The latter intermediate 
is likely to be formed by a type III PKS (Fig. 3). cDNAs 
encoding octaketide synthases (OKSs) were cloned from 
Aloe arborescens and H. perforatum and the enzymes were 
heterologously expressed in E. coli (Abe et al. 2005; Karp-
pinen et al. 2008). Both enzymes catalysed the sequential 
condensation of acetyl-CoA with seven molecules of malo-
nyl-CoA to give an intermediate octaketide which, however, 
was not cyclised into emodin anthrone via three intramole-
cular aldol condensations but instead converted to unnatural 
products called SEK 4 and SEK 4b. Since these products 
were not detected in the plants used as mRNA sources, the 
OKSs were speculated to be involved in vivo in anthrone 
biosynthesis. In vitro, the PKSs might lack cooperating 
enzymes or other factors that help to fold and cyclise the 
octaketide chain correctly. OKS from A. arborescens could 
use malonyl-CoA as sole substrate and generate its starter 
unit by decarboxylation (Abe et al. 2005). Recently, two 
additional OKS cDNAs were cloned from A. arborescens; 
however, the encoded enzymes did not differ functionally 
(Mizuuchi et al. 2009). A single amino acid in A. arbores-
cens OKS was found to control polyketide chain length and 
substrate specificity by modulating the size and shape of the 
active site cavity (Abe et al. 2005). Interestingly, the spatial 
expression pattern of OKS from H. perforatum, as deter-
mined by real-time PCR, correlated with the contents of 
hypericins in various tissues (Karppinen and Hohtola 2008). 
Furthermore, transcripts encoding OKS from H. perforatum 
were localised in dark nodules of leaf margins, flower petals 
and stamens using in situ RNA hybridization (Karppinen et 
al. 2008). Dark nodules consist of a core of large interior 
cells surrounded by a biseriate sheath of flattened cells 
(Curtis and Lersten 1990; Onelli et al. 2002). OKS trans-
cripts were detected in the large cells and in some of the 
innermost flat cells (Karppinen et al. 2008). The peripheral 
cells were previously proposed to be the site of hypericin 
biosynthesis (Kornfeld et al. 2007). 

Conversion of emodin to hypericin is catalysed by Hyp-
1 (Bais et al. 2003). The cDNA for this protein was isolated 
from a library derived from dark-grown H. perforatum cell 
cultures. The enzymic reaction was discussed to involve an 
aldol reaction between emodin and emodin anthrone to give 
dehydrodianthrone which then undergoes conversion to 
hypericin via protohypericin (Fig. 6; Bais et al. 2003; 
Dewick 2009). Southern blot analysis indicated that hyp-1 
is a single-copy gene. The endophytic fungus Thielavia sub-
thermophila lacked a hyp-1 gene (Kusari et al. 2009). Emo-
din as a precursor of hypericins was detected in dark nod-
ules but not in surrounding tissues, suggesting that the site 
of hypericin biosynthesis is the dark nodule (Zobayed et al. 
2006). However, the tissue-specific expression pattern of 
hyp-1, as determined by quantitative real-time PCR, did not 
correlate with the occurrence of dark nodules (Košuth et al. 
2007). Nor was expression of hyp-1 enhanced at early sta-
ges of leaf and concomitant nodule development. In con-
trast, relatively high expression levels were observed in 
roots that lack dark nodules and hypericins. These contra-
dictory data raise questions as to the involvement of trans-
port processes and the metabolic role of Hyp-1 (Košuth et 
al. 2007). 

 
PERSPECTIVES 

 
The active constituents of H. perforatum exhibit multiple 
pharmacological activities. Beside antidepressant activity, 
they possess antitumoral, antibacterial, antiviral, and anti-
inflammatory properties. H. perforatum is among the best-
studied medicinal plants with respect to phytochemistry and 
pharmacology, however, relatively little is known about the 
biochemistry and physiology of the active secondary 
metabolites. Understanding the biosynthetic pathways and 
the underlying regulatory processes may provide opportuni-
ties for metabolic engineering strategies. Manipulation of 
biosynthetic routes may enable tuning of production levels 
of secondary metabolites and formation of novel com-

pounds with potentially improved or new properties. Gene-
ration of transgenic H. perforatum plants via either particle 
bombardment- or Agrobacterium-mediated transformation 
was reported (Di Guardo et al. 2003; Vinterhalter et al. 
2006; Franklin et al. 2007, 2008). Alternatively, interesting 
biosynthetic pathways may be heterologously expressed in 
microbial hosts for yield improvement and structure modi-
fication, provided the genetic basis of these pathways is 
completely known. 
 
ACKNOWLEDGEMENTS 
 
Work from the author’s laboratory reported here was supported by 
grants from the Deutsche Forschungsgemeinschaft (DFG). 
 
REFERENCES 
 
Abd El-Mawla AMA, Schmidt W, Beerhues L (2001) Cinnamic acid is a 

precursor of benzoic acids in cell cultures of Hypericum androsaemum L. but 
not in cell cultures of Centaurium erythraea RAFN. Planta 212, 288-293 

Abd El-Mawla AMA, Beerhues L (2002) Benzoic acid biosynthesis in cell 
cultures of Hypericum androsaemum. Planta 214, 727-733 

Abe I, Oguro S, Utsumi Y, Sano Y, Noguchi H (2005) Engineered biosynthe-
sis of plant polyketides: Chain length control in an octaketide-producing 
plant type III polyketide synthase. Journal of the American Chemical Society 
127, 12709-12716 

Adam P, Arigoni D, Bacher A, Eisenreich W (2002) Biosynthesis of hyper-
forin in Hypericum perforatum. Journal of Medicinal Chemistry 45, 4786-
4793 

Albert D, Zündorf I, Dingermann T, Müller WE, Steinhilber D, Werz O 
(2002) Hyperforin is a dual inhibitor of cyclooxygenase-1 and 5-lipoxy-
genase. Biochemical Pharmacology 64, 1767-1775 

Austin MB, Noel JP (2003) The chalcone synthase superfamily of type III 
polyketide synthases. Natural Product Reports 20, 79-110 

Bais HP, Vepachedu R, Lawrence CB, Stermitz FR, Vivanco JM (2003) 
Molecular and biochemical characterization of an enzyme responsible for the 
formation of hypericin in St. John’s wort (Hypericum perforatum L.). Journal 
of Biological Chemistry 278, 32413-32422 

Baureithel KH, Büter KB, Engesser A, Burkard W, Schaffner W (1997) 
Inhibition of benzodiazepine binding in vitro by amentoflavone, a constituent 
of various species of Hypericum. Pharmaceutica Acta Helvetica 72, 153-157 

Beerhues L (2006) Hyperforin. Phytochemistry 67, 2201-2207 
Bennett GJ, Lee HH (1989) Xanthones from Guttiferae. Phytochemistry 28, 

967-998 
Birt DF, Widrlechner MP, Hammer KDP, Hillwig ML, Wei J, Kraus GA, 

Murphy PA, McCoy JA, Wurtele ES, Neighbors JD, Wiemer DF, Maury 

OOH OH

HO

OOH OH

HO

OOH OH

HO

OOH OH

HO

OOH OH

HO

protohypericin

emodin
+

OOH OH

HO

emodin anthrone

O

OOH O H

HO

OOH OH

HO

hypericin

emodin dehydrodianthrone

OOH OH

HO

OOH OH

HO

OOH OH

HO

OOH OH

HO

OOH OH

HO

protohypericin

emodin
+

OOH OH

HO

emodin anthrone

O

OOH O H

HO

OOH OH

HO

hypericin

emodin dehydrodianthrone

Fig. 6 Formation of hypericins from emodin anthrone and emodin. 
Adapted from Dewick 2009. 

75



Biosynthesis of H. perforatum constituents. Ludger Beerhues 

 

WJ, Price JP (2009) Hypericum in infection: Identification of anti-viral and 
anti-inflammatory constituents. Pharmaceutical Biology 47, 774-782 

Boubakir Z, Beuerle T, Liu B, Beerhues L (2005) The first prenylation step in 
hyperforin biosynthesis. Phytochemistry 66, 51-57 

Buer CS, Muday GK (2004) The transparent testa4 mutation prevents flavo-
noid synthesis and alters auxin transport and the response of Arabidopsis 
roots to gravity and light. Plant Cell 16, 1191-1205 

Butterweck V, Petereit F, Winterhoff H, Nahrstedt A (1998) Solubilized 
hypericin and pseudohypericin from Hypericum perforatum exert anti-
depressant activity in the forced swimming test. Planta Medica 64, 291-294 

Butterweck V, Jürgenliemk G, Nahrstedt A, Winterhoff H (2000) Flavonoids 
from Hypericum perforatum show antidepressant activity in the forced swim-
ming test. Planta Medica 66, 3-6 

Butterweck V, Korte B, Winterhoff H (2001a) Pharmacological and endocrine 
effects of Hypericum perforatum and hypericin after repeated treatment. 
Pharmacopsychiatry 34 (Suppl 1), S2-S7 

Butterweck V, Winterhoff H, Herkenham M (2001b) St John’s wort, hyperi-
cin, and imipramine: A comparative analysis of mRNA levels in brain areas 
involved in HPA axis control following short-term and long-term administra-
tion in normal and stressed rats. Molecular Pharmacology 6, 547-564 

Butterweck V, Hegger M, Winterhoff H (2004) Flavonoids of St. John’s wort 
reduce HPA axis function in the rat. Planta Medica 70, 1006-1008 

Butterweck V, Schmidt M (2007) St. John’s wort: Role of active compounds 
for its mechanism of action and efficacy. Wiener Medizinische Wochenschrift 
157, 356-361 

Charchoglyan A, Abrahamyan A, Fujii I, Boubakir Z, Gulder TAM, Kut-
chan TM, Vardapetyan H, Bringmann G, Ebizuka Y, Beerhues L (2007) 
Differential accumulation of hyperforin and secohyperforin in Hypericum 
perforatum tissue cultures. Phytochemistry 68, 2670-2677 

Conceição LFR, Ferreres F, Tavares RM, Dias ACP (2006) Induction of 
phenolic compounds in Hypericum perforatum L. cells by Colletotrichum 
gloeosporioides elicitation. Phytochemistry 67, 149-155 

Curtis JD, Lersten NR (1990) Internal secretory structures in Hypericum (Clu-
siaceae): H. perforatum L. and H. balearicum L. New Phytologist 114, 571-
580 

Dewick PM (2009) Medicinal Natural Products. A Biosynthetic Approach (3rd 
Edn), Wiley, Chichester, UK, pp 107-109 

Di Guardo A, Cellarova E, Koperdakova J, Pistelli L, Ruffoni B, Allavena 
A, Giovannini A (2003) Hairy root induction and plant regeneration in Hype-
ricum perforatum L. Journal of Genetics and Breeding 57, 269-278 

Donà M, Dell’Aica I, Pezzato E, Sartor L, Calabrese F, Barbera MD, 
Donella-Deana A, Appendino G, Borsarini A, Caniato R, Garbisa S 
(2004) Hyperforin inhibits cancer invasion and metastasis. Cancer Research 
64, 6225-6232 

Falk H, Meyer J, Oberreiter M (1993) A convenient semisynthetic route to 
hypericin. Monatshefte für Chemie 124, 339-341 

Feißt C, Pergola C, Rakonjac M, Rossi A, Koeberle A, Dodt G, Hoffmann 
M, Hoernig C, Fischer L, Steinhilber D, Franke L, Schneider G, Råd-
mark O, Sautebin L, Werz O (2009) Hyperforin is a novel type of 5-lipoxy-
genase inhibitor with high efficacy in vivo. Cellular and Molecular Life Sci-
ences 66, 2759-2771 

Fellermeier M, Zenk MH (1998) Prenylation of olivetolate by a hemp trans-
ferase yields cannabigerolic acid, the precursor of tetrahydrocannabinol. 
FEBS Letters 427, 283-285 

Ferrer JL, Jez JM, Bowman ME, Dixon RA, Noel JP (1999) Structure of 
chalcone synthase and the molecular basis of plant polyketide biosynthesis. 
Nature Structural Biology 6, 775-784 

Ferrer JL, Austin MB, Stewart Jr C, Noel JP (2008) Structure and function 
of enzymes involved in the biosynthesis of phenylpropanoids. Plant Physi-
ology and Biochemistry 46, 356-370 

Flores-Sanchez IJ, Verpoorte R (2009) Plant polyketide synthases: A fasci-
nating group of enzymes. Plant Physiology and Biochemistry 47, 167-174 

Franklin G, Oliveira M, Dias ACP (2007) Production of transgenic Hypericum 
perforatum plants via particle bombardment-mediated transformation of 
novel organogenic cell suspension cultures. Plant Science 172, 1193-1203 

Franklin G, Conceição LFR, Kombrink E, Dias ACP (2008) Hypericum per-
foratum plant cells reduce Agrobacterium viability during co-cultivation. 
Planta 227, 1401-1408 

Franklin G, Conceição LFR, Kombrink E, Dias ACP (2009) Xanthone bio-
synthesis in Hypericum perforatum cells provides antioxidant and antimicro-
bial protection upon biotic stress. Phytochemistry 70, 60-68 

Gadzovska S, Maury S, Delaunay A, Spasenoski M, Joseph C, Hagège D 
(2007) Jasmonic acid elicitation of Hypericum perforatum L. cell suspen-
sions and effects on the production of phenylpropanoids and naphtodian-
thrones. Plant Cell, Tissue and Organ Culture 89, 1-13 

Gärber U, Schenk R (2003) Colletotrichum-wilt of St. John’s wort – Overview 
of results of examinations of several years. Drogenreport 16, 23-28 

Gronquist M, Bezzerides A, Attygalle A, Meinwald J, Eisner M, Eisner T 
(2001) Attractive and defensive functions of the ultraviolet pigments of a 
flower (Hypericum calycinum). Proceedings of the National Academy of Sci-
ences USA 98, 13745-13750 

Gutmann H, Bruggisser R, Schaffner W, Bogman K, Botomino A, Drewe J 
(2002) Transport of amentoflavone across the blood-brain barrier in vitro. 

Planta Medica 68, 804-807 
Hammer KDP, Hillwig ML, Solco AKS, Dixon PM, Delate K, Murphy PA, 

Wurtele ES, Birt DF (2007) Inhibition of prostaglandin E2 production by 
anti-inflammatory Hypericum perforatum extracts and constituents in 
RAW264.7 mouse macrophage cells. Journal of Agricultural and Food Che-
mistry 55, 7323-7331 

Hanson KR, Havir EA (1981) Phenylalanine ammonia-lyase. In: Stumpf PK, 
Conn EE (Eds) The Biochemistry of Plants (Vol 7), Academic Press, London, 
pp 577-625 

Hong J, Sang S, Park HJ, Kwon SJ, Suh N, Huang MT, Ho CT, Yang CS 
(2006) Modulation of arachidonic acid metabolism and nitric oxide synthesis 
by garcinol and its derivatives. Carcinogenesis 27, 278-286 

Hölscher D, Shroff R, Knop K, Gottschaldt M, Crecelius A, Schneider B, 
Heckel DG, Schubert US, Svatoš A (2009) Matrix-free UV-laser desorption/ 
ionization (LDI) mass spectrometric imaging at the single-cell level: distribu-
tion of secondary metabolites of Arabidopsis thaliana and Hypericum species. 
Plant Journal 60, 907-918 

Hölzl J, Petersen M (2003) Chemical constituents of Hypericum ssp. In: Ernst 
E (Ed) Hypericum – The Genus Hypericum, Taylor & Francis, London, pp 
77-93 

Hu LH, Sim KY (2000) Sampsoniones A-M, a unique family of caged poly-
prenylated benzoylphloroglucinol derivatives, from Hypericum sampsonii. 
Tetrahedron 56, 1379-1386 

Jez JM, Bowman ME, Dixon RA, Noel JP (2000) Structure and mechanism of 
the evolutionarily unique plant enzyme chalcone isomerase. Nature Struc-
tural Biology 7, 786-791 

Jez JM, Noel JP (2000) Mechanism of chalcone synthase. pKa of the catalytic 
cysteine and the role of the conserved histidine in a plant polyketide synthase. 
Journal of Biological Chemistry 275, 39640-39646 

Jürgenliemk G, Boje K, Huewel S, Lohmann C, Galla HJ, Nahrstedt A 
(2003) In vitro studies indicate that miquelianin (quercetin 3-O-beta-glucuro-
nopyranoside) is able to reach the CNS from the small intestine. Planta 
Medica 69, 1013-1017 

Karppinen K, Hokkanen J, Tolonen A, Mattila S, Hohtola A (2007) Biosyn-
thesis of hyperforin and adhyperforin from amino acid precursors in shoot 
cultures of Hypericum perforatum. Phytochemistry 68, 1038-1045 

Karppinen K, Hohtola A (2008) Molecular cloning and tissue-specific expres-
sion of two cDNAs encoding polyketide synthases from Hypericum perfora-
tum. Journal of Plant Physiology 165, 1079-1086 

Karppinen K, Hokkanen J, Mattila S, Neubauer P, Hohtola A (2008) Octa-
ketide-producing type III polyketide synthase from Hypericum perforatum is 
expressed in dark glands accumulating hypericins. FEBS Journal 275, 4329-
4342 

Kiesslich T, Krammer B, Plaetzer K (2006) Cellular mechanisms and pros-
pective applications of hypericin in photodynamic therapy. Current Medici-
nal Chemistry 13, 2189-2204 

Kirakosyan A, Sirvent TM, Gibson DM, Kaufman PB (2004) The produc-
tion of hypericins and hyperforin by in vitro cultures of St. John’s wort 
(Hypericum perforatum). Biotechnology and Applied Biochemistry 39, 71-81 

Klingauf P, Beuerle T, Mellenthin A, El-Moghazy SAM, Boubakir Z, Beer-
hues L (2005) Biosynthesis of the hyperforin skeleton in Hypericum caly-
cinum cell cultures. Phytochemistry 66, 139-145 

Klundt T, Bocola M, Liu B, Beuerle T, Beerhues L (2009) A single amino 
acid substitution converts benzophenone synthase into phenylpyrone syn-
thase. Journal of Biological Chemistry 284, 30957-30964 

Kornfeld A, Kaufman PB, Lu CR, Gibson DM, Bolling SF, Warber SL, 
Chang SC, Kirakosyan A (2007) The production of hypericins in two sel-
ected Hypericum perforatum shoot cultures is related to differences in black 
gland structure. Plant Physiology and Biochemistry 45, 24-32 

Košuth J, Katkov�inová Z, Olexová P, �ellárová E (2007) Expression of the 
hyp-1 gene in early stages of development of Hypericum perforatum L. Plant 
Cell Reports 26, 211-217 

Kubin A, Wierrani F, Burner U, Alth G, Grunberger W (2005) Hypericin – 
the facts about a controversial agent. Current Pharmaceutical Design 11, 
233-253 

Kusari S, Lamshöft M, Zühlke S, Spiteller M (2008) An endophytic fungus 
from Hypericum perforatum that produces hypericin. Journal of Natural 
Products 71, 159-162 

Kusari S, Zühlke S, Košuth J, �ellárová E, Spiteller M (2009) Light-inde-
pendent metabolomics of endophytic Thielavia subthermophila provides 
insight into microbial hypericin biosynthesis. Journal of Natural Products 72, 
1825-1835 

Leuner K, Kazanski V, Müller M, Essin K, Henke B, Gollasch M, Harte-
neck C, Müller WE (2007) Hyperforin – a key constituent of St. John’s wort 
specifically activates TRPC6 channels. FASEB Journal 21, 4101-4111 

Linde K, Berner MM, Kriston L (2008) St John’s wort for major depression. 
Cochrane Database of Systematic Reviews 4, CD000448 

Linde K (2009) St. John’s Wort – an overview. Forschende Komplementär-
medizin 16, 146-155 

Liu B, Falkenstein-Paul H, Schmidt W, Beerhues L (2003) Benzophenone 
synthase and chalcone synthase from Hypericum androsaemum cell cultures: 
cDNA cloning, functional expression, and site-directed mutagenesis of two 
polyketide synthases. Plant Journal 34, 847-855 

76



Medicinal and Aromatic Plant Science and Biotechnology 5 (Special Issue 1), 70-77 ©2011 Global Science Books 

 

Madabushi R, Frank B, Drewelow B, Derendorf H, Butterweck V (2006) 
Hyperforin in St. John’s wort drug interactions. European Journal of Clinical 
Pharmacology 62, 225-233 

Martínez-Poveda B, Quesada AR, Medina MA (2005) Hyperforin, a bio-
active compound of St. John’s wort, is a new inhibitor of angiogenesis tar-
geting several key steps of the process. International Journal of Cancer 117, 
775-780 

Meruelo D, Lavie G, Lavie D (1988) Therapeutic agents with dramatic anti-
retroviral activity and little toxicity at effective doses: Aromatic polycyclic 
diones hypericin and pseudohypericin. Proceedings of the National Academy 
of Sciences USA 85, 5230-5234 

Mizuuchi Y, Shi SP, Wanibuchi K, Kojima A, Morita H, Noguchi H, Abe I 
(2009) Novel type III polyketide synthases from Aloe arborescens. FEBS 
Journal 276, 2391-2401 

Moore LB, Goodwin B, Jones SA, Wisely GB, Serabjit-Singh CJ, Willson 
TM, Collins JL, Kliewer SA (2000) St. John’s wort induces hepatic drug 
metabolism through activation of the pregnane X receptor. Proceedings of the 
National Academy of Sciences USA 97, 7500-7502 

Müller WE (2003) Current St. John’s wort research from mode of action to cli-
nical efficacy. Pharmacological Research 47, 101-109 

Müller M, Essin K, Hill K, Beschmann H, Rubant S, Schempp CM, Gol-
lasch M, Boehncke WH, Harteneck C, Müller WE, Leuner K (2008) Spe-
cific TRPC6 channel activation, a novel approach to stimulate keratinocyte 
differentiation. Journal of Biological Chemistry 283, 33942-33954 

 Muruganandam AV, Ghosal S, Bhattacharya SK (2000) The role of xan-
thones in the antidepressant activity of Hypericum perforatum involving 
dopaminergic and serotoninergic systems. Biogenic Amines 15, 553-567 

Nahrstedt A, Butterweck V (1997) Biologically active and other chemical 
constituents of the herb of Hypericum perforatum. Pharmacopsychiatry 30 
(Suppl), 129-134 

Nöldner M, Schötz K (2002) Rutin is essential for the antidepressant activity 
of Hypericum perforatum extracts in the forced swimming test. Planta 
Medica 68, 577-580 

Okada Y, Ito K (2001) Cloning and analysis of valerophenone synthase gene 
expressed specifically in lupulin gland of hop (Humulus lupulus L.). Biosci-
ence, Biotechnology, and Biochemistry 65, 150-155 

Olivo M, Du HY, Bay BH (2006) Hypericin lights up the way for the potential 
treatment of nasopharyngeal cancer by photodynamic therapy. Current Clini-
cal Pharmacology 1, 217-222 

Onelli E, Rivetta A, Giorgi A, Bignami M, Cocucci M, Patrignani G (2002) 
Ultrastructural studies on the developing secretory nodules of Hypericum 
perforatum. Flora 197, 92-102 

Paniego NB, Zuurbier KWM, Fung SY, van der Heijden R, Scheffer JJC, 
Verpoorte R (1999) Phlorisovalerophenone synthase, a novel polyketide 
synthase from hop (Humulus lupulus L.) cones. European Journal of Bioche-
mistry 262, 612-616 

Pasqua G, Avato P, Monacelli B, Santamaria AR, Argentieri MP (2003) 
Metabolites in cell suspension cultures, calli, and in vitro regenerated organs 
of Hypericum perforatum cv. Topas. Plant Science 165, 977-982 

Paulke A, Nöldner M, Schubert-Zsilavecz M, Wurglics M (2008) St. John’s 
wort flavonoids and their metabolites show antidepressant activity and ac-
cumulate in brain after multiple oral dose. Pharmazie 63, 296-302 

Percifield RJ, Hawkins JS, McCoy JA, Widrlechner MP, Wendel JF (2007) 
Genetic diversity in Hypericum and AFLP markers for species-specific iden-
tification of H. perforatum. Planta Medica 73, 1614-1621 

Peters S, Schmidt W, Beerhues L (1998) Regioselective oxidative phenol 
couplings of 2,3',4,6-tetrahydroxybenzophenone in cell cultures of Centau-
rium erythraea RAFN and Hypericum androsaemum L. Planta 204, 64-69 

Pojer F, Wemakor E, Kammerer B, Chen H, Walsh CT, Li SM, Heide L 
(2003) CloQ, a prenyltransferase involved in clorobiocin biosynthesis. Pro-
ceedings of the National Academy of Sciences USA 100, 2316-2321 

Rep�ák M, Mártonfi P (1997) The localization of secondary substances in 
Hypericum perforatum flowers. Biologia 52, 91-94 

Robson NKB (2003) Hypericum botany. In: Ernst E (Ed) Hypericum: The 
Genus Hypericum, Taylor and Francis, New York, pp 1-22 

Rocha L, Marston A, Kaplan MAC, Stoeckli-Evans H, Thull U, Testa B, 
Hostettmann K (1994) An antifungal �-pyrone and xanthones with mono-
amine oxidase inhibitory activity from Hypericum brasiliense. Phytochemis-

try 36, 1381-1385 
Rothley M, Schmid A, Thiele W, Schacht V, Plaumann D, Gartner M, 

Yektaoglu A, Bruyère F, Noël A, Giannis A, Sleeman JP (2009) Hyperforin 
and aristoforin inhibit lymphatic endothelial cell proliferation in vitro and 
suppress tumor-induced lymphangiogenesis in vivo. International Journal of 
Cancer 125, 34-42 

Saw CLL, Olivo M, Soo KC, Heng PWS (2006) Delivery of hypericin for 
photodynamic applications. Cancer Letters 241, 23-30 

Schaufelberger D, Hostettmann K (1988) Chemistry and pharmacology of 
Gentiana lactea. Planta Medica 54, 219-221 

Schempp CM, Pelz K, Wittmer A, Schöpf E, Simon JC (1999) Antibacterial 
activity of hyperforin from St. John’s wort, against multiresistant Staphylo-
coccus aureus and gram-positive bacteria. Lancet 353, 2129 

Schempp CM, Kirkin V, Simon-Haarhaus B, Kersten A, Kiss J, Termeer 
CC, Gilb B, Kaufmann T, Borner C, Sleeman JP, Simon JC (2002) In-
hibition of tumour cell growth by hyperforin, a novel anticancer drug from St. 
John’s wort that acts by induction of apoptosis. Oncogene 21, 1242-1250 

Schmidt W, Beerhues L (1997) Alternative pathways of xanthone biosynthesis 
in cell cultures of Hypericum androsaemum. FEBS Letters 420, 143-146 

Schmidt W, Peters S, Beerhues L (2000) Xanthone 6-hydroxylase from cell 
cultures of Centaurium erythraea RAFN and Hypericum androsaemum L. 
Phytochemistry 53, 427- 431 

Schröder J (1999a) The chalcone/stilbene synthase-type family of condensing 
enzymes. In: Sankawa U (Ed) Comprehensive Natural Products Chemistry 
(Vol 1), Elsevier Science, Amsterdam, pp 749-771 

Schröder J (1999b) Probing plant polyketide biosynthesis. Nature Structural 
Biology 6, 714-716 

Schulz V (2006) Therapierisiken durch Johanniskraut. Deutsche Apotheker 
Zeitung 146, 42-55 

Soelberg J, Jørgensen LB, Jäger AK (2007) Hyperforin accumulates in the 
translucent glands of Hypericum perforatum. Annals of Botany 99, 1097-
1100 

Sparenberg B, Demisch L, Hölzl J (1993) Untersuchungen über antidepres-
sive Wirkstoffe von Johanniskraut. Pharmazeutische Zeitung Wissenschaft 2, 
50-54 

Suzuki O, Katsumata Y, Oya M, Chari VM, Vermes B, Wagner H, Hostett-
mann K (1981) Inhibition of type A and type B monoamine oxidases by 
naturally occurring xanthones. Planta Medica 42, 17-21 

Tatsis EC, Boeren S, Exarchou V, Troganis AN, Vervoort J, Gerothanassis 
IP (2007) Identification of the major constituents of Hypericum perforatum 
by LC/SPE/NMR and/or LC/MS. Phytochemistry 68, 383-393 

Taylor LP, Grotewold E (2005) Flavonoids as developmental regulators. Cur-
rent Opinion in Plant Biology 8, 317-323 

Tekel'ová D, Rep�ák M, Zemková E, Tóth J (2000) Quantitative changes of 
dianthrones, hyperforin and flavonoids content in the flower ontogenesis of 
Hypericum perforatum. Planta Medica 66, 778-780 

Treiber K, Singer A, Henke B, Müller WE (2005) Hyperforin activates non-
selective cation channels (NSCCs). British Journal of Pharmacology 145, 
75-83 

Vinterhalter B, Ninkovi� S, Cingel A, Vinterhalter D (2006) Shoot and root 
culture of Hypericum perforatum L. transformed with Agrobacterium rhizo-
genes A4M70GUS. Biologia Plantarum 50, 767-770 

Whiskey E, Werneke U, Taylor D (2001) A systematic review and meta-analy-
sis of Hypericum perforatum in depression: A comprehensive clinical review. 
International Clinical Psychopharmacology 16, 239-252 

Winkel-Shirley B (2001) Flavonoid biosynthesis. A colorful model for genetics, 
biochemistry, cell biology, and biotechnology. Plant Physiology 126, 485-493 

Yoshida K, Tanaka T, Hirose Y, Yamaguchi F, Kohno H, Toida M, Hara A, 
Sugie S, Shibata T, Mori H (2005) Dietary garcinol inhibits 4-nitroquinoline 
1-oxide-induced tongue carcinogenesis in rats. Cancer Letters 221, 29-39 

Yu O, Jez M (2008) Nature’s assembly line: Biosynthesis of simple phenylpro-
panoids and polyketides. Plant Journal 54, 750-762 

Zobayed SMA, Afreen F, Goto E, Kozai T (2006) Plant-environment inter-
actions: Accumulation of hypericins in dark glands of Hypericum perforatum. 
Annals of Botany 98, 793-804 

Zuurbier KWM, Fung SY, Scheffer JJC, Verpoorte R (1998) In-vitro preny-
lation of aromatic intermediates in the biosynthesis of bitter acids in Humulus 
lupulus. Phytochemistry 49, 2315-2322 

 
 

77


