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Preparation of a polyclonal antibody against hypericin
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Hypericum perforatum is well known for its antidepres-
sant and anti-inflammatory activities, for which hypericin
and its derivatives are indicated to be the most active
compounds. Hypericin synthase (Hyp-1) is the only pro-
tein proven to catalyze the synthesis of hypericin. In
this study, the full-length ¢cDNA of Hyp-1 was chemically
synthesized according to the Hyp-1 sequence in Gen-
Bank (accession no. AY148090) and then cloned into the
plasmid pET22b. Hyp-1 was expressed in Escherichia coli
BL21 (DE3) and purified with a Ni-NTA column. The pu-
rified protein was used to immunize New Zealand white
rabbits, from which an antiserum was purified by pro-
tein G affinity chromatography. The polyclonal antibody
against Hyp-1 provides a valuable tool for the study of
hypericin biosynthesis in H. perforatum. Expression of
Hyp-1 and the cellular distribution of hypericin were
analyzed in different organs of red-pigmented H. perfo-
ratum plantlets. The black glands were not the only site
of hypericin accumulation and the results indicated that
hypericin might be synthesized in mesophyll cells or in
tissues of the root and/or stem and then transported to
the glands. This work provides a foundation for further
investigation of the regulatory mechanism of hypericin
synthesis during the development of H. perforatum.
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INTRODUCTION

Hypericum perforatum 1.. (St John’s wort) is a herbaceous
perennial species widely distributed in the northern tem-
perate zone. It is used for the treatment of depression
(Stevinson & Ernst, 1999; Maidment, 2000). Hypericin
and its derivatives are indicated to be the major bioactive
compounds of H. perforatum. A large number of experi-
ments have proven that the hypericin group is effective
against depression, cancer and several viruses, including
human immunodeficiency virus (HIV), cytomegalovirus,
human papillomavirus (HPV), and herpes (Stevinson &
Ernst, 1999; Liu e al., 2000; Agostinis ez al., 2002; Taher
et al., 2002; Miskovsky, 2002). It is hoped that hypericins
will provide potential leads for new therapeutics (Karioti
& Bilia, 2010).

In 2003, Bais ez a/. (2003) cloned and characterized a
gene, termed hypericin synthase (Hyp-7), involved in hy-
pericin biosynthesis from H. perforatum cell cultures and
demonstrated that the encoded protein was responsible

for hypericin biosynthesis after the administration of
emodin, a precursor of hypericin, under 2 vitro condi-
tions. Hyp-1 is a monomeric protein composed of 159
residues with 17.8 kDa mass, and shows about 50%
amino-acid sequence similarity to plant pathogenesis-re-
lated class 10 (PR-10) proteins. Crystal structure analysis
confirmed that it was indeed a member of the class of
plant PR-10 proteins (Fernandes ¢z al., 2008; Michalska ez
al., 2010). Kosuth ¢f a/. (2007) studied the Hyp-7 mRNA
expression level in different organs of H. perforatum seed-
lings at early stages of development. The highest level of
expression was found in roots. In contrast, anatomical
and histological studies showed that hypericin was accu-
mulated in the so-called dark glands or black nodules,
which are distributed on leaf margins and flower petals
of H. perforatum (Curtis & Lersten, 1990; Fornasiero ef
al., 1998), and a positive correlation between the size
and number of dark glands and the overall content of
hypericin in the plant organ was demonstrated (Zobayed
et al., 2000).

As mRNA levels may not necessarily correlate with
the protein level (Gygi ez al., 1999; Futcher et al, 1999),
it is difficult to distinguish whether the mRNA level cor-
responds with the protein content or hypericin is syn-
thesized elsewhere in the plant and then transported to
the glands. Thus it is preferable to explore expression of
Hyp-1 directly at the protein level. In this study, we re-
port the cloning and expression of Hyp-7 in E. coli, puri-
fication of recombinant protein, and generation of a pol-
yclonal antibody against the Hyp-1 protein. Additionally,
we studied expression of the Hyp-1 protein by immuno-
fluorescence and explored the distribution of hypericins
according to their physical and chemical properties in
different organs of red-pigmented H. perforatum plantlets.

MATERIALS AND METHODS

Strains and Reagents. Restriction enzymes and T4
DNA ligase were purchased from Takara (Dalian, Chi-
na). Taq Plus I DNA polymerase, dNTPs and primers
were from Sangon Biotechnology Corp. (Shanghai, Chi-
na). IPTG, Freund’s complete adjuvant and Freund’s in-
complete adjuvant were obtained from Sigma. Horserad-
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ish peroxidase (HRP)-labeled goat anti-rabbit IgG, the
Plasmid Extraction Kit and MinElute Gel Extraction Kit
were purchased from Beyotime Institute of Biotechnol-
ogy (Shanghai, China). Ni-NTA columns were purchased
from York Biotechnology Corp. (Shanghai, China) and
HiTrap Protein G columns were purchased from GE
Healthcare. Escherichia coli BL.21 (DE3), DH5a and the
expression vector pET22b were kindly donated by the
Model Organisms Laboratory, Tongji University, Shang-
hai, China. Other conventional chemical reagents were
all domestic AR grade.

Plasmid construction and transformation. The
full-length cDNA of Hyp-7 was chemically synthesized
by Sangon Biotechnology Corp. (Shanghai, China), ac-
cording to the Hyp-7 sequence in GenBank (accession
no. AY148090). The cDNA was inserted into the clon-
ing vector pUC57 to yield pUC57-Hyp-7. PCR amplifica-
tion of the full-length ¢cDNA of Hyp-7 was performed
using the forward and reverse primers 5- GGGGA
TCC GAT GGC GGC GTA CAC TAT TGT-3’ (un-
derlined nucleotides indicate the BawHI restriction site)
and 5-CCCCTC GAG AGC GAA AAC TTC AGG
ATT AG-3’(underlined nucleotides indicate the Xhol re-
striction site), respectively. After double digestion with
Xhol and BamHI, the PCR products and the empty vec-
tor pET22b were ligated overnight at room temperature.
The ligation product, pET22b-Hyp-7, was transformed
into competent E. cw/ DH50 and recombinant colonies
were selected for ampicillin (100 pg/ml) resistance. Sin-
gle colonies were selected and the isolated plasmid was
sequenced to verify the presence of the correct insert
by Sangon Biotechnology Corp. (Shanghai, China). All
DNA manipulations were performed as described by
Sambrook & Russell (2001).

Expression of the Hyp-1 protein. E. ¢/ BIL21
(DE3) cells were transformed with pET22b-Hyp-71. A
single transformed colony was inoculated into LB me-
dium supplemented with ampicillin (100 pg/ml) and
grown at 37°C while shaken at 260 rpm overnight.
The next day, the bacteria culture was diluted up to
100 times with fresh TB medium (1.2% (w/v) tryp-
tone, 2.4% (w/v) yeast extract, 0.4% (v/v) glycerol, 17
mM KH,PO,, 72 mM K,HPO,) in a 500 ml shake flask.
The culture was grown at 37°C until the ODy,, reached
0.7. IPTG (final concentration 100 pM) was added to
induce expression of the recombinant Hyp-1 protein
and the culture was agitated overnight (for about 12 h)
at 26°C. Cells were harvested by centrifugation at 5,000
rpm for 10 min at 4°C and the pellet was resuspend-
ed in 20 ml cold STE buffer (50 mM Tris/HCl, T mM
EDTA, 0.4 M NaCl, pH 8.0). The cells were lysed by
sonication (200 W, 25 cycles of a 2-s pulse separated by
a 3-s break) in an ice-water bath. The soluble and insolu-
ble cell fractions were separated by centrifugation of the
cell lysate at 15000 rpm for 20 min at 4°C. The pro-
tein patterns of the cell lysate fractions were analyzed by
SDS/PAGE using a 15% gel according to the method
of Laemmli (1970). The expression and solubility of the
recombinant protein was identified by staining the gel
with Coomassie Blue R-250 and visualization of an extra
protein band of the predicted size.

Solubilization and purification of recombinant
protein. Proteins expressed in insoluble particles were
solubilized with 2 M utrea. For that, the sediment after
sonication was washed with 15 ml buffer A (50 mM
Tris/HC, 0.4 M NaCl, pH 8.0) at room temperature and
centrifuged twice at 10,000 rpm for 10 min at 4°C. The
final pellets comprising the inclusion bodies were solubi-
lized by homogenization in 15 ml of buffer A containing

2 M urea at room temperature for 30 min. The solu-
tion was centrifuged at 18000 rpm for 15 min at 4°C.
The recombinant protein was putified from the superna-
tant by affinity chromatography using Ni-NTA columns
(York Biotechnology Corp., Shanghai, China) pre-equili-
brated with buffer A. Non-binding proteins were washed
from the column using 15 column volumes of buffer A
with 30 mM imidazole, before eluting specifically bound
protein using eight column volumes of buffer A with
200 mM imidazole. Fractions of 1 ml were eluted and
analyzed by 15% SDS/PAGE. Fractions containing the
recombinant protein were pooled and dialysed against
50 volumes of buffer (50 mM Tris/HCl, 50 mM NaCl,
5% (v/v) glycerol, pH 8.0) at 4°C to temove the imi-
dazole and urea, and to promote protein refolding. The
buffer was changed four times every 12 h. The protein
concentration was determined by the Bradford method
using BSA as a standard (Bradford, 1976). The final re-
combinant protein was stored at —20°C.

Polyclonal antibody preparation and purification.
Two New Zealand white rabbits were simultaneously im-
munized with the recombinant protein according to the
following procedure. Before immunization, the rabbits
were bled from the ear vein and the preimmune serum
was collected by centrifugation of the blood samples.
The rabbits were immunized intracutancously with 500
pg of fusion protein emulsified with an equal volume of
Freund’s complete adjuvant. Two days later, the rabbits
were immunized with the same mixture. Three weeks
later, a mixture of 500 pg fusion protein and the same
volume of incomplete Freund’s adjuvant were injected
into the rabbits. Seven days later, the blood serum was
harvested from the blood from the rabbits’ carotid ar-
tery. The polyclonal antibody was purified with a HiTrap
Protein G column using the AKTA FPLC system (GE
Healthcare) following a standard protocol. The purified
antibody was neutralized immediately with 1 M Tris/HCI
(pH 9.0) and stored in 0.02% sodium azide at —20°C.

Western blotting. Western blotting was performed
to detect the specificity of the polyclonal antibody, us-
ing the preimmune serum as a negative control. The
purified protein was separated by 15% SDS/PAGE and
electroblotted using Towbin transfer buffer (25 mM
Tris, 192 mM glycine) onto a PVDF membrane (Milli-
pore) with a semidry electroblotting apparatus (Bio-Rad)
at 100 mA for 35 min. The membrane was blocked
with TBST (50 mM Tris/HCI, 150 mM NaCl, and 0.1%
Tween-20, pH 7.4) containing 5% skimmed milk for 1
h at room temperature and then incubated with the rab-
bit anti-Hyp-1 antibody (1:2000 dilution in TBST with
5% skimmed milk) overnight at 4°C. After washing
three times for 10 min each with TBST, the membrane
was incubated with the goat anti-rabbit IgG conjugat-
ed to HRP, diluted 1:1200 in TBST with 5% skimmed
milk, for 1 h at room temperature. The membrane was
washed three times with TBST and the antibody-antigen
complex was visualized with the ECL™ Western Blot-
ting Detection Kit (Amersham Biosciences).

Antiserum titer determination by ELISA. Indirect
ELISA for detection of antibody titers was performed
as follows, using the preimmune serum as a negative
control. Ninety-six-well immunoplates were coated with
100 pl of the recombinant protein sample (10 pg/ml in
50 mM carbonate buffer, pH 9.6) overnight at 4°C. The
following day, the plates were washed three times with
PBST (PBS with 0.1% Tween-20 adjusted to pH 7.2)
and treated with 200 pl of blocking buffer (PBS with 5%
skimmed milk) for 1 h at 37°C. Following several wash-
es with PBST, 200 pl of anti-Hyp-1 antibody (1:2000
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dilution in blocking buffer) was added to the first well
and serially diluted. After reaction for 1 h at 37°C, the
plates were washed 10 times with PBST and then incu-
bated with 100 pl of HRP-labeled goat anti-rabbit IgG
(10000-fold dilution in blocking buffer) for 1 h at 37°C.
After washing 10 times with PBST, 100 pl of substrate
solution (75 pg/ml TMB in 24 mM citrate buffer solu-
tion, pH 5.0, containing 0.03% H,0O,) was added to each
well and incubated for 15 min at room temperature.
To stop the reaction, 50 pl of Stop Solution (2 mol/]
H,SO,) was used. The absorbance values at 450 nm
were measured with a ELX800 Microplate Reader (Bio-
Tek Instruments). The antibody titer is defined as the
highest dilution of serum at which the A, ratio (A, of
postimmunization sera/A;, of preimmunization setra) is
greater than 2.1.

Detection of the endogenous Hyp-1 protein in
H. perforatum. The polyclonal antibody was used to
detect the endogenous Hyp-1 protein in H. perforatum by
Western blotting. Samples were taken from H. perforatum
calli, plantlets cultured 7 vitro, transplants of H. perforatum
cultured ex vitro, and whole plants of Arabidopsis thaliana
(the latter as a negative control). Total protein from the
four samples was prepared as follows. The samples were
cut into pieces and ground into a fine powder under lig-
uid nitrogen in a mortar. The powder was transferred to
an Eppendorf tube and the tube filled with 500 ul of
extraction buffer (50 mM Tris/HCl, 10% (v/v) glycerol,
5% B-mercaptoethanol, 6 M urea, pH 8.0) and incubated
overnight at 4°C. After centrifugation at 13000 rpm for
20 min at 4°C, the supernatant was transferred to a clean
tube and mixed with five volumes of precooled acetone
to remove the pigments and precipitate the proteins. The
tubes were centrifuged at 13000 rpm at 4°C for 10 min
and the pellet was air-dried at —20°C to remove residual
acetone. The pellet was then dissolved in 40 pl of ex-
traction buffer. Protein samples were separated by 15%
SDS/PAGE and visualized by western blotting following
the protocol mentioned above.

Specimen preparation. A red-pigmented H. perfora-
tum plantlet was generated in our laboratory (Fig. 1). Red
pigmentation in H. perforatum was an appealing trait be-
cause hypericin is a red-colored anthraquinone derivative.
Leaves, stalks and roots of red-pigmented plantlets were
collected and fixed overnight at 4°C in a fixative com-
posed of 10 mM precooled PBS (pH 7.4) with 4% para-
formaldehyde, exhausting the air until the tissue samples
had completely soaked into the fixative. The samples
were dehydrated in a graded ethanol series for 1 h at
each dilution. Absolute ethanol was replaced by a xylene
series (33.3, 50, 66.7 and 100%, v/v), after which the
samples were gradually infiltrated with paraffin at 60°C.
The paraffin-embedded samples were sectioned (8 pm
thickness) using a Leica RM2016 microtome (Leica, Ger-
many). The sections were placed on glass slides coated
with 2% (v/v) 3-aminopropyltriethoxysilane (Sigma) in
acetone and dried overnight at 38°C.

Immunofluorescence localization of Hyp-1. Hyp-1
was localized using immunofluorescence analysis. Dried
sections were deparaffinized with xylene and rehydrated
in an ethanol—water series. After immersion in 10 mM
PBS (pH 7.4) for 6 min, the slides were blocked with
10% normal goat serum in 10 mM PBS for 20 min at
room temperature, and then incubated with the rabbit
anti-Hyp-1 polyclonal antibody (1:1000 dilution) over-
night in a humidity chamber at 4°C. The slides were
washed vigorously three times with PBS. Next, 200 ul of
secondary antibody (1:200 dilution of the goat anti-rab-
bit IgG-FITC-conjugate, Santa Cruz) was added to the
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Figure 1. Study material: red-pigmented Hypericum perforatum
plantlet

slides and incubated for 1 h at room temperature. After
washing vigorously three times with PBS, the slides were
mounted with antifade mounting medium (Beyotime)
and viewed with a fluorescence microscope (Olympus
BX41, Olympus, Japan).

Histochemical analysis of hypericins. Histochemi-
cal analyses were undertaken to detect the presence of
hypericin and its derivatives in different parts of the
plant. After deparaffinization and rehydration as de-
scribed previously, some of the sections were observed
under blue light without staining with a fluorescence
microscope (Maggi ef al., 2004). Other sections were in-
cubated with 5% NaOH for 10 s at room temperature
and observed under white light (Liang, 1988; Liu & Hu,
1999).

RESULTS

Constructing the prokaryotic expression vector

The full-length cDNA of Hyp-7 was amplified by PCR
with Taq Plus I DNA polymerase using the plasmid
pUC57-Hyp-1 as a template. A 0.6-kb DNA fragment
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Figure 2. Expression of recombinant Hyp-1 protein (about 21.5
kDa).

Lane 1, molecular weight marker; lane 2, total proteins in non-in-
duced E. coli bacteria lysate; lane 3, total proteins in induced E. coli
bacteria lysate; lane 4, soluble proteins in induced E. coli; lane 5,
insoluble proteins in induced E. coli.
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three H. perforatum tissue samples,
while no band was detected in
the A. thaliana sample. The mo-
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Figure 3. Solubilization and purification of recombinant Hyp-1 protein.

(A) Solubilization of recombinant protein. Lane 1, molecular weight marker; lane 2, pellet
from sonicated IPTG-induced bacterial cells; lane 3, supernatant washed with buffer A (50
mM Tris/HCl, 0.4 M NaCl, pH 8.0); lane 4, pellet washed with buffer A; lane 5, 2 M urea-
solubilized proteins; lane 6, pellet washed with 2 M urea. (B) Purification of recombinant
Hyp-1 protein. Lane 1, molecular weight marker; lane 2, 2 M urea-solubilized proteins; lane
3, flow-through of Ni-NTA column; lane 4, proteins eluted by 30 mM imidazole; lanes 5-10,

purified Hyp-1 fusion protein.

was generated which corresponded to the expected frag-
ment length. DNA sequencing analysis of the pET22b-
Hyp-1 construct showed that no mutations were found
in the cDNA as compared with the deposited Hyp-7 se-
quence and that the cDNA was cloned in the correct
reading frame for generation of the fusion protein (data
not shown).

Protein expression and purification

SDS/PAGE analysis revealed that the fusion pro-
tein was expressed successfully in competent E. coli
BL21 (DE3) cells (Fig. 2, lane 3) and that most of
the target protein existed in insoluble fractions (Fig.
2, lane 5). This indicated that the target protein was
mainly expressed as inclusion bodies in E. co/i. Solubi-
lization of the inclusion bodies with 2 M urea at room
temperature resulted in partial dissolution of the fu-
sion protein (Fig. 3A, lane 5), whereas most of the
other proteins in the inclusion bodies were not dis-
solved (Fig. 3A, lane 6), which was favorable for puri-
fication of the target protein. The soluble protein was
purified by affinity chromatography using Ni-NTA
columns (Fig. 3B). Finally, the recombinant protein
was trefolded by dialysis. The final concentration of
the purified fusion protein was 0.6 mg/ml.

Characterization of the polyclonal antibody

Western blotting and indirect ELISA were used to
investigate the properties of the anti-Hyp-1 antibody.
The western blot analysis confirmed that the purified
protein could be recognized by the antiserum (Fig. 4,
lane 4), whereas no obvious band was detected on the
membrane with the preimmunized rabbit serum (Fig. 4,
lane 3). These results indicated that we successfully pu-
rified the anti-Hyp-1 polyclonal antibodies. The antibody
titers were determined by ELISA and were found to be
approximately 1:256000 (Fig. 5). Preimmunized rabbit
serum used as a negative control did not result in a de-
tectable signal.

Detection of endogenous Hyp-1 protein
in H. perforatum

The polyclonal antibody was used to detect endog-
enous Hyp-1 protein in three different tissues by west-
ern blotting using the total protein of A. thaliana as a
blank control (Fig. 6). A single band was revealed in the

lecular weight of the band was ap-
proximately 17.8 kDa, which was
2 consistent with the calculated mo-
lecular weight based on the amino
;A acid sequence of the Hyp-1 pro-
tein. These results indicated that
the antiserum had a high level of
specificity to detect endogenous
Hyp-1 protein in H. perforatum tis-
sues.

Immunofluorescence localization
of Hyp-1 in H. perforatum

As shown in Fig. 7, Hyp-1
was present in all H. perforatum
organs examined, including the
leaf, stem and root. In the root,
Hyp-1 was localized mainly in
the cortex and primary phloem
(Fig. 7A). In the stem, signal was only visualized in
the primary phloem and no obvious signal was de-
tected in other tissues (Fig. 7B). In the leaf (Fig. 7C,
D), strong Hyp-1 signal was detected in both palisade
and spongy mesophyll cells as well as the vascular
bundle. However, no signal was detected in the dark
gland (Fig. 7D), which was considered to be the site
of accumulation of hypericin (Curtis & Lersten, 1990;
Fornasiero ez al., 1998). To verify the reliability of the
immunofluorescence technique, a blank control using
PBS instead of antiserum as the primary antibody was
performed; very little signal was detected (Fig. 7E, F),
which indicated that the technique was reliable.
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Figure 4. Western blotting analysis of anti-sera.

Lane 1, molecular weight marker; lane 2, purified protein separat-
ed on a 15% SDS/PAGE gel and then stained with Coomassie Blue
R250; lane 3, purified protein incubated with preimmune rabbit
serum as the negative control; lane 4, purified protein incubated
with anti-Hyp-1 polyclonal antibody as the primary antibody.

2.5 —— Negative control

—— Anti-Hyp-1

Antibody Titer

Figure 5. Determination of antibody titer by ELISA.
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Figure 6. Detection of endogenous Hyp-1 protein (about 17.8 kDa) in H. perfo-

ratum.

Protein samples were separated on a 15% SDS/PAGE gel (A) and analyzed by
western blotting with anti-Hyp-1 polyclonal antibody as the primary antibody (B).
Lane 1, total proteins in calli of H. perforatum; lane 2, total proteins in plantlets of
H. perforatum cultured in vitro; lane 3, total proteins in transplants of H. perfora-
tum cultured ex vitro; lane 4, total proteins in wild-type Arabidopsis thaliana; lane

M, molecular weight marker.

Histochemical analysis of hypericins

Hypericin and its derivatives were localized according
to their physical and chemical properties. Hypericin is a
red-colored anthraquinone derivative, which shows red
fluorescence under ultraviolet light or blue light (Mag-
gi et al, 2004), which changes to green after treatment
with sodium hydroxide (Liang, 1988; Liu & Hu, 1999).
Many dark-red globules were present in all H. perforatum
organs, including the leaf, stem and root (Fig. 8A-D).
The substances in the globules exhibited the same color
change after treatment with sodium hydroxide (Fig. 8E—
H) and under excitation with blue light (Fig. 81-K) as
did the substances in the datk glands on the leaf (Fig.
8G, K). In the root, the globules were observed in all
tissues except the primary xylem (Fig. 8A, E, I). In the
stem, the globules were localized mainly in the epider-
mis, exodermis and endodermis (Fig. 8B, T, ]). In the
leaf, the globules were found in the epidermis and meso-

phyll cells (Fig. 8C, G, K, D, H).

Figure 7. Immunofluorescence localization of Hyp-1 in different
organs of red-pigmented H. perforatum plantlets.

The green signal represents Hyp-1 protein. (A) Tissue localization
of Hyp-1 in the root (cortex and primary phloem). (B) Tissue dis-
tribution of Hyp-1 in the stem (primary phloem). (C-D) Tissue
localization of Hyp-1 in the leaf (mesophyll and vascular bundle).
(E-F) Blank control using PBS as the primary antibody; no obvious
fluorescence was detected. Arrow points to the black gland.

et al, 1998). Zobayed et al. (2005, 2006)
revealed that during the vegetative stage

hypericin accumulated in the dark glands

in leaf tissues only, but during the repro-
ductive stage the dark glands located in
flower tissues, especially in the stamen,
acted as the major site for hypericin ac-
cumulation. In this study, we analyzed the
distribution of hypericin and its deriva-
tives in red-pigmented H. perforatum plant-
Jets based on their physical and chemical
properties. Our results showed that hy-
pericins accumulated not only in the black
glands but also in different tissues of the leaf, stem and
root (Fig. 8). This raises the question of why hypericin
is distributed differently in red-pigmented H. perforatum
plantlets and in mature plants. One possible reason is that
the distribution of hypericin changes during the devel-
opment of H. perforatum plants. The physiological role
of hypericin and its derivatives in plants is chemical de-
fense against fungal infection and grazing by herbivores
and phytophagous insects (Fields ez @/, 1990; Guillet ef
al., 2000). In mature plants the most vulnerable parts are
leaves and the shoot apex, and hypericin also happens
to be mainly accumulated in these areas. Similatly, the
entire H. perforatum plantlet could conceivably be grazed
by herbivores and insects. Consistent with this sugges-
tion, hypericin accumulated in all organs of the plantlet,
especially in the epidermal cells (Fig. 8).

According to previous studies, there are several hy-
potheses regarding the site of hypericin synthesis. First,

Figure 8. Histochemical analysis of hypericins in different or-
gans of red-pigmented H. perforatum plantlets.

(A-D) Light micrographs of root (A), stem (B), and leaf (C, D).
(E-F) Light micrographs of root (E), stem (F), and leaf (G, H) af-
ter incubation with 5% NaOH for 10 s at room temperature. (I1-K)
Fluorescence micrographs of root (I), stem (J), and leaf (K) under
blue light. Arrow points to the black gland.
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the black gland is not only the site of hypericin accumu-
lation but also of its synthesis. Liu e a/. (2002) studied
the gradual substitution of substances in the gland cell
vacuoles over the course of gland development and con-
cluded that hypericin was synthesized in the black gland.
Zobayed et al. (2006) researched the correlation between
hypericin and its precursor emodin in different organs
of H perforatum and arrived at the same conclusion. Sec-
ond, the peripheral sheath cells of the black gland might
be the site of hypericin synthesis. Kornfeld ez a/ (2007)
compared the differences in gland structure between two
selected shoot cultures with different concentrations of
hypericin and proposed that hypericin is produced in
the peripheral cells rather than the interior cells . Third,
hypericin might be synthesized in mesophyll cells and
transported to the black gland. Onelli ez a/ (2002) ana-
lyzed the ultrastructure of the black gland in H. perfora-
tum leaves at different developmental stages. Those au-
thors hypothesized that secondary metabolite precursors
and metabolic materials are generated in the mesophyll
and imported into the gland apoplastically.

A prerequisite for biosynthesis of any metabolite in an
organism is the presence of the enzyme(s) involved in
its biosynthetic pathway. To date, the only known en-
zyme involved in the hypericin biosynthetic pathway is
the protein encoded by Hyp-7 (Bais e al., 2003). Kosuth
et al. (2007) studied Hyp-7 mRNA expression in differ-
ent organs of H. perforatum seedlings in carly stages of
development. The gene was expressed in all organs of
in vitro grown plants, with the highest level of Hyp-7
mRNA found in the roots. However, mRNA levels may
or may not correlate with the protein level (Gygi e al,
1999; Futcher ef al., 1999). Therefore, we generated poly-
clonal antibody to Hyp-1 protein and used it to inves-
tigate the tissue distribution of Hyp-1 in red-pigmented
H. perforatum plantlets (Fig. 1). The Hyp-1 protein was
widely expressed in different tissues of the leaf, stem
and root (Fig. 7), consistent with its mRNA distribution
(Kosuth e al. 2007). However, no signal was detected in
the black gland (Fig. 7D), which is considered to be the
accumulation site of hypericin (Curtis & Lersten, 1990;
Fornasiero ef al, 1998). That suggested that hypericin
was unlikely to be synthesized in the gland. It may be
synthesized elsewhere in the plant and transported to
the gland. Mesophyll cells might be the site of hypericin
synthesis as strong Hyp-1 signal was detected in these
cells (Fig. 7C), which is consistent with the hypothesis of
Onelli e al. (2002). In addition, we also detected Hyp-1
protein in the endodermis and primary phloem of the
root, the primary phloem of the stem, and the vascu-
lar bundle of the leaf. Hence, another possibility is that
hypericin is generated in root and/or stem tissues and
subsequently is transported to the gland; an example
of such a mechanism is nicotine, which is synthesized
in roots of tobacco plants and is transported to the leaf
and other aerial tissues of the plant (Katoh ez al, 2005).
In this study, histochemical analysis showed that hy-
pericin and its derivatives not only accumulated in the
black gland but also in different tissues of the leaf, stem
and root of red-pigmented H. perforatum plantlets (Fig. 8).
Thus there might exist a transverse transport mechanism
that could transport hypericin to the epidermis and cot-
tex from the primary phloem. Further investigations are
needed to test this hypothesis.

In conclusion, the results of this study indicate that
hypericin accumulates not only in the black glands but
also in other parts of the leaf, stem and root (Fig. 8),
and that Hyp-1 protein is widely expressed in the leaf,
stem and root of red-pigmented H. perforatum plantlets

except in the black gland (Fig. 7). Hypericin might be
synthesized in mesophyll cells or in tissues of the root
and/or stem, and be then transported to the gland and
other sites of accumulation by a transverse and vertical
transport mechanism. The antibody generated in this
study will provide a basis for further study on the regu-
latory mechanism of hypericin synthesis during the de-
velopment of H. perforatum.
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