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A �-primeverosidase from tea (Camellia sinensis) plants is a unique disaccharide-specific glycosidase, which hydrolyzes
aroma precursors of �-primeverosides (6-O-�-d-xylopyranosyl-�-d-glucopyranosides) to liberate various aroma com-
pounds, and the enzyme is deeply concerned with the floral aroma formation in oolong tea and black tea during the
manufacturing process. The �-primeverosidase was purified from fresh leaves of a cultivar for green tea (C. sinensis var
sinensis cv Yabukita), and its partial amino acid sequences were determined. The �-primeverosidase cDNA has been isolated
from a cDNA library of cv Yabukita using degenerate oligonucleotide primers. The cDNA insert encodes a polypeptide
consisting of an N-terminal signal peptide of 28 amino acid residues and a 479-amino acid mature protein. The
�-primeverosidase protein sequence was 50% to 60% identical to �-glucosidases from various plants and was classified in
a family 1 glycosyl hydrolase. The mature form of the �-primeverosidase expressed in Escherichia coli was able to hydrolyze
�-primeverosides to liberate a primeverose unit and aglycons, but did not act on 2-phenylethyl �-d-glucopyranoside. These
results indicate that the �-primeverosidase selectively recognizes the �-primeverosides as substrates and specifically
hydrolyzes the �-glycosidic bond between the disaccharide and the aglycons. The stereochemistry for enzymatic hydrolysis
of 2-phenylethyl �-primeveroside by the �-primeverosidase was followed by 1H-nuclear magnetic resonance spectroscopy,
revealing that the enzyme hydrolyzes the �-primeveroside by a retaining mechanism. The roles of the �-primeverosidase in
the defense mechanism in tea plants and the floral aroma formation during tea manufacturing process are also discussed.

Floral tea aroma is one of the most important fac-
tors to determine the character and quality of each
made tea, especially oolong tea and black tea. Fresh
tea leaves are virtually odorless or slightly smell of
green note, and most of floral aroma compounds are
produced by endogenous enzymes during tea man-
ufacturing process of withering, rolling, and fermen-
tation. Monoterpene alcohols such as linalool and
geraniol, and aromatic alcohols such as benzyl alco-
hol and 2-phenylethanol, are known to largely con-
tribute the floral aroma of oolong tea and black tea,
and these aroma compounds are present as glyco-
sidic precursors in fresh leaves of tea plants. For the
first time, to our knowledge, benzyl and (Z)-3-hexenyl
�-d-glucopyranosides were isolated as aroma precur-
sors from a cultivar for green tea (Camellia sinensis var
sinensis cv Yabukita; Yano et al., 1991; Kobayashi et al.,
1994). We have isolated glycosidic precursors of vari-
ous aroma compounds as disaccharide glycosides from
tea leaves, and most of them were �-primeverosides
(6-O-�-d-xylopyranosyl-�-d-glucopyranosides; Guo et
al., 1993, 1994; Moon et al., 1994, 1996; Ogawa et al.,

1995). Some of tea aroma precursors were isolated as
acuminosides (6-O-�-d-apiofuranosyl-�-d-glucopyr-
anosides; Moon et al., 1996; Ma et al., 2001b), and also
as a vicianoside (6-O-�-l-arabinopyranosyl-�-d-gluco-
pyranoside; Nishikitani et al., 1996). The quantitative
analysis of glycosidic aroma precursors in tea leaves
revealed that disaccharide glycosides, especially
�-primeverosides, were more abundant (about 3 times)
than glucosides in each tea cultivar (Wang et al., 2000).
These results indicated that disaccharide glycosides,
especially �-primeverosides, are thought to be the main
precursors for the tea aroma formation.

A �-primeverosidase (EC 3.2.1.149) capable of hy-
drolyzing �-primeverosides into a primeverose unit
and aglycons was first reported in Primula officinalis
(Bridel, 1925). Then �-primeverosidases have been
reported to be possibly present in most of higher
plants containing �-primeverosides (Plouvier, 1980).
Because most of the aroma precursors isolated from
tea leaves were found as �-primeverosides, it was
likely that there must be a �-primeverosidase for
hydrolysis of these aroma precursors in fresh tea
leaves. Recently, we found the enzyme, which hydro-
lyzes these diglycosidic aroma precursors to liberate
the floral tea aroma from fresh leaves of a cultivar for
green tea (cv Yabukita) (Guo et al., 1995, 1996). This
enzyme exhibits the molecular mass of 61 kD on
SDS-PAGE and is also present in fresh tea leaves of a
cultivar for oolong tea (C. sinensis var sinensis cv
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Shuixian) (Ogawa et al., 1997) and that for black tea
(C. sinensis var assamica) (Ijima et al., 1998).

In this paper, we describe the biochemical and mo-
lecular biological characterization of a “diglycosi-
dase,” which is a disaccharide-specific glycosidase to
liberate a disaccharide unit and an aglycon. We have
succeeded in the purification and cloning of a �-pri-
meverosidase from cv Yabukita. The �-primeverosi-
dase was classified in a family 1 glycosyl hydrolase.
The �-primeverosidase exhibited the selective hydro-
lysis of the disaccharide-aglycon bond of �-pri-
meverosides to liberate a primeverose unit and agly-
cons. The stereochemistry for hydrolysis by the
enzyme revealed that the �-primeverosidase is a re-
taining glycosyl hydrolase. Thus, this is the first mo-
lecular biological characterization of a diglycosidase
from higher plants.

RESULTS

Purification of �-Primeverosidase from Fresh
Tea Leaves

We reported previously the purification of the �-pri-
meverosidase from juvenile leaves of a cultivar for
green tea (cv Yabukita) (Guo et al., 1996), from that for
oolong tea (cv Shuixian) (Ogawa et al., 1997), and from
that for black tea (C. sinensis var assamica) (Ijima et al.,
1998). Because the �-primeverosidase was nearly co-
eluted with �-glucosidases from each column chroma-
tography, the final preparations still contained a sig-
nificant �-glucosidase activity (3%–10% of
�-primeverosidase activity). To obtain a pure �-pri-
meverosidase, we improved the purification proce-
dure by application of an additional hydrophobic
chromatography to the previously reported proce-
dures, and �-glucosidases were thoroughly eliminated
from the �-primeverosidase fractions by tracing both
the activities using p-nitrophenyl (pNP) �-glucopyr-
anoside and �-primeveroside as substrates during the
whole purification process. The purification proce-
dure is summarized in Table I.

The final preparation (1.7 unit mg�1 of the specific
activity for the �-primeverosidase) contained less
than 1% of the �-glucosidase activity (0.012 unit
mg�1) compared with the �-primeverosidase activity
and gave a homogenous 61-kD band on SDS-PAGE
(Fig. 1). This preparation was further applied to a
reverse-phase HPLC, and a single peak from the

HPLC was applied to the amino acid sequence anal-
ysis. The amino acid sequences of the N-terminal
portion (20 residues) as well as three peptides from a
lysyl endopeptidase digest or from a trypsin digest
were determined (Fig. 2, underlined).

Isolation of the �-Primeverosidase cDNA

Based on the partial amino acid sequences thus
determined, degenerate oligonucleotide primers
were synthesized, and the partial cDNA fragment
was amplified by PCR. The PCR fragment was used
as a probe to screen a cDNA library from tea leaves
of a cultivar for green tea (cv Yabukita). The isolated
cDNA consists of a 1,524-bp open reading frame
encoding a polypeptide of 507 amino acid residues,
an 8-bp 5�-untranslated region, a 179-bp 3�-non-
coding region, and a poly(A�) tail (Fig. 2). The
N-terminal amino acid sequence determined from
the purified protein corresponded to the deduced
amino acid sequence at the region from 29th to 48th
residues, and the three peptide sequences deter-
mined from the purified protein were also found
in the predicted protein with a perfect agreement
(Fig. 2, underlined). It was predicted by PSORT anal-
ysis (http://psort.ims.u-tokyo.ac.jp/) that a possible
cleavage site for a signal peptidase is present be-
tween the amino acid residues Ala-28 and Ala-29
(von Heijne, 1986) and also that the mature protein of
478 amino acid residues will be targeted outside the
cells. The pI value of the mature protein was calcu-
lated to be 9.21, consistent with that of the purified
protein, 9.4 (Guo et al., 1996). The calculated Mr of
the mature protein was 54,234, whereas the apparent
Mr of the purified �-primeverosidase is estimated by
time of flight-mass spectrometry to be 60,480 (Ijima et
al., 1998). The result suggests that the posttransla-
tional modification of the �-primeverosidase occurs
in plant cells.

The N-Glycosylation of �-Primeverosidase

The deduced amino acid sequence of the
�-primeverosidase contains the five potential N-Asn
glycosylation sites (MOTIF analysis: http://motif.
genome.ad.jp/; Fig. 2, boxed). Two Asn residues,
Asn-35 and Asn-81, among them are found in the
peptide sequences determined from the purified pro-

Table I. Summary of purification of the �-primeverosidase from green tea cv Yabukita

Purification Step Total Protein Total Activity Yield Specific Activity Purification

mg unit % unit mg protein�1 fold

Buffer extract 1,000 40 100 0.04 1.0
Acetone precipitate 220 38 95 0.17 4.3
40% (NH4)2SO4 supernatant 110 32 80 0.29 7.3
Butyl-toyopearl 7.7 3.8 9.3 0.49 12
CM-toyopearl 0.54 0.70 1.8 1.3 33
Mono S 0.30 0.51 1.3 1.7 43
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tein, and it is likely that these Asn residues may be
glycosylated because of the fact that these Asn resi-
dues were not detected by the direct amino acid
sequencing. To confirm the glycosylation of the �-
primeverosidase, the purified �-primeverosidase
was treated with glycopeptidase A and analyzed by
SDS-PAGE (Fig. 3). The protein band at 61 kD on
SDS-PAGE shifted to the smaller molecular mass
around 54 kD, which is good agreement with the
calculated molecular mass of the mature form. The
glycosylation nature of the �-primeverosidase was
also demonstrated by its positive periodic acid-Schiff
staining (data not shown). Thus, tea leaf �-primevero-
sidase is N-glycosylated, and has an N-terminal signal
sequence that might target it to the cell wall via the
Golgi apparatus.

Characterization of the Amino Acid Sequence of
�-Primeverosidase

The deduced amino acid sequence of the �-prime-
verosidase cDNA showed the highest identity to
amygdalin hydrolase (58%) from black cherry (Prunus
serotina) seeds (Zheng and Poulton, 1995). Interest-
ingly, amygdalin hydrolase catalyzes the hydrolysis of
the cyanogenic diglucoside amygdalin [�-gentiobio-
side (6-O-�-d-glucopyranosyl-�-d-glucopyranoside)
of (R)-mandelonitrile], indicating that both the �-pri-
meverosidase and amygdalin hydrolase recognizes
the disaccharide glycoside as a substrate. On the other
hand, amygdalin hydrolase hydrolyzes the inter-
glycosidic bond of �-gentiobioside to release one
Glc unit and a monoglucoside prunasin (Zheng and
Poulton, 1995). The �-primeverosidase also showed
high identities to other plant �-glucosidases such as
linamarase from white clover (Trifolium repens; 56%;
Tolley et al., 1993), �-glucosidase for indoxyl �-d-
glucoside from the indigo plant (Polygonum tinctorium;
55%; Minami et al., 1999), raucaffricine �-glucosidase
from Rauvolfia serpentina (53%; Warzecha et al., 2000),
strictosidine �-glucosidase from Catharanthus roseus
(49%; Geerlings et al., 2000), dhurrinase from Sorghum
bicolor (46%; Cicek and Esen, 1998), and myrosinase
from Arabidopsis (46%; Xue et al., 1995).

Many glycoside hydrolases have been isolated
from bacteria to mammals and have been classified
into 83 families according to the amino acid sequence
similarity (Henrissat and Bairoch, 1996; http://afmb.
cnrs-mrs.fr/CAZY/index.html). Because the tea leaf
�-primeverosidase showed high similarities to family
1 glycosyl hydrolases from various kinds of plants,
the �-primeverosidase was classified in a family 1
glycosyl hydrolase. This is the first example in this
family of the hydrolyzing �-glycosidic bond between
the disaccharide and aglycons. Phylogenetic analysis
of the �-primeverosidase with various glycosyl
hydrolases in this family is shown in Figure 4. The
�-primeverosidase was grouped into the cluster of
plant �-glucosidases, which act on various glycosides
such as alkaloidal glucoside (strictosidine and raucaf-
fricine; Geerlings et al., 2000; Warzecha et al., 2000),
cardenolide glycoside (Framm et al., 2000), and in-

Figure 1. SDS-PAGE of fractions from the chromatographic steps of
the purification of the �-primeverosidase from fresh green tea leaves.
SDS-PAGE was performed using 10% (w/v) polyacrylamide slab gel,
and the protein was visualized with silver staining. The migration of
size markers is shown to the left of the gel. Lane M, Mr marker; lane
1, the buffer extract; lane 2, acetone precipitate; lane 3, 40%
(NH4)2SO4 supernatant; lane 4, Butyl-Toyopearl elute; lane 5, CM-
Toyopearl elute; lane 6, Mono S elute.

Table II. Substrate specificity of the purified and recombinant �-primeverosidases

Activity was determined by measuring the release of 2-phenyl ethanol by HPLC or p-nitrophenol by
absorbance at 405 nm. Substrates were used at 10 mM concentrations. Relative activity shows the
percentage activity detected using 2-phenylethyl �-primeveroside as a substrate.

Substrate
Relative Activity

Tea �-primeverosidase Recombinant �-primeverosidase

%

2-Phenylethyl �-primeveroside 100 100
2-Phenylethyl �-glucoside 0 0
p-Nitrophenyl �-primeveroside 48 62
p-Nitrophenyl �-glucoside 0.5 0.3
p-Nitrophenyl �-xyloside 0 0
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doxyl glucoside (Minami et al., 1999). The �-pri-
meverosidase was only loosely clustered with amyg-
dalin hydrolase despite the high similarity between
them because amygdalin hydrolase showed higher
identities to prunasin hydrolase and linamarases and
was grouped into the cluster of cyanogenic �-glucosi-
dases. On the other hand, the �-primeverosidase was
clearly distant from microbial �-glucosidases. Thus, it
was suggested that the disaccharide-specific �-pri-
meverosidase is evolved from a monosaccharide-
specific plant �-glucosidase.

�-Glucosidases in this family have been known to
hydrolyze the �-glycosydic linkage with net retain-
ing mechanism via a double displacement, and the
catalytic residues have been identified (Keresztessy
et al., 1994; Zechel and Withers, 2000). The conserved
sequence motif of NEP, of which the Glu residue is an
acid-base catalyst, is found at the region (202–204 res-
idues) in the �-primeverosidase protein sequence. The
�-primeverosidase also contains an ITENG motif at
Ile-414 to Gly-418, of which the Glu residue is known
to be a catalytic nucleophile of �-glucosidases. The
residues involved in the substrate Glc ring recognition
(Barrett et al., 1995) are also conserved at Arg-111,
His-157, Asn-202, Asn-343, Tyr-345, and Trp-463 in the
�-primeverosidase sequence.

Heterologous Expression in Escherichia coli

The cDNA encoding the mature form of the
�-primeverosidase was amplified by PCR, and the
expression vector, pMALc2-�Pri, was constructed to
express the recombinant fusion protein between a
maltose-binding protein and the mature primevero-
sidase. When expression of the recombinant protein
was induced by addition of 1 �m isopropyl-�-d-
thiogalactoside (IPTG) at 37°C, all the recombinant
proteins were found as inclusion bodies, and the
�-primeverosidase activity was not detected in cell

Figure 3. Deglycosylation of the purified �-primeverosidase with
glycopeptidase A. The �-primeverosidase purified from tea leaves was
mixed in 1% (w/v) Triton X-100 and 50 mM 2-mercaptoethanol, and
heated at 100°C for 15 min. The sample was treated with glycopep-
tidase A in the buffer for 24 h, and was analyzed by 10% (w/v)
SDS-PAGE. The protein was visualized by silver staining. The migra-
tion of size makers is shown to the left of the gel. Lane 1, �-Primevero-
sidase purified from tea leaves; lane 2, �-primeverosidase treated with
glycopeptidase A.

Figure 2. Nucleotide and predicted amino acid
sequences of the �-primeverosidase cDNA from
a cultivar for green tea (C. sinensis var sinensis
cv Yabukita). Peptide sequences determined
from the purified protein are underlined. Arrow
indicates the position of the N-terminal amino
acid sequence of the purified protein and also
the possible cleavage site predicted by PSORT
analysis. Possible N-glycosylation sites are
boxed. The catalytic residues in the sequence
motifs conserved in family 1 glycosyl hydrolases
are double underlined.

�-Primeverosidase Concerned with Tea Aroma Formation
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lysate (data not shown). The transformed cells were
grown at 22°C in the presence of 0.1 mm IPTG, and a
part of the recombinant proteins was detected in the
soluble fractions (Fig. 5). The recombinant protein
was partially purified from the cell lysate by an amy-
lose resin affinity chromatography, and the mature
form of �-primeverosidase was released from the fu-
sion protein by digesting with a protease factor Xa and
purified by CM-Toyopearl chromatography (Fig. 5).

The substrate specificity of the recombinant protein
was determined (Table II). The best substrate for the
recombinant �-primeverosidase was a natural sub-
strate, 2-phenylethyl �-primeveroside, and pNP
�-primeveroside was also hydrolyzed well. On the
other hand, pNP �-d-glucopyranoside was a poor
substrate, and neither pNP �-xyloside nor 2-phenyl-

ethyl �-d-glucopyranoside was hydrolyzed at all.
The crude enzyme from E. coli cells transformed with
the vacant pMALc2 vector did not hydrolyze these
�-primeverosides at all (data not shown). These re-
sults indicate the high specificity of the �-pri-
meverosidase toward �-primeverosides. This pattern
of the substrate specificity of the recombinant en-
zyme was almost identical with that of the native
�-primeverosidase purified from tea leaves (Table II;
Ma et al., 2001a), indicating that the cDNA actually
encodes the tea leaf �-primeverosidase.

Mode of Hydrolysis by the �-Primeverosidase

pNP �-primeveroside was incubated with either the
�-primeverosidase purified from tea leaves or the re-

Figure 4. A phylogenetic tree of the tea leaf �-primeverosidase with family 1 glycosyl hydrolases from various microor-
ganisms and higher plants. The tree was constructed by alignment of the amino acid sequences using the ClustalW program
at the GenomeNet (http://www.genome.ad.jp/) and drawn by the rooted neighbor-joining method. Relative branch lengths
are approximately proportional to phylogenetic distance. �-Mannosidase from Pyrococcus furiosus (AAC44387),
�-glucosidase from P. furiosus (AAC25555), 6-phospho-�-galactosidase from Streptococcus mutans (AAA16450), 6-phospho-
�-glucosidase from Bacillus subtilis (AAA22660), myrosinase from Arabidopsis (AAC18869), myrosinase from Sinapis alba
(CAA42534), coniferin �-glucosidase from Pinus contorta (AAC69619), �-glucosidase from Hordeum vulgare (AAA87339),
furostanol glycoside 26-O-�-glucosidase from Costus speciosus (BAA11831), linamarase from Manihot esculenta
(AAB71381), amygdalin hydrolase from Prunus serotina (PSU26025), prunasin hydrolase from Prunus serotina (AAA93032),
linamarase from Trifolium repens (CAA40058), non-cyanogenic �-glucosidase from Trifolium repens (CAA40058), dalco-
chinin �-glucosidase from Dalbergia cochinchinensis (AAF04007), �-glucosidase from Cucurbita pepo (AAG25897),
�-glucosidase from Arabidopsis (AAC16094), indican �-glucosidase from Polygonum tinctorium (BAA78708),
�-primeverosidase from C. sinensis var sinensis cv Yabukita (AB088027), raucaffricine-O-�-glucosidase from R. serpentina
(AAF03675), strictosidine �-glucosidase from C. roseus (AAF28800), cardenolide 16�-O-glucosidase from Digitalis lanata
(CAB38854), cytokinin �-glucosidase from Zea mays (CAA52293), dhurrinase from S. bicolor (AAC49177), �-glucosidase
from Avena sativa (AAD02839), �-glucosidase from Secale cereale (AAG00614), cytosolic �-glucosidase from Homo
sapiens (CAC08178), �-glucosidase from Spodoptera frugiperda (AAC06038), �-glucosidase from Agrobacterium sp.
(AAA22085), �-glucosidase from Streptomyces sp. (CAA82733), and gentiobiase from Bacillus circulans (AAA22266).
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combinant protein produced by E. coli, and the hydro-
lysate was analyzed by thin-layer chromatography
(TLC; Fig. 6). The spot corresponding to primeverose
was clearly observed in each of the hydrolysates, but
no spots for Glc and Xyl were detected. This confirms
that the tea leaf �-primeverosidase is a diglycosidase
specifically hydrolyzing the �-glycosidic bond be-
tween primeverose and aglycons without cleaving the
inter-glycosidic bond of a Xyl-Glc unit.

The �-primeverosidase was classified in a family 1
glycosyl hydrolase. Glycosyl hydrolases in family 1
are known to be retaining glycosidases, which cata-
lyze the hydrolysis of the substrates with retaining the
anomeric configuration by a double-displacement
mechanism through a glucosyl-enzyme covalent inter-
mediate (Zechel and Withers, 2000). The stereochem-
istry of enzymatic hydrolysis by the �-primeverosi-
dase was analyzed by 1H-NMR spectroscopy (Fig. 7).
The 1H-NMR spectra of the reaction mixture contain-
ing 2-phenylethyl �-primeveroside and the �-pri-

meverosidase revealed that the �-anomer (Ha, � 4.43,
J � 8.1 Hz) of primeverose was formed first. The
�-anomer (He, � 5.04, J � 3.8 Hz) of primeverose
appeared later as a consequence of mutarotation.
Thus, the tea leaf �-primeverosidase is a retaining
glycosidase, as has been observed for other family 1
�-glucosidases.

Distribution of the �-Primeverosidase in Tea Shoots

The mature �-primeverosidase lacking the first 28
amino acid residues was expressed as a His-tagged
fusion protein in E. coli. The recombinant protein was
inactive and formed inclusion bodies (data not
shown). The predominant protein with an apparent
molecular mass of 54 kD was purified from the in-
soluble fraction and used to raise polyclonal antibod-
ies in rabbits. The antibodies recognized a single
strong band of 61 kD in the crude extract of the tea
acetone power and did not show cross-reactivity to
other �-glucosidases in the extract (Fig. 8A).

Figure 6. TLC of the hydrolysis products of pNP �-primeveroside by
the recombinant �-primeverosidase. pNP �-primeveroside was incu-
bated with either the �-primeverosidase purified from tea leaves or
the recombinant protein produced by E. coli, and the hydrolysates
were analyzed by TLC. TLC was carried out on silica gel 60 F254
plates using a solvent system of butanol:pyridine:water:acetic acid
(6:4:3:1 [v/v]). Glycosides and sugars were detected by heating the
plate at 120°C after spraying with 0.2% (w/v) naphthoresorcinol in
H2SO4:ethanol (1:19 [v/v]). Lanes 1 through 4 were standard. Lane 1,
pNP �-primeveroside; lane 2, Glc; lane 3, Xyl; lane 4, primeverose;
lane 5, the reaction products by the �-primeverosidase purified from
tea leaves; lane 6, the reaction products by the recombinant mature
�-primeverosidase. The arrow indicates the position of primeverose.

Figure 5. SDS-PAGE of the recombinant �-primeverosidase expressed
in E. coli. The migration of size marker is shown to the left of the
gel. Lane M, Mr marker; lane 1, the supernatant of the crude extracts
from the E. coli cells with the expression vector pMALc2-�Pri; lane 2,
the precipitate; lane 3, the recombinant MBP-�-primeverosidase fu-
sion protein purified by an amylose-resin column; lane 4, the MBP-�-
primeverosidase fusion protein digested with factor Xa; lane 5, the
purified recombinant mature �-primeverosidase.
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To investigate the distribution of �-primevero-
sidase in tea shoots, we measured the primeverosi-
dase activity and analyzed the amount of the protein
by using the anti-�-primeverosidase antibodies in tea
shoots (Fig. 8, B and C). Tea shoots were separated to
each part (buds; first, second, third, and fourth
leaves; and stem), and the crude extract was pre-
pared from the acetone powder of each part of tea
shoots. Both the activity and amount of the
�-primeverosidase was high in younger leaves, and
decreased as the leaf aged. The stem also contained a
high amount of the �-primeverosidase. This distribu-
tion pattern of the �-primeverosidase in tea shoots is
quite similar to that obtained by indirect measure-
ment of the glycosidase activity responsible for the
tea aroma formation (Ogawa et al., 1995) as well as to
that of the glycosidic precursors of various aroma
compounds [2-phenylethanol, benzyl alcohol, ge-
raniol, nerol, methyl salicylate, cis-linalool 3,7-oxide,

linalool, cis-linalool 3,6-oxide, trans-linalool 3,6-
oxide, and (Z)-3-hexenol; Ogawa et al., 1995].

DISCUSSION

�-Primeverosidase: A Unique Diglycosidase
Specific to �-Primeverosides

In addition to �-primeverosides from tea leaves,
many kinds of disaccharide glycosides with various
kinds of aglycons have been isolated from a wide
range of plant species (Williams et al., 1982; Rocken-
bach et al., 1992; Chassagne et al., 1996; Jaroszewski et
al., 1996; Derksen et al., 1998; Lu et al., 1998; Yama-
mura et al., 1998; van der Plas et al., 1998; Crouzet and
Chassagne, 1999; Petrovic et al., 1999; Tamaki et al.,
1999; Ma, 2002). Diglycosides are thought to be hydro-
lyzed by two distinct mechanisms, namely either se-
quential or simultaneous mechanism. Günata et al.

Figure 7. Time course of hydrolysis of
2-phenylethyl �-primeveroside catalyzed by the
tea leaf �-primeverosidase, followed by 1H-
NMR spectroscopy. A, Postulated retaining hy-
drolysis of 2-phenylethyl �-primeveroside by
the tea enzyme. B, Spectra recorded 0, 5, 10,
20, 40, 90, and 180 min after addition of the
enzyme. Ha and He indicate the resonances of
H-1 of �- and �-D-Glc, respectively. The full-
scan 1H NMR spectrum of the substrate (2-
phenylethyl �-primeveroside) is shown at the
bottom.
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(1988, 1993) suggested that diglycosides are hydro-
lyzed by endogenous and/or exogenous enzymes in
stepwise and sequential reactions, which are catalyzed
by a first monosaccharide glycosidase such as
�-rhamunosidase, �-arabinosidase, and �-glucosidase
to cleave the inter-glycosidic linkage and a second
�-glucosidase to release various aglycons from the
resultant �-glucosides (the sequential mechanism).
This mechanism is supported by the fact that a cya-
nogenic diglucoside amygdalin [�-gentiobioside (6-O-
�-d-glucopyranosyl-�-d-glucopyranoside) of (R)-
mandelonitrile found in black cherry seeds] is known
to be sequentially hydrolyzed by two distinct �-glu-
cosidases (amygdalin hydrolase and prunasin hydro-
lase) to release two Glc units and (R)-mandelonitrile
(Li et al., 1992). Alternatively, some plants such as
Rhamnus dahurica (rhamnodiastase; Suzuki, 1962),
Viburnum furcatum (furcatin hydrolase; Imaseki and
Yamamoto, 1961), Fagopyrum esculentum (heteroglyco-

sidase; Bourbouze et al., 1975), Vicia angustifolia var
segetalis (vicianase; Kasai et al., 1981), Davallia tricho-
manoides Blume (vicianin hydrolase; Lizotte and Poul-
ton, 1988), and Fagopyrum tataricum (rutinase; Yasuda
and Nakagawa, 1994) have been found to contain
disaccharide-specific glycosidases (diglycosidases)
that are capable of hydrolyzing each disaccharide gly-
coside to liberate a disaccharide unit and an aglycon
(the simultaneous mechanism). Günata et al. (1998)
have also detected and identified an enzyme having
�-primeverosidase- and/or rutinase-like activity from
grape (Vitis vinifera) berry peels. Although some of
diglycosidases have been purified from plants
(Imaseki and Yamamoto, 1961; Lizotte and Poulton,
1988; Yasuda and Nakagawa, 1994) and also from
microorganisms (Narikawa et al., 2000; Yamamoto et
al., 2002), they have never been characterized in mo-
lecular levels. In this paper, we confirmed the tea leaf
�-primeverosidase as a unique diglycosidase by puri-
fication from tea leaves and cloning of the cDNA
encoding the enzyme. It was found that the �-pri-
meverosidase was able to catalyze the hydrolysis of
�-primeverosides to liberate a primeverose unit and
aglycons and also that the hydrolysis was specific to
the primeverose-aglycon �-glycosidic linkage without
cleaving the inter-glycosidic bond between Xyl and
Glc (Figs. 6 and 9). It was also revealed that the �-pri-
meverosidase catalyzed the hydrolysis of the glycosyl
bond with retention of the anomeric configuration,
which is consistent with the classification of the �-pri-
meverosidase in a family 1 glycosyl hydrolase. Thus,
this report is the first characterization, to our knowl-
edge, of a disaccharide-specific glycosidase in bio-
chemical and molecular biological levels.

Ijima et al. (1998) demonstrated that the �-pri-
meverosidase purified from tea leaves hydrolyzed not
only �-primeverosides but also �-vicianoside and 6-O-
�-l-arabinofranosyl-�-d-glucopyranoside to liberate
the corresponding disaccharide units. Günata et al.
(1998) also reported that a diglycosidase from grape
berry peels acted on various kinds of disaccharide
glycosides. These results suggested that a diglycosi-
dase might show broad substrate specificity with
respect to the disaccharide glycon moiety. Ma et al.
(2001a) recently reported the detail analysis of sub-
strate specificity of the tea leaf �-primeverosidase.
The �-primeverosidase was able to hydrolyze not only
�-primeveroside but also the other naturally occurring
disaccharide glycosides such as �-vicianoside,

Figure 8. Distribution of the �-primeverosidase in tea shoots. The
acetone powders were prepared from first (including bud), second,
third, and fourth leaves, and stem of tea shoots, respectively. The crude
extract of each acetone powder was prepared with 10 mM citrate
buffer (pH 6.0) by the same procedures as that for the purification. A,
Immunoblot analysis was performed by anti-�-primeverosidase anti-
body. The migration of molecular marker is shown in the left of the gel.
Lane 1, Crude extract from the acetone power of tea leaves; lane 2,
recombinant His-tagged �-primeverosidase expressed in E. coli. B,
�-Primeverosidase activity for each sample was measured with pNP
�-primeveroside. C, Immunoblot analysis with the antiprimeverosi-
dase antibody was performed. One microgram of protein was loaded
on each lane and separated by 10% (w/v) SDS-PAGE.

Figure 9. Proposed reaction scheme of the tea
leaf �-primeverosidase. The tea leaf �-primevero-
sidase catalyzes the hydrolysis of various kinds of
disaccharide �-primeverosides to release a pri-
meverose unit and various aroma compounds by
a retaining mechanism but does not sequentially
hydrolyze �-primeverosides to monosaccharide
units.
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�-acuminoside, and �-gentiobioside. However, its rel-
ative activity to �-primeveroside was much higher
(30–100 times) than those to the other natural disac-
charide glycosides. This result clearly indicates that
the tea leaf �-primeverosidase shows pronounced
specificity for �-primeverosides in terms of the glycon
moiety. Because many kinds of disaccharide glyco-
sides have been isolated from various species of
plants, a number of diglycosidases specific to each
kind of disaccharide glycoside may be present in
the plants containing the corresponding glycosides.
Plouvier (1980) has reported the distribution of digly-
cosidases in plants and fungi, and suggested that
�-primeverosidases and �-gentiobiosidases might be
present in most of higher plants containing the corre-
sponding glycosides. We have succeeded in cDNA
cloning of a �-acuminosidase from Viburnum furcatum
Blume, which contains a large amount of furcatin
(p-allylphenyl �-acuminoside) in leaves (M. Mizutani,
unpublished data). This is the second example of
cDNA cloning of a disaccharide-specific glycosidase
from plants. Thus, disaccharide-specific glycosidases
such as �-primeverosidase, �-acuminosidase, �-vici-
anase, and �-rutinase will be distributed throughout
the plant kingdom and will form a new group of
diglycosidases among the large glycosyl hydrolase
family.

Role of �-Primeverosidase in Tea Aroma
Formation during the Oolong Tea and Black Tea
Manufacturing Process

Fresh tea leaves are virtually odorless or slightly
smell of green note. Most floral aroma compounds of
oolong tea and black tea are produced by endoge-
nous enzymes during the tea manufacturing process
of withering, rolling, and fermentation. This suggests
two possibilities for the nature of the enzymes in-
volved in this process. First, the enzymes do not exist
in fresh leaves and are induced during tea manufac-
turing process. Second, the enzymes are present in
fresh leaves but are localized separately from the
aroma precursors in leaf tissues. The case for the tea
leaf �-primeverosidase corresponds to the second
case because the �-primeverosidase is constitutively
present in fresh tea leaves (Fig. 8). The �-primevero-
sidase has a signal peptide of 28 amino acid residues,
which is predicted to act as a signal to secret the
enzyme outside the cells. Perhaps the �-primevero-
sidase is localized in cell walls, whereas aroma pre-
cursor primeverosides are separately present in vacu-
oles. When leaf tissues are stressed, wounded, or
destroyed, the enzyme is able to contact with various
aroma precursors and to release the aroma alcohols. It
is most likely that the manufacturing processes for
oolong tea and black tea induce such interactions be-
tween the enzyme and the precursors, and thereby the
floral aroma is formed during the manufacturing
processes. It was demonstrated previously that �-

primeverosidase is a main glycosidase in tea leaves
(Guo et al., 1995; Matsumura et al., 1997, Ma et al.,
2001a). Most of the aroma precursors have been found
as �-primeverosides (Guo et al., 1993, 1994; Moon et
al., 1994, 1996), and the quantitative analysis of aroma
precursor glycosides revealed that disaccharide glyco-
sides, especially �-primeverosides, are more abundant
(about 3 times) than �-glucopyranosides in each tea
cultivar (Wang et al., 2000). Furthermore, during the
manufacturing process of black tea, �-primeverosides
had almost disappeared, whereas the amounts of glu-
cosides were unchanged (Wang et al., 2001), suggest-
ing that the hydrolysis of �-primeverosides by the
�-primeverosidase mainly occurs during the fermen-
tation process of black tea. Thus, these results indicate
that both �-primeverosides and the �-primeverosi-
dase are the major components for the floral tea aroma
formation during the tea fermentation process. The
amounts of the �-primeverosidase as well as aroma
precursor primeverosides in tea shoots are high in
younger leaves and decreased as the leaf aged (Fig. 8;
Ogawa et al., 1995). Each made tea, especially a high-
quality product of oolong tea and black tea, is tradi-
tionally made from young tea leaves (buds to third
leaf), and this is quite reasonable in the mechanistic
points of view for the tea aroma formation. The qual-
ity and quantity of aroma compounds in each made
tea are dependent on not only a variety of tea plants
but also a producing area and cultivated conditions.
The content of the �-primeverosidase in tea shoots
may be influenced by these factors. Manipulation of
the amounts of aroma precursor �-primeverosides as
well as the �-primeverosidase may improve the qual-
ity of each made tea.

Physiological Functions in Tea Plants

The �-primeverosidase was classified in a family 1
glycosyl hydrolase. Most plant �-glucosidases in this
family are involved in defense mechanisms, in which
various toxic aglycons are released by the action of
the specific �-glucosidases such as cyanogenic gluco-
sidases (Poulton, 1990; Vetter, 2000) and glucosino-
late myrosinases (Rask et al., 2000). Aglycons of
�-primeverosides found in tea leaves are (S)-linalool,
geraniol, methyl salicylate, linalool oxide, benzyl al-
cohol, 2-phenylethanol, and 3-hexenol (Guo et al.,
1993, 1994; Moon et al., 1994, 1996; Ogawa et al., 1995;
Nishikitani et al., 1999). Among them, methyl salic-
ylate is known to be a plant signal compound that
induces various defense responses (Ryals et al., 1996),
and terpene alcohols such as geraniol and linalool
has been shown to have antimicrobial and antifungal
activities (Pattnaik et al., 1997). Aromatic alcohol and
green leaf volatiles such as 3-hexenol emitted from
herbivore-damaged leaves have also been found to
act as both direct and indirect defenses, which in-
volve their direct toxicity to insects and the attraction
of herbivore enemies, respectively (Mattiacci et al.,
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1995; Pare and Tumlinson, 1999; Pichersky and Ger-
shenzon, 2002). Thus, the tea leaf �-primeverosidase
probably acts as a key enzyme in a defense mecha-
nism by which the �-primeverosidase hydrolyzes
�-primeverosides to release these aglycons in re-
sponse to fungal infection and herbivore feeding.
Some of the �-glucosidases involved in defense
mechanisms have been found to be induced by
methyl jasmonate (Geerlings et al., 2000) or insect
feeding (van de Ven et al., 2000). It is also known that
most of the �-glucosides are accumulated as nontoxic
storage forms in the vacuoles (Klein et al., 1996;
Frangne et al., 2002), and on the other hand, plant
�-glucosidases are separately localized to cell walls
(Kakes, 1985; Mkpong et al., 1990; Hughes et al.,
1992), protein bodies (Swain et al., 1992), plastid (Mi-
nami et al., 1997; Cicek and Esen, 1998), or the endo-
plasmic reticulum membrane (Geerlings et al., 2000).
The investigation of the tea leaf �-primeverosidase in
terms of the regulation of gene expression as well as
the intracellular localization will be achieved by us-
ing the cDNA and the antibodies prepared in this
study.

MATERIALS AND METHODS

Chemicals

pNP �-d-glucopyranoside and pNP �-d-xylopyranoside were purchased
from Sigma Chemical (St. Louis). pNP �-primeveroside was enzymatically
synthesized by transglycosylation between xylobiose and pNP �-d-
glucopyranoside with a �-xylosidase from Aspergillus pulverulentus (Murata
et al., 1999). 2-Phenylethyl �-d-glucopyranoside and 2-phenylethyl �-d-
primeveroside were chemically synthesized as described (Ma et al., 2001a).

Plant Material

For purification of the �-primeverosidase, the fresh leaves (leaf shoots
with up to third or fourth leaf) of a cultivar for green tea manufacturing
(Camellia sinensis var sinensis cv Yabukita) were plucked at the National
Institute of Vegetables, Ornamental Plants, and Tea (Kanaya, Shizuoka,
Japan). For the investigation of the distribution of the �-primeverosidase in
tea shoots, the fresh green tea shoots were plucked at Kyoto Prefectural Tea
Research Institute (Uji, Kyoto).

Purification of Tea �-Primeverosidase

Fresh juvenile tea leaves of cv Yabukita were finely chopped, crushed in
dry ice-acetone by a homogenizer, and filtered in vacuo. The residue was
washed with chilled acetone (�20°C) until the filtrate became nearly color-
less. The residue was spread on filter paper and then placed in vacuo to
remove acetone. The residual acetone powder was stored at �20°C before
use. The acetone powder (100 g, equivalent to 600 g of fresh leaves) was
suspended in 0.1 m citrate buffer (pH 6.0, 2 L), stirred for 4 h at 4°C, and
centrifuged at 14,000g for 20 min. To the supernatant, an equal amount of
chilled acetone (�20°C) was gradually added with stirring, and the mixture
was left overnight at 4°C. The precipitate obtained by centrifugation at
14,000g for 20 min was dissolved in 0.1 m citrate buffer (pH 6.0, 500 mL).
Ammonium sulfate was added up to 40% saturation, and the mixture was
centrifuged at 14,000g for 20 min. The supernatant was subjected to a
butyl-Toyopearl 650M column (124 � 32 mm, Tosoh, Tokyo) equilibrated
with 20 mm citrate buffer (pH 6.0) containing 40% ammonium sulfate. The
enzyme fractions were eluted by a linear gradient of ammonium sulfate
from 40% to 0% saturation in 1,000 mL of 20 mm citrate buffer (pH 6.0) with
a flow rate of 5 mL min�1. The �-primeverosidase fractions were combined
and concentrated by ultrafiltration (Amicon PM-10, Grace Japan, Tokyo),

and dialyzed against 20 mm citrate buffer (pH 6.0) containing 50 mm NaCl.
The fraction was applied to a CM-Toyopearl column (300 � 22 mm, Tosoh),
and the �-primeverosidase fractions were eluted by a linear gradient of
NaCl from 50 to 150 mm in 500 mL of 20 mm citrate buffer (pH 6.0). The
�-primeverosidase fraction was placed on a column (50 � 5 mm) of Mono
S HR (Amersham-Pharmacia Biotech, Tokyo) equilibrated with 20 mm ci-
trate buffer (pH 6.0). The �-primeverosidase was eluted with a linear
gradient of NaCl from 0.1 to 0.25 m at a flow rate of 1 mL min�1. Because
the �-primeverosidase was nearly co-eluted with �-glucosidases from each
column chromatography, the fractions containing the �-glucosidase activi-
ties were thoroughly eliminated from the �-primeverosidase fractions by
tracing both the activities using pNP �-d-glucopyranoside and
�-primeveroside as substrates during the whole purification process.

Amino Acid Sequencing

The �-primeverosidase purified as described above was applied to
reverse-phase HPLC using a CAPCELL PAK C18 SG300 column (150 � 4.6
mm, SHISEIDO, Tokyo), and a single peak fraction was collected and
directly analyzed to determine the N-terminal amino acid sequence. The
fraction was further digested with a lysyl endopeptidase (Wako Pure Chem-
ical Industries, Osaka) or trypsin (Wako), and the resultant peptide frag-
ments were separated by reverse-phase HPLC using a CAPCELL PAK C18
SG120 column (250 � 4.6 mm, SHISEIDO). Amino acid sequences were
analyzed by automated Edman degradation using the ABI protein se-
quencer 492 (Applied Biosystems, Norwalk, CT).

Cloning of Tea Leaf �-Primeverosidase cDNA

The total RNA was isolated from juvenile tea leaves by the method of
Verwoerd et al. (1989). The mRNA was purified with an oligo(dT) cellulose
column type 7 (Amersham-Pharmacia Biotech). The cDNA library was
constructed from the mRNA with a double-stranded Uni-ZAP XR vector
(Stratagene, La Jolla, CA) after the manufacturer’s instruction. The mass
excision was performed to make the phagemid library (Stratagene).

The oligonucleotide primer, �PRI1: 5�-GGIGA(T/C) GTIGCIGA(T/C)
GA(T/C) TT(T/C) TA(T/C) CA-3�, was degenerated from the internal
amino acid sequence, GDVADDFYH, determined from the purified
�-primeverosidase. By using a set of �PRI1 and an oligo(dT)16 primer, PCR
was performed through 30 cycles of 60 s at 94°C, 90 s at 45°C, and 60 s at
72°C with the mass-excised phagemid library as templates. PCR products
were separated by 2% (w/v) agarose gel electrophoresis, and the major
band was cloned into a pGEM-T vector (Promega, Madison, WI). The cDNA
fragment was labeled with [32P]dCTP by random priming method, and
about 500,000 plaques from the tea leaf cDNA library were screened with
the labeled fragment as a probe. The partial nucleotide sequences of the
positive clones were determined using forward and reverse primers for the
pBluescript SK(�) phagemid, and the clone with the longest insert was
completely sequenced. The dideoxy chain termination method using an ABI
prism Dye termination Cycle Sequencing Reaction Kit (Applied Biosystems)
and an ABI Prism 377 Sequencer (Applied Biosystems) carried out DNA
sequencing.

Analysis of N-Glycosylation of �-Primeverosidase

For carbohydrate analysis of the purified �-primeverosidase, periodic
acid-Schiff staining was performed (Jay et al., 1990). For the deglycosylation
of the �-primeverosidase, the �-primeverosidase purified from tea leaves
was mixed in 1% (w/v) Triton X-100 and 50 mm 2-mercaptoethanol, and
heated at 100°C for 15 min. The sample was treated with glycopeptidase A
from Almond (Seikagaku, Tokyo) in the buffer, incubated for 2 d at 37°C,
and was analyzed by 10% (w/v) SDS-PAGE.

Expression of the �-Primeverosidase cDNA in
Escherichia coli

To obtain the mature form of a recombinant �-primeverosidase, the cDNA
coding for the mature �-primeverosidase was amplified by PCR using a set
of the two primers: N-terminal primer starting at amino acid 29 residue,
5�-GGATCCGCTCAAATCTCCTCCTTCAAC-3�, containing a BamHI site
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(underlined); and C-terminal primer, 5�-GTCGACCTACTTGAGGAG-
GAATTTCTT-3�, containing an SalI site (underlined). The 1.4-kb PCR frag-
ments were cloned into the pGEM-T vector (Promega), and the DNA se-
quence of the insert was confirmed by sequencing. The insert cDNA coding
for the mature �-primeverosidase was isolated by digestion with restriction
enzymes, BamHI and SalI. The digested insert was ligated into a pMALc2
vector (New England Biolabs, Beverly, MA) to generate pMALc2-�Pri. The E.
coli (JM109) was transformed with the pMALc2-�Pri plasmid and the cells
were subsequently grown at 37°C and 250 rpm in Luria-Bertani (LB) medium
supplemented with 50 �g mL�1 ampicillin overnight. The 10-mL overnight
culture was used to inoculate each 1-L aliquot of LB medium supplemented
with 100 �g mL�1 ampicillin and 0.2% (w/v) Glc, and the cells were grown
at 37°C and 250 rpm until the A600 reached about 0.6. The expression of the
mature �-primeverosidase fused with a maltose-binding protein was induced
by addition with 0.1 mm IPTG. The cells were further grown at 22°C, 150 rpm
for 24 h. The expressed cells were collected by centrifugation at 5,000g for 10
min and were resuspended in 50 mm citrate buffer (pH 6.0), 1 mm EDTA, and
1 mm phenylmethylsulfonyl fluoride. The suspension was sonicated 15 times
for 30 s with 30-s intervals, and was centrifuged at 28,000g for 30 min. The
obtained supernatant was applied to an amylose resin column (New England
Biolabs) equilibrated with the suspension buffer. The fusion protein was
eluted with the suspension buffer supplemented with 10 mm maltose. The
mature form of the �-primeverosidase was separated from the maltose bind-
ing protein by digesting with a protease factor Xa (New England Biolabs), and
the protein sample was subjected to further purification by a CM-Toyopearl
column chromatography (Tosoh).

Preparation of Anti-�-Primeverosidase
Polyclonal Antibodies

The cDNA coding for the mature form prepared above was inserted into
the pQE30 vector (Qiagen, Tokyo). The E. coli cells (JM109) were trans-
formed with the expression vector and the cells was subsequently grown at
37°C and 250 rpm in LB medium supplemented with 50 �g mL�1 ampicillin
overnight. The 10-mL overnight culture was used to inoculate each 1-L
aliquot of LB medium supplemented with 100 �g mL�1 ampicillin and 0.2%
(w/v) Glc, and the cells were grown at 37°C and 250 rpm until OD600

reached about 0.6. The expression of �-primeverosidase fused with 6� His
tag was induced by the addition with 1 mm IPTG at 37°C for 18 h. The cells
were collected by centrifugation at 5,000g for 10 min, resuspended in 100
mm sodium phosphate buffer (pH 7.8) containing 500 mm NaCl, disrupted
15 times for 30 s with 30-s intervals, and centrifuged at 28,000g for 30 min.
Because the expressed protein was insoluble and produced as inclusion
bodies, the precipitates were dissolved with 100 mm sodium phosphate
buffer (pH 7.8) containing 6.0 m guanidium chloride, 500 mm NaCl, and 20
mm imidazole. The His tag fusion protein was purified according to the
manufacture’s instructions (Qiagen). The fusion protein was further puri-
fied by a preparative SDS-PAGE. After staining with 0.3 m CuCl2, the
recombinant protein band was excised from the gel and was dialyzed
against 250 mm Tris-HCl (pH 9.0) containing 250 mm EDTA for 3 h and then
against 20 mm Tris-HCl containing 0.1% (w/v) SDS overnight.

Polyclonal antibodies against the purified recombinant protein were
prepared by Hokkaido System Science Co., LTD (Hokkaido, Japan) in New
Zealand white rabbits (Oryctolagus cuniculus) by standard methods. IgGs in
blood serum were purified on Protein A Sepharose column (Amersham-
Pharmacia Biotech) according to the manufacturer’s instructions.

Immunoblot Analysis

Tea shoots were separated to each part (buds; first, second, third, and
fourth leaves; and stem), and the crude extract was prepared from the
acetone powder of each part of tea shoots. One microgram of protein of the
crude extract was loaded on 10% (w/v) SDS-PAGE, and transferred to a
nylon membrane Hybond N�-ECL (Amersham-Pharmacia Biotech). Bound
anti-�-primeverosidase antibody was detected using a goat anti-rabbit IgG
conjugated to alkaline phosphatase (Bio-Rad Laboratories, Hercules, CA)
and ECL Western Blotting Kit (Amersham-Pharmacia Biotech).

Enzyme Assays

The �-primeverosidase activity was determined using pNP �-primevero-
side as an artificial substrate. The incubation mixture (100 �L) was composed

of 20 mm citrate buffer (pH 6.0), 5 �L of an enzyme sample solution, and 5 �L
of 10 mm substrate solution. Reaction was started by adding an enzyme
sample at 37°C and stopped by addition of 50 �L of 1 m Na2CO3. The
liberated p-nitrophenol was determined spectrophotometrically at 405 nm.
One unit was defined as the amount of enzyme liberating 1 �mol p-nitro-
phenol min�1 under the assay conditions. When 2-phenylethyl �-primevero-
side was used as a natural substrate, the reaction conditions were essentially
the same as described above, except for addition of 50 �L of 1 m NaOH
containing 15 �g of benzyl alcohol to stop the reaction. The reaction mixture
was injected, and HPLC analysis was performed for detection of liberated
2-phenylethanol under the following conditions: column, YMC-pack
ODS-AQ (250 � 4.6 mm, YMC, Kyoto); detection, 210 nm with a 996 Photo-
diode Array Detector (Waters, Milford, MA); column temperature, 40°C;
mobile phase, 23% (v/v) MeCN; and flow rate, 1.0 mL min�1. The protein
content was determined using the Coomassie Blue protein assay reagent
(Pierce, Rockford, IL).

TLC Analysis

TLC was carried out on silica gel 60 F254 plates using a solvent system of
butanol:pyridine:water:acetic acid (6:4:3:1 [v/v]). Glycosides and sugars
were detected by heating at 120°C after spraying with 0.2% (w/v) naph-
thoresorcinol in H2SO4:ethanol (1:19 [v/v]).

1H-NMR Analysis for Determination of the
Stereochemical Outcome for Hydrolysis by the
�-Primeverosidase

The method was essentially described by Wang et al. (1998). 2-Phenyl-
ethyl �-primeveroside (10 mg) was dissolved in 0.7 mL of D2O. The
�-primeverosidase purified from tea leaves was lyophilized and redissolved
in 40 �L of D2O. After the 1H-NMR spectrum of the substrate was recorded,
the enzyme (20 �L) was added to an NMR tube containing the substrate,
and the tube was incubated at 37°C. The spectra were recorded (eight scans)
at the time intervals on a JNM-AL 300 spectrometer (JEOL, Tokyo) at 25°C
because the axial proton of �-anomer of the released primeverose was
overlapped with the HDO signal at 37°C.
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