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Abstract

Plant cell suspension cultures of Rauvol®a are able to produce a high amount of arbutin by glucosylation of exogenously
added hydroquinone. A four step puri®cation procedure using anion exchange, hydrophobic interaction, hydroxyapatite-
chromatography and chromatofocusing delivered in a yield of 0.5%, an approximately 390 fold enrichment of the involved

glucosyltransferase. SDS-PAGE showed a Mr for the enzyme of 52 kDa. Proteolysis of the pure enzyme with endoproteinase
LysC revealed six peptide fragments with 9±23 amino acids which were sequenced. Sequence alignment of the six peptides
showed high homologies to glycosyltransferases from other higher plants. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The O-û-D-glucoside of hydroquinone (HQ), also
named arbutin, is a widely distributed compound in
various higher plants. Especially in species such as
Vaccinium vitis-idaea (L.) and Arctostaphylos uva-ursi
(L.) SPRENG of the plant family Ericaceae (Steglich,
Fugmann & Lang-Fugmann, 1997) and in the plant
Bergenia crassifolia (L.) FRITSCH of the family
Saxifragaceae, arbutin is accumulated in leaves in sig-
ni®cant amounts of up to 20% of the dry weight
(Tschitschibabin, Kirssanow & Rudenko, 1930).

From the pharmacological point of view, arbutin
has attracted much interest for two therapeutical appli-
cations. As it exhibits an antibacterial e�ect, the leaves
of A. uva-ursi are used as tea preparations for the
treatment of infections of the urogenital tract (Weiss &
Fintelmann, 1997). Furthermore, arbutin is known to
be an inhibitor of the biosynthesis of the human pig-

ment melanin (Akiu, Suzuki, Fujinuma, Asahara &
Fukada, 1988) and is used by the cosmetic company,
Shiseido, as a lightener in cosmetics. Because of this
application various attempts have been made in the
past to generate arbutin in a biotechnological way
instead of using a chemical synthesis. One of the most
promising procedures for biological arbutin production
was the biotransformation in plant cell suspension cul-
tures of exogenously added aglycone hydroquinone
with resultant detoxi®cation by glucosylation. Earlier
experiments with cell systems clearly indicated such
biotransformations but the yields were relatively low
(Suzuki, Yoshioka, Tabata & Fujita, 1987; Mizukami,
Hirano & Ohashi, 1987). However, cultivated cells of
the alkaloid-delivering Apocynaceous species
Catharanthus roseus (L.) G. DON were proven to be
able to produce up to 9 g of pure arbutin per litre cell
suspension (Inomata, Yokoyama, Seto & Yanagi,
1991) which was the highest production of a natural
product by cultivated plant cells at that time.
Commercial production of the glucoside by biotrans-
formation has therefore tentatively been suggested
(Yokoyama & Yanagi, 1991). When a similar process
was developed with a high density Rauvol®a cell sus-
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pension instead of the C. roseus cells, the amounts of
formed arbutin could be considerably enhanced with
an optimum accumulation of 18 g/l nutrition medium
(Lutterbach & StoÈ ckigt, 1992), demonstrating the
exceptional glucosylation potential of these cells. In
order to understand this glucosylation process more
precisely, a prerequisite is the investigation of the
involved enzyme system.

Here, we report the enrichment and the partial
amino acid sequences of the hydroquinone:O-glucosyl-
transferase (E.C. 2.4.1 . . . ), including sequence com-
parison to other glycosyltransferases from higher
plants.

2. Results and discussion

The structure of the enzyme product was determined

after acetylation by EI±MS, showing identical frag-
mentation pattern with a reference sample. A short
HPLC assay which takes 5 min only was developed to
monitor the activity of the enzyme hydroquinone:O-
glucosyltransferase during formation of arbutin. A
good separation of the cofactor uridine diphosphate
glucose (UDPG), the substrate hydroquinone and the
enzyme product arbutin with retention times of 1 min
6 s, 2 min 42 s and 3 min 35 s, respectively, allowed
exact quantitation of the catalysed reaction. Based on
this assay, kinetics could be established to compare the
cell culture growth of R. serpentina suspensions and
enzyme production (data not shown). Because of the
excellent growth characteristics of the Rauvol®a cells in
the standard LS nutrition medium described by
Linsmaier and Skoog (1965) and in 1 l Erlenmeyer
¯asks, these conditions were used to generate kilo-
grams of cell material. These cultures showed optimum

Fig. 1. Puri®cation of hydroquinone:O-glucosyltransferase. (A) elution pro®le of DEAE-sepharose anion exchanger with linear gradient 0.03±

0.15 M KCl; (B) enrichment of the enzyme by the fast ¯ow Phenyl-sepharose CL-4b with a linear gradient of 250 to 0 mM (NH4)2SO4; (C)

seperation on a ceramic hydroxyapatite column with a linear gradient of 0.01±0.4 M KPi; (D) Chromatofocusing on a Mono P column starting

at pH 7.5 followed by elution with 5% polybu�er 74 pH 4.0 (- - - -), UV absorption; (-*-), speci®c activity; (-w-), KCl gradient; (±r±)

(NH4)2SO4 gradient (±q ±), KPi gradient; ±r ±, pH value; (ÐÐ), pooled fraction.
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transferase activities. About 5.5 kg fresh Rauvol®a cells
were grown and harvested for enzyme isolation and
puri®cation. After (NH4)2SO4 fractionation about 5.5
g soluble protein was obtained which was further puri-
®ed by four steps of column chromatography (see Fig.
1). As illustrated in Table 1, the separation with
DEAE ion exchange chromatography of crude protein
mixture from (NH4)2SO4 precipitation resulted in a 16
fold enrichment with an acceptable yield of 70%. A
further 3 fold enrichment was achieved, when the

remaining protein from DEAE chromatography was
subjected to fast ¯ow Phenyl-sepharose Cl-4b chroma-
tography which gave a relatively broad protein and ac-
tivity peak; therefore only the fractions at the peak
maximum, similar to highest enzyme activity, were
pooled (Fig. 1(B)). The ®nal yield of active enzyme in
this step was rather low, amounting to 23%. When
these prepuri®ed protein fractions were tested by SDS-
PAGE, the enrichment of the enzyme, which should
appear at 52 kDa (determined by gel chromatography
with a Sephacryl S-100 column), was not visible. When
Hydroxyapatite chromatography was employed the
active enzyme was eluted as a mixture with many
other remaining proteins forming a sharp peak, but
clearly showing pronounced tailing. As the activity
maximum of the enzyme appeared in the ascending
¯ank of the peak, only fractions of the ®rst half of the
peak were combined leading to a 70 fold enrichment
and a low yield of 3% compared to the original
enzyme activity (Table 1). In contrast to this step the
chromatofocusing on a Mono P column was more
e�ective. More than 50% of the proteins did not bind
during the sample loading and enzyme activity eluted
as a sharp peak from which only one fraction at the
peak maximum was used for further investigations
(Fig. 1(D)). As 3 mg of protein has been applied to
this step of chromatography, su�cient enzyme for par-
tial sequencing should remain at the end. In fact ca.
0.1 mg of the enzyme remained, which on SDS-PAGE
was not homogeneous but showed a very strong
enrichment remaining as the strongest protein band
which could be assigned by its molecular mass of 052
kDa (Fig. 2(A)). The identi®cation of the correct pro-
tein band was con®rmed by the fact that with higher
amounts of this protein band the enzyme activity
increased at the corresponding rate. Furthermore, we
used native PAGE, followed by detection of enzyme
activity and SDS-PAGE as a second dimension, which
con®rmed the identi®cation of the correct protein band
(Fig. 2(B)). By digestion of this band (Fig. 2(C)) with
proteinase LysC, six peptide fragments were separated
by HPLC and then sequenced (see Table 2).

The comparison of all six peptide sequences against
databases (FASTA) (Pearson & Lipman, 1988) showed
homologies (up to 100%) to other glycosyltransferases.

Table 1

Puri®cation of hydroquinone:O-glucosyltransferase

Puri®cation step Volume (ml) Total protein (mg) Total activity (nkat) Recovery (%) Speci®c Activity (nkat/mg) Enrichment (x-fold)

Crude extract 7100 7650 510 100 0.067 1

(NH4)2SO4 (30±70%) 750 5520 443 86.6 0.08 1.2

DEAE-sepharose 300 340 365 71.6 1.07 16

Phenyl-sepharose CL-4b 140 34 120 23.5 3.53 52.7

Hydroxyapatite 15 2.9 13.8 2.7 4.75 70.1

Mono P 1.5 0.095 2.5 0.5 26.32 390

Fig. 2. SDS-PAGE of hydroquinone:O-glucosyltransferase after com-

plete puri®cation procedure. (A) SDS-PAGE (11%); lane 1: fraction

showing highest enzyme activity, eluted from Mono P column; lane

2: molecular weight marker mixture. (B) SDS-PAGE (8%) as second

dimension after native PAGE; lane 3: protein, eluted from native

PAGE, showing transferase activity; lane 4: molecular weight marker

mixture; lane 5: fraction with highest enyme activity after chromato-

focusing (see gel A, lane 1). (C) SDS-PAGE (11%) that was used for

sequencing after digestion of transferase band with endoproteinase

LysC; lane 6: molecular weight marker mixture; lane 7: fraction with

highest enzyme activity after chromatofocusing (see gel A, lane 1).

The arrow indicates protein band of hydroquinone:O-glucosyltrans-

ferase.
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Fig. 3 displays the regions of di�erent glycosyltrans-
ferases from various plants with homologies to the
transferase isolated from Rauvol®a. Some of the
enzymes exhibit homologies to all six peptides. As the
putative glucosyltransferases from Arabidopsis and
Manihot (Hughes & Hughes, 1994), whose functions
are not published yet, all other transferases seem to be
involved in secondary metabolism. Based on sequence
comparison, most of them, such as the transferases iso-
lated from Perilla, Verbena, Ipomoea and Vigna, are
expected to be involved in the biosynthesis of ¯avonol

or anthocyanin glycosides, compounds involved in pig-
ment formation. A few other transferases are known
to glucosylate plant hormones (Bandurski, Cohen,
Slovin & Reinecke, 1995).

As far as we know, none of these enzymes is
described as accepting hydroquinone as a substrate.
Several glucosyltransferases, acting on phenolic sub-
strates, have been described in detail (Gross, 1983;
Tabata, Umetani, Ooya & Tanaka, 1988; Parry &
Edwards, 1994; Politycka, 1997), but no sequence data
are available till now. In addition, the substrate prefer-

Table 2

Sequence of 6 peptide fragments after hydroquinone:O-glucosyltransferase digestion with endoproteinase LysC, separated by HPLC

Peptide fragment Amino acid sequence

Peptide 7a Asp-Ala-Ala-Ser-Arg-Ala-Leu-Ser-Asp-Asp-Gly-Ser-Ser-Thr-Lys

Peptide 7b Ile-Ala-Asn-Ala-Thr-Tyr-Phe-Ser-Ile-Gln-Asn-Glu-Asn-Asp-Ala-Leu-Ala-Tyr-Leu-Pro-Glu-Gly-Phe

Peptide 13 Ala-Leu-Ala-Ala-Glu-Leu-Ala-Glu-Lys

Peptide 18 Asp-Phe-Leu-Asp-Pro-Ala-Gln-Asp-Arg-Lys

Peptide 26 Ala-Gly-Glu-Asn-Gly-Leu-Ile-Gly-Arg-Val-Glu-Ile-Ala-Asn-Ala-Val-Lys

Peptide 30 Arg-Tyr-Arg-Leu-Ala-Glu-Gly-Ile-Met-Val-Asn-Thr-Phe-Asn-Asp-Leu-Glu-Pro

Fig. 3. Sequence comparision of hydroquinone:O-glucosyltransferase fragments against Swiss Prot data base using FASTA. Enzymes are: (AT)

Putative glucosyltransferase from Arabidopsis thaliana (AAB61023). (PF) Anthocyanin 5-O-glucosyltransferase Perilla frutescens (BAA36421).

(6T) Flavonol 3-O-glucosyltranferase from Gentiana trifolia (Q96493). (VH) Anthocyanin 5-O-glucosyltransferase from Verbena x hybrida

(BAA36423). (ME) Flavonol 3-O-glucosyltransferase from Manihot esculenta (Q40287). (SB) UDPG glucosyltransferase from Solanum berthaultii

(AAB62270). (PS) UDP-glucuronosyltransferase from Pisum sativum (AAB99950). (IP) Flavonoid 3-O-glucosyltransferase from Ipomoea purpurea

(AAB86473). (VM) Flavonoid glycosyltransferase from Vigna mungo (BAA36412).
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ences of most of the plant glucosyltransferases, which
sequences are known, have not been determined. The
most important reasons for this have been undoubt-
edly the di�culties experienced in obtaining plant glu-
cosyltransferases in a homogeneous state as discussed
by Ford, Boss and Hùj (1998), although few examples
of successful work in this ®eld were recently reported
(Vogt, Zimmermann, Grimm & Strack, 1997, Ford et
al., 1998).

Because hydroquinone and arbutin seem not to be
naturally occurring compounds in Rauvol®a plants or
cell cultures, the enzyme must have another substrate
speci®city. However, the homologies of the peptide
fragments to other plant glycosyltransferases indicate
that, most probably, the Rauvol®a transferase
described here is also involved in secondary metab-
olism. To settle this question additional testing of the
enzyme speci®city is necessary, but the need for higher
quantities of pure protein for future investigations
could only be satis®ed by heterologous expression of
active enzyme.

The sequence information discussed herein will be
very useful because it can be a tool for the isolation of
the appropriate cDNA or genomic clone encoding for
this particular enzyme.

If this is successful, the UDPG dependent transfer-
ase might be expressed heterologously as demonstrated
for a number of other enzymes of the secondary
metabolism from plant cell suspension cultures
(Kutchan, 1989; Dittrich & Kutchan, 1991; Kutchan,
1998) in order to obtain enough protein to perform a
detailed analysis of this enzyme for the ®rst time. This
could, however, also o�er the possibility of generation
of the required commercially employed arbutin by an
enzyme mediated synthesis or by biotransformation of
hydroquinone with genetically engineered organisms
like E. coli or yeast systems. The appropriate investi-
gations are currently in progress.

3. Experimental

3.1. Plant cell material

Cell suspension cultures of R. serpentina were grown
in 1 l Erlenmeyer ¯asks in Linsmaier and Skoog med-
ium (1965) for 10 days under continuous light (600
lux) and shaking (100 rpm) at 24228C. For an opti-
mum enzyme isolation, transferase activities and cell
growth were determined every day after inoculation.
The cell material was harvested by suction ®ltration,
frozen with liquid nitrogen and stored at ÿ268C.

3.2. HPLC and transferase assay

HPLC was performed on a Merck-Hitachi system

connected to a LiChrospher1 60 RP Ð select B col-
umn (125 � 4 mm, 5 mm). Product separation was
achieved in an isocratic mode with 5% MeOH in H2O
adjusted with H3PO4 to pH 2.5 with a ¯ow rate of 1
ml/min and UV detection at 284 nm; Rt UDPG 1 min
06 s, HQ 2 min 42 s, arbutin 3 min 35 s.

The enzyme incubation mixture (total volume 125
ml) contained 100 mM Tris±HCl bu�er (pH 7.5), 2
mM UDPG, 1 mM HQ and various amounts of pro-
tein. The incubation time varied between 10 and 60
min, depending on enzyme activity. The standard
assay temperature was 508C.

3.3. Protein determination

Protein concentrations were determined by the
method of Bradford (1976) mixing 0.1 ml protein sol-
ution, 0.9 ml Bradford reagent and measuring the
absorption at 595 nm. For calibration bovine serum
albumin was used. For estimating protein amounts
during enzyme enrichment by column chromatog-
raphy, the UV curves were integrated with the AÈ KTA-
Explorer Software.

3.4. SDS-PAGE protein staining

Staining of proteins in SDS gels was carried out
with Coomassie solution (0.25% Coomassie Brilliant
Blue R-250, 45% MeOH and 9% HOAc in water);
destaining of background was performed with a sol-
ution of 30% MeOH and 9% HOAc in water. Silver
staining was performed as published previously
(Heukeshoven & Dernick, 1985). Enzyme enrichment
during the puri®cation of the glucosyltransferase was
checked by SDS-PAGE under denaturing conditions
using acrylamide amounts ranging between 8 and
11%. Marker protein used was the LMW marker mix-
ture (Amersham Pharmacia Biotech, Freiburg); for
native PAGE CleanGel 25S (Pharmacia) was applied.

3.5. Bu�ers

Bu�er A: 0.15 M Tris±HCl, 20 mM û-mercaptoetha-
nol (EtSH), pH 7.5. Bu�er B: 20 mM Tris±HCl, 10
mM EtSH, pH 7.5. Bu�er C: as bu�er B and 1 M
KCl. Bu�er D: as bu�er B and 250 mM (NH4)2SO4.
Bu�er E: 10 mM KPi, 10 mM EtSH, pH 7.5. Bu�er F:
0.4 M KPi, 10 mM EtSH, pH 7.5. Bu�er G: 5%
Polybu�er 74 (Pharmacia), 10 mM EtSH, pH 4.0.
Bu�er H: 20 mM Tris±HCl, 10 mM EtSH, pH 7.5,
20% polyethylen glycol 20,000. Bu�er I: as Bu�er B
and 150 mM NaCl.

3.6. MS measurements

For MS investigation of the enzyme product arbu-
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tin, a Finnigan MAT 44 S quadrupole instrument was
used under direct inlet conditions (70 eV) at an ion
source temperature of 2008C; arbutin was acetylated
by a mixture of acetic anhydride and dried pyridine
(1:1) in the MS tube for 12 h and dried under vacuum
for the same time before measurement.

3.7. Preparation of crude protein extracts

Cells of R. serpentina cell suspensions (5.5 kg, fresh
weight) were frozen with liquid nitrogen, added to
2.5 l bu�er A and mixture-aliquots were homogenized
with an ultraturrax for 1 min each, then ®ltered
through cheese cloth. The resulting solution was centri-
fuged at 10.000 � g for 30 min and the supernatant
(7.1 l) was used for the next puri®cation step. All puri-
®cation procedures were carried out at 48C.

3.8. Fractional precipitation with (NH4)2SO4

The protein in the resulting supernatant was sub-
jected to (NH4)2SO4 precipitation. The precipitated
protein between 30 and 70% (NH4)2SO4 was collected
after centrifugation (30 min, 10.000 � g), solubilised in
500 ml bu�er A and centrifuged. The supernatant was
dialyzed twice against 10 l bu�er B for 8 h each time.
Centrifugation (20 min, 10,000 � g) and resolution of
the precipitate yielded the soluble protein fraction (750
ml, 7.4 mg/ml).

3.9. Anion exchange chromatography on fast-¯ow
DEAE-sepharose

The obtained protein solution was added at a ¯ow
rate of 10 ml/min to a fast-¯ow DEAE-sepharose col-
umn (20.3 � 5 cm, vol 400 ml, XK50/30-column,
Pharmacia) which had been equilibrated with bu�er B.
After washing the column with one column volume
(CV, 400 ml) of bu�er B, one CV 0.03 M KCl in buf-
fer B, the enzyme was eluted with a linear KCl-gradi-
ent (4 CV, 0.03±0.15 M KCl) prepared from bu�ers B
and C. Enzyme activity appeared at 0.1 M KCl.
Fractions containing transferase activity were pooled
and prepared for the next puri®cation step by adding
(NH4)2SO4 to a ®nal concentration of 250 mM (300
ml).

3.10. Hydrophobic interaction chromatography on fast-
¯ow Phenyl-sepharose Cl-4b

The resulting protein solution from anion exchange
chromatography was pumped with a ¯ow rate of 5 ml/
min through a fast-¯ow Phenyl-sepharose column
(38 � 2.6 cm, CV 200 ml, XK26/40-column,
Pharmacia) which had been equilibrated with bu�er D.
After washing the column with 1 CV of bu�er D, the

enzyme was eluted with a gradient from 250±0 mM
(NH4)2SO4 prepared from bu�ers D and B. Fractions
containing >0.86 nkat/mg enzyme activity were com-
bined (140 ml) and concentrated by dialysis overnight
against 3 l of bu�er H to a remaining volume of
around 1 ml.

3.11. Hydroxyapatite chromatography

This concentrated protein solution was diluted to a
volume of 56 ml with bu�er E and was added to a
Macro-Prep1 Ceramic Hydroxyapatite (Bio-Rad,
Krefeld)) column �1:5� 1:6 cm, CV 3 ml, XK16/20-
column, Pharmacia), equilibrated before with bu�er E
at a ¯ow rate of 2 ml/min. After washing the column
with 7 CV of bu�er E proteins were eluted with a
KPi-gradient (10±400 mM, 35 CV) prepared with buf-
fers E and F. 3 Fractions (15 ml) containing >4 nkat/
mg enzyme activity were combined and dialyzed over-
night against 2 l of bu�er B.

3.12. Chromatofocusing with mono P

The dialyzed enzyme solution (55 ml) was added
with a ¯ow rate of 0.5 ml/min to a Mono P HR 5/20
column (Pharmacia) which had been equilibrated with
bu�er B. Proteins were fractionated with 30 ml bu�er
G at a ¯ow rate of 0.5 ml/min generating an almost
linear pH-gradient from pH 7.5 to 4.0. Transferase ac-
tivity was eluted at a pH around 5.3.

3.13. Mr determination by sephacryl S-100
chromatography

An enzyme solution (0.5 ml) obtained by concen-
tration with bu�er H after chromatography on Phenyl-
sepharose was applied to a calibrated HiPrep 16/60
Sephacryl S-100 HR column (Pharmacia) and eluted
with bu�er I (18 ml/h, FPLC, Pharmacia). Fractions
of 1 ml were collected and in each fraction the enzyme
activity was determined. Highest activities were moni-
tored after 48 ml, corresponding to a relative molecu-
lar weight of the enzyme of 52 kDa (2 8%).

3.14. Sequencing of the enzyme and peptide sequence
alignment

The enzyme was digested with endoproteinase LysC
in the gel. After separation and fractionation of
formed peptide fragments by HPLC on a Supersphere
60 RP select B column (Merck, Darmstadt), the pep-
tides were sequenced.
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