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Abstract

Objectives To biotransform rutin into isoquercitrin.
Results A o-L-thamnosidase from Bifidobacterium
breve was produced by using Escherichia coli BL21
for biotransformation of rutin to isoquercitrin. The
enzyme was purified by Ni**-NTA chromatography to
yield a soluble protein with a specific activity of 56 U
protein mg~'. The maximum enzyme activities were
at pH 6.5, 55°C, 20 mM rutin, and 1.2 U en-
zyme ml~'. Under optimal conditions, the half-life
of the enzyme was 96 h. The K,,, and V,,,,,, values were
2.2 mM, 56.4 umol mg_1 min~! and 2.1 mM,
57.5 pmol mg~" min~" using pNP-Rha and rutin as
substrates, respectively. The kinetic behavior indicat-
ed that the recombinant o-L-rhamnosidase has good
catalytic performance for producing isoquercitrin.
20 mM rutin was biotransformed into 18.25 and
19.87 mM isoquercitrin after 60 and 240 min.
Conclusion The specific biotransformation of rutin
to isoquercitrin using recombinant o-L-rhamnosidase
from B. breve is a feasible method for use in industrial
processes.
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Introduction

Rutin, a quercetin rutinoside, exists in medicinal
herbs, fruits, vegetables as well as many plant-derived
foods and beverages (Awatsuhara et al. 2010; Chua
2013). It exhibits various activities including antiox-
idative, anti-hyperglycemic and neuroprotective ef-
fects (Chua 2013; You et al. 2010). The flavonoid,
isoquercitrin  (quercetin-3-B-p-glucoside) is a de-
rhamnosylation product of rutin; the structural differ-
ence between them is only a rhamnose. Although there
is a structural similarity to rutin, isoquercitrin, and
quercetin, there are some differences in physical,
chemical, and biological properties (Valentova et al.
2014). In comparison with rutin and quercetin,
isoquercitrin is better absorbed, suggesting that con-
jugation with glucose enhances its absorption in small
intestine (Arts et al. 2004). Isoquercitrin has a more
potent antiproliferative effect than quercetin or rutin
(Paulke et al. 2012; You et al. 2010). Isoquercitrin, due
to its specific property as an antioxidant, has an
important function in the anti-aging and anti-allergic
effects with a high pharmacological activity than that
of rutin (Paulke et al. 2012; Valentova et al. 2014).
Isoquercitrin is also better than rutin in protecting
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injured cells by scavenging free radical (Paulke et al.
2012).

Although isoquercitrin has many important and
special biological activities, its content in nature is
low. Therefore, finding an efficient way to produce it is
of significance. Isoquercitrin is produced by chemical
and enzymatic methods. Experiments have shown that
the aglycon of rutin is easily deglycosylated under
mild acidic hydrolysis conditions at appropriate tem-
peratures, but its secondary glucoside (isoquercitrin)
was difficult to obtain. So, the preparation of iso-
quercitrin by enzymatic hydrolysis of rutin is prefer-
able to the acidic hydrolysis.

o-L-Rhamnosidase (EC3.2.1.40) is a glycosyl hy-
drolase that cleaves the terminal o-L-rhamnose from a
large number of natural glycosides, e.g., naringin,
rutin, hesperidin, and terpenyl glycoside (Beekwilder
et al. 2009). The enzyme is also used industrially for
debittering citrus fruits by releasing rhamnose from
naringin and employed in enhancing the grape juice
aroma by hydrolysis of terpenyl glycosides (Spagna
et al. 2000). Based on the current research, o-L-
rhamnosidase activity allows the production of ex-
pensive flavonoid glycosides, isoquercitrin, in an easy
and cheap bioprocess starting from rutin. Thus, the
biotransformation of mono-glycosylated isoquercitrin
from rutin by the enzymatic hydrolysis method seems
to be a good alternative for obtaining compounds with
enhanced functional properties.

In this study, a gene coding for o-L-rhamnosidase
from the probiotic bacteria, Bifidobacterium breve
ATCC 15700, was cloned and expressed in Escher-
ichia coli BL21. The biochemical properties of the
recombinant o-L-rhamnosidase were determined, and
isoquercitrin was produced from rutin using the
enzyme. The enzyme has a high efficiency of trans-
forming rutin to isoquercitrin. It can provide a new
method for the production of isoquercitrin in the
industry.

Materials and methods
Bacterial strains, plasmid and culture conditions

Bifidobacterium breve ATCC 15700 was grown
anaerobically at 37 °C in MRS medium containing
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0.05 % (w/v) L-cysteine. E. coli strains DH5o and
BL21 (DE3) were employed for gene cloning and
expression, respectively, with the strains grown in
lysogeny broth (LB) medium. The plasmids pGEM-T
easy and pET28a (4+) were used as cloning and
expression vectors respectively.

Cloning of a-L-rhamnosidase gene

For cloning of gene sequence encoding a putative o-L-
rhamnosidase, B. breve was boiled in water for
10 min. After centrifugation, the DNA-containing
supernatant was diluted and used as a template for
amplification. The primers were designed according to
the DNA sequence of the putative o-L-rhamnosidase
from B. breve (GenBank accession number,
CP006715.1). Forward (5-CGC GGA TCC ATG
CTC GAT GAT AGT GAA CTG C-3') and reverse
primers (5-CCC AAG CTT TAC GGA CCT CAT
TTC AAT CAC-3') were added the BamHI and
HindIII restriction sites (underlined), respectively. To
obtain C-terminal His-tag sequence, the stop codon of
the gene was removed. The amplified PCR product
with restriction sites was cloned into pGEM-T easy
vector and then transformed into E. coli DH5a. After
identifying and sequencing, the sequence was sub-
cloned into the pET28a (4) plasmid with the same
restriction enzymes and then transformed into E. coli
BL21.

Expression and purification of a-L-rhamnosidase

Escherichia coli cells containing the pET28a (+)/o-L-
rhamnosidase gene from B. breve were grown in LB
medium containing 100 pg kanamycin/ml at 37 °C.
IPTG was added at 1 mM when the ODgyg of the
culture reached to 0.5. Induction was carried out for
another 3 h before the cells were harvested. The
induced cells were subsequently harvested and dis-
rupted via sonication in 50 mM citrate buffer (pH 5.5).
The recombinant protein was purified by Ni*™ column
chromatography. The protein was eluted with 50 mM
phosphate buffer/300 mM NaCl/250 mM imidazole,
pH 7. The purified protein was analyzed by 10 % SDS-
PAGE. The protein concentration was determined
using Pierce BCA Protein Assay Kit (Thermo Scien-
tific) following the manufacturer’s protocol.
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Assays for enzyme activity

o-L-Rhamnosidase activity was assayed using 10 mM
p-nitrophenyl-o-L-thamnopyranoside (pNP-Rha) as
substrate at various temperatures (20-80 °C) and pH
values (3-9). After incubation, the reaction was
stopped by adding an equal volume of 200 mM
Na,CO;. The released p-nitrophenol (pNP) was
determined at 405 nm. One unit of the enzyme activity
(U) was defined as the amount of enzyme releasing
1 pmol pNP from the substrate per min (De Winter
et al. 2013). All assays were performed in triplicate.

Enzyme kinetics

The kinetic constants K,,, and V,,,.,, of the enzyme were
calculated by fitting the activity data at different
substrate concentrations ranging from 0.2 to 4 mM to
a linear regression on Lineweaver—Burk double-
reciprocal plots. All assays were performed in
triplicate.

Analysis of biotransformed products by TLC
and HPLC

Rutin was dissolved in methanol and incubated in
50 mM sodium phosphate buffer (pH 6.5) containing
20 mM rutin, 5 % (v/v) DMSO, and 1.2 U en-
zyme ml™! at 55 °C. After incubation, the reaction
was stopped by heating at 100 °C for 30 min. The
biotransformed products were subsequently extracted
and freeze-dried, and then dissolved in methanol,
filtered through 0.45 pm syringe filter, and used for
TLC and HPLC analysis. TLC analysis was conducted
on silica gel G plates with ethyl acetate/methanol/
water (30:5:4, by vol). The product was visualized by
heating the plate at 110 °C for 5 min after spraying
with 10 % (v/v) H,SO4 in ethanol. HPLC was
performed with an XTerra C;g column
(250 mm x 4.6 mm, 5 pm), at 30 °C with a Prep
LC controller (LCD), and a dual absorbance detector.
The injection volume of standards and samples was
10 pl. The mobile phase at 0.5 ml/min was 0.1 % (v/
v) trifluoroacetic acid (TFA) in water, pH 2.5, and
acetonitrile with the following gradient: 0-20 min,
linear gradient from 20 to 40 %; 20-30 min, 40 %.
The eluate was monitored at 350 nm. All HPLC
analyses were performed in triplicate.

Results and discussion

Gene cloning and recombinant o-L-rhamnosidase
purification

A full-length gene encoding the o-L-rhamnosidase of
B. Breve ATCC 15700 was 2328 bp and encoded a
775-amino acid protein. The o-L-rhamnosidase gene
has the same sequence as that reported in GenBank
(accession number, CP006715.1). The amplified gene
was cloned into pET28a (+) vector at the BamHI and
HindIlI restriction sites. A recombinant protein, o-L-
rhamnosidase was successfully expressed using the T7
expression system in E. Coli. The expressed enzyme
was purified from the crude extract by Ni*"-NTA
agarose affinity column to yield a soluble protein with
a specific activity of 56 U protein mg~'. The
molecular mass of the purified enzyme determined
by SDS-PAGE was approx. 87 kDa (Fig. 1), which is
consistent with the calculated value based on the
amino acids. The molecular mass of the B. Breve o-L-
rhamnosidase is similar to the molecular mass that has
been reported for the extracellular a-L-rhamnosidases
from fungi, including Aspergillus aculeatus (87 kDa)
(Manzanares et al. 2003), Aspergillus niger (85 kDa)
(Manzanares et al. 1997), and Aspergillus kawachii
(90 kDa) (Koseki et al. 2008).

Effects of temperature and pH on the activity
of a-L-thamnosidase from B. breve

The effects of pH and temperature on recombinant
enzyme from E. coli were investigated by pNP assay.
The activities of ao-L-thamnosidase increased up to
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55 °C, and then decreased dramatically (Fig. 2a). The
enzyme had maximal activity at 55 °C towards pNP-
Rha as substrate, which is similar to those of
Aspergillus Rhases (You et al. 2010). The optimum
pH for o-L-thamnosidase was 5.5-7, with 90.5, 95.8,
97.8, and 91.2 % of maximum activity at pH 5.5, 6,
6.5, and 7, respectively (Fig. 2b). The pH range for o-
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Fig. 2 Effects of temperature and pH on the activity of
recombinant o-L-thamnosidase determined using pNP-Rha as a
substrate. Data represent the means of three experiments and
error bars represent standard deviation. a Effects of temperature
on the activity of recombinant o-L-rhamnosidase. Enzyme
activity was assayed in sodium phosphate buffer (pH 6.5) for 2 h
from 20 to 80 °C. b Effects of pH on the activity of recombinant
o-L-rhamnosidase. Enzyme activity was assayed after incuba-
tion at 55 °C for 2 h in following buffers (50 mM): glycine/HCI1
buffer (pH 3), citric acid/sodium citrate buffer (pH 4-5), sodium
phosphate buffer (pH 6-7), and Tris/HCI buffer (pH8-9). In
both cases, 100 % relative activity = 1.2 U enzyme ml™"
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L-thamnosidase activity was neutral to slightly acid
with greater than 90 % of the activity at pH values of
5.5-7. Maximal activity at acid pH values was similar
to the enzymes isolated from diverse microbial
systems described in the literature when using pNP-
Rha as substrate. The optimum pH of rutin hydrolysis
by o-L-rhamnosidase from the Bacillus sp. GL1
(Hashimoto et al. 1999) was 5.5. An alkaline pH is
preferable only for a few Rhases, such as maximal
activity of A. luteoalbus Rhase at pH 9.5. A neutral to
slightly acid condition is preferable for applications of
Rhase in the food and pharmaceutical industries.
Therefore, it has a potential application for the
production of the corresponding glycosyl derivatives.

The thermal stability of recombinant o-L-rham-
nosidase was assayed at 50, 60, 70, and 80 °C for
90 min (Fig. 3). It was stable at 60 °C for more than
16 h and retained more than 90 % activity after 20 h.
However, the stability of the enzyme decreased
drastically at 70 and 80 °C with half-life duration of
25 and 10 min, respectively, and the half-life of the
enzyme was 96 h under the optimal conditions (55 °C,
pH 6.5) (data not shown). The optimal temperature for
the activity of the o-L-rhamnosidase from various
species of Aspergillus is from 40 to 65 °C. Enzymes
from A. niger and A. aculeatus retained 85 and 87 % of
their original activity following heating for 4 h at 50
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Fig. 3 Thermal stability of recombinant o-L-rhamnosidase
determined using pNP-Rha as a substrate. Data represent the
means of three experiments and error bars represent standard
deviation. Thermal stability profiles of the enzyme were assayed
at 50 °C (filled cycle), 60 °C (open triangle), 70 °C (open
cycle), and 80 °C (filled triangle) in sodium phosphate buffer
(pH 6.5)
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and 55 °C, respectively (Manzanares et al. 1997,
2003). The enzyme from A. nidulans is extremely
unstable at 60 °C and loses 90 % of its activity for 1 h
(Koseki et al. 2008). Most of the characterized Rhases
are slightly lower thermal stabilities (Beekwilder et al.
2009).

Kinetic parameters of the recombinant o-L-
rhamnosidase from B. breve

The Michaelis—Menten kinetics K,,, V0 and keq
values of the B. breve a-L-rhamnosidase were deter-
mined using pNP-Rha and rutin as substrates respec-
tively. K,,,, V,nax and ke, values were much closer for
both substrates. The K,,,, V., and k., values were
found to be 2.2 mM, 56.4 pmol mgfl min~!, and
25! using pNP-Rha as substrate, and the values
were 2.01 mM, 57.2 pmol mg_1 min_l, and 2.5 57!
using rutin as substrate, respectively. Kinetics and
mechanism of o-L-rhamnosidase catalyzed reactions
have rarely been studied. Lower K,, values ranging
from 1.5 to 2.9 mM have been described for
Aspergillus Rhases (Manzanares et al. 1997). The
kinetic property of an enzyme is affected by many
factors such as temperature, pH, solvent, metal ions or
cofactors, and the presence of surfactants. Metal ions,
Na*, KT, Ca®", Mg>", Mn*", and Fe**, had no effect
on enzyme activity which was similar to the o-L-
rhamnosidase from Acrostalagmus luteo albus (Rojas
et al. 2011). The kinetic behavior here has clearly
indicated that the recombinant o-L-rhamnosidase has
good catalytic performance and environmental com-
patibility. However, the kinetics and catalytic mechan-
isms of a-L-rhamnosidases from B. breve are required
to be further studied.

Substrate specificity of the recombinant o-L-
rhamnosidase from B. breve

To identify the specificity of the a-L-rhamnosidase,
rutin (o-1,6 linkage), hesperidin (a-1,6 linkage), and
naringin (o-1,2-linkage) were tested. As shown in
Table 1, o-L-rhamnosidase released o-L-rhamnose
from three substrates. It is thus able to hydrolyze both
a-1,2 and o-1,6 glucosidic linkages. However, the
enzyme was more active towards rutin. Substrate
specificity of the o-L-rhamnosidase from different
species was tested with various o-L-rhamnose-con-
taining natural compounds (flavonoids, terpenoids,

Table 1 Substrate specificity of B. breve o-L-rhamnosidase

Substate Rhamnose released from the total (%)
Rutin 97.4
Hesperidin 72.1
Naringin 352

Substrate concentration 5 mM rutin, hesperidin, and naringin.
The reaction was performed in sodium phosphate buffer (pH
6.5), 5 % (v/v) DMSO, and 1.2 U enzyme ml~! at 55 °C for
120 min

and saponins). The substrate specificity of o-L-rham-
nosidases towards o-1,2, o-1,3, a-1,4, and o-1,6
glucosidic linkages are found in different species.
The majority of a-L-thamnosidases are active on o-1,2
glucosidic linkages whereas the number of o-L-
rhamnosidases active on a-1,6 linkages comes second
(Yadav et al. 2010). In Aspergillus, only an o-L-
rhamnosidase from A. niger, and two o-L-rthamnosi-
dases from A. aculeatus were active towards all types
of linkage (Manzanares et al. 1997, 2003). The o-L-
rhamnosidase from B. breve displays broad substrate
specificity which may allow its application for
derhamnosylation of natural products.

Production of isoquercitrin from rutin
by recombinant B. breve o-L-rhamnosidase

The optimal a-L-rhamnosidase concentration for pro-
ducing isoquercitrin was investigated by varying the
enzyme concentration from 0.1 to 2 U enzyme ml™".
Isoquercitrin production increased with increasing
concentrations of enzyme until reaching a plateau at
1.2 U enzyme ml~' (data not shown). Isoquercitrin
production from rutin was assessed by varying the
rutin concentration from 1 to 25 mM with a constant
1.2 U enzyme ml~' (data not shown). Increasing the
substrate concentration up to 20 mM led to an increase
of isoquercitrin with Biotransformation yield de-
creased above 20 mM. Thus, the improved reaction
conditions for producing isoquercitrin from rutin by B.
breve a-L-rhamnosidase were: 0.5 % (v/v) DMSO, pH
6.5, 55 °C, 1.2 U enzyme ml~', and 20 mM rutin.
Under these conditions, the time-course experiment
was performed and the biotransformed crude product
of rutin by o-L-thamnosidase was identified by TLC
with an authentic sample. A new spot of isoquercitrin
was observed on TLC after 10 min. The isoquercitrin
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spot increased obviously after 60 min, and it reached
to a high level at 90 min (data not shown). Finally,
initial and final amounts of substrates and products
were also confirmed quantitatively by HPLC analysis
(Fig. 4), it was almost the same as the results of the
TLC analysis. The conversion rates were calculated
under the standard assay conditions. As shown in
Fig. 5, 20 mM rutin was transformed into 18.25 mM
isoquercitrin after 60 min which is a molar conversion
of 91 %. 20 mM isoquercitrin was transformed into
19.87 mM after 240 min with a corresponding molar
conversion yield of 99 %. This preparatory reaction
clearly demonstrated that the recombinant enzyme is
able to biotransform rutin selectively to isoquercitrin,
quantitatively within 240 min without any trace of the
unwanted quercetin. The productivity of isoquercitrin
in the present study using B. breve a-L-rhamnosidase
was obviously high. To sum up, the enzyme was a
suitable biocatalyst for the efficient and selective

Isoquercitrin Quercetin

Rutin

5.00 10.00 15.00 20.00 25.00 30.00
Time (min)

Fig. 4 HPLC analysis of the products obtained from the
biotransformation of rutin with B. breve a-L-rhamnosidase. The
reaction was performed in sodium phosphate buffer (pH 6.5)
containing 20 mM rutin, 5 % (v/v) DMSO, and 1.2 U en-
zyme ml~! at 55 °C. a standard. b 0 min. ¢ 30 min, d 90 min
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Fig. 5 Isoquercitrin production from rutin by recombinant o-1.-
rhamnosidase from B. breve under the optimal conditions.
Isoquercitrin (filled triangle) production from rutin (filled
circle). The reaction, final volume 10 ml, was performed in
sodium phosphate buffer (pH 6.5) containing 20 mM rutin, 5 %
(v/v) DMSO, and 200 pl enzyme preparation (giving a final
activity of 1.2 U ml~") at 55 °C for 90 min. Data represent the
means of three experiments and error bars represent standard
deviation

biotransformation of rutin. However, the scale-up
production will be strongly dependent on specific
technological conditions. Therefore, the process need
to be further improved for scale-up production.

Biotransformation pathway of isoquercitrin
by a-L-rhamnosidase

There are various flavonoid glycosides with rhamno-
syl moieties, such as isoquercitrin, rutin, hesperidin,
and naringin. For rutin, o-L-rhamnose is bound to the
B-p-glucosidic residue of isoqueratrin via an o-1,6
linkage. Based on the above results, it could be
inferred that the rhamnosidase selectively hydrolyzes
the a-1,6 linkage of rutin to give isoquercitrin. Similar
substrate specificity has been described for the o-L-
rhamnosidases from fungi (De Winter et al. 2013;
Manzanares et al. 1997) and yeasts (Yanai and Sato
2000). The biotransformation pathway of isoquercitrin
by a-L-thamnosidase from B. breve is shown in Fig. 6.
Some enzymes can selectively remove rhamnosyl
moieties. Two a-L-thamnosidases from Asp. aculeatus
have been used for preparing isoquercitrin, but
possessed potential pathogenicity. A potential candi-
date rhamnosidase from Lactobacillus plantarum was
used for biotransformation rutin, but its transformation
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Fig. 6 Biotransformation
pathway of rutin to OH
isoquercitrin by o-L-
rhamnosidase from B. breve
OH
OH OH

efficacy was only 13.2 % after 24 h (Beekwilder et al.
2009). o-L-Rhamnosidase and hesperidinase from A.
niger and A. aculeatus, respectively, were used for the
successful removal of rhamnose from rutin; however,
they had high B-p-glucosidase activities that decreased
the specificity of the rutin biotransformation (Man-
zanares et al. 1997, 2003). In our results, the B. breve
strain is a food-grade microorganism showing an
outstanding transformation rate of rutin to iso-
quercitrin of 97 % in 2 h. Our recombinant o-L-
rhamnosidase was expressed as completely void of a-
D-glucosidase activity which predestines its use for
highly selective derhamnosylation and the production
of such compounds as isoquercitrin.

In conclusion, although o-L-rhamnosidases have
several biotechnological applications, only a limited
have been characterized. Therefore, the development
of new commercially viable processes is desirable for
the production of this enzyme by fermentation. The
study demonstrates that only isoquercitrin is produced
from the rutin by the recombinant o-L-rhamnosidase
from B. breve. The recombinant o-L-rhamnosidase
completely converted rutin to isoquercitrin with high
productivity and specificity. Considering the im-
proved bioavailability of isoquercitrin compared to
rutin and quercetin, the o-L-rhamnosidase is consid-
ered potentially useful tool for the practical prepara-
tion of isoquercitrin from rutin.
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