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A monophasic organic–water system for efficient enzymatic synthesis of�-d-glucopyranoside by reverse hydrolysis was constru
nd optimized.p-Nitrobenzyl alcohol (pNBA), selected as a model substrate alcohol, was readily glucosylated withd-glucose throug
everse hydrolysis using almond�-d-glucosidase in a monophasic aqueous-organic medium, producing a new glucoside,p-nitrobenzyl�-
-glucopyranoside (pNBG). The effects of different buffers, organic solvents and water contents were investigated. Buffer typ
ffected the initial reaction rate but had little effect on the final yields. The ratio of organic solvent to water plays a crucial role in

he reaction equilibrium toward synthesis, but a minimum amount of water is necessary to maintain the enzyme activity. Dioxa
as previously known as an unsuitable solvent for�-d-glucosidase-catalyzed reactions, was found to be the most appropriate solv

his synthetic procedure. The reaction equilibrium and enzyme stability in the reaction medium were also investigated. Under t
eaction conditions, i.e. 90% dioxane (v/v) + 10% buffer (Na2HPO4–KH2PO4, 70 mM, pH 6.0) with alcohol-to-glucose molar ratio of 9
-nitrobenzyl�-d-glucopyranoside was produced with a maximum yield (13.3%).
2004 Elsevier B.V. All rights reserved.
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. Introduction

To prepare anomerically pure glycosides by traditional
hemical methods is either to perform a circuitous and ex-
ensive procedure or to synthesize the glycosides as a mix-

ure of anomers requiring subsequent resolution[1]. These
roblems existing in conventional chemical synthesis have
timulated the development of enzymatic approaches since
arious glycosidases or glycosyl tranferases can catalyze
he synthesis of anomerically pure glycosides in one step.
n organisms, glycosidases are generally involved in gly-
oside degradation/processing; for direction of biosynthesis,
ature uses glycosyl transferases. A large number of enzymes

∗ Corresponding author. Tel.: +86 2164252498; fax: +86 2164252250.
E-mail address:jianhexu@ecust.edu.cn (J.-H. Xu).

involved in glycoside synthesis are well documented
some of them are commercially available.�-Glucosidase
are widely used in enzyme-catalyzed glycoside hydro
or synthesis[2]. Owing to their high anomer-selectivity a
mild reaction conditions,�-glucosidases can be a good
ternative for glucosylation of alcohols through either tra
glucosidation or reverse hydrolysis (for reviews, see[1–5]).
Many reports[6–13] describe the former procedure wh
an activated glucosyl donor such asp-nitrophenyl glucosid
(pNPG) is used, which increases the cost of the enzym
synthesis. Also it often makes the isolation of products
ficult because different by-products (oligosaccharides)
sulting from the transfer of the glucosyl donor onto its
may be generated. The reversed hydrolysis of glucoside
thermodynamically controlled reaction[14–29]. In an aque
ous medium the equilibrium normally favors hydrolysis,
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in an organic medium it can be shifted in the glucosylation
direction. A water-immiscible solvent has been successfully
introduced into an aqueous phase to reduce the water activity
for the synthesis of alkyl glucosides in a two-phase system
using the hydrophobic alcohol as both substrate and organic
phase[15–26]. However, the need to use a very high concen-
tration of the alcohol clearly limits the scope and application
of the reaction especially when the alcohol is either solid
under the planned reaction conditions, expensive or unavail-
able in large quantity. An alternative approach is to add a
water-miscible solvent, which decreases the thermodynamic
water activity and thereby favors glycoside synthesis. Vic et
al. [4,6,14,15,22,29]had made great efforts towards estab-
lishing this approach. In their work, solvent was found to
play a vital role among many factors affecting the product
yield. Acetonitrile,tert-butanol and acetone were selected as
appropriate solvents for enzymatic synthesis of glucosides. In
this work, however, we found that dioxane–aqueous medium
was more effective for our reaction than the traditionaltert-
butanol–water or acetonitrile–water system. In our previous
work [30], several glucosides including a natural salidroside
2-(4-hydroxyphenyl)ethyl�-d-glucoside which was shown
to possess some medicinal functions, were successfully syn-
thesized in a monophasic aqueous-dioxane medium by using
a crude meal of apple seed as a new catalyst. However, the
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(pNBA) was from Acros Chemical Co. (Belgium). The en-
zyme was used without further purification. Glucose was pur-
chased from Shanghai Renjie Chemical Reagent Co. (Shang-
hai, China) and 1,4-dioxane, acetonitrile, dimethylsulfoxide
andtert-butanol were from Shanghai Chemical Reagent Co.
Ltd.

2.2. HPLC and NMR analysis

HPLC was performed using a Shimadzu LC-10ATVP
pump with a UV detector.p-Nitrobenzyl �-d-glucopy-
ranoside (pNBG) was analyzed on a Ø5 mm× 150 mm YGW
C18 column using water–methanol (60:40, v/v) at a flow rate
of 0.8 ml min−1. Concentrations ofpNBA and pNBG were
calculated from peak areas using a calibration curve.1H NMR
spectra were recorded in D2O using a Bruker 500 Hz spec-
trometer.

2.3. The assay of enzyme activity

The synthetic activity of almond�-d-glucosidase was
measured in 80% (v/v) dioxane–buffer (Na2HPO4–KH2PO4,
70 mM, pH 6.0). Glucose (0.25 mmol) was dissolved in
0.2 ml buffer and was added to 0.8 ml dioxane, giving a to-
tal volume of 1.0 ml.pNBA (1.0 mmol) was then dissolved
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roduct yields in this medium were still relatively low, wh
as a drawback for applying this system to the synthes
ther novel glycosidic compounds with biological activit
herefore, a systematic optimization of the medium sys

s necessary and important for improving glycoside yiel
In this study, the enzymatic glucosylation of hydrop

ic p-nitrobenzyl alcohol by reverse hydrolysis in the d
ane–buffer medium with almond�-glucosidase as a cataly
as established and optimized. Commercially availabl
ond�-glucosidase, instead of the crude meal of apple s
as selected as the catalyst to make the results compara
ther studies, since almond�-glucosidase has been one of
ost widely used glycosidases and its features were c

han those of the home-made crude meal of apple seep-
itrobenzyl alcohol (pNBA) was selected as a model alc
ol (aglycone) substrate because both the substrate (pNBA)
nd the product (p-nitrobenzyl�-d-glucopyranoside, pNBG
ave relatively strong ultraviolet absorbance at 254 nm w
akes the TLC or HPLC assay of the substrate and/o
roduct more sensitive and convenient. The effects of a
us buffer, organic solvent, thermodynamic equilibrium,
nzyme inactivation and alcohol concentration on the y
f glycoside were investigated in detail.

. Materials and methods

.1. Chemicals

Almond �-d-glucosidase (EC 3.2.1.21, 3.8 U mg−1) was
urchased from Sigma Co. (USA) andp-nitrobenzyl alcoho
n the medium and 5.0 mg of almond�-d-glucosidase wa
dded to start the reaction.

The hydrolytic activity of almond�-glucosidase wa
easured spectrophotometrically usingp-nitrophenyl�-d-
lucopyranoside (pNPG) as a chromogenic substrate[31].

.4. Enzyme stability in media with high content of
ioxane

Almond �-d-glucosidase (5.0 mg) was suspended
.0 ml of dioxane–buffer (Na2HPO4–KH2PO4, 70 mM, pH
.0) mixture containing different fractions of dioxane (1
5, 90, or 80%, v/v). The enzyme suspension was p
ubated at 50◦C and shaken at 160 rpm for 1, 3, 6,
r 24 h. Then the mixtures were adjusted to 80:20 (
ioxane–buffer with buffer or dioxane, and the glucose
lcohol (pNBA) were added to start the reaction. The resid
ynthetic activity was assayed as described above by me
ng the concentration of pNBG synthesized with HPLC.

.5. Enzyme stability in media with low content of
ioxane

To various dioxane–buffer (Na2HPO4–KH2PO4, 70 mM,
H 6.0) mixtures (1.0 ml) was added almond�-d-glucosidas
5.0 mg). The dioxane concentration was 0, 10, or 50%.
uspension was incubated at 50◦C and shaken at 160 rp
or 1, 3, 6, 12, 24 h, respectively. The residual activity
ssayed spectrophotometrically as described above
NPG as the substrate of hydrolysis.
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2.6. Enzymatic synthesis of pNBG

Analytical-scale synthesis: To a test tube, was added
5 mg almond �-d-glucosidase powder, 0.1 ml buffer
(Na2HPO4–KH2PO4, 70 mM, pH 6.0) containing 0.25 mmol
glucose, 1.0 mmolpNBA and a certain amount of sol-
vent/buffer, making a final volume of 1.0 ml. The mixture
was shaken for 72 h at 160 rpm and 50◦C. Aliquots (50�l)
were removed at time intervals and quenched by the addition
of 950�l methanol. The samples were filtered through a mi-
cropore (0.45�m) membrane and then subjected to HPLC
analysis.

Preparative-scale synthesis: To 0.5 ml solution containing
1.25 mmol glucose and 70 mM Na2HPO4–KH2PO4 (pH 6.0),
was added 50 mg of the enzyme. The reaction was started
by the addition of 4.5 ml dioxane containing 11.25 mmol
pNBA and the mixture was shaken for 72 h at 160 rpm
and 50◦C. The reaction was quenched by addition of 10 ml
methanol. Then the enzyme was filtered off and washed with
methanol (5 ml× 2). The filtrate obtained was dried over an-
hydrous Na2SO4 and evaporated under reduced pressure. The
residue was purified by flash chromatography on Silica Gel
60 (100–200 mesh) with ethyl acetate/methanol (12:1) as elu-
ent, giving 51 mg pNBG (isolation yield: 13.0%) as amor-
phous solid.1H NMR δ (D2O, ppm): 3.32 (m, 4H), 3.69 (dd,
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Fig. 1. Effect of different buffers on the synthesis ofpara-nitrobenzyl gluco-
side catalyzed by almond�-glucosidase in monophasic systems containing
10% (v/v) buffer and 90% dioxane. The reaction was carried out by shak-
ing at 50◦C and 160 rpm a mixture of 5.0 mg enzyme powder, 0.1 ml buffer
containing 0.25 mmol glucose, 0.15 gpNBA (1.0 mmol) and 0.9 ml dioxane.
Symbols: open bars, NaAc–HAc buffer; grey bars, citrate/phosphate buffer;
grid bars, citrate buffer; solid bars, phosphate buffer.

to both the initial rate and the final yield (at 72 h) in the�-d-
glucosidase-catalyzed synthesis of pNBG. Since the optimal
water content of the monophasic buffer–solvent system was
not known in advance and might depend on the nature of
the organic cosolvent of interest; the effect of three selected
solvents (dioxane, acetonitrile, andtert-butanol) was inves-
tigated with different water contents (10, 20 and 40%, v/v).
Another solvent, DMSO, was examined not only with low
water contents (10 and 20%, v/v) but also with high water
contents (80 and 90%, v/v) because the literature[6] indi-
cated that less DMSO gave better results.

However, our results (Fig. 2a and b) clearly indicate that
DMSO was not suitable at all as a cosolvent for enzymatic
glycosidation no matter how much of water was used. A se-
vere inactivating effect of DMSO on the enzyme is probably
responsible for the very low activity and therefore the very
low yield (<1%) of pNBG in the DMSO system. In contrast,
the highest yield of pNBG was obtained in 90% (v/v) diox-
ane plus 10% buffer, although the enzyme activity in 90%
dioxane was significantly lower than that in the system of
dioxane or other solvents (except DMSO) with higher water
contents (e.g., 20 or 40%). Similarly, in eithertert-butanol
or acetonitrile, the best yield was given again with a water
content of 10% (v/v) even though the highest activity was
observed with 20% water. These facts suggest that the final
y led
b e is
k

the
r con-
t was
f ox-
a s
H, J= 5.8, 12.3 Hz), 3.88 (dd, 1H,J= 2.0, 12.3 Hz), 4.5
d, 1H, J= 7.9 Hz), 4.82 (d, 1H,J= 13.1Hz), 4.98 (d, 1H
= 13.1 Hz), 7.57 (d, 2H,J= 8.6 Hz), 8.14 (d, 2H,J= 8.7 Hz).

. Results and discussion

.1. Effect of buffer type and pH

Effect of buffer types and pH on the yield of pNBG (6
nder our synthetic conditions (dioxane: buffer, 9/1,
as first examined. As shown inFig. 1, phosphate buffe

Na2HPO4–KH2PO4, 70 mM, pH 6.0) showed the best
ults among the four buffers (acetate, citrate, phosphate
itrate/phosphate) at pH 5.0–6.0. We further investigate
nitial rate of enzymatic glycosidation in the phosphate bu
ith the pH ranging from 5.0 to 7.0, and observed the hig

ate at pH 6.0 (data not shown). Roode et al.’s research[16]
lso showed that almond�-d-glucosidase activity differe

n different buffer types. The activity in acetate buffer w
ess than half of that in citrate/phosphate buffer. The re
btained in our dioxane–water system was similar. How

he composition and pH of the buffer had little effect on
nal yields (data not shown), which is in accordance w
he result in acetonitrile–water medium reported by Vi
l. [14]. Phosphate buffer (Na2HPO4–KH2PO4, 70 mM, pH
.0) was thus used in the subsequent experiments.

.2. Effect of organic solvents

The effects of different organic solvents and their c
ents in the reaction medium were investigated with res
ield of glycoside in reverse hydrolysis is mainly control
y the thermodynamic equilibrium as long as the enzym
ept active.

Since both the enzyme activity and the position of
eaction equilibrium depend to a large extent on water
ent of the medium, the best medium (dioxane–buffer)
urther optimized in the whole range of 0–100% (v/v) di
ne. As illustrated inFig. 3, though the best activity wa
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Fig. 2. Effect of organic solvent on the initial rate (A) and the final yield at
72 h (B). The reaction was carried out at 50◦C and 160 rpm/min by shak-
ing a mixture of 0.25 mmol glucose, 1.0 mmolpNBA and 5.0 mg enzyme
powder in 1.0 ml medium containing different volume fractions of a solvent
and phosphate buffer (Na2HPO4–KH2PO4, 70 mM, pH 6.0). Symbols: open
bars, 90% solvent; solid bars, 80% solvent; grid bars, 60% solvent; hatched
bar, 20% DMSO; grey bar: 10% DMSO.

observed in the 50% dioxane medium, the highest yield (at
72 h) was obtained again in 90% dioxane (or 10% water).
When the water content was further reduced to 5% (v/v), the
final yield of pNBG dropped dramatically to below 1% be-
cause the enzyme activity in the 95% dioxane system was

Fig. 3. Dependence of pNBG synthesis on volume fraction of the organic sol-
vent in dioxane–water system. The reaction was performed in 1.0 ml medium
of dioxane–buffer (Na2HPO4–KH2PO4, 70 mM, pH 6.0) by shaking a mix-
ture of 0.25 mmol glucose, 1.0 mmolpNBA and 5 mg enzyme powder at
50◦C and 160 rpm. Symbols: (�) initial rate; (�) final conversion.

Fig. 4. The inactivation profiles of almond�-d-glucosidase at 50◦C in the
organic–water system with different volume fractions of dioxane. The meth-
ods for the stability test were described in Sections2.4 and 2.5. Symbols:
(�) 100%; (�) 95%; (�) 90%; (�) 80%; (♦) 50%; (©) 10%; and (�) 0%.

almost completely inhibited owing to the lack of essential
water. These results were in accordance to those reported in
literature[6,9,14–16,19,20]where the best yield was also ob-
tained in 90% (v/v) organic solvent, because a minimum of
water was necessary to maintain enzyme activity. Therefore,
the yield of glycoside in enzymatic reverse hydrolysis cannot
be infinitely enhanced by further reduction of water content
in the monophasic medium system.

In the work of Vic et al. [6,14,29] on solvent ef-
fects on the enzymatic synthesis of 2-hydroxybenzyl�-d-
glucopyranoside, dioxane gave an unfavorable result while
the best yield was obtained in 90% (v/v) acetonitrile or
tert-butanol. This was explained in terms of enzyme sta-
bility in the organic solvents and it was suggested that en-
zyme stability would be optimum in solvents with a lowδd
(London dispersive forces) mostly close to that of water (δd
H2O = 6 cal cm−1), such astert-butanol, acetone and acetoni-
trile. However, in our study, dioxane (with a highδd value)
seems to be the optimal solvent to obtain the best yield ofp-
nitrobenzyl�-d-glucopyranoside. Thus it is possible that the
product yield is influenced not only by the nature of solvent
but also by that of the substrate itself.

3.3. Enzyme stability in the dioxane–water systems

t of
w sta-
b as
e , 90,
a n
9 46%
o in
8 ore,
t to
l the
h wer
To further elucidate the disparity between the effec
ater content on the initial rate and on the final yield, the
ility of the almond�-glucosidase in the dioxane system w
xamined as a function of water content (0, 5, 10, 20, 50
nd 100%, v/v). As shown inFig. 4, after 24 h of incubation i
0% (v/v) dioxane with 10% water, the enzyme retained
f its initial synthetic activity while the remaining activity
0% (v/v) dioxane with 20% water was only 4%. Theref

he higher yield in 90% (v/v) dioxane was not only owing
ess water favoring the synthesis equilibrium but also to
igher stability of the enzyme in the medium with the lo
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Fig. 5. The equilibrium between the enzymatic hydrolysis and synthesis
of pNBG in the monophasic medium containing 90% (v/v) dioxane. Both
the reactions were performed with 5 mg enzyme in 0.1 ml buffer and 0.9 ml
dioxane at 50◦C and 160 rpm. Symbols: (©) synthesis of pNBG: starting
from 0.25 M glucose and 1.00 MpNBA; (�) hydrolysis of pNBG: initiat-
ing from 0.25 M pNBG and 0.75 MpNBA; (↓) supplement of the enzyme
(5 mg).

content of water. Although the enzyme stabilities in 100 and
95% (v/v) dioxane were even higher, the rates of synthesis
in such media were much lower, which further indicates that
the enzyme needs a minimum amount of water (about 10%)
to maintain its synthetic activity. It should also be noticed
that in 50% (v/v) dioxane medium the enzyme lost almost
all activity in as little as 1 h although the initial rate in this
medium was the highest (seeFig. 3). On the other hand, in the
system of 100% buffer or 90% buffer with 10% dioxane, the
time courses of enzyme inactivation were similar, which was
in accordance with the phenomena commonly seen in enzy-
matic reactions in aqueous systems. Thus it can be concluded
that in systems with a high content of the organic co-solvent
(dioxane), enzyme stability increases with increase in diox-
ane content. However, the enzyme needs approximately 10%
water to remain active.

3.4. Thermodynamic equilibrium

Since the final yields at 72 h in the media described above
were still relatively low, we investigated whether the reac-
tion had reached thermodynamic equilibrium. Both the hy-
drolysis and the synthesis reactions were performed under
the same medium condition (dioxane–buffer, 90:10, v/v). In
order to eliminate the effect of enzyme inactivation, another
1 ction
s c-
t ting
e eac-
t and
t n the
c ysis
r con-

centration of the remaining pNBG was closely approaching
that of the pNBG synthesized in the reverse hydrolysis. Thus
in the reverse hydrolysis reaction described above, thermo-
dynamic equilibrium plays a major role in determining final
yields, in spite of the fact that the enzyme was partially in-
activated in the dioxane–water system during the reaction
process.

Since the equilibrium yield of glycoside in the reverse hy-
drolysis was mainly controlled by the water content of the
reaction system, it should be possible in principle to further
enhance the final equilibrium yield by continually reducing
water content of the medium to a level below the optimum
point of 10% (v/v). We attempted to perform the reaction in
a medium consisting of 95% (v/v) dioxane and 5% buffer.
To partially release the severe inhibition of enzyme activity
owing to water depletion in such a low-water medium, the
solid glucose was added directly to the dioxane system with-
out dissolution in advance in the buffer, as was done before.
As a result, the�-d-glucosidase-mediated reverse hydrolysis
in 95% (v/v) dioxane system did indeed give a significantly
higher yield (ca. 11%) than in 90% dioxane (ca. 8%, see
Figs. 3 and 5). However, the rate of the former reaction was
much slower than the later. It took about 196 h for the for-
mer reaction to closely approach equilibrium, making this
water-poor medium practically unfeasible for synthetic ap-
p
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0 mg of the enzyme was added every 48 h to each rea
ystem. As shown inFig. 5, the rate of the hydrolysis rea
ion increased after the addition of further enzyme, indica
nzyme inactivation in the medium. But the synthesis r

ion had reached or approached equilibrium before 48 h
herefore the enzyme supplement at 48 h has no effect o
onversion by reverse hydrolysis. After 72 h, the hydrol
eaction also gradually reached equilibrium where the
lications.

.5. Effect of alcohol concentration

Shift of the thermodynamic equilibrium towards the
ection of glucoside synthesis also depends on the i
oncentration of substrates. When the glucose concent
as higher than 0.25 M, it became insoluble in the med

90% dioxane + 10% buffer). Therefore, the extra gluc
id not further increase the yield of pNBG. On the c

rary, p-nitrobenzyl alcohol was completely soluble in
ioxane up to 2.25 M and so, as seen inFig. 6, the in-
rease of the alcohol concentration up to nine equiva
f glucose concentration (0.25 M) led to a correspondin
rease in both the initial rate and the final yield. Howe
he yield at alcohol concentrations above 2.25 M incre
nly slightly because alcohol at more than 2.25 M (or n
quivalents of glucose concentration) became insoluble
edium.
Under the optimal conditions as described above (

0% dioxane, 10% buffer, 2.25 M alcohol and 0.25 M g
ose), the preparative scale (5 ml) synthesis ofp-nitrobenzy
-d-glucopyranoside was carried out and the time-co
f glucoside (pNBG) synthesis was monitored by HP
the inserted curve ofFig. 6). The reaction reached 13.3
onversion at 72 h, forming 10.5 g/l of pNBG. The re
ion was quenched and the crude product was purifie
ash chromatography on Silica Gel 60 (100–200 mesh)
thyl acetate/methanol (12:1) as eluent, affording 51 m
-nitrobenzyl-�-d-glucopyranoside as an amorphous pow
n 13.0% isolated yield.
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Fig. 6. Effect of alcohol/glucose molar ratio on the initial rate and final
yield of pNBG synthesis in the medium containing 90% (v/v) dioxane.
The reaction was carried out by shaking at 50◦C and 160 rpm a mixture
of 5 mg enzyme powder, 0.1 ml buffer containing 0.25 mmol glucose, a cer-
tain amount ofpNBA and 0.9 ml dioxane. Symbols: (�) initial rate; (�) final
yield; (�) pNBA concentration in the medium. The inserted curve was the
time course of pNBG synthesis in the medium containing 90% dioxane with
thepNBA/glucose molar ratio of 9:1 in a preparative scale (5 ml).

4. Conclusions

A monophasic organic–water medium system for efficient
enzymatic synthesis of�-d-glucopyranoside by reversed hy-
drolysis has been constructed and optimized.p-Nitrobenzyl
alcohol (pNBA), as a model hydrophobic alcohol, was
glycosylated to producep-nitrobenzyl�-d-glucopyranoside
(pNBG) with a best yield of 13.3% (10.5 g/l) in 90% (v/v)
dioxane–buffer (Na2HPO4–KH2PO4, 70 mM, pH 6.0). This
dioxane–buffer system has been successfully applied to the
synthesis of other hydrophobic glucosides such as salidro-
side, a physiologically active natural product[30]. The
salidroside was produced in 12.9 g/l (15.8% yield), which
was much higher than the result of plant cell cultures produc-
ing salidroside with the maximum concentration of 0.9 g/l
[32]. It is expected that our approach could be applied to a
broad range of alcohols (especially those in solid state) for
preparation of novel glycoside compounds with biological
activities.
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