LS

o= :‘l’!r =
ELSEVIER

Journal of Molecular Catalysis B: Enzymatic 11 (2000) 13-21

JOURNAL OF
MOLECULAR

G CATALYSIS
B: ENZYMATIC

www.elsevier.com/locate,/ molcatb

HVINO3 10N

Synthesis of alkyl glycosides through 3-glucosidase-catalyzed
condensation in an agueous—organic biphasic system and
estimation of the equilibrium constants for their formation

Takashi Kobayashi 2, Shuji Adachi ®*, Kazuhiro Nakanishi ®, Ryuichi Matsuno 2

& Division of Applied Life Sciences, Graduate School of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan
b Department of Bioscience and Biotechnology, Faculty of Engineering, Okayama University, 3-1-1 Tsushima-naka,
Okayama 700-8530, Japan

Received 10 May 2000; received in revised form 5 June 2000; accepted 5 June 2000

Abstract

Hexyl, heptyl and octyl glucosides, galactosides and fucosides were separately synthesized through the B-glucosidase-
catalyzed condensation of glucose, galactose and fucose with the corresponding alcohols in an agueous—organic biphasic
system, where one of the substrates, alcohol, was the organic phase, at various volume ratios. An equation for predicting the
equilibrium yield of an akyl glycoside was proposed, and the parameters involved in the equation were experimentally
determined. The equilibrium constant K for the alkyl glycoside formation was then evaluated. Although the K value
slightly depended on both the saccharide moiety and the alkyl chain length, it was approximately 2. © 2000 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Alkyl B-p-glucosides are a group of nonionic
surfactants and are used in cosmetics, pharmaceuti-
cals, kitchen detergents etc. Although they are, under
the present conditions, synthesized by chemical pro-
cedures, much attention has in this decade been
focused on their enzymatic synthesis through B-glu-
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753-6285.
E-mail address: adachi @kais.kyoto-u.ac.jp (S. Adachi).

cosidase-catalyzed transfer or condensation reactions
because of their regio- and stereoselectivity and sim-
ple and mild conditions without the protection and
deprotection of the hydroxyl groups of glucose with
a similar reactivity [1-7]. In the synthesis, an aque-
ous—organic biphasic system, where one of the sub-
strates, the alcohol, itself is the organic phase, is
usualy used to shift the thermodynamically unfavor-
able reaction toward the synthesis by extracting a
hydrophobic product, the alkyl glucoside, into the
organic phase.

We proposed an equation for the prediction of the
equilibrium yield of an alkyl B-p-glucoside via the
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B-glucosidase-catalyzed condensation in the biphasic
system, and evaluated the equilibrium constants for
the formation of hexyl to decyl B-p-glucosides [6].
We also showed that a heterogeneous system with a
high glucose concentration could improve the equi-
librium yield [8].

B-Glucosidase from almond can catalyze the hy-
drolysis not only of alkyl glucosides but also of alkyl
galactosides and fucosides [9], and aso their reverse
hydrolysis (condensation). We reported the synthesis
of akyl B-p-fucosides through the enzyme-catalyzed
condensation in a heterogeneous system, and exam-
ined their surfactant properties [10]. In the study [10],
hexyl glucoside and galactoside were also synthe-
sized for comparison. The equilibrium yields of the
hexyl glycosides depended on the saccharide moiety
and were in the order of fucoside> glucoside >
galactoside.

In this study, the reason for the difference in the
equilibrium yield among the glycosides was consid-
ered through estimation of the equilibrium constants
of the hexyl to octyl glycosides in the biphasic
system for the almond B-glucosidase-catalyzed con-
densation of the corresponding saccharide and 1-al-
cohol. The factors affecting the yield, such as the
partition coefficient of the product to the organic
(alcohol) phase and solubility of the acohol in the
aqueous phase, were observed, and it was found that
both the coefficient and solubility significantly de-
pended on the aqueous saccharide concentration. The
equilibrium constants were evaluated by taking this
dependence into consideration.

2. Materials and methods

2.1. Materials

B-Glucosidase (B-p-glucoside glucohydrolase, EC
3.2.1.21) from almond (14.8units/mg) was pur-
chased from Toyobo, Osaka, Japan, and used as
received. Glucose, galactose, 1-hexanol, 1-heptanal,
and 1l-octanol were purchased from Wako Pure
Chemical Industries, Osaka. Fucose was obtained
from Nacalai Tesque, Kyoto. The hexyl, heptyl and
octyl B-p-glucosides and octyl B-p-galactoside were
purchased from Sigma, St. Louis, MO, USA.

2.2. Yynthesis of alkyl glycosides

Fucose, glucose or galactose was dissolved with
0.2mol /1 acetate buffer, pH 5.5, pre-equilibrated
with an alcohol, which was used as the organic
phase, at a concentration of 2.5mol /I. B-Gluco-
sidase (15 mg) was weighed into avial, and 1.0 ml of
the saccharide solution and an appropriate volume of
buffer-saturated alcohol were added to the vial. The
vial was tightly screw-capped. The condensation was
carried out at 50°C under vigorous magnetic stirring.
At appropriate intervals, 15wl of the organic (a-
cohol) phase was sampled and the concentration of
the produced alkyl glycoside was determined by
HPLC using a TMP-10 column (& 4.6mm X
250mm, Japan Organo, Tokyo) [11] and a Shodex
RI SE-51 refractometer (Showa Denko, Tokyo). The
eluents were methanol—water mixtures of 50:50,
55:45 and 60:40 in volume for the hexyl, heptyl and
octyl glycosides, respectively. The flow rate was
1.0ml/min.

2.3. Disaccharide formation

Fucose, glucose or galactose was dissolved in
0.2mol /| acetate buffer, pH 5.5, and 5.0ml of the
saccharide solution (3.0 ml for fucose) was put into a
vial. Ten milligrams of B-glucosidase (6 mg for fu-
cose) were added to the via to commence the con-
densation at 50°C with stirring. The initial concentra
tions of glucose and galactose were 0.5-2.5mol /I,
and the initial fucose concentration was in a range of
0.4-1.5mol /I. A portion of the reaction mixture
(15u1) was sampled and mixed with the same vol-
ume of methanol. The amount of disaccharides
formed was determined by HPLC using a Y MC Pack
ODS-AQ302 (F 4.6 mm X 250mm, Kyoto) and RI
detector. The eluent was degassed water and its flow
rate was 0.8 ml /min.

2.4. Water concentration of saccharide solution

A given amount of the saccharide was weighed in
avolumetric flask of 25ml for glucose and galactose
and of 2 or 5ml for fucose. A 0.2mol /I acetate
buffer was then gradually added through a burette
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along with shaking the flask to dissolve the saccha
ride. The water concentration was calculated from
the volume of buffer required to fill the flask.

2.5. Partition coefficient of saccharide to alcohol
phase

Fucose, glucose or galactose was dissolved in
0.2mol /| acetate buffer, pH 5.5, a a concentration
of 0.5-1.5mol /I (Cg,). Two milliliters of the sac-
charide solution and the same volume of the buffer-
saturated alcohol were put into a vial. The mixture
was magnetically dtirred at 50°C for 1h or for a
longer period, and was allowed to stand to separate
the two phases. A portion of the acohol phase was
sampled and the saccharide concentration in the
phase, Cg 4, Was determined by HPLC using the
YMC Pack ODS-AQ302. The saccharide concentra
tion in the aqueous phase, Cg,,, Was evaluated by
Csp — @Cg g from the mass balance of the sacchar
ride, where « is the volume ratio of acohol to the
agueous phase. The partition coefficient, Pg, of the
saccharide to the alcohol phase, which was defined
as a ratio of the saccharide concentration in the
acohol phase, Cg,, to that in the agueous phase,
was estimated from the slope for the plots of Cg,
versus Cg -

2.6. Partition coefficient of alkyl glycoside to alcohol
phase and solubility of alcohol in agueous phase

The partition coefficient of an alkyl glycoside to
the acohol phase was measured at various concen-
trations of the corresponding saccharide. An akyl
glycoside was dissolved in the corresponding alcohol
saturated with the acetate buffer at a concentration of
25mmol /1. Three milliliters of the solution (1.0ml
for fucoside) were put in avial, and the same volume
of saccharide solution, which had been prepared
with alcohol-saturated buffer at a concentration of
0—2.5moal /1, was then added. The mixture was kept
at 50°C with stirring for 1 h. A portion of the ague-
ous phase was withdrawn after the two phases had
separated, and the concentrations of the alkyl glyco-
side and alcohol were determined by HPLC. The
analytical conditions were the same as in Section
2.2,

3. Theoretical consider ations
3.1. Reaction scheme

In a previous paper [6], we proposed a reaction
scheme for the alkyl glucoside formation in a bipha-
sic system. Although no partition of glucose into the
organic (alcohol) phase was assumed in the scheme,
the assumption was not always satisfied as will be
shown later. Therefore, the reaction scheme illus-
trated in Fig. 1 is considered in this paper. A saccha
ride, S, partitions into the organic phase with the
partition coefficient, Pg. The agueous phase is satu-
rated with the acohol, A, at its concentration of
Ca,aq- The saccharide and the alcohol are condensed
through the B-glucosidase-catalyzed reaction to yield
an akyl glycoside (product), P. The product parti-
tions into the organic phase with the apparent distri-
bution coefficient, Pp. In a previous paper [6], the
formation of a dimeric aggregate in the organic
phase was suggested. However, the formation is
ignored in this paper because the effect of the aggre-
gate formation on the Py is not significant, but the
saccharide concentration significantly affects the Py
as will be shown later. B-Glucosidase also catalyzes
the formation of oligosaccharides through the con-
densation of the saccharide molecules [6,12-14].
Only the formation of disaccharides is taken into
consideration, and no formation of tri- or higher
oligosaccharides is assumed. Although some kinds of

Organic (alcohol) phase

Pl |Cawy 1P

ook

Aqueous phase

Fig. 1. Reaction scheme for akyl glycoside formation in an
agueous—organic (alcohol) biphasic system. S, A, P, W and D
indicate saccharide, alcohol, product (alkyl glycoside), water and
disaccharide, respectively. K is the equilibrium constant for akyl
glycoside formation, and K, is that for disaccharide formation.
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disaccharides would be formed, they are grouped as
D. The partition of D into the organic phase is not
considered.

3.2. Disaccharide formation

The disaccharide formation is described as

Ko
S+S<D+H,0 (1)

where K, is the equilibrium constant for the disac-
charide formation and is defined by C,C,,/C2
where C,, Cq and C,, are the equilibrium concen-
trations of the disaccharide, saccharide and water,
respectively. The disaccharide formation is measured
in the absence of alcohol, and the K can be evalu-
ated from the mass balance of the saccharide residue
by

CoCy = Kp(Cso—2Cp)’ (2

where Cg, is the initial saccharide concentration.

3.3. Equilibrium yield of alkyl glycoside in a bipha-
sic system

The akyl glycoside formation is described by

S+ASP+H,0 (3)
where K is the equilibrium constant for the akyl
glycoside formation and is defined by

_ CraCuwag

CS,anA aq

(4

where C ,, (i=A, P, S or W) is the equilibrium
concentration of component i in the agueous phase.
As mentioned above, the K is defined by

Cb .aCw.aq
=3 74a 5
D Cé,aq ( )
The apparent partition coefficient of the product, Pp,
and the partition coefficient of the saccharide, Pg,

are given by Egs. (6) and (7), respectively:

C

P,org
p,=—2 6
el (6)
C
Ps= o (7)
Cs.aq

The mass balance of the saccharide residue is ex-
pressed by Eq. (8):

VaiCs0.00 = Vaq(CS,aq +2Cp ot vaaq)

+ Vorg(CS,org + CP,org) (8)

Egs. (4—(8) are simultaneously solved to give Egs.
(9a) and (9b) for the equilibrium yield of an akyl
glycoside in a biphasic system, Y,,, which is defined
by Eq. (9a):

_ VanP,aq + VorgCP,org

(9a)
eq VaiCs0.aq
K(1+ aPp)C
Ve ( p) A,aq[xl/Z_(1+ aPs)CWyaq]
4Cs0,20KpCw o
(9b)
where

X=(1+ aPg)?+8KCspaCwag(1— Yoq)  (10)

In the derivation of Eg. (9b), the water concentra-
tion, Cyy o4, Was assumed not to depend on the Y,
value but to be constant for a given Cg, 4. As will
be shown later, both P, and C, ,, depend on Cg,,
that is, on Y,,. Furthermore, Eq. (9b) includes the Y,
value on the right-hand side as shown in Eq. (10).
Therefore, since we cannot explicitly evaluate the K
vaue, the value is estimated from the Y, value
obtained at an « by atrial and error method.

4. Results and discussion

4.1. Effect of the volume ratio on the equilibrium
yield of alkyl glycoside

Fig. 2 shows the transient changes in the yields of
hexyl glucoside and galactoside at « = 10 and a =
50 and of hexyl fucoside a a«=3 and «a = 15.
Similar experiments were carried out at various «
values, and aso for the heptyl and octyl glycosides.
Fig. 3(a)—(c) show the relationships between Y,, and
a for the hexyl, heptyl and octyl glycosides, respec-
tively. For every glycoside synthesis, the higher Y,
was obtained at the higher «. The Y, vaue of
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Fig. 2. Transient changes in yield of hexyl glucoside at the
volume ratios of organic to agueous phase « of (O) 10 and (@)
50, of hexyl galactosideat (A ) « =10 and ( A ) « =50, and of
hexyl fucoside at (1) @« =3 and () « =15 and at 50°C.

fucoside was the highest among the glycosides irre-
spective of the alkyl chain length, followed by the
glucoside and galactoside.

4.2. Edtimation of the equilibrium constants for dis-
accharide formation

The formations of glucobiose, galactobiose and
fucobiose were separately observed at various Cg, in
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the absence of any alcohol. Fig. 4 shows the tran-
sient changes in the disaccharide concentration, Cp,
at some Cg, values. Glucobiose was the most apt to
be formed, while galactobiose was the least.

To evaluate the K, value, the water concentra-
tion C,, a any Cg is required. Fig. 5 shows the
relationships between C,, and Cg for glucose, galac-
tose and fucose. The plots for glucose and galactose
lay on the same line. This indicates that their molar
volume is the same (0.1131 /mol), assuming that the
additivity in volume holds for water and a saccha-
ride. The plots for fucose aso gave a line, and its
molar volume was evaluated to be 0.1101 /mol.

According to Eq. (2), the C,C,, values are plot-
ted versus the (Cg,—2C)? values in Fig. 6 in order
to estimate the K, vaues. For every disaccharide
formation, the plots lay on a line passing through the
origin. The K, values for the glucobiose, galacto-
biose and fucobiose formation were evaluated to be
1.57, 0.0126 and 0.797, respectively, from the slopes
of the lines.

4.3. Partition coefficients

Since a saccharide is a hydrophilic substance, the
partition of the saccharide into an organic phase is
usualy ignored. However, if the saccharide parti-
tions into the organic phase even with a low Pg,

1.0 =
(a) (b) tc)
fer—" EP/
0O o [T o
00 o AdT 0 e
L
§ 0.1 [é I;T ] J\/( ]
; 0. — f, 1= I ',l Ir’;jl -'[- ,,7/7& p m— 7
/K F -
N 7
o /T 7
% (04 #ﬂ ]
pas <
0.01 z{ ,%S | |
0 20 40 0 20 40 O 20 40
a

Fig. 3. Dependence of the equilibrium yield Y, on the volume ratio a of organic to aqueous phase for the formation of (a) hexyl, (b) heptyl
and (c) octyl glycosides at 50°C. The symbols O, A and [ indicate glucoside, galactoside and fucoside, respectively. The solid curves
were drawn using Eq. (9b), experimentally observed parameters and the equilibrium constant K for an alkyl glycoside which was evauated

in this study.
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Fig. 4. Transient changes in disaccharide concentration through
B-glucosidase-catalyzed condensation of glucose, galactose or fu-
cose at 50°C. The initial concentrations of glucose were (O)
1.5mol /I and (@) 2.5mol /I, those of galactose were (A)
1.5mol /I and (A ) 2.5mol /I, and those of fucose were (1)
0.8mol /I and () 1.5mol /1.

there would be the possibility that the amount of
the saccharide partitioned into the organic phase
becomes significant at a high « value. Therefore,
the P values of glucose, galactose and fucose to
hexanol, heptanol and octanol were evauated.
Fig. 7(2)—(c) show the plots of Cg,, Versus Cg,, of
the saccharides for hexanal, heptanol and octanol
respectively. The slope of each line gives the
Ps value. The Py values of glucose, galactose and

70
o~

50

\
-
E (\ \r-l —
3
E s0 «LA\L\\EV 40
40 30
30 ‘ 20
0 1 2 3
C, [mol/L]

Fig. 5. Relationships between the saccharide and water concentra-
tions, Cg and C,y, for (O) glucose, ( A) galactose and (1)
fucose at 50°C.

8 0.8

/ .

6l / —{0.6
o/ 0.4
/
T

C,C,, [(mol/L)?]
IS

—
o A o
o 2 4 6
(Cso—2G,)? [(mol/lL)}]

Fig. 6. Estimation of the equilibrium constants K for the
formation of (O) glucobiose, ( A ) galactobiose and ([1) fuco-
biose at 50°C.

fucose to hexanol were 0.0075, 0.0070 and 0.0327,
those to heptanol were 0.0028, 0.0023 and 0.0131,
and those to octanol were 0.0024, 0.0014 and 0.0136,
respectively. Fucose had the largest Py values among
the tested saccharides for every acohol. Fucose has
no hydroxy!l group at the C6 position and it would be
more hydrophobic than glucose or galactose. This
would be the reason for the high Py value. There is
also a tendency that the Py value of any saccharide
to alcohol with a shorter alkyl chain is larger.

The partition of a product into the organic phase
is the driving force to shift the condensation reaction
(Eqg. (3)) to synthesis. Therefore, the partition coeffi-
cient of the product is an important parameter in a
biphasic system. The apparent distribution coeffi-
cients of all the alkyl glycosides considered here to
the corresponding alcohol, Pp, were measured at
various saccharide concentrations. Fig. 8(a)—(c) show
the dependence of the P, values of glucoside, galac-
toside and fucoside on the glucose, galactose and
fucose concentrations, respectively. For every glyco-
side, the P, value of a glycoside with alonger akyl
chain to the corresponding alcohol was larger. The
P, value significantly depended on the saccharide
concentration and the value was larger at the higher
saccharide concentration Cg,,. As shown in Fig. 8,
the dependence of P, on Cg,, could empiricaly be
expressed, for every alkyl glycoside, by Pp=
Pro exp(aCs ), Where Py, is the partition coeffi-
cient of the akyl glycoside in the absence of the
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Fig. 7. Estimation of the partition coefficients Pg of (O) glucose, ( A ) galactose and (1) fucose to (a) 1-hexanol, (b) 1-heptanol and (c)

1-octanol at 50°C.

saccharide and a is a positive constant. The loga
rithm of Pp, was proportional to the akyl chain
length n, as shown in Fig. 9.

4.4. Alcohol concentration in aqueous phase
The B-glucosidase-catalyzed condensation be-

tween a saccharide and an acohol would occur in
the agueous phase, and the alcohol concentration in

103

this phase would be an important parameter. As
mentioned above, the P, vaue significantly de-
pended on Cg. This suggested that the alcohol con-
centration in the aqueous phase, C, ,,, would also
depend on Cg,,. Therefore, we measured the C, ,,
of hexanol, heptanol and octanol at various Cg val-
ues of glucose, galactose and fucose (Fig. 8). The
Ca.aq became lower for higher Cg,, valuesin every
case, and it could aso be expressed as an expo-

10°
(@) (b)
102 )
i > i ()
& %45 E
-4
S
10 T D=-{ 1072 ¢
A B — P ! i ——> ;
Tooey, CHF O
1 I T | | i ' ‘ 10—3
(] 1 2 (] 1 ()] 1 2 3
C, [mol/L]

Fig. 8. Dependence of the apparent distribution coefficients P, of (@) hexyl, (A) heptyl and (H) octyl glycosides, and the
concentrations of (O) hexanol, ( A) heptanol and () octanol in the agueous phase C, ,, on (a) glucose, (b) galactose and (c) fucose

concentrations at 50°C.
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Fig. 9. Dependence of the partition coefficients Pg, of akyl (O) glucoside, ( A ) galactoside and () fucoside, and of (#) acohol
concentration in the agueous phase Cy, 54 0N the alkyl chain length n in the absence of saccharide.

nentiad function of Cg,, with a negative slope.
As shown in Fig. 9, the C,,, in the absence of
the saccharide, C, 5, exponentialy decreased with
the n.

4.5. Estimation of the equilibrium constants for alkyl
glycoside formation

The purpose of this paper is to evauate the
equilibrium constant, K, for various kinds of akyl
glycosides. As mentioned in Section 3, a tria and
error method was used to estimate the K value from
the experimental Y, at a specific «. The dependen-
cies of P, and C,,, on Cg,, were empiricaly
expressed by exponential functions, as mentioned
above. The K value was then evaluated by the
method for each set of Y, and « values. The K
values for an akyl glycoside were averaged and are
plotted versus the n in Fig. 10. The plots indicate the
average + standard deviation. The K vaue de
pended on both the saccharide moiety and the alkyl
chain length. The K value for the akyl glucoside
formation was the largest, and the K values for the
alkyl fucoside and galactoside followed. There was a
weak tendency that the K value for a longer akyl
chain was smaller. However, estimation of the K
value used many experimental parameters, which
more or less included errors although the experi-
ments were done very carefully, and included many
calculation steps. Therefore, the K value for any

alkyl glycoside formation can, roughly speaking, be
about 2.

Using the averaged K value for each akyl glyco-
side formation, the dependence of Y, on a was
calculated and is shown in Fig. 3 by the solid curves.

The equilibrium constant should be, in principle,
defined based on the thermodynamic activities of
substrates and products. However, we used the K
vaue defined by Eq. (4) because it is not easy to
estimate the activities in the present reaction system
and the K vaue based on the concentrations has
conveniently been used in many cases. As is known

i

. s
6 7 8
Alkyl chain length n

Fig. 10. Dependence of the equilibrium constant K for akyl
glycoside formation on the akyl chain length n for (O) gluco-
side, ( A ) galactoside and () fucoside at 50°C.
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well, the water activity decreases with an increase in
saccharide concentration. Therefore, there was a pos-
sibility that the K value obtained here was more or
less affected by the activity.

In this paper, the K value was estimated under
the consideration of both the partition of a saccharide
into alcohol phase and the dependencies of P, and
Ca aq ON Cgoq- The Pg of fucose to hexanol was the
largest among the values obtained here. The effects
of Pg and the Cg,, dependencies of P, and C, ,, on
the K value were examined for the synthesis of
hexyl fucoside. The K value estimated here was
2.34. If the partition of fucose into hexanol was
ignored, that is, P5= 0, but the dependence of P,
and C, ,, on Cg,, was considered, the K value was
evaluated to be 1.87. When the dependence was also
ignored, the K value was 1.81.

The K values were the same magnitude and
roughly ca. 2 for al the alkyl glycosides. However,
the Y, values for akyl glucoside and galactoside
decreased with an increase in the akyl chain length
n. On the other hand, the Y, value for the alkyl
fucoside scarcely depended on n. This would be
understood from the dependencies of P, and C, ,,
on n. Since the K value was amost constant for
every akyl glycoside and the term 1+ aP; in Eq.
(9b) could be approximated by «P, in most cases,
Y, would be roughly proportional to the term
PpCa o9 @ an a. For smplicity, let us consider the
case where Cg,q = 0. The PpaCpg o values for the
hexyl, heptyl and octyl fucosides were 1.2, 0.94 and
0.86, respectively. The values for the glucosides and
galactoside were 0.245, 0.157 and 0.140, and 0.185,
0.121 and 0.099, respectively. The values for the
fucosides were much larger than those for the gluco-
sides and galactosides, and their dependence on n

was smaller for the fucoside than for the glucoside
and galactoside. This would be the reason for the
above-mentioned dependencies.
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