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Summary

Three microbial galactosidases, Aspergillus oryzae, Escherichia coli and Klyveromyces mar-
xianus B-galactosidase, were used as catalysts for transgalactosylation synthesis of alkyl-
-B-galactosides in single-phased alcohol media. Their selectivity towards different alcohol
nucleophiles was quantified by determining the transgalactosylation/hydrolysis ratio in
the water/alcohol mixtures containing water in concentrations below the level of satura-
tion. p-Nitrophenyl--galactoside was used as a glycosyl donor at a concentration of 10
mM. Both the total reaction rate (transgalactosylation+hydrolysis) and the ratio between
the transgalactosylation (alcoholysis) and hydrolysis increased with the increase of water
activity. Although the A. oryzae B-galactosidase showed relatively low total activity (3.13
pmol/(min-mg protein)), it exhibited the highest selectivity towards the hexanol nucleo-
phile among the examined enzymes (0.65). The selectivity values in all the examined cases
were below one, which implies that the hydrolysis, and not the synthesis, was the domi-
nating reaction. The total reaction rate (transgalactosylation+hydrolysis) was strongly af-
fected by the water activity, and for the specific water activity in the different alcohols, it
increased in the following order: n-octanol<n-hexanol<n-butanol.

Key words: transgalactosylation/hydrolysis ratios, f-galactosidases, alkyl-B-galactoside syn-
thesis, single-phased media, selectivity factors

Introduction

Alkyl-glycosides are non-ionic surfactants distingui-
shed by unique properties that provide a wide range of
possibilities for usage. Their application in food, chemi-
cal and pharmaceutical industry as surface active agents
seems very promising, since they possess high surface
activity, low toxicity and good biocompatibility. It is es-
pecially their biocompatibility that makes those emulsi-
fiers so suitable for use in food industry, particularly in
‘emulsified products' such as mayonnaise and marga-
rine. Alkyl-glycosides are also known to have good der-
matological properties, which opens a range of possibili-

ties for their application in pharmaceutical industry for
personal care products.

Enzymatic production of alkyl-glycosides, no doubt,
offers certain advantages over the chemical synthesis.
Mild reaction conditions and possibilities for selective
production of specific compounds are among them ().
Enzymes employed in alkyl-glycoside production are
glycosidases. This group of enzymes belongs to hydro-
lases (EC 3.2.1), enzymes that normally catalyze the hy-
drolysis of glycosidic bonds. However, in media with
low water content, these enzymes catalyze reactions that
are not hydrolytic, but are either reversed hydrolysis or
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transglycosylation. Both types of reactions are widely
used for enzymatic synthesis of alkyl-glycosides (2-5).
Nevertheless, the transglycosylation is preferred among
the researchers because of the possibilities that this pro-
cess offers (6-8). The transglycosylation reaction is kine-
tically controlled, and as a consequence it becomes pos-
sible to overshoot the equilibrium conversion of the
reactant into product, which is not possible when using
the reverse hydrolysis process.

Biocatalysis in non-conventional media has been
performed in both two-phased and single-phased reac-
tion systems, although in the last decade, the number of
publications covering bioorganic synthesis in single-
-phased reaction media has increased more rapidly than
of those dealing with biocatalysis in two-phased reac-
tion systems (9-11). In the research area dealing with the
application of enzymes in organic media, a lot of articles
concerning lipase application in reversed hydrolysis and
transesterification processes have been reported so far
(12-15). However, reports about the application of gly-
cosidases in bioorganic synthesis reactions are less nu-
merous, mainly due to the lack of knowledge how to
use those enzymes in organic media.

One of the most valuable characteristics that glyco-
sidases possess when being applied in non-aqueous me-
dia is that they become capable of producing selective
compounds with very specific properties. Alkyl-3-glyco-
sides also belong to this group of compounds possess-
ing unique properties that arise from the intrinsic selec-
tivity of the enzymes. In order to quantify the intrinsic
enzyme selectivity, the introduction of the selectivity
factors (S and Sc) as a function of the transglycosyla-
tion/hydrolysis ratio has been proposed (16,17). There
are very few studies concerning the effect of water activ-
ity on the selectivity of glycosidases (17,18). In this
work, the selectivity of three glycosidases towards dif-
ferent alcohol nucleophiles that serve as aglycon donors
for the alkyl glycoside production is investigated.

Materials and Methods

Materials

Three types of B-galactosidase were used, one from
a fungal source (Aspergillus oryzae), one of the yeast origin
(Klyveromyces marxianus) and the third enzyme was from
a bacterial source, an Escherichia coli B-galactosidase. All
of them were purchased from Sigma Chemicals (St.
Louis, USA). The organic solvents, butanol, hexanol and
octanol were received from Sigma Chemicals (St. Louis,
USA), while acetonitrile was a Merck (Darmstadt, Ger-
many) product. Other chemicals, such as sugar substra-
tes, p-nitrophenyl-3-D-galactoside and galactose, as well
as hexyl-3-D-glucoside and molecular sieves (UOP Type
3A) for drying solvents (diameter 0.3 nm) were also pur-
chased from Sigma Chemicals (St. Louis, USA).

Methods

Enzymatic reactions

p-Nitrophenyl-B-D-galactopyranoside was dissolved
in butanol, hexanol or octanol (dried with 0.3-nm mole-
cule sieves) to a concentration of 10 mM. Different vol-

umes (40-280 pL) of aqueous buffer containing the de-
sired amount of enzyme were added. The buffers used
were: 50 mM citrate buffer (pH=5.0) for A. oryzae B-gala-
ctosidase, or 50 mM phosphate buffer (pH=7.0) contain-
ing 1.0 mM MgCl, for E. coli and K. marxianus p-galacto-
sidases. The final reaction volume was 2 mL. The reac-
tions were carried out in closed glass vials on an orbital
shaker at 50 °C with vigorous shaking. Water content of
the reaction medium was measured by Karl-Fisher titra-
tion method. Corresponding water activity (a,,) was cal-
culated by using UNIFAC Activity Coefficient Calcula-
tor 3.0 (17).

Analytical methods

Two methods for analysis of the substrate and the
product content in the reaction medium were applied,
the HPLC and the spectrophotometric method. The HPLC
system used was equipped with Knauer K-1001 pump
and RID differential refractive index detector Shodex
RI-71. The column used was LiChrospher 100 RP-18 (4x
250 mm, 5 pm) from Merck, Germany. The analyses pro-
ceeded under the following conditions: temperature 25
°C, flow rate of 1 mL/min and the composition of the
mobile phase of acetonitrile/water 25:75. A spectropho-
tometric method for measuring the total enzyme activity
(hydrolytic+transglycosylation) was used (17). The quan-
tity of depleted p-nitrophenyl-B-D-galactoside was calcu-
lated from the amount of liberated p-nitrophenol. The
reaction was followed by measuring the increase of ab-
sorbance at 405 nm. The spectrophotometric system used
was Varian Cary 50 Scan UV-Visible. The molar absorp-
tion coefficient for p-nitrophenol at pH=7.0 and t=50 °C
was £45=9.022 mM-ecm™.

Determination of the kinetic parameters

The kinetic parameters K, and v,,,, and the specific-
ity constant v, /K, for the glycosidases used were de-
rived from the initial reaction rates (umol/(min-mg)) of
the total enzyme activity as a sum of the hydrolysis and
the transgalactosylation. The reaction media were sup-
plemented with the substrate, p-nitrophenyl-B-galactosi-
de in a concentration that varied in the range of 10-100
mM. The water activity of the reaction mixture had a
value of 4,=0.92. The K, and v,,,, constants were calcu-
lated using non-linear regression in GraphPad Prism 5
(GraphPad Software, Inc., San Diego, USA).

Protein concentration assay

The concentration of protein was measured by the
method of Lowry using BSA (bovine serum albumin) as
a standard (19).

Results and Discussion

The conversion of p-nitrophenyl-B-galactoside into
alkyl-B-galactoside (transgalactosylation) and galactose
(hydrolysis) proceeds via a two-step reaction (Fig. 1). In
the first step, the enzyme cleaves the p-nitrophenyl-B-ga-
lactoside, followed by liberation of the p-nitrophenol,
and forms the galactosyl-enzyme complex. In the dega-
lactosylation step galactose is formed as a result of hy-
drolysis and corresponding alkyl-3-galactoside as a pro-
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Fig. 1. Conversion of p-nitrophenyl-B-galactoside into transgalactosylation and hydrolysis products

duct of transgalactosylation. The yield, in the kinetically
controlled period of the reaction, depends on the ratio of
synthesis (rs) and the hydrolysis (r). The interaction of
the galactosidases with the donor substrate p-nitrophe-
nyl-f-galactoside was measured as a total initial enzyme
activity, which is a sum of the transgalactosylation and
hydrolytic activity.

The influence of water activity in hexanol on the to-
tal enzymatic activity (sum of hydrolysis and transgalac-
tosylation) of the three different microbial galactosidases
was investigated in the range of a,,=0.6-0.92 (Fig. 2). The
galactosidases used had different properties and be-
longed to different families. Thus, the A. oryzae galacto-
sidase belonged to the glycosyl hydrolase family 1, while
the K. marxianus and the E. coli galactosidases belonged
to family 2.
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Fig. 2. The effect of a,, on the total activity of B-galactosidases
from A. oryzae (M), E. coli (A), and K. marxianus (O) during the
conversion of p-nitrophenyl-B-galactoside

It was observed that the total initial activity increa-
sed with the increase of water activity. Thus, for the wa-
ter activity of a,,=0.92, E. coli B-galactosidase showed the
highest specific activity of 7.0 pmol/(min-mg), while the
activities of K. marxianus and A. oryzae B-galactosidase
differed in orders of magnitude of 0.30 and 3.13 umol/
(min-mg).

Since the transgalactosylation reaction is known to
be kinetically controlled, it was interesting to determine

the basic kinetic parameters K, v,,,., and v,,,,/K,, for the
three glycosidases catalyzing the conversion of the sub-
strate p-nitrophenyl-B-galactoside, and later on, to deter-
mine the competition between the transgalactosylation
and the hydrolysis.

Carrying out the transgalactosylation reaction by
varying the concentration of the substrate in the range
between 10 and 100 mM, it has been shown that the re-
action rate followed the Michaelis-Menten kinetics. The
apparent kinetic constants are given in Table 1. The dif-
ferences in the specific activities of the three enzymes
depicted in Fig. 2 are also reflected here through the val-
ues for the maximum velocity (v,,,,). The E. coli B-gala-
ctosidase, having the highest specificity constant v,,,/K,,
of 3.5 and v,,,, value of 21.5 pmol/(min-mg), possessed
the highest affinity towards p-nitrophenyl-B-galactoside
as a substrate. These results correspond well with the
data obtained for the total enzyme activity from which
it is obvious that the E. coli B-galactosidase besides hav-
ing the highest values for the kinetic constants also has
the highest activity among the three enzymes examined.
It should be noted that for the rest of the experiments,
the substrate concentration of 10 mM was used.

That a correlation between the total enzyme activity
and the apparent kinetic constants indeed exists has
been reported earlier. In a study of glycosidase-cataly-
zed alcoholysis of pentyl-B-glucoside, the highly thermo-
stable Pyrococcus furiosus P-glucosidase, characterized
with the most pronounced total activity, had the highest
values for the apparent kinetic constants (17).

The transgalactosylation/hydrolysis ratio is very
important in characterizing the enzyme ability for alkyl-

Table 1. Kinetic parameters of total activity in hexanol using
p-nitrophenyl-3-galactoside as a substrate for the three diffe-
rent B-galactosidases at water activity of a,,=0.92

Kinetic parameters

Enzyme

Y Kyn/mM 00 /Kyy 05,5,/ (Wmol/min'mg)
E. coli
B-galactosidase 62 215 06
A oryzae 228 13.0 35
B-galactosidase
K. marxianus 124 12 01

B-galactosidase
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-B-glycoside formation. It strongly depends on the in-
trinsic selectivity of the enzyme. It also depends on the
ratio of concentrations of alcohol and water. For describ-
ing the intrinsic selectivity of the enzymes in the trans-
galactosylation reaction, selectivity factor (Sc) was used:

% _g [alcohol | 1)

ro - [water]

where rg and ry are the rates of transgalactosylation and
hydrolysis.

As can be seen from Fig. 3, the ratio of synthesis to-
wards hydrolysis rs/ry; depended on the water activity
of the reaction medium. This dependence was more pro-
nounced for the A. oryzae B-galactosidase, reaching the
maximal value of 0.65 for the water activity a,,=0.92. It
seems that both the total enzyme activity and the ratio
rs/ry increase with the increase of the water activity.
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Fig. 3. The ratio of rs/ry as a function of water activity in the tran-
sgalactosylation reaction catalyzed by B-galactosidase from
Aspergillus oryzae (M), E. coli (A), and K. marxianus (O), using
p-nitrophenyl-B-galactoside as a substrate

These results suggest that the enzyme having high-
est affinity towards the glycosyl donor does not neces-
sarily have the highest transgalactosylation/hydrolysis
ratio. Thus, although the E. coli galactosidase showed
the highest values for the apparent kinetic constants, the
A. oryzae was the enzyme that expressed the highest
rs/ry ratio and consequently, the highest selectivity to-
wards the alcohol nucleophile. These results are very si-
milar to the data obtained by Hansson et al. (17), where
the highly thermostable B-glucosidase from Pyrococcus
furiosus expressed the highest affinity towards the pen-
tyl-B-glucoside, but the Sulfolobus solfataricus p-galacto-
sidase was the enzyme characterized by the highest
rs/ry ratio and showed the highest selectivity towards
the hexanol nucleophile.

From the results shown in Fig. 4, it is obvious that
the higher water activities favour alcohols as nucleophi-
les. If this competition between the two reactions depen-
ded only on the nucleophile concentration, the trans-
galactosylation/hydrolysis ratio would decrease with
increased water activity. Yet, it seems that other mecha-
nisms stand behind this phenomenon. It can be suggest-
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Fig. 4. The selectivity (S.) value of A. oryzae (W), E. coli (A), and K.
marxianus B-galactosidase (O), calculated using the concentration

of water and hexanol and expressed as a function of water activ-
ity in the reaction mixture

ed that as a result of increased enzyme flexibility at
higher water activities, the enzyme becomes more open
to the larger alcohol molecule. In other words, the en-
zyme becomes more selective when more water is
added (Fig. 4). However, this behaviour holds if the sys-
tem is single-phased. If the water content in the system
is high enough to make a two-phased system, the total
activity of the enzyme increases, but the ratio of trans-
galactosylation/hydrolysis sharply decreases. It should
be stressed that the same behaviour of increased activity
at high water activities show galactosidases that belong
to both glycosidase families, 1 and 2, which have some
similarity in the active site structure (20). It seems that
the enzyme selectivity is closely related to its flexibility
and that it increases at higher water contents reaching a
maximum value for the water activity close to 1. At
lower water contents the enzyme is rigid and it rather
makes complexes with a smaller water molecule than
with the larger alcohol molecule.

Glycosydases, unlike lipases, are known as enzymes
that require high amounts of water for their catalytic ac-
tivity (21). Ljunger et al. (2) used the almond B-gluco-
sidase for octyl-B-glucoside synthesis and discovered
that the minimum water activity at which the enzyme
showed any kind of activity (synthetic or hydrolytic)
was a,=0.6. They also found out that the enzyme activ-
ity sharply increased when the water activity increased
from 0.6 to close to 1. Ducret ef al. (22) noticed that glyco-
sidases are very sensitive to dehydration and that they
have pronounced activity only at high water activities.
Having the primary idea to increase the enzyme activity
at low water activities by using thermostable enzymes,
the authors concluded that the behaviour of the glyco-
sidases remained unchanged no matter how high reac-
tion temperatures were used.

The selectivity factors of several glycosidases from
both mesophilic and hyperthermophilic microorganisms,
as well as of one plant glycosidase, measured in hexa-
nol/water reaction mixture, are presented in Table 2.
Both the selectivity factors and the ratios of transgalac-
tosylation/hydrolysis (r¢/ryy) exhibited by the enzymes
examined in this work had values below 1. This practi-
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Table 2. The rgry and the S, values of the different B-glycosida-
ses towards hexanol as an alcohol nucleophile at a,,=0.92

Enzyme rs/ Ty S Reference
A. oryzae B-galactosidase 0.64 0.28 This study
E. coli B-galactosidase 0.27 0.12 This study
K. marxianus B-galactosidase ~ 0.15 0.07 This study
P. furiosus B-glucosidase* 1.75 0.50 (17)
Almond B-glucosidase 0.25 0.10 (18)

*The microorganism is a hyperthermophile and the transgalac-
tosylation was carried out at 80 °C

cally means that the selectivity towards the water nu-
cleophile is higher than the selectivity towards the alco-
hol nucleophile, even at the highest water activity ex-
amined (2,=0.92). Consequently, the hydrolysis, and not
the synthesis, is the predominating reaction in the sys-
tem. However, among the enzymes examined in this
work, both the rg/ryy ratio and S had highest values for
the B-galactosidase derived from A. oryzae, which is why
it was chosen for another set of experiments, where be-
sides hexanol, two other alcohols, one with shorter
(butanol) and another with longer (octanol) chain, were
used as reaction media.

From the data plotted in Fig. 5 it is obvious that the
short chain alcohols are better nucleophiles for transga-
lactosylation than those having a long chain. The enzy-
me activity becomes more pronounced as the water ac-
tivity increases above 0.6. Mladenoska et al. (18), while
investigating the activity of almond B-glucosidase in dif-
ferent alcohols, found that the enzyme followed the
same pattern, i.e. it became more selective towards short
chain alcohols. Other researchers also argue about the
effects of the alcohol chain length (4), the branching or
the number of -OH groups on the enzyme activity (8).
Van Rantwijk et al. (16) reported that the yield of the al-
mond B-glucosidase-catalyzed reversed hydrolysis has
been reduced for about 40 % for each extra carbon atom
added to the alcohol chain.

It seems that the small unbranched alcohol molecules
are much more easily incorporated in the glycosyl-enzyme
intermediate than the long chain branched molecules.
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Fig. 5. Total activity as a function of water activity in the con-

version of p-nitrophenyl-B-galactoside catalyzed by A. oryzae
B-galactosidase in butanol (M), hexanol (A), and octanol (O)

Conclusions

Water activity is a factor of crucial importance for
the competition between the transgalactosylation and
the hydrolysis. Both the total enzyme activity and the
selectivity increased with the increase of the water activ-
ity, reaching highest values at water activities close to 1.
In order to avoid the formation of two-phased system
and thereby lowering the rg/ry ratio, the water content
should be kept below the level of saturation. The selec-
tivity factors of the three glycosidases in all examined
cases were below 1, which means that the hydrolysis,
and not the synthesis, was the predominant reaction. If
the aim is to obtain high yields of alkyl-B-galactoside,
the reaction should be carried out in short-chained alco-
hol media at high water activity. This work is another
contribution to the studies that confirm general behav-
iour of the glycosidases belonging to families 1 and 2. A
search for glycosidases with higher affinity towards al-
cohol nucleophile, which would be active at lower a,,
values at which the hydrolysis would be less pronoun-
ced, could be an objective of our future research.
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