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Abstract

For the first time, glucosylation of �-butyl- and �-octylglucopyranoside was achieved using dextransucrase (DS) of various
specificities, and alternansucrase (AS) from Leuconostoc mesenteroides. All the glucansucrases (GS) tested used �-butylglucopyran-
oside as acceptor; in particular, DS produced �-D-glucopyranosyl-(1�6)-O-butyl-�-D-glucopyranoside and �-D-glucopyranosyl-
(1�6)-�-D-glucopyranosyl-(1�6)-O-butyl-�-D-glucopyranoside. In contrast, �-octylglucopyranoside was glucosylated only by
AS which was shown to be the most efficient catalyst. The conversion rates, obtained with this enzyme at sucrose to acceptor
molar ratio of 2:1 reached 81 and 61% for �-butylglucopyranoside and �-octylglucopyranoside, respectively. Analyses obtained
from liquid chromatography coupled with mass spectrometry revealed that different series of �-alkylpolyglucopyranosides
regioisomers of increasing polymerization degree can be formed depending on the specificity of the catalyst. © 2003 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Alkylpolyglucosides (APG) belong to the class of non-
ionic surfactants. They can be obtained via a Fischer
glucosylation based on a condensation between fatty
alcohols and carbohydrates.1–5 This class of surfactants
has retained the attention for the last 20 years, espe-
cially because their synthesis involves renewable raw
materials and can be carried out on a large industrial
scale.5 In addition, they are non-toxic,1,5–7 and have a
good biodegradability thanks to the hemiacetal linkage
between the two natural moieties, readily hydrolysed.5

APG consist of a (fatty) alkyl chain coupled to
several glucosyl units: they can be characterized either
by the average degree of polymerization (DP), which is
the number of glucosyl units per alkyl chain, or by the
hydrophilic/lipophilic balance (HLB) corresponding to

the relative weight of the two moieties. Currently, in-
dustrially available APG have an average DP com-
prised between 1.3 and 1.6.1 These two characteristics
are important for the surfactant properties,8–10 which
vary according to the DP or HLB values, and thus for
the potential applications in detergent, cosmetic, phar-
maceutical, and food fields.7,11

The modification of DP (or HLB) of these com-
pounds is consequently of great interest, because it
gives access to new properties and applications. But so
far, HLB can only be altered by the choice of the alkyl
chain length used for the APG synthesis. Indeed, gluco-
sidic moiety modification via chemical way would imply
numerous and tedious protection/deprotection steps. A
good alternative is thus to consider the enzymatic glu-
cosylation of �-alkylglucosides (�-AG) using glucansu-
crases (GS), which is more specific.

GS are extra cellular transglucosidases mainly pro-
duced by Leuconostoc mesenteroides and Streptococcus
species.12,13 Sucrose, a largely industrially available and
cheap carbohydrate, is used as a glucosyl donor. In its
presence, GS catalyse the synthesis of high molecular
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Fig. 1. Scheme of the glucosylation reaction of �-BG 1 as acceptor, using DS from L. mesenteroides NRRL B-512F as catalyst,
in the presence of sucrose as glucosyl residue donor.

weight �-glucan polymers according to the equation: n
sucrose�glucan+n fructose.14 This reaction occurs by
a glucosyl transfer from sucrose to a growing polyglu-
cose chain. In the meantime, fructose is released in the
medium.

Owing to the classification of GS based on the se-
quence similarities,15 GS mostly belong to the family 70
of glucoside hydrolases.16 They can also be classified
according to the structure of the glucan formed, and in
particular the nature and the frequency of the gluco-
sidic linkages synthesized.12,17,18 Dextransucrase (DS)
(E.C. 2.4.1.5) from L. mesenteroides NRRL B-512F
synthesizes a glucan, called dextran, mainly composed
of �-(1�6)-linked glucosyl residues in the main linear
chain.19 DS from L. mesenteroides NRRL B-1299
catalyses the formation of a polymer containing be-
tween 27 and 35% of �-(1�2) branched linkages in
addition to �-(1�6) ones.20–24 Another enzyme of par-
ticular interest is alternansucrase (AS) (E.C. 2.4.1.140)
which catalyses the synthesis of a glucan (called alter-
nan) consisting of alternating �-(1�6) and �-(1�3)
glucosidic linkages in the main chain.25,26 This enzyme
is secreted by L. mesenteroides NRRL B-1355 together
with DS.27,28 Last, a mutant strain from L. mesen-
teroides NRRL B-1355 was used in this work: L.
mesenteroides NRRL B-23192 which mainly produces
AS.29

In the presence of acceptor, an additional compound
introduced in the reaction mixture, GS can catalyse
acceptor glucosylation to the detriment of glucan syn-
thesis: this reaction is named ‘acceptor reaction’.18,19

Usually, during this reaction, the specificity of GS is
conserved. Besides, several compounds, mainly carbo-
hydrates, have been analysed with regard to their ac-
ceptor efficiency,17,30 and were divided into two classes:
(1) strong acceptors, such as maltose21,25 and isomal-
tose,17 yielding products which are in turn glucosylated

leading to series of oligosaccharides, whereas glucan
synthesis is strongly limited; (2) weak acceptors for
which only one glucosylated product is formed; fructose
belongs to this last class, and may be glucosylated to
form leucrose (�-D-glucopyranosyl-(1�5)-D-fructopy-
ranose). Furthermore, the sucrose/acceptor molar ratio
(S/A) is an important parameter of the reaction: it
enables to control the average DP of the glucooligosac-
charides produced, the average DP increasing with the
S/A ratio.19,20,25,31,32

Up to now, few alkylglucopyranosides have been
tested as acceptors. �-Methylglucopyranoside was
shown to be glucosylated by several DS33 or AS26 from
L. mesenteroides, whereas �-octylglucopyranoside was
not an efficient acceptor.34 The present work describes
for the first time the enzymatic glucosylation of �-AG
containing more than two carbons in the alkyl chain.
For this purpose, GS were used to lengthen the gluco-
sidic moiety of the molecule. To study the influence of
the alkyl chain length, two distinctive �-AG were tested
as acceptor: �-butylglucopyranoside (�-BG, 1) and �-
octylglucopyranoside (�-OG, 2) (see Fig. 1). Different
GS from L. mesenteroides NRRL B-512F, B-1299, B-
1355 and B-23192 selected on the basis of their specific-
ity, were tested as catalysts at various S/A ratio.

2. Results and discussion

2.1. Glucosylation of �-BG

2.1.1. Enzyme screening. The ability of the GS from L.
mesenteroides B-512F, B-1299, B-1355 and B-23192 to
catalyse the transfer of glucosyl residues to �-BG (as
acceptor) was first tested using a S/A ratio equal to 1:1.
As shown on Figs. 2 and 3, all GS catalysed sucrose
consumption correlated with fructose release, the for-
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Fig. 2. HPLC analysis on NH2 column of �-BG 1 acceptor reaction by DS NRRL-B512F at initial Ai and final Af state. Peak
identification: F: fructose; S: sucrose; L: leucrose; TS: trisaccharide; 1: �-BG; 3: �-D-glucopyranosyl-(1�6)-O-butyl-�-D-glucopy-
ranoside, [MNa+]: m/z=421.2; 4: �-D-glucopyranosyl-(1�6)-�-D-glucopyranosyl-(1�6)-O-butyl-�-D-glucopyranoside, [MNa+]:
m/z=583.3; 5: �-D-glucopyranosyl-(1�6)-�-D-glucopyranosyl-(1�6)-�-D-glucopyranosyl-(1�6)-O-butyl-�-D-glucopyranoside,
[MNa+]: m/z=745.4.

mation of leucrose, and the transglucosylation from
sucrose to �-BG leading to the synthesis of products 3,
4, 5. In some cases, additional peaks were observed
indicating the presence of additional compounds. Con-
sequently, all GS recognize �-BG as acceptor. However,
the chromatograms of the acceptor reaction differ for
each enzyme indicating that different compounds are
synthesized.

2.1.2. Structural characterization. Compounds 3, 4, 5
were the only products obtained when B-512F DS was
used as catalyst. Their retention times on NH2 column
increased compared to �-BG one indicating that they
probably correspond to glucosylated products. Thus,
LCMS analyses revealed that 3 is a DP 2, 4 a DP 3, 5
a DP 4 (see Fig. 4). In addition, the kinetic study of the
formation of each of these compounds (data not
shown) showed that 3, 4 and 5 are synthesized succes-
sively. Last, a correlation between DP and �-BG reten-
tion times was observed, as shown on Fig. 5 (a similar
correlation was also observed with glucosylation prod-
ucts of maltose in the presence of B-1299 DS).21

For a complete characterization, products 3 and 4
were isolated in higher quantities for NMR and HRMS
(high resolution mass spectrometry) analyses.

2.1.2.1. Compound 1. Firstly, the spectrum of �-BG
was carried out for being used as reference. On 1H
NMR spectrum, one doublet at 5 ppm is present, which
was assigned to the anomeric proton. The correspond-
ing J1–2 coupling constant 3.8 Hz is characteristic of an
� linkage. The other protons of the sugar ring have a
chemical shift between 3.45 and 4.00 ppm, and at lower
chemical shifts for the alkyl chain. Comparison with
HMBC and HSQC spectra allowed to identify the
various protons and carbons. Their chemical shifts are
gathered in Table 1.

2.1.2.2. Compound 3. The 1H NMR spectrum showed
two doublets in the region 5.0–5.1 ppm, integrating for
two protons. These protons correspond to the anomeric
positions, and integration indicates a disaccharide
structure. This is in accordance with MS data which
resulted in a molecular weight of 421.2 g/mol. More-
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Fig. 3. HPLC analysis on NH2 column of reaction mixtures after glucosylation of �-BG 1. The catalysts used are L. mesenteroides
B-1299 DS (Bf), B-1355 (Cf) and B-23192 AS (Df). Peak identification: S: sucrose; F: fructose; L: leucrose; TS: trisaccharide; 3:
[MNa+]: m/z=421.2; 4 isomers: [MNa+]: m/z=583.3; 5 isomers: [MNa+]: m/z=745.4

over, both doublets exhibit weak J1–2 coupling con-
stants (3.8 Hz) which demonstrate the presence of �
linkages. As for the disaccharide structure, the coupling
between H-1 of unit II and C-6 of unit I on HMBC
spectrum is an evidence of the formation of an �-(1�6)
linkage. Last, a coupling between anomeric proton H-1
of unit I and C-� of the alkyl chain shows that the alkyl
chain remains attached to the glucosyl residue at the
reducing end. The other assignments of signals on 1H
and 13C spectra are summarized in Table 1. From the

NMR study, it can be deduced that compound
3 is �-D-glucopyranosyl-(1�6)-O-butyl-�-D-gluco-
pyranoside.

2.1.2.3. Compound 4. The 1H NMR spectrum showed
three doublets around 5 ppm integrate for three pro-
tons, corresponding to the three anomeric protons of a
trisaccharide structure. MS data are in agreement with
these results: the experimental molecular weight thus
obtained is 583.2 g/mol. The 13C–1H HMBC spectrum
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showed strong cross-peaks between H-1 of unit II (unit
III) and C-6 of unit I (unit II) demonstrating that
glucose unit I (unit II) is �-(1�6)-linked to unit II (unit
III). The chemical shifts of the spectrum are given in
Table 1. Thus, product 4 is �-D-glucopyranosyl-(1�6)-
� - D - glucopyranosyl - (1�6) - O - butyl - � - D - gluco-
pyranoside.

Fig. 5. Retention time analysis of APGs synthesized by
glucosylation of �-BG 1 in the presence of L. mesenteroides
NRRL B-512F DS.

Fig. 4. Mass spectrum of chromatographic peaks correspond-
ing to products 3, 4 and 5 of Fig. 2; these give evidence that
3, 4 and 5 correspond, respectively to �-butyloligosaccharides
of DP 2 ([MNa+]: m/z=421), DP 3 ([MNa+]: m/z=598)
and DP 4 ([MNa+]: m/z=745).

Compounds 3, 4, 5, previously demonstrated to be
�-butyl-di-, tri-, and tetraglucopyranoside, respectively
are also synthesized by B-1299 DS, B-1355 and B-23192
AS as shown by LCMS data (data not shown) and
retention time comparison (see Fig. 3). But, additional
peaks are present on the chromatograms. LCMS analy-
sis showed that these peaks corresponded to additional
glucosylated products and possessed the same DP as 4
and 5. This indicates that several regioisomers are
synthesized with these enzymes and may be related to
the different regiospecificities of the catalysts.

2.1.3. Conversion rates study. Conversion rates were
calculated from �-BG depletion. Several S/A ratio of
1:2, 1:1 or 2:1 were tested for each GS (Table 2). For all
enzymes, the conversion rates increased with the S/A
ratio from 10 to 20% when S/A ratio is doubled.
Indeed, at high S/A ratio, more glucosyl residues are
available to be transferred to �-BG. It must also be
pointed out that among the GS tested, AS preparations
from L. mesenteroides B-1355 and B-23192 are the most
efficient GS for glucosylation of �-BG: an improvement
of the �-BG conversion rate of 10–15% is observed
with these enzymes in comparison with DS from L.
mesenteroides B-512F and B-1299.

2.1.4. DP distribution of APG. The final DP repartition
of the APG synthesized with B-512F DS as a function
of S/A ratio was then determined. Results of Table 3
show that increased S/A ratio turns the reaction to-
wards the synthesis of APG with longer glucosidic
moiety. Roughly, doubling S/A ratio induces an in-
crease of the average DP of 0,5. Consequently, the
average DP of the final mixture can be controlled by
the choice of initial S/A ratio. This correlation is per-
fectly in agreement with the results obtained by Re-
maud and co-workers35 for glucosylation of maltose
catalysed by L. mesenteroides NRRL B-1299 DS.

2.2. Glucosylation of �-butyltriglucopyranoside: influence
of the polymerization degree

After isolation, �-butyltriglucopyranoside (4) was tested
as an acceptor for B-512F DS at a S/A ratio of 2:1 (in
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Table 2
�-BG conversion rates as a function of sucrose/acceptor ratio and GS used

Acceptor concentration (mol/L)S/A ratio (mol/mol) L. mesenteroides

B-512F (%) B-1299 (%) B-1355 (%) B-23192 (%)

1:2 0.22 32 40 52 44
54 471:1 650.22 67
70 68 760.11 812:1

Table 3
Average DP of glucosylated of �-butyloligoglucopyranoside synthesized by L. mesenteroides B-512F DS as a function of
sucrose/acceptor ratio

CompoundS/A ratio (mol/mol) AverageDP a

3 DP=2 (%) 4 DP=3 (%) 5 DP=4 (%)1 DP=1 (%)

1:2 68 22 8 2 1.4
1:1 2846 18 8 1.9

29 26 15 2.6302:1

a Average DP calculated from the Schulz’s law.4

order to obtain the best conversion rates as demon-
strated above).

From HPLC analysis (data not shown), it can be
concluded that 4 was used as acceptor but did not react
as a glucosyl donor since no DP 2 nor DP 1 was
formed. Thus, the peak corresponding to 4 decreased,
whereas new peaks with higher retention times ap-
peared, the first one being 5 (DP 4) and the second 6
(DP 5). All compounds obey to the correlation between
retention time and DP previously pointed out (Fig. 5).

From a quantitative aspect, the conversion rate
reached 78%, a little higher than the one obtained in
the same conditions with �-BG acceptor. Consequently,
reaction products are better acceptors than initial
acceptors.

2.3. Glucosylation of �-OG: influence of the alkyl
chain length

�-OG was tested as acceptor. To increase its solubility,
reactions were carried out at 40 °C.

2.3.1. Enzyme screening. The only glucansucrase able to
glucosylate �-OG is AS from L. mesenteroides B-1355
(and B-23192). New glucosylated products were formed
as shown on Fig. 6. Indeed, L. mesenteroides B-512F
DS was not stable during the course of the reaction and
L. mesenteroides B-1299 DS consumed sucrose but did
not catalyse transglucosylation from sucrose to �-OG.
Consequently, L. mesenteroides B-1299 DS is much
more affected by the increase of alkyl chain length than
AS: the presence of a longer alkyl chain (and thus

higher hydrophobicity) may prevent a correct docking
of the acceptor in the enzyme active site.

2.3.2. Conversion rate study. Acceptor reactions were
carried out with �-OG at various S/A ratio in the
presence of AS preparations from L. mesenteroides
B-1355 and B-23192 (Fig. 6). The presence of new
peaks is correlated with the disappearance of the accep-
tor. Since more glucosylated the product is, lower the
retention time will be, it can be concluded that the
products corresponding to the new peaks derived from
�-OG glucosylation.

The best conversion rates are again obtained with
B-23192 AS (Table 4). This observation emphasizes the
better efficiency of AS to catalyse glucosylation of
�-AG. However, the use of �-OG 2 as acceptor induced
a 20% conversion rate decrease for both enzymes (com-
pared to �-BG conversion rate) indicating that increas-
ing the alkyl chain length diminishes the glucosylation
efficiency.

For the first time, the enzymatic glucosylation of
�-BG and �-OG was carried out by using GS from L.
mesenteroides. Conversion rates were improved by us-
ing a high S/A ratio and AS as catalyst. Thus, 66% of
�-OG and 81% of �-BG were converted, a difference
resulting from a difference in hydrophobicity.

Moreover, each GS conserved its own specificity
during �-AG glucosylation, leading to different re-
gioisomers. In the meantime, S/A ratio is a key parame-
ter which influences the final average DP of APG.
Consequently, by selecting the initial conditions of syn-
thesis (i.e., enzyme, S/A ratio), it is possible to have
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Fig. 6. HPLC analyis on C18 column of reaction mixtures after glucosylation of �-OG 2 with AS from L. mesenteroides NRRL
B-1355 (similar chromatograms are obtained with B-23192 enzyme) S/A ratio equal to 1:1 (i, initial state; f, final state).

Table 4
�-OG conversion rates as a function of sucrose/acceptor ratio used during glucosylation catalysed by AS preparations

S/A ratio (mol/mol) L. mesenteroidesAcceptor concentration (mol/L)

B-1355 (%) B-23192 (%)

121:2 270.22
31 421:1 0.22
51 660.112:1

access to various APG of controlled size and structure.
The physico-chemical properties of these products is-
sued from green chemistry must be now investigated to
develop new applications.

3. Experimental

3.1. Materials

L. mesenteroides NRRL B-512F, B-1299, B-1355 and
B-23192 were supplied by the NRRL Peoria (IL), USA.
The production of the enzymes from these strains was
detailed previously.28,29,36,37 �-BG was a gift from Sola-
bia (France), and �-OG was purchased from Aldrich.

3.2. Analytical methods

Melting points were measured with a Köfler hot bench
and are uncorrected. 1H (400.13 MHz) and 13C NMR
(100.612 MHz) were recorded on a Bruker-ARX 400
spectrometer equipped with an ultrashim system. Sam-
ples were studied as solutions in deuterium oxyde (20
mg in 0.75 mL of solvent) at 25 °C. Total assignment of
the carbon and proton signal was made through COSY,
HMQC and HMBC experiment. HPLC analyses were
performed using a Hewlett Packard 1050 series consist-
ing of a pump, an automatic injector and a HP 1047A
refractometer. Analysis of the glucosylation of �-BG
was done on an analytical NH2 column (Spherisorb
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Amino 5 �m, Bischoff Chromatography, 250×4.0 mm)
thermostated at 30 °C and with water–MeCN (20/80
v/v) as eluant at a constant flow of 1.0 mL/min. Analy-
sis of the glucosylation of �-OG was performed on an
analytical C18 column (Nucleosil, Bischoff Chromatog-
raphy, 250×4.6 mm) with water–MeCN (70/30 v/v) as
eluent and a constant flow of 0.5 mL/min. Each sample
was analysed for a period of 60 min at 30 °C. Samples
were diluted before injection in order to ensure a total
concentration lower than 10 g/L. LCMS was run on a
Perkin–Elmer SCIEX model API 365 system connected
to a NH2 column. Liquid chromatography was per-
formed with the same column described before and
with water–MeCN (20/80 v/v) as eluent at 0.8 mL/min.
As for mass spectrometry, molecules were ionised by
Ion Spray technique with a source at 360 °C, separated
by a quadripole and detected on the positive mode.
HRMS analyses were performed on a high resolution
Autospec Micromass (35 keV, EI+).

3.3. Alkylpolyglucopyranoside synthesis

The glucosylation reaction was performed in AcONa
buffer (20 mM, pH 5.2), supplemented with sucrose at
various concentrations (owing depending on S/A molar
ratio). With �-BG (0.23 M), the mixture was ther-
mostated at 30 °C, whereas with �-OG (0.12 M), the
temperature was 40 °C (due to the limited solubility of
the acceptor in the buffer). For �-AG glucosylation,
enzyme activity1 was fixed to 1 U/mL. The acceptor
reactions were carried out for 24 h. The reaction was
stopped by dilution in MeCN–water for �-BG, or by
heating at 95 °C for 5 min with �-OG. Then, the
samples were centrifuged for 10 min at 10,000 rpm at
room temperature before HPLC analysis.

3.4. APG purification

In order to characterize glucosylated products of �-BG,
the APG synthesis described above was performed at
preparative scale at S/A equal to 2:1 (16 g=47 mmol in
sucrose and 5.6 g=23 mmol in 1 for 100 mL of buffer).
After a 72 h reaction time, an equal volume of EtOH
was added to the mixture in order to precipitate the
soluble dextran. The medium was centrifuged at 8000
rpm for 20 min at 4 °C, the supernatant collected and
evaporated and the solute obtained dissolved in 100 mL
of ultra-pure water (with a final concentration lower
than 100 g/L). Then, isolation of glucosylated products
was performed by gel permeation using Bio-Gel® P-2
(polyacrylamide gel; fine particles: �=45–90 �m;
91×10 cm) as the stationary phase, ultra-pure water as

eluent at a constant flow rate of 14 mL/min. APG
detection was carried with a refractometer, and each
peak was collected separately, concentrated and rein-
jected into an analytical HPLC system to check the
purity of the compounds. Thus, were obtained 2.7
g=6.7 mmol in 3, 3.4 g=6.0 mmol in 4, 2.5 g=3.5
mmol in 5, and 1.7 g=6.9 mmol remaining in 1.

3.4.1. �-D-Glucopyranosyl-(1�6)-O-butyl-�-D-glucopy-
ranoside (3). Mp 81 °C; HRMS: Anal. Calcd for
C16H30O11: 421.1686 [MNa+], Found: 421.1692; 1H and
13C NMR data in Table 1.

3.4.2. �-D-glucopyranosyl-(1�6)-�-D-glucopyranosyl-
(1�6)-O-butyl-�-D-glucopyranoside (4). Mp 130 °C;
HRMS: Anal. Calcd for C2H40O16: 583.2214 [MNa+],
Found: 583.2209; 1H and 13C NMR data in Table 1.

3.5. Final composition in APGs

As for the average DP of the mixture, it was calculated
thanks to Schulz’s law4 (Eq. (1)).

DP=
p1

100
×1+

p2

100
×2+ ···= �

�

i=1

pi

100
× i (1)

Eq. (1)—Calculation of the average DP according to
the Schulz’s law;4 with i as the individual DP and pi the
molar percentage of APG in the mixture.
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