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Prebiotic isomaltooligosaccharide (IMO) preparations contain α-D-glucooligosaccharides and their structure is the key factor 
for their prebiotic potential. The transglucosylation selectivity is known to depend on the enzyme specificity and moreover, 
maltose and α-glucooligosaccharides can actually act as both glucosyl donor and acceptor in the reaction. Thus, two commercial 
enzymes, a glucosyltransferase and an α-glucosidase, were tested alone and in combination on pure maltose to study their 
specificities and the IMO profile obtained. The reactions were monitored using a step-forward AEC-PAD analytical method 
which permitted to detect and resolve new unknown IMO. Structural determination of unknown IMO was attempted using 
their retention times and relative abundance. As a general rule, the α-glucosidase has a more expressed hydrolyzing activity 
leading to products containing less residual digestible α-(1-4) linkages such as isomaltose, isomaltotriose, isomaltotetraose, 
kojibiose and nigerose while the glucosyltransferase produces important amount of panose. Finally, the combination of the two 
enzymes leaded to an intermediate IMO profile. IMO syrups composition was thus proved to be dependant on the specificity 
of the transglucosylating enzyme so that products profiles can be designed using different enzymes and in different proportion.
Keywords. Transglucosylation, glucosyltransferase, glucosidase, isomaltooligosaccharides, prebiotic, AEC-PAD.

Comparaison des profils en glucooligosaccharides produits à partir de maltose par deux transglucosidases 
différentes d’Aspergillus niger. Les préparations prébiotiques d’isomaltooligosaccharides (IMO) contiennent des α-D-
glucooligosaccharides et la structure de ceux-ci est l’élément majeur déterminant le potentiel prébiotique d’un produit. Il 
est établi que la sélectivité de la réaction de transglucosylation dépend de la spécificité de l’enzyme et que le maltose et les 
α-glucooligosaccharides peuvent à la fois jouer le rôle de donneur ou d’accepteur de résidus glucosyl au sein de la réaction. 
Deux enzymes commerciales, une glucosyltransférase et une α-glucosidase, ont donc été testées seules ou en combinaison 
sur du maltose pur afin d’étudier leurs spécificités et le profil en IMO obtenu. Les réactions ont été suivies à l’aide d’une 
méthode analytique améliorée AEC-PAD permettant la détection et la résolution de nouveaux IMO inconnus. La détermination 
structurale de ces nouvelles espèces a ensuite été entreprise par le biais de leur temps de rétention et leur abondance relative. 
De manière générale, l’α-glucosidase possède une activité hydrolytique plus prononcée produisant des composés contenant 
moins de liaisons résiduelles α-(1-4) digestibles telles que l’isomaltose, l’isomaltotriose, l’isomaltotétraose, le kojibiose et 
le nigérose, alors que la glucosyltransférase produit des quantités importantes de panose. Enfin, la combinaison des deux 
enzymes a permis l’obtention d’un profil en IMO intermédiaire. La composition des sirops d’IMO s’avère donc dépendante de 
la spécificité de l’enzyme transglucosylante, ce qui permet de faire varier le profil en IMO du produit obtenu en jouant sur le 
choix des enzymes et leur proportion. 
Mots-clés. Transglucosylation, glucosyltransférase, glucosidase, isomaltooligosaccharides, prébiotiques, AEC-PAD.
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1. Introduction

Prebiotics are non-digestible dietary components 
that pass through the digestive tract to the colon and 
selectively stimulate proliferation and/or activity 
of desired populations of bacteria indigenous to the 
human or animal colon in situ (Gibson et al., 1995; 
Rycroft et al., 2001; Roberfroid, 2008; Wang, 2009). 
Among these prebiotics, isomaltooligosaccharides 
(IMO) are for years the most successful ones in Asian 
countries thanks to their many favorable properties for 
application in food industry (Kohmoto et al., 1988; 
1991; Kanno, 1990; Kaneko et al., 1995; Gu et al., 
2003; Goffin et al., 2010). 

Prebiotic mixtures composition is the key factor 
for their efficiency throughout the structure/function 
relationship as well as the possible partial digestion by 
endogenous enzymes that can occur before reaching 
the colon (Sanz et al., 2005). Consequently, the starting 
substrate, enzyme type and specificity together with 
the enzymatic reaction precise control are critical 
points to produce optimized IMO preparation with 
high prebiotic power. Two types of transglucosylating 
enzymes are available to produce IMO starting from 
hydrolyzed starch: glucosyltransferases (EC. 2.4.1.24) 
and α-glucosidases (EC. 3.2.1.20) (Plou et al., 
2007). Glucosyltransferases catalyze group-transfer 
reactions of monosaccharides even in dilute reaction 
conditions. Transferase producing IMO are non-Leloir 
enzymes that require neither co-factors nor activated 
substrates, as they directly employ the free energy of 
oligosaccharides osidic bond cleavage (Plou et al., 
2002). Glycosidases are hydrolytic enzymes, which 
can catalyze at a certain extent either reverse hydrolysis 
(thermodynamic control) or transglucosylation 
(kinetically-controlled process) (Perugino et al., 2004), 
since they are retaining glucosyl hydrolase (GH) 
(Chiba, 1997). Some α-glucosidases indeed exhibit 
clear transglucosylation activity (Kato et al., 2002; 
Faijes et al., 2007). In both cases, the non-reducing 
D-glucosyl residue of the donor may be transferred 
to water (hydrolysis), to D-glucosyl residues released 
by hydrolysis, or to the non-reducing residue of 
maltose and every α-glucooligosaccharide present 
in the solution. This transfer can occur to the 6-OH, 
2-OH, 3-OH and/or 4-OH group of the non reducing 
glucose unit of the acceptor depending on the enzyme 
specificity. Maltose and α-glucooligosaccharides 
can actually act as both glucosyl donor and acceptor 
in the reaction. The starting substrate is, thus, also 
determinant because of the enzymes differential 
capacity to use various substrates as donor or acceptor 
in the reaction (Pazur et al., 1978; Hamada et al., 1980; 
Benson et al., 1982; McCleary et al., 1989). IMO 
preparations are thus composed of a complex mixture 
of glucose oligosaccharides characterized at the same 

time by their DP value (from 2 to ~ 10), linkages types 
[α-(1-2, 3, 4 or 6)] and the proportion and position 
of each type of linkage. Numerous articles since the 
1950s, evaluated the production of IMO (Mc Cleary 
et al., 1989; Duan et al., 1994; Yun et al., 1994) and 
associated α-glucooligosaccharides (Yamamoto et al., 
2004) by enzymes with specific activities using mainly 
paper chromatography (Barker et al., 1953; Nishi et al., 
1975; Kato et al., 2002) and paper electrophoresis 
(Takahashi et al., 1988), or HPLC on amino column 
with RI (Duan et al., 1995; Nakanishi et al., 2006), 
ELSD (Fernandez-Arrojo et al., 2007) or UV with 
ABEE-labeled oligosaccharides (Kobayashi et al., 
2003) detection. However, the first two methods do not 
permit the full discrimination of all structural isomers 
and their quantification while amino column resolution 
is still very limited. Consequently, results do not reflect 
the full complexity of the mixtures and quantification 
can be biased. It is important to specify that in this 
paper, IMO definition in the strict sense [only α-(1-
6) linkages] is extended and IMO are considered as 
α-glucooligosaccharides possessing at least one “ALO” 
linkage (Anomalously Linked Oligosaccharides, 
Takaku, 1988) i.e. α-(1-6), α-(1-2) or α-(1-3). Indeed, 
these compounds are believed to participate to the 
prebiotic effect and are often considered in nutritional 
studies (Kaneko et al., 1994).

Therefore, in this paper, two commercial enzymes, 
a glucosyltransferase and an α-glucosidase, are tested 
alone and in combination on pure maltose to study 
their activities and the IMO profile obtained. In order 
to monitor more accurately IMO production, a step-
forward analytical method using AEC-PAD and able to 
discriminate structurally close molecule is used (Goffin 
et al., 2009a). Indeed, this method enables to separate 
a wider range of IMO and non-IMO by-products than 
previous methods (Koizumi et al., 1989; Ammeraal 
et al., 1991; Paskach et al., 1991; Vinogradov et al., 
1998; Dols-Lafargue et al., 2001; Demuth et al., 2002; 
Nakanishi et al., 2006) and thus to detect new types of 
IMO and obtain a better picture of the product prebiotic 
potential. Moreover, some structures are proposed for 
these unknown IMO according to their retention times 
and relative abundances. However these structures will 
need to be confirmed individually in a coming paper 
by structural determination methods such as NMR or 
LC-MS.

2. Experimental

2.1. Reagents

To prepare the standard solutions, sample solutions 
and the mobile phase, 18 MΩ purified water produced 
with a laboratory water purification system (Barnstead, 



Transglucosylation to produce isomaltooligosaccharides	 609

IA, USA) was used throughout the experiments. 
D-Glucose, maltose and panose were purchased from 
Sigma-Aldrich SA (Bornem, Belgium), isomaltotriose, 
isomaltotetraose, isomaltopentaose, isomaltohexaose 
and isomaltoheptaose from Medac GmbH (Wedel, 
Germany), kojibiose, nigerose, maltotriose, malto-	
tetraose, maltopentaose, maltohexaose and malto-	
heptaose from Wako chemicals GmbH (Neuss, 
Germany), nigerotriose from Dextra Laboratories 
LTD (Reading, UK) and 6-α-D-glucosyl-maltotriose 
from Megazyme (Dublin, Ireland) and were used as 
received and kept dried in a desiccator cabinet to avoid 
moistening of high DP (degree of polymerization)
sugars. The standard mixture solution was composed 
of the 18 sugars in concentrations ranging from 0.075 
to 0.25 mg.ml-1. Koji-family standard molecules 
[α-(1→2) linkages] were prepared as described in 
Goffin et al. (2009a). Guarantee grade reagent 50% 
sodium hydroxide concentrated solution used to 
prepare mobile phase was purchased from J. T. Baker 
BV (Deventer, The Netherlands). Sodium acetate 
trihydrate for analysis was purchased from Merck 
KGaA (Darmstadt, Germany). Two commercial 
enzymes were tested: the α-glucosidase (EC. 3.2.1.20.) 
L “Amano” from Amano Enzyme INC. (Nagoya, 
Japan) and the glucosyltransferase (EC. 2.4.1.24) 
L-500 from Genencor International INC. (Leiden, 
The Netherlands). For the enzyme activity assays, 
p-nitrophenyl α-D-glucoside and Trizma solution 2% 
w/v were purchased from Sigma-Aldrich SA (Bornem, 
Belgium). 

2.2. AEC-PAD analysis of transglucosylation 
products

The chromatography system used was an ICS-3000 
system (Dionex, Sunnyvale, CA, USA). This system 
consisted of an SP gradient pump system, a DC 
detector/chromatography module thermally regulated 
with a 25 µL injection loop, an AS40 autosampler, 
and an ED40 electrochemical detector equipped with 
an amperometric cell. The cell comprised an about 
1 mm diameter gold working electrode, a glass and Ag/
AgCl combination reference electrode (Dionex) and a 
titanium counter electrode consisting of the cell body. 
The chromatographic separation of the sugars was 
performed on a CarboPac PA100 analytical column 
(250 mm × 4 mm i.d. Dionex) and a CarboPac PA10 
guard column (40 mm × 4 mm i.d. Dionex) at a flow-
rate of 1 ml.min-1; both columns were packed with 
an identical microporous, polymeric anion-exchange 
material and were installed in the thermal compartment 
at a controlled temperature of 30°C. The sample 
injection volume was 25 µl. The gradient elution was 
performed with mobile phases A (100 mM sodium 
hydroxide solution) and B (600 mM sodium acetate 

trihydrate in a 100 mM sodium hydroxide solution) 
using the gradient program described by Goffin et al. 
(2009a).

2.3. Enzymatic activities

Transglucosidic activities of enzymes are determined 
using the method described by Megazyme with 
p-nitrophenyl α-D-glucoside as substrate. In standard 
conditions, transglucosidic activities are measured at 
40°C for 10 min in a 400 µl final volume of 200 mM 
acetate buffer (pH 4.0) containing 10 mg of enzyme 
solution (with densities of 1.118 g.ml-1 and 1.17 g.ml-1 
for L “Amano” and L-500 respectively) and 5 mM of 
p-nitrophenyl α-D-glucoside. Reaction is stopped by 
addition of 3 ml of a 2% w/v Trizma Base solution 
(pH 8.5). Absorbance due to yellow nitrophenolate 
ions released is read at 400 nm with a Ultraspec 4000 
(Pharmacia Biotech) UV/visible spectrophotometer. 
The specific activity is expressed in enzymatic unit per 
mg of enzyme preparation (EU.mg-1). An Enzymatic 
Unit represents 1 µM of p-nitrophenol released per 
minute. 

2.4. Transglucosylation reactions

Transglucosylation enzymatic reactions take place 
at 60°C in 0.5 l reaction medium with 0.1 M sodium 
acetate buffer (4.8 ≤ pH ≤ 5.2), 0.5 ml of enzyme 
solution and 100 g.l-1 of maltose. For the reaction 
with the two enzymes in combination, 0.25 ml of each 
enzyme preparation is added to the buffered medium. 
Evolution of the synthesis reactions is monitored 
in time by sampling aliquots every 30 min (2 ml). 
Reactions are stopped by heating aliquots in a boiling 
water bath for 5 min. Before analysis, samples are 
diluted 100 times in 18 MΩ purified water.

3. Results and discussion

3.1. Detection of transglucosylation products

The use of pure maltose as the transglucosylation 
reaction substrate, instead of hydrolyzed starch used in 
industry, leads to a simplified IMO profile (Figure 1). 
Moreover, the use of a step-forward AEC-PAD method 
(Goffin et al., 2009a) permitted us to bring into light 
the presence of unknown saccharides not detected 
with previous analytical methods. Structures and 
abbreviations of below discussed oligosaccharides 
are presented in table 1. Saccharides depicted with an 
asterisk (*) are present in the AEC-PAD chromatogram 
but their identity, structure and DP are only 
speculated while unmarked saccharides correspond 
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Figure 1. AEC-PAD partial chromatogram of 
glucosyltransferase transglucosylation products from 
maltose — Chromatogramme AEC-PAD partiel des produits 
de transglucosylation à l’aide d’une glucosyltransférase et 
à partir de maltose.

Peak numbering is presented in table 1 — La numérotation 
des pics est présentée au tableau 1; Isomaltooligosaccharides 
(IMO) not corresponding to standard molecules — Les 
isomaltooligosaccharides (IMO) ne correspondant pas à des 
molécules standards.
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Table 1. Structures, abbreviations, retention times and DP values of known and postulated oligosaccharides present in 
isomaltooligosaccharides (IMO) preparations — Structures, abréviations, temps de rétention et valeurs de DP d’oligosaccharides 
connus ou postulés présents dans des préparations d’isomaltooligosaccharides (IMO).

Peak 	S accharide	A bbreviation	S tructure	R etention	DP
				    time (min)	
1	 Glucose	 Glc	 D-Glcp	   4.50	 1
2	 Isomaltose	 I2	 D-Glcp-(16)-α-D-Glcp	   7.40	 2
3	 Kojibiose	 K2	 D-Glcp-(1→2)-α-D-Glcp	   9.21	 2
4	 Kojitriose	 K3	 D-Glcp-(1→2)-α-D-Glcp-(1→2)-α-D-Glcp	 12.95	 3
5	 Isomaltotriose	 I3	 D-Glcp-(1→6)-α-D-Glcp-(1→6)-α-D-Glcp	 13.80	 3
6	 2-O-α-isomaltosyl-D-glucose*	 I-K2	 D-Glcp-(1→6)-α-D-Glcp-(1→2)-α-D-Glcp	 15.60	 3
7	 Nigerose	 N2	 D-Glcp-(1→3)-α-D-Glcp	 17.00	 2
8	 Maltose	 M2	 D-Glcp-(1→4)-α-D-Glcp	 17.70	 2
9	 Kojitetraose	 K4	 D-Glcp-(1→2)-α-[D-Glcp-(1→2)-α]2-D-Glcp	 17.90	 4
10	 6-O-α-kojibiosyl-D-glucose*	 K-I2	 D-Glcp-(1→2)-α-D-Glcp-(1→6)-α-D-Glcp	 19.70	 3
11	 Isomaltotetraose	 I4	 D-Glcp-(1→6)-α-[D-Glcp-(1→6)-α]2-D-Glcp	 20.40	 4
11’	 6-O-α-kojibiosyl-D-isomaltose*	 K-I3	 D-Glcp-(1→2)-α-[D-Glcp-(1→6)-α]2-D-Glcp	 21.10	 4
12	 Kojipentaose	 K5	 D-Glcp-(1→2)-α-[D-Glcp-(1→2)-α]3-D-Glcp	 21.80	 5
13	 Centose*	 K-M2	 D-Glcp-(1→2)-α-D-Glcp-(1→4)-α-D-Glcp	 22.93	 3
14	 Isomaltopentaose	 I5	 D-Glcp-(1→6)-α-[D-Glcp-(1→6)-α]3-D-Glcp	 23.27	 5
15	 Panose	 P	 D-Glcp-(1→6)-α-D-Glcp-(1→4)-α-D-Glcp	 23.55	 3
16	 2-O-α-isomaltosyl-D-maltose*	 I-K-M2	 D-Glcp-(1→6)-α-D-Glcp-(1→2)-α-D-Glcp-	 24.20	 4
	 	 	 (1→4)-α-D-Glcp	 	
17	 Isomaltohexaose	 I6	 D-Glcp-(1→6)-α-[D-Glcp-(1→6)-α]4-D-Glcp	 25.29	 6
18	 6-O-α-kojibiosyl-D-maltose*	 K-P	 D-Glcp-(1→2)-α-D-Glcp-(1→6)-α-D-Glcp-	 25.40	 4
	 	 	 (1→4)-α-D-Glcp	 	
19	 Maltotriose	 M3	 D-Glcp-(1→4)-α-D-Glcp-(1→4)-α-D-Glcp	 26.75	 3
20	 6-O-α-isomaltosyl-D-maltose*	 IP	 D-Glcp-(1→6)-α-D-Glcp-(1→6)-α-D-Glcp-	 26.98	 4
	 	 	 (1→4)-α-D-Glcp	 	
21	 Isomaltoheptaose	 I7	 D-Glcp-(1→6)-α-[D-Glcp-(1→6)-α]5-D-Glcp	 27.08	 7
22	 Nigerotriose	 N3	 D-Glcp-(1→3)-α-D-Glcp-(1→3)-α-D-Glcp	 27.95	 3
23	 4-O-α-isomaltosyl-D-maltose	 I-M3	 D-Glcp-(1→6)-α-[D-Glcp-(1→4)-α]2-D-Glcp	 29.65	 4
24	 Maltotetraose	 M4	 D-Glcp-(1→4)-α-[D-Glcp-(1→4)-α]2-D-Glcp	 31.74	 4
25	 Maltopentaose	 M5	 D-Glcp-(1→4)-α-[D-Glcp-(1→4)-α]3-D-Glcp	 35.83	 5
26	 Maltohexaose	 M6	 D-Glcp-(1→4)-α-[D-Glcp-(1→4)-α]4-D-Glcp	 40.69	 6
27	 Maltoheptaose	 M7	 D-Glcp-(1→4)-α-[D-Glcp-(1→4)-α]5-D-Glcp	 44.88	 7
28	 4-O-α-nigerosyl-D-glucose*	 N-M2	 D-Glcp-(1→3)-α-D-Glcp-(1→4)-α-D-Glcp	 n.i.	 3

Unmarked saccharides correspond to known compounds — Les saccharides non marqués correspondent à des composés connus; 
*-marked saccharides correspond to unknown compounds with only speculated names, structures and DP — Les saccharides marqués 
d’un * correspondent à des composés non connus avec des noms, structures et DP proposés. DP: degree of polymerization — degré de 
polymérisation.
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to known compounds for which standards exist. In 
the chromatogram of glucosyltransferase products 
presented in figure 1, ten peaks correspond to known 
saccharides according to their retention time (RT) and 
the most abundant are I2, I3, M2 and P while K2, K3, 
N2, I4 and N3 are present in lower but significant 
quantities. On the other hand, at least seven other peaks 
before 27 min can be pointed out with 13* (22.93 min), 
18* (25.4 min) and 20* (26.98 min) being the most 
important. The same known and unknown saccharides 
are present in the α-glucosidase chromatogram but 
sometimes in significantly different proportions (data 
not shown).

Regarding the enzymatic reaction, α-glucosidase 
and glucosyltransferase from Aspergillus niger 
both catalyze the glucose transfer mainly through 
α-(1→6) linkages or in a lesser extent and in the 
following preferred order: α-(1→2), α-(1→3) and 
rarely α-(1→4) linkage (Kita et al., 1991; Duan et 
al., 1995; Vetere et al., 2000; Yamamoto et al., 2004; 
Barker et al., 1953; Pazur et al., 1977; 1978; Benson 
et al., 1982; McCleary et al., 1989). Considering these 
facts and starting from maltose (M2), the enzymes 
can thus produce trisaccharides directly: P, in lower 
proportions K-M2 and scarcely N-M2 while releasing 
a Glc residue. As Glc accumulates, disaccharides can 
be formed: I2, in lower proportions K2 and scarcely 
N2. Thus, early in the reaction, P and I2 are the main 
products. Later in the reaction, the produced IMO can 
be used as acceptors and potentially as glucosyl-donors 
but less efficiently than M2 (McCleary et al., 1989). 
Disaccharides can then be further transglucosylated to 
produce mainly I3, K-I2 and I-K2 while trisaccharides 
can be converted mainly to I-P, K-P and I-K-M2.

3.2. Endeavour of structural identification of 
unknown IMO 

In this section, unknown IMO structures are proposed 
according to their RT. Indeed, besides analysis 
conditions (Cataldi et al., 2000) and degree of 
polymerization (Li et al., 1996), relative acidities of the 
hydroxyl groups (Lee, 1990; Paskach et al., 1991) and 
their accessibility to the stationary phase functional 
groups (Hardy et al., 1988) are the main factors 
governing AEC chromatography. Oligosaccharides 
retention is thus driven by linkage type and spatial 
conformation while increasing with DP value. Thus, 
the presence of branching, intramolecular H bridges or 
the formation of suprastructures such as coil for higher 
DP decrease the accessibility to the –OH (Koizumi 
et al., 1991). 

3D structures of some oligosaccharides resumed in 
table 1 have been constructed using SWEET II modeling 
program which uses MM3 force field for optimization 

(Figure 2). Glucose residues in oligosaccharides are 
named respectively A, B, C and D starting from the 
reducing end. Considering DP3 oligosaccharides 3D 
structures, relative elution position of standards can 
be explained by several structural characteristics. K3 
and I3 are the less retained compounds (12.95 and 
13.8 min) while M3 and N3 (26.29 and 27.95 min) 
present an accentuate retention. K3 slight retention can 
be explained, first, by the loss of two 2-OH which are 
the most acidic hydroxyl besides 1-OH. Secondly, the 
molecule exhibits a folded conformation stabilized by 
hydrogen bondings B 1-O/C 2-OH and A 1-O/C 2-OH 
which lower the acidity of both A 1-OH and C 2-OH 
and make them less accessible. Finally, the flexible and 
acid 6-OH are spread outside the formed “coil” giving 
no opportunity for an effective interacting surface. The 
same spreading out is observed for the 2-OH and the 
C 6-OH in I3 while two 6-OH are lost in the linkages. 
Moreover, the high flexibility of α-(1-6) linkages 
generates a high entropy and leads to the formation of 
a pseudo-coil structure which hinders the interactions 
with the phase (Paskach et al., 1991). On the other hand, 
M3 and N3 formation leads to the loss of two 4-OH and 
3-OH, respectively, which are less acidic. They are both 
very linear molecules, thus presenting a large surface 
for potential interaction. In M3, the 1-OH and the three 
2-OH are accessible and aligned due to the stabilizing 
effect of the H-bonding between 3-OH and 2-O of the 
next residue. The three 6-OH are also accessible and 
aligned on the other side of the molecule. In N3, 2-OH 
and 6-OH are both accessible and are alternating on 
both sides every residue. Furthermore, considering P 
(23.55 min) and I-M3 (29.65 min), these IMO both 
possess α-(1-4) linkages and a single α-(1-6) at the 
non-reducing end. The presence of this linkage reduces 
the retention time compared to M3 (26.29 min) and 
M4 (31.74 min), because it alters the linearity of the 
molecule and moreover, an H-bonding can be formed 
between A 6-OH and C 2-OH. It is worth noting that 
K4, I4, K5 and I5 are all eluted before P demonstrating 
the importance of the overall structure on retention.

Peaks 6* (15.6 min) and 10* (19.7 min) are eluted 
after K3, I3 and before I4, P, M3 and N3 and both 
present a low area. This suggests that they are both 
DP3 presenting α-(1-2) and α-(1-6) linkages as they 
are present in significant quantity and corresponding 
therefore to I-K2* or K-I2*. I-K2* possess a flexible 
α-(1-6) linkage which makes the C-residue relatively 
mobile while the same linkage in K-I2* is stabilized by 
the presence of a H-bond between C 2-O and A 4-OH. 
Moreover, A 1-OH and B 2-OH acidities in I-K2* are 
reduced due to a potential H-bond formation between 
these hydroxyls. In K-I2*, A 1-OH and A 2-OH are 
accessible as well as B and C 6-OH. Peak 6* and 10* 
are thus more likely to correspond to I-K2* and K-I2*, 
respectively. Peak 13* (22.93 min) present a relatively 
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high area and is eluted after K4 and I4 and just before 
P and M3. It should thus correspond to a DP3 with 
a “low retention” linkage [α-(1-2) or α-(1-6)] and 
a “high retention” linkage [α-(1-3) or α-(1-4)]. The 
peak’s high area suggests that the linkage formed 
quite easily by the enzyme giving no chance to 
α-(1-3) and α-(1-4) at the non reducing end. K-M2* 
known as centose is thus the best candidate as maltose 
is the most abundant acceptor during most of the 
transglucosylation process. Moreover, the presence of 
an H-bond between C 2-O and A 3-OH reduces the 
accessibility to A 1-OH and the 2-OH in comparison 
to P. Peaks 16* (24.2 min), 18* (25.4 min) and 20* 
(26.98 min) are all eluted after P and before N3 and 
I-M3, and 20* is co-eluted with M3 (data not shown). 
They are thus likely to be DP4 with mixed linkages 
and products of DP3 transglucosylation. The most 
abundant DP3 and in order of importance are P, I3 
and speculated K-M2*. K-I3* is susceptible to have 
a short retention time and can, thus, correspond to 
the small peak 11’ while I4 retention time is known 
(20.4 min). Other DP4 peaks can thus correspond, 

and in order of importance, to I-P*, K-P* and I-K-
M2*. According to abundance, peaks 16*, 18* and 
20* could correspond to I-K-M2*, K-P* and I-P*, 
respectively. When looking at 3D structures, I-K-M2 
has a compact and similar structure as K-M2* with a 
non-reducing residue linked by a flexible α-(1-6). Its 
retention time should therefore be shorter than those 
of K-P and IP in the same way as for K-M2* and P. 
When comparing I-P* and K-P*, the first exhibits 
a more linear structure while the second shows 
restricted accessibility due to the presence of several 
H-bonds. 

3.3. Study of the reaction products of two types of 
transglucosylating enzymes on maltose

Two commercial enzymes, L-500, a glucosyltransferase 
(EC. 2.4.1.24), and L-AMANO, an α-glucosidase (EC. 
3.2.1.20), were tested alone and in combination on 
pure maltose for their transglucosylation specificity. 
Their activities were, respectively, 3.79 and 4.52 

Figure 2. 3D structure of DP3 standard molecules and some determined isomaltooligosaccharides (IMO) — Structures 3D de 
molécules standards de DP3 et d’isomaltooligosaccharides (IMO) déterminés.
*: proposed identification — proposition d’identification; :    hydrogen bonding — ponts hydrogène; : linkage which permits a relatively 
high rotational freedom to the attached residues — liaisons permettant une liberté rotationelle relativement importante entre les résidus 
correspondants.

K3 I3

P M3
N3

I-P*

K-P*

K-M2

I-K-M2*

I-K2*

K-12*



Transglucosylation to produce isomaltooligosaccharides	 613

EU.mg-1 of commercial preparation. The evolution of 
the different products (except maltose) is presented 
in figure 3. Indeed, saccharides can successively be 
produced, increasing their relative abundance or used 
as donor (hydrolyzed) and as acceptor, decreasing 
their relative abundance.

Only IMO presented in table 1 and corresponding 
to standards or unknown IMO described in section 
3.2. and inside the LOQ are considered. However, 
other oligosaccharides of DP ≥ 4 only represent 2 to 
3% of the total oligosaccharides, as transglucosidase 
from Aspergillus niger only acts on oligosaccharides 
with a low degree of polymerization (Pazur et 
al., 1978; Benson et al., 1982; McCleary et al., 
1989). Areas were corrected according to response 
factors determined from the standard molecules 
calibration curves. Theoretical response factors of 
other oligosaccharides were calculated according to 
their retention times and as a consequence to their 
DP and linkage types (data not shown). Indeed, as 
retention times, response factors are linked to the 
oligosaccharide structure by their relative acidity and 
accessibility of their hydroxyl group and moreover, 
their diffusion coefficient in the electrode. Concerning 
the most abundant oligosaccharides [Figure 3(1)], not 
surprisingly, the α-glucosidase (L-AMANO) has a 
stronger hydrolyzing activity and works much faster. 
Indeed, after only 30 min, it produces similar and 

high amounts of P and I2, even more Glc and some I3 
while the glucosyltransferase (L-500) produces less 
P, Glc and low amounts of I2 and I3 compared to the 
α-glucosidase. Then L-AMANO rapidly hydrolyzes P 
and produces more I2 and I3 while L-500 continues to 
produce P and increasing amounts of I2 and I3. After 
150 min, L-AMANO only produces more Glc while 
I2 and I3 contents stay relatively constant indicating 
that the enzyme easily hydrolyzes α-(1-4) linkages 
of maltose but also α-(1-6) linkages presenting a 
neighboring α-(1-4) such as in P. For L-500, P only 
starts to be hydrolyzed. At the end of the reaction, 
I2 and I3 contents were significantly higher for 
L-AMANO than for L-500. 

Similar observations can be done for minor 
products [Figure 3(2)]. For L-AMANO, small 
amounts of three unknown IMO speculated as I-K2*, 
I-K-M2*, K-I2*, respectively and K3 and N3 are 
produced while approximately 3% of I4, N2 and K2 
are produced and not hydrolyzed. On the other hand, 
relatively high amount of two other unknown IMO 
speculated as K-P* (4.47%) and K-M2* (3.16%) are 
produced but easily hydrolyzed especially K-P* as for 
P. For L-500, products are again less easily hydrolyzed 
except for speculated K-I2*. Indeed, speculated 
K-M2* and K-P* are still present at, respectively, 
2.82 and 2.70% after 310 min. As a general rule, 
the α-glucosidase has a more expressed hydrolyzing 

Figure 3. Evolution of transglucosylation major (1) and minor (2) products using a glucosyltransferase (A) or an α-glucosidase 
(B) — évolution des produits majeurs (1) et mineurs (2) de transglucosylation à l’aide d’une glucosyltransférase (A) et d’une 
α-glucosidase (B).

A: L-500; B: L-AMANO; ♦: Glc; : P; : I2; : I-P*; : I3; : K-P*; -: K12*; : K-M2*; : I4; : I-K2*; : I4; ×: I-K-M2*;    : 
K3;   : N2. * Proposed identification — identification proposée. (*) Percentage: percentage of each species in the medium during the 
enzymatic reaction — pourcentage de chaque espèce dans le milieu au cours de la réaction enzymatique.
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activity leading to products containing less residual 
digestible α-(1-4) linkages such as I2, I3, I4, K2 and 
N2 while the glucosyltransferase produces important 
amounts of P, I2 and speculated K-M2*, I-P* and 
K-P*. IMO profiles can, thus, be orientated through 
the enzyme choice. 

When using the two enzymes in combination 
(Figure 4), after 160 min an intermediate profile is 
obtained, each product being present in percentages 
in between the values obtain for the enzymes alone. 
Concerning the IMO content after 160 min, 66.78, 
59.86 and 64.81% of IMO are found for L-AMANO, 
L-500 and their combination, respectively. Thus the 
enzymes do not seem to show a synergistic effect 
neither an inhibiting effect on each other. However, 
similar maximum IMO contents of 67.65 and 66.62% 
are obtained after 130 and 310 min for L-AMANO and 
L-500, respectively, even though, IMO preparations 
produced using L-AMANO contain less digestible 
IMO as they present less residual α-(1-4) linkages. 
This confirms the fact that L-AMANO is working 
much faster and reactions must be stopped on time to 
avoid hydrolysis of produced IMO. Moreover, after 
160 min or at the maximum IMO content (130 min 
for L-AMANO and 310 min for L-500), L-AMANO 
presents a higher content in Glc and a lower content of 
M2 compared to L-500. This is worth noting because 
Glc is easier to eliminate from the IMO preparation 
by yeast fermentation (Pan et al., 2005) or conversion 
to prebiotic gluconic acid (Goffin et al., 2009b) than 
M2 in order to obtain better prebiotic index.

4. Conclusion

In this paper, transglucosylation reaction leading to 
IMO production has been studied on pure maltose 
using two types of enzymes: a glucosyltransferase 
(EC. 2.4.1.24) and an α-glucosidase (EC. 3.2.1.20). 
The reactions were monitored using a step-forward 
AEC-PAD analytical method which permitted to 
detect and resolve new unknown IMO. Structural 
determination of unknown IMO was attempted using 
their RT and relative abundance in relation with 
the enzyme propensity to form different linkages. 
Two different IMO profiles were found for the two 
enzymes demonstrating the importance of the enzyme 
specificity on the final product. As a general rule, 
the α-glucosidase has a more expressed hydrolyzing 
activity leading to products containing less residual 
digestible α-(1-4) linkages such as I2, I3, I4, K2 and 
N2 while the glucosyltransferase produces important 
amounts of P and speculated unknown IMO K-M2*, 
I-P* and K-P* respectively. Finally, the combination 
of the two enzymes leaded to an intermediate IMO 
profile. Consequently, this paper permitted us, first, 
to detect the presence of unidentified IMO thanks to 
the use of a step-forward chromatographic method and 
thereafter proposing possible structure in relation to 
their retention times and abundance. Moreover, IMO 
syrups composition was proved to be dependant on 
the specificity of the transglucosylating enzyme so 
that products profiles can be therefore designed using 
different enzymes and in different proportion.

Figure 4. Oligosaccharide composition after 160 min of transglucosylation with L-500, L-AMANO or the combination of 
the two on maltose — Composition en oligosaccharides après 160 min de réaction de transglucosylation à l’aide de L-500, 
L-AMANO ou la combinaison des deux sur le maltose.
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ABEE: p-aminobenzoic ethyl ester
AEC-PAD: Anion exchange chromatography-Pulsed 
amperometry detection
ALO: Anomalously linked oligosaccharides
IMO: isomaltooligosaccharides
DP: degree of polymerization
RT: retention times
LOQ: limits of quantification
EU: enzymatic units
3D: 3 dimension
NMR: nuclear magnetic resonance 
LC-MS: liquid chromatography – mass spectrometry
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