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Introduction 
Starch, which exists as storage carbohydrate in seeds, roots, tubers and plants, is a 
major dietary carbohydrate in our life (1). It consists of α-glucan with (α1→4)-
linked backbone chains and α1→6 branching points, in the form of amylose and 
amylopectin. Amylose is a roughly linear polysaccharide containing 
approximately 99% α1→4 and less than 1% α1→6 glycosidic linkages, while 
amylopectin has approximately 95% α1→4 and 5% α1→6 linkages (2). 
According to the distribution of amylose and amylopectin, starches are divided 
into three groups: waxy starch (<15% amylose), normal starch (16-35% amylose), 
and high-amylose starch (>35% amylose) (3). 

Apart from the raw starches, starch derivatives produced by physical or chemical 
treatments are now widely used (4). For instance, pre-gelatinization improves the 
cold water dispersibility of starch, and thus can be applied in preparation of 
instant convenience food (5). Acid hydrolyzed starches have lower molecular 
mass and therefore lower viscosity; they are applied in food coatings and batter 
(4). Etherification and esterification can markedly alter the physiochemical 
properties of starches by introducing functional groups (6-9).  

In addition, many starch acting enzymes that are active under industrial 
conditions such as high viscosity and high temperature have been 
commerciallized and are now in use in a number of industrial processes (10, 11). 
This biological modification of starch draws a lot of attention from industry. 
Thermostable α-amylase enzymes of the glycoside hydrolase (GH) family 13 (EC 
3.2.1.1) for instance are used for starch liquefaction in the syrup producing 
industry. They are also widely applied in the brewing industry to make products 
that partially replace the expensive malt, in the baking industry to improve the 
rheological properties of dough, in the paper industry to produce modified starch, 
and in the textile industry to remove starch (12-14). Glucoamylase (EC 3.2.1.3) 
also plays a vital role in the syrup producing industry, in the saccharification step 
following the liquefaction process (Fig. 1) (15). Moreover, isoamylase (EC 
3.2.1.68) and pullulanase type I and II (EC 3.2.1.41), which hydrolyze α1→6 
branching bonds within starch, constitute another important group classified as 
debranching enzymes (Fig. 1) (16-18).  
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Apart from these hydrolyzing enzymes, several glucanotransferases have also 
found industrial applications in starch conversion. These enzymes cleave α1→4 
glycosidic bond of the donor molecule and transfer the cleaved glucose residue or 
aglycon segment to an acceptor molecule, forming a new glycosidic bond. 
Cyclodextrin glucanotransferase (CGTase, EC 2.4.1.19) converts starch into 
cyclodextrins normally consisting of 6, 7, or 8 glucose residues (Fig. 1) (19). 
Because of the unique physiochemical properties of their rigid barrel structure, 
cyclodextrins are widely applied in the food, textile, cosmetic and pharmaceutical 
industry to improve the solubility and stability of guest molecules by partial or 
entire encapsulation (20, 21). 4-α-Glucan branching enzyme (EC 2.4.1.18) 
hydrolyzes an α1→4 bond within a chain and connects the non-reducing end to 
an α1→4-linked chain forming a branched α1→6 bond (Fig. 1). It plays an 
important role in amylopectin synthesis in plants along with starch synthases (22). 
4-α-Glucanotransferase (4-α-GTase, EC 2.4.1.25) catalyzes the intermolecular 
disproportionation reaction by transferring a segment of α1→4 glucan to the non-
reducing end of the acceptor α-glucan, forming a new α1→4 bond (Fig. 1). 
Following 4-α-GTase treatment, the modified starch is capable of forming gels 
with thermoreversible gelling property (23). Dextran dextrinase (DDase, EC 
2.4.1.2) from Gluconobacter oxydans catalyzes the transfer of an α1→4 linked 
glucose unit from the non-reducing end of a donor to the non-reducing end of an 
acceptor molecule forming an α1→6 linkage. It is regarded as an interesting 
alternative for industrial dextran production from maltodextrins instead of sucrose 
(24). However, DDase cannot process unhydrolyzed starch (25).  

4,6-α-Glucanotransferase enzymes (4,6-α-GTases, EC 2.4.1.B34  
http://www.brenda-enzymes.org/) recently have been characterized (26). They 
predominately cleave an α1→4 bond from the non-reducing end of starch or 
maltodextrins and transfer the cleaved glucose unit to the non-reducing end of the 
acceptor mostly by formation of an α1→6 bond and occasionally an α1→4 bond, 
forming isomalto-/malto- oligosaccharides (IMMO) and polysaccharides (IMMP) 
(Fig. 1). Unlike DDase, 4,6-α-GTases do not have branching specificity on 
dextrin substrate and disproportion activity on isomaltooligosaccharides, but are 
able to process unhydrolyzed starch molecules such as amylose and side chains of 
amylopectin (Chapter 4), showing promising commercial value for the food 
industry (27, 28). Using protein blasts in the NCBI database 
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(http://www.ncbi.nlm.nih.gov/BLAST/) with the GtfB enzyme as a query, 
approx. 28 characterized and putative 4,6-α-GTases are retrieved. All of them are 
exclusively present in lactic acid bacteria. Interestingly, these 4,6-α-GTases do 
not belong to the well-known starch-acting GH families such as GH13, 57, or 77 
but constitute a GH70 subfamily; family GH70 mainly consists of sucrose-acting 
glucansucrases (GS) (29-31).  

 

Fig. 1. Schematic representation of the reactions of several starch-acting enzymes 
including α-amylase, glucoamylase, isoamylase/pullulanase, cyclodextrin 
glucanotransferase, branching enzyme, 4-α-glucanotransferase and 4,6-α-
glucanotransferase. 

http://www.ncbi.nlm.nih.gov/BLAST/
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Starch-acting enzymes in lactic acid bacteria (LAB)   
Fermentation by lactic acid bacteria (LAB) is a popular approach in food 
processing to increase the nutritional value, and to improve the taste and flavor of 
food. LAB strains are widely distributed in fermented meals, beverages, 
sourdoughs, cooked rice, fish products and digestive tract of animals as well as 
plants (32-37). Some of the LAB strains, especially of the genus lactobacilli, are 
able to degrade and utilize starch as carbon- and energy source during 
fermentation, using a dedicated set of enzymes acting on starch (38). Several of 
these enzymes have been expressed heterologously and studied (3). By 
biochemical characterization of these enzymes, amylopullulanase, pullulanase 
and α-amylase were observed intracellularly and/or extracellularly in Lactobacilli 
such as Lactobacillus amylophilus, Lactobacillus acidophilus, Lactobacillus 
cellobiosus, Lactobacillus plantarum, Leuconostoc lactis ssp. lactis and 
Streptococcus bovis (39-44). These known LAB enzymes all catalyze starch-
hydrolyzing reactions by cleaving the α1→4 bonds and/or α1→6 branching 
points. 

Some LAB are known to produce extracellular polysaccharides (EPS) including 
homopolysaccharides (composed of glucose or fructose units, respectively) and 
heteropolysaccharides (composed of mainly glucose, fructose, rhamnose and 
some charged groups) (45-47). Genes involved in heteropolysaccharide synthesis 
are located either on plasmids or on the chromosome, and are organized in 
clusters. They carry genes involved in regulation, polymerization and chain 
length determination, biosynthesis of the repeating unit, polymerization and 
export (48, 49). Homopolysaccharides, such as β-fructans and α-glucans, are 
synthesized from sucrose by individual enzymes such as fructansucrases 
including inulosucrase (EC 2.4.1.9), levansucrase (EC 2.4.1.10), and GS 
including dextransucrase (EC 2.4.1.5) and alternansucrase (EC 2.4.1.140) (50-52). 

These GS convert sucrose into α-glucans with α1→2, α1→3, α1→4 or/and α1→6 
glucosidic bonds and constitute family GH70 (47, 50, 52). In nature, GS are 
extracellular enzymes contributing to the EPS formation in host strains (53, 54). 
Interestingly, all reported GS have been exclusively isolated from LAB strains 
including Streptococcus, Leuconostoc, Weissella, and Lactobacillus (29, 55-57). 
The homo-exopolysaccharides (homo-EPS) synthesized by GS in LAB such as 
Streptococcus mutans play a clear role in occurrence of dental caries; GS three-
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dimensional structures therefore are studied in order to design structure-based 
inhibitors for anti-caries drugs (55, 58).  

Like GS, 4,6-α-GTases are also exclusively found in LAB strains. According to 
the primary structure of 4,6-α-GTases, they are classified into family GH70. The 
first 4,6-α-GTase representative is GtfB from Lactobacillus reuteri 121; it is also 
the first starch-acting glucanotransferase characterized from LAB strains. Besides 
gtfB, L. reuteri 121 also harbors genes encoding levansucrase, inulosucrase and 
reuteransucrase (29, 53, 59-61). Recently, more 4,6-α-GTases, such as GtfW 
from L. reuteri DSM20016 and GtfML4 from L. reuteri ML1, were characterized, 
thus expanding this subfamily of GH70 (28).  

GH70 and clan GH-H  
GH13, GH70 and GH77 constitute clan GH-H, also called the α-amylase 
superfamily, according to their protein sequences and the basic three-dimensional 
folds of their catalytic modules, rather than on their specificity of action (62-64). 
Of these families constituting clan GH-H, family GH13, including hydrolases, 
transglycosidases and isomerases, with around 30 known specificities, is most 
complex (www.cazy.org) (65, 66). Family GH77 is the least complex, all 25 
characterized members are 4-α-glucanotransferases (4-α-GTases, amylomaltases). 
They are of similar specificity, cleaving an α1→4 bond and transfering a segment 
of the α1→4 linked chain to the non-reducing end of an acceptor substrate 
forming a new α1→4 bond (http://www.cazy.org/). (67-70). All members of clan 
GH-H harbor a basic (β/α)8-barrel, a TIM barrel, in the catalytic domain. The 
barrel consists of eight β-strands and eight α-helices that are alternately arranged 
(62). The C-terminal ends of β-strands join to the N-terminal ends of the 
following α-helices by irregular loops that also link the C-terminal ends of α-
helices and the N-terminal ends of β-strands (Fig. 2A). In addition, the enzymes 
in clan GH-H catalyze reactions by a common mechanism that involves a 
nucleophilic aspartate residue at the C-terminal end of β-strand 4, an acid/base 
catalyst glutamic acid residue at the end of β-strand 5, and a putative transition 
state stabilizer aspartate residue located a few residues beyond the C-terminal end 
of β-strand 7.  

http://www.cazy.org/
http://www.cazy.org/
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For GH13 enzymes, loop 3 connecting the β-strand 3 to the helix 3 of the barrel is 
generally long compared to other loops, and appears to fold as an independent 
unit that even can be considered as a domain. In some cases, such as the 
branching enzymes, loop 3 is shorter and does not have the characteristic of a 
domain. Some of the GH13 members are more complex and have extra domains, 
e.g. an additional N-terminal domain in isoamylase (71) or domain D and E in 
CGTase (Fig. 3) (19, 72, 73). For CGTase, domain E is confirmed as starch 
binding domain; domain D is exclusively found in CGTases but its function has 
remained unclear (72).  

Unlike GH13 enzymes, domain C is missing from GH77 amylomaltases. Another 
remarkable characteristic of amylomaltase structures is the presence of 
subdomain B2 that contains large α-helices (Fig. 3). This subdomain B2 is unique 
in GH77 enzymes. It only partially overlaps with the N-terminal domain of 
isoamylase (67). Additionally, the active-site cleft of amylomaltase is different 
from the open cleft of GH13 members as it is partially covered by a long 
extended loop (250s loop formed by residues 247-255 in subdomain B1 for 
Thermus aquaticus) (67). This loop is flexible, which may contribute to substrate 
binding and prevent the formation of small cyclic products because of the steric 
hindrance to the active site.   

For GH70, three-dimensional structures of several GS have been elucidated, 
including Gtf180-∆N from L. reuteri 180 (PDB: 3KLK), GtfA-∆N from L. 
reuteri 121 (PDB: 4AMC), Gtf-SI from S. mutans (PDB: 3AIE) and ∆N123-
GBD-CD2 of the (1→2) branching glucansucrase DSR-E from L. mesenteroides 
NRRL B-1299 (PDB: 3TTQ) (55, 74-76). The domain organization is similar to 
that of GH13 enzymes as the catalytic cores of all GS consist of domains A, B, 
and C. However, GS also contain two extra domains IV, V, and a variable N-
terminus (Fig. 3). Interestingly, domains A, B, IV and V are all built up by two 
discontinuous segments of polypeptide chains. Only domain C is composed of a 
contiguous polypeptide. The polypeptide chain of the full glucansucrase follows 
an order of V, IV, B, A, C, A, B, IV, and V from the N- to C-terminus. Besides 
the domain organization, the characteristic (β/α)8-barrel of clan GH-H in GH70 is 
also different from that of GH13 and GH77. A circular permutation of the (β/α)8-
barrel predicted by the primary structure was confirmed by the 3D structure 
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analysis (Fig. 2B). The barrel is initialized with the α-helix that is equivalent to 
the α-helix 3 of the GH13 or GH77 enzymes and ends with the β-strand 
equivalent to β-strand 3 of the GH13 or GH77 enzymes, following an order as 
shown in Fig. 2B.  

 

Fig. 2. Schematic diagram of the (A) normal barrel of GH13 and GH77 and (B) the 
permuted barrel of family GH70; gray arrows represent β-strands and blue cylinders 
represent α-helices. The order of helices is numbered. For GH70 proteins, this order is 
34567812. 
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Fig. 3. Domain arrangements of clan GH-H proteins (A) human pancreatic α-amylase 
(PDB: 1HNY), (B) Bacillus circulans cyclodextrin glucanotransferase (CGTase) (PDB: 
1CGT) of GH13, (C) Lactobacillus reuteri glucansucrase (PDB: 3KLK) of GH70 and (D) 
Thermus aquaticus amylomaltase (4-α-glucanotransferase) of GH77 (PDB: 1CWY). 
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4,6-α-Glucanotransferase and GH70 
Family GH70 mainly consists of GS that are classified as dextransucrases, 
mutansucrases, alternansucrases, reuteransucrases, and branching dextransucrases, 
according to the linkage specificity of the products formed. Although the GH70 
GS are structurally closely related to the members of GH13 and GH77, their 
substrate specificity is completely different. These GS enzymes are inactive on 
starches but active on sucrose, synthesizing oligo- and/or polysaccharides. 

The occurrence of 4,6-α-GTases in family GH70 implies that all families of the 
GH-H clan in fact possess catalytic activity on starches and maltodextrins. This 
also provides insights into the evolutionary pathway between families GH13 and 
GH70. A phylogenetic tree based on the alignment of the catalytic core amino 
acid sequences of GS (http://www.cazy.org) and 4,6-α-GTases is shown in Fig. 
4. Putative 4,6-α-GTases such as Gtf106B were identified in the non-redundant 
protein sequence database by a protein blast search 
(http://www.ncbi.nlm.nih.gov). The maximum-likelihood tree shows that the 
4,6-α-GTases are more closely related to the GS from L. reuteri compared to 
those from Leuconostoc and Streptococcus. However, unlike GS, 4,6-α-GTases 
are completely inactive on sucrose, with the exception of Gtf106B that has faint 
activity which is detectable after 27 h incubation (77).  

These GS from different species clearly cluster within their host genera of 
Streptococcus, Lactobacillus and Leuconostoc (78-84). Along with the time of 
occurrence and the order of specific events, these clusters may indicate that the 
gtf genes from Streptococcus were acquired from other genera like Lactobacillus 
via horizontal gene transfer (85). By the acquisition of Gtfs, Streptococcus 
mutans became capable to form EPS, resulting in the formation of cariogenic 
dental biofilms (86). However, the characterized and putative 4,6-α-GTases are 
only found within the family Lactobacillaceae including Lactobacillus and 
Pediococcus, and so far no 4,6-α-GTase gene has been found in Streptococcus, 
Leuconostoc and other genera of LAB. 

Alignment of the conserved sequences of the characterized 4,6-α-GTases, GtfB, 
GtfML4 and GtfW, with those of typical GS showed not only similarities but also 
characteristic differences in their primary structures (Fig. 5). The three catalytic 

http://www.cazy.org/
http://www.ncbi.nlm.nih.gov/


Chapter 1 

17 
 

residues (the nucleophilic aspartate, the acid/base glutamate and the transition 
state stabilizing aspartate) constituting the catalytic site in GS are also present in 
4,6-α-GTases, e. g. D1015, E1053 and D1125 in GtfB of L. reuteri 121 (26, 58). 
They are in loops following β-strands β4, β5 and β7, in homology regions II, III, 
and IV of GS respectively (Fig. 2). Mutating D1015 or E1053 in GtfB resulted in 
loss of activity (26), indicating that 4,6-α-GTases and GS have the same catalytic 
residues. In view of such similarities it also appears likely that the reactions 
catalyzed by 4,6-α-GTases and GS share a similar double-displacement 
mechanism (Fig. 6). The glutamic acid residue at β-strand 5 donates a proton to 
the glycosidic oxygen, resulting in bond cleavage. The cleaved glucosyl unit or 
aglycon segment leaves the active site forming an intermediate. The glucose 
residue is stabilized by hydrogen bonding involving the aspartic acid that is 
located after β-strand 7 and the hydroxyl groups of the glucose. Then a covalent 
β-bond between C1 of the glucose and the nucleophilic aspartate at β-strand 4 
forms in order to further stabilize the intermediate. In the second half of the 
reaction, the glutamate at β-strand 5 is reprotonated by removing a proton from 
the acceptor substrate. The covalently bonded glucosyl moiety at the donor 
subsite is transferred to an acceptor substrate with retention of the α-anomeric 
configuration forming a new α-bond. Besides the similarities, a large number of 
amino acid residues conserved in regions I, II, III, and IV of GS are different in 
the 4,6-α-GTase enzymes, especially the residues in region I, and IV that 
contribute to the -1, +1, and +2 donor/acceptor substrate binding subsites (Fig. 5). 
These differences in amino acid residues may contribute to the differences in 
substrate specificity of 4,6-α-GTases and GS.  
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Fig. 4. Unrooted phylogenetic tree of characterized GH70 enzymes and some putative 
4,6-α-GTases. Alignments and dendrogram construction were carried out using the 
catalytic core of all enzymes. Each sequence is labeled with the corresponding bacterial 
strain and enzyme names. The characterized ones are indicated in red frame. 

Fig. 5. Sequence alignment of conserved sequences (Motifs II, III, IV, and I) in the 
catalytic domains of GS and 4,6-α-glucanotransferases in GH70. The catalytic residues 
(filled triangles) and several conserved amino acid residues (shielded with red color) in 
subsites -1, +1, and +2 are indicated.  
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Fig. 6. Reaction mechanism of GS and 4,6-α-glucanotransferase enzymes. Asp represents 
the nucleophilic aspartate residue and Glu represents the general acid/base residue. 
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Expression and production of 4,6-α-GTases 
In order to improve the expression and production of 4,6-α-GTases, diverse 
methods previously reported for DDases, 4-α-GTases, and GS, which are either 
specificity- or structurally-related to 4,6-α-GTases, may be applied. According to 
previous reports, these enzymes mainly were produced in two different ways 
including whole-cell fermentation and heterologous expression. 

In 1950s, Hehre et al. reported an enzyme which is capable of synthesizing 
dextran from maltoheptaose, or the hydrolysates of amylose, amylopectin and 
glycogen (87). The enzyme cleaved α1→4 bonds and transferred the glucose 
units to another (acceptor) chain introducing α1→6 linkages, and was named 
dextran dextrinase (DDase) (25). The distribution of these enzymes thusfar is 
limited to acetic acid bacteria such as Acetobacter capsulatum, Gluconobacter 
oxydans (24, 88-93). Unfortunately, to date no corresponding gene and protein 
sequences have been reported yet. The production of DDases was done in the 
original strain, i.e. G. oxydans (91, 94). Methods for the improvement of DDase 
production in G. oxydans by adding polyhydric alcohols such as mannitol, 
sorbitol and glycerol as substrates have been patented (95). The production of 
intracellular DDase of G. oxydans ATCC 11894 can also be enhanced by adding 
various carbon and nitrogen sources, such as glycerol and peptone (91). The yield 
of DDase in G. oxydans M5 has been improved by optimizing groups of medium 
constituents using a four-factor five-level central composite design. The 
optimization resulted in a 17-fold increase of yield of DDase compared to the 
original conditions (94).  

For 4-α-GTases, little research has been done on the production improvement via 
whole-cell fermentation. Genes encoding 4-α-GTases have been successfully 
cloned from their original strains; these enzymes were preferably expressed in 
E.coli or Bacillus subtilis host strains. However, their heterologous expression to 
some extent is still a challenge. For instance, the Thermococcus litoralis 4-α-
GTase tends to aggregate in inclusion bodies when expressed in E. coli as the 
corresponding gene is rich in AGA and AGG codons encoding arginine. 
Simultaneous expression of tRNAAGA, tRNAAGG and molecular chaperon GroEL 
resulted in an increase of both production and solubility of 4-α-GTase (96). 
Alternatively, codon optimization improved the expression yield of Thermus 
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thermophilus 4-α-GTase in E. coli 100-fold (97). In addition, the Thermus 
scotoductus 4-α-GTase gene has been expressed successfullyin B. subtilis, and is 
produced extracellularly. To improve the expression, a dual promotor system was 
used, resulting in an increase of the yield by approx. 12-fold compared to the 
single promotor system (98). 

For GS which are structurally related to 4,6-α-GTases, both whole-cell 
fermentation in their original host strain and heterologous expression in E. coli 
have been reported. In the whole cell fermentation, approaches including central 
composite design, response surface methodology, fed batch fermentation, with 
pH control, are used to enhance the production of dextransucrase in Leuconostoc 
strains (99-105). However, over the years more and more GS genes have been 
cloned and expressed in E. coli (106-109). In recent years, such studies mainly 
focussed on improving the heterologous expression level of GS. By dropping the 
induction temperature from 37 °C to 15°C, the yield of dextransucrase LcDS 
from Leuconostoc citreum HJ-P4 in E. coli sharply increased by 330-fold (108). 
When changing the E. coli host strain/inducer system for the expression of 
dextransucrase DexT from Lc. citreum KM20 its activity was enhanced 12 fold 
under optimized conditions including induction OD600 and concentration of 
inducer (110). Also, addition of 0.005% (w/v) calcium ions in the fermentation 
medium increased production of dextransucrase of Lc. mesenteroides PCSIR-4 by 
2.5-fold (111). Also deletion of peptide segments from full-length GS has been 
applied, at either the N- or C-terminus, without significantly influencing its 
enzymatic activity. For example, the alternansucrase from Leuconostoc 
mesenteroides NRRL B-1355 (2057 amino acids) in E. coli is poorly soluble, 
instable, and thus hard to express. By truncation of the C-terminal APY repeats 
but retaining four CW-like repeats, the protein became more soluble and less 
degradable than the full-length alternansucrase (112). For the GtfR from 
Sterptococcus oralis, a deletion of 261 amino acids in N-terminus resulted in a 
50-fold increase of yield compared to the original glucanotransferase (113). 
Moreover, partial gene deletion has been widely used in recombinant expression 
of other GS, such as Gtf180 from L. reuteri 180, GtfA from L. reuteri 121, and 
DSRS from Lc. mesenteroides NRRL B-512F (29, 74, 114, 115). 
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4,6-α-GTases, such as GtfB, GtfW and GtfML4, have been heterologously 
expressed in E. coli (26, 28). But the soluble protein expression levels are 
disappointingly low. High expression levels of  GtfB resulted in accumulation (of 
at least partly active enzyme) in inclusion bodies (Chapter 2) (116). To extract the 
functional GtfB protein from inclusion bodies, conventional denaturing and 
refolding steps resulted in a recovery of 65% of the hydrolytic activity of GtfB 
compared to the soluble enzyme. Also the (non-classical) inclusion bodies (ncIBs) 
themselves were used as an alternative approach for preparation of active enzyme. 
The ncIB GtfB only had approximately 10% of the hydrolytic activity of soluble 
GtfB, but showed a much higher thermostability than soluble GtfB. In view of the 
high yield and the low preparation cost, as well as the structural stability, ncIB 
GtfB protein potentially may be used in industrial applications. In the next step 
the soluble expression of active GtfB enzyme was considerably improved by gene 
deletion of its N-terminally variable region without influencing the enzymatic 
activity compared to the full-length version. Truncation of 733 amino acids in the 
N-terminous resulted in a yield of more than 40 mg pure GtfB-∆N protein from 
one-liter E. coli culture, which is 75-fold higher than that of full-length GtfB 
based on molar calculation (Chapter 3) (117). 

Assays for measurement of 4,6-α-GTase activity 
Proper activity assays for 4,6-α-GTase enzymes are essential for their 
biochemical characterization. In view of the complexity of the 4,6-α-GTase 
catalyzed hydrolysis and transglycosylation reactions, proper, specific and 
accurate assays are difficult to establish. However, the available assays for 
DDases and 4-α-GTases that catalyze somewhat similar reactions as 4,6-α-
GTases provided leads, also because they all transfer glucose moieties from the 
non-reducing end of the donor substrate to the non-reducing end of the acceptor 
substrate.  

The dinitrosalicylic acid (DNS) assay for reducing sugars, conventionally used 
for glucose measurement, has been adopted for estimating the activity of DDases. 
However, the poor sensitivity of DNS and interference by unreacted 
maltodextrins in the reaction mixture hindered its application (118). As an 
alternative, a viscosity build-up assay was tested based on the change of 
rheological properties from maltodextrins to dextran. But it was also hampered by 
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the complex non-Newtonian and time-dependent flow behavior of the 
maltodextrin/dextran mixture (118). Another assay, which uses maltose as a 
standard substrate, based on discrete transglycosylation reactions was 
successfully applied (119). Generated panose [α-D-glucose-(1,6)-α-glucose-(1,4)-
α-glucose] was demonstrated to be a valid indicator for transglycosylation 
activity. An assay mimicking maltose utilization but based on p-nitrophenyl-α-D-
glucopyranoside (NPG) was also reliable (118). Use of NPG is more preferable 
than the maltose assay because it measures both transglycosylation activity and 
hydrolysis activity. 

Several assays have been developed for characterization of 4-α-GTases. For 
determining the hydrolysis activity, maltotriose was used as substrate and the 
released glucose was measured by the glucose oxidase enzyme method. The rate 
of glucose release was then defined as the hydrolysis activity (120, 121). The 
disproportionation activity was estimated by measuring the intensity of iodine 
staining of non-denaturing polyacrylamide electrophoresis gels containing 
glycogen (122). Lugol’s method was also adapted by monitoring the iodine-
staining capacity of products during the conversion of amylose in the presence of 
maltose as acceptor (123). The iodine-staining capacity can be directly 
determined by measuring the optical density change (124). However, because 4-
α-GTases cleave α1→4 bonds and form new α1→4 bonds, the iodine staining 
method is less quantitative (120).  

The maltose assay has been used for determining the kinetic parameters of 4,6-α-
GTase GtfW from L. reuteri DSM20016 (28). However, this assay has significant 
limitations with other 4,6-α-GTases such as GtfB which has detectable activity on 
longer maltooligosaccharides but has faint or virtually undetectable activity on 
maltose. To solve this problem, a combination of assays was developed using 
amylose as substrate and measuring both iodine staining and D-glucose (GOPOD) 
release to determine both transglycosylation and hydrolysis activities (Chapter 3) 
(117). The iodine staining assay determines the total activity of 4,6-α-GTases and 
is based on the principle that iodine can be trapped by linear (1→4)-α-D-glucans 
(i.e. amylose) but not by linear (1→6)-α-D-glucans (125, 126). Hydrolysis 
activity results in release of glucose from the amylose substrate, which also 
impairs the complex capacity of amylose with iodine atoms. The decrease of the 
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complex capacity of amylose thus reflects total activity. Hydrolysis activity of 
4,6-α-GTases is measured with the D-glucose assay kit (GOPOD). The 
transglycosylation activity was subsequently calculated by subtracting the 
hydrolysis activity from total activity (Fig. 7). These assays with amylose as 
substrate thus allow direct determination of total and hydrolysis activities, and 
calculation of the transglycosylation activities of 4,6-α-GTases. 

Fig 7. Schematic diagrams of the complexes of iodine with amylose and with the amylose 
derived products of the 4,6-α-GTase activities. Iodine ions are shown as (short chains of) 
blue circles.  

Biological role of 4,6-α-GTases in LAB 
As described above, GS usually contribute to homo-EPS formation in their host 
LAB strains. These secreted GS enzymes are anchored to the cell wall, producing 
EPS in the presence of sucrose. Depending on the GS, the resulting EPS can be 
divided into dextran that mainly consists of α1→6 linked glucose units, mutan 
with mostly α1→3 linkages, alternan with strictly alternating α1→6 and α1→3 
linkages, and reuteran with α1→4 and α1→6 linkages. The linkage specificities 
confer different physiochemical properties to the EPS, e.g. mutan from S. mutans 
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contains a relatively high percentage of α1→3 linkages and is water-insoluble, 
while dextran is rich in α1→6 linkages and is water-soluble. The insoluble mutan 
may contribute to the formation of dental caries because it adheres to teeth and 
traps oral bacteria, food debris and salivary components (127-129). EPS is also a 
major fraction of the extracellular polymeric substances that form the scaffold for 
the three-dimensional architecture of the biofilm (130). The EPS in extracellular 
polymeric substances may contribute to other cellular functions (Table 1) in 
bacterial biofilms.  

Table 1. Roles ascribed to exopolysaccharides in biofilms (130, 131).  

Biofilm Function Functional Relevance of EPS to Biofilms 
Adhesion providing the initial steps in the colonization of surfaces 

Bacterial cell 
aggregation 

establishing bridges between cells to temporarily immobilize bacterial cell 
populations and developing high cell densities, and cell–cell recognition 

Retention of water maintaining a hydrated microenvironment around biofilms, leading to the survival 
of cells in water-deficient environments 

Cohesion of biofilms forming a hydrated polymer network to mediate the mechanical stability of biofilms 
and determine biofilm architecture, as well as allowing cell-cell communication 

Nutrient source serving as source of carbon containing compounds 

Protective barrier conferring resistance to non-specific and specific hosts during infection, confer 
tolerance to various antimicrobial agents 

Sorption of organic 
compounds and 
inorganic ions 

mediating the accumulation of nutrients from the environment, sorption of 
xenobiotics and recalcitrant materials, promote polysaccharide gel formation 

resulting in ion exchange, mineral formation and the accumulation of toxic metal 
ions  

Enzyme binding stabilizing and accumulating extracellular enzymes  
Sink for excess energy storing excess carbon under unbalanced carbon to nitrogen ratios 

The strains carrying GS encoding genes are typically identified by the appearance 
of slimy colonies on solid media or viscous solutions in liquid media when grown 
on sucrose as carbon source (132, 133). Gene inactivation studies also revealed 
that the slimy colony morphology resulted from GS activity in wild-type LAB 
strains (132, 133). Besides GS, also the presence of fructansucrases producing β-
fructans from sucrose results in the formation of slimy colonies. GS and 
fructansucrase enzymes can be further distinghuised using raffinose (α-D-
galactopyranosyl-(1→6)-α-D-glucopyranosyl-(1→2)-β-D-fructofuranoside) as a 
carbon source: fructansucrase enzymes are able to utilize raffinose to produce 
EPS, but GS are not (54, 134). Using this method, many α-glucan producing 
bacterial strains have been identified from various sources, such as fruit and 
vegetables, sourdoughs, dairy, mammal intestine, etc (135-137).  
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Insights in the biological roles of 4,6-α-GTases in LAB strains were obtained 
when growing L. reuteri 121 strain 35-5 (that lacks fructan formation and carries 
both the gtfA and the gtfB genes) on agar plates with maltodextrins (5% w/v, 
dextrose equivalent 13-17) as carbon source (Chapter 4). Surprisingly, slimy 
colony morphology (Fig. 8A) was observed (Chapter 6). The structure of the EPS 
extracted by ethanol precipitation was analyzed by NMR (Fig. 8B), showing that 
the percentage of α1→6 linkages increased dramatically compared to the 
substrate maltodextrins. GtfB has been expressed in E. coli and characterized as 
an enzyme converting maltodextrins into isomalto/malto- oligosaccharides and 
polysaccharides, with α1→4 and α1→6 linkages (Chapter 4) (26, 27). Moreover, 
a periodic acid-Schiff (PAS) staining experiment confirmed that the GtfB enzyme 
contributes to the EPS formation in situ (Chapters 4 and 5). Therefore, GtfB 
enzyme contributes to the homo-EPS formation in L. reuteri 35-5 using starches 
or maltodextrins as substrates. 

 

Fig. 8. (A) Colonies of L. reuteri 121 strain 35-5 grown on MRS agar containing 5% 
glucose or maltodextrins (dextrose equivalent 13-17). Slime formation indicates the 
production of EPS from maltodextrins but not from glucose. (B) NMR spectra of the 
substrate maltodextrins and the corresponding EPS from L. reuteri 35-5. 
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Application of 4,6-α-GTases 
4,6-α-GTases raise the interest of the starch industry because of their capacity of 
converting starch or maltodextrins into isomalto/malto-polysaccharides (IMMP) 
with high percentages of α1→6 linkages (138, 139). These modified starch 
products are novel soluble dietary fibers. Dietary fibers positively contribute to 
the human health. Based on the physiochemical properties, they are divided into 
insoluble dietary fibers such as resistant starch, wheat bran, hemicelluloses etc., 
and soluble dietary fibers such as inulin, pectin, gums, and polydextrose (140). In 
food applications, the addition of small quantities of dietary fibers may 
significantly affect the texture, taste and mouth feel of the food products. Based 
on their physiochemical properties and health effects, these dietary fibers are 
applied in various food products, e.g. the soluble dietary fibers can be added in 
juice, viscous liquid and gel products. Some soluble dietary fibers also have many 
health benefits: reduction of the cholesterol level and thus lowering the risk of 
heart diseases as the soluble fiber attaches to the cholesterol particles, removing 
these from the body (141, 142); control of sugar absorption, providing protection 
against diabetes (143); assisting in keeping the body weight (144);  stimulating 
healthy bowel movements (145). However, the production of soluble dietary 
fibers is costly because most soluble dietary fibers currently are extracted from 
foods such as oatmeal, nuts, beans, blueberries and apples (146). Therefore, 4,6-
α-GTases producing soluble dietary fiber from cheap starches are of great 
commercial potential (139). 

Of all the 4,6-α-GTases, GtfB from L. reuteri 121 has been studied in most detail 
using various starches as substrates. The IMMP products consist of linear α1→6-
linked glucan chains that are attached to the non-reducing ends of starch 
fragments (Fig. 9). Comparison of thirty different starches and maltodextrins 
showed that the substrates with long and linear α1→4-linked glucan chains are 
most efficient for the production of products with a high percentage of α1→6 
linkages (138). The percentage of α1→6 linkages even reached up to 92% when 
using amylose V as substrate. IMMP is a novel polysaccharide different from 
dextran although both are rich in α1→6 linkages. Firstly, dextrans are large 
polymers which are synthesized by dextransucrases using sucrose as substrate, 
while IMMP is produced by 4,6-α-GTase using starch as substrate. Secondly, the 
sizes of dextrans produced by glucansucrases (>10 MDa) (53) are much larger 
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than of IMMP (10-1000 kDa) (Chapter 4) (28). Thirdly, dextran contains 
branches that are absent in IMMP. The in vitro experimental results revealed that 
IMMP, or more precisely the IMMP fraction rich in α1→6 linkage, is indigestible 
in the small intestine and consumed in the large intestine (138). Moreover, 
preliminary degradation tests using fecal samples from a single adult showed that 
the addition of IMMP resulted in an increased formation of short fatty acids 
acetate and propionate, indicating that IMMP may have a positive effect on 
human health (138). Conclusively, IMMP are novel soluble dietary fibers that 
may contribute to the health of the human body. 

 

Fig. 9. Schematic diagram of the 4,6-α-GTase-modified starch (amylopectin) produced by 
4,6-α-GTases. 

These IMMP polysaccharide- and oligosaccharide products may act as prebiotic 
substrates (138, 139) defined as “a selectively fermented ingredient that allows 
specific changes, both in the composition and/or activity in the gastrointestinal 
microflora that confers benefits upon host well-being and health” (147, 148). In 
the microflora, Lactobacilli and Bifidobacteria are usual target genera for 
identifying prebiotics. The known prebiotics including inulin, fructo-
oligosaccharides (FOS), galacto-oligosaccharides (GOS), xylo-oligosaccharides 
(XOS), arabinoxylo-oligosaccharides (AXOS), transgalacto-oligosaccharides 
(TGOS) are extracted from plants sometimes followed by enzymatic hydrolysis, 
or produced by chemical or enzymatic synthesis (149). IMMP produced by the 
GtfB enzyme is a soluble dietary fiber that partially escapes digestion in the upper 
part of the gastrointestinal tract and small intestine. Thus, it has potential to be a 
prebiotic that selectively boosts growth of some selected bacteria in the large 



Chapter 1 

29 
 

intestine. In this thesis, the EPS produced by L. reuteri 121 were used as carbon 
sources to stimulate the growth of some typical probiotic Bifidobacteria that 
secrete amylopullulanases (Chapter 4). 

Although the physiochemical properties of oligo-/polysaccharides produced by 
4,6-α-GTase from maltodextrins or starches have not been studied, the products 
synthesized by DDase with similar structures are comparable. The studies of 
these products may provide us with more thoughts of the application of 4,6-α-
GTase. Thus, apart from acting as a dietary fiber, the IMMP may be applied in 
food as cryostabilizer, fat substitute, or low-calorie bulking agent for sweeteners 
(25). Moreover, as shown in Fig. 9, because of the changes in the external chains 
of starch, 4,6-α-GTase treatment may influence the rheological properties of 
starches, such as the viscous modulus, elastic modulus, and retrogradation 
properties, expanding the application scope of these enzymatically modified 
starches. 

Scope of this thesis 
4,6-α-GTases are newly identified glucanotransferases, producing soluble dietary 
fibers, isomalto-/malto-polysaccharides (IMMP) from starch and maltodextrins. 
The in vivo biological roles of 4,6-α-GTase remained to be explored, also in view 
of their limited distribution in LAB and the fact that the closely related GS clearly 
contribute to the formation of EPS from sucrose. 4,6-α-GTases potentially are of 
great commercial value as the starch substrates are cheap and widely available 
compared to the normal sources of soluble dietary fiber. However, industrial 
application is still a challenge because 4,6-α-GTases are only available in 
relatively minor amounts. There is also a general lack of reliable 4,6-α-GTase 
enzyme activity assays. These topics are addressed in this PhD thesis, also 
focusing on elucidation of the 4,6-α-GTase reaction mechanism by 3D structural 
protein analysis and mutagenesis. 

Chapter 1 reviews the current knowledge of 4,6-α-GTases in comparison with 
other specificity- or structurally-related enzymes including members in clan GH-
H and DDases.  

In chapter 2, active 4,6-α-GTase GtfB protein was prepared from inclusion 
bodies as it is highly expressed in the heterologous host E. coli, but largely 
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accumulates in inclusion bodies. Following conventional denaturing, refolding of 
GtfB protein resulted in partial recovery of GtfB (hydrolysis) activity, but this 
required a set of complicated steps. The non-classical inclusion body (ncIB) GtfB 
enzyme directly extracted from IBs was much more thermostable than the soluble 
and refolded GtfB enzymes. In view of its high yield, low preparation cost and 
structural stability, ncIB GtfB protein thus provides a promising option for 
industrial applications. 

In chapter 3, the soluble expression of GtfB was further improved by N-terminal 
truncation of the full-length protein, resulting in strong enhancement of the 
soluble expression level of fully active GtfB-∆N (approx. 75 fold compared to 
full length wild type GtfB) in E. coli. In addition, quantitative assays based on 
amylose V as substrate are described, allowing accurate determination of both 
hydrolysis (minor) activity and total activity, and calculation of the 
transglycosylation (major) activity of these 4,6-α-GTase enzymes, such as GtfB 
and GtfW. Using these assays, the biochemical properties of GtfB-∆N were 
characterized in detail, including determination of kinetic parameters and 
acceptor substrate specificity. Moreover, the GtfB-∆N enzyme displayed high 
conversion yields at relatively high substrate concentrations, a promising feature 
for industrial applications.  

Chapter 4 reports the in vivo homo-exopolysaccharide (homo-EPS) synthesis by 
LAB strains with starch as substrate. L. reuteri 121 modifies amylose and the side 
chain of amylopectin molecules, introducing α1→6 linkages, producing soluble 
dietary fiber that is structurally similar to the IMMP product synthesized in vitro 
by the GtfB enzyme. This study provides insights into the in vivo role of 4,6-α-
GTase in LAB strains. The IMMP-like EPS produced in vivo can be used as 
carbon source to stimulate the growth of some typical probiotic Bifidobacterium 
strains, suggesting that these EPS have potential prebiotic activity and may 
contribute to the application of probiotic L. reuteri 121 in food and feed 
(synbiotics). 

In chapter 5, a synergistic action of 4,6-α-GTase GtfB and GS GtfA in L. reuteri 
35-5 was studied when both starch and sucrose substrates were present. The EPS 
produced by L. reuteri 35-5 in the presence of sucrose and starch is different from 
the EPS derived from either of the single substrates in both size and structure. In 
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vitro incubations with both GtfA and GtfB and sucrose plus starch further 
confirmed that both enzymes initially synthesized new oligosaccharides 
structurally different from those derived from either of the single substrates. This 
in vivo EPS formation from multiple dietary carbohydrates most likely reflects 
EPS formation in the oral cavity, potentially also affecting dental plaque 
formation. 

In chapter 6, the GtfB-ΔNΔV protein was successfully crystallized and its high 
resolution structure solved. It has an overall domain organization resembling 
GH70 glucansucrases, and an active site architecture reminiscent of GH13 α-
amylases. A tunnel-like binding groove allows for a dual mode of action for 4,6-
α-GTases involving both exo-specific and endo-specific cleavage/transfer 
reactions, and explains why GtfB only processes the external (amylose) branches 
of starch substrates. The GtfB-ΔNΔV crystal structure clearly supports the view 
that the 4,6-α-GTase subfamily is an evolutionary intermediate between the 
family GH70 and GH13 enzymes. The structural observations also support the 
phylogenetic and genomic analyses, revealing a close relation between 4,6-α-
GTases and GS, and suggesting that gene duplication as well as horizontal gene 
transfer events occurred during evolution. We propose a common ancestor for the 
two enzyme functionalities; loop mutations near the active site likely resulted in 
either a different substrate specificity (in GS) or in an (α1→6) specific 
transglycosylation activity (in 4,6-α-GTases). Thus, the evolution of bacterial 
species like L. reuteri 121, using either their 4,6-α-GTase or GS to synthesize 
related types of α-glucan with (α1→4) and (α1→6) linkages, may have been 
driven by the availability of fermentable substrates such as starch and (later) 
sucrose in the oral cavity.  

Chapter 7 summarizes and discusses the results reported in this thesis and 
proposes topics for future research. 
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Abstract 
The GtfB enzyme of the probiotic bacterium Lactobacillus reuteri 121 is a 4,6-α-
glucanotransferase of glycoside hydrolase family 70 (GH70; 
http://www.cazy.org). Contrary to the glucansucrases in GH70, GtfB is unable to 
use sucrose as substrate, but instead converts malto-oligosaccharides and starch 
into isomalto-/malto- polymers that may find application as prebiotics and dietary 
fibers. The GtfB enzyme expresses well in Escherichia coli BL21 Star (DE3), but 
mostly accumulates in inclusion bodies (IBs) which generally contain wrongly 
folded protein and inactive enzyme. Denaturing and refolding of IB proteins has 
become a widely accepted method for obtaining active enzymes. Surprisingly, 
without unfolding and refolding, the GtfB IBs were enzymatically active, and 
therefore can be considered as non-classical IBs (ncIBs). Expression of GtfB in E. 
coli yielded > 100 mg/l relatively pure and active but mostly insoluble GtfB 
protein in IBs, regardless of the expression conditions used. Following denaturing, 
refolding of GtfB protein was most efficient in double distilled H2O. Also, GtfB 
ncIBs were active, with approx. 10% of hydrolysis activity compared to the 
soluble protein. When expressed as units of activity obtained per liter E. coli 
culture, the total amount of ncIB GtfB expressed possessed around 180% 
hydrolysis activity and 100% transferase activity compared to the amount of 
soluble GtfB enzyme obtained from one liter culture. The product profiles 
obtained for the three GtfB enzyme preparations were similar when analyzed by 
HPAEC and NMR. SEC investigation also showed that these 3 enzyme 
preparations yielded products with similar size distributions. FT-IR analysis 
revealed extended β-sheet formation in ncIB GtfB providing an explanation at the 
molecular level for reduced GtfB activity in ncIBs. The thermostability of ncIB 
GtfB was relatively high compared to the soluble and refolded GtfB. In view of 
their relatively high yield, activity and high thermostability, both refolded and 
ncIB GtfB derived from IBs in E. coli may find industrial application in the 
synthesis of modified starches.  
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Introduction 
GtfB is a novel family GH70 enzyme isolated from the probiotic bacterium 
Lactobacillus reuteri 121 (1). The GtfB protein sequence is similar to that of the 
glucansucrase GtfA of L. reuteri 121 (61% similarity), but these structurally 
related proteins have different enzymatic activities (2). Unlike the common GH70 
glucansucrases, GtfB is inactive on sucrose, but acts as a 4,6-α-
glucanotransferase: It cleaves an α1→4 glycosidic linkage at the non-reducing 
end of a starch or malto-oligosaccharide (donor) chain, and transfers the glucose 
to the non-reducing end of another (acceptor) molecule, predominantly forming 
α1→6 glycosidic linkages, yielding mixtures of linear malto-/isomalto-
oligosaccharide chains (1, 3, 4). GtfB also has a relatively low hydrolysis activity. 
The GtfB final products are very interesting functional carbohydrates, acting as 
prebiotic oligosaccharides and soluble dietary fiber (5). The enzymatic 
conversion of the widely available and low cost substrate starch by GtfB yields 
potentially valuable food ingredients and provides interesting opportunities for 
industrial applications (4). 

Heterologous expression of GtfB in E. coli renders a low amount of soluble GtfB 
protein and a large amount of GtfB in inclusion bodies (IBs) as described 
previously for the related GtfML4 enzyme (6). IBs are generated by protein 
aggregation, resulting in inactive enzymes, and are commonly observed in 
heterologous expression systems (7). Several studies have shown that active 
enzymes may be isolated from IBs through proper processing (8). The 
conventional method involves refolding of the denatured protein. In the first step 
the misfolded protein is unfolded, followed by a second, gentle, refolding step (9, 
10). Several successful refolding methods have been developed, such as dilution, 
on-column chromatography, dialysis, ultra-filtration and procedures involving 
multiple steps (11-13). Success in protein refolding, however, varies strongly, and 
these procedures are often time consuming and relatively expensive (14). 

Interestingly, in case of GtfB, we detected its enzyme activity in the IBs, which 
therefore were renamed into non-classical inclusion bodies (ncIBs) (11, 15). 
Activity of IB aggregated enzymes may reflect the presence of a percentage of 
properly folded functional protein (14). Another viewpoint, the “IB-stretch 
hypothesis”, poses that IBs may include functional enzyme domains, and that 
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crucial residues for active protein conformation are not engaged in the inactive β-
core of the aggregates (16). These IBs also provide enough pore space for 
substrate and product molecules (14). Functional proteins in ncIBs thus can be 
applied directly; one example is the human granulocyte-colony stimulating factor 
(15). These ncIBs may have additional advantages over solubilized protein, such 
as high stability and relatively large particle size, useful for enzyme 
immobilization and preparation of nanomaterials (17, 18).  

Heterologous expression attempts with L. reuteri 4,6-α-glucanotransferase 
enzymes (e.g. GtfB, GtfW and GtfML4) in E. coli yielded low amounts of soluble 
protein (6). However, expression of GtfB in E. coli BL21 Star (DE3) resulted in 
an abundant accumulation of GtfB in IBs, as described in this study. Here we 
report the results of a comparison of soluble GtfB and ncIB GtfB with enzyme 
preparations obtained by refolding of GtfB protein extracted from IBs, with 
emphasis on their activity, product specificity and thermostability.  

Material and methods 

Bacterial strains, plasmids, medium and carbohydrate 

Plasmid pET15b was used for GtfB [GenBank: AAU08014.2] (C-terminal His-
tag) expression in Escherichia coli strain BL21 Star (DE3) (Invitrogen, Taastrup, 
Denmark).  

E. coli strain BL21 Star (DE3) was grown in Luria-Bertani (LB) medium with 
100 mg/l ampicillin and 25 mg/l kanamycin medium. GtfB expression was 
induced using 0.4 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). AVEBE 
MD20 with DE (dextrose equivalent) value 20 was provided by AVEBE 
(Veendam, The Netherlands). LiBr was purchased from Fisher Scientific and 
pullulan standards from PSS (Polymer Standard Service, Mainz, Germany). All 
other materials and chemicals were purchased from Sigma-Aldrich (St. Louis, 
US). 

Growth and inducing conditions 

Soluble GtfB expression in E. coli BL21 Star (DE3) was achieved using the 
procedures described by Kralj et al. (1). For preparation of IBs, the method was 
modified as follows: Pregrown E. coli BL21 Star (DE3) inoculum was added to 1 
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liter medium in a 5 liter shake flask and grown aerobically at 37 °C and 220 rpm 
until an OD600 of 0.9. The culture was equally divided into four 1 liter flasks and 
0.4 mM IPTG was added to induce GtfB expression. The four flasks of 250 ml 
broth were incubated at induction temperatures of 18, 25, 30 and 37 °C, 
respectively. Cultures were harvested at OD600 of approx. 1.8. Biomass was 
collected by centrifugation at 15,000 ×g for 30 min.  

Isolation of soluble protein and inclusion bodies 

The collected E. coli cell pellets from 250 ml culture were washed with buffer (20 
mM Tris-Cl, 50 mM NaCl, pH 8.0) and then resuspended in 8 ml of B-PER 
protein extraction buffer (Thermo, Rockford, US). To lyse E. coli cells and to 
remove nucleic acids, 16 µl lysozyme (150,000 U) and 4 µl DNase (20,000 U) 
were added and stirred for 30 min at room temperature. The proportions of 
soluble and total GtfB were determined by densitometric analysis of Coomassie-
stained SDS-PAGE gels with 8 µl sample, using a Bio-Rad Model Imaging 
Densitometer (Bio-Rad Laboratories, Hercules, US). The IBs were washed twice 
with washing buffer (20 mM Tris-Cl, 0.5 mM EDTA, pH 8.0). 

Purification of soluble GtfB  

The extracted soluble GtfB with 6×His tag was purified by binding to Ni2+ 
nitrilotriacetic acid (Ni-NTA) as described previously (19). GtfB was eluted with 
elution buffer (20 mM Tris-HCl, pH 8.0, 200 mM imidazole, 1 mM CaCl2), and 
further purified by anion-exchange chromatography as described previously (1) 
using a 1-ml HiTrap Q HP column (GE Healthcare, Uppsala, Sweden). Finally, 
NaCl was removed using a 5-ml Hitrap desalting column (GE Healthcare) run 
with wash buffer (20 mM Tris-HCl, pH 8.0, 1 mM CaCl2) (1). 

iFOLD Protein Refolding system and preparation of refolded GtfB  

The iFOLD Protein Refolding system, containing 94 different refolding buffers, 
purchased from Novagen (Merck KGaA, Darmstadt, Germany), was used to 
identify the optimal conditions for GtfB refolding.  

A total of 0.5 g prepared IBs was dissolved in 12 ml denaturing buffer (20 mM 
Tris-HCl with 4.47 % N-lauroylsarcosine sodium salt, 5% glycerol, 50 mM NaCl, 
5 mM TCEP, 0.5 mM EDTA, pH 8.0) and stirred till transparent. The solution 
was centrifuged at 15,000 ×g for 15 min. The supernatant was dialyzed twice 
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against 1 liter dialysis buffer (10 mM Tris-HCl, 0.06% N-lauroylsarcosine 
sodium salt, 0.05 mM EDTA, 0.1 mM TCEP, pH 8.0) at 4 °C for 6 h. At this 
stage, all GtfB protein was unfolded and no activity could be detected. The 
protein was refolded by diluting the sample to around 0.1 mg/ml in the different 
refolding buffers within the iFOLD system, as well as dd H2O, followed by 
stirring overnight at room temperature. Activity of the refolded GtfB protein was 
assessed by measuring hydrolysis of maltoheptaose, as described below. 

Refolded GtfB with 6×His tag was further purified using Ni-NTA affinity 
chromatography and anion exchange methods as described previously (1). Protein 
purity was assessed on 8% SDS-PAGE and protein concentrations measured with 
Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, US) with bovine serum 
albumin as standard. 

Non-classical inclusion bodies (ncIB) GtfB preparation  

The wet IB pellet (0.5 g) was resuspended and homogenized with 10 ml non-
denaturing buffer (20 mM Tris-HCl, 0.2% N-lauroylsarcosine, 20% glycerol, pH 
8.0) by gently pipetting and short sonication for 10 sec (Soniprep 150, MSE Ltd, 
London, UK). The suspension was shaken overnight at room temperature (11). 
The ncIB suspensions were stored at 4 °C, and were homogenized every time 
before use. 

To measure protein content, ncIB suspensions were dissolved in denaturing 
buffer, followed by dialysis against protein storage buffer (20 mM Tris-HCl, pH 
8.0) to remove N-lauroylsarcosine which influences the protein dye reagent (Bio-
Rad Co. Ltd, US). Concentrations of these dialyzed proteins were measured by 
the Bio-Rad Protein assay. Finally, the concentration of ncIB GtfB was calculated 
from the total concentration of insoluble protein and the percentage of GtfB 
(Table 1) which was obtained from the densitometric analysis of Coomassie-
stained SDS-PAGE gels. 

Fourier Transformed Infrared analysis 

Soluble and refolded GtfB proteins (0.5 - 3 mg) were precipitated from solution 
by the addition of hydrated ammonium sulfate (final concentration 30% w/v). 
ncIBs prepared at various E. coli growth temperatures (18, 25, 30, 37 °C), were 
washed in dd H2O. All wet pellets were dried in the Savant DNA Speed-Vac 
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system for 1-2 h prior to analysis to reduce water interference in the infrared 
spectra. The infrared spectra of protein samples were recorded on a Bruker 
IFS66S spectrometer equipped with a liquid-nitrogen cooled MTC detector and 
Golden-Gate ATR diamond cell. The infrared spectra allowed monitoring of the 
secondary structure of ncIB GtfB protein prepared at different temperatures in 
comparison with properly folded and soluble GtfB protein. Typically, 64 scans 
were collected at a resolution of 4 cm-1 for all samples. Before the examination of 
the amide I bands, solvent spectra were recorded and subtracted (11). The 
structure of the amide I region was also analyzed by second derivatives. 

Product profiles and enzyme activity assays 

The product profiles of the various GtfB preparations were investigated by 
incubating enzyme in sodium acetate buffer (25 mM, pH 4.7, 1 mM CaCl2) at 
37 °C for 24 h, with maltose, maltotriose and maltoheptaose separately as 
substrates (2). After 24 h or 72 h reactions, all tubes were boiled for 5 min 
followed by 15,000 × g centrifugation for 5 min. The supernatants were kept for 
high-pH anion-exchange chromatography (HPAEC) analysis as described below. 

GtfB hydrolysis rates were assessed by measuring glucose release. GtfB enzyme 
solutions (50 µl) with different protein concentrations were added to a final 500 
µl reaction system with 10 mM maltoheptaose. At a time interval of 5 min, 50 µl 
samples were taken and the reaction terminated by addition of 25 µl 0.4 M NaOH, 
followed by neutralization with 25 µl 0.4 M HCl. The GOPOD kit (Megazyme) 
was used to detect glucose, as a measure for hydrolysis activity (6). One unit of 
hydrolysis activity was defined as the amount of enzyme that produces 1 µmol 
glucose per min. Transferase activity was measured by determining maltose 
generation when GtfB enzyme was incubated with amylose (0.25%, w/v) as 
donor and glucose (10 mM) as acceptor substrate. One unit of transferase activity 
was defined as the amount of enzyme that produces 1 µmol maltose per min. 

High-pH anion-exchange chromatography  

The reaction products of GtfB were injected onto a 4×250 nm CarboPac PA-1 
column connected to a Dionex DX500 workstation (Dionex). Samples were run 
with a gradient of 30-600 mM NaAc in 100 mM NaOH (1 ml/min), and detected 
by an ED40 pulsed amperometric detector. A mixture with known concentrations 
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of glucose, maltose, panose, maltotriose, maltotetraose, maltopentaose, 
maltohexaose and maltoheptaose was used as reference. 

Nuclear Magnetic Resonance spectroscopy 

NMR spectroscopy resolution-enhanced 1D 500-MHz 1H NMR spectra were 
recorded in D2O on a Varian Inova 500 Spectrometer (NMR Center, University 
of Groningen) at probe temperatures of 300 K. Samples were exchanged twice 
with D2O (99.9 atm% D, Cambridge Isotope Laboratories, Inc.) with intermediate 
lyophilization and then dissolved in 0.6 ml D2O. Chemical shifts (δ) were 
expressed in parts per million by reference to internal acetone (δ 2.225 for 1H). 

Size-exclusion chromatography 

DMSO-LiBr (0.05M) was prepared by stirring for 3 h at room temperature 
followed by degassing for 15 min an ultrasonic cleaner (Branson 1510, Branson, 
Danbury, CT). Samples were dissolved at a concentration of 4 mg/ml in DMSO-
LiBr by overnight rotation at room temperature, followed by 30 min heating in an 
oven at 80 °C obtaining clear sample solutions. The samples were cooled to room 
temperature and filtered through a 0.45-µm Millex PTFE membrane (Millipore 
Corporation, Billerica, MA). The SEC system set-up (Agilent Technologies 1260 
Infinity) from PSS (Mainz, Germany) consisted of an isocratic pump, auto 
sampler without temperature regulation, an online degasser, an inline 0.2 μm 
filter, a refractive index detector (G1362A 1260 RID Agilent Technologies), 
viscometer (ETA-2010 PSS, Mainz) and MALLS (SLD 7000 PSS, Mainz). 
WinGPC Unity software (PSS, Mainz) was used for data processing. The samples 
(100 µl) were injected with a flow rate of 0.5 ml/min by an autosampler into a 
PFG guard column with DMSO-LiBr as eluent. The separation was done by three 
PFG-SEC columns with porosities of 100, 300 and 4000 Å. The columns were 
held at 80˚C, the refractive index detector at 45 °C and the viscometer was 
thermostatted at 60 °C. A standard pullulan kit (PSS, Mainz, Germany) with 
molecular mass from 342 to 805000 Da was used. The specific RI increment 
value dn/dc was measured by PSS and is 0.072 (private communication with 
PSS). 
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Thermostability determination 

The thermostability of the soluble, ncIB and refolded GtfB proteins with the same 
concentration (75 µg/ml) and the same hydrolysis activity (0.79 U, 25.0 µg/ml 
soluble GtfB, 38.7 µg/ml refolded GtfB and 249.4 µg/ml 25 °C ncIB GtfB) were 
determined by incubation in 25 mM sodium acetate buffer (pH 4.7) at 45 °C. 
Samples were taken at several time intervals up to 30 min, and the residual 
hydrolysis activity was determined subsequently as described above. 

Results and Discussion 

GtfB accumulates as soluble protein and in inclusion bodies (IBs) 

Heterologous expression of GtfB in E. coli BL21 Star (DE3) resulted in relatively 
abundant synthesis of this protein but mainly in the form of inclusion bodies. As 
shown in table 1, this E. coli expression system yielded approximately 150-225 
mg of total cell protein per liter of culture, more than 50% of which was the target 
GtfB protein. However, more than 90% of total GtfB protein accumulated in IBs 
(Table 1). 

Table 1. The yields of total cell protein, and total, soluble, insoluble GtfB, obtained 
from E. coli. E.coli BL21 Star (DE3) cells grown at different temperatures, and the 
percentages of insoluble GtfB within the inclusion bodies (IBs) were determined by Bio-
Rad protein assay and densitometric analysis of SDS-PAGE separated proteins. All cell 
samples were harvested at a culture OD600 of 1.8. The experiments were done in duplicate. 

Induction 
temperature (°C) 

Total protein 
(mg/l culture) 

Total GtfB 
(mg/l culture) 

Soluble 
GtfB 
(mg/l 

culture) 

Insoluble GtfB 
(mg/l culture) 

% of 
insoluble 

GtfB in total 
IBs 

18 168.5±10.0 92.0±5.5 6.0±1.0 86.0±5.0 82.5±0.5 

25 175.5±17.5 95.0±9.5 8.0±1.5 87.0±9.0 85.0±0.5 

30 224.5±12.5 132.5±7.5 1.5±0.5 131.0±7.0 83.0±0.5 

37 150.5±9.0 86.0±5.0 0.5±0.0 85.5±0.5 73.5±0.5 
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Using different induction temperatures, the yields of total protein, soluble and 
insoluble GtfB protein varied in cultures harvested at the same OD600 value of 1.8. 
The yield of soluble GtfB increased from 0.5 mg/l at 37 °C to 8.0 mg/l at 25 °C, 
but no further increase occurred at 18 °C. After His-tag affinity purification, only 
approx. 1 mg pure GtfB was obtained from 1 liter culture incubated at 18 or 
25 °C. The highest amount of insoluble GtfB (131.0 mg/l) was produced at 30 °C, 
while the purest (85.0%) insoluble GtfB was obtained at 25 °C.  

Comparison of hydrolysis and transferase activities of soluble, refolded and 

ncIB GtfB 

The iFOLD protein refolding matrix with 94 different buffers was used to 
determine the optimal refolding conditions for GtfB IBs. Refolding efficiency 
was assessed by measuring hydrolysis activity (glucose release from 
maltoheptaose). As shown in Fig. 1, refolding was more successful at pH 7.0 and 
7.5 compared to pH 8.0 and 8.5. Double distilled (dd) H2O at pH 5.0 without any 
additives and buffer salts was the optimal refolding environment. Through dd 
H2O refolding, 64.8% hydrolysis activity was recovered compared to soluble 
GtfB (see Fig. 1). In addition, among all the refolding conditions tested, 
conditions with methyl-β-cyclodextrin all resulted in higher efficiency than the 
ones without methyl-β-cyclodextrin (Fig. 1A). Conceivably, the hydrophobic 
areas of the GtfB protein are exposed during the folding process and addition of 
methyl-β-cyclodextrin suppresses the stacking of protein folding intermediates 
(20).  

Non-classical inclusion body (ncIB) research shows that the presence of active 
protein inside IBs strongly depends on the E. coli growth temperature (11, 15). 
An example is the expression of human granulocyte-colony stimulating factor in 
E. coli: compared to 37 °C expression at 25 °C resulted in higher amounts of 
correctly folded protein inside IBs (15). Using equal amounts of protein, four 
ncIB GtfB samples obtained at different E. coli growth temperatures displayed 
relatively low hydrolysis activity in comparison to the soluble and refolded GtfB 
enzymes (Fig. 1A). The GtfB activity (hydrolysis) of the most active 25 °C ncIBs 
GtfB was 10.1 % and 15.6 % of that of the soluble and dd H2O refolded GtfB, 
respectively. To exclude any effect from E. coli proteins, E. coli harboring the 
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Fig. 1. Bargraphs of the relative activities of soluble, refolded and different ncIB 
GtfB enzymes. The refolded GtfB enzymes were obtained from various refolding buffers, 
and the non-classical inclusion bodies (ncIBs) GtfB were expressed at different 
temperatures (A). All enzyme concentrations used were 100 µg/ml. The enzyme activity 
was defined as the release of glucose from maltoheptaose at 37 °C and pH 4.7.The 
hydrolysis activity of soluble GtfB was set at 100% (0.17 U). The total hydrolysis and 
transferase activities of soluble, refolded and ncIB GtfB enzymes obtained from one liter 
E. coli culture expressing GtfB are shown in bargraphs (B) and (C). In (B) 100% activity 
corresponds to 13.44 U hydrolysis activity and in (C) the 100% value corresponds to a 
transferase activity of 4.3 U in 1 liter culture. 
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pET15b-gtfBD1015N (encoding inactive GtfB protein) was used as a negative 
control (1). 

Based on the yield of 1 liter culture, GtfB ncIBs contained around 180% 
hydrolysis activity and 100% transferase activity compared to soluble GtfB (Fig. 
1B and 1C). Thus ratios of hydrolysis versus transferase activity (Fig. 1 B and C) 
of ncIB and refolded GtfB were relatively high compared to soluble GtfB. The 
activity obtained from the total yield of refolded protein in one liter culture is 
much higher (Fig. 1B and 1C), but the production costs for refolded proteins are 
estimated to be around 20 times higher than for ncIB proteins (14). The ncIB 
GtfB proteins show sufficient activity to replace refolded GtfB protein as 
functional GtfB enzyme. 

Comparison of product profiles of soluble, refolded and ncIB GtfB enzymes 

incubated with maltose and maltotriose 

Soluble (25.0 µg/ml), refolded (38.7 µg/ml) and 25 °C ncIB GtfB (249.4 µg/ml) 
samples with equivalent GtfB hydrolysis activity (0.04 U) were incubated with 50 
mM maltose or maltotriose at pH 4.7 and 37 °C for 72 h, and their product 
profiles were analyzed by HPAEC (Fig. 2A, 2B). The product profiles from 
soluble, refolded and ncIB GtfB enzymes were very similar. The generated 
products were identified based on earlier research by Dobruchowska et al. (2). 
The structures are depicted in Fig. 2C. In Fig. 2A, two main peaks (1 and 3) 
identified in all spectra represent glucose and panose, products derived from 
maltose by hydrolysis and transferase activities. The other reaction products 
labelled as peak 4a and 5 were panose elongated with one and two (α1→6)-linked 
glucose residues at the non-reducing site. Also after incubation with maltotriose 
(Fig. 2B), the product profiles of soluble, refolded and ncIB GtfB were highly 
similar when comparing peaks 7 to 13. The structures of these products (peaks 7-
13) indicate that the larger oligosaccharides resulted from elongation with not 
only α1→6 but also α1→4 linkages. These data showed that refolded and ncIB 
GtfB enzymes have the same product and reaction specificity as soluble GtfB, 
catalyzing hydrolysis and α1→4/α1→6 transglycosylation . 
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Fig. 2. Comparison of HPAEC-PAD profiles of the product mixtures of different 
GtfB preparations. 50 mM maltose (A) and maltotriose (B) were seperately incubated 
with GtfB preparations with equal hydrolysis activity (25.0 µg/ml soluble GtfB, 38.7 
µg/ml refolded GtfB and 249.4 µg/ml 25 °C ncIB GtfB) after 72 h at 37 °C and pH 4.7. 
The oligosaccharide structures produced were identified (C) according to Dobruchowska 
et al. (28). G1 to G7 represent glucose, maltose, maltotriose, maltotetriose, maltopentaose, 
maltohexaose and maltoheptaose, respectively. 
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Additionally, NMR analysis (Fig. 3) showed that the α1→6 linkage percentages 
of AVEBE MD20 (maltodextrins manufactured from potato starch, average 
degree of polymerization 6) modified by soluble, refolded and ncIB GtfB 
enzymes during incubation for 3 days were highly similar, increasing in all cases 
from 0.5% to around 15%.  

 

Fig. 3. One-dimensional 1H NMR spectra of AVEBE MD20 and its products 
following incubation with GtfB preparations. The spectra were recorded in D2O at 300 
K after the incubation of 5% AVEBE MD20 (A) with different GtfB preparations which 
have equal hydrolysis activity (25.0 µg/ml soluble GtfB, B, 38.7 µg/ml refolded GtfB, C 
and 249.4 µg/ml 25 °C ncIB GtfB, D) after 72 h at 37 °C and pH 4.7. Rα/β represent the 
reducing –(1→4)-D-Glcp units and Gα/β represent the D-Glcp units. 
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Size analysis of AVEBE MD20 and its products after GtfB enzyme 

treatments 

The Size Exclusion Chromatograms (SEC) of AVEBE MD20 before and after 
incubation with soluble, refolded and ncIB GtfB proteins are shown in Fig. 4. The 
elution volume in SEC is directly related to the hydrodynamic volume of the 
linear and branched molecules (21). The elution volumes of some pullulan 
standards are plotted at the x-axis. Since AVEBE MD20 is mainly composed of 
short oligosaccharides (average degree of polymerization 6), its major peak is 
seen at a high elution volume (around 32.5 ml). After incubation with GtfB 
preparations with equivalent hydrolysis activity, the peak at 32.5 ml decreased 
and shifted to a bi-modal peak at elution volumes of approximately 30 and 32 ml, 
demonstrating that the short oligosaccharides in MD20 substrate were converted 
to products with higher molecular mass. The distributions of the products of 
soluble, ncIB and refolded GtfB were highly similar. The relatively high ratios of 
hydrolysis versus transferase activity (Fig. 1 B and C) of ncIB and refolded GtfB 
compared to soluble GtfB may initially result in enhanced synthesis of smaller 
products. This increased availability of shorter acceptor substrates resulted in 
reduced average sizes of their product molecules.  

Fourier Transform Infrared (FT-IR) studies 

The secondary structures of the soluble, refolded and ncIB GtfB (25 °C) proteins 
were examined by infrared spectroscopy (Fig. 5). The frequency and the shape of 
the amide I bands in the spectral region between 1690 and 1620 cm-1 provides 
information about the type of secondary structure present in proteins (22). 
Because the components in amide I, resulting from different secondary structure 
elements, are strongly overlapping (Fig. 5A), a second derivative analysis was 
applied. The main band, at 1653 cm-1 in second derivative spectra (Fig. 5B) 
indicates the presence of α-helical structures, which may be expected for a GH70 
family enzyme containing a TIM barrel fold with 8 α-helices (23). The ncIBs 
GtfB show distinctive bands at 1627 and 1695 cm-1 (Fig. 5B) with higher 
intensity than those of soluble and refolded GtfB, indicating that the inclusion 
bodies have more intermolecular β-sheet structure (24). The FI-IR spectra of the 
inclusion bodies also show peaks at 1633 and 1653 cm-1, suggesting they also 
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contain some native β-sheet and native α-helix structures of the soluble GtfB 
enzyme, respectively (25). 

 

Fig. 4. SEC chromatograms of AVEBE MD20 and its products following incubation 
with GtfB preparations. Different GtfB preparations with equal hydrolysis activity (25.0 
µg/ml soluble GtfB, 38.7 µg/ml refolded GtfB and 249.4 µg/ml 25 °C ncIB GtfB) were 
incubated with 5% AVEBE MD20 for 72 h at 37 °C and pH 4.7. Elution volumes of the 
pullulan standards corresponding to 366, 200, 113, 48.8, 21.7, 10, 6.2, 1.32 and 0.342 
kDa, are plotted above the x-axis. 
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Fig. 5. Fourier Transform Infrared (FT-IR) spectra in the amide I region of 
different GtfB preparations. Soluble GtfB, refolded GtfB, and ncIB GtfB proteins 
isolated from E. coli incubated at different temperatures (25 and 30 °C) were analyzed. (A) 
FT-IR spectra; (B) second derivatives of the FT-IR spectra. 

http://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy
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Thermostability comparison of soluble, ncIB and refolded GtfB proteins 

To compare the thermostability of soluble, ncIB and refolded GtfB proteins, their 
residual activity was measured after incubation at 45 °C for several time intervals. 
At a protein concentration of 75 µg/ml, the half-lives of soluble and refolded 
GtfB were around 3.5 min (Fig. 6A). The half-life of ncIB GtfB protein was 3.0-
fold longer. Even after 30 min incubation, 20% of the original activity of ncIB 
GtfB enzyme remained, while soluble and refolded GtfB enzymes had become 
completely inactivated. When comparing the three GtfB protein preparations in 
different concentrations but with the same hydrolysis activity (0.04 U), the half-
life of ncIB GtfB was 5.0 times longer than those of soluble and refolded GtfB 
(Fig. 6B). This is probably due to the extended β-sheet formation in ncIB GtfB 
protein by amino acid chains which are remote to the active site stabilizing its 
overall conformation. Thus, with increasing temperatures, domains outside the 
active site important for stable protein conformation may be more slowly affected 
in ncIB GtfB protein than in soluble and refolded GtfB proteins. 

 

Fig. 6. Thermostability of soluble GtfB, refolded GtfB, and 25 °C ncIB GtfB proteins. 
Different GtfB preparactions incubated at the same protein concentration (75 µg/ml, A) 
and with the same hydrolysis activity (25.0 µg/ml soluble GtfB, 38.7 µg/ml refolded GtfB 
and 249.4 µg/ml 25 °C ncIB GtfB, B), were assessed separately by measuring their 
residual activities after incubation at 45 °C up to 30 min. The activity before incubation 
was set at 100%. 

Conclusions  
This paper reports that the Lactobacillus reuteri 121 GtfB protein is highly 
expressed in the heterologous host E. coli, but largely accumulates in non-
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classical inclusion bodies (ncIBs), displaying hydrolysis and transferase activity. 
E. coli growth temperatures of 25 and 30 °C resulted in ncIB preparations with 
highest GtfB yield, purity and activity. Following denaturing, refolding of GtfB 
protein in double distilled H2O resulted in highest recovery of GtfB (hydrolysis) 
activity, but required a set of complicated procedures. The ncIB GtfB enzyme 
produced at 25 °C displayed 10.1% of the soluble GtfB (hydrolysis) activity and 
produced similar product profiles from maltose, maltotriose and AVEBE MD20. 
FT-IR analysis of soluble, refolded and ncIB GtfB proteins confirmed that 
structural differences exist between these GtfB proteins. The ncIB GtfB enzyme 
was much more thermostable than the soluble and refolded GtfB enzymes. In 
view of its high yield, low preparation cost and structural stability, ncIB GtfB 
protein thus provides a promising option for industrial applications. 
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Abstract 
4,6-α-Glucanotransferase (4,6-α-GTase) enzymes, such as GtfB and GtfW of 
Lactobacillus reuteri strains, constitute a new reaction specificity in Glycoside 
Hydrolase Family 70 (GH70) and are novel enzymes that convert starch or starch 
hydrolysates into isomalto/malto-polysaccharides (IMMPs). These IMMPs still 
have linear chains with some α1→4 linkages but mostly (relatively long) linear 
chains with α1→6 linkages, and are soluble dietary starch fibers. 4,6-α-GTase 
enzymes and their products have significant potential for industrial applications. 
Here we report that an N-terminal truncation (1-733 amino acids) strongly 
enhances the soluble expression level of fully active GtfB-∆N (approx. 75 fold 
compared to full-length wild type GtfB) in Escherichi coli. In addition, 
quantitative assays based on amylose V as substrate are described, allowing 
accurate determination of both hydrolysis (minor) activity (glucose release, 
reducing power) and total activity (iodine staining), and calculation of the 
transferase (major) activity of these 4,6-α-GTase enzymes. The data shows that 
GtfB-∆N is clearly less hydrolytic than GtfW, which is also supported by NMR 
analysis of their final products. Using these assays, the biochemical properties of 
GtfB-∆N were characterized in detail, including determination of kinetic 
parameters and acceptor substrate specificity. The GtfB-∆N enzyme displayed 
high conversion yields at relatively high substrate concentrations, a promising 
feature for industrial application. 
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Introduction 
Starch is the second most abundant carbohydrate on earth and a major dietary 
carbohydrate for humans; as storage carbohydrate it is present in seeds, roots and 
tubers of plants (1). It consists of α-glucan polymers with (α1→4) linkages and a 
low percentage of (α1→6) linkages, in the form of amylose and branched 
amylopectin (2). Starches are applied in various industrial products such as food, 
paper, and textile, often after processing by physical, chemical or enzymatic 
treatment (3-6). 

Dietary fibers and low glycemic index (GI) food are considered healthy food 
contributing to our long-term well-being (7, 8). Of all the nutritional types of 
starch, slowly digestible starch (SDS) with low GI has drawn strongest interest. 
Annealing/heat-moisture treatment, recrystallization and enzymatic treatment are 
recognized approaches to obtain SDS (9-11). SDS materials prepared by physical 
processing suffer losses upon boiling, therefore structural modifications through 
enzymatic treatment of starch are more desirable. In the human digestive system, 
the (α1→6) linkages in starch are hydrolyzed at a lower rate than (α1→4) 
linkages (12, 13). Branching enzymes, alone or in combination with β-amylase, 
are used to increase the percentage of (α1→4,6) branches in starches (12-14). 

The 4,6-α-Glucanotransferase (4,6-α-GTase) enzymes such as GtfB, GtfW and 
GtfML4 of Lactobacillus reuteri strains constitute a subfamily of Glycoside 
Hydrolase Family 70; GH70  mainly consists of glucansucrases (GSes) 
(http://www.cazy.org). Unlike GSes, 4,6-α-GTases are not sucrose-acting 
enzymes but starch-converting enzymes, capable of converting (1→4)-α-D-gluco-
oligosaccharides into dietary fiber isomalto/malto-polysaccharides (IMMPs). 
Conversion has been proposed to occur mainly by the step-wise addition of single 
glucose moieties onto the non-reducing end of an α-glucan, introducing linear 
chains with (α1→6) linkages (15-18). The 4,6-α-GTase enzymes have strong 
potential for SDS or soluble dietary fiber production in the starch industry (19). 

The expression yields of all three studied 4,6-α-GTase enzymes in E. coli are 
rather low and most of the protein accumulates in inclusion bodies (18, 20); to 
obtain more active protein, strategies to use denatured refolded GtfB protein, or 
non-classical inclusion body preparations have been tested. The biochemical and 
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catalytic properties of these enzymes, e. g. their hydrolysis and transferase 
activities, have not been characterized yet because of a lack of suitable 
quantitative assays. In the present study, the variable N-terminal region of the 
GtfB enzyme was removed (yielding construct GtfB734-1619) which resulted in 
increased expression of soluble and active GtfB-∆N enzyme in E. coli. In 
addition, we developed activity assays to characterize the reactions of 4,6-α-
GTase enzymes with amylose. These assays were used to define the optimal 
reaction conditions of GtfB-∆N and GtfW-∆N, and to quantitatively compare 
their hydrolysis and transferase activities, as well as to determine key 
biochemical properties. The developed assays also provide a firm basis for the 
future characterization of other, natural and engineered, 4,6-α-GTase enzymes. 

Materials and Methods 

Construction of a truncated GtfB-ΔN mutant  

Based on the alignment of the L. reuteri 121 GtfB with glucansucrase sequences, 
and the crystal structure of L. reuteri 180 Gtf180-ΔN glucansucrase (PDB entry 
3KLK), the gtfB gene fragment encoding GtfB (Uniprot entry Q5SBM0) amino 
acids 734–1619 was amplified by PCR using High Fidelity PCR enzyme mix 
(Thermo-Scientific, Landsmeer, The Netherlands) with pET15b-GtfB as template 
and the primers CHisFor-dNgtfB 5′-
GATGCATCCATGGGCCAGCTCATGAGAAACTTGGTTGCAAAACCTAAT
A-3′ and CHisRev-dNgtfB 5′-
CCTCCTTTCTAGATCTATTAGTGATGGTGATGGTGATGGTTGTTAAAGT
TTAATGAAATTGCAGTTGG-3′. A nucleotide sequence encoding a 6×His-tag 
was fused in-frame to the 3′ end of the gtfB-ΔN gene, using the reverse primer. 
The resulting PCR product was digested with NcoI and BglII and was ligated into 
the corresponding site of pET15b. The construct was confirmed by nucleotide 
sequencing (GATC, Cologne, Germany). Plasmid pET15b-gtfW-ΔN (with the 
gtfW gene fragment encoding GtfW-ΔN (Uniprot entry A5VL73) amino acids 
458-1363) has been constructed previously (18). 

Expression and purification of GtfB, GtfB-∆N and 4,6-αGT-W (GtfW-∆N) 

The GtfB protein was produced in E. coli BL21 Star (DE3) carrying the plasmids 
pRSF-GtfB and pBAD22-GroELS (17). The bacterial inocula were prepared in 

http://www.uniprot.org/uniprot/Q5SBM0
http://www.uniprot.org/uniprot/A5VL73
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0.4 L Luria-Bertani cultures and grown at 37°C and 220 rpm until the OD600 had 
reached 0.4-0.5, followed by addition of the inducer 0.4 mM isopropyl β-D-1-
thiogalactopyranoside, and L-arabinose (0.02% w/v). The cultures were 
subsequently incubated at 18 °C and 160 rpm for 16 h in an orbital shaker. Cells 
were harvested by centrifugation (26000×g, 40 min) and then washed with 20 ml 
buffer (20 mM Tris/HCl pH 8.0, 250 mM NaCl, 1mM CaCl2). The collected cells 
were resuspended in 10 ml B-PER protein extraction reagent (Pierce, 100 μg/ml 
of lysozyme and 5 U/ml of DNase) for 30 min on a rolling device at room 
temperature, followed by centrifugation (10,000×g, 30 min). The encoded GtfB 
protein carrying a C-terminal (His)6-tag was purified by His-tag affinity 
chromatography using a 1-ml Hitrap IMAC HP column (GE Healthcare) and 
anion exchange chromatography (Resource Q, GE Healthcare). The salt was 
removed using a 5-ml Hitrap desalting column (GE Healthcare) run with B-PER 
and 1 mM CaCl2. Purity was checked on 8% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and protein concentration was 
measured by Bradford reagent (Bio-Rad, Hercules, CA) and bovine serum 
albumin as standard. 

The L. reuteri DSM 20016 4,6-αGT-W (GtfW-∆N) and GtfB-∆N proteins were 
expressed and purified according to Leemhuis et al. with minor modification (18). 
E. coli BL21(DE3)-pET15b_gtfW-∆N/gtfB-∆N was grown in Luria broth 
containing 100 mg/l ampicillin. Protein expression was induced at an OD600 of 
0.4–0.5 by adding isopropyl β-D-1-thiogalactopyranoside to 0.1 mM, and 
cultivation was continued at 18°C and 160 rpm for 16 h. Cells were harvested by 
centrifugation, in Tris-HCl buffer (50 mM, pH 8.0), containing NaCl (250 mM), 
Cell-free extracts were made by sonication followed by centrifugation (10,000×g, 
1 h). Purification was performed as described above. 

Preparation of amylose V substrate solution  

Amylose V was provided by AVEBE (Veendam, The Netherlands). Note that 
Amylose V is a slightly degraded amylose, as a result of the extraction procedure 
used to isolate it from regular potato starch. The degree of branching of amylose 
V was below 0.1 %, as reported earlier (21). Amylose V (1%, w/v) was prepared 
as stock solution. Amylose V (20 mg) was suspended in 1 ml ddH2O, and 
dissolved by addition of 1 ml 2 M NaOH. The solution was homogenized until 
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clear. Prior to use, the stock solution was neutralized by adding an equal volume 
of 1 M HCl and the stock was further diluted with reaction buffer. 

Enzyme assays 

The optimal pH and temperature of 4,6-α-GTases were determined over the pH 
range of 3.5-7.0 (25 mM sodium acetate (NaAc) buffer, pH 3.5-5.5; 25 mM MES 
buffer, pH 5.5-6.5; 25 mM MOPS buffer, pH 6.5-7.0) at 40 °C, and temperature 
range of 30-60 °C at pH 5.0 with 0.25% (w/v) amylose V as substrate. All other 
reactions were performed in reaction buffer (25 mM NaAc, pH 5.0, 1 mM CaCl2), 
with 0.25% (w/v) amylose V or 2.5% (w/v) maltodextrins (dextrose equivalent 
= 13-17, Sigma-Aldrich, US), or 10 mM maltoheptaose (Sigma-Aldrich, Missouri, 
US) as substrate, at 40 °C. In each reaction, 60 nM of enzyme was added. Every 5 
min, 100 µl of reaction mixture was taken and the reaction was stopped by 
addition of 50 µl of 0.4 M NaOH. Afterwards, 50 µl 0.4 M HCl was added to 
neutralize the reaction mixture. These samples were stored for GOPOD 
(Megazyme International, Ireland) determination of glucose released, Nelson-
Somogyi measurement of reducing power, and (changes in) iodine staining of 
amylose. 

Paselli MD6 maltodextrins (partial hydrolysis product of potato starch with a 
dextrose equivalent between 5 and 7 and 2.9% α1→6 glycosidic linkages) was 
provided by AVEBE and variant concentrations (0.93-55.8% w/v) were incubated 
with GtfB-∆N [1/1000 (w/w) concentration of substrate] for 72 h at 37°C and pH 
5.0.  

Amylose-iodine assay 

The iodine staining method was used to quantify (remaining) amylose in the 
reaction mixture (22). Thus, 0.26 g I2 and 2.6 g KI were dissolved in 10 ml 
distilled water to prepare the 260× concentrated stock. Prior to using the staining 
buffer, the stock was diluted 260× with distilled water. For each measurement, 
150 µl iodine reagent was pipetted into microtiter plate wells, followed by 
addition of 15 µl enzyme reaction sample solution. The microtiter plate was 
shaken slowly for 5 min to allow color formation and the optical density was 
measured at 660 nm. Amylose V solutions (0-0.25%, w/v) were used to prepare a 
calibration curve.  

http://en.wikipedia.org/wiki/St._Louis,_Missouri
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Reducing sugar measurement 

The Nelson-Somogyi assay adapted to microtiter plates was used to measure the 
reducing power released through hydrolysis activity of the enzymes with amylose 
V (23). Thus, 40 µl Somogyi copper reagent, consisting of 4 parts KNa tartrate: 
Na2CO3:Na2SO4:NaHCO3 (1 : 2: 12 : 1.3) and 1 part CuSO4·5H2O:Na2SO4 (1 : 9) 
and 40 µl enzyme reaction sample were mixed and incubated at 90 °C for 30 min, 
after which the mixture was cooled to room temperature. After shaking the 
microtiter plate for 1 min to remove CO2, 160 µl arsenomolybdate (25 g 
ammonium molybdate in 450 ml H2O + 21 ml 98% H2SO4 + 3 g 
Na2HAsO4·7H2O dissolved in 25 ml H2O) was added and mixed by vortexing. 
Optical densities were read at 500 nm. A calibration curve was made using 0-200 
µg/ml glucose solutions as standard. 

Glucose measurement 

Glucose was measured using the GOPOD kit which was adapted for microtiter 
plates. Five µl enzyme reaction sample was added to wells containing 195 µl 
GOPOD reagent, followed by incubation at 40 °C for 30 min. Optical densities 
were read at 510 nm. A calibration curve was made using 0-200 µg/ml glucose 
solutions as standard. 

Definitions of hydrolysis (H) and total activities, and calculation of 

transferase (T) activities 

One unit of hydrolysis activity (H) is defined as the release of 1 mg glucose from 
amylose V per min in the GOPOD assay mixture.  

One unit of total activity is defined as the decrease of 1 mg amylose V per min in 
the assay mixture (as determined by the amylose-iodine staining method). 

Amylose V is either converted into free glucose via H or modified by transferase 
activity (T) introducing linear α1→6 linked glucose chains, losing ability to bind 

iodine. T was calculated by subtracting H from Total Activity, 𝑻 �U 𝑚𝑚� � =

Total activity �U 𝑚𝑚� � − 𝑯 �U 𝑚𝑚� �. Also T/H activity ratios can be calculated 

subsequently. 
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Nuclear Magnetic Resonance (NMR) Spectroscopy 

The reaction products were exchanged twice with D2O (99.9 atm% D, Cambridge 
Isotope Laboratories, Inc.) with intermediate lyophilization and then dissolved in 
0.6 ml D2O. Resolution-enhanced 500-MHz 1D 1H NMR spectra were recorded 
with a spectral width of 4500 Hz in 16k complex data sets and zero filled to 32k 
in D2O on a Varian Inova Spectrometer (NMR Center, University of Groningen) 
at a probe temperature of 335 K. Suppression of the HOD signal was achieved by 
applying a WET1D pulse sequence. All spectra were processed using 
MestReNova 5.3.  

Results 

Improving expression of soluble GtfB protein 

Heterologous expression of L. reuteri 4,6-α-GTase enzymes in E. coli is 
relatively poor. Optimization of the growth and induction conditions did not 
improve the soluble expression level of these enzymes and most of the GtfB and 
GtfW proteins accumulated in inclusion bodies. Improvement of soluble 
expression of these enzymes appeared essential, also in view of their potential 
industrial application. The 4,6-α-GTase enzymes constitute a subfamily of GH70, 
showing high similarity with glucansucrases in amino acid sequences. As 
previously reported, deletion of the N-terminal variable region of GH70 
glucansucrases, such as GtfA, did not change the glycosidic linkage types present 
in the products, nor the product sizes but significantly improved the expression 
levels of the enzymes (24-26). Therefore, we applied a similar truncation 
approach to GtfB. Alignment of the GtfB and glucansucrase protein sequences 
(27) resulted in identification of amino acids 1-733 as the GtfB N-terminal 
variable region (Fig. 1A). This region contains 5 RDV repeats (sequence 
R(P/N)DV-x12-SGF-x19-22-R(Y/F)S, where x represents a non-conserved amino 
acid residue) which were also observed previously in Gtf180, GtfA and GtfML1 
(28). Its deletion in GtfB resulted in expression of soluble GtfB-∆N at a much 
higher level compared to the full length GtfB. Moreover, the purity of GtfB-∆N 
protein was improved significantly compared to that of the full length GtfB 
enzyme (Fig. 1B). More than 40 mg pure GtfB-∆N protein was obtained from 1 
liter E. coli culture, improving expression 75 fold based on molar calculation. The 
full length GtfB and GtfB-∆N enzymes were compared with regard to their 
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reaction specificity and activity using amylose V and maltoheptaose as substrates 
(data not shown). With maltoheptaose (10 mM) as substrate, the rate of glucose 
release (GOPOD) and the product profiles of both enzymes were nearly identical. 
While using amylose V as substrate, the total and hydrolysis activities measured 
by the GOPOD and iodine staining assay described below were almost the same. 
The N-terminally truncated GtfB and the full length GtfB thus are virtually 
identical in activity and products. 

Products derived from amylose V and maltodextrins by GtfB-∆N or GtfW-

∆N treatments 

Linear (α1→4)-linked compounds are preferred substrates for 4,6-α-GTases, 
therefore amylose V and short chain (α1→4)-linked maltodextrins were 
compared as donor substrates for the GtfB-∆N and GtfW-∆N enzymes. 1H NMR 
analysis of the products of GtfB-∆N and GtfW-∆N incubated with amylose V 
[(1→4)-α-D-glucan] or maltodextrins [(1→4)-α-D-glucooligosaccharides] for 48 
h revealed that both hydrolysis and transferase activities occurred. Besides the 
presence of (α1→4) linkages (H-1, δ ~5.40), (α1→6) linkages (H-1, δ ~4.97) 
were newly formed. In the product mixture derived from amylose V, the 
(α1→6):(α1→4) linkage ratio increased up to 90:10 (Fig. 2a1) for GtfB-∆N  and 
74:26 for GtfW-∆N (Fig. 2b1), when using identical amounts of purified protein. 
The spectra also showed the presence of free glucose (Glcα H-1, δ 5.225, Glcβ H-
1, δ 4.637), the 4-substituted reducing glucose residues [-(1→4)-α-D-Glcp; Rα 
H-1, δ 5.225, Rβ H-1, δ 4.652], and a small amount of reducing-end glucose 
residues which are 6-substitued [-(1→6)-α-D-Glcp; Rα H-1, δ 5.241, Rβ H-1, δ 
4.670] (32), suggesting that both GtfB-∆N and GtfW-∆N can use glucose as 
acceptor substrate, forming maltose, isomaltose and longer products in the 
presence of donor substrate. Comparison of the spectra Fig. 2a1 and Fig. 2b1 
showed that GtfW-∆N produced a much higher percentage of free glucose (23%) 
compared to GtfB-∆N (8%) from amylose V. Conceivably, GtfW-∆N has a 
higher ratio of hydrolysis versus  
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Fig. 1 (A) Linear schematic representation of the domain organization of full length 
Gtf180 of L. reuteri 180 and GtfB of L. reuteri 121 (with N-terminal variable region). 
Structural analysis of L. reuteri 180 Gtf180-ΔN protein has shown that its peptide chain 
follows a “U”-path and that four of its five domains are built up from discontinuous N- 
and C-terminal parts of the peptide chain. Only the C-domain is formed from one 
continuous stretch of amino acids 18). The GtfB protein has a similar organization, except 
that the C-terminal part of domain V is absent. The amino acid residue numbers indicate 
the start and end of each domain. (B) SDS-PAGE (8%, Coomassie blue stained) analysis 
of GtfB and GtfB-ΔN expression. Lane 1, whole cell extract of E. coli with pET15b-gtfB 
plasmid; lane 2, purified GtfB (predicted Mr: 179 kDa); Lane 3, whole cell extract of E. 
coli with pET15b-gtfB-ΔN plasmid; lane 4, purified GtfB-ΔN (predicted Mw = 99 kDa); 
M, marker proteins. 
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transferase activity compared to GtfB-∆N, thereby initially generating more free 
glucose. In the reactions of both GtfB-∆N and GtfW-∆N with maltodextrins that 
possess branches (Fig. 2a2 and 2b2), lower conversions (36% for GtfB-∆N and 
32% for GtfW-∆N) of (α1→4) linkages into (α1→6) linkages were obtained 
compared to the reactions using amylose V (90% for GtfB-∆N and 74% for 
GtfW-∆N) as substrate. Long chain amylose thus appears to be a more efficient 
substrate for conversion of (α1→4) into (α1→6) linkages, and was therefore used 
as the standard substrate in subsequent activity assay development and further 
biochemical analysis. 

Measurement of the hydrolysis activity of 4,6-α-GTase enzymes 

To characterize 4,6-α-GTase enzymes biochemically, assays to determine both 
their hydrolysis activity (H) and transferase activity (T) are required. All three 
characterized 4,6-α-GTases synthesize most of all (α1→6) linkages and 
occasionally an (α1→4) linkage (Fig. 3) (18). Whereas the 4,6-α-GTase 
transferase activity is dominant, hydrolysis activity also occurs resulting in 
glucose release (Fig. 3). Reducing power and glucose measurements are widely 
accepted methods to determine H of starch converting enzymes with either endo- 
or exo-hydrolyzing activity, such as α-amylase, α-glucosidase, and cyclodextrin 
glucanotransferase (33-35). In case of 4,6-α-GTases, the measurement of free 
glucose specifically may lead to an underestimation of H. The reducing power 
assay representing both free glucose and products of the transferase reaction with 
glucose as acceptor substrate, may give a more precise estimate of H (Fig. 3). 
Therefore the Nelson-Somogyi assay measuring reducing power was compared 
with the GOPOD assay measuring free glucose; the results were the same in the 
initial stage of the reaction (Fig. S1). Therefore, both assays are equally 
applicable for measuring the initial rates of hydrolysis activity of 4,6-α-GTase 
enzymes. 
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Fig 2.  One-dimensional 1H NMR spectra (D2O, 335 K) of the products derived from 
amylose V and maltodextrins via L. reuteri 121 GtfB-∆N (a1 and a2, resp.) and L. reuteri 
DSM 20016 GtfW-∆N (b1 and b2, resp.) treatments.  
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Fig. 3. Schematic diagram of the reactions catalyzed by 4,6-α-GTase as proposed by 
Leemhuis et al. with minor modifications (18). Reducing ends of sugar molecules are 
shown in light grey color. The molecules with grey frames can only be used as acceptor 
substrates. The grey frame with light grey fill indicates free glucose. 

Measurement of the Total Activity of 4,6-α-GTases 

The total activity of 4,6-α-GTases, which includes hydrolysis H and transferase 
activity T, was estimated with amylose as substrate, using the iodine staining 
assay. This assay is based on the fact that iodine stains amylose but not linear 
(1→6)-α-D-glucan, as can be predicted by the theory of steric hindrance; the 
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corresponding molecular simulations are shown in Fig. 4. The diameter of the 
iodine atom is 4.2 Å measured by Raman spectroscopy (36). The linear (1→6)-α-
D-glucan model is based on the results of Genin et al (37), who showed that five-
glucose-units per rotation in a right-handed helix is the most stable configuration. 
The inner diameter of such a helix is around 4.1 Å, therefore the iodine anions 
cannot be trapped into the cavities of the (1→6)-α-D-glucan due to the steric 
hindrance. We experimentally verified that dextran does not stain with iodine, 
using 0.5% (w/v) dextran T10 (Mw: 9-11 kDa, Holbaek, Denmark) instead of 0.5% 
(w/v) amylose V in the iodine staining assay as described in Methods (data not 
shown). The iodine anions can be entrapped into amylose because of the larger 
inner diameter (13 Å) and a shorter pitch (8 Å) of each helix (38). H reduces the 
iodine binding capacity of the amylose substrate since glucose is released 
gradually from the non-reducing end (Fig. 4) (15). T also impairs the iodine 
binding capacity of amylose V because it converts the α1→4 linked chains at the 
non-reducing end into α1→6 linked chains, lacking iodine staining capacity. The 
iodine binding capacity of the amylose V substrate decreased linearly in time 
during its reaction with GtfB-∆N (Fig. 5).  

Both H and T thus influence the iodine binding capacity of the amylose substrate. 
Therefore, the iodine assay is applicable for measuring the total activity of 4,6-α-
GTases.  

Effects of pH, temperature and metal ions on activity of GtfB-∆N and GtfW-

∆N 

The pH optimum for H and T of both GtfB-∆N and GtfW-∆N with amylose V 
was pH 5.0 (Fig. 6). The temperature optimum for H and T of both enzymes at 
pH 5.0 was 55 °C. However, at temperatures of 50 and 55 °C, the half-life of both 
enzymes is less than 10 min (18, 20). At 40 °C, both enzymes were stable for 
more than 2 h. At lower temperature, the activities of both enzymes remained 
relatively high (Fig. 6a and b). The transferase activity does not change 
significantly in the range of 40 to 55 °C. Therefore, pH 5.0 and 40 °C are the 
optimal conditions for both enzymes, resulting in a ratio T/H=4.3:1 for GtfB-∆N 
and 1.7:1 for GtfW-∆N. 
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Fig. 4. (A) Schematic diagrams of amylose and α(1→6)-glucan, and (B) the complexes of 
iodine with amylose and with the amylose derived products of the 4,6-α-GTase activities, 
hydrolysis (H) and transglycosylation (T). The round atoms represent iodine ions. 
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Fig. 5. Total activity of the L. reuteri 121 GtfB-∆N (60, 90 or 120 nM) enzyme with 
amylose V (0.25%, w/v) was followed in time by taking samples and measuring the 
formation of the iodine-amylose V complex. Resulting total activities (U/mg) are 
indicated.  

Aiming to enhance the T/H ratio with the amylose V substrate, most important 
for industrial application of these enzymes, further variations in incubation 
temperature and pH were investigated. When the incubation temperature of GtfB-
∆N was decreased from 55 to 30 °C, 82% of T and 48% of H remained, resulting 
in the highest T/H value of 6.0:1 (Fig. 6a). Such higher values of T/H thus result 
in lower yields of glucose and short-chain oligosaccharides, formed from glucose 
as acceptor substrate. Rather, more long-chain polysaccharides (IMMPs) are 
synthesized which are considered as soluble dietary fiber. Using the optimal 
conditions described above (pH 5.0 and 40 °C), the H, T and total activities of 
both GtfB-∆N (0.6, 2.2, and 2.8 U/mg) and GtfW-∆N (1.6, 2.3, and 3.9 U/mg) 
were determined. Compared to GtfB-∆N, GtfW-∆N has relatively high H activity, 
which is in agreement with the NMR results showing more products with 
reducing ends formed by GtfW-∆N (Fig. 2). 
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Fig. 6. The effects of pH and temperature on L. reuteri 121 GtfB-∆N (a) and L. reuteri 
DSM20016 GtfW-∆N (b) activities including hydrolysis, transferase and total activities, 
using amylose V (0.25%, w/v) as substrate in the presence of 1 mM CaCl2. The 
experiments were done in triplicate. For pH optimization, values of H, T and total 
activities of both GtfB-∆N (0.6, 2.2, and 2.8 U/mg) and GtfW-∆N (1.6, 2.3, and 3.9 U/mg) 
determined at pH 5.0 and 40 °C were set as 100%. For temperature optimization, values 
of H, T and total activities of both GtfB-∆N (0.6, 2.3, and 2.9 U/mg) and GtfW-∆N (1.7, 
2.4, and 4.1 U/mg) determined at pH 5.0 and 55 °C were set as 100%. 

Both 4,6-α-GTases and glucansucrases (GSes) belong to GH70 and share high 
protein sequence similarity. GSes are strongly ion-dependent and need Ca2+ to 
stimulate their transferase activity; for example, in the presence of Ca2+ ions, 
transferase activity of reuteransucrase GtfA of L. reuteri 121 was enhanced 8 fold 
(24). In the present study, different metal ions had varying effects on the 
hydrolysis and transferase activities of 4,6-α-GTase. As shown in Table 1, Cu2+, 
Fe2+ and Fe3+ ions strongly inhibited both activities of GtfB-∆N and GtfW-∆N. In 
the presence of Cu2+ ions, no transferase activities were detectable for both 
enzymes. K+, Na+, and Mg2+ ions had virtual no effect on these activities, 
especially not on transferase activity, whereas Ca2+ and Mn2+ ions slightly 
activated both activities of GtfB-∆N and GtfW-∆N.  
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Table 1. Effects of various compounds on GtfB-∆N and GtfW-∆N activity. Incubations 
were performed at 40 °C in a 25 mM NaAc buffer (pH 5.0) with amylose V (0.25%, w/v) 
as substrate. The hydrolysis activity without additional compound was set at 100% (0.6 
U/mg for GtfB-∆N and 1.3 U/mg for GtfW-∆N). ND = not detectable. The experiments 
were done in duplicate. 

Compounds 
(1 mM) 

GtfB-∆N   GtfW-∆N 
Hydrolysis 
activity (%) 

Transferase 
activity (%) 

 Hydrolysis 
activity (%) 

Transferase 
activity (%) 

None 100 ± 4 405 ± 35  100 ± 8 180 ± 16 
EDTA 75 ± 5 388 ± 51  90 ± 7 143 ± 14 
NaCl 118 ± 12 404 ± 22  108 ± 11 171 ± 13 
CaCl2 111 ± 19 422 ± 65  121 ± 23 206 ± 33 
MnCl2 125± 15 425 ± 71  137 ± 16 223 ± 23 
MgCl2 94 ± 12 378 ± 5  108 ± 12 198 ± 18 
KCl 86± 10 435 ± 6  109 ± 11 183 ± 10 

CuCl2 51 ± 5 ND  35 ± 7 ND 
FeCl2 50 ± 6 175 ± 42  64 ± 4 74 ± 15 
FeCl3 35 ± 5 85 ± 25  46 ± 6 32 ± 10 

Kinetic analysis and acceptor specificity of GtfB-∆N 

With amylose V as a substrate, GtfB-∆N displayed Michaelis-Menten type 
kinetics for hydrolysis, transferase, and total enzyme activity. The kinetic 
parameters of GtfB-∆N were calculated from plots of 1/[V] versus 1/[S]. The 
turnover rate (kcat) of the transferase reaction is about 4 times higher than that of 
the hydrolysis reaction (Table 2). The kcat/Km value for the transferase reaction is 
3 fold higher than for the hydrolysis reaction, indicating that the transferase 
activity is predominant, resulting mostly in synthesis of modified amylose 
(IMMP) and in low glucose release. 

Table 2. Kinetic parameters of the L. reuteri 121 GtfB-∆N enzyme with the amylose V 
substrate. A fixed amount of GtfB-∆N enzyme (60 nM) was used with varying 
concentrations of amylose V (0.025-0.4%, w/v) at pH 5.0 and 40 °C. 

 Km (g·L-1) kcat (s-1) kcat / Km (g-1·s-1·L) 

Hydrolytic activity 0.50 (±0.04) 9.06±0.18 18.5 (±1.8) 

Transferase activity 0.69 (±0.07) 36.22±1.14 53.0 (±7.2) 

Total Activity 0.64 (±0.02) 45.04±1.14 70.6 (±4.0) 

A molecular mass of 99 kDa (GtfB-∆N) was used in the calculation of the kcat. 
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To study the acceptor substrate specificity of GtfB-∆N, the total activities with 
amylose V in the presence/absence of different acceptor substrates were 
determined (Table 3). The transglycosylation factor (TF), defined as the ratio of 
the amylose degradation ratio in the presence/absence of small acceptor 
substrates was measured. TF reflects the suitability of a certain acceptor substrate 
for its enzyme (39-41). Addition of these small acceptor substrates increased the 
reaction rates of GtfB-∆N with amylose V in all cases. The TFs for α1→4 linked 
maltose and glucose as acceptor substrates were higher than 1 and similar. The 
TFs for the α1→6 linked acceptor substrates isomalt(tri)ose clearly were much 
higher, indicating that isomalt(tri)ose are strong acceptor substrates for the GtfB-
∆N enzyme (Table 3).  

Table 3. Amylose V (0.25%, w/v) degradation activity (total activity, measured using 
iodine staining assay) and transglycosylation factors of the L. reuteri 121 GtfB-∆N 
enzyme in the presence of different acceptor substrates (10 mM). Experiments are carried 
out in duplicate and average data was described. 

 Amylose degradation 
( U/mg) 

Transglycosylation factora 

Without acceptors 2.8 1.0 

Glucose 6.4 2.2 

Maltose 7.3 2.6 

Maltotriose 7.5 2.7 

Isomaltose 13.5 4.7 

Isomaltotriose 19.0 6.7 

a The transglycosylation factor is defined as the ratio of amylose degradation rates in the 
presence/absence of an acceptor substrate. 

GtfB is functional at higher substrate concentrations  

To explore the effects of substrate concentration on the functionality of GtfB, the 
enzyme was incubated at various Paselli MD6 maltodextrins (partial hydrolysis 
product of potato starch with a dextrose equivalent between 5 and 7 and 2.9% 
α1→6 glycosidic linkages) concentrations keeping the substrate to enzyme ratio 
at 1000:1 on a mass basis. The results show that GtfB is fully functional at high 
substrate concentrations. GtfB introduced α1→6 glycosidic linkages at all 
substrate concentrations, though most efficiently at concentrations between 5 and 
30% Paselli MD6 with a maximum of 42.2% α1→6 glycosidic linkages at 30% 
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concentration (Fig. 7). Moreover, at high substrate concentrations the enzyme has 
basically no hydrolytic activity, as above 15% (w/v) substrate there is no increase 
in reducing power compared to the maltodextrins substrate (3.9% reducing power) 
used.  

 

Fig. 7. The Paselli MD6 substrate (0.93%-55.8%, w/v) was incubated with Lactobacillus 
reuterii 121 GtfB-∆N enzyme (1-60 µg/ml). The reducing power of the samples and the 
percentages of α1→6 glycosidic linkages in the products were determined by 1H NMR. 
Reactions were performed for 72 h, incubated at 37°C and pH 5.0. 

Discussion 
The amino acid sequences of 4,6-α-GTases are highly similar to those of 
glucansucrases, and they constitute a subfamily of GH70. Most of the 
glucansucrases characterized from Lactobacilli have relatively large N-terminal 
variable regions, possibly involved in cell wall binding, but a clear functional role 
has not been established (28). Previous research showed that truncation of the N-
terminal variable region of some glucansucrases had no effect on the size and 
linkage-type distribution of the products formed, but resulted in a much higher 
expression level in E. coli (24-26, 42). The purified truncated Gtf180-∆N and 
GtfA-∆N proteins also yielded crystals suitable for X-ray diffraction (29-31). The 
subsequent elucidation of high resolution 3D structures of truncated 
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glucansucrase proteins revealed that their peptide chains follow a “U”-path with 
multiple domains (e.g. glucansucrase Gtf180) (29, 31, 43). Multiple sequence 
alignment of 4,6-α-GTases with glucansucrases showed that they also have a 
large N-terminal variable domain (data not shown). In GtfB, this N-terminal 
domain is formed by residues 1-733. Notably, GtfB differs from glucansucrases 
in lacking the C-terminal polypeptide segment of domain V. Applying a similar 
strategy as with the glucansucrase, the N-terminal truncation of GtfB (GtfB-∆N) 
resulted in a significant enhanced expression level in E. coli compared to the full 
length wild type GtfB without affecting the activity of the enzyme and products 
formed.  

To biochemically characterize this novel group of 4,6-α-GTase enzymes, several 
assays have been used, such as HPAEC and quantitative TLC measurement of the 
saccharides formed from maltoheptaose, or the glucose released from maltose as 
substrate (16, 18). Both assays have limitations; e.g. they do not allow 
determination of the specific hydrolysis and transferase activities of these 4,6-α-
GTases, nor a kinetic analysis. Dextran dextrinases (DDases) from 
Gluconobacter oxydans also catalyze the cleavage of an α(1→4) linked glucosyl 
unit from the non-reducing end of a donor substrate and its subsequent transfer to 
an acceptor substrate forming an α(1→6) linkage (44). The amino acid sequences 
of these DDase enzymes have not been annotated yet, and further comparison 
with 4,6-α-GTases are not possible yet. The dinitrosalicylic acid assay based on 
changes in reducing power, and a viscosity build-up assay based on the changes 
of rheological properties from maltodextrin to dextran have been used for 
estimating the activity of DDases (45). However, the poor sensitivity of 
dinitrosalicylic acid and interference by unreacted maltodextrins, and the 
complex non-Newtonian and time-dependent flow behavior of the 
maltodextrin/dextran mixture in the reaction mixture severely limits the use of 
this method. Later, a more reliable assay based on discrete transglycosylation 
reactions was successfully applied, using maltose as a standard substrate (44). 
The generated panose was demonstrated to be a valid indicator for 
transglycosylation activity. A similar assay using p-nitrophenyl-α-D-
glucopyranoside (NPG) instead of maltose also provided a reliable estimate of 
DDase transglycosylation activity. However, these assays are also not applicable  
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for 4,6-α-GTases because of their low or undetectable activity with maltose or 
NPG. Thus, proper assays for 4,6-α-GTase activities remained to be established.  

Starch-converting enzyme activities can be determined with various methods by 
following amylose degradation/modification (34, 46). Also 4-α-
glucanotransferase enzymes that catalyze both intermolecular (disproportionation) 
and intramolecular (cyclization) reactions can be studied in this way (39, 47). As 
shown in our study, amylose also is an efficient substrate for the 4,6-α-GTase 
catalyzed transferase and hydrolysis reactions. The data shows that the iodine-
amylose staining assay is a suitable method to estimate the total activity of 4,6-α-
GTases, whereas the GOPOD assay serves to determine hydrolysis (H) activity. 
The data from both assays can be combined calculate transferase (T) activity. 
Ratios T/H=4.3:1 for GtfB-∆N and 1.7:1 for GtfW-∆N were obtained under the 
optimal conditions for both enzymes, indicating that GtfB is less hydrolytic than 
the GtfW enzyme. Under suboptimal temperature conditions the T/H ratio for 
GtfB even reached 6.0:1. The data clearly shows that GtfB is a proper 
transglycosylase, with relatively minor hydrolysis activity. T/H ratios have been 
reported for other transglycosylase enzymes. For glucansucrase Gtf180-∆N from 
L. reuteri 180 and glucansucrase GtfA-∆N from L. reuteri 121, these ratios are 
2.4:1 and 0.6:1 (30, 48); For cyclodextrin glucanotransferase of 
Thermoanaerobacterium thermosulfurigenes this ratio even is 8.1:1 (49). 

Determination of the total activity of GtfB with amylose V in the 
presence/absence of acceptor substrates clearly showed that isomaltodextrins are 
preferred over maltodextrins as acceptor substrates. Such information strongly 
contributes to our understanding of the transglycosylation reaction catalyzed by 
4,6-α-GTase enzymes, especially in combination with detailed 3D structural 
information allowing to identify and characterize acceptor binding sites. To this 
end we are currently aiming to crystallize constructs of GtfB and its homologues 
(in preparation). 

To conclude, N-terminal truncation of the L. reuteri GtfB enzyme (GtfB-∆N) 
remarkably enhanced the soluble expression level while retaining full activity. 
Using amylose V as substrate, the GOPOD assay and the amylose-iodine staining 
method allowed the characterization of the new 4,6-α-GTase enzymes GtfB and 
GtfW, including their optimal reaction conditions, hydrolysis and transferase 
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activities. The data shows that GtfB is less hydrolytic than GtfW, which is in 
agreement with the NMR results. Using these assays, various properties of GtfB, 
the best characterized 4,6-α-GTase enzyme, were determined including its kinetic 
parameters and acceptor substrate specificity. The GtfB enzyme remained active 
at high substrate concentrations resulting in high product conversions, a 
promising feature for industrial applications. Moreover at high substrate 
concentrations the hydrolytic activity of GtfB is virtually absent. The developed 
assays thus provide a firm basis for the future characterization of other, natural 
and engineered, 4,6-α-GTase enzymes.  
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Fig. S1. The glucose and reducing sugar released in 150 min from reactions catalyzed by 
60 nM of the L. reuteri 121 GtfB-∆N enzyme with 0.25% (w/v) amylose V as substrate at 
40 °C and pH 5.0.  
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Abstract 
Exopolysaccharides (EPS) of lactic acid bacteria (LAB) are of interest for food 
applications. LAB use sucrose as substrate for α-glucan synthesis by extracellular 
glucansucrase enzymes. Various Lactobacillus reuteri strains also possess 4,6-α-
glucanotransferase (4,6-α-GTase) enzymes. Purified 4,6-α-GTases were shown to 
act on starches (hydrolysates), cleaving α1→4 linkages and synthesizing α1→6 
linkages, yielding isomalto-/malto- polysaccharides (IMMP). Here we report that 
also L. reuteri cells with these extracellular, cell-associated 4,6-α-GTases 
synthesize EPS (α-glucan) from starches (hydrolysate). NMR, SEC, and 
enzymatic hydrolysis of EPS synthesized by L. reuteri 121 cells showed that 
these have similar linkage specificities but generally are much bigger in size than 
IMMP produced by 4,6-α-GTase GtfB enzyme. The various IMMP-like EPS are 
efficiently used as growth substrate by probiotic Bifidobacterium strains 
possessing amylopullulanase activity. These IMMP-like EPS thus have potential 
prebiotic activity and may contribute to the application of probiotic L. reuteri 
strains grown on maltodextrins or starches as synbiotics.  
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Introduction 
Lactic acid bacteria (LAB) are a group of Gram-positive, non-sporulating bacteria, 
of which Lactobacillus and Bifidobacterium strains are regarded as probiotics. 
Some LAB are “Generally Recognized As Safe” (GRAS) strains and have been 
used in fermented foods such as cheese and yoghurt since ancient time. LAB 
produce lactic acid, diacetyl/acetoin, and carbon dioxide that contribute to the 
texture, flavor and shelf life of fermented foods (1-3). Some LAB also produce 
exopolysaccharides (EPS) which find application in the improvement of food 
texture. They also may have interesting health effects for humans, e.g. antitumor 
activity and immune stimulation (4,5).  

Depending on their composition and mechanism of biosynthesis, EPS produced 
by LAB can be classified into two groups: hetero-EPS and homo-EPS (6). 
Hetero-EPS consist of more than one carbohydrate moieties, and generally are 
synthesized intracellularly from activated sugars (7). LAB homo-EPS consist of a 
single type of monosaccharide, generally D-glucose or D-fructose, and can be 
divided into α-glucans (e.g. dextran, mutan, alternan and reuteran) and β-fructans 
(e.g. inulin and levan) (8-10). Most LAB homo-EPS known are produced from 
sucrose by extracellular glucansucrase and fructansucrase enzymes (6, 11, 12). 
Lactobacillus reuteri 121 uses the GtfA glucansucrase to convert sucrose into an 
α-glucan (reuteran) with both α1→4 and α1→6 linkages, mostly alternating  (9, 
13-15). Glucansucrases are glycoside hydrolase enzymes of family GH70 
(www.CAZy.org). 

Compared to sucrose, starch is much more abundant and is a cheaper carbon 
source for LAB industrial cultivation and product formation (16). In the last 30 
years, a number of amylolytic LAB strains have been isolated and their starch-
acting enzymes investigated (17, 18). Most of these are starch-hydrolyzing 
enzymes and only few enzymes with starch transglycosylation activity have been 
characterized (19-24). Recently, various 4,6-α-glucanotransferase (4,6-α-GTase) 
enzymes have been characterized from L. reuteri strains (25, 26). These 
transglycosylating enzymes constitute a GH70 subfamily. These 4,6-α-GTases 
produce isomalto-/malto- polysaccharides (IMMP), which is a new type of 
soluble dietary fiber, using starch or starch hydrolysates as substrate rather than 
sucrose (27, 28). The L. reuteri 121 strain GtfB enzyme has been purified and its 
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IMMP products have been characterized in detail (27, 28). The gtfA and gtfB 
genes in L. reuteri 121 are located next to each other in the genome (26, 29). 

In this study, 4 Lactobacillus reuteri strains possessing 4,6-α-GTase genes are 
shown to produce homo-EPS from maltodextrins in vivo. The model strain L. 
reuteri 121 with the gtfB gene was found to produce homo-EPS from starch or 
starch hydrolysates. The EPS products of L. reuteri 121 from different types of 
starch were further investigated with respect to structures and sizes, and 
compared to the IMMP produced by the GtfB enzyme in vitro. Finally, the L. 
reuteri 121 EPS derived from different maltodextrins as well as from sucrose 
(reuteran) were tested as carbon source for growth of various probiotic 
Bifidobacterium strains in order to evaluate their potential prebiotic activity. 

Materials and Methods  

Growth conditions 

Lactobacillus reuteri strains, including L. reuteri 121 (LMG 18388), L. reuteri 
DSM20016, L. reuteri TMW1.106 (kindly provided by Prof. Rudi F. Vogel in 
Technische Universität München) (30), L. reuteri ML1 (LMG 20347), L. reuteri 
180 (LMG 18389), and L. reuteri ATCC5573 were subcultured from stocks 
stored at -80 °C in 10 ml of sugar-free MRS medium (liquid culture or agar plate) 
supplemented with 1% glucose. The fresh cultures were inoculated anaerobically 
in modified sugar-free MRS medium with different carbon sources with or 
without 1% glucose (w/v). One liter medium contained 10 g bactopeptone, 4 g 
yeast extract, 5 g sodium acetate, 2 g tri-ammonium citrate, 0.2 g MgSO4·7H2O, 
0.05 g MnSO4·7H2O; and 1 ml Tween 80, supplemented with 5 g starch or 50 g 
maltodextrins. For agar medium, 15 g/l agar was added. The native starches, 
maltodextrins and amylose V were provided by AVEBE (Veendam, The 
Netherlands) (Table 1). 

The Bifidobacterium strains B. breve DSM20091, B. adolescentis DSM 20083 
and B. dentium DSM20436 were subcultured from stocks stored at -80 °C in 5 ml 
of Bifidobacterium medium (BM) supplemented with 1% glucose (31). One liter 
BM contained 10 g trypticase peptone, 2.5 g yeast extract, 3 g tryptose, 3 g 
K2HPO4, 3 g KH2PO4, 2 g triammonium citrate, 0.3 g pyruvic acid, 1 ml Tween 
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80, 0.574 g MgSO4·7H2O, 0.12 g MnSO4·7H2O in 1 l distilled water), 5 g NaCl. 
After autoclaving BM was supplemented with 0.05% (w/v) filter-sterilized 
cysteine-HCl, and strains were grown at 37 °C under anaerobic conditions 
maintained by GasPak EZ anaerobe container system (BD, New Jersey, US). 
Aliquots (1%) from overnight cultures were inoculated into 5 ml of BM 
supplemented with different EPS (0.5%, w/v). BM without an added carbon 
source and BM with 0.5% (w/v) glucose were used as negative and positive 
controls, respectively.  

Extraction of exopolysaccharides (EPS) 

EPS were produced by L. reuteri strains in the sugar-free MRS medium 
supplemented with various maltodextrins (5.0%, w/v) or starch (0.5%, w/v). 
Reuteran was produced by L. reuteri 35-5, a mutant derived from L. reuteri 121, 
using the sugar-free MRS medium supplemented with sucrose (5.0%, w/v) (32). 
Strains were grown anaerobically at 37 °C for 72 h. EPS were extracted as 
described below. 

For cultures grown with maltodextrins, EPS were extracted from supernatants 
obtained by centrifugation of liquid MRS cultures (33). Two volumes of cold 
ethanol (-20 °C) were added to supernatants and held at 4 °C overnight. 
Precipitates were harvested by centrifugation (12 000 ×g, 30 min, 4 °C) and re-
dissolved in 1 volume of ddH2O. EPS were re-precipitated with 2 volumes of 
ethanol at 4 °C overnight. After centrifugation, the harvested precipitates were 
dissolved in water, and then dialyzed (10 kDa MWCO, Thermo Scientific) 
against water for 48 h with changes of ddH2O every 12 h (34).  

For cultures grown with starch, the EPS were collected according to a modified 
method based on the protocol of Lee et al. (35). Total EPS including soluble and 
insoluble EPS, and cells were precipitated with 2 volumes of cold ethanol (-20 °C) 
at 4 °C overnight. Samples collected from tubes were centrifuged at 10000 ×g for 
10 min. The polysaccharides were solubilized by addition of 10 ml 2 M NaOH. 
The cells were separated by centrifugation at 10000 ×g for 15 min. EPS present 
in the supernatant was neutralized by the addition of an appropriate amount of 2 
M HCl (36). The ethanol precipitation procedure described above was used to 
further purify EPS.  
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Monosaccharide analysis 

EPS samples (0.5 mg) were dissolved in 200 µl Milli-Q water in a glass reaction 
tube. An equal volume of 4 M trifluoroacetic acid (TFA) was added to the sample. 
The sample was hydrolyzed for 4 h at 100 °C. Samples were dried under a flow 
of dry nitrogen. The dry samples were dissolved in 100 µl isopropanol and dried 
again by evaporation under dry nitrogen. Samples were dissolved in 1 ml 
dimethyl sulfoxide (DMSO) and used for HPAEC analysis. 

Expression of truncated GtfB-∆N, full-length GtfA and full length GtfB 

Truncated GtfB-∆N and full-length GtfA were produced as described before (37, 
38). The full-length GtfB protein was produced in E. coli BL21 Star (DE3) 
carrying the plasmids pRSF-GtfB and pBAD22-GroELS as described previously 
(27). All three enzymes were first purified by His-tag affinity chromatography 
using a 1-ml Hitrap IMAC HP column (GE Healthcare) followed by anion 
exchange purification using Hitrap Q FF (GE Healthcare). Protein Purity was 
checked on 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Protein concentration was measured by Bradford reagent (Bio-Rad, 
Hercules, CA) using bovine serum albumin as standard. 

Activity staining of EPS synthesizing enzymes 

After SDS-PAGE, the gels were washed 3 times with dd H2O (30 min each), 
allowing protein renaturation, and incubated overnight at 37°C in sodium acetate 
buffer (25 mM, pH 5.0, 1 mM CaCl2) with 5% (w/v) maltodextrins (AVEBE 
MD20). The activity of EPS synthesizing enzymes in the gel was detected by 
staining for the polysaccharides by a Periodic Acid-Schiff (PAS) procedure (29). 
The periodic acid oxidizes the vicinal diols in sugars, creating a pair of aldehydes, 
which react with the Schiff reagent to give a purple-magenta color. The full-
length GtfB expressed in and purified from E.coli was loaded as a reference. 

Amylose V conversion by washed L. reuteri 121 cells 

The L. reuteri 121 cells were collected by centrifugation (5 000 ×g, 30 min, 4 °C). 
Cell pellets were washed twice using sodium acetate buffer (25 mM, pH 5.0, 1 
mM CaCl2, 0.02% (w/v) NaN3) in order to remove any unbound proteins. The 
cells were resuspended in the same sodium acetate buffer and were incubated 
with amylose V (0.25%, w/v) on a shaker at 40 °C to measure enzyme activity 

http://en.wikipedia.org/wiki/Dimethyl_sulfoxide
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and to synthesize the enzyme products (37, 39). For amylose V conversion, cells 
(0.03 U of total GtfB activity per ml reaction volume) with an activity equivalent 
to that of 60 nM GtfB-∆N enzyme, were incubated with amylose V (0.25%, w/v) 
on a shaker at 40 °C and pH 5.0 for 24 h. 

Preparation of isomalto/malto-polysaccharides (IMMP) with GtfB-∆N 

enzyme 

IMMP were produced according to Leemhuis et al. (27). Different types of 
starches and maltodextrins (0.5%, w/v) were incubated with GtfB-∆N enzyme 
(1.4 U per gram substrate) in 10 mM sodium acetate buffer pH5.0, supplemented 
with 1 mM CaCl2 and NaN3 (0.02% w/v) at 37 °C. Native starches were 
pregelatinized by autoclaving (15 min, 121 °C).  

Debranching of polysaccharides  

Starches, and the IMMP and EPS products derived, were suspended in citrate 
buffer (50 mM, pH 4.0, 0.02% NaN3) to a final concentration of 10 mg/ml, and 
slowly heated to 99 °C with a thermomixer (Thermo Fisher Scientific Inc., 
Waltham, US). The suspension was left at 99 °C for 1 h while shaking. 
Afterwards, the polymers were debranched at 40 °C for 16 h with 20 U of 
isoamylase from Pseudomonas sp. (Megazyme, Wicklow, Ireland). The 
debranched samples were dialyzed (1000 Da MWCO tube, Sigma-Aldrich, US) 
against Milli-Q and freeze-dried. 

NMR analysis 

EPS samples produced by the GtfB enzyme in vitro and by L. reuteri 121 cells in 
vivo were analyzed by NMR according to Leemhuis et al. (27). NMR 
spectroscopy resolution-enhanced 1D 500-MHz 1H NMR spectra were recorded 
in D2O on a Varian Inova Spectrometer (NMR Center, University of Groningen) 
at probe temperatures of 300 K. The samples were exchanged twice with D2O 
(99.9 atm% D, Cambridge Isotope Laboratories, Inc.) with intermediate 
lyophilization and then dissolved in 0.6 ml D2O.  

Enzymatic hydrolysis 

Samples of 1 mg EPS were dissolved in 100 µl citrate buffer (50 mM, pH 3.5-5.0 
based on the instructions for these commercial enzymes) and excess amount of 
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the following enzymes were added: pullulanase M1 from Klebsiella planticola 
(Megazyme, Ireland), dextranase from Chaetomium erraticum (Sigma-Aldrich, 
US), α-amylase from Aspergillus oryzae (Megazyme, Ireland), isoamylase from 
Pseudomonas sp. (Megazyme, Ireland), and isopullulanase from Aspergillus 
niger (Megazyme, Ireland), as well as α-amylase plus isoamylase. Samples were 
incubated for 72 h at 40 °C. The samples were boiled for 10 min to terminate the 
enzymatic hydrolysis and used for further analysis. The products after α-amylase 
and isoamylase treatment were fractionated by size-exclusion chromatography on 
a Bio-Gel P-2 column (100 x 0.9 cm) (Bio-Rad) using ammonium bicarbonate 
(10 mM) as eluent at a rate of ~10 ml/h and then subjected to NMR analysis. 

Size exclusion chromatography (SEC) 

DMSO-LiBr (0.05M) was prepared by stirring for 3 h at room temperature 
followed by degassing for 15 min using an ultrasonic cleaner (Branson 1510, 
Branson, Danbury, CT). Samples were dissolved at a concentration of 4 mg/ml in 
DMSO-LiBr by overnight rotation at room temperature, followed by 30 min 
heating in an oven at 80 °C, obtaining clear sample solutions. The samples were 
cooled to room temperature and filtered through a 0.45-µm Millex PTFE 
membrane (Millipore Corporation, Billerica, MA). The SEC system set-up 
(Agilent Technologies 1260 Infinity) from PSS (Mainz, Germany) consisted of an 
isocratic pump, auto sampler, an online degasser, an inline 0.2 μm filter, a 
refractive index detector (G1362A 1260 RID Agilent Technologies), viscometer 
(ETA-2010 PSS, Mainz) and MALLS (SLD 7000 PSS, Mainz). WinGPC Unity 
software (PSS, Mainz) was used for data processing. Samples (100 µl) were 
injected into a PFG guard column using an autosampler at a flow rate of 0.5 
ml/min and DMSO-LiBr as eluent. The separation was done by three PFG-SEC 
columns with porosities of 100, 300 and 4000 Å. The columns were held at 80˚C, 
the refractive index detector at 45 °C and the viscometer was thermostatted at 
60 °C. A standard pullulan kit (PSS, Mainz, Germany) with molecular masses 
from 342 to 805000 Da was used. The specific RI increment value dn/dc was 
measured by PSS and is 0.072 (obtained from PSS company). 

High-pH anion-exchange chromatography (HPAEC) 

The products of GtfB were injected onto a 4×250 nm CarboPac PA-1 column 
connected to a Dionex DX500 workstation (Dionex). Samples were run with a 
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gradient of 30-600 mM NaAc in 100 mM NaOH (1 ml/min), and detected by an 
ED40 pulsed amperometric detector. A mixture with known concentrations of 
glucose, isomaltose, isomaltotriose, maltose, panose, maltotriose, maltotetraose, 
maltopentaose, maltohexaose and maltoheptaose was used as reference. 

Thin-layer chromatography (TLC) 

The TLC silica gel 60F254 plates (Merck) were run with butanol/acetic 
acid/water (2:1:1, v/v/v) as solvent. After running for 6 h, TLC plates were 
developed with 10% (v/v) H2SO4 and 2 g/l orcinol in methanol and then heated 
by oven at 100 °C for 30 min. Glucose, maltose, maltotriose, maltotetraose, 
maltopentaose, maltohexaose, and maltoheptaose were used as markers. 

Total carbohydrate measurements 

Total carbohydrates were measured using the total carbohydrate colorimetric 
assay kit (Biovision, Milpitas, USA). Of each liquid sample, 5-15 µl was added 
into a 96-well plate. The total volume was adjusted to 30 µl per well by adding 
ddH2O. Then, 150 µl of concentrated H2SO4 (98%, v/v) was added per well. The 
plate was mixed for 1 min on a shaker at room temperature and incubated in an 
oven at 90 °C for 15 min. Afterwards, 30 µl of developer reagent was added and 
mixed with sample for 5 min on a shaker at room temperature. The optical 
density was measured at 490 nm. A calibration curve was made using 0, 4, 8, 12, 
16, and 20 µg glucose per well. 

Results and Discussion 

Lactobacillus reuteri strains produce homo-exopolysaccharides (EPS) from 

maltodextrins  

Protein blast searches in the NCBI database 
(http://www.ncbi.nlm.nih.gov/BLAST/) using GtfB of L. reuteri 121 as a 
query sequence revealed that approx. 28 Lactobacillus strains carry a 4,6-α-
GTase encoding gene. Eight out of these 28 are L. reuteri strains. Previously, we 
have expressed and purified some of these 4,6-α-GTases in E. coli, e.g. GtfB 
from L. reuteri 121, GtfW from L. reuteri DSM20016, and GtfML4 from L. 
reuteri ML1, and shown that they produce IMMP from maltodextrins (Fig. 1A) 

http://www.ncbi.nlm.nih.gov/BLAST/
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(25-27). The question remained whether also in vivo these L. reuteri strains and 
their genes/enzymes support formation of IMMP-like EPS.  

Using maltodextrins 13-17 (dextrose equivalent 13-17, Sigma-Aldrich) as carbon 
sources for growth, L. reuteri 121 (GtfB), L. reuteri DSM20016 (GtfW), L. 
reuteri TMW1.106 (Gtf106b), and L. reuteri ML1 (GtfML4), which all possess a 
4,6-α-GTase gene, clearly produced ethanol-precipitable EPS, while L. reuteri 
strains lacking a 4,6-α-GTase gene, such as L. reuteri 180 and L. reuteri 
ATCC55730, did not. The yields of EPS produced by the L. reuteri DSM20016 
(GtfW) and L. reuteri ML1 (GtfML4) strains were relatively low (data not 
shown), probably because the relatively high hydrolytic activity (39) of their 
enzymes impaired the formation of polysaccharides that can be precipitated by 
cold ethanol. These EPS are all composed of glucosyl units (monosaccharide 
analysis, data not shown) linked by α1→4 and α1→6 linkages (Fig. 1B). Thus, 
these L. reuteri strains are able to produce α-glucan EPS from maltodextrins, 
which may be highly relevant for their survival and activities in natural and 
industrial environments.  

4,6-α-GTase enzymes are essential for EPS formation by L. reuteri in vivo 

Using the previously established 4,6-α-GTase amylose-iodine assay with amylose 
V as substrate (39), no activity was detectable in cell-free culture supernatants. 
However, cell-associated activities were detected in the washed and resuspended 
cell pellets of all 4 L. reuteri strains with a (putative) 4,6-α-GTase enzyme (Fig. 
2A). Amylose V is too large a molecule to pass the L. reuteri cell membrane, 
therefore intracellular enzymes are not involved here. The combined data indicate 
that the amylose V modifying enzymes are extracellular and cell-associated and 
not released into the culture fluid during growth. This is in accordance with the 
primary structures of 4,6-α-GTases, showing the presence of signal peptides for 
secretion (40). The 4,6-α-GTases, like glucansucrases, also have variable N-
terminal regions. Although the functional role of this N-terminal region has not 
been established, glucansucrases with this region are always cell wall-bound in 
lactic acid bacteria (32). The same appears to be true for 4,6-α-GTases. 
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Fig. 1. (A) Representation of the IMMP products of 4,6-α-GTase (e.g. GtfB) with 
maltodextrins  (28). (B) NMR spectra of the EPS isolated from L. reuteri 121, L. reuteri 
DSM20016, L. reuteri ML1, and L. reuteri TMW1.106 cultures grown on  maltodextrins 
AVEBE MD20 (5%, w/v)-MRS medium.   
To further analyze the functional in vivo role of 4,6-α-GTase, the  L. reuteri 121 
system was studied in detail as model strain. Periodic Acid-Schiff staining (PAS) 
is a well-established method that has been used to quickly detect polysaccharides 
produced by glucansucrase enzymes. Under mild conditions, denatured 
glucansucrases can be refolded and regain activity in SDS-PAGE gels (29). 
Previously, we already reported that also the denatured GtfB enzyme can be 
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easily renatured in double distilled water (37). PAS staining (Fig. 2B, lane 2) 
showed that E. coli expressed and purified GtfB protein (~179 kDa) in SDS-
PAGE gels produced polysaccharides from maltodextrins. Following SDS-PAGE 
of L. reuteri 121 total cellular proteins and protein renaturation, incubation with 
maltodextrins and PAS staining revealed a band, representing an enzyme with a 
similar molecular mass, (Fig. 2B, lane 1). Previously we reported that L. reuteri 
121 GS GtfA (~199 kDa) activity also can be detected by PAS staining of SDS-
PAGE gels when using sucrose as substrate (resulting in reuteran formation) (29). 
GtfA is the only carbohydrate-acting protein in the genome of L. reuteri 121 that 
has a similar molecular mass as GtfB (Gangoiti et al., in preparation). Unlike the 
PAS results with sucrose as substrate, no SDS-PAGE band was observed 
following incubation of E. coli expressed and purified GtfA protein with 
maltodextrins (Fig. 2B, lane 3). In addition, the resuspended L. reuteri 121 cell 
pellet was incubated with amylose V (0.25%, w/v) until all substrate was 
consumed as no color formed when using the iodine-staining assay developed 
previously (39). NMR analysis revealed that an α-glucan product was formed 
with 54% of α1→4 linkages and 46% of α1→6 linkages (Fig. 2C). The L. reuteri 
121 cells associated 4,6-α-GTase enzyme and the purified GtfB enzyme thus have 
the same product specificity, cleaving α1→4 linkages and forming α1→6 
linkages. The combined data shows that the GtfB enzyme is responsible for EPS 
formation by L. reuteri 121 cells. 

NMR analysis of EPS produced by L. reuteri 121 cells from maltodextins or 

starches  

Subsequently, we investigated whether L. reuteri 121 cells in liquid cultures also 
are able to convert starch. Various starches were supplied at a concentration of 5 
g/l in order to prevent retrogradation (27). Cultures were supplemented with 
glucose as carbon and energy source because L. reuteri 121 does not grow on 
starch alone, while in the case of maltodextrins, no extra glucose (Table 1) was 
added. The isolated EPS were subjected to NMR analysis. All starches tested 
were modified during the growth of L. reuteri 121 as is apparent from the 
increased percentages of α1→6 linkages obtained in all cases (Table 1). Growth 
of L. reuteri 121 in the presence of starch with a high amylose content and a 
lower degree of branching resulted in formation of EPS with higher percentages 
of α1→6 linkages. Highest conversion of α1→4 into α1→6 linkages was 
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obtained with wrinkled pea starch, which contains the highest amylose (52.8%, 
w/w) content. This is in accordance with the in vitro data for starch conversion by 
GtfB, showing that the amylose content is positively, but the degree of branching 
is negatively correlated with the percentage of α1→6 linkages in the produced 
IMMP (27). Compared to these IMMP  (27), the L. reuteri 121 EPS derived from 
the same starch or maltodextrin substrates always have around 0-20% lower 
percentages of α1→6 linkages (Table 1). The L. reuteri 121 whole cell system 
provides more complicated reaction conditions, e.g. with pH variations, and the 
presence of other enzymes and components. Also, in whole cell systems the GtfB 
enzyme is cell wall-bound. These factors are likely to influence product 
formation, compared to incubations of the purified free GtfB enzyme with a pure 
substrate. 

Fig. 2. (A) 4,6-α-GTase activity associated with cells of L. reuteri strains using amylose 
V (0.25%, w/v) as substrate  (39). “+” and “-” indicate the presence and absence of 
activity. (B) Periodic Acid-Schiff (PAS) stained SDS-PAGE gels of whole-cell-extracted 
proteins of L. reuteri 121 (lane 1), E. coli expressed and purified GtfB (lane 2) and GtfA 
(lane 3) after incubating with maltodextrins (AVEBE MD20, 5.0%, w/v) overnight at pH 
5.0 and 40 °C. (C) 1D 1H NMR analysis of the products (with 54% of α1→4 linkages and 
46% of α1→6 linkages) derived from amylose V (0.25%, w/v) incubated with L. reuteri 
121 cell pellets. R1α/β represent the reducing –(1→4)-D-Glcp units and D-Glcp units. 
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Table 1. Percentages of α1→6 linkages in EPS formed during growth of L. reuteri 121 in 
MRS-medium with or without 1% of glucose in the presence of different types of starch 
and maltodextrins, determined by 1H NMR spectroscopy. (n/a, not applicable). The final 
pH values of the L. reuteri 121 cultures with 1% glucose all were in the range of pH 4.5-
4.6. 

Substrate 

Amylose 
content 

(%) 
(apparent) 

Average 
DPa 

Degree of 
branching 
(α1→4,6)    

(%) 

% (α1→6) in 
IMMP produced 
by GtfB enzymed 

% (α1→6) in  
EPS from L. 
reuteri 121 

grown with 1% 
glucose 

% (α1→6) in EPS 
from L. reuteri 

121 grown 
without 1% 

glucose 

 AVEBE Maltodextrins  

Paselli SA2 n/a 50  32  35 

Paselli MD6 n/a 20  34  19 

AVEBE MD20 n/a 6  25  26 

AVEBE SPG30 n/a 4  24  31 

 AVEBE Starches  

Etenia 457 n/a n/a -c 33 22  

Arrow root 20.8 n/a - 24 14  

Barley 25.5 n/a - 21 15  

Corn 29.4 n/a 3.6 21 22  

Corn, waxy 0 n/a 4.8 7 11  

Mung bean 37.9 n/a - 34 21  

Pea, yellow 30.9 n/a - 35 26  

Pea, wrinkled 52.8 n/a - 71 52  

Potato 36.0 n/a 3.1 28 17  

Rice, round grain 25.0 n/a 4.1 13 12  

Rice, waxy 0 n/a 4.9 7 11  

Sorghum 23.7 n/a - 22 18  

Tapioca 23.5 n/a 3.9 20 12  

Wheat 28.8 n/a 3.7 22 23  

aDegree of polymerization; bn/a, not applicable; cnot available in literature; ddata adapted from 
Leemhuis et al. (27).  
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Size exclusion chromatography analysis of EPS and IMMP derived from 

maltodextrins  

The sizes of the IMMP products of the GtfB enzyme have not been reported 
before. Therefore the IMMP-like EPS (Table 1) produced by L. reuteri 121 cells 
and the IMMP produced by the GtfB enzyme from different maltodextrins were 
analyzed by SEC in comparison with their original substrate. EPS derived from 
AVEBE SPG30 (< 1.0 kDa) and AVEBE MD20 (approx. 1.0 kDa) (Table 1) 
both contain two peaks of much bigger polymers (Fig. 3A and B) of relatively 
low (Region II, 132 kDa for EPS SPG30, 706 kDa for EPS MD20) and relatively 
high (Region I, 1.7 MDa for EPS SPG30, 3.3 MDa for EPS MD20) apparent 
average molar mass (MM) (Fig. 3). The high MM products in all cases 
represented only a small percentage (2.5%). In general, these EPS thus are much 
larger than the IMMP produced by the GtfB enzyme from the same maltodextrins 
(Fig. 3). A possible explanation is that the reaction conditions for the L. reuteri 
121 cell-associated GtfB enzyme and the free purified GtfB enzyme differ. Any 
glucose and maltose produced by the L. reuteri 121 cell-associated GtfB enzyme 
can be consumed by the cells as carbon source and thus cannot be used as 
acceptor substrate in further reaction. On the contrary, the glucose and maltose 
produced in the in vitro GtfB reaction can be used as acceptor substrate (26), 
resulting in relatively high yield of oligosaccharides, which have no clear 
increase in chain length compared to maltodextrin substrate.  
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Fig. 3. SEC chromatograms of the different maltodextrin substrate (A, SPG30, B, MD20), 
the EPS produced by L. reuteri 121 cells, and IMMP produced by the free GtfB-∆N 
enzyme. Elution times of the pullulan standards corresponding to 366, 200, 113, 48.8, 
21.7, 10, 6.2, 1.32 and 0.342 kDa, are shown as gray dots. 
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SEC analysis of EPS and IMMP derived of Etenia 457 and wheat starch 

NMR analysis showed that L. reuteri 121 cells convert various starches into EPS 
with increased percentages of α1→6 linkages in linear chains (Table 1). To 
compare starch conversion by the L. reuteri 121 cell-associated GtfB enzyme and 
by the free GtfB enzyme, Etenia 457 and wheat starch (28.8% amylose) were 
used as substrates (Table 1). The size of these substrates, and the EPS and IMMP 
produced were analyzed using SEC. 

Etenia 457 is produced from potato starch by amylomaltase (4-α-
glucanotransferase) treatment in which the amylose part gradually is transferred 
to the non-reducing ends of the side chains of amylopectin, resulting in elongated 
external chains (41). As shown in Fig. 4A, the L. reuteri 121 EPS derived from 
Etenia 457 (approx. 350-400 kDa) has almost the same SEC profile as Etenia 457 
itself (thus no clear change in MM) although the NMR results (Table 1) showed 
that this EPS has more α1→6 linkages. By contrast, the SEC profile of the IMMP 
produced by GtfB from Etenia 457 clearly shows that Etenia 457 was converted 
into two main products with smaller MM (approx. 200 kDa in Region II and 
approx. 10 kDa in III). The material present in region II most likely represents 
Etenia 457 derived products with shortened non-reducing end side chains, used as 
donor substrate or hydrolyzed by GtfB. Region III represents Etenia 457 derived 
smaller MM products. 

As any size difference between Etenia 457 and the IMMP and EPS product 
derived might be covered by their relatively broad size distribution in the SEC 
analysis, these three polymers were debranched by isoamylase and subsequently 
analyzed again by SEC (Fig. 4B) (42). After debranching, the side chains of 
Etenia 457/isoamylase all eluted in region II’. The debranched products from 
IMMP and EPS were both smaller than those from the Etenia 457 substrate, 
indicating that the original amylopectin side chains were modified. However, the 
EPS and IMMP differed as isoamylase treated EPS formed by L. reuteri 121 cells 
contained some larger MM material, eluting in Region I′. 



Chapter 4 
  

112 
 

 

Fig. 4. SEC chromatograms of Etenia 457, the EPS produced from Etenia 457 by L. 
reuteri 121 and IMMP produced from Etenia 457 by the free GtfB-∆N enzyme, before (A) 
and after (B) isoamylase treatment. Elution times of the pullulan standards corresponding 
to 366, 200, 113, 48.8, 21.7, 10, 6.2, 1.32 and 0.342 kDa, are shown as gray dots. 
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Starches with high amylose content have been described as preferred substrates 
for GtfB.27 In L. reuteri 121 cultures, starches with a higher amylose content also 
yielded higher percentages of α1→6 linkages (Table 1). For instance, the EPS 
and IMMP derived from wheat starch both have approx. 22% of α1→6 linkages, 
which is much higher than the original 3.7% (Table 1). As shown in Fig. 5A, the 
graph representing wheat starch shows a peak in region I representing 
amylopectin content and a peak in region II representing amylose which are 
overlapping (42). After fermentation with L. reuteri 121, the amylopectin content 
decreased with an increase of products in region II. The SEC profile of the IMMP 
produced by GtfB from wheat starch is largely different from that of the wheat 
starch substrate. Wheat starch clearly was converted into two main products with 
smaller MM (approx. 300 kDa and approx. 15 kDa). The data indicates that GtfB 
also is capable to modify the amylopectin part in native wheat starch. 

After debranching, the SEC curve of wheat starch was divided into two parts: one 
is the amylose part, which cannot be processed by isoamylase (Region I’); the 
other is the bimodal peak representing the amylopectin branches including side 
and inner chains (Fig. 5b) (42). For EPS derived from wheat starch, the SEC 
curve shows significant differences. The peak in region III’ representing the long 
branches of amylopectin in wheat starch decreased a lot, suggesting that L. 
reuteri 121 also modifies the side chains of amylopectin in wheat starches. The 
peak representing amylose in region I’ (> 400 kDa) shifted dramatically and 
formed a new peak in region II’ (approx. 200 kDa), indicating that the amylose 
content of wheat starch was converted by L. reuteri 121 and new, smaller 
products were generated. By contrast, the amylose part in region I’ was 
completely converted in vitro by the GtfB enzyme as the peak representing 
amylose disappeared. The amount of the short chains after debranching process 
increased.  

To conclude, L. reuteri 121 cells and the GtfB enzyme are capable of modifying 
the amylose molecule as well as the side chains of amylopectin molecules in 
starches, introducing higher percentages of α1→6 linkages. The EPS produced 
have similar size distribution as the starch substrates although the percentages of 
α1→6 linkages increased significantly compared to the starch substrates. The 
produced IMMP are clearly different from the produced EPS and starch 
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substrates with regard to their size distribution. This may result from the minor 
endo-acting activity (Bai et al., to be submitted) of the GtfB enzyme. However, 
during the L. reuteri 121 fermentations, the interactions of the starch substrate 
with the cell-associated GtfB enzyme clearly are different from those with the 
purified GtfB enzyme. Conceivably, the endo-acting activity of the cell-
associated GtfB enzyme is impaired compared to the free GtfB enzyme. In 
addition, any glucose released by the L. reuteri 121 cells may be consumed 
whereas the free GtfB enzyme is able to use glucose as acceptor substrate (26), 
resulting in smaller size products. This might influence product synthesis, 
resulting in the size differences between IMMP and EPS. 

Structural analysis of EPS derived from maltodextrins by enzymatic 

digestion  

IMMP produced by the GtfB enzyme from maltodextrin substrates were 
characterized as soluble fibers (27). They are structurally different from the 
known starch and maltodextrin molecules as GtfB builds linear consecutive 
(1→6)-α-glucan chains onto the non-reducing end of (1→4)-α-glucan chains. 
Thus IMMP derived from maltodextrins are mainly composed by sequences of -
α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-, -α-D-Glcp-(1→6)-α-D-Glcp-(1→6)-, and -α-
D-Glcp-(1→4)-α-D-Glcp-(1→4)-, as well as some branching -α-D-Glcp-(1→4,6)-
α-D-Glcp-(1→4)- originating from the substrates (Fig. 6B) (27).  

To reveal whether the IMMP-like EPS produced by L. reuteri 121 cells and 
cultures are structurally similar to IMMP produced by the GtfB enzyme, the 
AVEBE MD6 derived EPS were subjected to hydrolysis by several enzymes that 
are typical for structural analysis of polysaccharides. α-Amylase (Fig. 6B) is an 
endo-acting enzyme cleaving α1→4 glucosidic linkages inside starch molecules 
mainly producing maltose. Dextranase of Chaetomium erraticum is an (1→6)-α-
glucan 6-glucanohydrolase that endo-hydrolyzes (α1→6)-α-glucosidic linkages 
(Fig. 6B) in dextran mainly producing glucose and isomaltose. As shown in Fig. 
6A, glucose and maltose were released by α-amylase hydrolysis of EPS, 
suggesting that this EPS contains -α-D-Glcp-(1→4)-α-D-Glcp-(1→4)- sequences. 
Likewise, the presence of -α-D-Glcp-(1→6)-α-D-Glcp-(1→6)- sequences were 
also confirmed because dextranase hydrolysis generated glucose and isomaltose. 

http://www.sigmaaldrich.com/catalog/product/sigma/d0443
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Fig. 5. SEC chromatograms of wheat starch and the EPS produced from wheat starch by 
L. reuteri 121, and IMMP produced from wheat starch by the free GtfB-∆N enzyme, 
before (A) and after (B) isoamylase treatment. Elution times of the pullulan standards 
corresponding to 366, 200, 113, 48.8, 21.7, 10, 6.2, 1.32 and 0.342 kDa, are shown as 
gray dots. 
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Pullulanase type I specifically attacks α1→6 linkages in both -α-D-Glcp-(1→6)-
α-D-Glcp-(1→4)- sequences (Fig. 6B) in pullulan and -α-D-Glcp-(1→4,6)-α-D-
Glcp-(1→4)- branch points (Fig. 6B) in starch molecules (43). Isoamylase 
exclusively cleaves the branching α1→4,6 linkages (44). AVEBE MD6 derived 
EPS were hydrolyzed by both pullulanase and isoamylase, forming similar 
products (Fig. 6A and Fig. S2). These EPS thus possess -α-D-Glcp-(1→4,6)-α-D-
Glcp-(1→4)- branch points which also exist in IMMP (27). Isopullulanase from 
Aspergillus niger exclusively cleaves the α1→4 linkages in -α-D-Glcp-(1→6)-α-
D-Glcp-(1→4)- sequences (Fig. 6B) in pullulan but has no activity on starches 
(45). After treatment of EPS with isopullulanase, oligomers appeared (Fig. 6A), 
confirming the presence of linear -α-D-Glcp-(1→6)-α-D-Glcp-(1→4)- sequences. 
These enzymatic hydrolysis results thus showed that the EPS produced by L. 
reuteri 121 and IMMP produced by GtfB are structurally similar since both 
contain the same fragments.  

To further investigate the presence of consecutive α1→6 linkages that are typical 
in IMMP, the EPS derived from AVEBE MD6 was treated with a combination of 
pullulanase and α-amylase to remove the consecutive α1→4 linkages, and the 
α1→6 linkages in connecting -α-D-Glcp-(1→6)-α-D-Glcp-(1→4)- sequences and 
-α-D-Glcp-(1→4,6)-α-D-Glcp-(1→4)- branches. The hydrolyzed products were 
fractionated on Bio-Gel P2, yielding nine fractions, denoted F1-F9. F8 and F9 
were mainly composed of maltose and glucose (TLC, data not shown) that 
resulted from consecutive α1→4 linkages hydrolyzed by α-amylase. With the 
increase of DP, the percentage of α1→6 linkages increased (Table S1). In 
fractions 1 and 2, the polymers were mainly composed of α-glucan with 94% 
α1→6 linkages. This shows that linear consecutive α1→6 linked fragments inside 
EPS are present with a broad DP distribution. 

Fermentation of L. reuteri EPS by probiotic Bifidobacterium strains  

The EPS produced by L. reuteri 121 has a special structure, which is similar to 
IMMP but different from known α-glucans such as starch, dextran and pullulan. 
Previously, IMMP were shown to be soluble dietary fibers (27). EPS thus may 
partially escape digestion in the upper part of the gastrointestinal tract and small 
intestine, to serve as typical carbon sources for bacterial fermentation in the large 
intestine. Alternatively, uptake of probiotic L. reuteri 121 most likely results in 
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formation of EPS rich in α1→6 linkages in the upper gastrointestinal tract by 4,6-
α-GTase enzymatic modification of the available (partially hydrolyzed) starch. 
The in vivo synthesized EPS may selectively stimulate the growth of (other) 
probiotic bacteria in the large intestine. 

Fig. 6. (A) HPAEC analysis of the hydrolysis products of EPS (from AVEBE MD6) 
following incubation with an excess of different enzymes, including α-amylase, 
dextranase, pullulanase, isoamylase, and isopullulanase. A combination of glucose (G1), 
isomaltose (isoG2), isomaltotriose (isoG3), maltose (G2), panose (P), maltotriose (G3), 
maltotetraose (G4), maltopentaose (G5), maltohexaose (G6), maltoheptaose (G7), and 
maltooctaose (G8), were used as standard. EPS without enzymatic treatment was applied 
as negative control. (B) Representation of the IMMP products of 4,6-α-GTase (e.g. GtfB) 
with starch and maltodextrins. GtfB builds (1→6)-α-glucan chains with occasionally 
internal 1→4 linkages onto the non-reducing end of (1→4)-α-glucan chains (28). 
Schematic diagram of the α-amylase, dextranase, pullulanase, isoamylase, and 
isopullulanase enzymatic cleavage points in IMMP. 
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 Bifidobacterium is one of the major genera of bacteria that make up the colon 
flora. Some of them are used as probiotics in food industry as they may exert a 
range of beneficial health effects  (46, 47). To date, many type II pullulanases 
(amylopullulanases) with both α-amylase and pullulanase activity have been 
identified in probiotic Bifidobacterium species from the human gut (31, 48, 49). It 
was also reported that amylopullulanase is the only extracellular polysaccharide 
hydrolyzing enzyme in lactobacilli (18). Based on the above data (Fig. 6 and Fig. 
S2), L. reuteri 121 EPS derived from maltodextrins can be partially hydrolyzed 
by both α-amylase and pullulanase. Previously, we reported that reuteran derived 
from sucrose can be hydrolyzed by pullulanase (9). Thus, the Bifidobacterium 
strains producing extracellular amylopullulanase have strong potential to degrade 
both L. reuteri 121 EPS derived from maltodextrins, and reuteran, and to use the 
degradation products as carbon- and energy source. Growth of 
Bifidobacterium breve DSM 20091 and Bifidobacterium dentium DSM 20436, 
both containing amylopullulanase activity (48), was studied using EPS of L. 
reuteri 121 as carbon source. Both B. breve DSM20091 (Fig. 7b) and B. dentium 
DSM20436 (Fig. 7c) grew well with different EPS. After 12 h of growth, OD600 
values of B. breve DSM20091 all reached 80% with EPS derived from MD20, 
MD6, or SPG30 (Table 1), and 67.5% with EPS derived from MD4-7, compared 
to a 100% control grown on glucose. Growth curves of B. dentium with EPS 
followed closely the glucose-control reaching all a final OD600nm value of 2.00 
after 8.5 h. The exponential growth phases with the EPS growth substrate did not 
show any differences to the glucose-control indicating that these EPS are highly 
suitable as growth substrates. In addition, total carbohydrate measurements and 
determination of OD600 values and pH values (Table 2), as well as TLC detection 
(Fig. S1) also showed that EPS was partially or completely used by strains.  

As reported, the EPS produced by L. reuteri 121 from maltodextrins is hardly 
degraded by human gut symbiont Bacteroides thetaiotaomicron (50). In this 
study, Bifidobacterium adolescentis DSM 20083 that cannot degrade starch (data 
not shown) was also investigated, showing that it cannot grow with any of the 
EPS derived from maltodextrins (Fig. 7A). Therefore, EPS of L. reuteri 121 
derived from both maltodextrins and sucrose are potential prebiotics which 
typically stimulate growth of Bifidobacterium strains which have 
amylopullulanase activity.  
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Fig. 7. Growth of B. adolescentis DSM 20083 (a), B. breve DSM 20091 (b) and B. 
dentium DSM 20436 (c) on different EPS (5 mg/ml) derived from different maltodextrins. 
Glucose (5 mg/ml) served as positive control.  
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Table 2. OD600, pH values and total carbohydrate consumption values were determined 
after growth of B. breve DSM 20091 and B. dentium DSM 20436 for 24 h with L. reuteri 
121 EPS derived from different maltodextrins, and reuteran derived from sucrose. 
Experiments were done in duplicate and the average data are shown. 

 

Bifidobacterium breve DSM 20091 Bifidobacterium dentium DSM 
20436 

OD600 pH 

Total 
carbohydrate 
consumption 

(%) 

OD600 pH 

Total 
carbohydrate 
consumption 

(%) 

Control 0.03 6.8 - 0.03 6.8 - 

Glucose 1.68 4.9 100 1.85 5.0 100 
EPS Avebe 

SPG30 1.54 5.2 74 1.68 5.2 84 

EPS Avebe 
MD20 1.46 5.3 81 1.56 5.3 85 

EPS Avebe 
MD6 1.63 5.2 91 1.68 5.1 88 

EPS MD 4-7 1.62 5.2 82 1.70 5.1 86 
Reuteran 1.56 5.0 84 1.80 5.0 95 

To conclude, in this study, novel homo-EPS produced by probiotic bacterium L. 
reuteri strains from starch or maltodextrins as substrates were characterized as 
IMMP-like EPS. The data show that the cell-associated 4,6-α-glucanotransferase 
enzyme plays an important role in the formation of such IMMP-like EPS in L. 
reuteri strains. The L. reuteri 121 EPS are structurally similar to the IMMP 
produced by the free GtfB enzyme, with percentages of α1→6 linkages ranging 
between 11% to 52% (Table 1). However, the L. reuteri 121 EPS derived from 
either maltodextrins or starches are generally much larger than the IMMP 
produced by the in vitro GtfB enzyme. The SEC results also demonstrated that L. 
reuteri 121 is capable to modify starches by converting both the amylose part and 
the side chains of amylopectin molecules. Finally, the EPS derived from different 
maltodextrins were shown to be excellent growth substrates for some probiotic 
Bifidobacterium strains that have amylopullulanase activity. These EPS thus have 
potential prebiotic activity and may contribute to the application of probiotic L. 
reuteri strains grown on maltodextrins or starch as synbiotics. 
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Fig. S1. TLC analysis of the saccharides in the cell-free supernatant before (1-5) and after 
(1’-5’) growth of Bifidobacterium breve DSM 20091 and Bifidobacterium dentium DSM 
20436 incubated with L. reuteri 121 EPS derived from different maltodextrins (1, SPG30, 
2, MD20, 3, MD6, 4, MD4-7), and reuteran (5) derived from sucrose. BM medium 
without carbon source and with glucose was spotted as negative control (C) and positive 
control before (6) and after (6’) fermentation.  
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Fig. S2. TLC analysis of the enzymatic hydrolysis of EPS (from AVEBE MD6) by 
different enzymes, α-amylase, L1; dextranase, L2; pullulanase, L3; isoamylase, L4; and 
isopullulanase, L5; control (EPS), C.  
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Table S1. The amylase-pullulanase treated EPS produced from Paselli MD6 was 
fractionated by Biogel P2 column into 9 fractions (fraction 1 represents the saccharides 
with highest DP and fraction 9 represents the saccharides with lowest DP). The linkage 
specificity of each fraction was recorded by 1H NMR spectroscopy. 

Fractions α-1,4 (%) α-1,6 (%) 

1 6 94 

2 6 94 

3 11 88 

4 20 80 

5 51 49 

6 69 31 

7 94 6 

8 98 2 

9 100 0 
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Abstract 
Lactic acid bacteria (LAB) are abundant producers of exopolysaccharides (EPS) 
which are important for biofilm formation in the oral cavity and gastrointestinal 
tract of mammals. Sucrose is a well-known substrate for homo-EPS formation by 
glucansucrases (GS) of LAB. Starch is the main fermentable carbohydrate in the 
human diet, and often consumed simultaneously with sucrose. Recently, 4,6-α-
glucanotransferases (4,6-α-GTases) of Lactobacillus reuteri strains were 
characterized that act on starch and maltodextrins, cleaving α1→4 linkages and 
synthesizing α1→6 linkages, yielding isomalto-/malto-polysaccharides (IMMP) 
that are soluble dietary fibers. Lactobacillus strains (e.g. L. reuteri 35-5) may 
possess both a GS (e.g. GtfA) and a 4,6-α-GTases (GtfB), both cell-associated 
and located extracellularly. In this study, we characterized the EPS formed in vivo 
by L. reuteri 35-5 cells during growth with either sucrose or maltodextrins, or 
with both. Size exclusion chromatography and enzymatic hydrolysis revealed 
variations in EPS size and structure depending on the substrate(s) provided. In 
vitro incubation of the purified GtfA-∆N plus GtfB-∆N enzymes in the presence 
of both sucrose and starch resulted in formation of oligosaccharides with 
terminally and internally consecutive α1→6 linkages, which are structurally 
different from the oligosaccharides produced from either of the single substrates. 
In conclusion, the data show that both in vivo and in vitro the GtfA and GtfB 
enzymes of L. reuteri 35-5, incubated with sucrose plus starch, cross-react and 
contribute to the synthesis of the final products. This may have strong effects on 
the functional properties of the EPS formed by lactobacilli, and influence their 
ability for biofilm formation in the mammalian oral cavity and gastrointestinal 
tract. Also the relationship between dietary intake of sucrose and starch, dental 
caries formation and degradability of EPS dietary fibers, are likely to be affected. 
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Abstract Figure. Schematic model of the exopolysaccharides produced by GtfA and 
GtfB enzymes in the presence of sucrose and starch in Lactobacillus reuteri 35-5. 

 

Introduction 
Exopolysaccharides (EPS) constitute a major fraction of the extracellular 
polymeric substances that form the scaffold for the three-dimensional architecture 
of biofilms (1). In many bacteria, EPS are indispensable for biofilm formation: 
mutants that have lost ability to synthesize EPS are unable or severely 
compromised in forming mature biofilms (2-5). Lactic acid bacteria (LAB) use 
glucansucrase (GS) and fructansucrase enzymes to synthesize α-glucan and β-
fructan homo-EPS from sucrose (6-10). GS are family 70 glycoside hydrolase 
(GH70) enzymes that are able to synthesize a diversity of α-glucans varying in 
linkage type and degree of branching (11). In the oral cavity and gastrointestinal 
tract of mammals, the α-glucan polysaccharides produced by GS facilitate biofilm 
formation and significantly enhance the adhesion of bacteria to the tooth enamel 
or epithelium (12, 13). 
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Starch is an important carbohydrate in the human diet and usually consumed 
simultaneously with sucrose. Simultaneous intake of starch and sucrose resulted 
in enhanced cariogenicity in human compared to use of either carbohydrate alone 
(14-17). The EPS matrix produced by Streptococcus mutans from sucrose plus 
starch contains a larger amount of highly branched α-glucan compared to the EPS 
derived from either of the single substrates (18). In addition to S. mutans, many 
other species of LAB that produce EPS from sucrose, using GS, are found in the 
oral cavity and gastrointestinal tract of mammals (9, 19, 20). No information is 
available on the EPS synthesized by LAB strains challenged with both sucrose 
and starch as carbon sources for growth.  

In recent years, we have identified a new GH70 subfamily with 4,6-α-
glucanotransferase (4,6-α-GTase) enzymes in Lactobacillus strains. These 4,6-α-
GTases do not act on sucrose but on α-glucans (starch, maltodextrins), cleaving 
α1→4 linkages and forming α1→6 linkages, resulting in isomalto-/malto- 
polysaccharide (IMMP) synthesis that act as soluble dietary fibers (21-23). 
According to current database searches (http://www.ncbi.nlm.nih.gov/), around 
25% of the LAB strains carrying a 4,6-α-GTase gene also possess a GS gene. In 
our previous study, L. reuteri 121 cultures with the extracellular and cell-
associated 4,6-α-GTase GtfB were shown to synthesize IMMP-like EPS from 
starch (Bai et al., submitted). Here we study whether co-feeding of sucrose and 
starch influences EPS formation by L. reuteri 121 strain 35-5. This mutant only 
has GS (GtfA) and 4,6-α-GTase (GtfB) enzymes but no fructansucrase or other 
homo-EPS producing enzymes (24). GtfA converts sucrose into reuteran with 
alternating α1→4 and α1→6 glycosidic linkages; GtfB converts starches and 
maltodextrins into IMMP with consecutive α1→6 linkages (Abstract Figure) (25-
28). Here, we analyzed the different L. reuteri 35-5 EPS synthesized during 
growth with sucrose, maltodextrins, and sucrose plus maltodextrins. We also 
studied the EPS synthesized by GtfA-∆N and GtfB-∆N enzymes in vitro, by 
analyzing initial oligosaccharide formation from these substrates. The data shows 
that homo-EPS formation by L. reuteri 35-5 cells results from the combined 
activity of GtfA plus GtfB with sucrose plus maltodextrins, in addition to the 
conventional single-enzyme reactions of GtfA and GtfB with either sucrose or 
maltodextrins, respectively. Synthesis of such hybrid EPS from sucrose and 
maltodextrins/starches may widely occur in LAB strains that have similar gene 

http://www.ncbi.nlm.nih.gov/BLAST/
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combinations. This study provides new insights into homo-EPS formation by 
LAB, potentially generating new EPS functionalities. 

Materials and Methods 

Growth conditions 

Lactobacillus reuteri 35-5 (29) was subcultured from stocks stored at -80 °C in 
10 ml of sugar-free MRS medium (liquid culture or agar plate) supplemented 
with 1% (w/v) glucose. The fresh cultures were inoculated anaerobically in 
modified sugar-free MRS medium with sucrose (5%, w/v), or maltodextrins 
(dextrose equivalent (DE) = 13-17, Sigma-Aldrich, US, 5%, w/v), or sucrose 
(2.5%, w/v) plus maltodextrins (2.5 %, w/v). One liter medium contained 10 g 
bactopeptone, 4 g yeast extract, 5 g sodium acetate, 2 g tri-ammonium citrate, 0.2 
g MgSO4·7H2O, 0.05 g MnSO4·7H2O; and 1 ml Tween 80. 

Extraction of L. reuteri 35-5 whole cell proteins 

The cells from different L. reuteri 35-5 cultures (10 ml) grown with various 
carbon sources were collected by centrifugation (10,000 ×g) and then suspended 
in 200 µl B-PER protein extraction buffer (Thermo, Rockford, US). The 
suspensions were frozen in liquid nitrogen and thawed in a 37 °C water bath for 
three times. Then, 2 µl lysozyme (150,000 U) was added to the suspension. After 
1 h incubation at room temperature, 10 µl of each suspension was boiled with 5 
µl SDS loading buffer for 10 min. After centrifugation (12,000 ×g, 5 min), the 
supernatants were analyzed by SDS-PAGE. 

Activity staining of EPS synthesizing enzymes 

After electrophoresis, the gels with L. reuteri 35-5 proteins were washed 3 times 
with dd H2O (30 min each), allowing protein renaturation. Then, the gels were 
incubated overnight at 37°C in sodium acetate buffer (25 mM Tris/HCl, pH 5.0, 1 
mM CaCl2) with 5% (w/v) sucrose, 5% (w/v) maltodextrins or 2.5% (w/v) 
sucrose plus 2.5% (w/v) maltodextrins. The activities of EPS synthesizing 
enzymes were detected by staining of the polysaccharides by a periodic acid-
Schiff (PAS) procedure (50). The full-length GtfB expressed and purified from E. 
coli was loaded as a reference. 
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Extraction of exopolysaccharides (EPS) 

EPS were produced by L. reuteri 35-5 in the sugar-free MRS medium 
supplemented with sucrose (5%, w/v), or maltodextrins (DE = 13-17, 5%, w/v), 
or sucrose (2.5%, w/v) plus maltodextrins (2.5 %, w/v). Strains were grown 
anaerobically for 72 h at 37 °C. EPS were extracted from supernatants obtained 
by centrifugation of liquid MRS cultures (30). Two volumes of cold ethanol (-
20 °C) were added to the supernatants and held at 4 °C overnight. The 
precipitates were harvested by centrifugation (12,000 ×g, 30 min, 4 °C) and re-
dissolved in 1 volume of dd H2O. The EPS were re-precipitated with 2 volumes 
of ethanol at 4 °C overnight. After centrifugation, the harvested precipitates were 
dissolved in water, and then dialyzed (10 kDa MWCO, Thermo Scientific) 
against water for 48 h with changes of dd H2O every 12 h  followed by freeze 
drying (31). 

Size exclusion chromatography (SEC) 

DMSO-LiBr (0.05M) was prepared by stirring for 3 h at room temperature 
followed by degassing for 15 min using an ultrasonic cleaner (Branson 1510, 
Branson, Danbury, CT). Samples were dissolved at a concentration of 4 mg/ml in 
DMSO-LiBr by overnight rotation at room temperature, followed by 30 min 
heating in an oven at 80 °C, obtaining clear sample solutions. The samples, 
cooled to room temperature, were filtered through a 0.45-µm Millex PTFE 
membrane (Millipore Corporation, Billerica, MA). The SEC system set-up 
(Agilent Technologies 1260 Infinity) from PSS (Mainz, Germany) consisted of an 
isocratic pump, auto sampler, an online degasser, an inline 0.2 μm filter, a 
refractive index detector (G1362A 1260 RID Agilent Technologies), viscometer 
(ETA-2010 PSS, Mainz) and MALLS (SLD 7000 PSS, Mainz). WinGPC Unity 
software (PSS, Mainz) was used for data processing. Samples (100 µl) were 
injected into a PFG guard column using an autosampler at a flow rate of 0.5 
ml/min and DMSO-LiBr as eluent. Three separate PFG-SEC columns with 
porosities of 100, 300 and 4000 Å were used. The columns were held at 80˚C, the 
refractive index detector at 45 °C and the viscometer was thermostatted at 60 °C. 
A standard pullulan kit (PSS, Mainz, Germany) with molecular masses from 342 
to 805000 Da was used. The specific RI increment value dn/dc was measured by 
PSS and is 0.072 (obtained from PSS company). 
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Enzymatic hydrolysis of EPS 

The EPS samples (5 mg) were hydrolyzed by pullulanase M1 (Megazyme, 
Ireland) based on the protocol established previously for the L. reuteri 35-5 EPS 
derived from sucrose (25). The hydrolyzed samples were subjected to HPAEC 
analysis. 

Monosaccharide analysis 

EPS samples (0.5 mg) were dissolved in 200 µl Milli-Q water in a glass reaction 
tube. An equal volume of 4 M trifluoroacetic acid (TFA) was added to the 
samples. The samples were hydrolyzed for 4 h at 100 °C. Samples were then 
dried under a flow of dry nitrogen. The dry samples were dissolved in 100 µl 
isopropanol and dried again by evaporation under dry nitrogen. Samples were 
dissolved in 1 ml dimethyl sulfoxide (DMSO) and were subjected to HPAEC 
analysis. 

Expression and purification of GtfA-∆N, GtfB-∆N and full-length GtfB 

The N-terminally truncated GtfA-∆N and GtfB-∆N enzymes were produced as 
described before (32, 33). The full-length GtfB protein was produced in E. coli 
BL21 Star (DE3) carrying the plasmids pRSF-GtfB and pBAD22-GroELS as 
described previously (21). All three enzymes were first purified by His-tag 
affinity chromatography using a 1-ml Hitrap IMAC HP column (GE Healthcare) 
followed by anion exchange purification using Hitrap Q FF (GE Healthcare). 
Purity was checked on 8% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). Protein concentration was measured by Bradford 
reagent (Bio-Rad, Hercules, CA) using bovine serum albumin as standard. 

Enzymatic reactions 

All reactions were performed in sodium acetate buffer (25 mM, pH 4.7, 1 mM 
CaCl2) at 37 °C for 4 h. GtfA-∆N (750 nM) and/or GtfB-∆N (150 nM) were used 
in the reactions with 0.1 M sucrose and/or 0.25% amylose V. After 4 h incubation, 
the reactions were terminated by heating the samples in boiling water for 10 min. 
Then the products were subjected to TLC and high-pH anion-exchange 
chromatography (HPAEC) analyses and further separation.  

http://en.wikipedia.org/wiki/Dimethyl_sulfoxide
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Amylose-iodine assay 

The iodine staining method was used to quantify (remaining) amylose in the 
reaction mixture in order to determine the degradation rate of amylose V in the 
absence or presence of different acceptor substrates (34). It was also used for 
characterization of the GtfB enzyme (33). I2 (0.26 g) and KI (2.6 g) were 
dissolved in 10 ml distilled water to prepare the 260× concentrated stock. Prior to 
use, the stock was diluted 260× with distilled water. For each measurement, 150 
µl iodine reagent was pipetted into microtiter plate wells, followed by addition of 
15 µl enzyme reaction sample solution. The microtiter plate was shaken slowly 
for 5 min to allow color formation and the optical density was measured at 660 
nm. Amylose V solutions (0-0.25%, w/v) were used to prepare a calibration curve. 
The acceptor reactions were performed using 0.125 % (w/v) amylose V as donor 
substrate and the activity was measured as described previously (33).   

Separation of oligosaccharides  

The individual oligosaccharides produced by GtfA-∆N (and GtfB-∆N) enzymes 
from sucrose or sucrose plus amylose V were isolated by a combination of Bio-
Gel P2 size exclusion chromatography followed by preparative HPAEC. The 
reaction product mixtures were loaded onto the Bio-Gel P2 size exclusion column 
(100 x 0.9 cm) (Bio-Rad) using ammonium bicarbonate (10 mM) as eluent at a 
rate of ~10 ml/h. The oligosaccharide fractions were pooled and each pool was 
further fractionated by HPAEC-PAD on a Dionex DX500 workstation (Dionex, 
Amsterdam, The Netherlands), equipped with a CarboPac PA-1 column 
(250×9mm; Dionex) and an ED40 pulsed amperometric detector, using a linear 
gradient of 0-500mM sodium acetate in 100 mM NaOH (3ml/min). Collected 
fractions were immediately neutralized with 4 M acetic acid, desalted on 
CarboGraph SPE columns (Alltech, Breda, The Netherlands) using 
acetonitrile:water = 1:3 as eluent and lyophilized (35). The isolated 
oligosaccharides were subjected to MALDI-TOF-MS and NMR analysis as 
described below. 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF-MS) 

The degree of polymerization of isolated oligosaccharides was determined on an 
AximaTM mass spectrometer (Shimadzu Kratos Inc., Manchester, UK) equipped 
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with a nitrogen laser (337 nm, 3 ns pulse width). Positive-ion mode spectra were 
recorded using the reflector mode at a resolution of 5000 FWHM and delayed 
extraction (450 ns). The accelerating voltage was 19 kV with a grid voltage of 
75.2%; the mirror voltage ratio was 1.12, and the acquisition mass range was 
200-7000 Da. Samples (1 µl) were mixed in 1:1 ratio with a solution of 10 mg/ml 
2,5-dihydroxylbenzoic acid in 1:1 acetonitrile:H2O.  

Nuclear Magnetic Resonance (NMR) spectroscopy 

The oligosaccharides produced by GtfA-∆N plus GtfB-∆N were desalted and 
exchanged twice with D2O (99.9 atm% D, Cambridge Isotope Laboratories, Inc.) 
with intermediate lyophilization. The dried samples were dissolved in 0.6 ml D2O 
and were filled in NMR tube for analysis. Resolution-enhanced 1D/2D 500-MHz 

1H NMR spectra were recorded with a spectral width of 4500 Hz in 16k complex 
data sets and zero filled to 32k in D2O on a Varian Inova Spectrometer (NMR 
Center, University of Groningen) or a Bruker DRX-500 spectrometer (Bijvoet 
Center, Department of NMR Spectroscopy, Utrecht University) at a probe 
temperature of 300/310 K. Suppression of the HOD signal was achieved by 
applying a WET1D pulse sequence. The 2D TOCSY spectra were recorded with 
spin-lock times of 20–200 ms using an MLEV-17 (composite pulse devised by 
(36)) mixing sequence. The 2D ROESY spectra were recorded with a mixing 
time of 200 ms using the standard Bruker XWINNMR software. The carrier 
frequency was set at the downfield edge of the spectrum to minimize TOCSY 
transfer during spin-locking. 2D 13C–1H HSQC experiments (1H frequency 
500.0821 MHz, 13C frequency 125.7552 MHz) were recorded without 
decoupling during acquisition of the 1H free induction decay. Resolution 
enhancement of the spectra was performed by a Lorentzian-to-Gaussian 
transformation for 1D spectra or by multiplication with a squared-bell function 
phase shifted by π/(2.3) for 2D spectra. Chemical shifts (δ) are expressed in ppm 
by reference to internal acetone (δ 2.225 for 1H and δ 31.07 for 13C). 
MestReNova 5.3 was used for spectra annotation. 

High-pH anion-exchange chromatography (HPAEC) 

The reaction products of GtfA-∆N, GtfB-∆N and GtfA-∆N plus GtfB-∆N, and the 
hydrolysis products of EPS, were analyzed on a Dionex DX500 workstation 
(Dionex) with a 4×250 nm CarboPac PA-1 column. Samples were run with a 
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gradient of 30-600 mM NaAc in 100 mM NaOH (1 ml/min) and detected by an 
ED40 pulsed amperometric detector. 

Results and Discussion 

4,6-α-Glucanotransferase encoding genes occur concomitantly with 

glucansucrase encoding genes in lactic acid bacteria 

The purified 4,6-α-GTase GtfB enzyme from L. reuteri 121 (strain 35-5) has been 
shown to produce IMMP in vitro. L. reuteri 121 (strain 35-5) cells grown on 
starch in vivo produce EPS that are structurally similar to IMMP; the extracellular 
and cell-associated GtfB is essential for IMMP-like EPS formation (Bai et al. 
submitted). Similar 4,6-α-GTase enzymes have been identified and characterized 
(GtfW and GtfML4) in other L. reuteri strains (22, 33, 37). To date, 28 gene 
sequences encoding characterized or putative 4,6-α-GTase enzymes (>70% 
similarity with GtfB enzyme) from Lactobacillus species are present in the NCBI 
database (http://www.ncbi.nlm.nih.gov/BLAST/). In 8 cases, the same strain 
also carries a gene encoding a characterized or putative glucansucrase (GS) 
(Table 1) (38, 39); GS and 4,6-α-GTase genes are located next to each other in 3 
L. reuteri strains. These GS are known to convert sucrose into homo-EPS (α-
glucan), e.g. the GS GtfA enzyme from L. reuteri 121 (strain 35-5) synthesizes 
reuteran with alternating α1→4 and α1→6 linkages (25, 40, 41). With larger 
numbers of 4,6-α-GTase encoding genes rapidly accumulating, more 
combinations of GS and 4,6-α-GTase enzymes are likely to be discovered in time.  

Table 1. Combinations of 4,6-GTase and GS encoding genes occurring in LAB strains. 
The sequences were retrieved from NCBI database and are labelled by Genebank number. 

Strains 4,6-α-GTase GS 

Lactobacillus reuteri 121 AAU08014.2 AAU08015.1 
Lactobacillus reuteri TMW1.106 ABP88725.1 ABP88726.1 

Lactobacillus reuteri ML1 AAU08003.2 AAU08004.1 
Lactobacillus reuteri TMW1.656 KOF04763.1 KEK16955.2 
Lactobacillus delbrueckii ND02 WP_041812193.1 ADQ61508.1 

Lactobacillus plantarum 16 WP_041161886.1 AGO09550.1 
Lactobacillus salivarius GJ-24 EGM52218.1 EGM52203.1 

Weissella confusa MBF8-1 ACJ54706.1 ACJ64929.1 

http://www.ncbi.nlm.nih.gov/BLAST/
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Activity staining of GtfA and GtfB enzymes of Lactobacillus reuteri 35-5 

Periodic acid-Schiff (PAS) staining was used to visualize enzymes producing 
polysaccharides present in cells of L. reuteri 35-5. The PAS method has been 
used successfully to screen for GS positive Lactobacillus strains as denatured GS 
can be refolded and regain activity in SDS-PAGE gels under mild conditions (42). 
Following SDS-PAGE of L. reuteri 35-5 whole cell proteins the gels were 
washed with dd H2O and reaction buffer, and incubated with either maltodextrins 
(DE = 13.0-17.0), sucrose, or both, to show EPS formation by different 
enzymatic reactions. Cells of L. reuteri 35-5 grown on different substrates 
constitutively expressed an active GtfA protein (199 kDa; Fig. 1, upper panel) 
(24). The other gel band (~120 kDa) most likely is due to (proteolytic) 
degradation of GtfA (43). It has been shown that removal of the N-terminal 
region, involved in cell wall anchoring, does neither affect the overall activity of 
the GtfA enzyme nor the linkage types and size of the polymer synthesized (26, 
32, 44). Previously, we already reported that also the denatured GtfB enzyme can 
be easily renatured in dd H2O (37). After incubation of the gels with 
maltodextrins, a band at ~180 kDa became visible (Fig. 1, bottom panel), which 
reflects active GtfB protein (179 kDa). This band was most clearly visible in 
extracts of L. reuteri 35-5 cells grown on glucose and maltodextrins. As expected, 
the 199 kDa GtfA band was not visible: maltodextrins do not act as (donor) 
substrates for EPS formation by GtfA (Fig. 1, bottom panel) (28). The L. reuteri 
121 genome sequence (Gangoiti et al., in preparation) analysis showed that GtfA 
and GtfB are the only two carbohydrate acting enzymes with molecular masses 
larger than 150 kDa. The combined results thus show that the visible band at 
~180 kDa represents the GtfB enzyme (179 kDa). To better distinguish the bands 
representing GtfA and GtfB activities, gels also were incubated with both sucrose 
and maltodextrins. This resulted in appearance of two bands at the expected and 
clearly different positions, demonstrating that these two enzymes are 
independently active on their own preferred substrate for polysaccharide 
formation (Fig. 1, middle panel). The combined data thus shows that GtfA and 
GtfB enzymes are the only two enzymes contributing to homo-EPS formation in 
the presence of sucrose or maltodextrins/starch. 
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Fig. 1. Periodic Acid-Schiff (PAS) staining of α-glucans synthesized in SDS-PAGE gels 
of whole-cell-extracted proteins of L. reuteri 35-5, visualizing the position of the 
renatured and active GS GtfA and 4,6-α-GTase GtfB enzymes. L. reuteri 35-5 was grown 
in MRS medium with glucose, sucrose, maltodextrins, or sucrose plus maltodextrins. Gels 
were incubated with sucrose (5%, w/v), maltodextrins (5%, w/v) or sucrose (2.5%, w/v) 
plus  maltodextrins (2.5%, w/v) overnight at 37 °C, pH 4.7. Heterologously expressed and 
purified GtfB from E. coli was loaded as reference protein. 
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SEC analysis of the products formed by L. reuteri 35-5 from sucrose, 

maltodextrins, and sucrose plus maltodextrins 

The GS GtfA mainly acts on sucrose as donor/acceptor substrate, resulting in 
chain length elongation and oligo-/polysaccharide synthesis. To some extent, 
GtfA also is able to use maltose/maltodextrins as acceptor substrate (with sucrose 
as donor substrate) (32). 4,6-α-GTase GtfB mainly acts on maltodextrins/starches, 
cleaving α1→4 linkages and making α1→6 linkages. Here, we report that, to 
some extent, GtfB also use sucrose as acceptor substrate (with amylose V as 
donor substrate) (Fig. 5). It is therefore entirely likely that the final EPS formed 
by L. reuteri 35-5 cells in the presence of both substrates is not just a mixture, but 
may have different structures and thus characteristics. The EPS produced by L. 
reuteri 35-5 from sucrose (5%, w/v), maltodextrins (5%, w/v), and sucrose (2.5%, 
w/v) plus maltodextrins (2.5%, w/v) were isolated from liquid cultures by ethanol 
precipitation and subjected to SEC analysis (Fig. 2). The α-glucan EPS derived 
from sucrose is of high molecular mass (MM) up to 34.7 MDa (24), whereas the 
majority (97.5%) of the EPS derived from maltodextrins is of low MM (Bai et al., 
submitted). Growth of L. reuteri 35-5 on sucrose plus maltodextrins resulted in 
synthesis of an EPS mixture with both high and low MM (Fig. 2) In view of the 
size distribution obtained, the EPS35-5-sucrose+maltodextrins appears to be 
composed of a mixture of the EPS35-5-sucrose and EPS35-5-maltodextrins. A 
slight difference was observed in the low MM region (at approx. 3.5 kDa) 
between the SEC chromatograms of EPS35-5-maltodextrins and EPS35-5-
sucrose+maltodextrins (Fig. 2). The question remained whether the EPS 
structures at high and low MM changed when L. reuteri 35-5 was grown in the 
presence of both sucrose and maltodextrins. 
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Fig. 2. SEC chromatograms of EPS isolated from MRS liquid cultures of L. reuteri 35-5 
grown with sucrose (5%, w/v), maltodextrins (5%, w/v), or sucrose (2.5%, w/v) plus 
maltodextrin (2.5%, w/v). Elution volume of the pullulan standards corresponding to 366, 
200, 113, 48.8, 21.7, 10, 6.2 and 1.32 kDa, are shown as gray dots. The arrow indicates 
the 3.5 kDa position that differs in the low MM region of the SEC chromatograms of 
EPS35-5-maltodextrins and EPS35-5-sucrose+maltodextrins. 

Enzymatic hydrolysis of the products formed by L. reuteri 35-5 from sucrose, 

maltodextrins, and sucrose plus maltodextrins 

To explore structural differences among EPS derived from different substrates, 
these 3 EPS were hydrolyzed by an excess amount of pullulanase type I. This 
enzyme specifically attacks α1→6 linkages in the backbone chains of pullulan 
and at branching points of starch molecules (45). As reported, this pullulanase 
degraded the EPS35-5-sucrose (reuteran) into mainly maltose, panose, 
maltotriose and maltotetraose (25) (see Fig. 3). This pullulanase also degraded the 
EPS35-5-maltodextrins, resulting in a low yield of maltooligosaccharides and a 
trace amount of glucose. Interestingly, when the EPS35-5-sucrose+maltodextrins 
were  hydrolyzed by pullulanase, glucose and some maltooligosaccharides were 
the main product. Interestingly also a series of new oligosaccharides were formed 
(eluting between 20 to 30 min) (Fig. 3). Obviously, the EPS35-5-
sucrose+maltodextrins is not a simple mixture of EPS35-5-sucrose and EPS35-5-
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maltodextrins. L. reuteri 35-5 cells grown on MRS medium with sucrose plus 
maltodextrins synthesized EPS that are structurally different from those derived 
from either sucrose or maltodextrins.  

Fig. 3. HPAEC analysis of the hydrolysis products of EPS (5 mg) digested by excess 
amounts of pullulanase M1 for 72 h. EPS were produced by L. reuteri 35-5 in MRS liquid 
cultures supplemented with sucrose (5%, w/v), maltodextrins (5%, w/v), and sucrose 
(2.5%, w/v) plus maltodextrins MD13-17 (2.5%, w/v) and isolated by ethanol 
precipitation.  

In vitro reactions of GtfA-∆N or GtfB-∆N with sucrose and amylose V 

As the L. reuteri 35-5 in vivo system for EPS formation is too complex to study 
directly, the purified GtfA-∆N and GtfB-∆N enzymes (26, 33) were used in vitro 
to study the initial formation of oligosaccharides from sucrose and/or 
maltodextrins. GtfA-∆N or GtfB-∆N were separately incubated with sucrose, 
amylose V and sucrose plus amylose V. Amylose V was used instead of 
maltodextrins to avoid interference between the substrate and the oligosaccharide 
products in the HPAEC analysis. As shown in Fig. 4, GtfA-∆N is inactive with 
amylose V as no degradation products resulting from hydrolysis activity were 
visible in the HPAEC spectrum. We also failed to detect activity of GtfA-∆N 
with amylose V when using the amylose-iodine assay (data not shown). Sucrose 
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is the preferred substrate for GtfA-∆N and the initial products have been 
annotated previously (Fig. 4), representing linear oligosaccharides with 
alternating α1→4 and α1→6 linkages (28). Addition of amylose V to the 
sucrose/GtfA-∆N incubation mixture also did not result in differences in the 
oligomer product profile. Unlike maltose, amylose V may be too large to act as 
acceptor substrate for sucrose/GtfA-∆N reaction. Addition of amylose V, 
however, may influence the formation of polysaccharides, resulting in formation 
of new α1→6 and α1→4 linkages at the non-reducing ends of the amylose V 
substrate. 

 

Fig. 4. HPAEC spectra of the products of GtfA-∆N (750 nM) incubated with 0.1 M 
sucrose or/and 0.25% (w/v) amylose V for 2 h at 37 °C and pH 4.7. The oligosaccharide 
structures were annotated as in Dobruchowska et al (28). 

GtfB is inactive on sucrose, but acts on amylose V, cleaving α1→4 linkages and 
making  α1→6 linkages, which also results in the formation of glucose and 
maltose (Fig. 5), as reported previously (23). In the presence of both sucrose and 
amylose V, GtfB-∆N uses sucrose as acceptor substrate and elongates it with one 
glucosyl unit, introducing either an α1→4 or α1→6 linkage (predominant), using 
amylose V as donor substrate. Almost no glucose was generated from both 
sucrose and amylose V, indicating that the (minor) hydrolysis activity of GtfB-
∆N was strongly suppressed.  
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Fig. 5. HPAEC analysis of the products of GtfB-∆N (150 nM) incubated with 0.1 M 
sucrose or/and 0.25% (w/v) amylose V for 2 h at 37 °C and pH 4.7. Peaks are annotated 
on the basis of retention times of known controls (28). 

In vitro reactions of GtfA-∆N plus GtfB-∆N with sucrose and/or amylose V 

The purified GtfA-∆N plus GtfB-∆N enzymes were incubated with sucrose, 
amylose V, or sucrose plus amylose V, to mimic the in vivo synthesis of EPS by 
L. reuteri 35-5 cells. When incubating both enzymes with the single substrates, 
similar product profiles were obtained as seen with the single enzymes (Fig. 6). 
Incubation of both enzymes with both substrates, however, resulted in clear 
differences. The amount of oligomers with an α1→6 linked non-reducing end 
(peaks 1, 4, and 5 in Fig. 6) increased compared to those derived from sucrose as 
sole substrate. 

In addition, several new products were formed (e.g. peaks I and II) (Fig. 6). Both 
fractions were found to contain compounds of a single DP (MALDI-TOF-MS 
analysis; DP6, data not shown). 
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Fig. 6. HPAEC analysis of the products of GtfA-∆N (750 nM) and GtfB-∆N (150 nM) 
incubated with 0.1 M sucrose or/and 0.25% (w/v) amylose V for 2 h at 37 °C and pH 4.7. 
The oligosaccharide structures were annotated as in Dobruchowska et al (28). Two novel 
peaks labelled I and II were annotated based on1D/2D NMR analysis (Fig. 7). 

NMR analysis of novel products synthesized by GtfA-∆N plus GtfB-∆N from 

sucrose plus amylose V 

The new products synthesized in vitro by GtfA-∆N plus GtfB-∆N from sucrose 
plus amylose V were analyzed by 1D and 2D NMR spectroscopy including 
TOCSY (150 ms). Starting from the anomeric signals of the residues g, f, A, B, E, 
J in the 2D TOCSY spectra (Fig. 7) all chemical shifts of the non-anomeric 
protons of differently substituted Glc residues could be assigned for two isomeric 
structures I and II (Table 2). Following the earlier developed structural-reporter-
group concept rules (46), the set of chemical shifts of residue A (H-1 track, δ 
5.380I/5.374II) was in agreement with an internal –(1→4)-α-D-Glcp-(1→4)- unit. 
Although the anomeric signals of B, E and J strongly overlap, the differences in 
chemical shifts of their non-anomeric protons could be deduced from the TOCSY 
built-up series of mixing times (20 ms, 60 ms, 80 ms, 150 ms). The TOCSY B H-
1 track (δ 4.961) showed the set of chemical shifts corresponding to the values 
found for internal –(1→4)-α-D-Glcp-(1→6)- unit; that of residue E (δ 
4.955I/4.947II) with a terminal α-D-Glcp-(1→6)- unit; that of residue J (δ 4.967I/II) 
with an internal –(1→6)-α-D-Glcp-(1→6)- unit (Table 2). Typical chemical shift 
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values for sucrose fragment (Glc, g; Fru, f) are δ 5.427, stemming from Glc g H-1, 
and δ 4.220, stemming from Fru f H-3 (28). The small differences in chemical 
shift between residue AI H-1 and AII H-1, are due to proximity of A to the 
sucrose fragment and/or terminal residue E. Additional assignments and 
confirmation of the assignments were obtained from ROESY cross-peaks and by 
correlating the 1H resonances to the corresponding 13C resonances in the HSQC 
spectra (data not shown). These two novel oligosaccharides (DP = 6) with 
internally or terminally consecutive α1→6 linkages are structurally different from 
all the reported oligosaccharides produced by the single GtfA or GtfB enzymes 
from their preferred substrates. 

In vitro incubations of GtfA-∆N and GtfB-∆N with sucrose plus amylose V 
clearly affected initial oligosaccharide synthesis (Figs. 4-7). This reflects the 
cross-activity of the cell-associated GtfA and GtfB enzymes in EPS formation in 
vivo, also resulting in modified product structures (Fig. 3).  

Fig. 7. 1D 1H NMR and TOCSY analysis of the DP6 compounds in peaks I and II (Fig. 6). 

 

Table 2. 1H chemical shiftsa (D2O, 300K) of linear oligomers (DP6) labelled as I and II in 
Figs. 6 and Fig. 7. 

Residue H-1a H-1b H-2 H-3 H-4 H-5 H-6a H-6b 
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g 
–(1→6)-α-D-Glcp- 

(1↔2)-β-D-Fruf 
5.427 - 3.57 3.74 3.53 4.05 3.68 - 

f 
-(1↔2)-β-D-Fruf 

3.66 3.66 - 4.22 4.05 3.89 3.84 3.77 

A 
–(1→6)-α-D-Glcp-

(1→4)- 
5.380I/5.374II - 3.59 3.67 3.49 3.93 3.73 3.97 

B 
–(1→4)-α-D-Glcp-

(1→6)- 
4.961I/II - 3.60 3.98 3.65 3.85 3.89 3.82 

E 
α-D-Glcp-(1→6)- 

4.955I/4.947II - 3.55 3.73 3.42
0 3.74 3.84 3.76 

J 
–(1→6)-α-D-Glcp-

(1→6)- 
4.967I/II - 3.58 3.70 3.50 3.89 3.75 3.98 

aIn ppm relative to the signal of internal acetone (δ 2.225 for 1H) 

Specificity of GtfB-∆N using GtfA-∆N products as acceptor substrates 

The possible use of GtfA-∆N products from sucrose as acceptor substrates for 
GtfB-∆N activity with amylose V was studied in more detail. Specific 
oligosaccharides produced by GtfA-∆N from sucrose were isolated as described 
by Dobruchowska et al. and incubated with GtfB-∆N in the presence or absence 
of amylose V as a donor substrate (28). As shown in Fig. 8a, a DP7 oligomer 
(product 1) with an α1→6 linked non-reducing end can serve as acceptor 
substrate for GtfB-∆N in the presence of amylose V as donor substrate, resulting 
in formation of larger products. When compared to another GtfA-∆N product 
(product 2, DP6) with an α1→4 linked non-reducing end, product 1 with α1→6 
linked non-reducing end is clearly preferred as acceptor substrate by GtfB-∆N 
incubated with amylose V (Fig. 8b). Product 1 is completely converted into a 
series of elongated products, while most of product 2 remains in the reaction. 
During polymer synthesis by GtfA-∆N from sucrose, GtfB-∆N thus is able to use 
the intermediate products with α1→6 linked non-reducing ends as acceptor 
substrates. 
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Fig. 8. HPAEC spectra of products of GtfB-∆N (150 nM) incubated with isolated GtfA-
∆N products in the presence or absence of amylose (0.25%, w/v) for 2 h at 37 °C and pH 
4.7. The structures of products 1 and 2 were annotated according to Dobruchowska et al 
(28). 

To further characterize the acceptor substrate specificity of GtfB-∆N, the 
transglycosylation factors (TF) with amylose V in the presence of absence of 
small acceptor substrates were determined (47-49). The preferred substrate for 
GtfA-∆N is sucrose, which serves as a strong acceptor substrate for GtfB-∆N, 
compared to glucose, maltose, and maltotriose. This is in accordance with the 
observation in Fig. 5. The TF for panose, a trisaccharide with an α1→6 linked 
non-reducing end, is higher than for maltotriose with an α1→4 linked non-
reducing end (see Table 3), proving that acceptor substrates with a α1→6 linked 
non-reducing ends are stronger acceptors than those with α1→4 linked non-
reducing ends.  

 

 

 

 

 

 



Chapter 5 
  

150 
 

Table 3. Amylose V (0.25%, w/v) degradation activity (total activity, measured using 
iodine staining assay) (33) and transglycosylation factors of the L. reuteri 121 GTFB-∆N 
(60 nM) enzyme incubated with amylose V in the presence of different acceptor 
substrates (10 mM). Experiments were carried out in duplicate and the average data is 
given. 

 Amylose V degradation 
rate (U/mg) Transglycosylation factorsa 

Without acceptor 
substrate 

2.8 1.0 

Maltoseb 7.3 2.6 

Sucrose 10.4 3.7 

Maltotrioseb 7.5 2.7 

Panose 24.7 8.8 

a The transglycosylation factor is defined as the ratio of amylose degradation rates in the 
presence/absence of an acceptor substrate. 
b The data refers to the paper published previously (33). 

Conclusions 
In this study we have demonstrated that L. reuteri 35-5 with both GS and 4,6-α-
GTase enzymes synthesizes a new type of EPS when grown with sucrose plus 
maltodextrins, compared to the EPS derived from either of the single carbon 
sources. Subsequent in vitro enzymatic reactions of GtfA-∆N plus GtfB-∆N with 
sucrose plus amylose V resulted in synthesis of new initial oligosaccharides with 
terminally and internally consecutive α1→6 linkages. These initially formed 
GtfA-∆N oligosaccharides are strong acceptor substrates for the GtfB-∆N enzyme 
when incubated with amylose V. This underpins the above observation that in 
vivo, GtfB/maltodextrins affect EPS synthesis by GtfA from sucrose. In the 
presence of starch plus sucrose, EPS synthesized by L. reuteri strain 35-5 cells 
resulted not only from the action of the GtfA and GtfB enzymes with their 
preferred substrates sucrose and maltodextrins, but also yielded a new type of 
EPS reflecting the cross-reactivity of both enzymes. EPS formation in the 
presence of sucrose plus starch thus may influence biofilm formation by 
lactobacilli in the oral cavity or gastrointestinal tract of mammals. Also the 
relationship between dietary intake of sucrose and starch, dental caries formation 
and degradability of EPS dietary fibers, are likely to be affected. 
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Abstract 
Dental caries is caused by oral bacteria adhering themselves to the tooth enamel, 
promoted by the formation of biofilms. A major constituent of biofilms are 
extracellular polysaccharides (EPS) synthesized by glucansucrase (GS) enzymes 
from sucrose (yielding α-glucans). Since sucrose is a relative recent addition to 
the human diet, the evolutionary origin of GS is intriguing and may help to 
understand the origin of caries. GS are classified in glycoside hydrolase family 70 
(GH70); it has been proposed that they evolved from GH13 α-amylases. If true, 
evolutionary events would have had to involve changes in reaction- and substrate 
specificity; however the details of such changes, and which factors would trigger 
them, are unclear. Interestingly, a GH70 subfamily with 4,6-α-glucanotransferase 
(4,6-α-GTase) activity “intermediate” of α-amylases and GS has been discovered. 
In this study we provide 3D structural, genomic and phylogenetic data supporting 
the evolution of α-amylases to GS via 4,6-α-GTases. The crystal structure of the 
4,6-α-GTase GtfB-ΔNΔV from Lactobacillus reuteri 121 reveals how the α-
amylase substrate binding scaffold is retained, but different enough to favor 
transglycosylation instead of degradation. It also explains how GS could have 
evolved further towards sucrose utilization instead of starch. In vivo, 4,6-α-GTase 
and GS gene products within the same Lactobacillus strain complement each 
other in EPS synthesis, depending on the available carbon source. We propose 
that the evolution of GS in oral bacteria was triggered by dietary changes, in 
order to expand the reaction specificity and fermentable substrate specificity. 
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Introduction 
Dental caries, a bacterial infection of the tooth enamel, poses a worldwide health 
problem (1, 2). It is caused by plaque-forming bacteria that ferment dietary 
carbohydrates in the oral cavity, and, by doing so, produce acids that dissolve 
calcium phosphate in the enamel. Adhesion of the oral bacteria to the tooth 
enamel is thought to be promoted by the formation of biofilms, which is 
facilitated by the synthesis of extracellular polysaccharides (EPS) (3-6). EPS are 
synthesized by glucansucrase (GS) enzymes, from sucrose (7-9), a widely 
accepted but relative recent addition to the human diet (yielding α-glucans). In 
this light, the evolutionary origin of GS from oral bacteria such as Lactobacillus 
and Streptococcus species, has raised interest, as it may help to understand the 
origin of dental caries. Notably, GS, belonging to the glycoside hydrolase family 
70 (GH70; www.cazy.org (10), share sequence homology with α-amylases of 
GH13, which are also widely distributed in oral bacteria. The core domains of GS 
and α-amylases have similar folds; however the GS have a circularly permuted 
(β/α)8 barrel in the catalytic domain, and contain auxiliary domains which are 
absent in α-amylases (11, 12). Moreover, oral α-amylases act on starch-derived 
oligosaccharides (OS) instead of sucrose. Thus, if GS have evolved from α-
amylases, a change in reaction type specificity (from substrate degradation to 
polymerization) and a change in substrate specificity (from starch to sucrose) 
would be two key evolutionary achievements. Vujičić-Žagar  et al. (12) proposed 
that intermediate/precursor enzymes attained circular permutation by duplication 
of a common ancestor α-amylase gene, and that auxiliary domains originate from 
insertion events; however, little is known about how GS evolved to be able to use 
sucrose for the synthesis of EPS, and which factors would drive such 
evolutionary pathways.  

Recently we identified 4,6-α-glucanotransferase enzymes (4,6-α-GTases) in 
Lactobacillus species. These enzymes belong to GH70 and share 45-50% 
sequence identity with GS, but phylogenetically clearly form a small subfamily, 
with notable differences occurring near the active site and in loop lengths (13, 14). 
Biochemical characterization of 4,6-α-GTases showed that in vitro they do not act 
on sucrose, but instead, like α-amylases, process starch-derived OS; on the other 
hand their product specificity does resemble the GS in that they synthesize α-
glucan oligo-/polysaccharides with a high degree of α1→6 linkages (13-17). 
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These 4,6-α-GTases thus have an activity with characteristics from both α-
amylases and GS. Whether this activity reflects the role of these enzymes in 
vivo,remains to be established.  

Here we provide 3D structural, genomic and phylogenetic data supporting an 
evolutionary pathway in which α-amylases evolved to GS via 4,6-α-GTase-like 
intermediates, with the latter two sharing a common ancestor closely related to 
subfamily 5 of GH13 α-amylases. The unique active site architecture of the 4,6-α-
glucanotransferase GtfB-ΔNΔV from L. reuteri 121 retains an α-amylase-like 
scaffold, with modifications that explain the preference for transglycosylation and 
synthesis of polymer products. The 4,6-α-GTase architecture is also different 
from that of GS and shows which structural changes in the latter are related to 
shifting towards sucrose utilization. In vivo, depending on the available 
carbohydrate source (starch-derived OS or sucrose), GS GtfA and 4,6-α-GTase 
GtfB of Lactobacillus reuteri strain 121 both synthesize α-glucans with α1→4 
and α1→6 linkages. We propose that oral bacteria such as Lactobacilli have 
evolved to expand their reaction specificity and fermentable substrate specificity, 
driven by changes in carbohydrate uptake in the oral cavity. 

Materials and Methods  

Cloning, truncation and site-directed mutagenesis, expression, purification 

and characterization 

The cloning, mutagenesis and truncation stratey of gtfB-ΔN and gtfB-ΔNΔV are 
described in SI text. Expression and purification of gtfB-ΔN was performed as 
described by Bai et al. (15); expression and purification of GtfB-ΔNΔV and its 
mutants followed a similar procedure with a modification as shown below. The 
single mutant Y1521A and double mutant W790A/W811A were constructed to 
study the possible role of aromatic stacking interactions of remote sugar binding 
sites; mutation T920W aimed at blocking donor subsites -2/-3 in the tunnel. 
Finally, mutants K1128A/N/H/W and Y1055G were constructed to investigate 
the importance of these residues near subsites -1/+1 and subsite +2, respectively.  

After His-tag affinity and anion exchange chromatography, the proteins were 
purified by gel filtration (Superdex 200 10/300 GL) in sodium acetate buffer (25 
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mM, pH 5.0, 150 mM NaCl, 1 mM CaCl2). Dynamic light scattering experiments 
of wild-type GtfB-ΔNΔV were performed on a Wyatt NanoStar (Wyatt 
Technology, Santa Barbara, US) at 293 K. 

Crystallization and soaking experiments  

Attempts to crystallize GtfB and GtfB-ΔN were unsuccessful. For GtfB-ΔNΔV, 
hanging drop vapour diffusion crystallization experiments were setup at 293 K 
using drops containing 1.5 μl of protein solution (4-5 mg/ml GtfB-ΔNΔV, 25 mM 
HAc/NaAc buffer, pH 5.0, 0.15 M NaCl, 1 mM CaCl2) mixed with 1.5 μl 
precipitant solution (17-20% (w/v) PEG 3350, 0.1 M (NH4)2SO4, 0.1 M NaCl) 
equilibrated against 0.5 ml of precipitant solution. To avoid excessive nucleation, 
a microseeding protocol was used in which 0.3 μl of diluted seed stock was 
introduced to hanging drops containing 1.5 μl of protein solution (as above) 
mixed with 1.5 μl of a solution containing 31% (w/v) PEG 3350, 0.1 M 
(NH4)2SO4, 0.1 M NaCl). Crystals of GtfB-ΔNΔV and its mutants tended to grow 
in clusters, and were cryoprotected in stabilizing solution containing 35% (w/v) 
PEG 3350, 0.1 M (NH4)2SO4, 25 mM BisTris-HCl buffer pH 5.5, 25 mM 
HAc/NaAc buffer pH 5.0, 1 mM CaCl2 (supplemented with 10% (v/v) glycerol 
for the wild-type apo data set). For soaking experiments, wild-type GtfB-ΔNΔV 
crystals were soaked in stabilizing solution supplemented with 50 mM 
maltohexaoxe (4-10 minutes); GtfB-ΔNΔV D1015N crystals were soaked in 
stabilizing solution supplemented with 100 mM maltopentaose (8 min). 

Data collection 

Data sets for wild-type apo and D1015N/maltopentaose were collected at the 
European Synchrotron Radiation Facility (ESRF) at beamlines ID29 and ID23-1, 
respectively, at 100 K; details and processing statistics are given in Table S4. All 
data sets were processed with XDS (18) and AIMLESS (19). Crystals of GtfB-
ΔNΔV and its mutants belong to space group C 2 and tended to show high 
mosaicity. 

Structure determination 

The structure of GtfB-ΔNΔV was determined by molecular replacement using 
PHASER (20), using domains A, B, C and IV of the crystal structure of L. reuteri 
180 Gtf180-ΔN (PDB 3KLK) (12) as a search model. The asymmetric unit 
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contained two molecules of GtfB-ΔNΔV (Fig. 1A). Rigid-body and restrained 
refinement was performed using REFMAC5 (21) within the CCP4 package (22). 
Cycles of restrained refinement were alternated with manual building in COOT 
(23); non-crystallographic symmetry (NCS) restraints were used throughout 
refinement. The last 11 or 10 C-terminal residues (including the His6-tag) were 
not visible in electron density. Carbohydrate ligands were included only in the 
last stages of refinement; when the ligands had comparable binding modes in 
both protein molecules, we only described the situation for protein chain A. Final 
models were validated using MolProbity (24). PDBeFold (25) was used to 
analyze structural homology to other GH13 and GH70 enzymes. Structure figures 
were prepared with PyMOL (Schrödinger, LLC).  

Enzymatic assays 

Enzyme activities of wild-type GtfB-ΔNΔV and mutants derived were measured 
based on an assay developed by Bai et al. (15). Final products were analyzed by 
TLC, 1H NMR and HPAEC. Reaction of GtfB-ΔN (and maltase) with a blocked 
substrate (BPNPG7) was done to investigate the endo-specificity of GtfB-ΔNΔV. 
Details of the reactions and the respective product analysis are given in SI text.  

Modeling and docking 

Structural superpositions between GtfB-ΔNΔV and related enzymes were done in 
PyMOL by fitting the Cα and Cβ atoms of the corresponding three catalytic 
residues. The following glucansucrase structures were used: Lactobacillus reuteri 
180 Gtf180-ΔN complexed with sucrose or with maltose (PDBs: 3HZ3 and 3KLL) 
(12); Lactobacillus reuteri 121 GtfA-ΔN (PDB: 4AYG) (26); Streptococcus 
mutans Gtf-SI (PDB: 3AIE) (27). The structure of Bacillus halmapalus α-
amylase complexed with a pseudononasaccharide (PDB: 2GJP) (28) and B. 
subtilis α-amylase E208Q complexed with maltopentaose (PDB 1BAG) (29) 
served as models for α-amylases.  

The structure of the Bacillus subtilis α-amylase maltopentaose complex (PDB 
1BAG) (29) served as a template to model donor substrate binding, to extend the 
donor substrate observed in the GtfB-ΔNΔV - G5 complex towards acceptor 
subsites. The structure of Bacillus circulans strain 251 CGTase covalent 
glucosyl-enzyme intermediate (PDB: 1CXL) (36) was used to construct a model 
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of the glucosyl-enzyme intermediate in GtfB-ΔNΔV. Subsequently, a model for 
binding of the acceptor substrate panose (O-α-D-glucopyranosyl-(1,6)-O-α-D-
glucopyranosyl-(1,4)-D-glucose) was constructed by placing the trisaccharide in 
subsites +1 to +3, guided by hydrogen bond interactions and available docking 
space. Further details of modeling procedures are given in SI text. 

Genomic mapping of glucansucrase and 4,6-α-glucanotransferase 

The locations of the genes encoding glucansucrase and 4,6-α-glucanotransferase 
proteins from Lactobacillus reuteri strains were obtained based on the graphics 
data in NCBI database. 

Sequence alignments and phylogenetic analyses 

MUSCLE (30) was used to align the amino acid sequences of full-length 
glucansucrases and 4,6-α-glucanotransferases, and included 4,6-α-
glucanotransferases GtfB of Lactobacillus reuteri 121 (Uniprot entry Q5SBM0), 
GtfML4 of Lactobacillus reuteri ML1 (Q5SBN1), GtfW of L. reuteri DSM 
20016 (A5VL73), and glucansucrases Gtf180 L. reuteri 180 (Q5SBN3), GtfA of 
L. reuteri 121 (Q5SBL9), GtfO of L. reuteri ATCC 55730 (Q4JLC7), GtfML1 of 
L. reuteri ML1 (Q5SBN0), Gtf-SI of Streptococcus mutans ATCC 700610 
(P13470) and DSRE of Leuconostoc mesenteroides NRRL B-1299 (Q8G9Q2). 
The α-amylases of Bacillus licheniformis (P06278), B. halmapalus (O82839), 
Geobacillus stearothermophilus (P06279) and B. subtilis (P00691) were aligned 
separately. Alignment of homology loops A1, A2 and B was done using ESPript 
(31), adapted by structural superposition of the 4,6-α-glucanotransferase GtfB-
ΔNΔV (this study), the glucansucrase Gtf180-ΔN (PDB 3KLK) (12) and the α-
amylase from Bacillus licheniformis (PDB 1BLI) (32). 

Following alignment of all characterized 4,6-α-GTases and GS, a phylogenetic 
was performed by the maximum likelihood method using MEGA version 6 (33). 

A second phylogenetic analysis included all bacterial GH13 and GH70 enzymes; 
for the GH70 enzymes, domains A and B were first rearranged to ‘correct’ for the 
circular permutation of the (β/α)8 barrel (BNAN···ACBC→ACBCBNAN, where the 
subscript denotes either the N- or C-terminal segment). The rearranged GH70 
sequences were then added to the alignment of all characterized GH13 members 
classified into subfamilies, followed by phylogenetic analysis. 
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Homologues of full-length GtfB were searched using Protein-BLAST in the 
NCBI (http://www.ncbi.nlm.nih.gov) and UniProtKB (http://www.uniprot.org) 
databases. 

In vivo experiments  

Growth conditions of plate-grown Lactobacillus reuteri 35-5 are described in SI 
text. The extracellular polysaccharides (EPS) produced on agar plates were 
extracted and analyzed by monosaccharide analysis using HPAEC, size 
determination using SEC, and linkage determination using NMR. Details of the 
procedures are described in SI text. 

Results 

Overall structure  

The 4,6-α-glucanotransferase GtfB from L. reuteri 121 could only be successfully 
crystallized after deletion of the N-terminal domain and domain V. The 1.80 Å 
resolution crystal structure of the resulting construct (GtfB-ΔNΔV, residues Met-
762-1619-His6) shows the presence of four domains (A, B, C and IV; Fig. 1A). In 
the asymmetric unit, the two molecules can be superimposed almost perfectly 
with an r.m.s.d. of 0.27 Å; most of the crystal contacts between them are made by 
domains C, A and B lying adjacent to each other in opposite directions. In 
solution, the estimated molecular mass of 85 kDa observed in dynamic light 
scattering experiments suggests that GtfB-ΔNΔV is monomeric. The core 
domains A (catalytic), B and C of GtfB-ΔNΔV are also found in GH13 α-
amylases, while the auxiliary domain IV is only found in GH70 glucansucrases. 
The other auxiliary domains V and N of L. reuteri 121 GtfB precede domain IV 
and likely extend away from the rest of the protein. Like in glucansucrases, the 
polypeptide chain follows a “U-course” forming first the N-terminal halves of 
domains IV, B and A, then domain C, and then the C-terminal halves of domains 
A, B and IV (Fig. 1A). In the catalytic domain A, the (β/α)8 barrel is circularly 
permuted as in other GH70 enzymes; this permutation leads to a different order of 
the four homology regions (II-III-IV-I) than in GH13 α-amylases but keeps their 
relative spatial positioning. At the interface of domains A and B, a deep pocket is 
observed which is surrounded by residues strictly conserved in GH13 and GH70 
enzymes, including the proposed catalytic residues (see below). By homology, 



Chapter 6 

165 
 

this pocket would harbor subsites -1 and +1 (nomenclature according to 
Davies_1997) (34) where catalysis takes place. 

 
Fig. 1. (A) Overall structure of GtfB-ΔNΔV showing the two molecules in the 
asymmetric unit. From the N-terminal residue (Nt) the polypeptide forms the N-terminal 
segments of domains IV (yellow), B (green) and A (blue), then domain C (purple) and the 
C-terminal segments of domains A, B and IV towards the C-terminal residue (Ct). The 
location of the catalytic site at the interface of domains A and B is indicated. (B) Loop 
arrangement around the active site of GH13 α-amylases (left), 4,6-α-glucanotransferases 
(middle) and GH70 glucansucrases (right), at the border of the catalytic domain A (blue) 
and domain B (green), looking down the (β/α)8 barrel. In this view, acceptor substrate 
subsites are positioned left of the catalytic residues (shown in stick representation), and 
donor substrate subsites to their right. Loop A2 (red) is conserved in all three enzyme 
classes, but only in glucansucrases it forms a wall adjacent to the active site. Loop A1 
(purple) and loop B (brown) are present only in 4,6-α-glucanotransferases and 
glucansucrases, but they are longer in the former, where they form a flap covering the 
space adjacent to the active site, forming a tunnel. In glucansucrases these two loops are 
shorter and leave the active site surrounding much more open. Structures used are 
Bacillus licheniformis α-amylase (PDB 1BLI) (32), Lactobacillus reuteri 121 GtfB-
ΔNΔV (this work) and Lactobacillus reuteri 180 Gtf180-ΔN (PDB 3KLK) (12). 
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Active site architecture – comparison with α-amylases and glucansucrases 

GtfB-ΔNΔV shows structural homology with both GH13 α-amylases and GH70 
glucansucrases, with differences in the arrangement of loops around the active 
site (Fig. 1B). Regarding α-amylases, the structurally closest homologue of GtfB-
ΔNΔV is the α-amylase from B. licheniformis (PDB 1BLI (32)); superposition of 
domains A+B results in an r.m.s.d. of 2.10 Å. Although in GtfB-ΔNΔV the (β/α)8 
barrel is circularly permuted and domain IV (together with other auxiliary 
domains) is inserted into domain B, a long groove similar to α-amylases resides at 
the interface of domains A and B. This groove bends at the position of the deep 
pocket; differences are mainly found in the loops surrounding this groove. First, 
GtfB-ΔNΔV has an extra helix-loop-helix subdomain between strand β4 and 
helix α5 of the domain A (β/α)8 barrel; the loop connecting the helices (residues 
1139-1151 in GtfB-ΔNΔV, hereafer referred to as “loop A1”) forms a large 
protrusion towards domain B, which is absent in α-amylases. Second, a long loop 
connecting the N-terminal segments of domains IV and B (residues 905-924, 
“loop B”) folds over the groove to contact the first helix of the helix-loop-helix 
subdomain with its tip (residues 917-918); notably, this loop has no equivalent in 
α-amylases. Third, the loop connecting strand β7 and helix α8 of the (β/α)8 barrel 
(“loop A2”, residues 1430-1440), is slightly longer than in α-amylases and takes a 
different course, creating a slight protrusion adjacent to loop A1. 

Comparison with the structurally closest glucansucrase homologue of GtfB-
ΔNΔV, Gtf180-ΔN (from L. reuteri 180, PDB 3KLK) (12), shows that domains 
A+B can be superimposed with an r.m.s.d. of 0.84 Å; thus their overall structure 
is very similar (more so than for α-amylases). Nevertheless, differences between 
GtfB-ΔNΔV and Gtf180-ΔN are again observed in the three loops described 
before. Notably, loops A1 and loop B are longer in GtfB-ΔNΔV than in Gtf180-
ΔN; together with a 20-30o rotation of the helix-loop-helix subdomain, this results 
in a much less open arrangement near the active site with respect to GS. In 
addition, loop A2 is 5 residues shorter in GtfB-ΔNΔV than in GS and therefore 
protrudes less from the protein surface. 

Together, the above mentioned structural features of GtfB-ΔNΔV result in a 
unique active site architecture. While the “base” of the long α-amylase like 
groove is maintained, its different loop arrangement creates a tunnel which is 



Chapter 6 

167 
 

covered by loops A1 and B, and lined by loop A2. Superposition with α-amylases 
indicates that the tunnel would harbor donor subsites -2 and -3 (see also below). 
In contrast to the situation in GS, access to these donor subsites is not restricted, 
because of a shorter loop A2. Sequence alignment of the regions containing loops 
A1, A2 and B (Fig. S2B) shows that other 4,6-α-GTases likely have the same 
unique loop arrangement. 

At the amino acid residue level, six of the seven strictly conserved GH13 residues 
surrounding subsites -1 and +1 also found in GtfB-ΔNΔV (the three proposed 
catalytic residues D1015, E1053 and D1125 plus residues R1013, H1124 and 
D1479); the seventh one is replaced by a glutamine residue (Q1484) like in 
glucansucrases (Fig. 2A and S1A). The arrangement of residues around subsites -
1 and +1 thus is very similar to both that of GH13 α-amylases and GH70 GS, but 
also reveals a few differences, mainly near subsite +1. First, a tyrosine residue 
(Y1055) replaces the tryptophan residue found in almost all GS (and α-amylases); 
furthermore, the region Q1126-R1127-K1128-N1129 following the transition 
state stabilizing residue (D1125) is different from bothcorresponding regions in 
GS and in α-amylases (Figs. S1 and S2). 

Soaking experiments and modeling 

We performed several soaking experiments using either crystals of the wild-type 
enzyme or of the inactive mutant D1015N, and a range of glucooligosaccharides 
(DP2-DP7) with different α1→4 and/or α1→6 linkage patterns, as well as 
acarbose. Ligand electron density was only observed in donor subsites, with the 
reducing end glucosyl unit always occupying subsite -1 or -2. The donor subsites 
are bordered by several loops (from domain A and B) which, with respect to the 
apo structure, did not show large movements upon ligand binding (positional 
differences <0.5 Å). In contrast to donor subsites, acceptor subsites (+1, +2 etc.) 
never revealed enough electron density to model a bound carbohydrate. Although 
it seems that there is enough space for a maltooligosaccharide chain to occupy 
acceptor subsites, we noticed that access to these sites may be hindered by 
symmetry-related neighbouring protein molecules. Below, the soaking 
experiments with maltopentaose and maltohexaose are described. 
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 (A) 

 (B)    (C) 

Fig. 2. Active site of 4,6-α-glucanotransferase L. reuteri 121 GtfB-ΔNΔV; molecule A of 
the asymmetric unit is shown with domains A, B and IV in blue, green and yellow, 
resepctively. (A) Apo GtfB-ΔNΔV showing residues surrounding the cleavage site; 
catalytic residues are labeled in bold. A glycerol molecule bound in the active site is 
shown with yellow carbon atoms. Dashed black lines indicate the tunnel structure. (B) 
Structure of the GtfB-ΔNΔV D1015N - maltopentaose complex with the pentasaccharide 
bound in subsites -1 to -5, and a maltose near remote subsite I (W790/W811 in domain IV) 
in the extension of the donor binding groove. The catalytic residues are indicated. (C) 
Structure of GtfB-ΔNΔV soaked with maltohexaose; the transglycosylation 
pentasaccharide product (64-α-D-glucosyl-maltotetraose) bound in subsites -2 to -6 has an 
α1→6 linked glucosyl unit at the non-reducing end (indicated by the asterisk). 

Soaking of maltopentaose (G5) in crystals of the inactive mutant GtfB-ΔNΔV 
D1015N revealed the pentasaccharide bound in subsites -1 to -5 in both 
molecules of the asymmetric unit (Figs. 2B and S1B). Comparison with ligand-
bound α-amylase structures such as those from B. halmapalus (PDB: 2GJP) (28) 
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and B. licheniformis (PDB: 1BAG) (32) shows that G5 has a similar helical 
binding mode in GtfB-ΔNΔV. Notably, subsites -2 and -3 are shielded from the 
solvent by loops A1 and B. Most of the ligand-protein interactions are observed 
in subsites -1, -2 and -3; in particular, the reducing end glucosyl unit bound in 
subsite -1 has numerous hydrogen bond interactions with the conserved 
GH13/GH70 residues. In other donor subsites, residues from loops A1 and A2 
(subsites -2, -3) and from loops in domain B (subsites -4, -5) provide most of the 
direct or water-mediated hydrogen bond interactions to the bound substrate. 

In wild-type GtfB-ΔNΔV crystals soaked with maltohexaose (G6) we observed 
electron density for an isomalto/maltooligosaccharide occupying subsites -2 to -6 
(Figs. 2C and S1C), adopting a similar conformation as G5. Interestingly, the 
non-reducing end glucosyl unit of the oligosaccharide bound in subsite -6 is 
α1→6-linked; it has a stacking interaction with Y1521, a residue which is 
conserved in all putative 4,6-α-GTases. In subsite -1, remaining positive electron 
density was visible, but not enough to convincingly model a complete glucosyl 
unit.  

The soaking experiment with G5 revealed three more binding sites for 
carbohydrates. The first remote site is formed by two tryptophan residues in 
domain IV (W790 and W811) whose aromatic side chains form a hydrophobic 
stacking platform for the placed disaccharide maltose (Fig. 2B); remaining 
positive electron density suggested that the actual bound ligand is longer but too 
flexible to be fully observable. The bound maltose mostly stacks with W811 and 
lies more or less in the extension of the donor tunnel at a distance of about 16 Å 
from subsite -6, corresponding to 2 or 3 glucosyl units. Notably, the tryptophan 
pair is unique to and conserved in 4,6-α-GTases; in most GS only one of the two 
tryptophan residues is conserved, while α-amylases lack both due to the absence 
of domain IV. Two more remote sites reside in domain A, near the loop 
connecting β6 to α7 and the loop connecting β7 to α8, and near helices α2 and α3; 
the maltose and a maltotriose ligand placed in electron density respectively only 
make few interactions with protein residues. Since the mentioned secondary 
structure elements are either non-conserved or semi-conserved in α-amylases and 
glucansucrases, these remote sites were not considered further.  
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Modeling 

We modeled donor substrate binding across the cleavage site by superposition 
with the maltopentaose bound in subsites -3 to +2 in B. subtilis α-amylase (PDB 
1BAG) (35). Only minor adjustments of the glycosidic torsion angles were 
needed to model the glucosyl moieties in positive subsites (+1 and +2) without 
clashes in GtfB-ΔNΔV (Fig. 3A). Thus, maltooligosaccharides likely can bind in 
GtfB-ΔNΔV in a similar way as observed in α-amylases. Residues that may 
interact with sugar units at subsites +1 and +2 are N1019, E1053 (the catalytic 
acid/base), H1056, and possibly K1128. Hydrophobic interactions may be 
provided by Y1055 and L971. We also modeled acceptor binding by first 
constructing a model for a covalent glucosyl-enzyme intermediate at residue 
D1015, based on the experimentally observed structure of a CGTase covalent 
intermediate (36). In agreement with their high conservation of residues 
surrounding subsite -1, the GtfB-ΔNΔV covalent intermediate model is very 
similar. The model for panose (O-α-D-glucopyranosyl-(1,6)-O-α-D-
glucopyranosyl-(1,4)-D-glucose) bound in this covalent glucosyl-enzyme 
intermediate model of GtfB shows the trisaccharide in subsites +1 to +3, with the 
non-reducing end glucosyl unit at subsite +1 in a productive orientation that is 
different from the donor substrate model. Residues possibly involved in hydrogen 
bond interactions at subsites +1 and +2 include N1019, E1053 (the catalytic 
acid/base), H1056, N1126 and Y1079 while residues Y1055 and L971 may have 
hydrophobic interactions. The glucosyl moiety at subsite +3 would be only 
loosely bound. 

Reaction specificity 

To test for endolytic activity, GtfB-ΔN was incubated with a blocked 4-
nitrophenyl-α-maltoheptaoside substrate (BPNPG7) in the presence of a maltase. 
This resulted in the release of p-nitrophenol as indicated by an increase in 405 nm 
absorption. In contrast, incubation with α-glucosidase alone did not result in such 
an increase (Fig. S3). 
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(A) (B)    

(C)     

Fig. 3. (A) Model for donor substrate binding across the cleavage site: maltoheptaose 
(yellow carbon atoms) bound in subsites -5 to +2, based on the maltopentaose-bound 
crystal structure. Putative hydrogen bond interactions with the sugar units in subsites -1, 
+1 and +2 are indicated as red dashed lines; residue Y1055 may provide a hydrophobic 
stacking interactions at subsite +2. At the reducing end (indicated by an asterisk), there is 
space for longer donor substrates. (B) View (from a different angle) of the model for 
acceptor substrate binding; panose (yellow carbon atoms) is bound in subsites +1 to +3 of 
the covalent glucosyl-enzyme intermediate model of GtfB-ΔNΔV (cyan carbon atoms). In 
this orientation, the O6 atom of the non-reducing end glucosyl unit of panose can attack 
the C1 atom of the covalent intermediate (indicated by the arrow) to form an α1→6 
glycosidic linkage. (C) Proposed reaction pathways of 4,6-α-GTases. R = reducing end, 
NR = non-reducing end; four of the six donor subsites are indicated, of which subsites -2 
and -3 are in the tunnel. Newly formed bonds are indicated in red. In (a), donor binding 
involves a single subsite, or multiple ones (grey units); after the first transglycosylation 
step, the product can either diffuse away to give products of type 1 or 2, or shift into the 
tunnel  to undergo a next reaction cycle (b), eventually giving products of type 3 or 4. 
Products of type 2 and 4 can become acceptors for subsequent reaction cycles. Eventually, 
most of the products will have isomaltooligosaccharide segments at their non-reducing 
end are obtained (5). 
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Genomic analysis 

Fig. S8 shows the genomic location mapping of fully or partially sequenced 4,6-
α-glucanotransferases in their host bacteria. Using the L. reuteri 121 GtfB 
sequence as query to search the NCBI database, 28 putative 4,6-α-GTases 
(identity >50%) were identified almost exclusively in Lactobacillus strains. 

In several Lactobacillus strains, the 4,6-α-GTase gene coexists with a GS gene in 
the same genome. Moreover, downstream or upstream of the 4,6-α-GTase or GS 
gene, transposase encoding genes were observed. Especially for 4,6-α-GTase 
genes, almost all are accompanied by a transposase encoding gene on either or 
both sides. 

Phylogenetic analysis 

A phylogenetic tree using the full-length sequences of characterized GH70 
enzymes (Fig. S9), including 4,6-α-GTases as well as GS, reveals that GS from 
Lactobacilli are homologous to those from Streptococcus, Leuconostoc and 
Weisella species. Notably, the characterized 4,6-α-GTases from L. reuteri strains 
are more homologous to their GS counterparts (in the same organism) than to the 
GS from other species. This is supported by the results from a Protein-BLAST 
search of the NCBI database using the L. reuteri 121 GtfB sequence; e.g. the 
highest homology scores are obtained for the glucansucrase GtfA from the same 
strain rather than for GS from other strains (data not shown; similar results were 
obtained in a vice versa analysis using the L. reuteri 121 GtfA sequence). The 
phylogenetic tree also suggests that L. reuteri 4,6-α-GTase and GS genes 
originated from a common ancestor gene. 

A phylogenetic analysis using the catalytic cores (domains A and B) of bacterial 
GH13 enzymes, shows the clustering of homologues sequences into different 
subfamilies of GH13, in accordance with their different reaction specificities (Fig. 
S10). Including the rearranged catalytic cores (B-A-(C)-A-B→A-B-A) of GH70 
GS and 4,6-α-GTase enzymes in this analysis reveals that these two 
functionalities have a common ancestor, which is closely related to 
maltooligosaccharide-processing α-amylases from GH13 subfamily 5, but 
phylogenetically much more distant from members of GH13 subfamilies 4 and 18 
active on sucrose. 
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DISCUSSION 

Unique structural features of GtfB-ΔNΔV 

The crystal structure of GtfB-ΔNΔV is the first representative of the 4,6-α-
glucanotransferase (4,6-α-GTase) subfamily within GH70. As expected from 
sequence alignments, the overall domain order and arrangement of GtfB-ΔNΔV 
resembles that of the GH70 glucansucrases (GS), with a circular permutation of 
the (βα)8 barrel in the catalytic domain, and a similar spatial arrangement of the 
catalytic triad (residues D1015, E1053 and D1125). Surprisingly however, while 
in GS sugar binding subsites beyond -1 are blocked by the loop connecting β7 
and α8 (12), in GtfB-ΔNΔV this loop is shorter, uncovering multiple donor 
subsites much like in GH13 α-amylases (37), while subsites -2 and -3 are 
occluded from the solvent by two long loops from domain A and B. Together the 
three loops, which seem to be specific for 4,6-α-GTase, create a tunnel-like 
structure capable of holding  maltooligosaccharides, as exemplified by the 
structures of the complexes with maltopentaose and with 64-α-D-glucosyl-
maltotetraose. Thus, 4,6-α-GTases structurally have characteristics both from 
GH70 glucansucrases as well as from GH13 α-amylases.  

Mechanism and mode of action of 4,6-α-GTases 

Knowledge of the GtfB-ΔNΔV crystal structure and its complexes combined with 
the results of blocked substrate and acceptor reactions prompt us to propose an 
extended reaction scheme with a second mode of action (Fig. 3C). Notably, while 
the reaction scheme proposed by Leemhuis et al. (14) described an exo-α1→4 
glycosidase activity and a concomitant transfer of single glucosyl units, we 
propose an additional endo-α1→4 glycosidase activity with transfer of multiple 
glucosyl units, supported by the finding of the ‘donor tunnel’ with subsites and by 
the observed release of 4-nitrophenol from BPNPG7. The extended scheme better 
explains the observed substrate and product specificity of GtfB and other 4,6-α-
GTases (17).  

The first step in the 4,6-α-GTase reaction is donor substrate binding across the 
cleavage site; modeling a maltooligosaccharide in GtfB by superposition with an 
α-amylase showed that the binding modes likely are very similar (Fig. 3A) such 
that maltooligosaccharides can enter the tunnel and occupy multiple donor 
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subsites, thus contributing to the shared substrate specificity between 4,6-α-
GTases and α-amylases. On the other hand, differences in some of the residues 
surrounding subsite +1 between 4,6-α-GTases and GS (Fig. S1A) may explain 
why 4,6-α-GTases do not use sucrose as donor substrate like glucansucrases. For 
example, in the Gtf180-ΔN - sucrose complex, a conserved tryptophan (W1065) 
and a conserved glutamine (Q1140) residue provide direct hydrogen bonds to the 
fructosyl moiety of the substrate in subsite +1. Instead, at the equivalent positions, 
GtfB-ΔNΔV and other 4,6-α-GTases have a tyrosine (Y1055), unable to provide 
an equivalent hydrogen bond, and a lysine (K1128), exchanging a positively 
charged side chain by a neutral one. Moreover, differences in residues of loops 
from domain B that line the active site result in a somewhat wider pocket in 
GtfB-ΔNΔV. Together, although there is space for sucrose to bind (not shown), 
the shape and properties of subsite +1 likely result in a too low affinity for 
sucrose to be a substrate. Instead, maltooligosaccharides are the preferred donor 
substrates, and the fact that our soaking experiments did not reveal occupied 
acceptor subsites but only occupied donor subsites suggests that the latter have a 
higher affinity. Combined with the observation of endoglycolytic activity of 
GtfB-ΔN with BPNPG7 (Fig. S3), we conclude that donor substrate binding can 
involve multiple donor subsites (Fig. 3C, grey squares). After donor substrate 
binding, cleavage of the α1→4 glycosidic bond and formation of the covalent 
intermediate occurs in the same way as in α-amylases, yielding covalent glucosyl- 
but also oligoglucosyl-enzyme intermediates. Thus, endolytic cleavage is a 
significant activity of GtfB. Regarding the transglycosylation step, linkage type 
specificity must originate from residues forming acceptor subsites. For example, 
in the glucansucrase Gtf180-ΔN - maltose complex (12), resembling α1→6 
specificity, residues providing hydrogen bonds to the acceptor are mainly from 
homology regions II, III and IV (domain A); the importance of these residues in 
linkage specificity has been shown in several mutation studies (38-40). To 
investigate acceptor binding in GtfB-ΔNΔV (Fig. 3B), we used panose because it 
is a better acceptor than maltotriose or isomaltotriose. The modeling results show 
that this trisaccharide can indeed bind in a productive orientation in subsites +1 to 
+3 for the formation of an α1→6 glycosidic linkage. Residues E1053 (homology 
region III, the catalytic base) and N1019 (homology region II, known to affect 
transglycosylation) seem critical for the orientation of the glucosyl unit in subsite 
+1, while other residues (N1129 from homology region IV, and Y1079) may help 
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orient the acceptor in subsites +2 and +3. Residue Y1055 (conserved in 4,6-α-
GTases) may provide a non-specific hydrophobic stacking platform for acceptors 
at subsite +2, similar to the corresponding tryptophan in glucansucrases; the loss 
of activity (especially transglycosylation) in mutant Y1055G supports this 
hypothesis. The partially occluded active site of 4,6-α-GTases explains why these 
enzymes are less hydrolytic than α-amylases with a fully accessible binding 
groove. Finally, the presence of the tunnel-forming loops A1 and B near the 
cleavage/transglycosylation site prevents the 4,6-α-GTases to cleave or form 
branched oligosaccharide products, as opposed to glucansucrases.  

After transglycosylation, in the initially proposed mechanism, products having a 
(single) α1→6 linked glucosyl unit bond at the non-reducing end would diffuse 
out of the active site via the acceptor side (Fig. 4, panel a). Based on the obtained 
crystal structures and observed reaction specificity of GtfB-ΔN(ΔV), we propose 
that such products alternatively can shift into the tunnel by one or more positions, 
and become donor substrates for the next reaction cycle (Fig. 4, panel B). 
Evidence for this comes from the pentasaccharide bound in subsites -2 to -6 
observed in the G6 soaking experiment with active GtfB-ΔNΔV, representing a 
transglycosylation product with an α1→6 linked glucosyl unit at the non-reducing 
end, shifted by 5 positions, showing that movement of transglycosylation 
products in the donor direction is possible. Accordingly, mixed isomalto-
/maltooligosaccharides, also representing transglycosylation products, are 
processed by GtfB-ΔN (Fig. S4); this suggests they occupy multiple donor 
subsites and can be cleaved in an endolytic fashion. The observation of bound 
saccharides at remote site I (W790/W811) in almost all our soaking experiments 
with other malto- and isomaltooligosaccharides (data not shown) leads us to 
speculate that hydrophobic stacking interactions at about 16 Å distance from 
donor subsite -6 provide extra affinity in the extension of the donor groove/tunnel. 
At subsite -6, residue Y1521 plays a similar role. The fact that mutants 
W790A/W811A and Y1521 have only a partly reduced enzyme activity (Table 
S2) suggests that affinity at remote donor subsites is functional but not essential 
(for transglycosylation). The importance of the tunnel for transglycosylation is 
further supported by the observation that mutant T920W has a heavily impaired 
transglycosylation activity, likely because the large aromatic side chain blocks its 
access. Finally, the tunnel feature explains why GtfB-ΔN selectively modifies 
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unbranched segments of starch while leaving the core structure intact. This 
specificity provides interesting opportunities for the industrial application of 4,6-
α-GTase enzymes in starch-processing.  

Genomic and phylogenetic analysis of 4,6-α-GTase genes 

The occurrence of homologous genes in a species is believed to be the result of 
either horizontal gene transfer (orthologs) or gene duplication (paralogs). During 
evolution, such events are proposed to be driven by changes in habitat such as the 
availability of fermentable enzyme substrates (41). Upon orthologous or 
paralogous acquisition, the genes may be partly modified to adapt to the new 
environment, and afterwards may further evolve independently (42, 43). Earlier 
studies showed evidence that both horizontal gene transfer and gene duplication 
events have occurred for GH70 glucansucrases (GS) of oral Streptococcus and 
Leuconostoc species (29, 44, 45). The results of our genomic and phylogenetic 
analysis suggest that the same phenomena are involved in the evolution of 4,6-α-
GTase genes in Lactobacilli. First, in most of the Lactobacillus species, the 4,6-α-
GTase gene is flanked by a transposase gene on either or both sides (Fig. S8), as 
was observed earlier for several of their GS genes (8). Transposases are involved 
in horizontal gene transfer, and have been associated with intra- and interspecies 
genomic variation of oral bacteria such as Streptococci (46, 47). Interestingly, 
Hoshino et al. (41) stated that GS genes from Streptococci were acquired from 
Lactobacilli via transposase-mediated gene transfer, when these species 
encountered each other in fermented food. Thus, the presence of 4,6-α-GTase-
adjacent transposase genes suggests that also 4,6-α-GTase genes may have 
undergone horizontal gene transfer during their evolution from one species to 
another. Second, we observed tandem-arranged GH70 genes encoding a 4,6-α-
GTase and a GS in several of the Lactobacillus strains (Fig. S8); their high 
sequence and length similarity clearly suggest they are the result of gene 
duplications. This is further supported by the fact that nearby the 4,6-α-GTase / 
GS gene pairs, transposases genes are found which mediate gene duplication. 
Indeed, tandem GH70 genes are found in many bacteria, suggesting they readily 
duplicate. Together, we conclude that the evolution of 4,6-α-GTase and GS genes 
in lactic acid bacteria involved both horizontal gene transfer and gene duplication, 
leading to two closely related subfamilies with different reaction specificities.  
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The high sequence similarity between 4,6-α-GTase and GS gene pairs within a 
genome also is reflected in the results of a phylogenetic analysis of GH70 
enzymes in lactic acid bacteria (Fig. S9). Earlier phylogenetic studies only 
included the conserved catalytic regions (13, 41) and suggested that the 4,6-α-
GTase cluster constitutes a separate subfamily independent of glucansucrases. In 
contrast, our analysis of the full-length genes shows that 4,6-α-GTase genes are 
closely related to their GS tandem counterpart, more than to GS genes from other 
species. Moreover, in accordance with the evidence for gene duplication events 
described above, the GH70 4,6-α-GTase and GS genes clearly share a common 
ancestor. In a second phylogenetic analysis using rearranged catalytic cores of 
GH13 and GH70 enzymes (Fig. S10), we found that this common ancestor is 
closely related to α-amylases from GH13 subfamily 5 (GH13_5) rather than to 
sucrose-acting enzymes from subfamilies 4 and 18. Interestingly, enzymes from 
this subfamily are mainly found in Streptococcus, Bacillus and Exigobacterium 
species, correlating with the occurrence of GH70 enzymes (see CAZy database) 
(10). Enzymes from GH13_5 process maltooligosaccharides; combining this 
observation with the present-day substrate specificities of GH70 4,6-α-GTases 
and GS (maltooligosaccharides and sucrose, respectively), we propose that the 
common ancestor of GH70 4,6-α-GTases and GS processed 
maltooligosaccharides. The ability to utilize sucrose would then have been 
acquired later (in glucansucrases). Our conclusions from the genomic and 
phylogenetic analyses are supported by the crystal structure of GtfB-ΔNΔV. The 
domain organization of GtfB-ΔNΔV is shared with glucansucrase GtfA from the 
same organism, supporting that tandem 4,6-α-GTase and GS pairs within a single 
genome arose from gene duplication, while the active site architecture of GtfB-
ΔNΔV resembles more the GH13 α-amylases. Thus, the 4,6-α-GTase subfamily 
can be regarded as an evolutionary intermediate between GH13  
maltooligosaccharide-processing α-amylases and GH70 glucansucrases. 

Functional role of 4,6-α-GTases 

From the above described bioinformatic analyses we speculated how GH70 genes 
may have evolved. To further underpin this, we investigated EPS production in 
vivo in a Lactobacillus strain constitutively expressing both a 4,6-α-
glucanotransferase and a glucansucrase. Provided with maltodextrins or sucrose 
as carbon source, L. reuteri 35-5 utilizes either its 4,6-α-glucanotransferase GtfB 
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or its glucansucrase GtfA enzyme for the synthesis of α-glucans with (α1→4 and 
α1→6) linkages (chapter 5). The extracellular polymers, present in the slimy 
halos around the colonies, also possess α1→4 and α1→6 linkages and have a 
similar size distribution. In short, both L. reuteri enzymes synthesize a related 
type of EPS, from different substrates. 

Although the in vivo functional roles of glucansucrases in lactic acid bacteria 
remain to be understood, many glucansucrases have been proven to contribute to 
biofilm formation in vivo by producing α-glucans. Importantly, for Streptococcus 
mutans, which is considered the principle pathogen of dental caries, it was shown 
that the α-glucan produced by its glucansucrase facilitates the adherence of the 
bacterium to the tooth surface (4). In Lactobacillus reuteri, gene knockout results 
demonstrated that, without glucansucrase, biofilm formation is less effective (5). 
Notably, these studies were based on the supply of sucrose. Recently, we also 
show that in Lactobacillus reuteri 121 (strain 35-5) the uptake of starch, the most 
abundant dietary carbohydrate, also results in α-glucan production, and that the 
responsible enzyme is its 4,6-α-glucanotransferase GtfB (Bai et al., submitted). 
The α-glucans produced by L. reuteri on agar plates with sucrose or starch are 
structurally similar to that produced by its glucansucrase (GtfA). Therefore, also 
4,6-α-GTases  have great potential to contribute to biofilm formation by utilizing 
starch instead of sucrose. This finding is also in accordance with the above 
proposed ideas about gene evolution; both the 4,6-α-GTase and GS produce 
related α-glucans, but from different substrates, due to adaptive evolution driven 
by substrate variation. 

Evolutionary relationships between α-amylases, 4,6-α-glucanotransferases 

and glucansucrases 

Based on the structural observations in GtfB-ΔNΔV, and the genomic and 
phylogenetic analyses of 4,6-α-glucanotransferases we propose the following 
hypothesis for the evolutionary relation of this GH70 subfamily to GH13 α-
amylases and GH70 glucansucrases. α-Amylases from GH13 subfamily 5 mainly 
degrade starch and starch-derived malto-oligosaccharides. They possess a long 
and fully solvent-accessible substrate binding groove with multiple donor subsites, 
due to the relatively short loops adjacent to this groove. As a consequence, these 
enzymes are mainly hydrolytic and produce glucose and/or short oligosaccharides. 
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Evolution of GH13_5 enzymes, involving domain insertion and circular 
permutation, leads to a common ancestor of family GH70 that acquired 
transglycosylation activity with maltooligosaccharides to produce 
polysaccharides instead. In order to achieve such different reaction specificity 
(from hydrolysis to polymerization), some of the loops (A1 and B) surrounding 
the donor half of the binding groove elongated, and partially shielded donor 
subsites from the solvent. This prevented diffusion of oligosaccharide reaction 
intermediates out of the binding groove, while keeping them available for the 
subsequent acceptor reaction (transglycosylation) and favoring a more processive 
mode of action. Whether they still had the 4-transglygosylation specificity 
observed in α-amylases, or already possessed the 6-transglycosylation specificity 
observed in 4,6-α-glucanotransferases is unknown. Evolution towards the 
glucansucrase subfamily, possessing a different substrate specificity (sucrose 
instead of starch), resulted from the elongation of another loop (A2) that blocked 
donor subsites beyond -1. Concurrently, loops A1 and B were no longer needed 
to shield the donor half of the binding groove, and could become shorter. Also, 
slight changes around subsite +1 likely were needed to prefer interaction with the 
fructosyl moiety in the donor reaction.  

 

Fig. 4. Evolutionary relationships between α-amylases, 4,6-α-glucanotransferases and 
glucansucrases and the role of loops A1, A2 and B. The triangle indicates the catalytic 
site for cleavage and transglycosylation. The α-amylases that process 
maltooligosaccharides (white circles represent glucose units) have an open binding 
groove with multiple donor (-1 - -4) and acceptor (+1 - +3) subsites, lacking loops A1 and 
B, and are unable to synthesize polymers. The 4,6-α-glucanotransferases acquired this 
capability via elongation of loops B and A1 forming a tunnel at the donor half of the 
groove, allowing them to better capture the intermediate for subsequent 
transglycosylation and thus shift their product specificity towards synthesis of α-glucan 
polymers. Subsequently, a shift in substrate specificity was obtained by elongation of 
loop A2 which blocks donor subsites beyond -1; loops A1 and B became shorter; in this 
way, glucansucrases acquired the capability to use sucrose (grey circle represents fructose 
unit) for the synthesis of α-glucan polymers. 



 Chapter 6 

180 
 

Conclusions  
The crystal structure of GtfB-ΔNΔV is the first representative of the GH70 4,6-α-
glucanotransferase subfamily, with an overall domain organization resembling 
GH70 glucansucrases, and an active site architecture reminiscent of GH13 α-
amylases. A tunnel-like binding groove allows for a dual mode of action for 4,6-
α-GTases involving both exo-specific and endo-specific cleavage/transfer 
reactions, and explains why GtfB only processes the outer (amylose) branches of 
starch substrates. The GtfB-ΔNΔV structure provides a starting point for (rational) 
mutation of 4,6-α-GTases to alter enzyme specificity, e.g. in starch-processing 
applications aiming at the production of prebiotic dietary fibers from a cheap 
substrate, using a GRAS bacterial strain. The GtfB-ΔNΔV crystal structure 
clearly supports our previous proposal that the 4,6-α-GTase subfamily is an 
evolutionary intermediate between GH70 and GH13 enzymes. The structural 
observations support our phylogenetic and genomic analyses, revealing the close 
relation between 4,6-α-GTases and GS, and suggesting that gene duplication as 
well as horizontal gene transfer events occurred during evolution. Loop mutations 
near the active site of a common ancestor likely lead to either an α1→6 specific 
transglycosylation activity (in 4,6-α-GTase) or to a different substrate specificity 
(in GS). We propose that the evolution of bacterial species such as Lactobacillus, 
using 4,6-α-glucanotransferases and glucansucrases to produce α-glucan 
exopolysaccharides with α1→4 and α1→6 linkages, was driven by changes in the 
availability of fermentable sugars in the human diet. 
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SI Materials and Methods 

Construction of truncated GtfB-ΔNΔV 

Truncation of GtfB lacking both the N-terminal variable domain and domain V 
was based on the alignment of the Lactobacillus reuteri 121 GtfB with 
glucansucrase sequences and on the crystal structures of Gtf180-ΔN 
glucansucrase (PDB entry 3KLK) from Lactobacillus reuteri 180 and DSR-E-ΔN 
(PDB entry 3TTO) from Leuconostoc mesenteroides NRRL B-1299. The gtfB 
gene fragment encoding GtfB (Uniprot entry Q5SBM0) amino acids 761–1619 
was amplified by PCR using High Fidelity PCR enzyme mix (Thermo-Scientific, 
Landsmeer, The Netherlands) with pET15b-gtfB as template and the primers 
CHisFor-dNdVgtfB 5′- 
GATGCATCCATGGGACCAGGTACTTGGGAAAATATGGCTTTCGCTCAA
-3′ and CHisRev-dNdVgtfB 5′- 
CCTCCTTTCTAGATCTATTAGTGATGGTGATGGTGATGGTTGTTAAAGT
TTAATGAAATTGCAGTTGG-3′. A nucleotide sequence encoding a 6×His-tag 
was fused in-frame to the 3′ end of the gtfB-ΔN gene, using the reverse primer. 
The resulting PCR product was digested with NcoI and BglII, and was ligated 
into the corresponding site of pET15b. The constructed plasmid was transformed 
into Escherichia coli DH5α. The construct extracted from E. coli DH5α was 
confirmed by nucleotide sequencing (GATC Biotech, Glasgow, UK) followed by 
transforming into Escherichia coli BL21 star (DE3). 

Site-directed mutagenesis of GtfB-∆N∆V 

The plasmid constructed above was used as the template for site-directed 
mutagenesis mutagenesis. Mutations were introduced by PCR with primers (see 
Table S1) using the Quik-Change site-directed mutagenesis kit (Stratagene. La 
Jolla, CA). The primers are purchased from Sigma-Aldrich. The PCR product 
was cleaned up with the PCR cleaning up kit (Sigma-Aldrich) followed by 
transformation into Escherichia coli BL21 star (DE3). Mutation of the plasmid 
was confirmed by gene sequencing in GATC Biotech (Glasgow, UK).  

Substrate endo specificity 

GtfB-∆N∆V (1 μM) was incubated with Blocked 4-Nitrophenyl-α-
Maltoheptaoside (BPNPG7, 10 mM) and α-glucosidase (yeast maltase, 
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Megazyme, 20 U/ml), at pH 6.0 (25 mM sodium citrate buffer) and 40 °C for 5 h; 
release of the 4-nitrophenyl group was determined by following the absorbance 
change at 405 nm. 

GtfB∆N (1 μM) was incubated with 63-α-D-Glucosyl-maltotriosyl-maltriose (10 
mM) in  sodium acetate buffer (25 mM, pH 5.0, 1 mM CaCl2) at 40 °C for 24 h. 
Reaction products were analyzed by HPAEC (see below). Maltooligosaccharides 
(G1-G8) and 63-α-D-glucosyl-maltriose were applied as references.  

Acceptor specificity 

GtfB-∆N∆V (60 nM) was incubated with amylose (0.25%, w/v) in  sodium 
acetate buffer (25 mM, pH 5.0, 1 mM CaCl2) at 40 °C, in the presence or absence 
of acceptor substrates maltotriose, isomaltotriose and panose (10 mM). Reaction 
rates were determined using an amylose-iodine assay; transglycosylation factors 
were calculated as described by Bai et al. (2015). 

Characterization of mutants 

Enzymatic characterization of the mutants and the analysis of their products are 
shown in Table S2 and Fig. S6. Mutation of the catalytic nucleophile D1015 and 
of the general acid/base E1053 resulted in complete inactivation of the enzyme; 
activity was below the detection level. Enzyme activities of the single mutants 
T920W and Y1521A (tunnel), K1128A/N/H/W (subsite -1/+1), Y1055G (subsite 
+2) and of the double mutant W790A/W811A were determined using amylose V 
as a substrate; products were analyzed by TLC, 1H NMR and HPAEC. 

Compared to wild-type GtfB-ΔNΔV (Fig. S6A), mutation of the aromatic 
residues at positions 790, 811 and 1521 to an alanine resulted in a 30-40% loss of 
total activity; however linkage specificity and product spectra were virtually 
unaffected. 

Mutant T920W retained only 17% of total activity. The almost complete absence 
of α1→6 linkages in products indicates that this mutant has impaired 
transglycosylation activity and is virtually  hydrolytic, accumulating glucose as 
the main product over time (Fig. S6B). 
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Removing the aromatic side chain in the Y1055G mutant results in a 60% loss of 
total activity and a 10-fold decrease in the relative amount of α1→6 linkages in 
its products. Compared to wild-type GtfB-ΔNΔV, this mutant released less free 
glucose over time, but hydrolyzed amylose to form maltooligosaccharides (Fig. 
S6C).  

Mutation of K1128 to A, N, H or W resulted in elevated relative amounts of 
α1→4 linkages in the products and free glucose; accompanied by a slight 
decrease (K1128H) or marked increase (K1128A/N/W) of the total activity. All 
mutants produced similar products, acting endolytically and mainly converting 
amylose to maltooligosaccharides without forming transglycosylation products. 
The K1128W mutant produced lower amounts of glucose, and released 
maltooligosaccharides of different DP (Fig. S6D). 

Modeling 

Donor substrate modeling. The structure of the GtfB-ΔNΔV with maltopentaose 
(G5) bound in subsites -1 to -5 was superposed on that of Bacillus subtilis α-
amylase complexed with G5 in subsites -3 to +2 (PDB 1BAG) (35), using their 
catalytic triads to improve the superposition; as a result, the glucosyl moiety at 
subsite -1 superimposed almost perfectly. The G5 in GtfB-ΔNΔV was then 
extended in acceptor subsites +1 and +2 by connecting two glucosyl moieties, 
and adjusting the glycosidic torsion angles such as to avoid clashes with protein 
residues. The result is shown in Fig. 3A. 

Acceptor substrate modeling. The apo GtfB-ΔNΔV crystal structure was 
superposed on that of the Bacillus circulans strain 251 CGTase covalent 
maltotriosyl-enzyme intermediate (PDB: 1CXL) (36); a covalently linked 
glucosyl moiety was then ‘attached’ to the OD2 atom of the catalytic nucleophile 
D1015. A slight rotation of the OD2-C1 bond was applied to optimize hydrogen 
bond possibilities of the glucosyl unit with surrounding protein residues. 
Subsequentely, the trisaccharide panose was modeled in acceptor subsites +1 to 
+3 guided by the following requirements. First, the O6 of the non-reducing end 
glucosyl unit should point towards the anomeric C1 atom of the covalent 
glucosyl-enzyme intermediate, at a reasonable distance for attack. Second, a 
hydrogen bond interaction to the same O6 should be provided by the catalytic 
base E1053; this interaction is required for the abstraction of the O6 proton in 
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order to activate the acceptor for the transglycosylation to take place. 
Furthermore, hydrogen bond interactions likely are provided to the non-reducing 
end glucosyl unit by residue N1019, as mutation of this residue is known to 
decrease the relative α1→6 transglycosylation activity (data not shown). The 
other two glucosyl units of panose were then placed such that, by adjusting 
glycosidic torsion angles, clashes with protein residues are avoided and enough 
space for longer acceptor substrates is available (at the reducing end). The result 
is shown in Fig. 3B. 

In vivo growth conditions 

Lactobacillus reuteri 35-5 was subcultured from stocks stored at -80 °C in 10 ml 
of sugar-free MRS medium (liquid culture or agar plate) supplemented with 1% 
(w/v) glucose. The fresh cultures were inoculated anaerobically in modified 
sugar-free MRS-agar plate with sucrose (5%, w/v), or maltodextrins (dextrose 
equivalent (DE) = 13-17, Sigma-Aldrich, US, 5%, w/v). One liter MRS-agar 
medium contained 10 g bactopeptone, 4 g yeast extract, 5 g sodium acetate, 2 g 
tri-ammonium citrate, 0.2 g MgSO4·7H2O, 0.05 g MnSO4·7H2O; and 1 ml Tween 
80 and 15 g/l agar. 

Growth of L. reuteri 35-5 on either sucrose or maltodextrins results in the 
formation of transparent colonies surrounded by a slimy halo (Fig. S7A). 
Previously, it has been shown that the EPS formed by L. reuteri 35-5 from 
sucrose is a reuteran containing both α1→6 and α1→4 linkages (49). 
Monosaccharide analysis (data not shown) and NMR analysis (Fig. S7B) showed 
that the EPS derived from the maltodextrin-grown cultures also has with α1→6 
and  α1→4 linkages (61 versus 39%, respectively). 

In-gel PAS staining of enzymes (Fig. S7D) (Bai et al., submitted) revealed that, 
when incubated with sucrose substrate, the constitutively expressed glucansucrase 
GtfA (199 kDa) is associated with reuteran synthesis, in agreement with earlier 
studies (48). The minor band at ~120 kDa may represent GtfA-ΔN, which is 
known to synthesize a reuteran very similar in size distribution and linkage type 
to that produced by the full-length enzyme (49). In case of incubation of the gel 
with maltodextrins, the band corresponding to GtfA is absent in the PAS stained 
gel, while a band corresponding to GtfB (179 kDa) is stained, indicating that not 
the glucansucrase GtfA, but the 4,6-α-glucanotransferase GtfB is associated with 
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α-glucan synthesis when L. reuteri 35-5 is supplied with maltodextrins. SEC 
analysis of the EPS isolated from the plated cultures (Fig. S7C) reveals that the 
synthesized reuterans are approximately of the same size (35-40 MDa). When 
incubated with a mixture of sucrose and maltodextrins, both bands corresponding 
to GtfA and GtfB are associated with α-glucansynthesis. Notably, genomic data 
suggest that the only carbohydrate acting enzymes larger than 150 kDa are GtfA 
and GtfB (Gangoiti et al., in preparation).  

Extraction of extracellular polysaccharides (EPS) 

The extracellular polysaccharides (EPS) were washed out by 10 ml water from 
MRS-agar plates that had been incubated for 72 h at 37 °C with different carbon 
sources. Two volumes of cold ethanol (-20 °C) were added to the dissolved 
samples and kept at 4 °C overnight. The precipitate was harvested by 
centrifugation (12 000 ×g, 30 min, 4 °C) and re-dissolved in 1 volume of dd H2O. 
The EPS were re-precipitated with 2 volumes of ethanol at 4 °C overnight. After 
centrifugation, the harvested precipitate was dissolved in water, and then dialyzed 
(10 kDa MWCO, Thermo Scientific) against water for 48 h with changes of dd 
H2O in each 12 h (50). The EPS from followed by ethanol precipitation as 
described above, and analyzed by 1D 1H NMR (see below).  

Monosaccharide analysis 

EPS samples (0.5 mg) were dissolved in 200 µl Milli-Q water in a glass reaction 
tube. An equal volume of 4 M trifluoroacetic acid (TFA) was added, followed by 
hydrolysis for 4 h at 100 °C. Samples were dried under a flow of dry nitrogen and 
subsequently dissolved in 100 µl isopropanol and dried again by evaporation 
under dry nitrogen. Samples were dissolved in 1 ml dimethyl sulfoxide (DMSO) 
and used for HPAEC analysis (see below). 

Size exclusion chromatography (SEC) 

DMSO-LiBr (0.05M) was prepared by stirring for 3 h at room temperature 
followed by degassing for 15 min using an ultrasonic cleaner (Branson 1510, 
Branson, Danbury, CT). Samples were dissolved at a concentration of 4 mg/ml in 
DMSO-LiBr by overnight rotation at room temperature, followed by 30 min 
heating in an oven at 80 °C, obtaining clear sample solutions. The samples were 
cooled to room temperature and filtered through a 0.45-µm Millex PTFE 
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membrane (Millipore Corporation, Billerica, MA). The SEC system set-up 
(Agilent Technologies 1260 Infinity) from PSS (Mainz, Germany) consisted of an 
isocratic pump, auto sampler, an online degasser, an inline 0.2 μm filter, a 
refractive index detector (G1362A 1260 RID Agilent Technologies), viscometer 
(ETA-2010 PSS, Mainz) and MALLS (SLD 7000 PSS, Mainz). WinGPC Unity 
software (PSS, Mainz) was used for data processing. Samples (100 µl) were 
injected into a PFG guard column using an autosampler at a flow rate of 0.5 
ml/min and DMSO-LiBr as eluent. The separation was done by three PFG-SEC 
columns with porosities of 100, 300 and 4000 Å. The columns were held at 80˚C, 
the refractive index detector at 45 °C and the viscometer was thermostatted at 
60 °C. A standard pullulan kit (PSS, Mainz, Germany) with molecular masses 
from 342 to 805000 Da was used. The specific RI increment value dn/dc was 
measured by PSS and is 0.072 (obtained from PSS company). 

Nuclear magnetic resonance (NMR) spectroscopy 

EPS samples isolated from L. reuteri 35-5 agar plate were analyzed by NMR. 
Resolution-enhanced 1D 500-MHz 1H NMR spectra were recorded in D2O (99.9 
atm% D, Cambridge Isotope Laboratories, Inc.)  on a Varian Inova Spectrometer 
(NMR Center, University of Groningen) at probe temperatures of 300 K. Spectra 
were recorded with 16k complex points, using a 5000 Hz spectral width. Data are 
expressed relative to internal acetone (δ1H 2.225) Prior to analysis, samples were 
exchanged twice with D2O with intermediate lyophilization and then dissolved in 
0.6 ml D2O. Spectra were processed using MestReNova 5.3 software (Mestrelabs 
Research SL, Santiago de Compostella, Spain), using Whittaker Smoother 
baseline correction and zero filling to 32k complex points. 

High-performance anion-exchange chromatography (HPAEC) 

Samples were injected onto a 4×250 nm CarboPac PA-1 column connected to a 
Dionex DX500 workstation (Dionex). Samples were run with a gradient of 30-
600 mM NaAc in 100 mM NaOH (1 ml/min), and detected by an ED40 pulsed 
amperometric detector. A mixture with known concentrations of glucose, 
isomaltose, isomaltotriose, maltose, panose, maltotriose, maltotetraose, 
maltopentaose, maltohexaose and maltoheptaose was used as reference. 
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Thin-layer chromatography (TLC) 

The TLC silica gel 60F254 plates (Merck) were run with butanol/acetic 
acid/water (2:1:1, v/v/v) as solvent. After running for 6 h, TLC plates were 
developed with 10% (v/v) H2SO4 and 2 g/l orcinol in methanol and then heated 
by oven at 100 °C for 30 min. Glucose, maltose, maltotriose, maltotetraose, 
maltopentaose, maltohexaose, and maltoheptaose were used as markers. 
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Table S1. Oligonucleotides used for site-directed mutagenesis of gtfB-ΔNΔV 

Mutation in 
GtfB-ΔNΔV 

protein 
Sequence (5´→3´)* 

W790A 
GGTTACTTAAGTTATACTGATGCGTATCGTCCTTATGGCACAAG  
CTTGTGCCATAAGGACGATACGCATCAGTATAACTTAAGTAACC  

W811 GGTACAAAACAACTGCAATGGATGCGCGTCCATTACTGATGTATATTTGC
AAATATACATCAGTAATGGACGCGCATCCATTGCAGTTGTTTTGTACC  

T920W 
CGACCAGATAAAAGTGGATGGATTGATAGTGATCAAGTC 
GACTTGATCACTATCAATCCATCCACTTTTATCTGGTCG 

D1015N 
GGTTTCCGAGTTAATGCTGCTGATA 
TATCAGCAGCATTAACTCGGAAACC 

Y1055G 
GTTATAATGAGGGCGGTCATTCTGGTGCTGCTC 
GAGCAGCACCAGAATGACCGCCCTCATTATAAC 

K1128A 
CTAACCATGATCAACGAGCGAATTTGATTAATAG 
CTATTAATCAAATTCGCTCGTTGATCATGGTTAG 

K1128N 
CTAACCATGATCAACGAAACAATTTGATTAATAG 
CTATTAATCAAATTGTTTCGTTGATCATGGTTAG 

K1128H 
CTAACCATGATCAACGACACAATTTGATTAATAG 
CTATTAATCAAATTGTGTCGTTGATCATGGTTAG 

K1128W 
CTAACCATGATCAACGATGGAATTTGATTAATAG 
CTATTAATCAAATTCCATCGTTGATCATGGTTAG 

Y1521A 
GCAAATCAAATTTATTTTGCAGCTACAACTGGTGGCGGAAATGG  
CCATTTCCGCCACCAGTTGTAGCTGCAAAATAAATTTGATTTGC  
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Table S2. Effects of mutations on the reaction and product specificity of L. reuteri 121 
GtfB-ΔNΔV. 

a Total and hydrolytic activities were determined using 0.125% w/vol amylose V as substrate. 
Assays were performed at 37 ᵒC in 25 mM sodium acetate buffer, pH 4.7 containing 1 mM CaCl2. 
b Total activities were measured by the iodine-staining assay. 
c Hydrolytic activities were determined by following the release of glucose in time using the 
GOPOD kit (15). 
d The percentages of glucose, α1→4 and α1→6 glycosidic linkages were determined by 1H NMR 
analysis of the product mixtures synthesized by incubations of amylose V (0.6% w/v) with the 
different enzymes (95 mU ml-1). 

  

Enzyme 
Enzyme activity (U mg-1) a Product mixture linkages (%) d 

total b   hydrolytic c α1→6 α1→4 free glucose 
units 

wild-type 2.9 ± 0.17 0.37 ± 0.02 82 10 8 

W790A/W811A 1.7 ± 0.02 0.27 ± 0.06 80 11 9 

Y1521A 2.1 ± 0.17 0.36 ± 0.01 82 9 9 

T920W 0.5 ± 0.01 0.27 ± 0.01 4 34 62 

Y1055G 1.2 ± 0.15 0.08 ± 0.03 8 75 17 

K1128A 5.4 ± 0.47 0.48 ± 0.01 2 87 11 

K1128N 6.5 ± 0.09 0.68 ± 0.01 3 86 11 

K1128H 2.1 ± 0.11 0.26 ± 0.01 4 79 16 

K1128W 3.3 ± 0.08 0.11 ± 0.08 1 94 5 
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Fig. S1. (A) Comparison of L. reuteri 121 GtfB-ΔNΔV (this work; molecule A of the 
asymmetric unit is shown, left) with the L. reuteri 180 Gtf180-ΔN - sucrose complex 
(right) (12). Blue represents domain A and green represents domain B; the tunnel in GtfB-
ΔNΔV is indicated with dashed lines. Catalytic residues are labeled bold. In Gtf180-ΔN, 
the fructosyl moiety in subsite +1 has hydrogen bond interactions with residues Q1140 
and W1065 and, via a water-mediated hydrogen bond network, with residues N1411 and 
D1458. In GtfB-ΔNΔV, the corresponding residues are K1128, Y1055, L1390, but the 
fourth residue is absent; moreover, the side chains of Y1055 and L1390 are unable to 
make hydrogen bonds. Finally, differences in residues of domain B cause the active site 
pocket to be wider in GtfB-ΔNΔV. (B) GtfB-ΔNΔV D1015N - maltopentaose complex 
(stereo view) showing direct and water-mediated hydrogen bond interactions of the 
pentasaccharide with protein residues in donor subsites -1 to -5. Catalytic residues are 
labeled bold; residues from loops A1, A2 and B are labeled purple, red and brown, 
respectively. (C) Stereo view of the pentasaccharide observed in the GtfB-ΔNΔV - G6 
soak showing hydrogen bond interactions, in donor subsites -2 to -6. 
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Fig. S2. Sequence alignment of 4,6-α-glucanotransferase (4,6-α-GTase), glucansucrases 
(GS) and α-amylases (α-Amy); the latter were aligned separately. Alignments were made 
using ESPript v3.0 (31). Numbering corresponds to the sequences of LrGtfB and BlAMY. 
Top: conserved motifs I-IV. The seven conserved α-amylase superfamily residues are 
indicated by triangles (▲), including the catalytic residues (NU = nucleophile, A/B = 
general acid/base, TS stab = transition state stabilizing residue). Other residues near 
subsites -1 and +1 are indicated by stars (*). Bottom: loop regions around the active site: 
loops A1, A2 and B (grey shading); α-amylases were aligned only for loop A2 since these 
enzymes do not have an equivalent to loops A1 and B. LrGtfB = Lactobacillus reuteri 
121 GtfB, LrGtfML4 = L. reuteri ML1 GtfML4, LrGtfW = L. reuteri DSM 20016 GtfW, 
LrGtf180 = L. reuteri 180 Gtf180, LrGtfA = L. reuteri 121 GtfA, LrGtfO = L. reuteri 
ATCC 55730 GtfO, LrGtfML1 = L. reuteri ML1 GtfML1, SmGtf-SI = Streptococcus 
mutans Gtf-SI, LmDSRE = Leuconostoc mesenteroides NRRL B-1299 DSRE, BlAMY = 
Bacillus licheniformis α-amylase, BhAMY = Bacillus halmapalus α-amylase, GsAMY = 
Geobacillus stearothermophilus α-amylase, BsAMY = Bacillus subtilis α-amylase.  
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Fig. S3. Release of p-nitrophenol from BPNPG7 (structure shown in inset) incubated with 
α-glucosidase (red) or α-glucosidase + GtfB-ΔN (blue) as measured by the absorbance 
change at 405 nm. The exo-acting yeast maltase cannot cleave the substrate; in contrast, 
with the addition of GtfB-ΔNΔV, p-nitrophenol is released. This indicates that GtfB-ΔN 
cleaves α1→4 linkages in an endo fashion, releasing the blocked end of the substrate; 
subsequently the maltase hydrolyzes the intermediate products until it reaches the non-
reducing end to release p-nitrophenol. 
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Fig. S4. HPAEC analysis of 63-α-D-glucosyl-maltotriosyl-maltriose (10 mM) processed 
by GtfB-∆N (1 μM) in  sodium acetate buffer (25 mM, pH 5.0, 1 mM CaCl2) at 40 °C for 
24 h (black line). Glucose (G1), fructose (F), isomaltose (G2), sucrose (S), maltose (G2), 
panose (P), maltose (G2), maltotriose (G3), maltotetraose (G4), maltopentaose (G5), 
maltohexaose (G6), maltoheptaose (G7), maltooctaose (G8), and 63-α-D-glucosyl-
maltriose were applied as references (colored lines).  
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Fig. S5. TLC analysis of the product mixtures obtained from the incubations of amylose 
V (0.6% w/vol) with 95 mU ml-1 of wild-type GtfB-ΔNΔV, and its mutants: Lane 1, wild-
type GtfB-ΔNΔV; lane 2, W790A-W811A; lane 3, Y1521A; lane 4, T920W; lane 5, 
Y1055G; lane 6, K1128A; lane 7, K1128N; lane 8, K1128H; and lane 9, K1128W. The 
reaction mixtures were incubated at 37 ᵒC and pH 4.7 during 48 h. Std , standards; G1, 
glucose; G2, maltose; G3, maltotriose; G4, maltotetraose; G5, maltopentaose; G6, 
maltohexaose; G7, maltoheptaose; Pol, polymer. 
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Fig. S6. HPAEC-PAD profiles of the oligosaccharide mixtures formed upon the 
incubation of amylose V with (A) GtfB-ΔNΔV, (B) T920W, (C) Y1055G, and (D) 
K1128W for t = 10 min, 30 min, 24 h (pH 4.7, 37 ᵒC). The identity of peaks was assigned 
using commercial oligosaccharide standards (G1, glucose; G2-G7, maltose to 
maltoheptaose; iso-G2, isomaltose; iso-G3, isomaltotriose; Pa, panose). 
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Fig. S7. In vivo EPS formation by L. reuteri 35-5. (A) Growth of L. reuteri 35-5 on MRS 
agar supplemented with different carbon sources, forming slimy or non-slimy colonies. (B) 
1D 1H NMR analysis of the EPS extracted from the slimy colonies on agar plates shows 
that their composition is similar with respect to the glycosidic linkage types present 
(α1→4 and α1→6). (C) SEC analysis of the EPS extracted from the slimy colonies on 
agar plates. (D) Periodic Acid-Schiff (PAS) stained SDS-PAGE gels (adapted from Bai et 
al., submitted) of whole cell proteins of L. reuteri 35-5 grown in the presence of either 
sucrose, sucrose plus maltodextrins or maltodextrins, revealing the association of the 
glucansucrase GtfA with sucrose-derived EPS and of the 4,6-α-glucanotransferase GtfB 
with maltoedextrins-derived EPS. 
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Fig. S8. Genomic mapping of 4,6-α-glucanotransferase (4,6-α-GTase) and glucansucrase 
genes. Included are gtf180 from Lactobacillus reuteri 180, gtfB and gtfA from L. reuteri 
121, gtf106B and gtf106A from L. reuteri TMW1.106, gtfML4 and gtfML1 from L. 
reuteri ML1, 4,6-α-GTase and GS genes from L. reuteri TMW1.656, and 4,6-α-GTase 
and GS genes from L. salivarius GJ-24, other putative 4,6-α-GTase genes from L. 
delbrueckii, L. plantarum, L. sanfranciscensis, L. mucosae, and Pediococcus pentosaceus. 
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Fig. S9. Unrooted phylogenetic tree of characterized 4,6-α-glucanotransferases (green 
box) and glucansucrases from Lactobacillus reuteri strains (pink box) and other lactic 
acid bacteria. Alignments and dendrogram construction were carried out using full length 
protein sequences (including N-terminus, domain V and IV) with MEGA version 6, using 
the maximum likelihood method. The bar corresponds to a genetic distance of 0.1 
substitution per position (10% amino acid sequence difference). 
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Fig. S10. Phylogenetic tree of family GH13 and GH70. The bacterial protein sequences 
were all characterized based on CAZY database (www.cazy.org) (10). Domains A and B 
of GH70 members were extracted and rearranged according to the (non-circularly 
permuted) GH13 domain arrangement. The sequences classified into different subfamilies 
as represented by different colors.  

  

http://www.cazy.org/
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Starch is one of the major carbohydrates on earth and is the main dietary 
carbohydrate in our life. Apart from the raw starches, many starch derivatives 
produced via physical, chemical, and enzymatic treatments are abundantly 
applied in food, paper, and textile industries because of their distinctive properties. 
Among these approaches, the enzymatic treatment has advantages such as low 
energy consumption, low cost, high controllability, high productivity. Therefore, 
more and more starch-acting enzymes including hydrolases and transglycosidases 
are introduced in food and pharmaceutical manufacturing processes to produce 
glucose and fructose syrup, cyclodextrins, thermoreversible gels or glycogen, or 
to improve the flour and dough for baking, etc.  

4,6-α-Glucanotransferases (4,6-α-GTases) are recently reported enzymes that 
predominately cleave an α1→4 bond from the non-reducing ends of starch or 
maltodextrins and transfer the cleaved glucose unit to the non-reducing ends of 
the acceptor substrate, mostly introducing an α1→6 bond and occasionally an 
α1→4 bond, forming isomalto-/malto-oligosaccharides (IMMO) and 
polysaccharides (IMMP). Unlike other starch hydrolyzing enzymes, which are 
general members of Glycoside Hydrolase family (GH) 13, 57, or 77, 4,6-α-
GTases are classified in a subfamily of GH70; family GH70 is mainly composed 
of glucansucrases (GS). The GS including dextransucrase, mutansucrase, 
reuteransucrase, and alternansucrase, are active on sucrose, producing α-glucans 
with various linkage types such as α1→2, α1→3, α1→4, and α1→6 linkages. 
Like GS, 4,6-α-GTases are exclusively found in lactic acid bacteria (LAB). 
However, 4,6-α-GTases are completely inactive on sucrose but active on starch. 
Based on the primary structure analysis, the 4,6-α-GTases are homologous to GS. 
Both types of enzymes possess a circularly permutated (α/β)8-barrel acting as 
catalytic core, and the same domain organization consisting of a variable N-
terminal region, domains A, B, C, and extra domains IV and V (Chapter 1).  

Production and characterization of 4,6-α-GTases  
The IMMP produced by 4,6-α-GTases is of commercial potential as it can serve 
as soluble dietary fiber and potentially as a prebiotic. The 4,6-α-GTases-modified 
starches also may have special rheological properties, and thus may find 
applications in the preparation of novel and valuable food products. However, the 
introduction  of 4,6-α-GTases in industrial processes is still a challenge. 
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GtfB of Lactobacillus reuteri 121 is the first described representative of 4,6-α-
GTases. The IMMP produced by GtfB has been well investigated. The yield of 
soluble full-length GtfB enzyme expressed in Escherichia coli is poor and cannot 
meet the demand of downstream research and industrial production. A large 
quantity of GtfB protein accumulates in inclusion bodies (Chapter 2). The 
traditional denaturing-refolding procedures resulted in a high recovery of activity 
even in double distilled H2O. Moreover, the inclusion bodies themselves also 
display some enzymatic activity without any need for further processing. They 
therefore are regarded as non-classical inclusion bodies (ncIBs), which are known 
to retain activity due to partial preservation of the native protein structure. The 
native, refolded, and ncIB GtfB enzymes all produce IMMP with similar size 
distribution. In addition, ncIB GtfB protein clearly has a higher thermostability. 
Active GtfB protein from inclusion bodies in the form of refolded or ncIB GtfB 
enzyme may thus find industrial application in synthesis of IMMP modified 
starch. However, the expression level of soluble enzymes, which is preferable for 
industrial production, has remained unsatisfactorily low. The LAB GS are 
homologous to 4,6-α-GTase enzymes, and deletion of (parts of) their N-terminal 
and/or C-terminal domains successfully enhanced the yield of soluble active GS 
enzyme. GtfB differs from GS in lacking the C-terminal polypeptide segment of 
domain V. Notably, truncation of the variable N-terminal region (1-733 amino 
acids) resulted in a dramatic increase of the yield of soluble GtfB∆N enzyme 
(approx. 75 fold compared to full length GtfB) without influencing the activity of 
the enzyme and products formed (Chapter 3).  

Development of proper activity assays for the characterization of 4,6-α-GTases is 
vital for their further biochemical characterization  and development of industrial 
applications. Existing assays do not allow determination of the specific hydrolysis 
and transglycosylation activities nor a kinetic analysis. Therefore, we developed a 
new assay derived from the traditional amylose-iodine staining assay (Chapter 3). 
Based on the theory of steric hindrance, the assay allows accurate determination 
of both hydrolysis and total activity, and calculation of the transglycosylation 
activity of 4,6-α-GTases. With this assay, the biochemical properties of 4,6-α-
GTases have been characterized in detail, including determination of hydrolysis 
(H) and transglycosylation (T) activities, kinetic parameters, and acceptor 
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substrate specificity. Based on the developed assay, a ratio of T/H=4.3:1 for 
GtfB-∆N was obtained under the optimal conditions.  

Crystal structure of GtfB 
Although the structure of IMMP produced by GtfB has been characterized, the 
catalytic mechanism and structure-function relationships of 4,6-α-GTases 
remained largely unclear. Chapter 6 reports the high resolution crystal structure 
of a truncated but fully active fragment of GtfB (GtfB-ΔNΔV) from L. reuteri 
121. GtfB-ΔNΔV displays a GS-like domain arrangement; however unlike GS, 
the active site surprisingly features a long α-amylase-like binding groove with 
multiple donor subsites in a tunnel. The presence of this tunnel, formed by three 
loops unique to 4,6-α-GTases, explains why GtfB processes only the linear 
external chains of starch, thus preferring high-amylose starches as substrate. By 
combining structural information from an enzyme-donor substrate complex with 
analysis of acceptor specificity we can now fully explain the observed product 
spectrum of 4,6-α-GTases with a new mechanism, in which the enzyme transfers 
not only single, but also multiple glucosyl units to acceptor substrates. In addition, 
the GtfB-ΔNΔV crystal structure clearly supports the  idea that the 4,6-α-GTase 
GH70 subfamily is an evolutionary intermediate between α-amylase and 
glucansucrase enzymes.  

Biological role of 4,6-α-GTases in Lactobacillus reuteri 
GS more widely exist in LAB strains and are known to contribute to the 
formation of exopolysaccharides (EPS), which play a role in the biofilm 
formation. In the oral cavity, the produced biofilm containing insoluble EPS 
enhances the adhesion of bacteria to tooth surfaces and consequently stimulates 
dental caries formation. EPS may also have other functionalities for the strain 
such as retention of water, nutrient source, protective barrier, sorption of organic 
compounds, immobilization of enzymes, and so on. As 4,6-α-GTase is able to 
produce polysaccharide from maltodextrins or starch instead of sucrose in vitro, 
the question was raised whether 4,6-α-GTase also contributes to the in vivo EPS 
formation in their host LAB (Chapter 4). In the model strain L. reuteri 121, the 
gtfB gene was found to be essential for EPS formation when the strain was grown 
on maltodextrins or starch as carbon source. L. reuteri 121 can modify both 
amylose and external chains of amylopectin in starch by converting α1→4 
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linkages into α1→6 linkages. The formed EPS have the same assembling 
segments as IMMP produced in vitro by GtfB. In addition, the EPS can be used 
as carbon and energy source by some probiotic Bifidobacterium strains, revealing 
that the EPS are potentially prebiotic. Therefore, the L. reuteri strains that can 
produce dietary fiber and potential prebiotics may find applications in the 
fermented food industry (as synbiotics). 

In the oral cavity, Lactobacillus and Streptococcus strains are ubiquitous bacteria 
and have been proven to produce EPS from sucrose through their glucansucrase. 
Sucrose and starch are major carbohydrates in the modern diet and their 
cariogenicity has been widely investigated. Although the cariogenicity of starch 
alone is a matter of debate, uptake of a combination of starch and sucrose is 
known to enhance cariogenicity by influencing the polysaccharide formation in 
biofilm. The mechanism is not fully understood. The discovery of the tandem 
glucansucrase GtfA encoding gene gtfA and 4,6-α-GTase GtfB encoding gene 
gtfB in L. reuteri strains may provide new insights with regard to cariogenicity 
through biofilm formation. Both in vivo and in vitro experimental results 
indicated a synergistic action of 4,6-α-GTase GtfB and GS GtfA in the presence 
of both starch and sucrose (Chapter 5). Therefore, a new pathway of EPS 
formation from multiple dietary carbohydrates in LAB strains was found and may 
contribute to the research on dental caries. 

Opportunities and Challenges 
4,6-α-GTases producing soluble dietary fiber and potential prebiotics from starch 
or maltodextrins are likely to draw strong attention from the food industry 
including bakery, beverage, sausage, and so on. The produced IMMP with certain 
percentages of α1→4 and α1→6 linkages may also function to stabilize protein 
during lyophilization, to enhance the solubility of proteins and drug molecules, to 
substitute fat, to replace starch as low-calorie bulking agent. In addition, 4,6-α-
GTase-modified starches may have typical rheological properties and thus be 
used in many aspects. The elucidation of the three-dimensional structure of GtfB-
∆N∆V will support the further engineering of this protein, e.g. aiming to change 
its substrate specificity or to synthesize products with different linkage specificity. 
Moreover, the discovery of Lactobacillus strains carrying 4,6-α-GTase encoding 
genes opens up new prospectives for the application of these strains in food 
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fermentations. In addition to the regularly produced nutrients, such as short chain 
fatty acids, these Lactobacillus strains synthesize soluble dietary fiber and 
potential prebiotics by converting starch that is abundantly present in fermented 
foods, such as sourdough, soy bean sauce.   

However, many questions still challenge the application of 4,6-α-GTase. Firstly, 
how 4,6-α-GTase exactly modifies starch especially amylopectin is unclear. One 
possibility is that the α1→4-linked side chains of amylopectin are coverted into 
α1→6-linked chains, which are still located at the outside of amylopectin 
molecules. The other possibility is that the α1→4-linked side chains of 
amylopectin are cleaved and formed separate α1→6-linked chains.Secondly, the 
mechanism and location for IMMP degradation in the human intestinal tract 
remains to be investigated. Thirdly, the thermostability and activity of 4,6-α-
GTase remain to be improved by enzyme engineering. For this purpose, 
computational design is preferable. Moreover, for application of Lactobacillus 
strains that possess 4,6-α-GTases, improvement of their expression levels and 
enhancement of their activities under fermentation conditions are challenges. But 
such challenges constitute the charm of research on 4,6-α-GTases. 
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Zetmeel is een van de belangrijkste koolhydraten op aarde en een belangrijke 
component van het humane dieet. Voor de talloze toepassingen van zetmeel in 
voedsel, papier- en textielindustrie en farmacie worden zetmeelderivaten 
geproduceerd via fysische, chemische en enzymatische behandelingen. 
Enzymatische omzetting van zetmeel kent verschillende voordelen zoals een 
laag energieverbruik, lage kosten, hoge bestuurbaarheid en hoge productiviteit. 
Daarom worden steeds meer enzymen die op zetmeel werken, zoals hydrolases 
en transglycosidases, geïntroduceerd in de levensmiddelen- en farmaceutische 
industrie voor de productie van ingrediënten zoals glucose- en fructosestroop, 
cyclodextrines en thermoreversibele gelen, en voor de structuurverbetering van 
deeg en brood, etc.  

4,6-α-Glucanotransferases (4,6-α-GTases) zijn recent ontdekte enzymen die een 
α1→4 binding van het niet-reducerende uiteinde van zetmeel of maltodextrines 
hydrolyseren en het afgesplitste (glucose)molecuul overbrengen naar het niet-
reducerende uiteinde van een acceptor substraat. Meestal wordt hierbij een 
α1→6 glycosidische binding gevormd, en af en toe een α1→4 glycosidische 
binding. Op deze wijze worden isomalto-/malto- oligosacchariden (IMMO) en 
polysacchariden (IMMP) gevormd. In tegenstelling tot andere zetmeel 
hydrolyserende enzymen, die meestal behoren tot de glycoside hydrolase familie 
(GH) 13, 57, of 77, zijn 4,6-α-GTases ingedeeld in een onderfamilie van GH70; 
GH70 bestaat voornamelijk uit glucansucrases (GS). De GS enzymen, 
dextransucrase, mutansucrase, reuteransucrase en alternansucrase, gebruiken 
sucrose voor de productie van α-glucanen met verschillende soorten 
bindingstypen zoals α1→2, α1→3, α1→4 en α1→6 glycosidische bindingen. 
Net als GS worden 4,6-α-GTases uitsluitend gevonden in melkzuurbacteriën 
(Lactic Acid Bacteria, LAB). In tegenstelling tot GS zijn 4,6-α-GTases inactief 
op sucrose, maar actief op zetmeel. Beide typen enzymen bezitten een circulair 
gepermuteerde (α/β)8-cilinder als katalytische kern en ze hebben dezelfde 
domein opbouw, die bestaat uit een variabel N-terminaal gedeelte, domeinen A, 
B, C, en extra domeinen IV en V (Hoofdstuk 1). 

Productie en karakterisatie van 4,6-α-GTases 

De IMMP geproduceerd door 4,6-α-GTases kunnen op termijn mogelijk worden 
toegepast in voedingsmiddelen, zoals oplosbare voedingsvezels met een 
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prebiotische werking. Zetmeel dat enzymatisch is gemodificeerd met deze 
enzymen kan ook speciale rheologische eigenschappen hebben die interessant 
zijn voor toepassing in de voedingsmiddelen industrie. Echter, de industriële 
toepassing van 4,6-α-GTases vormt voorlopig nog een uitdaging. 

GtfB van Lactobacillus reuteri 121 is het eerst beschreven 4,6-α-GTase. De 
productie van IMMP door GtfB is goed onderzocht. Wanneer het GtfB enzym 
tot expressie wordt gebracht in Escherichia coli is de opbrengst laag, en 
onvoldoende voor toepassingen op industriële schaal. Echter, een grote 
hoeveelheid GtfB eiwit hoopt zich in onoplosbare vorm op in zogenaamde 
inclusionbodies (Hoofdstuk 2) in de cellen van E. coli. De traditionele manier 
om hieruit actief enzym te halen, via het denatureren en hervouwen van het eiwit, 
resulteerde in een aanzienlijk herstel van de enzymatische activiteit. Daarnaast 
vertoonden de inclusionbodies zelf ook enige enzymatische activiteit. Dit soort 
inclusionbodies, waarvan de activiteit gedeeltelijk behouden blijft, worden 
beschouwd als ‘niet-klassieke inclusion bodies’ (ncIBs). De verschillende GtfB 
enzymen (oplosbaar, hervouwen en ncIB) produceren allemaal IMMP met 
vergelijkbare grootte. Daarnaast hebben de ncIB enzymen een hogere 
thermostabiliteit. GtfB geproduceerd via hervouwing of in de vorm van ncIB 
kan daarmee een bijdrage leveren aan de productie van IMMP en gemodificeerd 
zetmeel op industriële schaal.  

Van glucansucrases is bekend dat deletie van het N-terminale en/of C-terminale 
domein de heterologe expressie aanzienlijk kan verbeteren. GtfB, homoloog aan 
glucansucrases, verschilt onder meer van GS vanwege het ontbreken van het C-
terminale deel van domein V. Deletie van het N-terminale gebied van GtfB 
(aminozuren 1-733) resulteerde in een verhoogde opbrengst van oplosbaar GtfB-
ΔN enzym (75 voudige toename) zonder dat daardoor de activiteit van het 
enzym en de gevormde producten werden beïnvloed (Hoofdstuk 3). 

De ontwikkeling van geschikte assays voor bepaling van de activiteiten van 4,6-
α-GTases is essentieel voor zowel hun gedetailleerde biochemische 
karakterisering als voor de ontwikkeling van industriële toepassingen. Bestaande 
assays kunnen geen onderscheid maken tussen de specifieke hydrolyse en 
transglycosylerings activiteit van zulke enzymen, waardoor het niet mogelijk is 
om een kinetische analyse te doen. Daarom hebben we een nieuwe methode 
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ontwikkeld die is gebaseerd op de traditionele amylose jodium kleuringsassay 
(Hoofdstuk 3). Met deze assay kan zowel de hydrolyse als de totale activiteit 
nauwkeurig bepaald worden, waarna de transglycosylerings activiteit kan 
worden berekend. Hiermee hebben we de 4,6-α-GTases biochemisch 
gekarakteriseerd, waaronder bepaling van hydrolyse (H) en transglycosylerings 
(T) activiteit, substraatspecificiteit en acceptor efficiëntie. De verhouding T/H 
voor GtfB-ΔN is met behulp van deze assay vastgesteld op 4,3:1. 

Kristalstructuur van GtfB 

Om beter inzicht te krijgen in het katalytische mechanisme van 4,6-α-GTases 
hebben we de kristalstructuur bepaald van een (volledig actief) fragment van 
GtfB (GtfB-ΔNΔV) uit L. reuteri 121 (Hoofdstuk 6). Zoals voorspeld lijkt de 
structuur van GtfB-ΔNΔV sterk op die van glucansucrases, met een 
vergelijkbare domeinstructuur. In tegenstelling tot GS bevat het katalytisch 
centrum een verrassend lange groef met daarin meerdere donor substraat 
bindingsplaatsen. De aanwezigheid van deze tunnel, die gevormd wordt door 
drie eiwitlussen die uniek zijn in 4,6-α-GTases, verklaart dat GtfB alleen de 
lineaire ketens van zetmeel als donorsubstraat kan gebruiken, en verklaart ook 
de voorkeur van het enzym voor substraten met een hoog amylose gehalte. Door 
inzicht in de enzymstructuur te combineren met kennis over de acceptor 
specificiteit, kunnen we nu het productspectrum van 4,6-α-GTase verklaren met 
een nieuw mechanisme, waarbij het enzym één of meerdere glucosyl eenheden 
tegelijk naar een acceptor substraat kan overbrengen. Daarnaast ondersteunt de 
kristalstructuur van GtfB-ΔNΔV het idee dat de 4,6-α-GTase subfamilie een 
evolutionair intermediair vormt tussen α-amylase en glucansucrase enzymen. 

Biologische rol van 4,6-α-GTases in Lactobacillus reuteri 

Glucansucrases komen voor in melkzuurbacteriën en staan erom bekend bij te 
dragen aan de vorming van exopolysaccharides (EPS), die een rol spelen bij de 
vorming van biofilms. Bacteriële biofilms zorgen voor hechting van bacteriën 
aan bijvoorbeeld het tandoppervlak wat uiteindelijk kan leiden tot cariës. Voor 
de bacteriën heeft EPS ook nog andere functies zoals waterretentie, gebruik als 
reserve voedingsbron, bescherming tegen externe factoren, opname van 
organische verbindingen, immobilisatie van enzymen, enzovoort. 4,6-α-GTase 
vormt in vitro een polysaccharide uit maltodextrinen of zetmeel, daarom werd in 



Samenvatting en discussie 
 

215 
 

hoofdstuk 4 onderzocht of 4,6-α-GTase ook in vivo bijdraagt aan de vorming 
van EPS in melkzuurbacteriën (Hoofdstuk 4). In de modelstam L. reuteri 121 is 
vastgesteld dat het gen dat codeert voor GtfB van essentieel belang is voor de 
vorming van EPS bij groei op maltodextrines of zetmeel als koolstofbron. L. 
reuteri 121 kan in deze condities amylose en amylopectine omzetten waarbij 
nieuwe met name α1 → 6 glycosidische bindingen worden gevormd. Het in vivo 
gevormde EPS bestaat uit dezelfde fragmenten als IMMP dat in vitro wordt 
geproduceerd door GtfB. Het gevormde EPS kan worden gebruikt als koolstof- 
en energiebron voor de groei van sommige prebiotische bifidobacteriën; het EPS 
is dus een potentieel prebioticum. De L. reuteri stammen die deze 
voedingsvezels en potentiële prebiotica kunnen produceren bieden interessante 
mogelijkheden voor toepassingen in de productie van gefermenteerde 
levensmiddelen. 

Bacteriën behorende tot de geslachten Lactobacillus en Streptococcus komen 
voor in de mondholte, waar ze EPS produceren uit sucrose met hun 
glucansucrase enzymen. Sucrose en zetmeel zijn belangrijke koolhydraten in het 
moderne humane dieet. Van sucrose is bekend dat het cariogeen is, terwijl de rol 
van zetmeel hierin nog ter discussie staat. Wel is vastgesteld dat een combinatie 
van zetmeel en sucrose de vorming van biofilms beïnvloedt en daarmee een 
effect heeft op cariës. Het mechanisme hiervan is niet duidelijk. De ontdekking 
van de aanwezigheid van glucansucrase GtfA én 4,6-α-GTase GtfB in L. reuteri 
stammen kan leiden tot nieuwe inzichten ten aanzien van de vorming van 
biofilms en cariogeniciteit. Zowel in vivo als in vitro resultaten laten een 
synergistische werking zien van GtfB en GtfA in de aanwezigheid van zowel 
zetmeel als sucrose (Hoofdstuk 5). Daarmee is een nieuwe route aangetoond 
voor de vorming van EPS door melkzuurbacteriën uit verschillende 
koolhydraten; bestudering hiervan kan bijdragen aan het onderzoek naar 
tandcariës. 

Kansen en uitdagingen 

4,6-α-GTases produceren oplosbare voedingsvezels en potentiële prebiotica uit 
zetmeel of maltodextrinen, die mogelijk toepasbaar zijn in de voedingsindustrie. 
Andere mogelijke toepassingen van IMMP zijn het stabiliseren van eiwitten 
tijdens vriesdrogen, verbeteren van de oplosbaarheid van eiwitten en 
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geneesmiddelen, vervangen van vet in voedingsmiddelen en vervanging van 
zetmeel met een caloriearme vulstof. Het is mogelijk dat 4,6-α-GTase-
gemodificeerd zetmeel speciale rheologische eigenschappen heeft die specifieke 
toepassingen mogelijk maakt. De driedimensionale structuur van GtfB-ΔNΔV is 
van belang voor de verdere engineering van dit eiwit, bijvoorbeeld voor de 
aanpassing van de substraatspecificiteit of synthetiseren van producten met 
verschillende percentages glycosidische bindingen. De ontdekking van 
Lactobacillus stammen met een gen coderend voor 4,6-α-GTase opent nieuwe 
perspectieven voor de toepassing van deze bacteriën in levensmiddelen.  

Er bestaan echter ook nog veel onzekerheden rond de industriële toepassing van 
4,6-α-GTases. Ten eerste, het is onduidelijk hoe 4,6-α-GTase precies de 
modificatiereactie op zetmeel uitvoert. Eén van de mogelijkheden is dat de 
α1→4 gelinkte amylopectin zijketens worden omgezet in α1→6 gelinkte ketens, 
welke zich nog steeds aan de buitenkant van de amylopectin moleculen bevinden. 
De andere mogelijkheid is dat de α1→4 gelinkte zijketens van amylopectin 
worden gekloofd zodat losse α1→6 gelinkte ketens worden gevormd. Ten 
tweede, het mechanisme en lokatie van de afbraak van IMMP in de 
spijsvertering van de mens moet nog nader worden onderzocht. Ten derde, de 
thermostabiliteit en de activiteit van 4,6-α-GTase moeten aanzienlijk worden 
verbeterd voordat gebruik op industriële schaal mogelijk wordt. Hiervoor, heeft 
een computerontwerp de voorkeur. Voor directe toepassing van Lactobacillus 
stammen met 4,6-α-GTase is het noodzakelijk dat ook het expressieniveau en de 
activiteit onder fermentatiecondities worden verbeterd. Deze relatief grote 
uitdagingen vormen tegelijkertijd ook de charme van het onderzoek aan 4,6-α-
GTases. 
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