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GH13 Glycogen branching enzymes can adapt the substrate chain length 
towards their preferences via α-1,4-transglycosylation 
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A B S T R A C T   

Glycogen branching enzymes (GBEs; 1,4-α-glucan branching enzyme; E.C. 2.4.1.18) have so far been described 
to be capable of both α-1,6-transglycosylation (branching) and α-1,4-hydrolytic activity. The aim of the present 
study was to elucidate the mode of action of three distantly related GBEs from the glycoside hydrolase family 13 
by in depth analysis of the activity on a well-defined substrate. For this purpose, the GBEs from R. marinus 
(RmGBE), P. mobilis (PmGBE1), and B. fibrisolvens (BfGBE) were incubated with a highly pure fraction of a linear 
substrate of 18 anhydroglucose units. A well-known and characterized branching enzyme from E. coli (EcGBE) 
was also taken along. Analysis of the chain length distribution over time revealed that, next to hydrolytic and 
branching activity, all three GBEs were capable of generating chains longer than the substrate, clearly showing 
α-1,4-transglycosylation activity. Furthermore, the GBEs used those elongated chains for further branching. The 
sequential activity of elongation and branching enabled the GBEs to modify the substrate to a far larger extent 
than would have been possible with branching activity alone. Overall, the three GBEs acted ambiguous on the 
defined substrate. RmGBE appeared to have a strong preference towards transferring chains of nine anhy-
droglucose units, even during elongation, with a comparably low activity. BfGBE generated an array of elongated 
chains before using the chains for introducing branches while PmGBE1 exhibited a behaviour intermediate of the 
other two enzymes. On the basis of the mode of action revealed in this research, an updated model of the 
mechanism of GBEs was proposed now including the α-1,4-transglycosylation activity.   

1. Introduction 

Glycogen branching enzymes (GBEs), or (1→4)-α-D-glucan:(1→4)- 
α-D-glucan 6-α-D-[(1 4)-α-D-glucanol]-transferase (E.C. 2.4.1.18), are 
widely distributed proteins involved in the synthesis of glycogen [1]. 
They are closely related to starch branching enzymes and share simi-
larities in structure and mechanism with other enzymes active on starch, 
such as α-amylases (E.C. 3.2.1.1), isoamylases (E.C. 3.2.1.68) and α-1, 
4-glycosyltransferases (E.C. 2.4.1.25) which have been categorized into 
the glycoside hydrolase families GH13 and GH57 [2–4]. GBEs have been 
described to introduce new α-1,6 glycosidic linkages (branches) in 
substrates such as amylose, amylopectin and glycogen [5–7]. These 

substrates are entirely built up of anhydroglucopyranose units con-
nected via glycosidic bonds; α-1,4-linkages that form linear chains and 
α-1,6-bonds creating branch points. The length of the chains, the num-
ber and location of the branch points vary greatly between the different 
sources, giving rise to a large variety of structures [8–11]. 

The catalytic mechanism of both GH57 and GH13 GBEs reportedly 
consists of two steps. First, the enzyme binds to a linear α-glucan chain 
(donor chain) and cleaves an α-1,4-bond, releasing part of the donor 
while forming a covalent enzyme-substrate intermediate with the 
remaining segment. Second, a new chain (acceptor chain) binds to the 
enzyme on which the retained chain fragment is transferred by forma-
tion of an α-1,6-bond [12,13]. In addition to the branching activity, 

Abbreviations: GH13, glycoside hydrolase family 13; GH57, glycoside hydrolase family 57; GBE, glycogen branching enzyme; DP, degree of polymerization; 
BfGBE, GBE from Butyrivibrio fibrisolvens; PmGBE1, GBE1 from Petrotoga mobilis; RmGBE, GBE from Rhodothermus marinus; MD18, maltodextrin mixture of mainly 
chain of DP 18. 
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some GBEs have been described to exhibit hydrolytic activity. Hydro-
lytic activity follows the mechanism of α-amylases where the first step is 
identical to GBE’s branching activity but instead of transferring the 
cleaved chain fragment onto a new chain, it is transferred onto a water 
molecule and released as a free chain. The hydrolytic activity appears to 
be more common for GH57 than for GH13 GBEs [9,14–17]. 

The GH13 family contains members for each possible combination of 
cleavage of either α-1,4- or α-1,6-glycosidic linkages followed by for-
mation of either of the two bond types or transfer of the chain to a water 
molecule [18–20]. Next to hydrolytic and branching activity, there is 
experimental evidence of α-1,4-transglycosylation activity by GH13 GBE 
from Rhodothermus marinus (RmGBE). It was shown that RmGBE syn-
thesized glucans with a DP higher than those of the initial substrate 
when incubated with a DP 11–19 fraction for 1 h [22]. 

The catalytic sites of members of the GH13 family is highly similar 
[21]. The variation in mode of action is coming from the type of acceptor 
their product is transferred to, being e.g. water or an α-glucan chain. 
Most GH13 enzymes are capable of both hydrolysis and trans-
glycosylation to some degree [32,33]. Therefore, a triple activity of 
GBEs with hydrolytic, branching and transglycosylation activity seems 
plausible and is further investigated in the present research. 

One challenge with studying the activity of GBEs is the requirement 
of glucose chains with a degree of polymerization (DP) in a certain 
range. The lower limit is defined by the minimal substrate chain length 
being higher than 10 glucose units [22–24]. Further, the chains should 
not be longer than DP 40 to enable accurate analysis of the chain length 
distribution of both substrate and products [25]. Substrates composed of 
chains within this range only fundamentally help in understanding the 
mode of action of GBEs, known to have a different ability to branch 
substrates of a specific length. Therefore, the mode of action and sub-
strate specificity of GBEs is researched on a well-defined substrate; a 
highly pure fraction of glucose DP 18. 

The aim of the present study was to characterize the activity of three 
distinct GH13 GBEs in depth with a highly defined substrate. GH13 GBEs 
can be catagorized in two subfamilies; GH13_8 and GH13_9. In the 
present study, GBEs from subfamily 9 were used. RmGBE, PmGBE1, 
from Petrotoga mobilis and BfGBE, from Butyrivibrio fibrisolvens were 
incubated with a highly pure fraction of glucose DP 18. RmGBE is well 
characterized [14,17] and a single previous study showed α-1,4 trans-
glycosylation activity [22]. PmGBE1 and BfGBE are phylogenetically 
distant from RmGBE (Fig. S1), and additionally PmGBE1 (GBE13_9 type 
1) possess an additional N-domain in contrast to RmGBE and BfGBE 
(GBE13_9 type 2). Next to RmGBE, PmGBE1 and BfGBE, a well-known 
glycogen branching enzyme of Eschericia coli (EcGBE type 1) was used 
to modify the highly pure fraction of glucose DP18. EcGBE is a 
well-studied enzyme of which the crystal structure is known [38–41]. 
The enzyme is described as a ‘typical’ GBE, and therefore is a good 
reference enzyme for the other three GBEs. 

The mode of action of all GBEs was followed over time as previous 
studies revealed various changes in the chain length distribution profiles 
of products during GBE activity [22,23]. All GBEs were all capable of 
generating chains longer than the substrate, clearly showing α-1, 
4-transglycosylation activity. On the basis of the mode of action revealed 
in this research, an updated model of the mode of action of GBEs was 
proposed now including the α-1,4-transglycosylation activity. 

2. Results and discussion 

2.1. Choice of enzymes and substrates 

To study the behaviour of GH13_9 GBEs on a defined substrate, three 
enzymes were selected. The RmGBE from R. marinus was selected due to 
its thorough characterization [14,17] and previous indication for 
exhibiting α-1,4 transglycosylation activity [22]. The PmGBE1 from 
P. mobilis and BfGBE from B. fibrisolvens were chosen due to their distant 
phylogenetic relation to RmGBE [1,26]. Additionally, PmGBE1 

belonged to a different enzyme subgroup than the other two GBEs whose 
members possess an additional domain (domain N) [1] and BfGBE in 
contrast to RmGBE and PmGBE, is a thermostable enzyme [27]. The 
EcGBE from E. coli was used as a reference enzyme, since this enzyme is a 
well-known GBE and is therefore useful to show whether the activity of 
RmGBE, PmGBE1 and BfGBE is unique for these enzymes or character-
istic that is most likely found in the entire GH13 GBE-family. 

Pure fractions of a single chain length glucose chains enable a greater 
understanding since the defined substrate unveils the chain length 
preferences of the enzymes by making the chains traceable with 
analytical methods. Therefore, a substrate containing predominantly 
chains of length DP 17–18 was selected (MD18). 

2.2. Number of reducing ends and degree of branching of modified MD18 

The mode of action of the three GBEs (RmGBE, PmGBE1 and BfGBE), 
as well as the reference enzyme EcGBE, was investigated by analysis of 
the changes in amount of reducing ends of modified MD18 over six 
hours. The number of reducing ends during enzyme modification was 
generally defined by a decrease in the amount of α-glucan molecules and 
an increase in the number of branch points in the first 4 h (Fig. 1, 
Table S1). 

This confirmed both the branching and hydrolytic activity of each 
GBE. Notably, the reduction of α-glucan molecules was larger than the 
increase in branch points. This might indicate not only branching ac-
tivity, but also α-1,4-transglycosylation resulting in elongated α-glucan 
chains. α-1,4-transglycosylation activity has only been suggested when 
the accumulation of longer α-glucan chains was observed for RmGBE 
incubated on a mixture of short α-glucan chains [22]. 

An adjustment in the mode of action during 4 and 6 h was detected 
(Fig. 1), which highlighted the importance of following branching 
enzyme activity over time. The shift in behaviour, towards α-1,4 hy-
drolytic activity could be an indication of the capability of GBEs to adapt 
their main mode of action based on the available substrate. The decrease 
in branch points could be because of incomplete debranching by iso-
amylase and pullulanase. Since the decrease in branch points happens at 
the same time as an increase in hydrolytic activity, these observations 
are most likely related. The α-1,4 hydrolytic activity of the enzymes 
might have shortened the branches to such a degree that the 
debranching enzymes were unable to efficiently cleave all α-1,6 glyco-
sidic linkages [28]. Therefore, the actual number of branch points after 6 
h might be higher than the number detected by reducing end analysis. 

Furthermore, following the mode of action over time revealed a shift 
towards a higher α-1,4 hydrolytic activity for all four GBEs. Since the 
type of activity is similar for all four GBEs, including EcGBE, it is 
assumed that α-1,4-transglycosylation activity is a characteristic of all 
GBEs in the GH13 family. 

2.3. Chain length distribution of modified MD18 

The samples were further analysed regarding their chain length 
distribution before and after debranching. Chains detected in the 
branched product indicated free, linear chains while the debranched 
product showed branches in addition to the linear chains. As seen in 
Fig. 2, the substrate (MD18) contained mainly DP 18 in the form of 
linear chains, DP 17 as branches and minor fractions of any shorter 
linear chains. Trace amounts of longer chains of which most appeared to 
be around DP 30 were also detected. 

Incubation of MD18 with both PmGBE1 and RmGBE led to a sub-
stantial increase in chains shorter than DP 18 before and after 
debranching (Figs. 2 and S2-S3). RmGBE generated minor amounts of 
linear DP 9 chains, and branches of mainly DP 8− 10. The activity of 
PmGBE1 resulted in a larger variety of chains with an apparent prefer-
ence for linear chains of DP 8–12 and branches of DP 5− 9. In addition to 
the shorter chains, both enzymes clearly generated chains longer than 
the substrate. These longer chains (> DP18) were mainly detected after 
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debranching, and thus most likely contained one or more branches in the 
initial product. Although there were trace amounts of chains longer than 
DP 18 in the substrate, their amounts were unlikely to account for the 
longer chains seen in the enzyme treated samples. 

In contrast to the steady increase in both short and long glucans 
during incubation with PmGBE1 and RmGBE, modification with BfGBE 
resulted in a different pattern of products (Figs. 3 and S4). After 30 min, 
substantial amounts of α-glucan chains ranging from about DP 9–30 
were visible before and after debranching, indicating mainly linear 
chains. After 6 h, most of the α-glucan chains longer than DP 18 had 
decreased in amount and instead showed a clear shift towards shorter 
chains. Strikingly, in contrast to the other two GBEs, BfGBE did not seem 
to have a preferred product of linear α-glucan chains. Branches however, 

appeared to be predominantly DP 6–8 and only became apparent after 6 
h. Therefore, the most likely mechanism of BfGBE consisted of two steps. 
First, BfGBE converted substrate α-glucan chains into longer chains by 
α-1,4 transglycosylation. Second, once the chains were of a suitable 
length, the enzyme used its own product as substrate to generate 
branches. Additionally, the branched substrate BfGBE was the only one 
that showed a higher molecular weight product [29], peak at about 55 
min. Thus, BfGBE appeared to have the ability to build up a polymer-like 
material from linear chains of relatively short length. 

Detailed analysis of the chains longer than the substrate (Fig. 4) 
revealed that activity of all three enzymes led to an initial increase in 
longer chains. The gradual increase over time and the considerable 
differences between the products of the enzymes support the indication, 

Fig. 1. Reducing ends of RmGBE, PmGBE1, BfGBE or EcGBE modified MD18 before debranching (A) and after debranching (B).  
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observed by the reducing end analysis, that GBEs are able to perform 
α-1,4- transglycosylation. It further implied that the elongation activity 
appears to be an integral part of their mode of action since it occurred 
alongside their branching activity without the need for a specific sub-
strate to cause a shift in the mode of action [19]. RmGBE appeared to 
have both the least and most specific activity in chain elongation in stark 
contrast to BfGBE which generated a variety of chains in a short time 
while PmGBE1 exhibited a behaviour intermediate between the two 
enzymes. Modification of MD18 with these enzymes first led to an 
accumulation in elongated chains followed by a decrease in amounts of 
chains longer than the substrate. The pivot point occurred for RmGBE 
after 6 h, for PmGBE1 after 4 h and for BfGBE after 1 h, suggesting a far 
higher elongation activity of BfGBE compared to RmGBE. The observed 
behaviour of increase followed by decrease in amounts of longer 
α-glucan chains was in good agreement with previous data [22] and 
confirmed that these enzymes were capable of using their own products 
as substrate. Although the changes in oligomer profile after modification 
with EcGBE and subsequent debranching were significantly less 
(Fig. S5), and also did not show any chain length preferences, there is a 
slight increase in chain around DP30 in the first hour (from 7.9–17.2 
nC), which decreased when incubated longer than 1 h (to 14.6 nC after 
24 h). In combination with the changes in reducing end as described 
before, it can be concluded that EcGBE does not behave significantly 
different from the other three enzymes. Although the activity of EcGBE 
is much lower, the mode of action, including α-1,4-transglycosylation 
activity, is expected to be similar to RmGBE, PmGBE1 and BfGBE. 

The observed behaviour has also been reported for another GH13 
GBE (from Aquifex aeolicus) on amylose [23]. It is plausible that GBEs 
elongate α-glucan chains if they are too short for branching, increasing 
the number of α-glucan chains within the substrate that can be targeted 
by the enzymes. 

The chains generated by the GBEs which were shorter than the 
substrate (Fig. 5) gave more insight into their catalytic mechanism. 
RmGBE mainly generated branches of DP 9 and DP 26–27 of which the 
latter coincided with the attachment of a DP 9 chain to a DP 17–18 
acceptor chain. Similarly, PmGBE1 appeared to prefer branches of DP 
4–12 (peak at DP 6–7) and DP 21–28 (peak at 24–27), showing similar 

Fig. 2. Chain length distribution chromatograms of MD18 with the enzymes 
PmGBE1 and RmGBE for 6 h before and after debranching. 

Fig. 3. Chain length distribution chromatograms of MD18 with the enzyme 
BfGBE for 0.5 h and 6 h before and after debranching. 

Fig. 4. Distribution of long debranched chains (≥ DP 16) over 24 h of enzyme incubation.  
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ranges when considering a substrate of DP 17–18 for both cases. BfGBE 
produced by far the highest amount of linear chains. While the elongated 
chains obtained from treatment with RmGBE and PmGBE1 were pre-
dominately observed after debranching and thus carried at least one 
branch point, the elongated chains produced by BfGBE were almost 
exclusively linear. It appeared that RmGBE and PmGBE1 transferred 
α-glucan chains of the same length during both branching and elonga-
tion activity, indicating high substrate specificity. The number of linear 
α-glucan chains observed in the products were likely by-products of the 
reactions that are too short for further branching [30]. This was sup-
ported by the observation that most linear α-glucan chains for RmGBE 
were of DP 9 while PmGBE1 activity resulted in mainly linear chains of 
DP 8–12 which coincided with the leftover part of the DP 18 donor 
chains after transfer of the chains (DP 9 and DP 4–12, respectively). The 
high number of reducing ends observed during modification of MD18 
compared to e.g. amylose [17] was most likely due to the donor chain 
being a free chain and thus the released part of the donor chain was 

visible for MD 18 in the branched product but not for amylose where the 
rest of the donor remained attached to a larger structure. 

2.4. Analysis of the activity of GBEs on amylose using the iodine assay 

Incubation of the three GBEs with amylose and analysis with the 
iodine assay provided information about their activity on a larger sub-
strate, too long for HPAEC [25], by estimation of the α-glucan chains in 
the broad range of DP 18–72 [31]. While the colour intensity showed the 
amount of α-glucan chains, the wavelength of absorbance maximum 
indicated the average chain length [31]. As seen in Fig. 6, activity of 
RmGBE resulted in only limited decrease in colour and thus amount of 
chains and further did not cause any shift in colour and average chain 
length. BfGBE, on the other hand caused both a substantial decrease and 
shift towards shorter α-glucan chains and PmGBE1 appeared again as an 
intermediate. These results were in good agreement with the data ob-
tained on MD18 which in turn provides a strong indication that GH13 

Fig. 5. Estimated change in peak areas of MD18 in linear and branched chains after treatment with GBEs compared to the untreated substrate. Titles indicate enzyme 
name and incubation length. 

Fig. 6. Incubation of potato amylose with GBEs and absorbance spectra over time using the iodine assay. The dotted lines indicate the shift in maximum absorbance 
to a shorter wavelength. 
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GBEs exhibit similar modes of action on MD18 and larger substrates. A 
previous study on modification of starch granules with Rhodothermus 
marinus GBE described intermolecular transglycosylation activity as 
cause for increased granule stability when treated at high substrate 
concentrations [42,43,]. Although these studies did not analyze the type 
of intermolecular linkages, the results on granular stability are an 
indication of transglycosylation activity of RmGBE. 

2.5. Catalytic mechanism of GBEs 

All three studied GH13 GBEs were found to be capable of α-1,4- 
transglycosylation activity, next to previously described hydrolytic and 
branching activity [14–17], leading to the production of elongated 
α-glucan chains. An indication for this type of activity was first found for 
the GBE from Rhodothermus marinus (RmGBE) on a mixture of malto-
dextrins [22] and has been confirmed and described in detail here for 
RmGBE and two other GH13 GBEs, as well as for the well-characterized 
EcGBE. Until now, the native mode of action of GBEs has been thought to 
be introduction of branches [13] although some have further been re-
ported to exhibit α-1,4 hydrolytic activity [16,17]. 

This variability of the mode of action of GBEs might seem surprising, 
however, these three mechanisms share several common features. The 
studied GBEs are classified as GH13 enzymes, a family that contains a 
series of members that couple the cleavage of either or both α-1,4- and 
α-1-,6-glycosidic linkages to α-1,4 hydrolysis or transglycosylation [13]. 
Although they differ in the type of acceptor their product is transferred 
to, being e.g. water or an α-glucan chain for α-amylase and cyclodextrin 
glucanotransferases (E.C. 2.4.1.19), respectively, their catalytic sites 
are highly similar [21]. Additionally, most GH13 enzymes and espe-
cially maltogenic amylases (E.C. 3.2.1.133) and pullulanases (E.C. 
3.2.1.41) are capable of both hydrolysis and transglycosylation to some 
degree [32,33]. Therefore, a triple activity of GBEs within the range of 
the reactions described for the GH13 enzyme seems plausible. 

Based on the results obtained, an updated model of the mechanism of 
GH13 GBEs that included all three modes of action (branching, α-1,4 
hydrolysis and elongation) is presented in Fig. 7. The model was based 
on a previously published model developed from the observations on the 
crystal structure of a GH13 GBE extracted from a cyanobacterium [12]. 
This enzyme structure possessed an extended catalytic cleft that inter-
sected a bend area rich in glycin and alanine residues (Gly/Ala area) at 
the active site (catalytic triad) [12]. All three mechanism share the first 
two steps of binding the donor chain and formation of the 
substrate-enzyme intermediate by cleavage and release of the 
by-product (Step 1–2 in Fig. 7) [13]. 

The elongation activity was modelled by the acceptor chain binding 
to only one part of the Gly/Ala area with its non-reducing end facing the 
catalytic triad (Fig. 7, Step E3-E4). This model was developed from the 
here obtained results for RmGBE which generated specific branch 
lengths (mainly DP 9 and DP 27, Fig. 5). Since the substrate was pre-
dominantly composed of DP 17–18, the most likely catalytic mechanism 
for this elongation is the transfer of a DP 9 chain onto a DP 18 acceptor 
chain, seen on HPAEC and shown in Fig. 7. Therefore, it appears that the 
main difference between the mechanism of branching and elongation is 
the proposed binding position of the acceptor chains. It is possible that 
acceptor chains already carrying branches are more likely to result in 
elongation although BfGBE first mainly generated elongated un-
branched chains before introducing novel branches (Fig. 5). Further-
more, the Gly/Ala area has been postulated to be wide enough to 
accommodate a chain already carrying a branch [12] which is supported 
by the ability of PmGBE1 to generate branches with an internal chain 
length (distance between two branch points) of DP 2.6 [34] while the 
distance between the entrance point to the Gly/Ala area and the cata-
lytic triad was estimated to be about DP 7 [12]. 

RmGBE, PmGBE1 and BfGBE share around 50 % sequence identity 
(52.5 % between PmGBE1 and RmGBE, 50.3 % BfGBE and PmGBE1, and 
46.7 % BfGBE and RmGBE). Based on here shown results, it appears that 

the difference in sequence identity between the three GBEs could be 
large enough to affect the mode of action of the enzymes. In a multiple 
sequence alignment, the catalytic residues of the three GBEs do not show 
differences (Table S2). Therefore, it is suspected that other structural 
factors influencing the activity. 

The ability of GBEs to perform branching and elongation simulta-
neously as well as using their own products as substrates is comparable 
to the behaviour of neopullulanases (E.C. 3.2.1.135). These enzymes 
are capable of both hydrolysis and transglycosylation of both α-1,4- and 
α-1,6-linkages and have been observed to use their own products as 
substrates [33,35]. Here, only GH13 GBEs were studied, however, it can 
be speculated that GH57 GBEs are capable of elongation as well as their 
catalytic mechanisms are thought to be similar to GH13 GBEs [16]. They 
were further reported to generate large amounts of long chains [17] 
which could hint at substantial elongation activity. 

In conclusion, all three GH13 GBEs (RmGBE, PmGBE1 and BfGBE) 
were capable of both branching and α-1,4-transglycosylation (elonga-
tion) activity on MD18, a substrate mainly consisting of chains of DP 
17–18. While RmGBE predominantly created branches of DP 9 and DP 
26–27, PmGBE1 mainly generated branches of DP 4–12 and DP 21–28. 
BfGBE almost exclusively produced branches of DP 6–9 and large 
quantities of linear chains DP 10–30 which gradually shifted in amounts 
towards the lower end of the range as the reaction progressed. 
Furthermore, all three GBEs were not only found to conduct both 
branching and elongation activity alongside each other but were further 
capable of using their own elongated products as substrates. 

3. Materials and methods 

3.1. Materials 

MD18 (Maltooctadecaose) was purchased from CarboExpert 
(Yuseong-gu, South Korea). Isoamylase from Pseudomonas sp. (E-ISAMY, 
200 U/mL) and pullulanase M1 from Klebsiella planticola (E-PULKP, 650 
U/mL) were both obtained from Megazyme (Bray, Ireland). Glycogen 
branching enzyme from Escherichia coli was purchased from Creative 
Enzymes (Shirley, NY USA) MagicMedia and HisPur™ Ni-NTA Resin 
were purchased from ThermoFischer Scientific (Waltham, MA USA). All 
chemicals were of analytical grade or higher. 

3.2. Enzyme production and purification 

The gbe from Butyrivibrio fibrisolvens (BfGBE, Genbank: AAA23007.1) 
was sequence optimized, cloned into a pRSET-B vector by BaseClear and 
expressed in E. coli BL21(DE3). The culture was grown on LB media 
(Luria-Bertani media, 1% NaCl, 1% tryptone, 0.5 % yeast extract) sup-
plemented with 100 μg/mL ampicillin at 37 ◦C, 150 rpm. After reaching 
an OD (600 nm) of 0.6, protein expression was induced by 100 mM IPTG 
and incubated for 21 h at 25 ◦C. 

The gbe1 from Petrotoga mobilis (PmGBE1, Genbank: ABX32021.1) 
and the gbe from Rhodothermus marinus (RmGBE, Genbank: 
ACY48769.1) were cloned into a pET28a vector by GeneScript and 
expressed in E. coli BL21 (DE3). The cultures were grown in MagicMedia 
supplemented with 50 μg/mL kanamycin for 21 h at 37 ◦C and 150 rpm 
(for PmGBE1) and for 24 h at 30 ◦C and 220 rpm (for RmGBE). All cells 
were harvested by centrifugation (5000✕g, 10 min, 4 ◦C), resuspended 
in lysis buffer (20 mM HEPES, pH 7.4, 500 mM NaCl, 500 μM Pefabloc) 
and lysed with sonication on ice (10 min with cycles of 30 s on and 30 s 
off; amplitude 20 %, Pulse 50 %). The cell debris was then collected by 
centrifugation (12000✕g, 10 min, 4 ◦C). For PmGBE1, the cell extract 
was incubated for 15 min at 50 ◦C, followed by centrifugation. All cell 
extracts were subsequently purified using HisPur™ Ni-NTA Resin by 
first binding the samples to the loose beads slowly rotating overnight at 
4 ◦C in equilibration buffer (20 mM HEPES, pH 7.4, 500 mM NaCl). The 
proteins were then eluted using a step-wise gradient of imidazole (20, 
100, 500 mM) and the batch method (gentle mixing, centrifugation at 
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Fig. 7. Model of the three distinct catalytic cycles of glycogen branching enzymes, based on a mechanism proposed by Hayashi et al [12] extended with hydrolysis 
and elongation activity. The active site of the enzyme is indicated by the gray area with the location of the catalytic triad highlighted in brown. Glucose units are 
indicated by circles and colored in red (donor chains), blue (acceptor chain), green (reducing end) and yellow (glucose unit harboring three glycosidic linkages and 
thus a branch point). E: elongation, B: branching, H: hydrolysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 
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900✕g 2 min, 4 ◦C and collection of supernatant). The purest fractions 
based on a basic enzyme characterization (see below) were combined 
and underwent a buffer exchange to 20 mM HEPES, pH 7.4 using PD-10 
desalting columns. 

3.3. Basic enzyme characterization 

The purity and quantity of the protein was determined by sodium- 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
stained with Coomassie Brilliant Blue and Bradford with bovine serum 
albumin (BSA) as standard, respectively. The activity of the enzymes 
were determined using the iodine assay as described previously [36]. 

3.4. Enzyme reactions 

For the branching reaction, 12.5 μg/mL enzyme (BfGBE, PmGBE1, 
RmGBE and EcGBE) was incubated with 2.5 mg/mL MD18 (dissolved in 
buffer for 30 min at 95 ◦C) in 10 mM sodium phosphate buffer slowly 
rotating head over tail at room temperature (BfGBE samples) or at 55 ◦C 
(all other samples). Samples were incubated for 0.5, 1, 2, 4, 6 and 24 h 
and the reaction was stopped by boiling for 5 min. 

For the debranching reaction, the GBE-modified glucans were first 
diluted twice in sodium acetate buffer, pH 4.5, and subsequently treated 
with isoamylase (1 U/mg substrate) and pullulase (0.7 U/mg substrate) 
for 24 h at 40 ◦C. 

3.5. Reducing ends analysis 

Samples of MD18 treated with GBEs (Section 3.4; branched and 
debranched) were measured using the pAHBAH assay [37] by mixing 50 
μl appropriately diluted sample with 200 μl pAHBAH solution (1/5 of 
5% 4-hydroxybenzoic acid hydrazide in 0.5 M HCl and 4/5 of 0.5 M 
NaOH) and incubated for 30 min at 70 ◦C. The absorbance was measured 
with a spectrophotometer (SpectraMax Plus 384 Microplate Reader, 
Molecular Devices, Sunnyvale, U.S.) at 490 nm. Samples were measured 
in triplicates and D-glucose was used as a standard. The linear chains 
were determined from the reducing ends of the branched product and 
the branched chains from the reducing ends of the debranched product – 
the linear chains. The branching degree of the products was calculated 
using the formula:  

Degree of branching (%) = (REDBr – REBr)/ (TC – REBr)*100                (1) 

REDBr = reducing ends after debranching (mol) 
REBr = reducing ends without debranching (mol) 
TC = total carbohydrate content of MD18 (mol) 

3.6. Anion exchange chromatography 

Both branched and debranched samples were analyzed with High- 
Performance Anion Exchange Chromatography coupled with Pulsed 
Amperometric-EDet1 Detection (HPAEC-PAD) with the Gold Standard 
PAD waveform, using a Dionex ICS-6000 system (ThermoFischer Sci-
entific; Waltham, Massachusetts, USA) with a CarboPac™ PA1 column. 
Samples were prepared by centrifugation (10000✕g, 10 min) and dilu-
tion of the supernatant to 0.5 mg/mL maltodextrins. The injection vol-
ume was 10 μL and the flow rate was 0.3 mL/min. The samples were 
eluted using the eluents A (0.1 M NaOH) and B (0.1 M NaOH, 1 M 
NaOAc) with the following gradient profile: 0− 50 min (5–40 % B), 
50− 65 min (40–100 % B), 65− 70 min (100 % B), followed by a re- 
equilibration at 5% B. Chromatograms show representative samples 
and peak areas were calculated using the Chromelion software version 
7.2.9 and represented by mean (n = 2). 

3.7. Iodine assay 

40 μg/mL GBE were incubated with 4 mg/mL potato amylose in 50 
mM sodium phosphate buffer, pH 7.5 at 50 ◦C in a water bath (RmGBE 
and PmGBE1) or at RT (BfGBE). At every minute for 10 min, 15 μL al-
iquots were taken from the enzyme reactions and mixed with 100 μL 
freshly prepared iodine reagent (0.26 % KI, 0.026 % I2, 5 mM HCl). After 
transfer of the last aliquot, the absorbance of the iodine-amylose com-
plex was detected from 450− 750 nm, 20 nm steps using a spectropho-
tometer (SpectraMax from Molecular Devices). 
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