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Chapter 1

Glycogen and glycogen branching enzymes in 
prokaryotic microorganisms



8

Chapter 1

Preface
Carbohydrates are the most abundant group of renewable biomolecules. They are 
constituents of many biologically essential molecules such as starch, glycogen, 
and cellulose. Starch is mainly synthesized by photosynthetic eukaryotes, such 
as plants and green algae and serves as an energy and carbohydrate reserve. 
Glycogen is another intracellular storage polysaccharide found in prokaryotic 
microorganisms (Bacteria and Archaea), and in eukaryotic cells such as yeast, 
and muscle and liver cells. 

In humans, glycogen is made and stored primarily in the cells of the liver and 
skeletal muscle (1,2). Glycogen can make up from 1-2% in skeletal muscle to 
5–6% of the liver’s fresh weight (1,3). Deficiencies in the synthesis and degra-
dation of glycogen in humans can cause different diseases, such as von Gierke's 
disease (type I), van Creveld-von Gierke's disease, Andersen’s disease (type IV), 
and adult polyglucosan body disease (4-7). 

Glycogen as storage compound is also accumulated in yeast and prokaryotes 
during growth or at the end of the growth phase if one or more nutrients are de-
pleted, while there is still a carbon source available (8,9). The major advantage of 
glycogen as reserve storage compound is that it has virtually no contribution to 
the cell’s internal osmotic pressure as it is a high molecular weight compound. In 
addition, because of its dense branches and special physical properties, glycogen 
dissolves easily at low temperature and has a relatively low viscosity and high 
stability at high concentrations (10). 

Glycogen is a branched polymer of α-D-anhydroglucose consisting of linear 
α-1,4-linked anhydroglucose residues with side chains attached via α-1,6-glyco-
sidic linkages. The overall structure consists of maximally 12 tiers of anhydro-
glucose chains with about 50% of the anhydroglucose residues in the outer chain. 
The average degree of polymerisation varies widely from 104 Da to 107 Da (11). 
In bacteria, glycogen metabolism includes various glycoside transferases, gly-
coside hydrolases and regulatory proteins (8,12-15). In addition to ADP-glucose 
phosphatase and glycogen synthase, also glycogen branching enzyme (GBE) is 
crucial as it creates the α-1,6-bonds. Although absolutely required in glycogen 
synthesis, there are aspects of GBEs that are not well understood, such as the 
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relations between GBEs and α-1,6-branched glucans in the cell wall of Mycobac-
terium bovis (16) or why some microorganisms have two or more GBE genes. 
Here, I provide more detailed information from the last few years related to gly-
cogen, mainly focusing on glycogen metabolism in microorganisms and compare 
GBEs of glycoside hydrolase family 13 (GH13) and glycoside hydrolase family 
57 (GH57).

Glycogen accumulation in microorganisms

Glycogen is a major intracellular reserve polymer of many microorganisms, be-
ing reported in over 70 different species, including Archaea, Bacteria and Eu-
karyotes (Table 1). The accumulation of glycogen is usually induced by nutrient 
limitation in the presence of an extra carbon source (17-19). In general, bacterial 
and archaeal species accumulate glycogen in the stationary growth phase, when 
the growth is limited due to the lack of a nutrient such as nitrogen, sulfur, or phos-
phate. Nitrogen deficiency leads to the largest accumulation of glycogen (9,20). 
However, some species, such as Rhodopseudomonas capsulatus, Streptococcus 
mitis, Sulfolobus solfataricus, and Galdieria sulphuraria synthesize most of the 
glycogen during the exponential growth phase (11,21-24). In yeast, glycogen is 
accumulated upon the limitation of nitrogen, phosphorus or sulfur during the sta-
tionary phase (19). 

The amount of glycogen accumulated differs widely, ranging from 0 to 70% of 
the cell dry weight (Table 1). Most of the Archaea for which glycogen production 
has been described produce 1 to 13% of the cell’s dry weight (25). Among gly-
cogen-producing Bacteria, the yield is in the range of 0.3 to 40% of the cell dry 
weight (26-28), and exceptions of even 70% (29). It seems that the typical amount 
of glycogen produced varies from 10 to 30% of the cell dry weight (30-32). In 
yeast, depending on the environmental conditions and life cycle glycogen makes 
up some 1.5 to 22% of cell dry weight (19). One of the highest amounts of glyco-
gen have been found in the red microalga Galdieria maxima reaching more than 
60% cell dry weight (33). Not only amounts of glycogen produced varies, also the 
structure of the glycogen varies considerably as well as the role glycogen plays. 
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Table 1 Glycogen accumulation in Microbes.

Name Glycogen 
content(%) Reference Name Glycogen 

content(%) Reference

Archaea
Desulfurococcus mucosus (22) Methanolobus tindarius 2.9 (25)
Desulfurococcus mobilis (22) Methanosarcina barkeri (34)
Halobacterium halobium (22) Methanosarcina thermophila (35)
Halococcus morrhuae (22) Methanothrix soehngenii (36)
Methanococcoides methylutens (37) Sulfobobus acidocaldarius (22)
Methanococcus jannaschii 5.7 (25) Sulfolobus solfataricus (22)
Methanococcus 
thermolithotrophicus 13.3 (25) Thermococcus hydrothermalis (38)
Methanococcus vannielii 0.9 (25) Thermofilum pendens (22)
Methanococcus voltae 1.1 (25) Thermoproteus tenax (22)
Bacteria
Acetivibrio cellulolyticus 37 (27) Rhodopseudomonas capsulata (23)
Aeromonas hydrophila 65 (39) Rhodopseudomonas palustris (40)
Agrobacterium rhizogenes 0.3 (26) Rhodospirillum rubrum (41)
Agrobacterium tumefaciens (42) Salmonella montevideo 48 (43)
Aerobacter aerogenes 9.3 (44) Salmonella enterica (45)
Arthrobacter crystallopoietes 40 (28) Salmonella typhimurium (46)
Arthrobacter viscosus 40-70 (29) Sarcina lutea 8.1 (47)
Bacillus cereus 24 (31) Selenomonas ruminantium 26 (48)
Bacillus megaterium (49) Shigella dysenteriae (43)
Bacillus stearothermophilus (50) Streptococcus agalactive (51)
Bacillus subtilis (52) Streptococcus mitis (53)
Bacteroides fragilis (54) Streptococcus mutans (55)
Chlorobium limicola (56) Streptococcus pyogenes (51)
Chromatium vinosum 17.5 (57) Streptococcus salivarius (58)
Clostridium botulinum (59) Streptococcus sanguis (60)
Clostridium pasteurianum (61) Streptomyces antibioticus 12 (62)
Corynebacterium glutamicum 4-9 (63) Streptomyces brasiliensis 25 (30)
Desulfobulbus propionicus (64) Streptomyces coelicolor (65)
Desulfovibrio vulgaris (64) Streptomyces fluorescens (66)
Enterobacter aerogenes (67) Streptomyces griseus (66)
Escherichia coli (68) Streptomyces 

viridochromogenes (66)

Fibrobacter succinogenes (69) Synechococcus elongatus 
6301 50 (70)

Mycobacterium phlei 10-16 (32) Synechocystis sp. PCC6803 (71)
Mycobacterium smegmatis 3-11 (32) Synechococcus elongatus (72)
Mycobacterium tuberculosis 5-14 (32) Thermus thermophilus 3 (73)
Nocardia asteroides 20 (74) Vibrio cholerae (75)
Eukaryote
Anabaena spp. 25 (76) Galdieria sulphuraria 20 (21)
Cyanidium caldarium 44 (77) Saccharomyces cerevisiae 38 (78)
Galdieria maxima 60 (33)
Note: the percentage of glycogen is presented in dry cell weight. Data that are reported in wet cell weight or volume of culture 
are not presented in this table.
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Biological functions in microbes

Glycogen serves different functions in living cells. The first and main one is 
as energy or carbon source for maintaining the cellular integrity during tough 
living conditions. Comparison of glycogen containing cells of E. coli (79) or E. 
aerogenes (80) with glycogen-less cells under starvation conditions revealed that 
glycogen containing cells survive for a longer period of time. It was also found 
that E. coli and E. aerogenes containing glycogen did not degrade their RNA and 
protein to NH3 as glycogen-less cells did, suggesting that glycogen can preserve 
intracellular constituents resulting in a longer survival during the stationary 
growth phase. Similarly, glycogen containing cells of S. mutans (81), V. cholerae 
(75), and S. elongatus (72) were more persistent under different stress conditions 
than glycogen-less strains.

In addition to serving as an energy and carbon source to starving cells, glycogen 
also supplies carbon and energy during spore maturation. Glycogen has been 
detected in several Streptomyces strains known to produce spores (30,65,66,82); 
it was observed that glycogen deposition occurred in two phases: phase I depo-
sition occurred in the centre of the mycelium while phase II deposition occurred 
in the developing spore chain. Glycogen was virtually absent in young vegetative 
mycelium, aerial hyphal stalks, and mature spores. Thus, glycogen was consid-
ered as a nutrient source for the growth of aerial hyphal stalks in phase I and in 
phase II glycogen was consumed during spore maturation. Similarly, glycogen 
accumulation was also found in B. cereus and B. subtilis in early sporulation 
and consumed during spore maturation (31,52). Thus, it is believed that glycogen 
functions as carbon source and energy source in sporulating microorganisms.

Glycogen can also serve as a precursor of stress-protectant molecules, such as 
maltose, trehalose, and floridoside. Trehalose is a non-reducing α-1,1-glucose di-
saccharide widely occurring in microorganisms serving a variety of purposes 
such as a carbon and energy source for the growth of bacteria (83,84) and spores 
(85-89); as a protectant of proteins and membranes during stress (90-93); as a 
transcriptional regulator in Bacillus (94); a regulatory molecule in the control of 
glucose metabolism (95); or as a structural constituent in the cell wall of Myco-
bacterium (96). In some glycogen accumulating species, trehalose is produced 
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together with glycogen as the main intracellular carbohydrate (62,97,98). Recent-
ly, glycogen was found to provide the building blocks of trehalose synthesis in 
many bacteria, among which Sulfolobus (99,100), Rhizobium (101), Mycobacteri-
um (102), Corynebacterium (103), and Arthrobacter (104).

Glycogen plays a potential role in the synthesis of cell wall constituents. The cell 
wall of M. tuberculosis contains up to 80% of branched polysaccharides structur-
ally somewhat similar to glycogen. Moreover, it has been proposed that glycogen 
metabolism is linked to the cell wall synthesis in this bacterium (16,105). 

Glycogen structure

Glycogen is a branched polymer of α-D-anhydroglucose, consisting of a linear 
backbone of α-1,4-linked anhydroglucose residues with side chains attached via 
α-1,6-O-glycosidic linkages (Fig. 1). A structural formulae has been proposed 
and the constituent linear chains were categorized according to their relation-
ship to the rest of the molecule (106,107): the A-chain is linked only through its 
reducing terminus to carbon 6 of the anhydroglucose unit of another chain; the 
B-chain is linked at its reducing end to another B or C chain while at the same 
time it carries one or more A and/or B chains as branches; the C-chain is the 
chain with the only free reducing end in the molecule (Fig. 1A). 

The well accepted Whelan model of glycogen structure (Fig. 1B) is based on 
analyses of rabbit muscle glycogen (108-111). In this model, glycogen has a se-
ries of tiers. The middle tiers are constituted by the B chains with each B chain 
bearing another two B chains linked by α-1,6-O-bonds. The ratio of A and B 
chains is rather similar among various glycogens, in the range of 1.1:1 to 1.2:1 
(112), implying that 52-55% of the chains are A-chains. In addition, it indicates 
that 80-90% of the B chains bear two branches and 10-20% of the B-chains bear 
three branches. The outermost tier consists of A chains and contains ~50% of the 
anhydroglucose residues present in the entire molecule. Based on this model, the 
glycogen has a maximum of 12 tiers and a molecular weight of about 104 kDa 
(110). However, the molecular weight of glycogen isolated from bacteria varies 
considerably. For example, the glycogen of M. phlei is about 1×105 – 2×105 kDa 
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(32); that of S. natans a molecular weight of 7×104 kDa (11), and the glycogen of 
E. coli is 8.2×104 kDa (113). 

The variation in the molecular weights of glycogens indicates that the Whelan 
model is not perfect in describing the structure of glycogen. Besides A, B and 
C chains, the structure of glycogen can also be represented by other parameters, 
including the degree of branching (DB), the chain length distribution, the aver-
age chain length (ACL), the average internal chain length (AICL), the molecular 
weight (MW), and the particle radius. Glycogens from different sources display 
a distinct side chain distribution, pointing at a variation in the arrangement of 
short and long chains (114). Besides anhydroglucose, glycogen can also contain 
trace constituents, such as glucosamine or phosphate (12,114-116). Mammalian 
glycogen always contains glycogenin, a self-glycosylating protein at which the 
synthesis of mammalian glycogens starts (117). Prokaryotic glycogens, in con-
trast, have no glycogenin.

Figure 1. The structure of a branched oligosaccha-
ride (A) and a glycogen model (B). The α-1,6-linkages 
are in red and the α-1,4-linkages in black. The glu-
cose moiety of branch points are in blue, and the non-        
reducing ends in purple.
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Enzymatic synthesis of glycogen in bacteria 
In prokaryotes, glycogen is synthesized via the GlgC-GlgA pathway. Extracel-
lular glucose is taken up by the cells and converted into glucose-6-phosphate 
by a phosphotransferase. Glucose-6-phosphate is then converted into glu-
cose-1-phosphate by phosphoglucomutase (PGM). The activated glucose nucle-
otide diphosphate, ADP/UDP-glucose is generated from α-glucose-1-phosphate 
by the action of glucose-1-phosphate adenylyltransferase (GlgC: EC 2.7.7.53) 
or glucose-1-phosphate uridylyltransferase (GalU: EC 2.7.7.9) in the presence 
of ATP and Mg2+ (118,119). The glucosyl units of ADP/UDP-glucose is finally 
transferred by glycogen synthase (GlgA: EC 2.4.1.11) to a pre-existing primer 
under the release of ADP/UDP. In contrast to yeast and mammalian cells, no 
glycogenin has been found in bacterial glycogen nor has a gene encoding glyco-
genin been identified in any of the sequenced prokaryotic genomes. In bacteria, 
GlgA does not only elongate α-1,4 chains, but can also form the primer required 
for the elongation process by catalysing its own glycosylation (120). In addition 
to α-1,4-linkages, glycogen also contains about 10% α-1,6-linkages, which are 
introduced by glycogen branching enzyme (GlgB, EC 2.4.1.18). 

Besides the classical GlgC-GlgA pathway (15), glycogen can also be synthesized 
by the GlgE pathway (Fig. 2), which was recently identified in Mycobacteri-
um (121), using trehalose and maltose as building blocks. In this GlgE pathway, 
trehalose is synthesized from glucose-6-phosphate and ADP/UDP-glucose by 
otsA and otsB (122). Trehalose synthase carries out the isomerization reaction 
between trehalose and maltose. Maltose is subsequently converted to linear glu-
cans by maltokinase (Pep2) and maltosyl transferase (Pep2-GlgE).

Glycogen catabolism involves enzymes such as glycogen phosphorylase (GlgP) 
removing glucose units from the non-reducing ends of the glycogen molecules 
and glycogen debranching enzyme (GlgX), cleaving the α-1,6-bonds (123,124). 
Recently, maltodextrin phosphorylase (MalP) was found to release maltodextrins 
from glycogen molecules in E. coli (125). An E. coli mutant deficient in glgX, 
glgP and malP, still released some maltodextrins from glycogen, suggesting that 
(an)other enzyme(s) can release maltodextrins from glycogen as well (125).
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Figure 2. Proposed glycogen metabolism pathway in bacteria. 

Prokaryotic glycogen branching enzymes 

Catalytic mechanism

GBE is a key enzyme in the synthesis of glycogen  introducing the α-1,6-linkages 
or branches. These side chains are not created by coupling single glucose moie-
ties as glycosynthase does, but in contrast, GBEs transfer entire chain segments. 
Importantly, GBEs do not act on short chains but require a linear chain of at least 
12 anhydroglucose residues before they are catalytically active (126). GBEs cata-
lyze the formation of α-1,6-O-glycosidic bonds by cleaving an α-1,4-glycosidic 
linkage in the donor substrate and transferring the non-reducing end terminal 
fragment of the chain to the C6 hydroxyl position of an internal glucose residue 
that acts as the acceptor substrate (127). GBEs are classified as glycoside hydro-
lases (GHs) sharing the retaining reaction mechanism as outlined by Koshland 
(128). Retaining-type enzymes use a two-step, double displacement mechanism 
involving a covalent glycosyl-enzyme intermediate as such retaining the ano-
meric conformation (Fig. 3) (128,129). 

The branching reaction starts with binding of the carbohydrate in the active site, 
followed by a nucleophilic attack of one of the two catalytic amino acids, typi-
cally a glutamate or aspartate residue, on the anomeric center of the O-glycosidic 
linkage to be broken. At the same time the other catalytic amino acid residue, 
also typically a glutamate or aspartate, donates a proton to the O-glycosidic link-
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Figure 3. Hydrolytic and transfer reaction scheme of GBE (retaining mechanism).

age to be cleaved. This combined nucleophilic attack and proton donation leads 
to the formation of a glycosyl-enzyme intermediate via an oxocarbenium ion-
like transition state. In the second stage, the catalytic amino acid that acted as an 
acid catalyst now acts as a base catalyst deprotonating the incoming acceptor that 
attacks the glycosyl-enzyme intermediate leading to the formation of a covalent 
bond between the glycosyl moiety and the acceptor, again via an oxocarbenium 
ion-like intermediate. The incoming acceptor molecule can either be water, re-
sulting in a hydrolysis of the donor molecule or another carbohydrate, resulting 
in the formation of a new O-glycosidic linkage. In the latter case, it  is a transg-
lycosylation reaction (128,129).

Besides branching activity, GBEs also have α-1,4-hydrolase activity and some 
data suggests that they may possess some α-1,4-transferase activity as well 
(126,130). Most GBEs of GH13 do not have hydrolase activity, such as GH13 
GBEs from A. globiformis (131), A. gottschalkii (132), B. fibrisolvens (133), D. 
geothermalis, D. radiodurans (134) and V. vulnificus (135). In contrast, some 
GBEs of GH13 from R. obamensis (RoGBE), R. marinus (RmGBE13) and P. mo-
bilis (PmGBE13) showed some hydrolytic activity. Differently, all characterized 
GH57 GBEs showed a clear hydrolytic activity. TkGBE57 from T. kodakarensis 
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has 7% hydrolytic activity (chapter 4), TtGBE57 from T. thermophilus showed 
15% hydrolase activity (chapter 3), PmGBE57 from P. mobilis even has 27% 
hydrolase activity (chapter 3). AmyC from T. maritima, initially identified as an 
α-amylase (136), has 29% hydrolase activity (chapter 2). Besides α-1,6-branching 
and α-1,4-hydrolytic activity, the GH13 GBE of R. marinus was shown to have 
some α-1,4-transferase activity (126,130). It is not known whether other GBEs 
have such a α-1,4-transferase.

Structural features 

The E. coli GBE was the first primary structure of a GBE determined (137), 
based on the amino acid sequence homology of the E. coli GBE with that of 
amylolytic enzymes (138). Amylolytic enzymes include α-amylase (EC 3.2.1.1), 
cyclomaltodextrin glucanotransferase (EC 2.4.1.19), isoamylase (EC 3.2.1.68) 
and pullulanase (EC 3.2.1.41), all belonging to the family 13 of glycoside hydro-
lase (GH13). All these enzymes have four conserved sequence regions (CSRs) 
(139,140). Currently over 20 reaction specificities are found in GH13. Because 
of the ever-increasing number of sequences, the GH13 family was subdivided 
into 42 subfamilies (141). GBEs were divided into two subfamilies, the GH13_8 
(Eukaryote) and the GH13_9 (Bacteria and Achaea). 

Besides GH13, GBEs are also found in GH57, which was established in 1996 
(142) based on the α-amylase sequences of Dictyoglomys thermophilum (143) and 
Pyrococcus furiosus (144), being obviously different from the GH13 α-amylases 
(145). GH57 has several defined amylolytic enzyme specificities, such as α-am-
ylase, amylopullulanase (EC 3.2.1.41), dual-specificity amylopullulanase/cyclo-
maltodextrinase (EC 3.2.1.41/54), GBE, 4-α-glucanotransferase, α-galactosidase 
(EC 3.2.1.22), as well as a non-specified amylase (EC 3.2.1.-) and maltogenic 
amylase (EC 3.2.1.133) (145). 

The crystal structure prediction demonstrated that the conserved catalytic do-
main of GH13 GBEs contains a (β/α)8-barrel. The (β/α)8-barrel is characterized 
by the presence of 8 β-strands in the core of the enzyme, and 8 α-helices sur-
rounding the β-strands (Fig. 4A). However, distinctly with GH13 enzymes, the 
GH57 enzymes share a (β/α)7-barrel catalytic domain (Fig. 4B). In family GH13 
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Figure 4. Topology models of family GH13 and family GH57 GBEs. A: (β/α)8-barrel of 
family GH13 GBE; B: (β/α)7-barrel of family GH57 GBE. Cylinders represent α-helices 
and arrows represent β-strands. The different domains of GH13 and GH57 are indicated. 
Domain B of GH57 is inserted between β-strand 2 and α-helix 5 of domain A (catalytic 
domain) while there is no domain B in GH13 GBEs.

CBM48 is one conserved domain in front of the catalytic domain (134,146,147). 
Domain C always follows the catalytic domain located at C-terminus, which is 
an α-helix rich region. Differently, no N-terminal domains were found in GH57 
enzymes. However, α-helices forming domain B are inserted into the catalytic 
domain (domain A) (148,149).

The conserved sequence regions (CSRs I to IV) were firstly predicted for GH13 
amylolytic enzymes by Baba et al. (150), and later three additional CSRs were 
predicted by Janecek (151). The four conserved sequence regions are located at 
β-strands 3, 4, 5, and 7, and contain the catalytic residues and conserved binding 
residues (D335, H340, R403, D405, E458, H525 and D526, E. coli numbering). 
Three catalytic residues are located at CSRII, III, and IV respectively, forming 
the catalytic triad, composed of the nucleophile (D405), the proton donor (E458), 
and the transition state stabilizer (D526) (Fig. 5A) (152,153).
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Figure 5. Sequence alignment of homology regions of family GH13 (A) and family 
GH57 (B). EcGBE: GBE from E. coli; MtGBE: GBE from M. tuberculosis; AaeGBE: 
GBE from A. aeolicus; BcGBE: GBE from B. cereus; DrGBE: GBE from D. radiodurans; 
RmGBE: GBE from R. marinus; PhGBE: GBE from P. horikoshii; TkGBE: GBE from 
T. kodakarensis; TtGBE57: GBE from T. thermophilus; AmyC: GBE from T. maritima; 
PmGBE57: GBE from P. mobilis; NU: nucleophile; A/B: acid/base catalyst; TS: transition 
state stabilizer. The aligned sequences were prepared with EsPript (155).

The  family GH57 members are characterised by five CSRs (I to V) (154), which 
are completely distinct from GH13 enzymes (Fig. 5B) and are located in β-strands 
1, 3, 4, 10, and domain C, respectively. The two catalytic residues are present in 
CSR III and CSR IV.

The GH13 GBE of E. coli was the first crystal structure to be solved (PDB 
1M7X); this enzyme lacked the N-terminal 112 amino acids and showed a com-
mon (β/α)8-barrel catalytic domain (147). Recently, the crystal structures of 
GBEs from Cyanothece sp. (PDB 5GQU) and M. tuberculosis (PDB 3K1D) have 
been solved as well (146,156). The GBEs of GH13 show a multiple domain struc-
ture: a N-terminal domain, a CBM48 domain, domain A, and domain C (Fig. 6). 
Generally, the N-terminus containing CBM48 is involved in substrate binding 
(157,158). An extra N-terminal domain (Domain N1) is present in many GBEs. 
The exact role of this extra domain is not clear. A truncation mutant without 
domain N1 displayed lower activity (146,159), and formed products with small 
differences in branching pattern of the product (134,159-161). Domain C is a 
β-strand rich module with one substrate binding site (157). Domain C knockout 
mutants showed the same substrate activity and branching pattern compared to 
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Figure 6. Overall structures of GH13 and GH57 GBEs. A. GH13 GBEs; EcGBE 
(PDB:1M7X, E. coli) missing N-terminal 116 residues; CsGBE (PDB: 5GQU, C. sp. 
ATCC 51142); MtGBE (PDB: 3K1D, M. tuberculosis); Domain A colored in green; 
Domain N colored in marine; CBM48 colored in cyan; Domain C colored in orange. 
B. GH57 GBEs; TkGBE57 (PDB: 3N8T, T. kadakarensis); TtGBE57 (PDB: 1UFA, T. 
thermophilus); PhGBE (PDB: 5WU7, P. horikoshii); Domain A colored in green; Domain 
B colored in yellow; Domain C colored in orange; Catalytic residues colored in red.

wild type enzyme, which indicates that domain C does not influence substrate 
specificity and branching pattern (134). 

To date, five crystal structures of GH57 have been solved: TkGBE57 of T. kod-
akarensis KOD1 (PDB: 2N8T) (148)(141), TtGBE57 of T. thermophilus HB8 
(PDB: 1UFA) (149), PhGBE of P. horikoshii OT3 (PDB: 5WU7) (162), TlGT of 
T. litoralis (PDB: 1K1W) (163) and AmyC of T. maritima MSB8 (PDB: 2B5D) 
(136). The GBEs of GH57 display multiple domains, including the catalytic do-
main (domain A, (β/α)7-barrel), domain B inserted into domain A, and domain C 
(Fig. 6). No N-terminal domain was found in GH57 GBEs. 

The GH13 GBEs have three conserved catalytic residues (Glu458, Asp405 and 
Asp526, EcGBE numbering) (Fig. 7A). Asp405 is the nucleophile forming the co-
valent glycosyl-enzyme intermediate (147). Glu458 is the proton acceptor/donor 
(146,147). The third catalytic residue (Asp526) acts as transition state stabilizer. 
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Figure 7. The locations of the GBE catalytic residues in the active site. The catalytic 
residues are colored in red. A. GH13 GBE (numbering EcGBE); B. GH57 GBE 
(numbering TkGBE).

In GH57 GBEs, the two catalytic residues Glu183 and Asp354 (TkGBE57 num-
bering) play the same roles as Asp405 and Glu458 in GH13 enzymes (148,149) 
(Fig. 7B). 

Substrate specificity 

To understand the substrate specificity of GBEs it is essential to analyse the 
structure of the branched polysaccharides synthesised. However, characteriza-
tion of the in-vivo substrate specificity of GBEs is very challenging, as the ac-
tion of GBEs is coupled to the chain elongation reaction catalysed by glycogen 
synthase. In-vitro short chain gluco-oligosaccharides, amylose, amylopectin, or 
even starch are generally used as substrates. To date, a limited number of GH13 
and GH57 GBEs have been characterized. Almost all GBEs characterized so far 
are more active towards amylose than amylopectin, with the exception of the 
GBE of D. radiodurans which is more active on amylopectin than on amylose 
(134). The GBE from D. geothermalis shows much higher activity with amylose 
than amylopectin (134). The GBE of R. obamensis was six times more active on 
amylose than on amylopectin and had low activity on glycogen (126), which is 
because amylopectin and glycogen as GBE products already are branched slowly 
in further branching, existing branch points might structural inhibit the synthesis 
of new branching points. The GBE from V. vulnificus was ten times more active 
on amylose than on amylopectin (135). Three isoforms of Cyanothece sp. ATCC 
51142 (GBE1, GBE2 and GBE3) showed higher activity on amylose than on 
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amylopectin (164).  Several GH57 GBEs (TtGBE57, TkGBE57, PmGBE57 and 
AmyC) show a higher activity towards amylose than on amylopectin (this thesis). 

The degree of branching, which can be determined by 1H-NMR or debranch-
ing the branched products with isoamylase/pullulanase followed by reducing end 
quantification (165), is an important property of the branched polymers produced 
by GBEs. Generally, amylose is the substrate of the first choice, because it has 
virtually no α-1,6-linkages. The degree of branching of GH13 GBE products 
shows a large range from 6% to 13% (Table 1). Differently, GH57 GBE products 
have a similar degree of branching of around 9%. 

The position of the branching point can be presented by the average internal 
chain length (AICL). The AICL of different GBEs products were compared, and 
showed that it was between DP2 and DP4, indicating that GBEs preferentially 
synthesize a new α-1,6-bonds at the second or third glucose residue (166). This 
was also found when the product of the E. coli and S. elongatus GH13 GBE were 
treated with phosphorylase or β-amylase followed by HPLC analysis. The new 
branching points were preferentially formed at the second or third glucose resi-
due from the reducing end of the acceptor chain (167,168).

Chain length distribution of products 

The products of GBEs differ not only in the degree of branching but also in the 
distribution of the lengths of the side chains (Table 2). The products of the GH13 
GBE of P. mobilis and R. obamensis have very short chains, making up more than 
50% of the side chains (this thesis). The branched glucans obtained with the V. 
vulnificus GH13 GBE had about 20% chains with a DP≤ 5. Similarly, the GH57 
GBEs of T. thermophilus, T. kodakarensis, T. maritima (AmyC) also had between 
30 and 50% short side chains. It is worth to notice that the nature of the substrate 
seems to influence the chain length distribution. With amylose as substrate, the 
branched glucans had a relatively large amount of short chains, while fewer 
short chains were found in branched products derived from native starches. Most 
GBEs of both families transferred chains between DP6 and DP13, making up 
between 40% and 80%. The product of the GBE from D. geothermalis having 
over 80% of DP6-12 chains (134). Generally, the fraction of larger side chains of 
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DP13-18 is between 15-30%, however, the isoform 2 and isoform 3 GBEs of C. 
sp. showed long chains preference, especially GBE3 transferred 27% long chains 
(164), as well as ScoGBE from S. elongatus transferred 20% long chains (167). 
Differently, GH57 GBEs have a strong preference to transfer chains shorter than 
DP19 (chapter 3, this thesis).
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Phylogeny and distribution 

As glycogen is accumulated by many microorganisms, GBEs are widespread in 
nature. GH13 GBEs are found in both Eukaryotes and Bacteria, whereas GH57 
GBEs are present in Bacteria and Archaea only. Most microorganisms have ei-
ther a GH13 or a GH57 GBE. To get more insight into the distribution of GH13 
and GH57 GBEs, 8,000 GH13 GBE and 2,000 GH57 GBE sequences were ex-
tracted and selected, and finally 400 bacteria containing both families GBEs 
were extracted from the NCBI database and a phylogenetic tree was constructed 
(Fig. 8). The GBEs of GH13 or GH57 are found in more than 20 prokaryotic 
phyla. The distribution of GBEs is variable within and between phylum. Based 
on the amino acid sequences of GBEs, the phylogenetic tree shows that the pri-
mary structure of GBEs does not reflect the taxonomy. In some cases, GBEs in 
the same taxa are located in the different clades. This observation holds for both 
family GBEs, which  suggests that the evolution of GBE involves ancient gene 
and lateral gene transfer. 

Some bacterial species mainly of the phyla Actinobacteria, Firmicutes, Cyano-
bacteria and Proteobacteria have two GBEs, one or more genes encoding a 
GH13 GBE as well as a GH57 GBE (Fig. 9). Interestingly, no Archaea containing 
both families of GBEs were found. The bacteria containing both family GBEs are 
less than 10% of the total number of bacteria collected in this study. In the Act-
inobacteria phylum, most Actinobacteria species have both families GBEs. Typ-
ically, in the genus Mycobacterium, all the members have both families GBEs. 
The GH13 GBE from M. tuberculosis has been characterized (105), whereas the 
GH57 GBE has not been characterized yet. In the phylum Firmicutes, species 
containing both families GBEs are only found in the classes Clostridia and Bacil-
li; none of these GBEs have been characterized so far. Another big phylum with a 
GH13 and GH57 GBE in one species is that of the Cyanobacteria; none of these 
GBEs have been characterized.



27

Introduction

Figure 8. Phylogenetic tree of GH13 (A) and GH57 (B) GBEs. The sequences were 
aligned by Clustal omega and the tree was constructed by using FigTree.

A

B
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Figure 9. The taxonomic tree of the bacteria containing both GH13 and GH57 GBEs. 
The subtrees of Pseudonocardia, Amycolatopsis, Gordonia, Rhodococcus, Nocardia and 
Mycobacterium were collapsed, because too much species were involved.
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Application of GBEs in starch modification

Starch is the energy storage carbohydrate accumulated by many plants, including 
corn, rice, wheat and potato, and is the major dietary constitute of the human 
diet. It is composed of two types of polymers: amylose and amylopectin. Am-
ylose is a virtually linear glucose polysaccharide linked by α-1,4-O-glycosidic 
bonds and amylopectin is a branched α-1,4-linked polysaccharide with recurring 
α-1,6-branching points (173). Besides consumed directly as food, starch is also 
used as ingredient in food and industrial applications, typically after chemically 
(174), physically (175,176) and/or enzymatically (177) modification. Well known 
application areas are food texturizing, adhesives, paper coatings and textile man-
ufacturing (178-180). The enzymatic modification method has its own advantag-
es, such as increased safety, substrate selectivity, and product specificity (181). 

Based on the degradation pattern in an in-vitro assay, starch can be classified 
into three types: rapidly digestible starch (RDS), slowly digestible starch (SDS), 
and resistant starch (RS) (182). Generally, RDS is defined as the starch that is 
digested within 20 min. SDS is hydrolyzed slowly between 20 min. and 120 min. 
RS is not digested and will move through the small intestine to be fermented in 
the colon. SDS draws the attention, because it is considered to have a low glyce-
mic index (GI) with extended glucose release (183,184), which can attenuate the 
postprandial blood glucose levels (185,186). The low GI or low glycemic response 
food can be used to reduce the risk of common chronic diet-related diseases 
(151,187-189). GBEs could be potentially used to convert starch or amylopectin 
into SDS and RS with an increased percentage of α-1,6-linkages (126,190). GBE 
modified starch is more difficult to hydrolyze to glucose because α-1,6-linkages 
are digested slower to glucose by mucosal α-glucosidases than α-1,4-linkages 
(191-193). Several GBEs, including those of S. mutans, R. obamensis and B. sub-
tilus have been used to produce highly branched starches with reduced digestion 
properties (126,190,194). 
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Scope of this thesis
In this PhD thesis the similarities and differences between a number of GH13 
and GH57 GBEs are described. The focus is on substrate preferences, reaction 
specificity, and product properties. Several GH13 and GH57 GBEs are character-
ized in detail and the products derived from amylose or starches were analyzed 
to determine the reaction specificity. Finally, the application of these GBEs in the 
production of slowly digestible starch was investigated using a range of different 
starches.

In Chapter 1 the current knowledge of glycogen metabolism in prokaryotes and 
that of the GBEs of families GH13 and GH57 is reviewed. The accumulation, bi-
ological function, the structures of glycogen in prokaryotes and the distribution, 
primary structure, 3D structure, catalytic mechanism, reaction and products of 
GBEs are reviewed and discussed.

In Chapter 2 the characterization of AmyC as glycogen branching enzyme of 
GH57 from Thermotoga maritima with high hydrolytic activity is described. In 
order to proof that AmyC is a GBE, and not an amylase, amylose V was used as 
substrate, and the product was analyzed by NMR, the debranching assay and re-
ducing end measurement. All results showed that AmyC creates new α-1,6-bonds 
and hydrolyzes α-1,4-bonds to release free oligosaccharides. The relatively high 
hydrolytic activity was explained from the 3D structure. 

In Chapter 3 two novel GBEs of the P. mobilis SJ95 bacterium, one GH13 and 
one GH57 are described. The distribution of glycogen metabolism enzymes in 
Thermotogacea bacteria was investigated and it was found that only Petrotoga-
cea bacteria have both family GBEs. The activity of PmGBE13 of family GH13 
and PmGBE57 of family GH57 was quantified using amylose V as substrate. 
The biochemical properties of PmGBE13 and PmGBE57 were characterized in 
detail. PmGBE13 has high catalytic activity, converting amylose and starch into 
highly branched products with a degree of branching of 13%. PmGBE57 has, in 
contrast, a low activity, forming less branched products with 8.5% α-1,6-bonds. 

Chapter 4 compared the differences of GH13 and GH57 GBEs from enzyme 
activity, substrate preference and product structures. The effect of the amylose 
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content of the substrates on GBEs products were investigated by using amylose 
and amylopectin mixtures as substrates, and found that amylose has more effect 
on GH57 GBEs than GH13 GBEs. The different activities of both family GBEs 
were compared by using amylose V as substrate, and GH57 GBEs displayed rela-
tively higher hydrolytic activity than GH13 GBEs, but the GH13 GBEs are more 
active in branching activity than GH57 GBEs.

In Chapter 5 the digestibility of GH13 and GH57 products derived from differ-
ent natural starches by hydrolysis of pancreatic α-amylase and amyloglucosidase 
is given. The digestibility was correlated to the degree of branching and the inter-
nal chain length. Increasing the degree of branching increased the SDS and RS 
content in highly branched α-glucans with the degree of branching below 10%. 
The amount of SDS and RS is constant with the degree of branching above 10% 
due to the short internal chain length limiting the binding of the α-amylase. 

In Chapter 6 the results reported in this thesis are summarized and discussed. In 
addition, new topics for future research are proposed.
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Abstract
AmyC, a glycoside hydrolase family 57 (GH57) enzyme of Thermotoga mariti-
ma SMB8, has previously been identified as an intracellular α-amylase playing 
a role in either maltodextrin utilization or storage polysaccharide metabolism. 
However, the α-amylase specificity of AmyC is questionable as extensive phy-
logenetic analysis of GH57 and tertiary structural comparison have indicated that 
AmyC could actually be a glycogen branching enzyme (GBE), a key enzyme 
in the biosynthesis of glycogen, a branched glucose polymer used as an ener-
gy and carbon storage by many microorganisms. This communication presents 
phylogenetic and biochemical evidence that AmyC is a GBE with a relatively 
high hydrolytic (α-amylase) activity (up to 30% of the total activity), creating a 
branched α-glucan with 8.5% α-1,6-glycosidic bonds. The high hydrolytic activ-
ity is explained by the fact that AmyC has a considerably shorter catalytic loop 
(residues 213-220) not reaching the acceptor side, and that one of the “gatekeep-
er” residues, suggested to prevent hydrolysis, has an unfavorable conformation. 
The putative GBEs from three other Thermotogaceae, with very high sequence 
similarities to AmyC, were found to have the same structural elements as AmyC, 
suggesting that GH57 GBEs with relatively high hydrolytic activity are wide-
spread in Nature.
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Introduction
Glycoside hydrolases (GHs; EC 3.2.1.x) catalyze the hydrolysis of O-glycosidic 
bonds in carbohydrates such as starch. They are ubiquitously present in all king-
doms of life. Well-known GHs are α-amylase (EC 3.2.1.1), the enzyme present in 
e.g. saliva and the small intestine, responsible for the degradation of starch, and 
lactase (E.C. 3.2.1.108), which degrades the milk sugar lactose to glucose and 
galactose. GHs are classified based on amino acid sequence homology in 152 
different families (CAZy) (1,2). Most GHs have either an inverting or a retaining 
reaction mechanism as outlined by Koshland (3). 

In essence, GHs catalyze both hydrolysis and transglycosylation reactions, but 
the ratio varies enormously depending on the type of GH, the substrate con-
centration and the reaction conditions (3,4). Typical GHs with almost exclusive 
hydrolytic activity are isoamylases (EC 3.2.1.68), which hydrolyze the α-1,6-gly-
cosidic linkage in amylopectin (5,6), and α-amylases (EC 3.2.1.1), which hydro-
lyze the α-1,4-glycosidic linkage in amylose, amylopectin and glycogen (7). An 
example of a GH with almost exclusive transglycosylating activity are 4-α-glu-
canotransferases (EC 2.4.1.25), that break an α-1,4-glycosidic linkage in amylo-
pectin or amylose and form a new α-1,4-glycocosidic linkage when transferring 
a part of the donor molecule to the acceptor (8-10).

The glycoside hydrolase family 57 (GH57) was established in 1996 (11) based 
on the sequences of two amylolytic enzymes from Dictyoglomys thermophilum 
(12) and Pyrococcus furiosus (13) that were obviously unrelated to the mem-
bers of the main α-amylase family GH13 (14). For the family GH57 members, 
five conserved sequence regions (CSRs) have been established (15). Currently 
GH57 holds over 2,000 protein sequences (CAZy update from December 2018) 
comprising hydrolytic and transglycosylating enzymes, such as α-amylase, 
amylopullulanase (EC 3.2.1.41), dual-specificity amylopullulanase/cyclomalto-
dextrinase (EC 3.2.1.41/54), glycogen branching enzyme (GBE; EC 2.4.1.18), 
4-α-glucanotransferase, α-galactosidase (EC 3.2.1.22), as well as a non-specified 
amylase (EC 3.2.1.-) and maltogenic amylase (EC 3.2.1.133) (14-18). Glycogen 
branching enzymes of GH57 play a pivotal role in the synthesis of glycogen, 
cleaving an α-1,4-glycosidic linkage in the donor substrate subsequently trans-
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ferring the non-reducing end fragment to the C6 hydroxyl position of an internal 
glucosyl moiety that acts as the acceptor substrate (α-1,6-transglycosylation).   

Ballschmiter et al. (19) identified AmyC from the thermophilic bacterium T. 
maritima, an enzyme produced during the exponential growth phase and show-
ing activity towards amylose and soluble starch at high temperature, releasing  
oligosaccharides. Sequence analysis revealed that AmyC belongs to GH57 and 
has no signal peptide. Together, the authors concluded that AmyC is an intracel-
lular GH57 α-amylase that may play a role in either maltodextrin utilization or 
storage polysaccharide metabolism (19). 

The crystal structure of AmyC (20) showed structural similarity with PDB en-
try 1UFA, a GH57 enzyme (TT1467) with then unknown function. Santos et al. 
(21) determined the crystal structure of another GH57 enzyme, TK1436 from 
T. kodakarensis KOD1, and compared its structure with that of AmyC. TK1436 
was found to be a GBE; it features a long and flexible so-called catalytic loop 
(residues 225-245, TK1436 numbering) folding towards the active site with a ty-
rosine residue at its tip (Tyr233, TK1436 numbering); this loop was shown to be 
essential for branching activity and proposed to be involved in substrate binding 
and/or intermediate product stabilization (21,22). AmyC showed a considerably 
shorter catalytic loop, lacking the corresponding tyrosine residue as well as an-
other conserved tryptophan residue lining the active site groove (Trp270, TK1436 
numbering). While TK1436 was found to be functional as a tetramer, AmyC is 
monomeric. The authors proposed that the differences in tertiary and quaternary 
structure relate to the fact that AmyC only showed hydrolytic activity on starch-
like substrates. This hypothesis was further supported by the observation that 
also TT1467 was characterized as a GBE (PDB entry 3P0B (22)) and features the 
same structural elements as TK1436, but differs from AmyC regarding those.

Nevertheless, a detailed bioinformatic analysis of GH57 enzymes (18) clearly 
showed that AmyC contains the sequence fingerprint of GBE’s; thus it remained 
intriguing why the biochemical characterization of AmyC (19) only revealed    
hydrolytic and not transglycosylation (branching) activity. We therefore investi-
gated the phylogeny, activity, and three-dimensional structure of AmyC in more 
detail. This communication presents biochemical evidence in support of the in 
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silico analysis that AmyC is indeed a GBE with relatively high hydrolytic ac-
tivity (up to 30% of the total activity), and suggest which structural features are 
responsible for its specificity. Finally, three putative GH57 GBEs are identified 
based on structural homology to AmyC, suggesting that GH57 GBEs with rel-
atively high hydrolytic activity are more widespread in mesophilic and thermo-
philic microorganisms.

Materials and Methods

Materials 

Amylose V was provided by Avebe (Veendam, Netherlands). Isoamylase (spe-
cific activity 260 U/mg), pullulanase M1 (EC 3.2.1.41, specific activity 34 U/mg) 
and β-amylase (EC 3.2.1.2, specific activity 10,000 U/mL) were purchased from 
Megazyme (Wicklow, Ireland). All other chemicals were from Sigma-Aldrich 
(Zwijndrecht, Netherlands) 

Sequence collection

Sequences of 40 GBEs (Table S1) were collected based on the recent exhaustive 
in silico analysis of the entire α-amylase family GH57 (16) that, of all 1,602 GH57 
sequences taken from the CAZy database (2), yielded 546 GBEs. Forty GBEs 
were selected in an effort to obtain a representative sample of GBE sequences 
having, in addition to AmyC from T. maritima (19,20), the biochemically char-
acterized enzymes from T. kodakaraensis (21,23), T. thermophilus (22) and P. 
horikoshi (24), accompanied by a range of hypothetical GBEs covering various 
taxa from both Bacteria and Archaea including all available sequences from the 
phylum Thermotogae. In order to perform as relevant as possible analysis and in 
accordance with previous in silico studies (16-18,25), the set of sequences was 
completed by 23 biochemically characterized family GH57 members represent-
ing other enzyme specificities, accompanied by one putative representative of 
the α-amylase-like protein (Table S1).
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Sequence and evolutionary comparison

All full-length protein sequences (Table S1) were retrieved from the UniProt 
knowledge database (http://www.uniprot.org/) (26) and/or from GenBank (https://
www.ncbi.nlm.nih.gov/genbank/) (27). The alignment was done for AmyC from 
T. maritima and the three characterized GBEs from T. kodakaraensis, T. thermo-
philus and P. horikoshi, for which also their three-dimensional structures have 
been determined – using the program Clustal-Omega with default parameters 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) (28).

For all 64 GH57 enzymes and proteins (Table S1), their five well-established con-
served sequence regions (CSRs) (15) were identified according to previous bioin-
formatics analyses (16-18,25). The evolutionary tree was calculated based on the 
alignment of five CSRs mentioned above as a Phylip-tree type using the neigh-
bour-joining clustering (29) and the bootstrapping procedure (30) (the number of 
bootstrap trials used was 1,000) implemented in the Clustal-X package (31). The 
tree was displayed with the program iTOL (http://itol.embl.de/) (32). Sequence 
logos were created using the WebLogo 3.0 server (http://weblogo.threeplusone.
com/) (33) for CSRs of all 40 GBE sequences as well as of the single AmyC from 
Thermotoga maritima.

Expression and purification of AmyC

A codon optimized gene encoding the GBE from T. maritima SMB8 (AmyC) 
was synthesized by Baseclear (Leiden, The Netherlands), and cloned into pRSET 
B behind the His-tag sequence of the vector. Gene sequence details are provided 
in the supplemental information. AmyC was overexpressed in Escherichia coli 
BL21(DE3), cultivated in Luria-Bertani (LB) medium (10 g/L of tryptone, 5 g/L 
yeast extract, and 10 g/L NaCl) supplemented with 100 μg/mL ampicillin. GBE 
expression was induced with 0.1 mM IPTG when the culture had an OD600 of 0.8; 
the induction was carried out at 16 oC for 20 h. Cells were harvested by centrif-
ugation (5,000×g, 10 min, 4 oC), washed twice with 10 mM sodium phosphate 
buffer pH 7.0, and lysed using a high-pressure homogenizer (Emulsiflex-B15; 
Avestin, Ottawa, Canada) in two cycles at 9.0 MPa and room temperature. A cell-
free extract was obtained after centrifugation (20,000×g, 30 min, 4 oC). AmyC 
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was purified in two steps: first, the cell-free extract was subjected to 70 oC for 15 
min, followed by removal of the denatured proteins by centrifugation (20,000×g, 
30 min, 4 oC). The His-tagged AmyC was purified using the HisPurTM Ni-NTA 
Resin (Thermo Fisher Scientific, Waltham, US) according to the manufacturer’s 
protocol. Protein concentration was quantified using the Quick Start™ Bradford 
Protein Assay kit (Bio-Rad Laboratories). The purity and molecular mass of the 
proteins were checked by SDS-PAGE.

Enzyme activity assays

The enzyme activity was analyzed using the iodine staining assay and monitor-
ing the decrease of absorbance of the glucan-iodine complex (34). Amylose V 
with an average DP of 700 was selected as substrate because it has no detectable 
α-1,6-linkages by NMR, so any α-1,6-linkage detected is produced by the result 
of the action of the GBE. 

A mixture of 0.125% (w/v) amylose V in 50 mM sodium phosphate buffer (pH 
7.0) and 132.5 μg/mL AmyC was incubated at 50 oC. To regularly taken aliquots 
of 10 μL, 150 μL iodine reagent (aqueous solution of 0.0127% I2 and 0.035% KI) 
was added and the absorption at 660 nm was determined. One unit of enzyme 
activity is defined as the amount of enzyme that gives a decrease in absorbance 
of the amylose/iodine complex of 1.0 absorbance unit per minute at 660 nm (22).

The hydrolytic and transglycosylation activity of AmyC with amylose V as sub-
strate were determined by measuring the increase in reducing ends by the bicin-
choninic acid (BCA) method before and after debranching the product, respec-
tively. Amylose V was dissolved in 1 M sodium hydroxide and then neutralized 
to pH 7.0. A mixture of 0.125% (w/v) amylose V in 50 mM sodium phosphate 
buffer (pH 7.0) and 132.5 μg/mL AmyC was incubated at 50 oC. Samples of 500 
μL were taken at different time points and the AmyC was inactivated by incu-
bating the samples at 100 oC for 10 min. To debranch the product, 200 μL sample 
was mixed with 1 μL 1 M citrate, 1 U isoamylase, 0.7 U pullulanase and 1 μL 1 M 
CaCl2 and then incubated at 40 oC for 16 h. The hydrolytic activity was measured 
by following the increase in reducing ends during the reaction as each product 
of hydrolysis bears a terminal, reducing glucose residue. Transglycosylation, or 
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branching activity, was measured by treating the reaction product with the deb-
ranching enzymes isoamylase and pullulanase, enzymes that specifically hydro-
lyze α-1,6-linkages; the product of the specific hydrolysis of α-1,6-linkage will 
also bear a terminal, reducing glucose residue. The net increase in reducing ends 
is the amount of reducing ends after debranching minus the amount of reducing 
ends before debranching, is a direct result of the transglycosylation/branching 
activity. One unit branching activity is defined as 1 μmol of α-1,6-linkage syn-
thesized per minute and one unit hydrolytic activity is defined as 1 μmol of re-
ducing end synthesized per minute.

Influence of pH and temperature on activity

The influence of pH on AmyC activity was measured at 50 oC in 50 mM sodium 
phosphate buffer (pH 6.0 to 9.0) by using the iodine assay as described above. 
The influence of temperature on AmyC activity was determined at pH 7.0 in 50 
mM sodium phosphate buffer using the activity assay mixture incubated at tem-
perature ranging 40 to 90 oC. 

Oligosaccharide analysis

Oligosaccharide analyses was carried out by High-Performance Anion-Exchange 
Chromatography (HPAEC) on a Dionex ICS-3000 system (Thermo Scientific, 
USA) equipped with a 4×250 mm CarboPac PA-1 column. A pulsed amperomet-
ric detector with a gold electrode and an Ag/AgCl pH reference electrode were 
used. The system was run with a gradient of 30-600 mM NaAc in 100 mM NaOH 
1 mL min-1. Chromatograms were analyzed using Chromeleon 6.8 chromatog-
raphy data system software (Thermo Scientific). A mixture of glucose, maltose, 
maltotriose, maltotetraose, maltopentaose, maltohexaose, and maltoheptaose 
was used as reference. AmyC modified product was dialyzed using dialysis tub-
ing with a cutoff size of 100 Da to 500 Da in ultrapure water and then freeze dry. 
2 mg Dry material was dissolved into 1 mL 5 mM sodium acetate buffer pH 5.0 
with 5 mM CaCl2. 500 μL Solution was mixed with 2.5 U isoamylase and 1.75 U 
pullulanase, and incubated at 40 oC for 16 h. 
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1H-NMR spectroscopy 
1H-NMR spectra were recorded at a probe temperature of 323 K on a Varian 
Inova 500 spectrometer (NMR Center, University of Groningen). Before NMR 
analysis, samples were exchanged twice in D2O (99.9 % D atom, Sigma-Aldrich 
Chemical) 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 cor-
rection and zero filling to 32 k complex points. The degree of branching is cal-
culated as follow:

Sα-1,6: Peak area of α-1,6, integrated from NMR spectra; Sα-1,4: Peak area of α-1,4, 
integrated from NMR spectra.

Structural comparison and homology modeling

The crystal structures of AmyC (PDB entry 2B5D), T. kodakaraensis TK1436 
GBE (PDB entry 3N98; (21)), T. thermophilus TT1467 GBE (PDB entry 3P0B; 
(22)) and T. litoralis 4-α-glucanotransferase in complex with acarbose (PDB en-
try 1K1Y; (35)) were superimposed. Homology models of Mesotoga prima, Kos-
motoga olearia, and Kosmotoga pacifica putative GBEs were generated using 
the Phyre server in intensive mode (36). Structural figures were prepared using 
PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, 
LLC).
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Figure 1. Sequence alignment of the three confirmed GH57 GBEs (Thermus, Pyrococcus 
and Thermococcus) with AmyC from T. maritima. The alignment spans almost complete 
sequences from their N-termini and includes the complete family GH57 catalytic domain 
with the catalytic (β/α)7-barrel (containing the first four CSRs) and the essential bundle 
of a few α-helices (containing CSR-5). Colour code for the selected residues: W - yellow; 
F, Y - blue; V, L, I - green; D, E - red; R, K - cyan; H - brown; C - magenta; G, P - black. 
The positions of the two catalytic residues and the tyrosine important for the branching 
enzyme activity are signified by hash tags and a dollar symbol, respectively, below the 
alignment. Identical and similar residues are marked by asterisks and colons or dots, 
respectively. The three additional regions – “catalytic loop”, “distorted helix” and the 
“lid 2” are signified by ampersand, caret and addition symbols, respectively, above the 
alignment blocks.
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Results and discussion

In silico comparison

AmyC from T. maritima (20) was originally described as a family GH57 α-am-
ylase randomly hydrolyzing amylose and soluble starch forming glucose, malt-
ose and maltotriose as the main products (19). However, the eventual α-glucan 
branching activity was first ascribed to AmyC based on a detailed in silico se-
quence analysis (18) mainly due to presence of a cysteine residue (Cys186) in the 
CSR-3 (Fig. 1), which was suggested to be a clear branching enzyme sequence 
feature. Additional support for AmyC branching activity is the presence of a ty-
rosine (Tyr220) corresponding with Tyr236 of T. thermophilus GBE (Fig. 1). This 
residue is positioned in a loop (235_PYGEAALG) between the CSR-3 and CSR-
4; this loop (also called the catalytic loop) was considered essential for enzyme 
specificity because the Y236A mutant lost the branching activity with simultane-
ous acquiring an increased hydrolytic ability (22). Although the sequence align-
ment (Fig. 1) indicates a 12-residue deletion in the AmyC a few residues after the 
functionally important tyrosine, its presence in AmyC seems to be conserved. It 
is worth mentioning that this residue is not conserved invariantly in all GBEs of 
the present study (data not shown); this fact was observed previously when ana-
lyzing more than 150 hypothetical GBE sequences (18). 

Despite the three short regions between the CSR-3 and CSR-4, where AmyC pos-
sesses two deletions and one insertion in comparison with the three confirmed 
GBEs, AmyC unambiguously exhibits with them a high, i.e. more than 47%, de-
gree of sequence similarity (Fig. 1). Sharing the unambiguous GBE sequence fea-
tures is even more convincing within the family GH57 CSRs (Fig. 2). The AmyC 
sequence logo does have all the features identified as “sequence fingerprints” of 
GBE specificity (18) (i) a cysteine in the position 16; (ii) a leucine in the position 
23; and (iii) a phenylalanine succeeded by a hydrophobic non-aromatic residue in 
positions 35 and 36, respectively (Fig. 2). 
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Re-classification of AmyC from T. maritima as a family GH57 GBE is further 
supported by its position in the evolutionary tree (Fig. 3). Within the tree the hy-
pothetical GBE representatives originating from the phylum Thermotogae have 
been found in three different parts: (i) genera Thermotoga, Mesotoga and Kos-
motoga (families Thermotogaceae and Kosmotogaceae); (ii) Pseudothermotoga 
(family Thermotogaceae); and (iii) Defluviitoga and Petrotoga (family Petroto-
gaceae). In any case, the assignment of the AmyC from T. maritima to GBEs is 
self-evident because the representatives of all remaining family GH57 enzyme 
specificities, such as α-amylase, amylopullulanase, 4-α-glucanotransferase, etc. 
(Table S1), form their own branches and/or clusters clearly separated from all 
GBEs (Fig. 3).

Figure 2. Sequence logos of 40 GBEs from the family GH57 analysed in the present 
study (top) and of the AmyC from T. maritima (bottom). CSR-1, residues 1-5; CSR-2, 
residues 6-11; CSR-3, residues 12-17; CSR-4, residues 18-27; CSR-5, residues 28-36. 
The catalytic nucleophile (at position 15, glutamate) and the proton donor (at position 20, 
aspartate) in both logos are indicated by asterisks. 
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Figure 3. Evolutionary tree of all 64 GH57 enzymes and proteins analysed in the present 
study. The tree is based on the alignment of five CSRs characteristic of family GH57. 
The individual enzyme specificities are distinguished from each other by different 
colours (for details, see Table S1). The label of each GBE (shown in red) consists of the 
GenBank accession number, letter “A” or “B” indicating the archaeal and bacterial origin, 
respectively, and the name of the organism; for remaining enzyme specificities, also the 
abbreviation of the enzyme name is added as follows: AAMY, α-amylase; AAMY-like 
protein, α-amylase-like protein; 4AGT, 4-α-glucanotransferase; APU, amylopullulanase; 
APU-CMD, amylopullulanase/cyclomaltodextrinase; AMY, non-specified amylase; 
MGA, maltogenic amylase; AGAL, α-galactosidase. The four GBEs with known three-
dimensional structures are marked by an asterisk. The AmyC from Thermotoga maritima 
is emphasized by colour inversion. All GBEs from the phylum Thermotogae (i.e. genera 
Thermotoga, Kosmotoga, Mesotoga, Defluviitoga, Petrotoga and Pseudothermotoga) are 
signified by red full circles.



62

Chapter 2

Influence of temperature and pH on the activity

AmyC was over-expressed in E. coli and purified to homogeneity as judged by 
SDS-page (Fig. 4). The previous studies report optimal conditions of 90 oC and  
pH 8.5 (19,20). In a first approach, the activity of purified recombinant enzyme 
was tested at 90 oC and pH 8.5 by using the iodine staining assay and amylose 
V as substrate. The absorbance of glucan-iodine complex did not change, which 
showed that the recombinant AmyC was not active at these conditions. Subse-
quently, the influence of temperature and pH on AmyC activity was investigated 
in detail. AmyC showed activity at temperatures of 70 oC and below. Maximum 
activity was found at 50 oC and pH 7.0 (Fig. 5).

Figure 4. SDS-PAGE of purified recombinant AmyC.

Figure 5. Effect of temperature and pH on AmyC activity. The activity was measured 
by iodine staining assay. Amylose V was used as substrate with DP 700, and the samples 
were measured every 30 min and total incubation time is 3 h.
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Hydrolytic and transglycosylating activity

AmyC was incubated with amylose V and samples were taken in time. The 
amount of reducing ends increased gradually during the reaction (Fig. 6), due to 
the α-amylase activity of AmyC. However, importantly also a clear increase in 
reducing ends was found when the product of the incubation of amylose V and 
Amy C was treated with isoamylase/pullulanase (Fig. 6). From the increase in 
reducing ends before and after debranching, the hydrolytic and transglycosyl-
ating activity were calculated. The total activity of AmyC is 12 mU/mg protein 
calculated from reducing end at 0 h and 2 h, consisting of a transglycosylating 
activity of 9 mU/mg protein and a hydrolytic activity of 3 mU/mg protein. The 
hydrolytic, i.e. α-amylase activity found in this study is considerably lower than 
the activity reported by Ballschmiter et al (19). In the present study the BCA 
method was used to measure the amount of reducing ends, while Ballschmiter et 
al (19) used the DNS method, which is known to give erroneously high estimates 
of glycoside hydrolase activity (37,38), including α-amylase (39). McCleary and 
McGeough (39) concluded that DNS method should only be used to qualitatively 
measure glycoside hydrolase activity. The activities reported by Ballschmiter et 
al. (20) therefore should be treated cautiously and should not be compared to ac-
tivities found with other methods to measure reducing ends.

Figure 6. The branching and hydrolytic activity of AmyC. The activities are quantified 
by following the increase in reducing ends over time. Amylose V (0.125%) was incubat-
ed with AmyC (132.5 μg/ml) in phosphate buffer with pH 7.0 at 50 oC. The samples were 
debranched by isoamylase and pullulanase.
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1H NMR spectroscopy and chain length distribution

To confirm the branching activity and determine the type of glycosidic linkages 
introduced by AmyC, the reaction product was submitted to 1H-NMR (Fig. 7). 
The 1H-NMR spectrum of AmyC modified amylose V showed a clear α-1,6 signal 
at δ 4.98, originating from the H1 in the residue 1,4-α-glucose-1,6. An α-1,4 sig-
nal was found at δ 5.36, originating from the H1 in the residues 1,4-α-glucose-1,4 
and 1→4,6-α-glucose-1,4. These two peak areas gave the degree of branching of 
8.5%, which is a bit lower than TtGBE57 of 9.2% and TkGBE57 of 9.4% (data not 
shown). The 1H-NMR spectrum also shows clear reducing end signals at δ5.25 
and δ4.66, being respectively the α- and the β-anomer.

The 24 h product derived from amylose V was analyzed by HPAEC-PAD before 
and after debranching (Fig. 8). AmyC produced mainly branched products and 
linear oligosaccharides of DP 1 to 8 as by-products with minor amounts of short-
chain branched oligosaccharides, visible as small peaks directly next to the larger 
linear oligosaccharide peaks (Fig. 8a). After debranching, more short-chain lin-
ear oligosaccharides and in addition longer linear oligosaccharides were found, 
representing the newly synthesized side chains (Fig. 8a). AmyC introduces side 
chains ranging from DP2 up to DP30, with DP5 as the most abundant side chains 
(Fig. 8b). The average chain length is 6.6. 

Figure 7. 1H-NMR spectra of branched α-glucan made by AmyC from amylose V in D2O, 
recorded at 50 oC.
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Figure 8. HPAEC analysis of the branched α-glucan derived from amylose V by the action 
of AmyC. A: the final branched product; B: debranched final product by isoamylase and 
pullulanase.

Structural analysis of AmyC

Superposition of AmyC (PDB entry 2B5D) with GH57 GBEs TT1467 (PDB en-
try 3P0B) and TK1436 (PDB entry 3N98) resulted in root mean square deviations 
of 1.21 and 1.34 Å (on Cα atoms), respectively, in accordance with their very 
similar core architecture (Fig. 9). Differences are mainly observed in a few loops, 
some of which are near the proposed substrate binding groove. Importantly, the 
loop of AmyC (residues 213-220) equivalent to the catalytic loop of TT1467/
TK1436 is 12 or 11 residues shorter, and, as noted by Santos et al. (21), cannot 
reach the acceptor subsites of the active site groove; residue Tyr220 in this loop 
lies at the side of domain A, about 30 Å from the catalytic site. A second distinct 
feature of AmyC is the helical element comprising residues 239-246; it is shift-
ed towards the catalytic site and has an imperfect α-helical conformation. This 
α-helix carries Trp246, equivalent to the gatekeeper Trp274/Trp270 of TT1467/
TK1436, but with a side chain conformation that buries it in the protein interior. 
Third, the loop connecting the 2nd and 3rd long α-helix in domain C, designated 
“lid 2” in T. litoralis 4-α-glucanotransferase (TlGT), is only partly conserved 
and has a conformation that brings it closer to the active site groove. Finally, at 
the lower end of the active site groove, the loop connecting helix α1 and strand 
β1, carrying residue F24, runs different from other GH57 GBEs (not shown). 
From Table 1 it is obvious that of the aromatic “gatekeeper” residues of TT1467/
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TK1436, residues Trp29, Trp402 and Trp411 of AmyC are conserved; however 
Trp246 can not function due to its buried conformation. Moreover, two of the five 
other aromatic residues contributing to a hydrophobic substrate-binding groove 
are at a different position or absent in AmyC. Taken together, the AmyC active 
site groove, compared to TT1467/TK1436, is more open at the acceptor binding 
end (Fig. 10) and has likely less affinity for acceptor carbohydrates.

Table 1. Comparison of important residues in GH57 GBEs.

T. kodakarensis 
TK1436

T. thermophilus 
TT1467

T. maritima 
AmyC

K. olearia 
K. pacifica 
M. prima

Nucleophile E183 E184 E185 conserved
Acid/base D354 D353 D349 conserved
Polarizer of 
acid/base H10 H9 H10 conserved

Aromatic 
gatekeepers W28 - W29 conserved

W270 W274 - (W246 buried) as in AmyC
W407 W404 W402 conserved

W416 W413 W411 not visible
W present but 
position difficult 
to predict

Other 
aromatics W22 W21 - -

F24 F23 (double 
conform.)

- (F24 at different 
position) - (as in AmyC)

F285 F289 F261 conserved
W361 W360 W356 conserved

F470 F461 F466 (no side 
chain modeled) conserved

Other near 
active site H12 H11 H12 conserved

S466 S462 S462 conserved
D467 D463 D463 conserved
R261 R265 R237 conserved

Catalytic loop
226-245 (20 res.) 

Y233 (tip)

227-248 (22 res.;
235-242 not visible
Y236 ? (not visible)

214-220 (7 res.)

no equivalent

short as in 
AmyC

no equivalent

Lid 2 471-476 LITTGQ 464-470 LMETGQ 467-472 IMTTRT 
closer to active site 

FIMTTxT / 
FIITTxT



67

AmyC is glycogen branching enzyme

Figure 9. Structural comparison of GH57 GBEs, showing AmyC (left), TT1467 (middle) 
and TK1436 (right) with structural differences around the active site groove; highlighted 
are the catalytic loop (red), the helix with the gatekeeper tryptophan residue (orange), lid 
2 (green), and some of the other aromatic residues as well as the two catalytic residues. 
Importantly, in AmyC, the catalytic loop is too short to reach the active site as it does in 
TT1467 and TK1436; e.g. tyrosine 220 in this loop is at about 30 Å distance from the 
catalytic site. Moreover, residue W246 of AmyC is in a buried conformation, unable to 
function as a binding platform for acceptor carbohydrates. Residues not visible in the 
structures are indicated with a dotted line.

Figure 10. Surface representations of GH57 GBEs, showing AmyC (left), TT1467 
(middle) and TK1436 (right) using the same view and color coding as in Figure 9. The 
approximate positions of one donor subsite (-1) and three acceptor subsites (+1 to +3) 
are derived from a superposition with the structure of T. litoralis 4-α-glucanotransferase 
(TlGT) complexed with acarbose (not shown). As a result of the much shorter catalytic 
loop (red) in AmyC, its active site groove is less occluded at acceptor subsites.
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Figure 11. Superposition of the structure of AmyC (light grey) and the homology model 
of K. pacifica putative GBE (blue) showing their highly similar Cα trace, including 
the catalytic loop (red), distorted helix (orange) and lid 2 (green). The positions of 
the catalytic residues are indicated with asterisks. The K. olearia and M. prima GBE 
homology models GBE (not shown) display a virtually identical Cα trace, except for the 
loop between domains B and C.

Homology modeling of three other GH57 branching enzymes

The homology models of M. prima, K. olearia and K. pacifica putative GBEs 
were superimposed with the AmyC crystal structure, resulting in very low root 
mean square deviations (0.22, 0.23 and 0.17 Å, for 452, 415 and 434 Cα atoms, 
respectively). Each model showed an architecture that is highly similar to AmyC 
(Fig. 11); only the loop connecting domains B and C was modeled differently in 
the three homologues, likely due to the fact that in the AmyC structure, this loop 
is not visible. The comparison in Table 1 shows that virtually all the specific fea-
tures of AmyC described above are conserved, including the shortened catalytic 
loop, the shifted helical element, and lid 2. Therefore, it is very likely that, like 
AmyC, the M. prima, K. olearia and K. pacifica GBEs have a relatively high 
hydrolytic activity among GH57 branching enzymes.
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Conclusions

The phylogenetic, biochemical and crystal structure analysis presented in this 
study provide evidence that AmyC from T. maritima is a glycogen branching 
enzyme, able to convert amylose into a branched α-glucan product with a degree 
of branching of 8.5%. Interestingly, compared to other characterized GH57 GBEs, 
AmyC has a relatively high hydrolytic activity (30% of the total activity). We 
propose this is due to the considerably shorter catalytic loop (residues 213-220) 
not reaching the acceptor side of the active site groove, and to the unfavorable 
conformation of one of the “gatekeeper” residues; together these features result 
in an active site that has likely less affinity for carbohydrate acceptor substrates 
and is at the same time more accessible to water molecules. The identification of 
putative GBEs in the mesophilic and thermophilic bacteria M. prima, K. olearia 
and K. pacifica, closely related to AmyC regarding sequence and (predicted) 
three-dimensional structure, suggests that AmyC is not unique but that GH57 
GBEs with relatively high hydrolytic activity are widespread in such organisms. 
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Table S1. List of GH57 sequences used in the present in silico analysis.

No. Enzymea Domain Sourceb GenBank UniProt Length CSR1-
CSR5

1 GBE Bacteria *Thermotoga 
maritima – AmyC AHD18669.1 UPI00006C21D0 528 10–467

2 GBE Bacteria *Thermus 
thermophilus BAD71725.1 Q5SH28 520 9–464

3 GBE Archaea *Pyrococcus 
horikoshii BAA30492.1 O50094 560 10–472

4 GBE Archaea *Thermococcus 
kodakarensis BAD85625.1 Q5JDJ7 675 10–471

5 GBE Bacteria Brachyspira pilosicoli CCG55670.1 K0JH67 529 11–472
6 GBE Bacteria Caldisericum exile BAL81216.1 I0GKC9 530 11–470

7 GBE Bacteria Candidatus 
Xiphinematobacter ALJ56875.1 A0A0P0GIN7 527 11–470

8 GBE Bacteria Chthonomonas 
calidirosea CCW35914.1 S0EVS6 581 15–506

9 GBE Bacteria Corallococcus 
coralloides AFE04056.1 H8MV84 994 10–464

10 GBE Bacteria Cyanothece sp. ATCC 
51142 ACB51102.1 B1WYT5 544 15–474

11 GBE Bacteria Defluviitoga 
tunisiensis CEP77946.1 A0A0C7NJ35 535 13–475

12 GBE Bacteria Denitrovibrio 
acetiphilus ADD67231.1 D4H3E7 525 11–468

13 GBE Bacteria Desulfurispirillum 
indicum ADU66696.1 E6W2E6 533 15–474

14 GBE Bacteria Dictyoglomus 
thermophilum ACI18991.1 B5YDK3 520 11–458

15 GBE Bacteria Elusimicrobium 
minutum ACC97615.1 B2KAR9 537 12–470

16 GBE Bacteria Fibrobacter 
succinogenes ACX74327.1 UPI0001A81974 545 12–485

17 GBE Bacteria Frankia inefficax ADP79978.1 E3ITT1 535 14–472

18 GBE Bacteria Granulicella 
mallensis AEU36022.1 G8NPL0 621 17–509

19 GBE Bacteria Herpetosiphon 
aurantiacus ABX07093.1 A9AZN9 649 12–583

20 GBE Bacteria Kosmotoga olearia ACR79103.1 C5CDT4 533 11–473
21 GBE Bacteria Kosmotoga pacifica AKI97624.1 A0A0G2ZDK6 531 11–473

22 GBE Bacteria Leptospirillum 
ferriphilum AFS54579.1 J9ZDS7 532 12–468

23 GBE Bacteria Leptotrichia sp. oral 
taxon 847 AMD94847.1 A0A0X8JTT9 530 11–469

24 GBE Bacteria Mesotoga prima AFK07143.1 I2F5E0 534 11–473

25 GBE Bacteria Methylacidiphilum 
infernorum ACD83633.1 B3DWD0 550 34–493

26 GBE Bacteria Mycobacterium 
tuberculosis ABQ74844.1 A5U744 526 17–470

27 GBE Bacteria Nostoc sp. PCC 7120 BAB74149.1 Q8YUA2 529 11–470

28 GBE Bacteria Paenibacillus 
mucilaginosus AEI39347.1 F8FR97 996 20–489

Supplementary 
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29 GBE Bacteria Petrotoga mobilis ABX31322.1 A9BH92 538 13–475

30 GBE Bacteria Phycisphaera 
mikurensis BAM04561.1 I0IH23 569 14–501

31 GBE Bacteria Pseudothermotoga 
hypogea AJC73354.1 A0A0X1KQ71 535 11–470

32 GBE Bacteria Pseudothermotoga 
thermarum AEH51865.1 F7YW93 526 10–469

33 GBE Bacteria Pseudothermotoga 
lettingae ABV34332.1 A8F848 527 10–469

34 GBE Bacteria Thermosulfidibacter 
takaii BAT71996.1 A0A0S3QUJ6 529 13–471

35 GBE Bacteria Thermus scotoductus ADW20837.1 E8PJY5 527 9–464

36 GBE Archaea Palaeococcus 
pacificus AIF69759.1 A0A075LTR5 652 11–474

37 GBE Archaea Pyrococcus sp. 
NCB100 AMM54710.1 A0A127BBJ9 634 10–472

38 GBE Archaea Pyrococcus yayanosii AEH24426.1 F8AIV1 564 10–473

39 GBE Archaea Thermococcus 
barophilus ALM76435.1 A0A0S1XFE3 666 11–476

40 GBE Archaea Thermococcus sp. 
AM4 EEB74149.1 B7R210 696 10–470

41 AAMY Archaea Methanocaldococcus 
jannaschii AAB99631.1 Q59006 467 8–357

42 AAMY-like Bacteria Bacteroides 
thetaiotaomicron AAO79410.1 Q89ZS1 460 9–351

43 4AGT Bacteria Dictyoglomus 
thermophilum CAA30735.1 P09961 686 12–367

44 4AGT Archaea Archaeaoglobus 
fulgidus ABW95829.1 A9QMB3 659 11–358

45 4AGT Archaea Pyrococcus furiosus AAA72035.1 P49067 649 12–359

46 4AGT Archaea Thermococcus 
kodakarensis BAA22062.1 O32450 653 11–358

47 4AGT Archaea Thermococcus 
litoralis BAA22063.1 O32462 659 11–358

48 APU Bacteria Dictyoglomus 
turgidum ACK41960.1 B8DZM7 1042 48–552

49 APU Bacteria Spirochaeta 
thermophila ADN02534.1 E0RN65 1000 39-532

50 APU Archaea Pyrococcus furiosus AAB71229.1 O30772 853 39–574

51 APU Archaea Sulfolobus 
acidocaldarius AAY80509.1 Q4J9M2 884 336–725

52 APU Archaea Thermococcus 
hydrothermalis AAD28552.1 Q9Y8I8 1337 40–574

53 APU Archaea Thermococcus 
kodakaraensis BAD85963.1 Q5JJ55 1100 40–575

54 APU Archaea Thermococcus 
litoralis BAC10983.1 Q8NKS8 1089 37–570

55 APU Archaea Thermococcus siculi ACJ03924.1 B6SED6 1351 40–574

56 APU-CMD Archaea Caldivirga 
maquilingensis ABW02197.1 A8M8X8 606 114–480

57 APU-CMD Archaea Desulfurococcus 
amylolyticus ACL10679.1 B8D3J8 625 116-496

58 APU-CMD Archaea Staphylothermus 
marinus ABN70497.1 A3DPD7 639 126–508

59 APU-CMD Archaea Thermophilum 
pendens ABL77620.1 A1RWP0 609 113-495
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60 AMY Bacteria Uncultured bacterium AEC23345.1 F4ZW71 544 10–434
61 MGA Archaea Pyrococcus furiosus AAL80994.1 Q8U2G5 597 10–452
62 MGA Archaea Pyrococcus sp. ST04 AFK22464.1 I3RE04 597 10–453

63 MGA Archaea Thermococcus 
cleftensis AFL95073.1 I3ZTN9 575 10–436

64 AGAL Archaea Pyrococcus furiosus AAG28455.1 Q9HHB5 364 7–339

a GBE, glucan branching enzyme; AAMY, α-amylase; AAMY-like protein, α-amylase-
like protein; 4AGT, 4-α-glucanotransferase; APU, amylopullulanase; APU-CMD, 
amylopullulanase/cyclomaltodextrinase; AMY, non-specified amylase; MGA, 
maltogenic amylase; AGAL, α-galactosidase.

b The asterisk signifies the GBEs with already solved tertiary structure.
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Abstract
Glycogen is a highly branched α-glucan polymer widely used as energy and car-
bon storage compound by many microorganisms. The α-1,6 branches are intro-
duced by glycogen branching enzymes (EC 2.4.1.18). Glycogen branching en-
zymes are classified into two glycoside hydrolase families, 13 (GH13) and 57 
(GH57). Microorganisms have typically only a single glycogen branching en-
zyme (gbe) gene, usually one of family GH13. The presence of (putative) genes 
encoding a GH13 and a GH57 GBE in a single microorganism is quite rare. The 
combination occurs in the family Petrotogaceae and importantly also in sever-
al Mycobacterium species, including M. tuberculosis. Here we report the basic 
characteristics of the GH13 and GH57 GBE of Petrotoga mobilis, heterologously 
expressed in E. coli. The GH13 GBE has a considerably higher branching ac-
tivity towards the linear α-glucan amylose than the GH57 GBE and produces a 
high molecular weight, highly branched α-glucan very similar to glycogen. The 
GH57 GBE on the contrary makes a much smaller branched α-glucan. Whereas 
the GH13 GBE acts as a classical glycogen branching enzyme, introducing the 
branched side chains in a growing glycogen molecule, the GH57 GBE is still a 
mystery.
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Introduction  
The phylum Thermotogae is currently composed of 50 species spread across 13 
genera. All its members have a characteristic outer membrane that lies loosely 
around the cells. The genera are grouped into 5 families (1,2): (i) Fervidobacte-
riaceae, comprising the genera Fervidobacterium (1) and Thermosipho (3); (ii) 
Kosmotogaceae, comprising the genera Kosmotoga (4) and Oceanotoga; (iii) Me-
soaciditogaceae, comprising the genera Mesoaciditoga (5,6) and Athalassotoga; 
(vi) Petrotogaceae, comprising the genera Petrotoga (7), Defluviitoga (8), Geo-
toga (7), Marinitoga (9) and Oceanotoga (10); and (v) Thermotogaceae, compris-
ing the genera Thermotoga and Pseudothermotoga (2). These thermophilic bac-
teria live in hot, anaerobic environments, such as hot springs, the deep-sea floor, 
or oil reservoirs. Thirty-six genome sequences of members of the Thermotogae 
phylum have been reported in the last few years covering all five families. All the 
genomes contain the key enzymes for glycogen synthesis, namely ADP-glucose 
pyrophosphorylase (GlgC, EC 2.7.7.27), glycogen synthase (GlgA, EC 2.4.1.11), 
and glycogen branching enzyme (GlgB, EC 2.4.1.18), together catalyzing the con-
version of glucose-1-phosphate into glycogen (11).

Glycogen is an intracellular α-glucan reserve polymer of many microorgan-
isms and eukaryotes (11). It is composed of anhydroglucose residues with ap-
proximately 90% α-1,4-glycosidic linkages and branched by approximately 10% 
α-1,6-glycosidic linkages. In many bacteria, glycogen is the major reserve poly-
mer accumulated during exponential growth (11). Besides an energy reserve, 
glycogen can have other functions in bacteria: as a protectant of proteins and 
membranes (12), as a transcriptional regulator (13), as a structural constituent 
in the cell wall (14), and as a regulatory molecule in glucose metabolism (15). 
Glycogen branching enzyme (GBE), being one of the key enzymes in glycogen 
synthesis, cleaves an α-1,4-glycosidic linkage in a growing α-1,6-glucan chain 
and subsequently attaches the cleaved-off fragment onto the C6 hydroxyl of the 
anhydroglucose moiety within an α-1,4-glucan chain (11,16) i.e. the branch. All 
GBEs known so far are found in the glycoside hydrolase families 13 (GH13) and 
57 (GH57) (17,18).
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Whereas most bacteria only have either a GH13 or a GH57 GBE, some bacteria 
have two GBE encoding genes, one GH13 and one GH57 (19). An example of 
this is Mycobacterium tuberculosis, the causative agent of tuberculosis, a dis-
ease killing more than one million people each year, which has a GH13 and a 
GH57 GBE (20,21). The genome of different M. tuberculosis strains has been 
sequenced and almost all these strains contain both a GH13 and a GH57 gbe in-
dicating that both enzymes are required (21). Deletion of the GH13 gbe (Rv1326c) 
of M. tuberculosis did not give viable mutants, indicating an essential role for 
the GH13 GBE (22). The putative GH57 GBE (Rv3031) has only been predicted 
from protein sequence homology (20), and has so far not been characterized; it 
has been proposed that this protein plays a role in lipopolysaccharide synthesis 
(23,24). 

In the genomes of the members of the Petrotogaceae, except Geotoga petraea, 
Petrotoga mexicana, and Petrotoga sibirica, two gbe genes are present, one en-
coding a GH13 GBE and one a GH57 GBE. Several GH13 and GH57 GBEs 
have been characterized in detail (20,21,25-28). However, characterization of the 
GH13 and GH57 GBEs from a single species has not been reported and thus it is 
not clear if both GBEs play a role in glycogen synthesis or only one of the two, 
as is suggested for M. tuberculosis. In this work, the genes encoding the putative 
GH13 and GH57 GBE from P. mobilis were over expressed and both enzymes 
were shown to be functional GBEs in-vitro. PmGBE13 (GH13) shows 130 folds 
higher activity than PmGBE57 (GH57) with long chain amylose V as substrate. 
These two GBEs also differ in the degree of branching of the final branched 
α-glucans; the PmGBE57 produces an 8.5% branched product while the PmG-
BE13 makes a 12.4% branched product with more short chains.
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Materials and Methods

Materials

Amylose V was provided by Avebe (Veendam, Netherlands). Lithium bromide 
was obtained from Acros Organics. Isoamylase (EC 3.2.1.68, specific activity 
260 U/mg), pullulanase M1 (EC 3.2.1.41, specific activity 34 U/mg) and β-amyl-
ase (EC 3.2.1.2, specific activity 10,000 U/mL) were obtained from Megazyme 
(Wicklow, Ireland). DHBS was obtained by debranching highly branched starch 
(HBS, 8% α-1,6-linkages) with isoamylase and pullulanase; HBS was obtained 
by modifying gelatinized potato starch with the Branchzyme, an enzyme prepa-
ration produced by Novozymes (Bagsvaerd, Denmark) containing the glycogen 
branching enzyme from Rhodothermus obamensis. The oligosaccharide kit was 
purchased from Sigma-Aldrich (Zwijndrecht, Netherlands).

Sequence collection 

The sequences of GH13 GBEs from Thermotoga bacteria were collected based 
on the preliminary analysis of family GH13_9, from the CAZy database (29). The 
sequences of GH57 GBEs were collected based on a BLAST search using the 
complete sequences of the specified GBEs from Thermus thermophilus (UniProt 
accession no. Q5SH28) and Thermococcus kodakarensis KOD1 (UniProt acces-
sion no. Q5JDJ7) with the genome sequences of Thermotoga bacteria. All the 
selected potential sequences had to possess the GH57 characteristic signatures, 
such as five conserved sequence regions (CSRs), both catalytic residues and a 
(β/α)7 barrel domain (18). 

Expression and purification of PmGBE13 and PmGBE57 

Codon optimized genes (glgB13 and glgB57) encoding the GH13 (PmGBE13) 
and GH57 (PmGBE57) GBE of P. mobilis SJ95 were synthesized by GenScript, 
and cloned into the NdeI-BamHI sites of the pET28a vector (Novagen), with a 
6×His-tag fused at the C-terminal. Sequence details are provided in the sup-
plemental information. glgB1 and glgB2 were overexpressed in Escherichia coli 
BL21(DE3) cultivated in Luria-Bertani (LB) medium (10 g/L of tryptone, 5 g/L 
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yeast extract, and 10 g/L NaCl) supplemented with 50 μg/mL kanamycin at 16 
ºC for 20 h and 150 rpm. Cells were harvested by centrifugation (5,000×g, 10 
min, 4 ºC). Cells were washed twice with 10 mM sodium phosphate buffer pH 
7.0 and lysed by a high-pressure homogenizer (Emulsiflex-B15; Avestin, Otta-
wa, Canada ). The cell free extract was collected by centrifugation (20,000×g, 
20 min, 4ºC). PmGBE13 and PmGBE57 were purified in two steps. Firstly, the 
cell free extracts were heated at 65 ºC for 20 min, followed by removal of the 
denatured proteins by centrifugation (20,000×g, 20 min, 4 ºC). Subsequently, the 
His-tagged proteins were purified using HisPurTM Ni-NTA Resin (ThermoFish-
er Scientific, Waltham, US) according to the manufacturer’s protocol. Protein 
concentration was quantified using the Quick Start™ Bradford Protein Assay kit 
(Bio-Rad Laboratories, Veenendaal, Netherlands). Purity and molecular mass of 
the proteins were checked by SDS-PAGE.

Enzyme activity assays  

Activity of PmGBE13 and PmGBE57 was measured with amylose V as substrate. 
Reaction progress was followed by iodine staining, which is based on monitoring 
the decrease of the absorbance of the glucan-iodine complex (30). Amylose V 
was dissolved in 1 M sodium hydroxide, and then neutralized to pH 7.0 with 1 M 
HCl. The reaction mixture consisted of 0.125% (w/v) amylose V in 50 mM sodi-
um phosphate buffer (pH 7.0). Reactions were performed at 50 ºC and started by 
the addition of enzyme, 3.0 μg/mL PmGBE13 or 60 μg/mL PmGBE57. Reaction 
progress was followed in time by taking 10 mL aliquots and adding them to 150 
μL iodine reagent (aqueous solution of 0.0127% I2 (w/v) and 0.035% KI (w/v)). 
The absorption at 660 nm was measured. One unit of activity is defined as the 
decrease in absorbance of 1.0 per min at 660 nm.

The total activity, being the sum of hydrolytic and branching activity, was deter-
mined by measuring the reducing ends of the product after debranching by iso-
amylase and pullulanase. The reducing ends were measured by the BCA method 
(31). Prior to debranching the products, enzymes were inactivated by incubating 
the samples at 100 ºC for 10 min. One unit of total activity is defined as 1 μmol 
total reducing ends synthesized per minute.
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Branching activity, representing the newly synthesized α-1,6-glycosidic linkag-
es, was determined by measuring the increase in reducing ends before and after 
debranching of the product by isoamylase and pullulanase. One unit of branching 
activity is defined as 1 μmol of α-1,6-linkage synthesized per minute. The data 
used to calculate different activities were from 0 to 30 min of incubation. 

The influence of temperature and pH on the activity of PmGBE13 and PmGBE57 
was tested in 50 mM sodium phosphate buffer at pH 7.0 or 50 ºC, respectively. 
The temperature ranged from 40 to 80 ºC and the pH from 6.0 to 9.0. Amylose 
V at a concentration of 0.125% (w/v) was used as substrate and the activity was 
quantified using the iodine staining assay. 

Oligosaccharide amalysis

Oligosaccharide analysis was carried out by High Performance Anion Exchange 
Chromatography (HPAEC) on a Dionex ICS-3000 system (ThermoFisher Scien-
tific) equipped with a 4×250 mm CarboPac PA-1 column. A pulsed amperometric 
detector with a gold electrode and an Ag/AgCl pH reference electrode were used. 
The system was run with a gradient of 30-600 mM NaAc in 100 mM NaOH run at 
1 mL/min. Chromatograms were analyzed using Chromeleon 6.8 chromatogra-
phy data system software (ThermoFisher Scientific). A mixture of glucose, malt-
ose, maltotriose, maltotetraose, maltopentaose, maltohexaose and maltoheptaose 
(0.1 mg/mL of each component) was used as reference for qualitative determi-
nation of elution time of each component. The decay rate of detector signal from 
DP2 to DP7 calculated from reference sample is 4.44:2.76:2.02:1.45:1.36:1, which 
is used to correct the DP2 to DP7 of all samples and other components are with-
out correction. 

1H-NMR spectroscopy  
1H-NMR spectra were recorded at a probe temperature of 323 K on a Varian 
Inova 500 spectrometer (NMR Center, University of Groningen). All samples 
produced by PmGBE13 or/and PmGBE57 were dialyzed by dialysis tubing with 
cutoff size of 100 to 500 Da. Subsequently, all samples were freeze dried. Before 
analysis, samples were exchanged twice in D2O (99.9 atom% D, Sigma-Aldrich 
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Chemical) 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 cor-
rection and zero filling to 32 k complex points. Chemical shifts (δ) are expressed 
in ppm by reference to internal acetone (δ 2.225 for 1H). Carbohydrate struc-
tures were determined using the previously developed 1H-NMR structural-re-
porter-group concept of α-D-glucans (32). The α-1,6 signal is presented at δ 4.98, 
originating from H1 in 1,4-α-glucose-1,6 and α-1,4 signal is at δ 5.36 from the H1 
in 1,4-α-glucose-1,4 and 1-4,6-α-glucose-1,4 residues. 

GPC-SEC

Molecular weight distributions were measured by Gel Permeation Chromato-
graph (GPC). DMSO-LiBr (0.05 M) was prepared by stirring 3 h at room tem-
perature. Samples were dissolved at a concentration of 2 mg/mL in DMSO-Li-
Br at 80 oC with shaking for 3h and filtered through a 0.45 μm Millex PTFE 
membrane (Millipore Corporation, Billerica, USA). The Size Exclusion Chro-
matography (SEC) system setup (Agilent Technologies 1260 Infinity) from PSS 
(Mainz, Germany) consisted of an isocratic pump, auto sampler without tem-
perature regulation, an online degasser, an inline 0.2 μm filter, a refractive index 
detector (G1362A 1260 RID Agilent Technologies), viscometer (ETA-2010 PSS), 
and MALLS (SLD 7000 PSS). WinGPC Unity software (PSS) was used for data 
processing. The samples were injected with a flow rate of 0.5 mL min-1 into a 
PFG guard-column and three PFG SEC columns 100, 300 and 4000 connected in 
series, which were also purchased from PSS. The columns were held at 80 ºC, the 
visco-detector at 60 ºC (Visco) and the RI detector at 45 ºC (RI). A universal cal-
ibration curve was generated using a standard pullulan kit (PSS) with molecular 
weights from 342 to 805,000 Da, in order to determine the hydrodynamic volume 
from the elution volume. The specific RI increment value dn/dc was measured 
by PSS and is 0.072. 

Branched α-glucan structure 

The structure of a branched α-glucan can be described by the average length of 
the linear chains in total (ACL) and the average length of the linear chains be-
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tween two branch points, i.e. the internal chain length (ICL). The ACL was calcu-
lated from peak area of HPAEC profiles. Based on the chain length distribution 
three fractions were classified as DP 2-4, DP 5-10 and DP above 10. The percent-
age of each fraction was calculated from the peak area. In order to reduce the 
influence of attenuate signal, the attenuate ratio was tested by standard sample 
containing the same mass concentration fractions glucose, maltose, maltotriose, 
maltotetrose, maltopentaose, maltohexaose and maltoheptaose. 

Based on the relations of one chain with others, the chains of α-glucan are clas-
sified into three types (33,34): the A chain is linked only through its reducing 
terminus to carbon 6 of a glucose unit of another chain; the B chain is linked at 
its reducing end to another B or to a C chain while at the same time it carries one 
or more A and/or B chains as branches; the C chain is the chain with the only free 
reducing end in the molecule. The internal chain length (ICL) is defined as the 
average number of glucose units between two branching points in B chains. The 
ICL is determined by first trimming the exterior chains using the exo-acting en-
zyme β-amylase. A-chains are shortened to 2 or 3 anhydroglucose units and, for 
B-chains to 1 or 2 anhydroglucoses (35). Briefly, branched α-glucan products (2 
mg) were treated with 10 units β-amylase at 40 ºC in 5 mM sodium citrate buffer 
pH 6.5 for 24 h. β-amylase was inactivated by boiling for 5 min. Subsequently 
the pH was lowered to 5.0 with citric acid, followed by overnight isoamylase 
and pullulanase debranching at 40 ºC. The debranched samples were analyzed 
by HPAEC. The chain length distribution was then compared to the distribution 
of the samples without β-amylase treatment, as described. The percentage of 
A-chains was calculated as the ratio between two folds peak area of maltotriose 
(A-chains were hydrolyzed to maltose and maltotriose by β-amylase) and total 
peak area. The AICL was calculated as follows:

BAM: the average chain length of β-amylase treated α-glucans was calculated 
from peak area of DP≥4 in HPAEC spectra. A%: the percentage of A-chains in 
α-glucans.
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Results and Discussion

Distribution of genes encoding glycogen branching enzymes in Thermotoga 
species

GBEs are key enzymes in the synthesis of glycogen, a reserve polymer of many 
microorganisms, invertebrates and animals (36). In this study the distribution of 
GBEs in 39 Thermotoga species, of which the whole genome sequence has been 
published, is reported. All these 39 Thermotoga species have one or two glycogen 
branching enzyme genes, a glycogen synthase gene, and a glucose-1-phosphate 
adenylyltransferase gene, indicating that they all have the capacity to synthesize 
glycogen (Table 1). All Thermotogaceae, Fervidobacteriaceae, Kosmotogaceae, 
and Mesoacidotogaceae have a single GH57 glgB. Within the Petrotogaceae, 
Geotoga petraea and Petrotoga sibirica possess a single GH13 gbe while Petro-
toga hypogea has two GH57 gbes (Table 1). Defluviitoga tunisiensis, Marinitoga 
sp., M. hydrogenotolerans, M. peizophila, Petrotoga mobilis, Petrotoga halo-
phile, and P. miotherma are remarkable as they possess both a GH13 and a GH57 
gbe. The presence of a GH13 and putative GH57 gbe in one and the same species 
raises the question whether the corresponding GBEs are functional and if they 
both play a role in glycogen biosynthesis. To shed some light on this question, 
the GH13 and GH57 GBE genes and corresponding enzymes of P. mobilis were 
studied in more detail.

The gene pmgbe13 (encoding the GH13 GBE of P. mobilis) has a complete ORF 
with a start codon at position 1,405,056 and stop codon at position 1,407,239 in the 
genome sequence. A clear promoter was predicted in the upstream region (2,000 
bp) of the pmgbe13 gene with a clear -10 (TTTTATAAT) and -35 (TTTAAA) 
consensus sequence (http://www.softberry.com/). pmgbe57 (encoding the GH57 
GBE of P. mobilis) also has a complete ORF from position 639,260 to position 
640,876 in the genome sequence. The promoter was predicted in the upstream 
region (2,000 bp) with a -10 (CTCTACTAT) and -35 (TTTAAT) consensus se-
quence. Several transcription factor-binding sites were predicted in the upstream 
sequences for both genes. These results taken together indicate that both genes 
are functional and can be translated and regulated in-vivo. 



87

Two GBEs from P. mobilis

Table 1. Occurrence of the key enzymes in glycogen synthesis in members of 
Thermotogacea. GBE: glycogen branching enzyme; GSE: glycogen synthase; GDE: 

glycogen debranching enzyme. 

Families Name GH13 GBE       GH57 GBE GSE GDE

Th
er

m
ot

og
ac

ea
e

Thermotoga caldifontis 
AZM44c09

WP_041077987.1 WP_041077756.1 WP_041075563.1

Thermotoga maritima MSB8 WP_004081707.1 NP_228703.1 NP_228053.1
Thermotoga naphthophila 
RKU-10

WP_012896461.1 WP_011942738.1 WP_012896196.1

Thermotoga neapolitana DSM 
4359  

WP_038067483.1 ACM23857.1 ACM22623.1

Thermotoga petrophila RKU-1 WP_011943829.1 WP_011942738.1 WP_012310694.1
Thermotoga profunda 
AZM34c06

WP_041082268.1 WP_041082835.1 WP_041083424.1

Thermotoga sp. 2812B WP_008195099.1 WP_004080686.1 WP_004082940.1
Pseudothermotoga elfii DSM 
9442 

WP_012003808.1 WP_012003430.1 WP_028843492.1

Pseudothermotoga hypogea 
DSM 11164 

WP_031503953.1   
WP_081836282.1

WP_031504818.1 WP_031504508.1

Pseudothermotoga lettingae 
TMO  

WP_012003808.1 WP_012003430.1 WP_012002332.1

Pseudothermotoga thermarum 
DSM 5069  

WP_013933073.1 WP_013933165.1 WP_013932574.1

Fe
rv

id
ob

ac
te

ria
ce

ae

Fervidobacterium 
islandicum DSM 17883

WP_033191873.1 WP_033191209.1 WP_033191528.1

Fervidobacterium 
gondwanense DSM 13020

WP_072759036.1 WP_072760135.1 WP_072757324.1

Fervidobacterium nodosum 
Rt17-B1

WP_011994035.1 WP_011993493.1 WP_011994654.1

Fervidobacterium pennivorans 
DSM 9078

WP_041262849.1 WP_014451068.1 WP_014450695.1

Fervidobacterium 
thailandensis 

WP_069293104.1 WP_069293649.1 WP_069292357.1

Thermosipho affectus  WP_075665539.1 WP_077197850.1 WP_075665454.1
Thermosipho africanus 
H17ap60334   

WP_012579629.1 WP_012579478.1 WP_012579605.1

Thermosipho africanus 
Ob7 WP_114702187.1 WP_114702310.1 WP_114702215.1

Thermosipho africanus 
TCF52B WP_012579629.1 WP_012579478.1 WP_012579604.1

Thermosipho atlanticus DSM 
15807 

WP_073073190.1 WP_073072419.1 WP_073072127.1

Thermosipho globiformans WP_126992764.1 WP_126992938.1 WP_126993134.1
Thermosipho melanesiensis 
BI429  

WP_012056570.1 WP_012056316.1 WP_012056477.1

Thermosipho sp. 1063  WP_008195099.1 WP_075665323.1 WP_075665454.1
Continue next page
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Pe
tro

to
ga

ce
ae

Defluviitoga tunisiensis DSM 
23805

WP_045087168.1 WP_045087488.1 WP_045087536.1 WP_045087221.1

Geotoga petraea ATCC 51226 WP_091403612.1 WP_091405813.1 WP_091402621.1
Marinitoga hydrogenitolerans 
DSM 16785  

WP_072864394.1 WP_072862856.1 WP_072863441.1 WP_072864199.1

Marinitoga piezophila KA3  WP_014296184.1 WP_014297024.1 WP_014296945.1 WP_014296021.1
Marinitoga sp. 1155 WP_047265238.1 WP_047265848.1 WP_075780662.1 WP_075780313.1
Petrotoga mobilis SJ95  WP_012209120.1 WP_012208426.1 WP_012208925.1 WP_012208734.1
Petrotga halophila DSM 
16923

WP_103898766.1 WP_103898294.1 POZ92479.1 WP_012208734.1

Petrotoga mexicana DSM 
14811

WP_103077822.1 PNR98227.1 PNR98748.1

Petrotoga miotherma DSM 
10694

WP_103079200.1 WP_103078532.1 PNS02142.1 PNS02470.1

Petrotoga miotherma DSM 
13574

WP_103066081.1 WP_103066988.1 PNS02142.1 PNS02470.1

Petrotoga sibirica DSM 13575WP_103876993.1 WP_103876724.1 WP_103876533.1

K
os

m
ot

og
ac

ea
e

Kosmotoga arenicorallina 
S304  

WP_068347510.1 WP_068347125.1 WP_068346683.1

Kosmotoga olearia TBF 19.5.1  WP_012744890.1 WP_015869246.1 WP_015868560.1
Kosmotoga pacifica   WP_047754759.1 WP_047755003.1 WP_047754440.1
Kosmotoga sp. DU53  WP_012744890.1 WP_015869246.1 WP_015868270.1
Mesotoga infera KUK67992.1 CCU85914.1 CCU83670.1
Mesotoga prima MesG1.
Ag.4.2  

WP_006486989.1 WP_014730450.1 WP_006486752.1

M
es

oa
ci

di
-

to
ga

ce
ae Mesoaciditoga lauensis DSM 

25116 
WP_036226301.1 WP_036221777.1 WP_036226373.1

Families Name GH13 GBE GH57 GBE GSE GDE

As expected for GBEs no signal sequences were identified, suggesting that these 
two GBEs are not excreted and are active intracellularly. As the P. mobilis ge-
nome sequence also contains a glycogen synthase and a glycogen debranching 
enzyme, it is concluded that P. mobilis contains all the key enzymes for glycogen 
synthesis making it likely that it synthesizes glycogen. So far no studies on the 
presence and structure of the glycogen from any of the Petrotogaceae have been 
reported.

Continue
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Biochemical properties of PmGBE13 and PmGBE57

To investigate if the putative PmGBE13 and putative PmGBE57 have glyco-
gen branching activity, the corresponding genes were over-expressed in E. coli 
BL21(DE3). The obtained enzymes were purified to homogeneity, as judged by 
SDS-page (Fig. 1). Both purified proteins convert amylose V at 60 ºC and pH 7.0, 
as revealed by a decrease in iodine staining, thus demonstrating that both putative 
GBEs are functional α-glucan modifying enzymes. Subsequent 1H-NMR anal-
ysis demonstrated that both enzymes convert amylose V in branched α-glucans 
with a degree of branching of 12.4% for the PmGBE13 and 8.5% for the PmG-
BE57 (Fig. 2). The branching degree of the branched α-glucan products of PmG-
BE57 is in the range of those found for other GBEs (37-39). The branching degree 
of the PmGBE13 product is one of the highest values reported so far, being in the 
same range as the branched α-glucan product (13.5%) made by the Geobacillus 
thermoglucosidans GBE with amylose as substrate (40). The PmGBE13 enzyme 
is an interesting enzyme to further explore as it is not only thermostable, which 
is an advantage in starch processing as this is done at temperatures above 60oC 
(41), but also the high degree of branching of the products could contribute to a 
slower digestion in the small intestine, possibly making this branched α-glucan a 
slow digestible starch (42-44).

Figure 1. SDS-PAGE of purified PmGBE13 (lane 1) and PmGBE57 (lane 2). M: protein 
standard. 
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Figure 2. 1H-NMR spectrum of the branched a-glucans derived from amylose V by 
the action of PmGBE13 (a) and PmGBE57 (b). Reactions were performed in phosphate 
buffer pH 7.0 at 50 ºC for 24 h. The spectra were recorded in D2O at 323 K. The signal 
originated by the residual water in the sample (HOD peak at 4.24 ppm) was cut off from 
the spectrum.

GBEs create branches via a transglycosylation reaction, in which a new α-1,4-glu-
co-oligosaccharide chain is used as an acceptor. A side reaction of GBEs is hy-
drolysis, in which water is used as an acceptor, resulting in the formation of 
short α-1,4-glucan chains. The influence of temperature and pH on the activity 
of PmGBE13 and PmGBE57 was investigated. Both enzymes showed maximum 
activity at 50 ºC and pH 7.0, and lost activity at temperatures of 70 ºC and higher 
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(Fig. 3). Of the two enzymes, the activity of PmGBE13 is most sensitive to chang-
es in temperature and pH. The maximum activity at neutral pH also supports the 
earlier conclusion that both enzymes are very likely to be active in the cytosol.

The branching and hydrolysis reaction of both GBEs with amylose V as sub-
strate was followed in time (Fig. 4). The use of amylose V as substrate has the 
advantage that it is virtually free from α-1,6-linkages, so any α-1,6-bond present 
in the product is the result of the branching activity of the GBE. PmGBE13 rap-
idly branches amylose V into a branched a-glucan within the first 50 min of the 
reaction (Fig. 4A). Differently, the PmGBE57 is clearly slower in introducing 
α-1,6-linkages (Fig. 4B) when given amylose. The branching activity of PmG-
BE13 and PmGBE57 is 6 U/mg protein and 0.04 U/mg protein, respectively. The 
branching activity of PmGBE13 is similar to that reported for the GH13 GBE 
from Deinococcus geothermalis (45), and relatively high compared to the previ-
ously reported GBEs from E. coli, Aquifex aeolicus, Geobacillus stearothermo-
philus and Anaerobranca gottschalkii (46-49). The PmGBE57 showed relatively 
lower activity than GH57 GBEs from T. thermophilus, Pyrococcus horikoshii 

Figure 3. Temperature and pH activity profiles of PmGBE13 (A, B) and PmGBE57 (C, 

D).      
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Structural properties of the branched α-glucans  

PmGBE13 made branched α-glucans with an average molecular mass of 1.7×106 
Da, which is 8.5 times larger than that of amylose V, having an average molecular 
mass of 2×105 Da (Fig. 5). The PmGBE13 product shows a relatively high molecu-
lar mass compared to GBE modified waxy corn starch (37), while it is lower than 
the glycogen from Sphaerotilus natans, Arthrobacter viscous and oyster (50). On 
the contrary, PmGBE57 made a branched α-glucan that was considerably smaller 
than amylose V; the average molecular mass was 1.4×104 Da (approx. 85 glucose 
units), which is much smaller than glycogen produced by bacteria, and even 10 
times smaller than the glycogen-like carbohydrate polymers extracted from the 
cell wall of M. tuberculosis (51,52). 

To further elucidate the structure of the branched α-glucans, the chain length dis-
tribution, average chain length (ACL), and average internal chain length (AICL) 
were determined (Table 2). The PmGBE13 product has side chains ranging from 
2 to 15 residues, showing a bell-shaped distribution (Fig. 6A); the ACL is 8 and 
the AICL is 2.6. The PmGBE57 product has, in contrast, considerable shorter 
side chains of 3 to 5 residues (Fig. 6B). The ACL of PmGBE57 is 7 while the 
AICL is DP 2.4. Although the ACL and AICL of the PmGBE13 and PmGBE57 

Figure 4. Increase in reducing end following the branching and hydrolytic activity in 
time. A: PmGBE13; B: PmGBE57.

(26,28). The hydrolytic activity of PmGBE13 and PmGBE57 is 0.06 U/mg and 
0.003 U/mg, being comparable to the hydrolytic activity of the GBE of D. geo-
thermalis (45), and T. thermophilus (28), resp.
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Figure 5. Molecular size distribution of amylose V (   .....) and the branched α-glucan prod-
ucts made by PmGBE13 (----) and PmGBE57 (     -). 

products did not differ significantly, a clear difference was found for the percent-
age of A-chains in the PmGBE13 and PmGBE57 products; the PmGBE13 prod-
uct contained 28% A-chains while the PmGBE57 product contained more than 
44% A-chains (Table 2). All these results taken together show that PmGBE13 
makes a completely different branched α-glucan than PmGBE57, hinting at the 
involvement of the two enzymes in different biosynthetic pathways or the pres-
ence of two structurally different intracellular branched α-glucans in P. mobilis. 

Table 2. Chain length distribution, average chain length (ACL), average internal chain 
length (AICL), and A-chain content of PmGBE13 and PmGBE57 branched α-glucans 

from amylose. 

PmGBE13 PmGBE57
DP 2-4 (%) 19 28
DP 5-10 (%) 75 59
DP > 10 (%) 6 13
ACL (DP) 8 7
AICL (DP) 2.6 2.4
A-chain (%) 28 44
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Figure 6. The chain length distribution of the branched α-glucans derived from amylose 
V incubated with PmGBE13 (A) and PmGBE57 (B) in phosphate buffer pH 7.0 at 50ºC 
for 24 h. 
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Minimal donor substrate length

GBEs require a minimum length of substrate before a branching or hydrolysis 
reaction can start (46). As such, the minimum chain length of the donor substrate 
is an important parameter of GBEs. To assess this specificity, PmGBE13 and 
PmGBE57 were incubated with a mixture of linear chains in the DP range of 2 to 
30 (DHBS). Subsequent analysis of the debranched products showed that PmG-
BE13 had converted all linear oligosaccharides with a DP of 13 and more (Fig. 
7). PmGBE57 requires slightly longer linear oligosaccharides, as it had converted 
all linear oligosaccharides of DP 17 and longer (Fig. 7). The PmGBE13 branched 
α-glucan product is rich in side chains with 5 and 6 residues while the PmGBE57 
branched α-glucan product is composed of longer chains with a maximum of 
9 to 10 residues (Fig. 7), this being in line with the results found with amylose 
V as substrate (Fig 3). Thus, the minimum substrate length for PmGBE13 is 13 
residues, this being very close to what was found for the GH13 GBEs of Rhodo-
thermus obamensis and E. coli that use donor substrates of minimally 12 residues 
(27,46). For GH57 GBEs, no minimum substrate lengths have been published so 
far.

Figure 7. The chain length distribution of the products derived when debranched HBS 
(….) was incubated with PmGBE13 (----)  or PmGBE57 (-) at 50 ºC for 24 h.
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Role of GH13 and GH57 GBEs  

The human pathogen M. tuberculosis has two glgB genes, one encoding a GH13 
GBE (Rv1326c) and another encoding a GH57 GBE (Rv3031). A knock out of 
the glgB gene Rv1326c in M. tuberculosis H37Rv did not give any viable mu-
tants. The knock out mutation could be compensated by a plasmid carrying ei-
ther the gbe gene from M. tuberculosis or E. coli, demonstrating that the gbe 
gene Rv1326c and its corresponding enzyme are essential for growth (22). It re-
mains unclear what the role of Rv3031 in M. tuberculosis is. Apparently Rv3031 
does not take over the role of Rv1362c in glycogen biosynthesis, either because 
the gene was not expressed in the Rv1326c knock-out mutant or because the 
GH57 GBE enzyme does not act on a growing linear α-glucan chain as the GH13 
GBE does (21). The Rv3031 gene has been linked to the synthesis of the capsu-
lar glucans typical for M. tuberculosis, although without experimental evidence  
(53,54). The results reported in this paper show that the GH13 and the GH57 
GBE of P. mobilis differ considerably with respect to activity towards amylose 
and the structure of the branched α-glucan produced. The high molecular mass 
of the branched α-glucan product points at a role for the PmGBE13 in glycogen 
biosynthesis as glycogen is a large molecule of 106 to 107 Da (50), this being in 
line with the role Rv1326c plays in glycogen production in M. tuberculosis (22). 
The role of PmGBE57 as is the role of the GH57 GBE in M. tuberculosis remains 
unclear and calls for further investigation. 

Conclusions
The majority of the genome sequences of Petrotogaceae harbor two glgB genes, 
encoding a GH13 and a GH57 GBE. Both genes have all features to encode the 
corresponding proteins and over-expression in E. coli resulted in active GBEs. 
The lack of a clearly recognizable signal sequence and the activity at neutral pH 
point at an intracellular localization of both enzymes. The PmGH13 seems a 
common GBE with a high activity and synthesizing highly branched and relative 
high MW α-glucans of 106 -107 Da. The GH57 GBE, in contrast has a very low 
branching activity with amylose as substrate and forms branched α-glucans of 
considerably lower MW (104 Da) with a lower degree of branching making it very 
unlikely that this enzyme plays a role in glycogen biosynthesis. Further studies 
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Abstract 
Glycogen branching enzymes (GBEs) convert starch into branched α-glucan 
polymers. To explore if the amylose content of substrates effects the structure of 
the branched α-glucans, mixtures of amylose and amylopectin were converted 
by four thermophilic GBEs. The degree of branching and molecular weight of 
the products increased with an increasing percentage of amylose with the GH57 
GBEs of Thermus thermophilus and Thermococcus kodakarensis, and the GH13 
GBEs of Rhodothermus marinus and Petrotoga mobilis. The only exception 
is that the degree of branching of the Petrotoga mobilis GBE products is not 
influenced by the amylose content. A second difference is the relatively high 
hydrolytic activity of two GH57 GBEs, while the two GH13 GBEs have almost 
no hydrolytic activity. Moreover, the two GH13 GBEs synthesize branched 
α-glucans with a narrow molecular weight distribution, while the two GH57 
GBEs products consist of two or three molecular weight fractions.
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Introduction
Glycogen is produced by many microorganisms as a carbon and energy reserve 
(1). It is a branched polymer of anhydroglucose residues linked via α-1,4-gly-
cosidic linkages and α-1→4,6-glycosidic bond branches. The branches are syn-
thesized by glycogen branching enzymes (GBEs, EC 2.4.1.18), which cleave an 
α-1,4-glycosidic linkages in a linear chain and attach the cleaved off fragment 
onto the 6-hydroxyl group of an anhydroglucose moiety located in a chain seg-
ment of α-1,4-linked anhydroglucose residues (2-4). GBEs are classified in two 
glycoside hydrolase (GH) families, 13 and 57 (5-8). Although the GH13 and 
GH57 GBEs have a different three-dimensional structural fold (9-14), they use 
the same catalytic steps, involving a double displacement mechanism and a co-
valent glucosyl-enzyme intermediate (15,16).

While in-vivo GBEs act on growing α-glucan chains, in-vitro GBEs can be 
utilized to modify starch, amylose, and amylopectin. GBE modified starch, or 
(highly) branched maltodextrin, is characterized by the absence of long linear 
α-1,4-glucan chains and an increased percentage of α-1→4,6 branches. The re-
sulting product is highly soluble in water, and has no tendency to retrogradate 
because of the absence of amylose and long linear α-1,4-linked chains. Various 
applications for highly branched maltodextrins have been reported, among which 
paper coating, slowly digestible starch, sport drinks ingredient, spray drying aid, 
and bio-friendly adhesive (17-20).

Currently, only the Rhodothermus obamensis GBEs is commercially available, 
under the tradename Branchzyme® from Novozymes. However, many more bac-
terial GH13 GBEs have been characterized, among which the GBEs of Aquifex 
aeolicus (21,22), Butyrivibrio fibrisolvens (23), Deinococcus geothermalis and 
Deinococcus radiodurans (24), Geobacillus stearothermophilus (25), Geobacil-
lus thermoglucosidans (26,27), Mycobacterium tuberculosis (28), Thermomono-
spora curvata (29), and Vibrio vulnificus (30). Today only four GH57 GBEs have 
been characterized: Pyrococcus horikoshii (12), Thermococcus kodakarensis 
(31), Thermus thermophilus (14) and AmyC from Thermotoga maritima (chapter 
2). The biochemical studies have reported variations in substrate specificity, with 
the GH57 GBEs having a higher catalytic activity with amylose than amylopec-
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tin, a substrate preference not seen with the GH13 GBEs. The GH57 GBEs have, 
in addition, a significant hydrolytic side activity, whereas the GH13 GBEs show 
hardly any hydrolytic activity (14,24,30). The differences in reaction specificity 
are potentially advantageous in the starch processing industry, as it may lead to 
different types of highly branched α-glucan products. 

Here the synthesizes of branched α-glucan by four thermophilic GBEs is explored, 
revealing that the structure of the branched α-glucans is depended on the amylose 
content of the substrate and the GBE used.

Materials and Methods

Materials 

Amylose V and waxy potato starch (Eliane 100) were provided by Avebe (Veen-
dam, Netherlands). Isoamylase (EC 3.2.1.68, specific activity 260 U/mg), pullula-
nase M1 (EC 3.2.1.41, specific activity 34 U/mg) and β-amylase (EC 3.2.1.2, spe-
cific activity 10,000 U/mL) were obtained from Megazyme (Wicklow, Ireland). 
General chemicals were obtained from Sigma Aldrich (Darmstadt, Germany) 
and VWR (Amsterdam, Netherlands).

Production and purification of glycogen branching enzymes

Codon optimized genes encoding the GBEs from T. thermophilus HB8 (Ttgbe) 
and T. kodakarensis KOD1 (Tkgbe) were synthesized by Baseclear (Leiden, The 
Netherlands), cloned into the pRSET A (Thermo Fisher Scientific, Waltham, US) 
expression vector and overexpressed in E. coli BL21 (DE3). The codon optimized 
genes encoding the GBEs from R. marinus (Rmgbe) and P. mobilis (Pmgbe13) 
were synthesized by GeneScript (Hong Kong, China), and cloned into the pE-
T28a expression vector and overexpressed in E. coli BL21 (DE3). The four en-
coded proteins carry a 6×His-tag at their N-terminus. E. coli was cultivated in 
Luria-Bertani (LB) medium (10 g/L of tryptone, 5 g/L yeast extract, and 10 g/L 
NaCl). 100 μg/mL ampicillin was supplemented for Ttgbe and Tkgbe expression 
and 50 μg/mL kanamycin was applied for Rmgbe and Pmgbe13 expression. Gene 
expression was induced by 0.1 mM IPTG at 18 ºC, and cultivation was continued 
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for 20 h with shaking at 150 rpm. The cells were harvested by centrifugation 
(5,000×g, 10 min, 4 ºC), washed twice with 5 mM phosphate buffer pH 7.0, and 
resuspended in binding buffer (20 mM sodium phosphate, 500 mM NaCl, and 
20 mM imidazole, pH 7.4). Cells were lysed using a high-pressure homogeniz-
er (Emulsiflex-B15; Avestin, Ottawa, Canada). The soluble fraction of the cell 
lysates was collected by centrifugation (20,000×g, 20 min, 4 ºC). The proteins 
were purified in two steps. The soluble fraction was incubated at 65 ºC for 10 
min, followed by removal of denatured proteins by centrifugation (20,000×g, 20 
min, 4 ºC); the heat treatment was repeated once. Subsequently, the His-tagged 
proteins were purified using the HisPurTM Ni-NTA Resin according to the man-
ufacturer’s protocol. Protein concentrations were quantified using the Quick 
Start™ Bradford Protein Assay kit (Bio-Rad Laboratories, Veenendaal, Neth-
erlands). The purity and molecular mass of the proteins were checked by SDS-
PAGE.

Enzyme activity assays

Amylose V, dissolved in 1 M NaOH, and then neutralized to pH 7.0 with 1 M 
HCl, was used as a model substrate. Branched α-glucan products were prepared 
at the optimal reaction conditions: 0.125% (w/v) substrate, 35 μg/mL TtGBE57, 
65 ºC, pH 6.5; 30 μg/mL TkGBE57, 70 ºC, pH 7.0; 3.0 μg/mL RmGBE13, 65 ºC, 
pH 7.0 and 3.0 μg/mL PmGBE13, 50 ºC, pH 7.0.

Branching activity, representing the newly synthesized α-1,6-glycosidic linkag-
es, was quantified by measuring the increase in reducing ends upon debranching 
of the product. The amount of reducing ends was measured by bicinchoninic acid 
(BCA) method (32). Briefly, 0.125% amylose V was incubated, with different 
GBEs, in 50 mM sodium phosphate buffer, as described above. Samples of 200 
μL were taken at regular time intervals and the reaction was stopped by boiling 
for 10 min. Of the samples taken, 50 μL was debranched by adding 1 μL of 0.1 M 
HCl (which lowers the pH to 5.0), 0.7 U isoamylase, 0.5 U pullulanase and 5 mM 
CaCl2, and incubated at 40 ºC for 16 h. The hydrolytic activity was also quanti-
fied, by following the increase in reducing ends within the reaction mixture in 
time. Branching activity is simply the difference in the amount of reducing ends 
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after debranching minus the amount of reducing ends before debranching. One 
unit of branching activity is defined as 1 μmol of branches formed per minute 
(14). The branching activity of TtGBE57, TkGBE57 and PmGBE13 was calcu-
lated from the increase in branches formed within the first 30 min (10 min for 
RmGBE13), while the hydrolytic activity is calculated from the increase in re-
ducing ends over 24 h. The branching activity on amylopectin was calculated 
from the increase in branches formed within the first 15 min, while the hydrolytic 
activity is calculated from the increase in reducing ends over 24 h.

Oligosaccharide analysis

Oligosaccharide analyses was carried out by High Performance Anion Exchange 
Chromatography (HPAEC) on a Dionex ICS-3000 system (Thermo Fisher Scien-
tific) equipped with a 4×250 mm CarboPac PA-1 column. A pulsed amperometric 
detector with a gold electrode and an Ag/AgCl pH reference electrode was used. 
The system was run with a gradient of 30-600 mM NaAc in 100 mM NaOH 1 
mL/min. Chromatograms were analyzed using Chromeleon 6.8 chromatography 
data system software (Thermo Fisher Scientific, Waltham, US). A mixture of 
glucose, maltose, maltotriose, maltotetraose, maltopentaose, maltohexaose, and 
maltoheptaose was used as reference for qualitative determination of elution time 
of each component. 

The chain length distribution was determined by the debranching the branched 
α-glucans (2 mg/mL in 5 mM sodium acetate buffer pH 5.0) with 0.7 U/mL is-
oamylase and 0.5 U/mL pullulanase at 40 ºC for 16 h. The debranching reactions 
were stopped by boiling for 5 min, and denatured proteins were removed by 
centrifugation, and analyzed by HPAEC.

1H-NMR spectroscopy 
1H-NMR spectra were recorded at a probe temperature of 323 K on a Varian In-
ova 500 spectrometer (NMR Center, University of Groningen). Before analysis, 
samples were exchanged twice in D2O (99.9 atom% D, Sigma-Aldrich Chemi-
cal) with intermediate lyophilization, and then dissolved in 0.6 mL D2O. Spectra 
were processed using MestReNova 5.3 software (Mestrelabs Research SL, San-
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tiago de Compostella, Spain), using Whittaker Smoother baseline correction and 
zero filling to 32 k complex points. Carbohydrate structures were determined 
using the previously developed 1H-NMR structural-reporter-group concept of 
α-D-glucans (33). The α-1,6-signal is presented at δ 4.98, originating from H1 in 
1,4-α-glucose-1,6, and α-1,4-signal is at δ 5.36 from the H1 in 1,4-α-glucose-1,4 
and 1→4,6-α-glucose-1,4 residues. The degree of branching (α-1,6-linkage ratio) 
was calculated by dividing the area of α-1,6-linkage peak by the total area of 
α-1,4-linkage and α-1,6-linkage peaks in the NMR spectra.

Molecular weight distribution

Molecular weight distributions were measured by GPC-SEC run with DMSO-Li-
Br. DMSO-LiBr (0.05 M) was prepared by stirring for 3 h at room temperature. 
Samples were dissolved at a concentration of 2 mg/mL in DMSO-LiBr at 80 ºC 
for 3 h with shaking and then filtered through a 0.45 μm Millex PTFE membrane 
(Millipore Corporation, Billerica, USA). The Size Exclusion Chromatography 
(SEC) system setup (Agilent Technologies 1260 Infinity) from PSS (Mainz, Ger-
many) consisted of an isocratic pump, auto sampler without temperature reg-
ulation, an online degasser, an inline 0.2 μm filter, a refractive index detector 
(G1362A 1260 RID Agilent Technologies, Santa Clara, US), viscometer (ETA-
2010 PSS, Mainz, Germany), and MALLS (SLD 7000 PSS, Mainz, Germany). 
WinGPC Unity software (PSS) was used for data processing. The samples were 
injected with a flow rate of 0.5 mL/min into a PFG guard-column and three PFG 
SEC columns 100, 300 and 4000 connected in series. The columns were held at 
80 ºC, and the detectors were held at 60 ºC (Visco) and 45 ºC (RI). A standard 
pullulan kit (PSS) with molecular weights from 342 to 805,000 Da was used to 
generate a universal calibration curve, in order to determine the hydrodynamic 
volume from the elution volume. The specific RI increment value dn/dc was 
measured by PSS and is 0.072. 

Fractionation of branched α-glucans

The branched α-glucans obtained from amylose by TtGBE57 modification were 
separated into a high and low molecular weight fractions using size-exclusion 
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chromatography (Hiprep 26/60 Sephacryl S-500 HR column). Briefly, 25 mg 
branched α-glucan in 5 mL was injected, and the column was run at 2.5 mL/min 
water with 0.02% NaN3. The collected fractions were freeze dried, and subse-
quently analyzed by NMR and GPC-SEC, as described above. 

Modification of different amylose content substrates

The mixtures of amylose and amylopectin were prepared by combining solu-
tions of amylose V and waxy potato starch at different ratios. Firstly, 5 mg/mL 
amylose V was dissolved into 1 M NaOH, and then neutralized to pH 7.0. Waxy 
potato starch (7.5 mg/mL) was dissolved in 50 mM phosphate buffer with pH 7 
by boiling. The enzymatic reaction conditions were as above. The reactions were 
stopped by boiling for 10 min, the denatured proteins removed by centrifugation, 
and the supernatant dialyzed using a dialysis tube with a cutoff size of 100 – 500 
Da. The samples were freeze dried and analyzed, as described above.

Results and Discussion

Branching and hydrolytic activity of glycogen branching enzymes

Two GH57 gbe genes, from T. thermophilus and T. kodakarensis, and two GH13 
gbe genes, from R. marinus and P. mobilis, were overexpressed in E. coli and the 
corresponding GBEs were purified by a combination of heat treatment and His-
tag affinity chromatography (Fig. 1). The two GH13 GBEs, RmGBE and PmG-
BE13, have a considerable higher branching activity than the two GH57 GBEs, 
TtGBE and TkGBE, using amylose V and amylopectin as substrates (Table 1). 
The two GH57 GBEs have a slightly higher branching activity on amylose, the 
RmGBE13 shows 40% more branching activity with amylopectin, and PmG-
BE13 has two times more branching activity on amylose.

In addition to the branching activity, GBEs also possess a low hydrolytic activ-
ity, which results in the formation of oligo and polysaccharides smaller than the 
substrate. Acting on amylose V, both GH57 GBEs have a considerably lower 
ratio of branching over hydrolytic activity than the two GH13 GBEs (Table 1), 
which is in agreement with previous publications (14,24). Indeed, upon prolonged 
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incubation of amylose with the two GH57 GBEs, about 15% of the catalytic ac-
tions had resulted in the formation of a new reducing end (hydrolysis activity), 
and 85% in the formation of a new branch (branching activity) (Fig. 2). The two 
GH57 GBEs are even more hydrolytic with amylopectin as substrate, with 40% 
hydrolysis and 60% branching  (Supplementary Fig. S1). The two GH13 GBEs, 
in contrast, formed almost only branches, with both amylose and amylopectin 
(Fig. 2 and Supplementary Fig. S1). Indeed, HPAEC analysis shows substantial 
amounts of short oligosaccharides in the products made  by the two GH57 GBEs 
(Fig. 3), which are basically absent in the products made by the two GH13 GBEs. 
Thus, the two GH57 GBEs are far more hydrolytic than two GH13 GBEs, when 
acting in-vitro on pre-existing α-glucan polymers. Although out of scope for this 
publication, it remains an intriguing question whether GH57 GBEs are also rela-
tive hydrolytic in-vivo.

Figure 1. SDS-PAGE of TtGBE57 (Lane 1), TkGBE57 (Lane 2), RmGBE13 (Lane 3), 
and PmGBE13 (Lane 4).

Table 1. The branching and hydrolytic activities of GBEs.

Amylose as substrate Amylopectin as substrate

GBEs
Branching 

activity 
(mU/mg)

Hydrolytic
activity

(mU/mg)
Branching/
Hydrolytic

Branching 
activity 

(mU/mg)

Hydrolytic
activity

(mU/mg)
Branching/
Hydrolytic

TtGBE57 490 1.7 288 380 2.9 131
TkGBE57 560 2.6 215 450 4.3 105
PmGBE13 6,100 7.5 813 8,800 4.2 2095
RmGBE13 18,700 7.1 2,634 7,500 3.3 2272
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The structure of branched α-glucan made by GBEs is influenced by the 
amylose to amylopectin ratio

As native starches are composed of amylopectin and amylose, with the amylose 
content ranging from as low as 0 up to 70% in commercially available starches 
(34), it was explored if the amylopectin to amylose ratio affects the structure of 
the branched α-glucan synthesized. Therefor various ratios of amylose and amy-
lopectin were incubated with the four GBEs and the obtained products were ana-
lyzed in detail. Firstly, the chain length distribution of the branched α-glucans de-
rived from 100% amylose and 100% amylopectin were compared. This revealed 
that the two GH57 GBEs form products with a wider chain length distribution. 
While the products of the two GH13 GBEs are particular rich in chains up to ~DP 
10, the two GH57 GBE products contain clearly more relative long chains of DP 
10 to 15 (Fig. 3 & 4). The two GH57 GBE products derived from amylopectin 
even show a bimodal patter, with maxima at DP7 and DP11 (Fig. 4). Although 

Figure 2. Branching and hydrolysis reaction progress. Reaction progress is followed by 
quantifying the increase in reducing end over time. A: TtGBE57 products; B: TkGBE57 
products; C: RmGBE13 products and D: PmGBE13 products. Black dot: the reducing 
end concentration of the reaction contents; Black square: the reducing end concentration 
increase upon debranching. 
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Figure 3. Chain length distribution of the branched glucans derived from amylose V. 
TtGBE57 (A), TkGBE57 (B), RmGBE13 (C) and PmGBE13 (D). The branched glucans 
were debranched by isoamylase/pullulanase and analyzed by HPAEC-PAD. 

the products of the two thermophilic GH13 GBEs explored here have very similar 
chain length distribution, not all GH13 GBEs synthesized similar products. For 
examples, the potato SBEI and SBEII GH13 branching enzymes form branched 
α-glucans with distinct chain length distributions (35).

Subsequently the degree of branching of all samples was determined, demon-
strating that the two GH13 GBEs form products with a higher degree of branch-
ing. Surprisingly, it was also observed that the degree of branching is positively 
correlated with the percentage of amylose in the substrate with the two GH57 
GBEs (Fig. 5). The same correlation is seen with the GH13 RmGBE13, although 
the effect is somewhat milder, while the effect is absent with the GH13 PmG-
BE13 (Fig. 5). Since the initial branching activity of the two GH57 GBEs with 
amylose and amylopectin are quite similar (Table 1), the much higher degree of 
branching reached with amylose indicates that the branches are distributed more 
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Figure 4. Chain length distribution of the branched glucans derived from amylopectin. 
TtGBE57 (A), TkGBE57 (B), RmGBE13 (C) and PmGBE13 (D). The branched glucans 
were debranched by isoamylase/pullulanase and analyzed by HPAEC-PAD. 

efficiently starting with amylose, compared to amylopectin. However, a previous 
study reported that GBE formed slightly less branched α-glucans with increasing 
amylose content of the substrate (Sorndech et al., 2016). Sorndech et al. used high 
Mw (5,500 kDa) barley amylose and waxy maize amylopectin, while in the cur-
rent study potato amylose with a much lower Mw (100 kDa) was used. Possibly 
branching enzymes are more effective with shorter substrates.
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Figure 5. The correlation between amylose content of the substrates and degree of 
branching. The amylose fractions were made by mixing amylose V and amylopectin, 
both from potato. 

Branched α-glucans derived from amylose and amylopectin have different 
molecular weight profiles  

Besides the degree of branching and the chain length distributions also the mo-
lecular weight (Mw) is a key structural parameter of branched α-glucans. To 
determine if the Mw is influenced by the amylose content of the substrate the 
branched α-glucans derived from amylose and amylopectin were analyzed by 
GPC. The first observation is that the four GBEs synthesize branched α-glucans 
with distinct Mw distributions. Acting on amylose the two GH13 GBEs generate 
products with a relative mono disperse Mw distribution (Fig. 6); ~1 x 105 Da for 
RmGBE13 and ~2 x 105 Da for PmGBE13. The two GH57 GBEs surprisingly 
generated products consisting of a low and a high Mw fraction (Fig. 6A). Sepa-
ration of the high and low Mw fractions of the TtGBE57 product, using size-ex-
clusion column chromatography, revealed that the low Mw fraction (< 4 x 104 Da) 
contains only 5% branches and the high Mw fraction (> 7 x 104 Da) contains 10% 
branches. This indicates that the low Mw fraction consist mainly of the products 
resulting from hydrolysis with mild branching, whereas the high Mw fraction is 
the result of the branching reaction.
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The picture is distinctively different with amylopectin as substrate. The most re-
markable difference being the lower Mw of the branched α-glucans derived from 
amylopectin compared to the products derived from amylose. Subsequently the 
mixtures of amylose and amylopectin were converted by the four GBEs revealing 
that the average Mw increase with Mw increases with increasing amylose. The 
same phenomena has also been observed for the GH13 GBE from Rhodothermus 
obamensis (36), and now also in this study. From these observations it is conclud-
ed that GBEs convert the high Mw amylopectin into branched α-glucans with 
lower Mw, whereas amylose is converted into branched α-glucans with a Mw 
corresponding to that of amylose. The Mw distributions of the branched α-glu-
cans derived from amylose and amylopectin show, however, also similarities. 
The GH13 RmGBE13 product is again rather mono disperse, whereas the GH57 
products consist of two or three Mw fractions (Fig. 6B). The GH13 PmGBE13 
derived from amylopectin product is special in the sense that it consists of two 
Mw fractions, while the enzyme converts amylose in a mono disperse branched 
α-glucan (Fig. 6). Thus, the different GBEs create highly branched α-glucan with 
various Mw distributions, and the GH13 RmGBE13 is the best choice for the 
production of product with a uniform Mw distribution.

Synthesis of branched α-glucans from a waxy starch and a high amylose 
starch. 

The question arises if the trends seen with the artificial mixtures of amylose and 
amylopectin also hold in the conversion of natural starches, which vary widely 
in their amylose content (35,36). To test this, waxy corn and a high amylose pea 
starch (with 35% amylose) (37,38) were treated with the GBEs. NMR analysis 
of the branched α-glucans obtained demonstrated that the degree of branching 
of these products (Table 2) is in good agreement with the values obtained with 
the artificial mixtures of amylose or amylopectin (Fig. 5). Thus, the two GH13 
GBEs synthesized branched α-glucans with a higher degree of branching than 
the GH57 GBEs (Table 2). Secondly, the GH57 GBEs create products with a 
higher degree of branching from the amylose rich pea starch than from the waxy 
maize starch, as predicted by the model system employing a mixture of amylose 
and amylopectin.
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Figure 6. The molecular weight distribution of the branched α-glucans derived from 
amylose V (A) and amylopectin (B). The analysis was performed by GPC-MALLS-RI 
run with DMSO containing 50 mM LiBr. 

Table 2. The DB of pea and waxy corn starches modified with T. thermophilus, T. kod-
akarensis, R. marinus, and P. mobilis GBE. Based on the results of triplicate analyses.

GH Family GBE Pea starch Waxy corn starch

57
T. thermophilus 6.2 ± 0.44 5.3 ± 0.65

T. kodakarensis 6.2 ± 0.64 5.0 ± 0.21

13
R. marinus 10.9 ± 0.20 10.2 ± 0.12

P. mobilis 13.1 ± 0.30 12.7 ± 0.49

Conclusions
Here we report the synthesis of branched α-glucans by four thermophilic GBEs. 
Whereas amylose is converted in highly branched α-glucans by all four GBEs, 
conversion of amylopectin yields highly branched and modest branched products 
with the GH13 and GH57 GBEs, respectively. The two GH13 GBEs products 
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Supplementary

Figure S1. Branching and hydrolysis reaction progress. Reaction progress is followed 
by quantifying the increase in reducing ends over time in the conversion of amylopectin. 
TtGBE57 (A); TkGBE57 (B); RmGBE13 (C) and PmGBE13 (D). Black dot: the reducing 
end concentration of the reaction contents; Black square: the reducing end concentration 
increase upon debranching.v
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Abstract
Thirty-two highly branched maltodextrins were produced from eight starch-
es using the glycogen branching enzymes (GBEs) of Thermus thermophilus 
HB8 (TtGBE57), Thermococcus kodakarensis KOD1 (TkGBE57), Rhodother-
mus marinus (RmGBE13) and Petratoga mobilis SJ95 (PmGBE13). The highly 
branched maltodextrins have increased α-1,6- branching points leading to short 
average chain length and short average internal chain length. However, the high-
ly branched maltodextrins show diverse properties in degree of branching from 
5% to 14%, average chain length from DP6 to DP12 and average internal chain 
length from DP3 to DP6. The digestibility of highly branched maltodextrins was 
tested in-vitro by using pancreatic α-amylase and amyloglucosidase. The various 
highly branched maltodextrins are digested at different rates. The products with 
higher branch density and shorter internal chain length contain more SDS and 
RS. These results suggest that the starches treated with branching enzymes have 
novel branched structures with slowly digestible character which could be used 
to control postprandial glucose levels.
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Introduction
Starch is the main carbohydrate energy source used by a wide variety of or-
ganisms, including humans. Many plants produce starch in the form of small 
granules, in which molecules of the two glucose polymers amylose and amy-
lopectin are tightly packed together. Amylose is a virtually linear polymer of 
D-glucose units linked through α-1,4-bonds with occasionally an α-1,6-linkage. 
Amylopectin is made up of D-glucose units with α-1,4 bonds and approx. 3-5% 
α-1,6-branches (1). Upon consumption, starch is initially digested in the mouth 
and esophagus by salivary α-amylase and subsequently in the small intestine by 
a combination of pancreatic α-amylase and brush border enzymes (2,3). Based 
on the rate of digestion, starch is classified into three nutritional types: rapidly 
digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS) 
(4). SDS is considered to have a low glycemic index (GI) with extended glucose 
release (2,5), and may be particularly important for (pre)diabetic individuals 
(6,7).

Native starches have a large extent with slowly digested characters as the dense-
ly packed amylose and amylopectin molecules form crystalline and amorphous 
regions with limited water available, thus delaying enzymatic hydrolysis of the 
glycosidic linkages (8-10). Most starch consumed is not as intact granules. Many 
starch-containing food products have a relatively high water content and are ther-
mally processed, leading to the loss of the granular structure and thereby a fast 
enzymatic degradation upon consumption (11). To make starches with a high 
proportion of SDS, the molecular structure of the amylose and amylopectin itself 
have to be changed in such a way that the hydrolysis rate is less and thereby the 
SDS character is not lost during thermal processing (12).    

An efficient strategy to produce branched dextrins is by increasing the number 
of α-1,6-bonds and thereby the branch density (13), as α-1,6-bonds are hydrolysed 
at a slower rate than α-1,4-bonds (14-16). Highly branched maltodextrins with an 
increased branch density can be created enzymatically in two ways: either by 
using glycogen branching enzyme (GBE), which cleaves α-1,4-bonds and creates 
new α-1,6 linked branches (17-19) or by using β-amylase, which increases the 
α-1,6/α-1,4 linkage ratio by specifically hydrolysing α-1,4-linkages with the re-
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lease of maltose (20-22). Corn starch modified by a GBE and/or β-amylase gave 
a higher amount of α-1,6-linkages and a slower degradation rate compared to un-
modified starch (13,23). Even though GBE and β-amylase treated starches have a 
similar branch density, they can have different molecular structures, in particular 
the internal chain length, due to the distinct action modes of these two enzymes. 
The internal chain length is the average number of glucose units between two 
branches (24). GBE treated starch has shorter internal chain length compared to 
β-amylase treated starch even though they have a similar α-1,6/α-1,4 ratio.

In the above-mentioned studies the influence of the branch density on the rate 
of digestion has been investigated. The influence of the internal chain length on 
the digestibility has not been addressed so far. In this report, four different GBEs 
were used to modify a range of native starches from different botanical origins, 
resulting in 32 different branched maltodextrins with varying degree of branch-
ing and average internal chain lengths. These branched maltodextrins and Clus-
ter Dextrin, a commercially available branched maltodextrin made with the GBE 
of Aquifex aeolicus (25),were subjected to an in-vitro digestion test. Branched 
maltodextrins with a degree of branching of 10% or higher, corresponding to av-
erage internal chain lengths of 5 or less, had less SDS and more RS compared to 
maltodextrins with low degrees of branching and average internal chain lengths 
of 6 or more.

Materials and methods

Materials 

Potato starch, waxy potato starch (Eliane C100 and Eliane MD2) and tapioca 
starch were provided by Avebe (Veendam, Netherlands). Corn starch (Duryea 
Maizena) was bought from a local supermarket. Pea starch was obtained from 
Roquette (France). Rice starch was purchased from Sigma-Aldrich (Zwijndrecht, 
Netherlands). Waxy corn was provided by National Starch (USA). Waxy rice 
starch was purchased from Beneo (Germany). Pancreatic α-amylase (EC 3.2.1.1, 
16 U/mg) was obtained from Sigma-Aldrich (Zwijndrecht, Netherlands). Cluster 
dextrin (4% degree of branching; unpublished results) was purchased through the 
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internet (Bulkpowders.nl). Isoamylase (EC 3.2.1.68, specific activity 260 U/mg), 
pullulanase M1 (EC 3.2.1.41, specific activity 34 U/mg), amyloglucosidase AMG 
from Aspergillus niger (EC 3.2.1.3, 3260 U/mL) and β-amylase (EC 3.2.1.2, spe-
cific activity 10,000 U/mL) were obtained from Megazyme (Wicklow, Ireland). 
The oligosaccharide kit was purchased from Sigma-Aldrich (Zwijndrecht, Neth-
erlands).

Branching enzymes

Codon optimized genes encoding the GBEs from Thermus thermophilus HB8 
(TtGBE57) and Thermococcus kodakarensis KOD1 (TkGBE57), were synthe-
sized by Baseclear (Leiden, The Netherlands), and cloned in the pRSET-A (Ther-
moFisher Scientific, Waltham, US) expression vector. The codon optimized 
genes encoding the GBEs of Rhodothermus marinus (RmGBE13) and Petrotoga 
mobilis SJ95 (PmGBE13) were synthesized by GenScript (Hong Kong, China), 
and cloned in the pET28a expression vector. All four constructs encode GBE 
proteins carrying a N-terminal 6×His-tag. Gene sequence details are provided 
in the supplemental information. GBE proteins were expressed in E. coli BL21 
(DE3) cultivated in Luria-Bertani (LB) medium (10 g/L of tryptone, 5 g/L yeast 
extract and 10 g/L NaCl), supplemented with 100 μg/mL ampicillin (pRSET A) 
or 50 μg/mL kanamycin (pET28a). Protein expression was induced at an OD600 
of 0.6 by addition of IPTG to 0.1 mM, followed by cultivation at 18 ºC and 150 
rpm for 18 h. Cells were harvested by centrifugation (5,000×g, 10 min, 4 ºC), 
washed twice with 5 mM phosphate buffer (pH 7.0) and resuspended in binding 
buffer (20 mM sodium phosphate, 500 mM NaCl, and 20 mM imidazole, pH 
7.4). Cells were lysed using a high-pressure homogenizer (Emulsiflex-B15; Av-
estin, Ottawa, Canada), and the cell free extract was obtained by centrifugation 
(20,000×g, 30 min, 4 ºC). The GBEs were purified in two steps: first, cell free 
extract was incubated at 65 ºC for 10 min, followed by removal of the denatured 
proteins (20,000×g, 30 min, 4 ºC); the heat treatment was repeated once. The His-
tagged proteins were then purified using HisPurTM Ni-NTA Resin according the 
manufacturer’s protocol. Protein concentrations were quantified using the Quick 
Start™ Bradford Protein Assay kit (Bio-Rad Laboratories). Purity and molecular 
weight of the proteins were analysed by SDS-PAGE.
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Preparation of branched maltodextrins

The starches were gelatinised by adding them to 5 mM phosphate buffer pH 6.5 
for TtGBE57 and pH 7.0 for TkGBE57, RmGBE13 and PmGBE13 at a concen-
tration of 0.125% (w/v) and then heated under stirring. After boiling for 20 min, 
the starch solutions were autoclaved at 121 ºC for 20 min to completely gelatinise 
the starches. The hot starch solutions were directly incubated in a preheated wa-
ter bath. When the temperature had decreased to the reaction temperature, the 
GBEs were added. The enzymes were incubated with 0.125% (w/v) starch at the 
enzyme’s optimal temperature (35 μg/mL TtGBE57, 65 ºC; 30 μg/mL TkGBE57, 
70 ºC; 3 μg/mL RmGBE13, 65 ºC and 3 μg/mL PmGBE13, 50 ºC). After 24 h 
reaction, the GBEs were inactivated by boiling, and the modified starches were 
freeze dried for further analysis. 

Oligosaccharide analysis

Oligosaccharide analyses were carried out by high performance anion exchange 
chromatography (HPAEC) on a Dionex ICS-3000 system (Thermo Scientific, 
USA) equipped with a 4×250 mm CarboPac PA-1 column. A pulsed ampero-
metric detector with a gold electrode and an Ag/AgCl pH reference electrode 
were used. The system was run with a gradient of 30-600 mM NaAc in 100 mM 
NaOH 1 mL/min. Chromatograms were analysed using Chromeleon 6.8 chroma-
tography data system software (Thermo Scientific). A mixture of glucose, malt-
ose, maltotriose, maltotetraose, maltopentaose, maltohexaose, and maltohepta-
ose was used as reference for qualitative determination of elution time of each 
component. The decay rate of detector signal from DP2 to DP7 calculated from 
reference sample is 4.44:2.76:2.02:1.45:1.36:1, which is used to correct the DP2 to 
DP7 of all samples and other fractions are not corrected. 

The branched starch products were debranched by dissolving 2 mg of the prod-
ucts in 1 mL 5 mM sodium acetate buffer pH 5.0 supplemented with 5 mM 
CaCl2. To 500 μL of this solution 0.7 U isoamylase and 0.5 U pullulanase were 
added and incubated at 40 ºC for 16 h. The debranched samples were analysed 
by HPAEC. The average chain length (ACL) was calculated from the size of each 
peak of HPAEC profiles with correction.
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1H NMR spectroscopy 
1H-NMR spectra were recorded at a probe temperature of 323 K on a Varian In-
ova 500 spectrometer (NMR Center, University of Groningen). Before analysis, 
samples were exchanged twice in D2O (99.9 atom% D, Sigma-Aldrich Chemical) 
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 a fifth order polynomial baseline correction and 
zero filling to 32 k complex points. The degree of branching (α-1,6-linkage ratio) 
was calculated by dividing the area of α-1,6-linkage peak by the total area of 
α-1,4-linkage and α-1,6-linkage peaks in the NMR spectra.

Average internal chain length  

The chains of branched starch are classified into tree types, A, B and C. The A 
chains are branched to B chains via their C1 without having branching point in-
side; B chain are further branched by another chain; and C chains carry a reducing 
end. Each branched molecule has a single reducing end. The AICL of B chains 
was determined by treating the samples with the exo-acting enzyme β-amyl-
ase, followed by debranching. β-amylase trims the external α-glucan chains from 
the non-reducing end leaving one or two glucosyl residues from branch point. 
β-amylases cannot proceed beyond a branch. The average overhang beyond the 
outmost branch after β-amylase treatment is 1.5 glucosyl residues in length and 
A chains are almost completely digested to maltose and maltotriose (24). 

The branched starches (2 mg/mL) were treated with β-amylase (5 U/mL) at 40 ºC 
in 50 mM phosphate buffer (pH 6.5) for 24 h. Following β-amylase inactivation 
by boiling for 10 min, the pH was set to 4.0 - 5.0 with HCl and the material was 
debranched with 0.7 U/mL isoamylase and 0.5 U/mL pullulanase at 40 ºC for 16 
h. Following inactivation of the debranching enzymes, boiling for 10 min, the 
samples were analysed by HPAEC. The chain length distribution was compared 
to the chain length distribution without β-amylase treatment. The percentage of 
A chains was calculated as the ratio between two folds peak area of maltotriose 
(A chains were hydrolysed to maltose and maltotriose by β-amylase) and total 
peak area. The AICL was calculated as follows:
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BAM: the average chain length of β-amylase treated α-glucans. A%: the percent-
age of A chains in α-glucans.

In-vitro digestion 

The digestibility of the products was evaluated by incubating them with a mix-
ture of pancreatic α-amylase and amyloglucosidase. 2.55 mg/mL α-amylase 
was dissolved in 100 mM citrate buffer (pH 6.0) with 10 mM CaCl2 and subse-
quently 0.95 µL/mL amyloglucosidase was added into the α-amylase solution. 
Undissolved material was removed by centrifugation at 10,000 x g for 10 min. 
The products (25 mg/mL) were dissolved in ultra-pure water. The carbohydrate 
content of each sample was quantified by the Anthrone method (26). Digestion 
was performed with 1813 U α-amylase and 138 U amyloglucosidase per gram 
of starch at 37 ºC. The enzyme unit is referred to the product instruction from 
the company. The rate of digestion was followed by taking aliquots of 200 µL in 
time, and directly stopping further digestion by boiling for 5 min. The amount of 
glucose formed was quantified by the GOPOD method (27).

Results and Discussion

Synthesis and structure of branched maltodextrins

Eight regular and waxy gelatinized starches were modified with four different 
thermostable microbial GBEs, yielding 32 products with a degree of branching 
ranging from 5 to 14% (Table 1). The GH57 enzymes TtGBE57 and TkGBE57 
generated branched maltodextrins with a relative low degree of branching (4.8% 
- 6.2%), whereas the two GH13 GBEs produced highly branched maltodextrins 
(10% - 13%). The degree of branching was to some extent depending on the type 
of starch used, the dependence being stronger for the two GH57 GBEs than the 
two GH13 GBEs (Table 1). There seems to be a (weak) correlation between the 
degree of branching of the maltodextrin and the type of starch, in particular the 
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presence/absence of amylose present in the starch. The waxy starches, with vir-
tually no amylose (28) gave branched maltodextrins with 4.8 to 5.2% degree of 
branching while pea starch with an amylose content of approx. 35% (29) gave the 
highest degree of branching (table 1). This correlation was not found for the two 
GH13 enzymes. Although the waxy starches with the RmGBE13 and PmGBE13 
enzyme gave branched maltodextrins with a lower degree of branching than pea 
starch, this difference is very small and not significant. 
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The chain length distribution of the branched maltodextrins made with the GH57 
GBEs showed a clear bimodal distribution, with maxima at DP6/7 and DP11/12; 
no side chains longer than DP16 were found for the GH57 GBEs derived prod-
ucts (Fig. 1). The chain lengths of the GH13 GBE products, in contrast showed 
a unimodal distribution with a maximum at DP5/6, while side chains as long as 
DP23 were present (Fig. 1). In order to look at the inner structure of GBE prod-
ucts, the β-amylase treated products were analyzed. The chains above DP9 were 
decreased for all GBEs products (Fig. 2). The increased short chains for GH57 
GBE products were maxima at DP7 and DP8, while for GH13 GBEs increased 
short chains were at DP4, DP5 and DP6, and maximum at DP4. This suggests 
that GH13 GBE products contain more short chains than GH57 GBE products.

Figure 1. Chain length distribution of the branched products derived from gelatinized 
potato starch by the action of T. thermophilus (A. TtGBE57), T. kodakarensis (B. 
TkGBE57), R. marinus (C. RmGBE13), and P. mobilis (D. PmGBE13). (Chain length 
distribution of other products are shown in supplementary).
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Figure 2. The inter chain length (ICL) distribution of the branched products produced 
by branching enzymes. A: TtGBE57, B: TkGBE57, C: RmGBE13, D: PmGBE13.

Figure 3. Correlation between degree of branching, AICL and ACL. 
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GBEs act on long linear chains, hydrolysing α-1,4-bond and transferring glyco-
syl residues to either the same or different amylose or amylopectin molecules to 
form new branches linked by α-1,6-bonds. The DB is inversely correlated to the 
ACL and AICL (30-32). With the four GBEs used in this study, three ranges of 
branched maltodextrins were produced (Table 1). A clear inverse linear correla-
tion (R2 of 0.96646) between the DB and AICL was found (Fig. 3A); the higher 
the DB the lower the AICL. The correlation between ACL and DB was much less 
clear (Fig. 3B), an observation also made by Li et al. (33).

In-vitro digestion

The rate of digestion of maltodextrins is proportional to the degree of branching; 
a higher degree of branching leads to slower digestion by the pancreatic enzymes 
as α-1,6 bonds are more slowly hydrolysed and more branches leads to stearic 
hindrance of the pancreatic α-amylase to bind to the maltodextrin (12,13,34,35). 
The rate of digestion of the 32 different branched maltodextrins, Cluster Dextrin, 
Eliane MD2, a maltodextrin derived from waxy potato starch by short α-amylase 
treatment, and granular potato starch was determined by an in-vitro digestion 
test (Fig. 4). The Cluster Dextrin (4% DB) and the Eliane MD2 maltodextrin (2% 
DB) showed the highest amount of glucose release after 360 min. Almost all of 
the Cluster Dextrin and Eliane MD2 was converted to glucose. The branched 
maltodextrins produced with the GH57 GBEs (Tt and Tk), having a DB of 4.9 to 
6%, gave the highest amount of glucose released after 360 min (60 to 75%), with 
the exception of Tt-potato and Tk-pea which gave about 55% glucose release af-
ter 360 min. These maltodextrins also gave a relatively large variation in rate of 
digestion, reflected by the variation of DB (Table 1). The branched maltodextrins 
produced with the two GH13 GBEs (Rm and Pm) all gave 55 to 60% glucose 
release after 360 min. When the amount of glucose released after 20 and 120 min 
is used as an indication of the amount of RDS, SDS and RS, the Cluster Dextrin 
clearly has much less SDS (33%) and RS (45%) than the branched maltodextrins 
(Table 2; Fig. 5). The 5 to 6% branched maltodextrins (Tt and Tk) have approx. 
25% SDS and 55% RS while the 10-13% branched maltodextrins have approx. 
21% SDS and 64% RS. There is no increase in the amount of SDS or RS for the 
13% branched maltodextrins compared to the 10% branched maltodextrins. 
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The amount of SDS and RS is related to high amount of short chains and branch-
ing density (10,36). Our data also supported that RS increase is accompanied 
with more short chains, as well as increased branch density. In further, from the 
structural analysis we propose that the AICL affects the digestibility of highly 
branched maltodextrins. Porcine pancreatic amylase which is used in the in-vitro 
test has five subsites to bind a linear α-1,4 linked oligosaccharide (37). The AICL 
of the branched maltodextrins produced with the Rm and Pm GBE is between 
2.7 and 4.2, while the average internal chain length of Tt and Tk branched malto-
dextrin is 5 or higher, being sufficient to accommodate the binding of the porcine 
pancreatic amylase and allow hydrolysis of a glycosidic linkage, resulting in deg-
radation of the branched maltodextrin and finally release of glucose through the 
action of the amyloglucosidase. The space between two branches in the Rm and 
Pm branched maltodextrins is not sufficient to accommodate the porcine pancre-
atic amylase. These maltodextrins have a large proportion of A (outer) chains that 
can easily accommodate binding of the porcine pancreatic amylase and thus hy-
drolysis of the glycosidic linkage and subsequent formation of glucose. This ex-
plains why the highly branched maltodextrin have a considerable amount of RDS 
(14-15%), which is very similar to the amount of RDS of the highly branched 
maltodextrins, but have substantially higher amounts of SDS and RS compared 
to the lower branched maltodextrins. Lee et al. also found that highly branched 
glucans treated by branching enzyme alone and combined β-amylase treatment 
with 7.1% and 12.9% α-1,6-linkages had a comparably slow digesting property 
both in vitro and in-vivo (13). Li et al. also reported that the GBE modified maize 
starches gave more SDS and RS with increasing α-1,6-bonds from 4.7% to 9.4% 
(36). Our data further shows that the highly branched maltodextrins with more 
than 10% α-1,6-bonds have ICL less than DP5, inhibiting the action of α-amylase. 
All results suggested that the starches modified by branching enzyme containing 
a higher branch density and shorter internal chain length have a higher content 
of SDS and RS, while the SDS and RS fractions are constant with α-1,6-bonds 
above 10%.
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Figure 4. Digestibility for GBE modified starches. A: TtGBE57, B: TkGBE57, C: 
RmGBE57, D: PmGBE13.

Figure 5. Correlations among DB, RDS,SDS and RS.
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Conclusion
These results confirm that with increasing degree of branching, the rate of diges-
tion and the total amount of glucose released declines. However, as there is no 
significant difference in the amount of glucose released as well as in the amount 
of SDS and RS between the 10% and the 13% branched maltodextrins, it is con-
cluded that apparently a threshold level with respect to the rate of digestion is 
reached at 10% degree of branching. More branches do not lead to less glucose 
release or a slower digestion rate. More detailed in-vitro digestion studies using 
intestinal model systems and finally in-vivo animal and human volunteer trials 
have to be performed to substantiate our (preliminary) conclusion. 
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Glycogen, as the major carbon and energy reserve polymer in microorganisms 
and animals has been linked to a broad range of physiological processes such as 
cell differentiation (1), environmental survival (2,3), biofilm formation (4), and 
virulence (5). Impairments in glycogen synthesis or degradation in humans and 
animals is in most cases fatal, as for example in Pompe’s disease, Laforin dis-
ease, and von Gierke’s disease (6-9). In the human pathogenic bacterium Myco-
bacterium tuberculosis, the causative agent of tuberculosis killing more than one 
million people per year, glycogen metabolism has been connected to infection 
and virulence (10,11). Glycogen is a polymer of α-D-anhydroglucose, consisting 
of a linear backbone of α-1,4-linked anhydroglucoses with side chains attached 
via α-1,6-O-glycosidic linkages. The key enzymes in glycogen synthesis are: 
phosphotransferase, phosphoglucomutase, glucose-1-phosphate adenylyltrans-
ferase, glycogenin (Eukaryotes only), glycogen synthase, and glycogen branch-
ing enzyme (GBE). 

GBE is a member of the α-amylase family, a large collection of the enzymes act-
ing on α-glucans, including glycogen, amylose, amylopectin, and trehalose. GBEs 
are classified in the glycoside hydrolase families 13 (GH13) and 57 (GH57). The 
GH13 is a very large and diverse group of enzymes sharing an (α/β)8-barrel cat-
alytic domain and catalyzing more than 20 different reactions (http://www.cazy.
org). Based on protein homology, GH13 GBEs are divided into the subfamily 
GH13_8 (mainly Eukaryotes) and GH13_9 (mainly Prokaryotes). Family GH57 
has 6 enzyme specificities; α-amylase (EC 3.2.1.1); α-galactosidase (EC 3.2.1.22); 
amylopullulanase (EC 3.2.1.41); cyclomaltodextrinase (EC 3.2.1.54); branching 
enzyme (EC 2.4.1.18); 4-α-glucanotransferase (EC 2.4.1.25), which all share an 
(α/β)7 catalytic barrel structure. 

Although the catalytic domains of the GH13 and GH57 GBEs have a different 
fold they share the same double displacement catalytic mechanism, with retention 
of the anomeric configuration. All GBEs initiate their reaction by cleaving the 
α-1,4-linked linear glucan donor substrate forming a covalent glucosyl-enzyme 
intermediate. In the second step, the glucosyl moiety is transferred to an acceptor 
glucan or a water molecule to form new branches or release a free glucan chain, 
respectively, referred to as branching activity or hydrolytic activity. In contrast 
to the variety of GH13 GBEs that have been characterized (12-17), only three 
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GH57 GBEs have been characterized to date (18-20). This in spite of the fact that 
over 800 GH57 GBE gene sequences are available (21,22). This discrepancy in 
the number of GH57 GBEs characterized and the vast number of gene sequences 
available triggered me to study GH57 GBEs in more detail.  

Chapter 1 introduces the current insights in the glycogen metabolism in prokar-
yotic microorganisms, the similarities and differences between family GH13 and 
GH57 GBEs, and the application of GBEs in starch modification. Emphasis is on 
the current understanding of the biological function of glycogen, the metabolic 
pathways involved in the synthesis of glycogen and the structural basis of the 
hydrolysis/branching specificity of GBEs. The differences in the reaction speci-
ficity of the two families of GBEs is far from understood. Most microorganisms 
have one type of GBE, either a GH13 or a GH57. However, various microorgan-
isms, including M. tuberculosis and Petrotoga mobilis, have the genes encoding 
a GH13 as well as a GH57 GBE in their genome. The simultaneous presence of 
a GH13 and GH57 GBE in a prokaryotic genome was found to occur widely in 
Nature (Chapter 1). 

In contrast to GH13 GBEs, GH57 GBEs have a relatively high hydrolytic activity 
(20). The activity of AmyC from Thermotoga maritima, shown to be an α-amyl-
ase (23,24), was characterized in detail and it was concluded that it actually is a 
GBE with a high hydrolytic side activity (Chapter 2). The high hydrolytic activ-
ity is explained from the crystal structure, which shows that AmyC has a consid-
erably shorter catalytic loop (residues 213-220) than most GH57 GBEs. This loop 
does not reach the acceptor side of the active site groove. In addition, one of the 
“gatekeeper” residues important for branching activity (19) is positioned away 
from the active site, thus being unable to fulfill its role as gatekeeper. Sequence 
analysis predicts that AmyC-like GH57 enzymes are present in species closely 
related to T. maritima, such as Kosmotoga pacifica, and that these enzymes are 
also GBEs with a relatively high hydrolytic activity. 

In Chapter 1 it is described that a range of microorganisms contain both a GH13 
and a GH57 GBE gene in their genome. So far, none of these GBEs have been 
characterized in detail. In Chapter 3 the two putative GBEs, one GH13 and one 
GH57, from P. mobilis are overexpressed and characterized. Both GBEs convert 
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amylose in branched maltodextrins with a distinct degree of branching; 13% for 
GH13 GBE and 8.5% for GH57 GBE. The molecular weight of the GH13 GBE 
product is 107 Da, while that of the GH57 GBE is 104 Da. The results from chapter 
3 and those of studies on the GH13 and GH57 GBEs of M. tuberculosis together 
suggest that the two types of GBEs have different roles in-vivo. It is proposed 
that the GH13 GBE is involved in glycogen synthesis, which is supported by 
experimental data, while the function of GH57 GBE remains unclear. In M. tu-
berculosis the GH57 GBE might be involved in lipopolysaccharide synthesis, 
although experimental proof is lacking. The in-vivo function of the GH57 GBE 
is thus still a mystery. 

GBEs employ a double displacement mechanism with either water (hydrolysis) 
or an α-glucan (branching) as acceptor. In Chapter 4 two GH13 GBEs and two 
GH57 GBEs are characterized in detail to understand if and how the two family 
GBEs differ in activity and specificity. The GH13 GBEs have a substantially 
higher activity towards amylose than the GH57 GBEs. In addition, the GH57 
GBEs displayed a considerable higher hydrolytic activity than GH13 GBEs. With 
respect to the products formed, the GH13 GBEs branched amylose or amylopec-
tin more than GH57 GBEs. Moreover, the GH13 GBEs synthesized branched 
α-glucans with a narrow molecular weight distribution, while the GH57 GBEs 
products consisted of two or three molecular weight fractions. Most likely the 
relatively high hydrolytic activity of the GH57 GBEs is not compatible with the 
synthesis of branched α-glucans with a narrow molecular weight distribution. 
The results also indicate that the R. marinus GBE, which is commercially availa-
ble as Branchzyme of Novozymes, is currently the best GBE for industrial starch 
processing; this enzyme only slightly hydrolyses the starch resulting in very little 
formation of low molecular weight material and makes a highly branched malto-
dextrin (10%) with a narrow molecular weight distribution. 

The GBE modified starches have several advantages over native starches, such 
as an increased degree of branching and solubility, smaller molecules, and lower 
viscosity. The higher proportion of α-1,6-linkages makes the branched maltodex-
trins more resistant to degradative enzymes such as α-amylases and amylogluco-
sidases, the later hydrolyzing α-1,6-linkages at a lower rate than α-1,4-linkages, 
and thereby makes the (highly) branched maltodextrins slowly digestible. Some 
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highly branched maltodextrins have been used in certain specific applications 
such as the formulation of peritoneal dialysis solution and sport drinks. Chapter 
5 analyzes the digestibility of a series of GBE modified starches with distinct de-
gree of branching from 5 to 14%. The various highly branched maltodextrins are 
digested at different rates. The products with a higher branch density and shorter 
internal chain length contain more slowly digestible starch and more resistant 
starch. These results suggest that the starches treated by branching enzymes have 
a slowly digestible character, which could be used to control postprandial glucose 
levels.

In conclusion, the results in this thesis have extended the understanding of the 
catalytic specificity of GBEs, especially those of GH57. The GH57 GBEs display 
a relatively higher hydrolytic activity than GH13 GBEs. Some GH57 GBEs, such 
as AmyC from T. maritima, show up to 29% hydrolytic activity. In the case of 
AmyC, the high hydrolytic activity is correlated to the length of the “LOOP”, a 
stretch of 20-25 amino acids near the top of the active site. GH57 GBEs such as 
that of T. kodakarensis KOD1 have a long loop which almost closes the active site 
and positions a tyrosine residue into the active site (19,20). This tyrosine is im-
portant for the branching activity of the GBE of T. thermophilus (20). In AmyC 
and related GBEs this loop is much shorter and does not reach the active site(23). 
Engineering the loop of AmyC into KOD1, and vice versa, and mutate the tyros-
ine should tell us more on the role of the loop and the tyrosine. 

So far it is not clear if the high hydrolytic activity observed for AmyC is an “arte-
fact” of the way in which the activity is measured in-vitro. GBEs are intracellular 
enzymes “seeing” growing linear α-glucan chains as substrate in an environment 
with much less water than in the test tubes. In addition, the concentration of sub-
strate in the cell is not known. All these parameters, nature and concentration of 
substrate, concentration of enzyme, and the amount of water all can influence 
the activity and specificity of the GBE. Two approaches to get some idea on the 
natural activity and specificity of AmyC are isolating glycogen from T. maritima 
and synthesizing glycogen in-vitro by combining glycogen synthase or starch/
potato phosphorylase with the GBE (17,25). Potato/starch phosphorylase, com-
monly known as α-glucan phosphorylase (E.C. 2.4.1.1), catalyzes the reversible 
transfer of the glucose unit of glucose-1-phosphate to the non-reducing end of an 
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α,1-4 glucan chain with the release of phosphate (26). The Noble Prize 1947 was 
awarded to Cori and Cori for their instrumental work on polysaccharide phos-
phorylases (27). By combining potato phosphorylase with glucose-1-phosphate, a 
primer such as maltoheptaose, and a GBE in various concentrations, the in-vitro 
glycogen synthesis can be mimicked. Van der Vlist et al. (25) have shown that 
using the Deinococcus geothermalis GBE a branched maltodextrin of relatively 
high molecular weight can be obtained. The question is whether in such an en-
zyme cocktail AmyC still has a relatively high hydrolytic activity. The structure 
of the in-vitro synthesized branched α-glucan can subsequently be compared to 
that of glycogen extracted from T. maritima cells. So far, the glycogen structure 
of T. maritima has not been described in the scientific literature, making it not 
possible to compare the structure of the branched maltodextrins made from am-
ylose with the natural glycogen of T. maritima. 

The enzyme cocktail approach can also be used to study the GH13 and GH57 
GBEs of P. mobilis and M. tuberculosis and get more insights into the roles of 
these two enzymes in glycogen synthesis. It is still not understood why certain 
microorganisms have multiple GBEs and which roles these GBEs play. For M. 
tuberculosis, it seems that the GH13 GBE is directly involved in glycogen syn-
thesis while the GH57 GBE may play a role in the synthesis of the cell wall li-
popolysaccharides (28,29). Gusthart (30) studied the M. tuberculosis GH57 GBE 
in detail. The protein was successfully produced in E. coli, but no activity could 
be detected on a range of glucans, including p-nitrophenyl-α-D-glucopyranoside, 
amylose, amylopectin, maltodextrin, and glycogen. What became clear from this 
PhD thesis is that the GH57 GBE of M. tuberculosis is not an ordinary GBE. 
Further research on this and the P. mobilis GH57 GBE should shed some light on 
the activity and role of these peculiar GBEs. 

The GH57 GBE (Rv3031), the glycogen synthase (Rv3032), and the S-adenosyl-
methionine-dependent methyltransferase (Rv3030) are located in the same gene 
cluster of M. tuberculosis, and have been proposed to synthesize lipopolysaccha-
ride (28,29). However, although the GH57 GBE has been identified in P. mobilis, 
the other two genes are absent from the genome sequence (31), which suggests 
that the GH57 GBE of P. mobilis performs a different role in-vivo. The bacteria 
with “toga” can survive at deep marine and oil well with high osmotic stress, so 
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it is very likely that P. mobilis produces stress-protectant molecules to balance 
the external pressure. The protectants trehalose and cellobiose produced from 
α-glucans related genes are present in P. mobilis (32), so it seems likely that the 
GH57 GBE is in one way or another linked to or even involved in the synthesis 
of such protectants in P. mobilis. Further genetic research on P. mobilis should 
give some ideas on this.

New biopolymers have been created by using GBEs as a tool to increase branch-
ing frequency of post-harvest starches. The highly branched products made from 
native starches by the action of GBEs have potential in industrial applications, 
such as sport drink ingredient, slowly digestible starch, and film coating (33-37). 
The structural properties of the branched glucans can be further diversified by 
combining the action of GBEs with other enzymes. For example, the amylomal-
tase and GBE have been used together to produce highly branched polymers 
with more short side chains compared to GBE products (38); β-amylase has been 
applied to hydrolyse GBE products to obtain extremely branched α-glucans (39); 
potato phosphorylase in combination with GBE produces branched α-glucans 
with a high Mw (25). Following these ideas, it is proposed to use sucrose as an 
ideal substrate to produce highly branched α-glucans and fructose. Sucrose is a 
cheap, renewable biomaterial which is plentiful available while the fructose as 
the byproduct has more wide applications than sucrose, such as sweetener or as 
substrate for E. coli or yeast producing succinic acid and ethanol (40,41).
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Glycogeen is een polymeer van glucose monomeren en wordt door zowel 
micro-organismen als dieren gebruikt om energie in een compacte vorm op te 
slaan. Daarnaast speelt glycogeen een rol in fysiologische processen zoals cel 
differentiatie, de overleving van micro-organismes, biofilm vorming en virulentie. 
Een verstoring in de vorming en/of afbraak van glycogeen bij mensen is in de 
meeste gevallen fataal, zoals bij de ziekte van Pompe, Laforin en von Gierke. 
Bij de pathogene bacterie Mycobacterium tuberculosis, de veroorzaker van de 
longinfectie ziekte tuberculose waaraan jaarlijks meer dan één miljoen mensen 
overlijd, is glycogeen metabolisme gekoppeld aan infectie en virulentie. 

Glycogeen is een vertakt glucaan polymeer waarin de α-D-anhydroglucose 
monomeren via α-1,4-O-glycoside bindingen aan elkaar gekoppeld, en 
de vertakkingen gevormd worden door α-1,6-O-glycosidische bindingen. 
De belangrijke enzymen in glycogeen synthese zijn phosphotransferase, 
phosphoglucomutase, glucose-1-phosphaat adenyltransferase, glycogenine (in 
Eukaryoten), glycogeen synthase, en glycogeen vertakkingsenzym (GVE).   

GVEs behoren tot de α-amylase familie, een omvangrijke groep van enzymen 
actief op α-glucanen, zoals glycogeen, amylose, amylopectine en trehalose. 
GVEs behoren tot de glycoside hydrolase families 13 (GH13) en 57 (GH57). De 
GH13 familie is een groep van enzymen met meer dan 20 verschillende enzym 
activiteiten die allemaal een (β/α)8 katalytisch domein hebben. De GH13 GVE 
zijn, op basis van de mate van aminozuur sequentie ingedeeld in subfamilies 
GH13_8 (Eukaryoten) en GH13_9 (Prokaryoten). De GH57 familie omvat zes 
verschillende enzymatische activiteiten, waaronder α-amylase, amylopullulanase 
en 4-α-glucanotransferase. Het katalytische domein van GH57 enzymen bestaat 
uit een (β/α)7 barrel. 

Zowel de GH13 en GH57 GVEs gebruiken het zelfde reactiemechanisme, ondanks 
dat ze andere katalytische domeinen bezitten. De reactie start met de splitsing van 
de α-1,4-glycosidische binding in het donor glucaan substraat, resulterende in de 
vorming van een covalent glycosyl-enzym intermediair. In de tweede stap wordt 
deze glycosyl eenheid overgezet of op een acceptor glucaan, de nieuw gevormde 
vertakking. Naast deze vertakkingsreactie kan het ook geburen water als acceptor 
gebruikt wordt, resulterende in een hydrolyse reactie. Op dit moment is er een 
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grote verscheidenheid aan GH13 GVEs gekarakteriseerd, terwijl er slechts drie 
GH57 GVEs gekarakteriseerd zijn. Dit ondanks dat er meer dan 800 GVE gen-
sequenties bekend zijn, wat de aanleiding geweest is om meer GH57 GVEs 
in detail te bestuderen. De resultaten van dit onderzoek zijn in dit proefschrift 
opgenomen.

In hoofdstuk 1 wordt de stand van zaken uiteengezet betreffende het glycogeen 
metabolisme in prokaryote micro-organismen, de overeenkomsten en verschillen 
tussen de GH13 en GH57 GVEs, en de toepassing van GVEs om hoog 
vertakte maltodextrines te maken. Hierbij ligt de nadruk op de biologische rol 
van glycogeen en de metabole routes in glycogeen synthese. Daarnaast wordt 
ingegaan op de verschillen in de hydrolyse/vertakkings specificiteit van GVEs. 
Ook wordt ingegaan op het voorkomen van GH13 en GH57 GVEs in prokaryote 
micro-organismen. Terwijl de meeste prokaryote micro-organismen enkel een 
GH13 of een GH57 GVE hebben, zijn er ook micro-organismen met zowel 
GH13 als GH57 GVEs (volgens sequentie homologie), zoals bij M. tuberculosis 
en Petrotoga mobilis. 

De activiteit en specificiteit van de GH13 en GH57 GVEs van P. mobilis wordt 
in hoofdstuk 3 beschreven. Beide GVEs, verkregen door overproductie in 
Escherichia coli, zetten amylose om in een maltodextrine met een vertakkingsgraad 
van 8,5% voor het GH57 GVE en 13,5% voor het GH13 GVE. Deze 13,5% 
vertakking is één van de hoogste vertakkingsgraden die tot nu toe gerapporteerd 
is voor een met GVE geproduceerd maltodextrine. Het molecuulgewicht van 
het GH13 GVE-maltodextrine is 107 Da terwijl het GH57 GVE-maltodextrine 
slechts 104 Da is. Deze resultaten 1samen met de resultaten zoals die voor M. 
tuberculosis gepubliceerd zijn, wijzen in de richting van verschillende rollen 
voor de GH13 GVE en GH57 GVE indien beide enzymen samen voorkomen 
in één en hetzelfde micro-organisme. In dit proefschrift wordt in hoofdstuk 3 
gepostuleerd dat in dat geval het GH13 GVE betrokken is glycogeen synthese 
terwijl de rol van het GH57 GVE onduidelijk is. Hoogst waarschijnlijk speelt 
in een duale situatie het GH57 GVE geen rol in de glycogeen synthese. In het 
geval van M. tuberculosis wordt in de literatuur gespeculeerd over een rol in de 
lipopolysacharide biosynthese, alhoewel daar direct experimenteel bewijs voor 
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ontbreekt. De in-vivo rol van het GH57 GVE is daarom nog steeds een mysterie. 

In tegenstelling tot GH13 GVEs hebben GH57 GVEs een relatief hoge mate 
van hydrolytische activiteit. De activiteit van AmyC van Thermotoga maritima, 
waarvan eerder is beschreven dat het een α-amylase is, is hier bestudeerd. Op 
basis van de resultaten zoals die in hoofdstuk 2 worden gepresenteerd, wordt 
geconcludeerd dat AmyC eigenlijk een GVE is met een redelijk hoge mate van 
hydrolytische activiteit. Analyse van de 3D structuur van AmyC suggereert dat 
de hoge mate van hydrolytische activiteit veroorzaakt wordt door een significant 
kortere lus. In AmyC komt deze lus niet in de buurt van de acceptor bindingsplaats 
in het katalytisch centrum van het enzym. Daarnaast is één van de zogenaamde 
poortwachter aminozuren welke belangrijk is voor de vertakkingsactiviteit 
zodanig gepositioneerd dat het niet de rol van poortwachter kan vervullen. Uit 
een sequentie analyse van andere AmyC-achtige GH57 enzymen komt naar voren 
dat dergelijke hydrolytische GVEs ook voorkomen in aan T. maritima nauw 
verwante soorten. Het lijkt erop dat hydrolytische GH57 GVEs wijd verspreid 
zijn in de Natuur. 

In hoofdstuk 4 worden de resultaten gepresenteerd van een studie naar de 
katalytische activiteit van twee GH13 GVEs en twee GH57 GVEs met als doel 
inzichten te verkrijgen in de mate waarin de GH13 en GH57 GVEs van elkaar 
verschillen. Het blijkt dat de geteste GH13 GVEs een substantieel hogere activiteit 
hebben op amylose dan de GH57 GVEs. Daarnaast hebben de GH57 GVEs een 
relatief hogere hydrolytische activiteit ten opzichte van de GH13 GVEs. Ten 
aanzien van de mate waarin GH13 en GH57 GVEs amylose of amylopectine, de 
twee glucose polymeren waaruit zetmeel is opgebouwd, modificeren kan gesteld 
worden dat GH13 GVEs producten met een hogere vertakkingsgraad geven. 
Tevens blijken de twee GH13 GVEs die getest zijn, vertakte maltodextrines te 
maken uit amylose en amylopectine met een smalle molecuulgewichtsverdeling; 
de met GH57 GVE geproduceerde maltodextrines bestaan uit twee tot zelfs drie 
fracties. De meest waarschijnlijke verklaring hiervoor is dat de relatief lage 
mate van hydrolytische activiteit van GH13 GVEs essentieel is om een smalle 
molecuulgewichtsverdeling te krijgen. De resultaten gepresenteerd in hoofdstuk 
4 laten tevens zien dat het GH13 GVE van Rhodothermus marinus, welke onder 



159

Samenvatting en Conclusies

de handelsnaam Branchzyme door Novozymes verkocht wordt, op dit moment 
het beste GVEs is voor industriële zetmeel processing; dit enzym heeft slechts een 
zeer geringe mate van hydrolyse waardoor er weinig nevenproducten gevormd 
worden. Ook maakt dit enzym een hoog vertakt maltodextrine met een smalle 
molecuulgewichtsverdeling. 

Het met GVE gemodificeerde zetmeel heeft enkele voordelen boven natieve 
zetmelen, zoals een betere oplosbaarheid, kleinere moleculen en een lagere 
viscositeit bij hoge droge stof concentratie. De hoge vertakkingsgraad maken 
vertakte maltodextrines meer resistent tegen digestieve enzymen zoals α-amylase 
en amyloglucosidase, twee sleutel enzymen in de dunne darm die zetmelen 
omzetten in glucose. Daardoor zouden hoog vertakte maltodextrines een minder 
hoge bloed glucose piek kunnen geven, omdat de glucose over een langere tijd 
wordt vrijgemaakt, hetgeen nuttig kan zijn voor bijvoorbeeld sporters. Een 
andere potentiele toepassing van hoog vertakte maltodextrines is spoelvloeistof 
voor nierdialyse. In hoofdstuk 5 wordt een in-vitro verteringsanalyse analyse 
beschreven van een reeks van vertakte maltodextrines verkregen door verschillende 
type zetmelen, zoals die van aardappel, erwt en rijst, en met verschillende GVEs, 
welke in eerder hoofdstukken van dit proefschrift beschreven zijn, te modificeren. 
Het blijkt dat de mate van vertering af neemt naarmate er meer vertakkingen 
en kortere zijketens aanwezig zijn in de vertakte maltodextrines. Een behoorlijk 
deel van de hoger vertakte maltodextrines wordt in de analyse zoals die gebruikt 
is zelfs helemaal niet afgebroken. Deze resultaten wijzen erop dat vertakte 
maltodextrines verkregen met specifieke GVEs langzaam verteerbaar zijn en na 
consumptie mogelijk een lagere bloed glucose spiegel zouden kunnen geven. 

Alles bij elkaar hebben de resultaten die in dit proefschrift gepresenteerd worden 
de inzichten in de specificiteit van zowel GH13 alsook GH57 GVEs vergroot. 
GH13 GVEs zijn actiever en hebben een lagere hydrolytische activiteit op 
amylose en amylopectine dan GH57 GVEs.  De reden waarom GH13 en GH57 
GVEs zo verschillen in activiteit op amylose en amylopectine is mogelijk 
gelegen in de lus die in GH57 GVEs te klein is om het actief centrum af te dekken 
en één van de poortwachter aminozuren voldoende dichtbij het katalytische 
centrum te positioneren. Verder studies aan deze lus moeten uitwijzen of dat 
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ook daadwerkelijk zo is. GH13 GVEs zijn direct betrokken bij de synthese van 
glycogeen. Voor GH57 GVEs geldt dat alleen als er geen GH13 GVE aanwezig 
is. Het is onduidelijk wat de rol van GH57 GVEs is in micro-organismen waarin 
zowel een GH13 als een GH57 GVE voorkomt. Tenslotte laat het proefschrift 
zien dat het R. marinus GH13 GVE en het in dit proefschrift beschreven P. 
mobilis GH13 GVE gebruikt kunnen worden om hoog vertakte maltodextrines 
met een in-vitro vertraagde vertering te maken uit verschillende soorten zetmeel. 
Echter of deze vertraagde vertering ook voldoende is om de suikers in sportgelen 
en sportdranken te vervangen door hoog vertakte maltodextrines moet uit verder 
onderzoek blijken. 
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