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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 



56

Chapter 2

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. 



57

AmyC is glycogen branching enzyme
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.
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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
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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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