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Abstract 4-α-Glucanotransferase (GTase) enzymes (EC
2.4.1.25) modulate the size of α-glucans by cleaving and
reforming α-1,4 glycosidic bonds in α-glucans, an essential
process in starch and glycogen metabolism in plants and mi-
croorganisms. The glycoside hydrolase family 57 enzyme
(GTase57) studied in the current work catalyzes both dispro-
portionation and cyclization reactions. Amylose was convert-
ed into cyclic amylose (with a minimum size of 17 glucose
monomers) as well as to a spectrum of maltodextrins, but in
contrast to glycoside hydrolase family 13 cyclodextrin
glucanotransferases (CGTases), no production of cyclodex-
trins (C6-C8) was observed. GTase57 also effectively pro-
duced alkyl-glycosides with long α-glucan chains from
dodecyl-β-D-maltoside and starch, demonstrating the poten-
tial of the enzyme to produce novel variants of surfactants.
Importantly, the GTase57 has excellent thermostability with
a maximal activity at 95 °C and an activity half-life of 150 min
at 90 °C which is highly advantageous in this manufacturing

process suggesting that enzymes from this relatively
uncharacterized family, GH57, can be powerful biocatalysts
for the production of large head group glucosides from soluble
starch.

Keywords Amylomaltase . Amylose . Glucan . Glycoside
hydrolase . Starch . Alkyl glycoside .MalQ

Introduction

Currently, over 100 glycoside hydrolase (GH) families are
known (Cantarel et al. 2009), and enzymes acting on α-glu-
cans, such as starch, are found in GH families 13, 14, 15, 31,
57, 70, and 77 (MacGregor et al. 2001; Janeček and Blesák
2011). 4-α-Glucanotransferases are found in GH families 13,
57, and 77. Family GH13 is by far the largest, containing
enzymes such as α-amylase, α-glucosidase, 4-α-
glucanotransferase, branching enzyme, and cyclodextrin
glucanotransferase (CGTase) (Stam et al. 2006; MacGregor
et al. 2001), which make various products (Buchholz and
Seibel 2008; Kuriki and Imanaka 1999; Leemhuis et al.
2010; van der Maarel and Leemhuis 2013). The GH57 family
is much smaller (the CAZy database currently has 1136 en-
tries for the GH57 family, 880 for Bacteria, 253 for Archaea,
and 3 unclassified), and at the time of writing, only 21 mem-
bers have an assigned function. Even though GH13, 57, 70,
and 77 catalyze the same chemical reaction, via an identical
mechanism (Palomo et al. 2011), the GH57 enzymes are struc-
turally distinct. They possess a (β/α)7-catalytic domain in-
stead of a (β/α)8-barrel catalytic domain and use a glutamate
residue as the catalytic nucleophile (Imamura et al. 2001),

Catherine J. Paul and Hans Leemhuis contributed equally to this work.

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-015-6435-2) contains supplementary material,
which is available to authorized users.

C. J. Paul :C. Grey : L. Önnby : E. N. Karlsson (*)
Biotechnology, Department of Chemistry, Lund University,
Getingevägen 60, Lund 22241, Sweden
e-mail: Eva.Nordberg_Karlsson@biotek.lu.se

H. Leemhuis : J. M. Dobruchowska : S. S. van Leeuwen :
L. Dijkhuizen (*)
Microbial Physiology, Groningen Biomolecular Sciences and
Biotechnology Institute (GBB), Carbohydrate Competence Center
(CCC), University of Groningen, Groningen, Netherlands
e-mail: L.Dijkhuizen@rug.nl

Appl Microbiol Biotechnol (2015) 99:7101–7113
DOI 10.1007/s00253-015-6435-2

http://dx.doi.org/10.1007/s00253-015-6435-2


whereas GH13, 70, and 77 enzymes use an aspartate. Align-
ment of GH57 amino acid sequences showed that the two
acidic catalytic residues (E [nucleophile] and D [acid/base])
are fully conserved (Blesák and Janeček 2012).

The 4-α-glucanotransferases (EC 2.4.1.25; also
amylomaltase or D-enzyme) modulate the size of α-glucans
by cleaving the α-1,4-glycosidic bond between two glucose
residues followed by the transfer of the non-reducing fragment
to the 4-hydroxyl of glucose or a longer α-glucan to form a
new α-1,4-glycosidic bond (reaction: Gn + Gm ↔ Gn-x + Gm+

x) (Kaper et al. 2004). The reaction proceeds via a covalent
glycosyl enzyme intermediate (Imamura et al. 2001; Barends
et al. 2007) and is important in starch and glycogen metabo-
lism in plants and microorganisms (Kaper et al. 2004; Stei-
chen et al. 2008). In vitro 4-α-glucanotransferases synthesize
large cyclic α-glucans from amylose (reaction: Gn → cyclic-
Gn-x + Gx), which are of commercial interest for their capacity
to raise the solubility of hydrophobic molecules in water
(Fukami et al. 2004). The 4-α-glucanotransferases are used
in the preparation of modified starches that are applied as
gelling, thickening, and as a fat replacement ingredient in food
applications (e.g., ETENIA™ [AVEBE, Foxhol, Nether-
lands]). Another potential area for application of 4-α-
glucanotransferases is in the synthesis of large head group
non-ionic surfactants, via transglycosylation of existing alkyl
glycosides. The use of alkyl glycosides as non-ionic surfac-
tants in the food, cosmetic, and pharmaceutical industry is
desirable due to their chemical stability in water, oxygen,
and alkaline solutions, biodegradability, and low toxicity
(Sarney and Vulfson 1995; Sjogren et al. 2005; Svensson
et al. 2009a, b). The current industrial production of glyco-
sides with alkyl chains containing >1 glucose residue is via
chemical methods, involving high temperatures and organic
solvents, and producing moderate yields of anomerically
mixed alkyl glycosides (Svensson et al. 2009a). The benefits
of converting this synthesis to an enzymatic route would in-
clude the potentially higher yield of anomerically pure glyco-
side, using aqueous solvents and a renewable resource, starch,
as a starting material. The transfer of cyclodextrin molecules
to extend the head group size of alkyl glucosides, using com-
mercially available GH13 cyclodextrin glucanotransferase
(CGTase) enzymes from Bacillus macerans (renamed
Paenibacillus macerans) and Thermoanaerobacter, has re-
cently been reported (Svensson et al. 2009a, b). Use of en-
zymes from GH57 could further increase the palette of
biocatalysts with potential in this type of synthesis.

GTase57 was originally characterized as an Archaeoglobus
fu l g idus s t r a i n 7324 (DSM8774 ) cyc lodex t r i n
glucanotransferase CGTase enzyme (Labes and Schönheit
2007). An ongoing sequencing project of the A. fulgidus strain
7324 genome failed to identify an open reading frame corre-
sponding to the previously identified GTase57 sequence. In-
stead, genomic data suggest that a microorganism co-isolated

with A. fulgidus strain 7324 harbors the gene encoding
GTase57 (personal communication, P. Schönheit). In view of
i t s h i gh deg r e e o f s equence s im i l a r i t y t o t h e
glucanotransferase from Thermococcus litoralis (TLGT), it
appears likely that the GTase57 sequence was derived from
a Thermococcus-like organism. Similar to A. fulgidus strain
7324 (Beeder et al. 1994), Thermococcus strains have been
identified in petroleum reservoir communities (Kaster et al.
2009). In this report, we refer to this enzyme as GTase57, until
additional information becomes available.

Here we show tha t GTase57 is a GH57 4-α -
glucanotransferase. GTase57 was successfully expressed in
Escherichia coli, and the purified enzyme was shown to be
highly thermostable, effectively disproportionating malto-oli-
gosaccharides, and forming large cyclic amylose with varying
degrees of polymerization. In addition, we show that this en-
zyme is able to extend the head group of maltosides via trans-
fer of malto-oligosaccharides obtained directly from hydroly-
sis of soluble starch, suggesting that 4-α-glucanotransferase
enzymes from GH57 may be useful for the enzymatic synthe-
sis of large head group alkyl glycosides.

Materials and methods

Cloning of the 4-α-glucanotransferase gene

The gene encodingGTase57, deposited as GenBank accession
number EU138451, was obtained from Labes and Schönheit
(2007).HindIII and XhoI restriction sites were introduced dur-
ing PCR amplification of this gene using primers GT57F1 and
GT57R1 (Table 1). Following restriction digestion of the PCR
fragment and the pET17b vector with HindIII and XhoI (New
England Biolabs, Beverly, MA), the digested fragments were
purified via Qiaquick nucleotide removal kit (Qiagen, Hilden,
Germany), ligated using T4 DNA ligase (Invitrogen at Life
Technologies, Stockholm, Sweden), and transformed into
E. coli Novablue electrocompetent cells (Novagen at Merck,
Darmstadt, Germany) using a GenePulser II (Bio-Rad,
Sundbyberg, Sweden). PCR cycling conditions were as fol-
lows: 5 min at 98 °C; 30 cycles of 10 s at 98 °C, 25 s at 60 °C,
and 2 min at 72 °C; and 5 min at 72 °C. One hundred nano-
grams of template plasmid DNA and Phusion polymerase
(Finnzymes at Fisher Scientific, Gothenburg, Sweden) and a
TGradient thermocycler (Biometra GmbH, Goettingen, Ger-
many) were used according to the manufacturer’s instructions.
Products were visualized by ethidium bromide staining fol-
lowing 0.8 % agarose gel electrophoresis with insert sequence
and orientation confirmed by DNA sequencing using T7 for-
ward and reverse primers (GATC Biotech AG, Constance,
Germany).

The gene was in parallel amplified directly from DNA of
DSM8774 (deposited as A. fulgidus strain 7324) using
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oligonucleotides AFNcoIFor and AFHisRev (Table 1). The
reverse primer added eight codons to the gene, encoding a
SerGly(His)6-tag at the C-terminus of the protein (GTase57-
His). PCR reactions (50 μL) contained 1× Pfu-turbo DNA
polymerase buffer, 0.4 mM of each dNTP, 1 ng genomic
DNA, primers at 0.5 μM, and 4 units of Pfu-turbo DNA po-
lymerase (Stratagene, La Jolla, CA). The PCR program used
was as follows: 4 min at 94 °C; 35 cycles of 45 s at 94 °C, 45 s
at 55 °C, and 135 s at 72 °C; and 5 min at 72 °C. The PCR
product (~2000 bp) was separated on 1 % agarose, isolated
with the GenElute Gel Extraction Kit (Sigma-Aldrich Chemie
B.V. Zwijndrecht, Netherlands), ligated in the EcoRV restric-
tion site of pBluescriptSK (Stratagene), and transformed into
E. coli strain TOP10 (Invitrogen). The gene was sequenced
from two independent clones (e.g., obtained from different
PCRs) at GATC Biotech AG. Compared to the GenBank ac-
cession number EU138451, 11 nucleotide differences were
detected (Supplementary Table S1). To produce GTase57 pro-
tein, the gene was cloned into expression vector pET15b
(Novagen) using restriction enzymes NcoI/BamHI to obtain
pET15b-GTase57-His.

Site-directed mutagenesis of GTase57

All mutagenesis PCR primers are listed in Table 1. All mu-
tants were constructed using the Quikchange Mutagenesis kit
(Stratagene). Catalytic residue mutants E123G and D214G
were introduced using primers E123G-for and E123G-rev,
and D214G-for and D214G-rev, respectively, with pET15b-
GT57-HIS as PCR template. A triple mutant (G294Q/K297E/

V460I), reversing the sequence of the amplified gene to that of
the deposited gene, was generated by introducing first
G294Q/K297E with primers HL38-for and HL39-rev follow-
ed by introducing the V460I mutation with primers V460I-for
and V460I-rev. Catalytic residue mutants E123Q and D214N
were introduced using primers E123Q-for and E123Q-rev,
and D214N-for and D214N-rev, respectively, with pET17b-
GT57 as PCR template. Mutations were confirmed by DNA
sequencing with vector specific primers (GATC Biotech AG).

Protein expression and purification

Constructs containing GTase57 (with and without a C-
terminal His-tag) and site-directed mutants of the enzyme
were transformed into the protein expression strains E. coli
BL21*(DE3) (Invitrogen) or C41(DE3) and grown in liquid
LBmedium (5 g/L NaCl, 5 g/L yeast extract, and 10 g/L bacto
tryptone) with 100 mg/L ampicillin at 18 or 37 °C in shake
flask cultivations. Expression was induced by adding isopro-
pyl β-D-1-thiogalactopyranoside (IPTG) (final concentration
in the range 0.1–0.25 mM) at an optical density (OD) of
600 nm in the interval 0.4–0.7. Cells were harvested 4 h
post-induction by centrifugation at 8000×g for 20 min at 4 °C.

GTase57 (without His-tag) was produced in E. coli
BL21*(DE3) grown in batch mode in a 3-L stirred tank reac-
tor in mAT (a defined medium containing 2 g/L (NH4)2SO4,
14.6 g/L K2HPO4, 3.2 g/L NaH2PO4·H2O, 0.5 g/L (NH4)2·H·
citrate), 10 g/L glucose, 0.2 mL 1 M MgSO4, 0.2 mL trace
elements, and ampicillin (0.1 g/L) (Ramchuran et al. 2005). A
100-mL inoculum (cultivated overnight in the same medium)
was added and cultivation proceeded at 37 °C, pH 7.0 (main-
tained using 12.5 % NH3 solution), with aeration at 3 L/min
and dissolved oxygen concentration at 40 %. All parameters
were controlled using the Phantom 2000 software (Belach
Bioteknik AB, Skogås, Sweden). Expression was induced
by IPTG (0.1 mM) when OD reached 3. Two hours later, the
cells were harvested by centrifugation (6000×g for 30 min)
and the pellet was stored at −18 °C.

Cells from cultures producing GTase57 without His-tag
were resuspended in 50 mM Tris buffer pH 7.5 containing
150 mM NaCl, 1 mM dithioerythritol, 1 mM CaCl2, and
1 mg/mL lysozyme and incubated for 18 h at 4 °C. The lysate
was then incubated at 85 °C for 1 h followed by centrifugation
(20 min at 13,000×g) to remove all proteins denatured by heat
treatment. DNA present in heat-treated cell lysate was sheared
by sonication bursts at 60 MHz to reduce sample viscosity. If
additional purification was required, heat-treated samples
were washed with the appropriate buffer using Vivaspin 20
PES centrifugal concentrators (Sigma-Aldrich) with a molec-
ular weight cutoff of 50,000 Da.

Cells harboring His-tagged GTase57 variants were harvest-
ed by centrifugation and washed in buffer A (100 mL sodium
acetate (50 mM, pH 6.0) supplemented with CaCl2 (1 mM)

Table 1 Primers used in this study for gene amplification and site-
directed mutagenesis

Primer Sequence (5′-3′)

AFNcoIFor CCCATGGAAAAAATAAACTTCATATTTGGCATTC

AFHisRev TTAGTGATGATGATGATGATGGCTGCCAAGCTCC
CTGAACCTTACCGTG

GT57F1 CGCGGAAGCTTATGGAAAAAATAAACTTC

GT57R1 CGCGGCTCGAGTCAAAGCTCCCTGAACC

E123G-for GTGTGGCTCACAGGGAGAGTATGGCAA

E123G-rev TTGCCATACTCTCCCTGTGAGCCACAC

D214G-for GTGTTCCATGACGGCGGCGAAAAGTTC

D214G-rev GAACTTTTCGCCGCCGTCATGGAACAC

HL38-for GAGTTTGTAGAACAGCTGAAAGAAGAGGGGAAG

HL39-rev CTTCCCCTCTTCTTTCAGCTGTTCTACAAACTC

V460I-for CGAAGAAGGTATTGCAAGCATAC

V460I-rev GTATGCTTGCAATACCTTCTTCG

E123Q-for GGCGTGTGGCTCACACAGAGAGTATGGCAACC

E123Q-rev GGTTGCCATACTCTCTGTGTGAGCCACACG

D214N-for GCTGTGTTCCATGACAACGGCGAAAAGTTCGG

D214N-rev CCGAACTTTTCGCCGTTGTCATGGAACACAGC
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and DTT (1 mM)) followed by centrifugation. Cells were then
resuspended in 30 mL buffer A and broken by sonication. The
supernatant obtained after centrifugation (30 min at 12,000×
g) was heated to 70 °C for 30 min, and denatured E. coli
proteins were pelleted by centrifugation (20,000×g for
30 min) followed by filtration through a 0.2-μM filter. To
the remaining supernatant, imidazole was added to 10 mM,
and the pH was adjusted to pH 8.0 with Tris (1 M). The
protein was then purified with Nickel Affinity Gel (Sigma-
Aldrich) following the suppliers’ recommendations. Eluted
protein was dialyzed against buffer A at 4 °C and the purity
checked by SDS-PAGE. Enzyme concentrations were esti-
mated by (i) comparison to known concentrations of bovine
serum albumin by bicinchoninic acid assay, according to the
manufacturer’s instructions (Sigma-Aldrich), or (ii) UVabsor-
bance at 280 nm using a calculated molar extinction coeffi-
cient of 149,000 M−1 cm−1.

Temperature and pH optima

The optimal pH and temperature of GTase57 were determined
using the disproportionation reaction with maltotriose at a
fixed concentration of 50 mM; see the BEnzyme assays^ sec-
tion below for details. The pH-activity profile was assayed in
citrate buffer (100 mM) supplemented with dithithreitol
(DTT) (1 mM) and CaCl2 (1 mM) at 70 °C in the pH range
of 4.0 to 7.0. The temperature optimum was determined at
pH 6.0 in sodium acetate buffer (50 mM) supplemented with
CaCl2 (1 mM) and DTT (1 mM) from 60 to 99 °C. Resistance
to thermal inactivation was measured by incubating 12.5 μM
GTase57 in sodium acetate buffer (50 mM, pH 6.0) supple-
mented with CaCl2 (1 mM) and DTT (1 mM). Samples were
taken at regular intervals and the residual activity was deter-
mined with the disproportionation reaction. The activity half-
life (t1/2) is defined as the time at which half of the activity is
lost.

Enzyme assays

Initial rates were measured in sodium acetate buffer (pH 6.0,
50 mM) supplemented with CaCl2 (1 mM) and DTT (1 mM)
at 70 °C. As a measure of the disproportionating activity, the
enzyme-catalyzed release of glucose was determined for malt-
ose to maltoheptaose at 10 different substrate concentrations
(0–200 mM). Disproportionating reactions were started by the
addition of enzyme (500 nM), and samples (40 μL) were
transferred to a 96-well microtiter plate on ice. Subsequently,
180 μL of GOD-PAP glucose detection solution (Roche Di-
agnostics, Indianapolis, IN) was added per well, the microtiter
plate was incubated at room temperature (20–25 °C) for
30 min, and the absorbance was measured at 500 nm. A glu-
cose standard of 0–5 mM was included on each microtiter
plate. The kcat and KM values were obtained by fitting the data

to the Michaelis-Menten equation (rate=kcat*[E]0*[S]/(KM +
[S])) using Sigmaplot (version 10.0; Systat Software, Inc., San
Jose, CA), using 78,764 Da as molecular mass of the enzyme.
Starch modifying/degrading activity was determined by incu-
bating soluble potato starch (1%w/v, Sigma-Aldrich) with the
enzyme (200 mM). Modification of starch was detected by
iodine staining by adding 10 μL starch (1 % w/v) to 200 μL
iodine solution and measuring the absorbance spectra from
500 to 690 nm with 5-nm steps according to Potocki-
Veronese et al. (2005). Hydrolytic andβ-cyclodextrin forming
activities were quantified with dinitro-salicylic acid and phe-
nolphthalein, respectively. The inhibitory effect of acarbose
(Serva, Heidelberg, Germany) on the disproportionation reac-
tion was determined at a fixed maltotriose concentration of
50 mM and acarbose concentrations ranging from 0 to
10 mM. The IC50 value was determined by fitting the data to
a four-parameter logistic non-linear regression using
Sigmaplot version 10.0.

Cyclic amylose formation

Amylose V (AVEBE) was dissolved in 1 M NaOH and sub-
sequently neutralized with 1 M HCl. Reactions contained
0.2 % w/v amylose and 60 nM GT57 enzyme in sodium ace-
tate buffer (100 mM, pH 6.0) supplemented with 1 mMCaCl2
at 70 °C. Samples of 5 mL were added to 835 μL 2 M NaOH
and incubated at 20 °C for 30 min to inactivate the enzyme.
Samples were neutralized by adding 835 μL 2 M HCl. The
glucans were then purified via ethanol precipitation (75 %
ethanol final concentration). The percentage of cyclic amylose
was determined by incubating the reaction products with
amyloglucosidase (Rhizopus sp. from Megazyme, Wicklow,
Ireland) in sodium acetate buffer (167mM, pH 4.5) to degrade
linear glucans to glucose. The amount of glucose formed was
compared to a similar incubation where also α-amylase
(Sigma-Aldrich) was added to degrade both linear and cyclic
glucans to glucose. Glucose concentrations were quantified
using the GOD-PAP glucose detection solution of Roche
Diagnostics.

MALDI-TOF-MS for detection of cyclic amylose

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) experiments were per-
formed on an Axima™ mass spectrometer (Shimadzu Kratos
Inc., Manchester, UK) equipped with a nitrogen laser
(337 nm, 3-ns pulse width). Positive ion mass spectra were
recorded in reflectron mode and acquired with software-
controlled delayed extraction optimized for 1500m/z. Mass
spectra were acquired from 1 to 6000m/z with ion gate
blanking at 500m/z. Subsequently, 1 μL of sample was mixed
on target with 1 μL 10 mg/mL 2,5-dihidroxybenzoic acid
(DHB) in 40 % acetonitrile and dried under reduced pressure.
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Spots were homogenized with 0.2 μL p.a. grade ethanol and
recrystallized under atmospheric pressure.

Thin-layer chromatography

Oligosaccharide and glucan reaction products were spotted on
thin-layer chromatography (TLC) silica gel 60 F254 plates
(Merck) and separated with multiple ascents of 1-butanol/eth-
anol/water (5:5:3). The plates were developed by dipping in
H2SO4/methanol/water (10:45:45) followed by baking at
120 °C.

HPAEC analysis

The size distribution of oligosaccharides produced by the ac-
tion of GTase57 was assessed by high-performance anion ex-
change chromatography with pulsed amperometric detection
using a Dionex DX500 (Dionex, Sunnyvale, CA) equipped
with a CarboPac PA-1 column (Dionex; 250×4 mm), as de-
scribed elsewhere (Kaper et al. 2005). Reaction samples were
100× diluted in 90 % dimethyl sulfoxide/10 % water prior to
analysis; reactions were started with 50 mM malto-
oligosaccharides.

Synthesis of glucosides

GTase57 or GTase57 E123Q (1.2–2.5 mM) were added to a
preheated mixture of 20 mg/mL soluble starch (Starch Art
Corporation, Smithville, TX) and 50 mM β-D-dodecyl
maltoside in 10 mM sodium citrate pH 5.5 with shaking at
90 °C. Samples (30–350 μL) were removed at indicated time
intervals and enzyme reaction stopped by boiling for 1 min in
75 % methanol, 10 % acetic acid solution. Samples were cen-
trifuged for 10 min at 13,000×g to remove insoluble material
prior to HPLC analysis.

HPLC and HPLC/EIS-QTOF-MS analysis of alkylglycosides

Analysis was carried out on a Merck Hitachi LaChrom HPLC
(pump L-7100, interface L-7000, autosampler L-7250 with a
20-μL injection loop, Hitachi, Ltd, Tokyo, Japan) equipped
with an Alltech 500 evaporative light scattering detector
(Alltech Associates, Inc., Deerfield, IL) and a Kromasil®
100-5 (C8) reverse phase column with dimensions of 250×
4.6 mm (Akzo Nobel, Bohus, Sweden). Glucosides were elut-
ed at ambient temperature with a flow rate of 1.0 mL/min
using a linear gradient from 65:35 to 98:2 methanol/0.01 %
acetic acid over 25 min with a final hold at 98:2 methanol/
0.01 % acetic acid for 1 min. Peak identification was deter-
mined by HPLC/EIS-QTOF-MS analysis using two
PerkinElmer series 200 Micro Pumps and a PerkinElmer Se-
ries 200 Autosampler (Perkin Elmer Life and Analytical Sci-
ences Inc., Waltham,MA) connected via the Kromasil® 100-5

(C8) reverse phase column, and with a flow split of 20 %, to a
API QSTAR™ Pulsar Hybrid LC/MS/MS system equipped
with an electro-spray ionization unit (Applied Biosystems,
Foster City, CA) in positive ion mode. The mass range was
set to an m/z range of 300–3000, with an ESI voltage of
4.9 kV. Nitrogen gas was used as both nebulizing and drying
gas at 250 °C. The injection volume was varied between 20
and 100 μL. Flow rates, mobile phase, and gradient were as
described for HPLC.

Differential scanning calorimetry

To determine thermal stability and apparent unfolding temper-
ature, 0.163–1.3 mg/mL (2–16 mM) of GTase57 in either
10 mM sodium phosphate pH 5.0, or 50 mM sodium acetate
pH 6.0 containing 1 mM CaCl2, was incubated in a VP-DSC
(Microcal, Inc. at GE Healthcare, Uppsala, Sweden). Samples
were scanned while the temperature increased from 25 to
100 °C at a rate of 1 °C/min. Unfolding temperature was
determined by subtracting the scanned data from buffer alone,
and selecting the unfolding temperature as that corresponding
to the peak value of Cp (cal/°C), using Origin 7.0 (Microcal
Inc., Northampton, MA).

Atomic absorption spectroscopy

Starch samples were diluted in deionized and membrane fil-
tered water using a Milli-Q system (Millipore, Molsheim,
France) giving concentrations ranging from 10 mg/L to
100 μg/L. The samples were examined using a Zeenit700
graphite atomic absorption spectrometer (Analytikjena AG,
Jena, Germany) for calcium. Analysis was performed in
graphite wall tubes and the analytical wavelength was set to
422.7 nm. Conditions for the analysis were as follows:
prolonged pyrolysis (25 s) and lowered temperatures for the
steps of pyrolysis (1000 °C) and atomization (2300 °C) com-
bined with an additional gas flow during the atomization step.
The concentration of calcium present in the starch samples
was determined by comparing atomic absorbance by starch
samples to those of a standard curve constructed from serial
dilutions of a 100 μg/L solution of CaCl2 prepared in deion-
ized water from the above mentioned Milli-Q system.

Results

Cloning and construction of site-directed catalytic residue
mutants of the 4-α-glucanotransferase gene

The gene encoding the glycoside hydrolase family 57 4-α-
glucanotransferase (GTase57) from DSM8774, obtained by
direct PCR amplification, was compared to the gene previous-
ly described by Labes and Schönheit (GenBank accession
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EU138451; 2007). Between the two versions of the encoded
enzyme, three amino acid residues differed, at positions 294,
297, and 460, and at DNA level, silent mutations were ob-
served (see the BMaterials and methods^ section and Supple-
mentary Table S1). Although it is not possible to assign which
of the two amino acid sequences is the most likely wild type
(wt), analysis of the enzyme produced from either of the re-
spective constructs showed indistinguishable activity and re-
action specificity with starch (data not shown), making dis-
tinction less important. For clarity, the deposited sequence
(EU138451) is hereafter termed as the wt. In addition, pres-
ence of the C-terminal His-tag in one construct did not affect
activity and specificity (data not shown).

Alignment of GTase57 with GH57 TLGT from
Thermococcus litoralis (Jeon et al. 1997) showed 97 % iden-
tity. The catalytic nucleophile and acid/base of TLGT have
been identified (Imamura et al. 2001) and were matched to
corresponding residues E123 and D214 of GTase57. The im-
portance of these respective residue for catalytic function was
confirmed by construction of two single mutants at the respec-
tive positions (nucleophile mutants E123G and E123N, and
acid/base mutants D214G and D214N; Supplementary
Table S1). All four single mutants resulted in loss of activity
(see Table 2 and Fig. 3a). The single mutants were, along with
a gene cloned in reverse in pET17b, used to rule out any
background activity from the E. coli host strains (Fig. 3a).

Expression of the GTase57 variants

The construct encodingGTase57 without a C-terminal His-tag
was expressed in E. coli BL21*(DE3) grown at 37 °C in LB
medium, for 4 h in shake flask cultivations, yielding about
8 mg of the 77.7-kDa untagged enzyme from 1 L following
purification. Expression of the same enzyme with a C-
terminal His-tag in E. coli C41(DE3) grown at 18 °C yielded
about 5 mg of pure protein from 1 L of culture, which in this
case was immobilized metal ion affinity chromatography.
Thus, production of both variants was relatively low but not
changed by the inclusion of the C-terminal tag. Following

expression and purification, all site-directed mutants gave
similar levels of protein expression to that of their parent
construct.

Optimal pH, temperature, and activity half-life of the GTase57

The optimal pH and temperature dependence for activity was
determined by following the formation of glucose in the dis-
proportionation reaction with maltotriose. Optimal activity
was observed at pH 6.0 (at 70 °C, Fig. 1). At the optimal
pH, activity was determined at various temperatures in the
range of 60 to 99 °C and increased with temperature, up to
95 °C. At this temperature, the activity half-life of the enzyme
was, however, only 11.6 min in the absence of substrate. De-
creasing the temperature to 90 °C extended the half-life to
150 min. Differential scanning calorimetry of GTase57 in
the absence of substrate showed an irreversible transition be-
tween folded and unfolded enzyme at 87.4 °C (Fig. 2), corre-
lating to the observation of the reduction in enzyme half-life
above 90 °C.

Activity with starch

GTase57 and the mutated enzyme variants were incubated
with soluble potato starch at 70 °C. Starch modification using
the wild-type enzyme was readily detected by a decrease in
iodine staining, indicating consumption of the amylose frac-
tion of the starch. At the same time, the number of reducing
ends, which is a measure for hydrolytic activity, only slowly
increased (kcat of 0.02 s−1); this rate is far too low to account

Table 2 Kinetics of the disproportionation reaction catalyzed by
GTase57

Substrate kcat (s
-1) KM (mM) kcat/KM (M−1 s−1)

Maltose 6±1 1.1±0.4 5500

Maltotriose 13±1 8±1 1600

Maltotetraose 13±2 9±2 1400

Maltopentaose 11±1 22±3 500

Maltohexaose 6.3±0.5 20±3 300

Maltoheptaose 6.2±0.4 19±3 300

Activity was measured by following the release of glucose in time for
maltose to maltoheptaose at pH 6.0 and 70 °C
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Fig. 1 Temperature and pH dependence of GTase57. Reaction rates were
determined by measuring the release of glucose from maltotriose, and the
traces of a typical experiment for the respective dependence are shown
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for the rapid changes in starch structure as indicated by iodine
staining.

Formation of cyclodextrins was not detectable by HPLC
nor by phenolphthalein staining for β-cyclodextrins or by
TLC (data not shown). In contrast, GTase57 catalyzed dispro-
portionation of malto-oligosaccharides at a high rate, as de-
scribed below. The catalytic residue mutants E123G (catalytic
nucleophile) and D214G (acid/base) showed over 1000-fold
lower disproportionation rates when compared to wild-type
GTase57, and the wild type was indistinguishable from the
variant with alternative residues at positions 294, 297, and
460 (data not shown).

Altogether, the GTase57 showed rapid consumption of am-
ylose as indicated by iodine staining, very low hydrolytic ac-
tivity, an absence of detectable formation of cyclodextrins,
and disproportionation of malto-oligosaccharides at a high
rate. These observations show that GTase57 is a 4-α-
glucanotransferase and that E123 and D214 are required for
this activity.

Disproportionation of malto-oligosaccharides and circular
amylose formation

The disproportionation activity was quantified by measuring
the rate of glucose release from malto-oligosaccharides at
70 °C. GTase57 is most efficient (highest kcat/KM) with malt-
ose, although the rates are higher with maltotriose,
maltotetraose, and maltopentaose (Table 2). As the kcat for
starch hydrolysis is only 0.02 s−1, the rate of disproportion-
ation is about 300- to 650-fold higher. Thin-layer chromatog-
raphy (TLC) analysis showed that malto-oligosaccharides
were converted into a ladder of products starting from glucose
to larger products (Fig. 3a). With maltotetraose and longer
malto-oligosaccharides as substrates, products assumed to be

Fig. 2 Differential scanning calorimetry. The denaturation curve
showing melting of 0.9 mg/mL GTase57 in 50 mM sodium acetate,
1 mM CaCl2, pH 6.0, at 87.36 °C

Fig. 3 Malto-oligosaccharide disproportionating by GTase57. Panel a
shows that GTase57 produced a spectrum of malto-oligosacchardies
when incubated with maltoheptaose (50 mM) at pH 6.0 and 70 °C for
2 h. Lane 1: malto-oligosaccharide standard, from top, glucose (G1),
maltose (G2), maltotetraose (G4), and maltoheptaose (G7); lane 2: G7
with buffer only; lane 3: G7 with GTase57; lane 4: G7 with protein
extract from expression of GTase57 gene cloned in reverse behind the
T7 promoter (negative control); lane 5: G7 with GTase57 E123Q; lane 6:
G7 with GTase57 D214N. In panel b, the spectrum of disproportionation
products is shown after analysis by high-performance anion exchange
chromatography with amperometric detection (HPAEC). The enzyme
was incubated with maltopentaose (G5), maltohexaose (G6) and
maltoheptaose (G7) at the same conditions as above. The number on
top of the peaks indicates the degree of polymerization of the eluting α-
glucan
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larger α-glucans were formed that remained at the origin of
the TLC plates (Fig. 3a). These reaction products stained with
iodine, indicating the formation of long and linear α-1,4-glu-
cans. A white precipitate was only formed in the incubation
with maltoheptaose after overnight incubation, possibly indi-
cating formation of linear α-glucans long enough to retro-
grade. Subsequent HPAEC analysis revealed formation of α-
glucans of over 20 glucose monomers (Fig. 3b) and a slight
increase in product sizes with larger substrates. These data
demons t r a t e tha t GTase57 i s an e ff i c i en t 4 -α -
glucanotransferase enzyme.

GTase57 rapidly formed cyclic amylose from 2 g/L amy-
lose and reached a maximum of 70 % cyclic amylose after
30 min, followed by a slow decline in the amount of cyclic
amylose (Fig. 4). The cyclic nature of the reaction products
was confirmed by both their resistance to exo-amylase
(amyloglucosidase) digestion and susceptibility to degrada-
tion by endo-acting α-amylase. In addition, the m/z ratio of
the products corresponded to cyclic products, with MALDI-
TOF-MS showing cyclic glucans with a degree of polymeri-
zation (DP) of 17 or more (Fig. 5).

Acarbose inhibition

Acarbose is a potent inhibitor of many starch-degrading en-
zymes such as α-amylases and CGTases, binding across the
active site with its N-glycosidic linkage at the cleavage site,
between the −1 and +1 subsites. Acarbose only weakly
inhibited GTase57, with an IC50 value of 3.1±0.5 mM in the
disproportionation reaction with 50 mM maltotriose. Some
GH13 enzymes (e.g., acarviosyl transferase, maltogenic amy-
lase, and a CGTase mutant H140A) use acarbose as substrate
(Leemhuis et al. 2004), but in this case, modification of
acarbose by GTase57 was not observed (data not shown).

Production of alkyl glycosides with oligomeric head groups

GTase57 (200 μg) was incubated with starch and β-D-
dodecyl maltoside for 7 h to assess the ability of GTase57 to
produce alkyl glycosides with large carbohydrate head groups
by transfer of malto-oligosaccharides generated from soluble
starch. Following the reaction, a total ion current chromato-
gram (TIC) generated by HPLC-MS showed a spectrum of
reaction products eluting from the C8 column (Fig. 6). Iden-
tification of the predominant mass in each peak allowed de-
termination of the degree of polymerization on the head
group, Gn, where n denotes total number of glucose units
attached to the β-D-dodecyl group. While clear peaks were
resolved for the smaller head group glycosides G1 to G6, the
retention times associated with head groups larger than G7
were determined by extracting the predicted m/z value from
the TIC (Fig. 6a). The lack of separation is due to the increas-
ingly hydrophilic nature of the larger oligoglucoside head
groups as a limitation of the C8 column. All ions detected
were sodium adducts carrying either single or double charges;
however, in some cases, molecules of identical mass were
detected in peaks eluting at different retention times, as

Fig. 5 Mass spectrometry
analysis of the cyclic amylose
produced by GTase57. The
spectrum was obtained for
ethanol precipitated
amyloglucosidase treated reaction
product. The number on top of the
peaks indicates the number of
glucose units of the cyclic
amylose molecules. The percent
sign shown on the y-axis refers to
the relative intensity of the peaks,
with the 19 glucose unit product
set as 100 %. Them/z series is n×
162 Da plus sodium adduct
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Fig. 4 Cyclic amylose formation. Samples were treated with
amyloglucosidase to cleave non-cyclic material to glucose, or
amyloglucosidase plus α-amylase to degrade both cyclic and non-cyclic
material to glucose. The difference between the two is defined as cyclic
amylose, and in the figure, the traces of a typical experiment is shown
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Fig. 6 Identification of alkyl glycosides produced by GTase57 from
soluble starch and β-D-dodecyl maltoside. a Total ion current
chromatogram of HPLC-TOF MS in positive ion mode of 50 μL
injection of sample, taken after 7-h incubation of soluble starch and β-
D-dodecyl maltoside withGTase57, containing alkyl glycoside products.
All products detected contained the dodecyl anchor: The number of
glucose units detected is indicated by n in Gn+. All ions detected were
either singly or doubly charged sodium adducts. Molecules of identical
mass were detected in peaks eluting at different retention times, as
indicated for G2+ and G3+, see text for details. b MS/MS analysis of

G12/C12 at 15.193 min and m/z 1074.85, corresponding to the doubly
charged ammonium adduct, from 50-μL injection of sample containing
post-column added ammonium acetate and alkyl glycoside products. c
Detection of G24/C12 glucoside. Extraction of ions corresponding to the
doubly charged ammonium adduct of G24/C12 expected m/z of 2055–
2056. The mass spectrum at the retention time (inset) corresponds to the
G24/C12 doubly charged ammonium adduct at m/z 2055.79
(monoisotopic) and the doubly charged sodium and ammonium adduct
at m/z 2058.25 (monoisotopic)
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indicated for G2+ and G3+. This suggested the possibility of
structural heterogeneity, which would affect retention time but
not m/z values. Examination of the starting material, β-D-
dodecyl maltoside, also showed a splitting of peaks, suggest-
ing that the structural heterogeneity could have originated
from a structurally impure starting material (data not shown).
An automated MS/MS analysis using post-column addition of
50 mM ammonium acetate for improved fragmentation con-
firmed that products eluting from the HPLC column were
indeed extended head group β-D-dodecyl maltosides
(Fig. 6b). The doubly charged hydrogen ammonium adduct
(m/z 1074.85) gave both single and double charged peaks,
with m/z values corresponding to the sequential neutral loss
of glucose (162 u).

To investigate a maximum possible size of the produced
alkyl-oligoglucosides using GTase57, the ions corresponding
to the G24/C12 expected m/z of 2055-2056 were extracted,
identifying a peak at retention time 11.485 to 11.969 min
(Fig. 6c). The distribution of intact masses at this retention
time (inset) corresponds to the G24/C12 double charged am-
monium adduct, showing major ions correlating with the cal-
culated theoretical distribution, at m/z values of 2055.79
(monoisotopic), 2056.28, 2056.77, 2057.27, and 2057.76.
Ions with low signal strength corresponding to alkyl
oligoglucosides with 25 and 26 glucose units were also iden-
tified (data not shown).

To quantitate the conversion of starting materials into the
mixed spectrum of glycosides, the amount of β-D-dodecyl
maltoside (acceptor molecule) was followed over a period of
7 h by HPLC. After 7 h, 200 μg of GTase57 had converted
22.9 % of the starting material into an array of alkyl
oligoglucosides using soluble starch as donor substrate
(Fig. 7). No products were observed for an identical reaction
containing 200 μg of the catalytic nucleophile mutant,
GTase57-E123Q, confirming that any products observed were
due to the specific reaction catalyzed by GTase57 between the
soluble starch and the β-D-dodecyl maltoside.

Role of calcium ions in alkyl glycoside production

The structural homolog TLGT from Thermococcus litoralis
specifically binds one calcium ion via asparagine residues at
positions 392, 394, 396, and 398 coordinating the calcium ion
together with a glutamic acid at position 400 (Imamura et al.
2003). Surprisingly, addition of 50 mM CaCl2 inhibited pro-
duction of alkyl glycosides by GTase57 as effectively as re-
moval of the catalytic nucleophile, E123 (Fig. 7). Addition of
5 mM EDTA gave a mild improvement in activity, showing
25.1 % consumption of the starting β-D-dodecyl maltoside.
This observation was opposite to what would be expected if
the calcium ion within the enzyme was affected. As starch is
known to interact with calcium ions, the calcium content of
the soluble potato starch used for the glycoside synthesis was

determined by atomic absorption spectroscopy, to 0.5 % cal-
cium (w/w).

Discussion

The GTase57 examined in this study is an efficient
disproportionating enzyme forming a range of sizes of
malto-oligosaccharides and cyclic amylose for potential in-
dustrial application. This characterized activity, together with
the high sequence similarity to the TLGT enzyme identified
from Thermococcus litoralis (97 % i.d.), the corresponding
thermostability, weak acarbose inhibition (observed for both
enzymes), and the findings in genomic data suggest that this
enzyme, originally identified by Labes and Schönheit (2007),
is not a CGTase, but a 4-α-glucanotransferase of a
Thermoccocus-like origin.

Enzymes classified as CGTases produce cyclodextrins (cy-
clicα-glucans consisting of six, seven, or eight glucose mono-
mers; Leemhuis et al. 2010), whereas the smallest cyclic α-
glucan reported for a 4-α-glucanotransferase, from
Pyrococcus furiosus, has a DP of 14 (Tang et al. 2006). Cy-
clodextrin formation by a CGTase is an active process, where
many conserved CGTase residues assist in the circularization
of the covalent glycosyl-enzyme intermediate (Uitdehaag
et al. 1999) whereas it is likely a passive process for a 4-α-
glucanotransferase. CGTases convert starch as well as amy-
lose into cyclodextrins, even at very high substrate

Fig. 7 Disappearance of β-D-dodecyl maltoside during production of
alkyl glycosides by GTase57 from β-D-dodecyl maltoside and starch.
Percent area of the peak corresponding to β-D-dodecyl maltoside was
compared following HPLC separation of alkyl glycoside products by
methanol gradient on a C8 column. Two hundred micrograms of
enzyme was incubated in 10 mM sodium citrate buffer at pH 5.5, for
7-h total reaction time. Diamond: 200 μg GTase57; cross: 200 μg
GTase57 E123Q; square: 200 μg GTase57, 50 mM CaCl2; triangle:
200 μg GTase57, 5 mM EDTA
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concentrations (>30 % w/v), whereas 4-α-glucanotransferases
form cyclic α-glucans from amylose only, as observed here
for GTase57. The use of amylose ensures that the concentra-
tion of free 4-hydroxyl groups, which function as acceptor
substrates in the disproportionating reaction, is low, whereas
this concentration is high when using starch, due to the nu-
merous free 4-hydroxyl groups of amylopectin. The result of a
low (acceptor) substrate concentration strongly increases the
chance of an intramolecular transglycosylation reaction
leading to cyclic glucan formation, as the observed avail-
ability of the non-reducing end of the covalent glycosyl
enzyme intermediate is higher than that of the free 4-
hydroxyl groups. The requirement is thus that the glucan
chain of the glycosyl intermediate is flexible and free
enough to circularize spontaneously, which will depend on
the surface of the enzyme and the reaction temperature. A
very low hydrolytic activity is also required to permit the
glycosyl enzyme intermediate time to interact with its own
non-reducing end and allow for cyclic glucan formation.
Taken together with the results here, it seems highly likely
that GTase57 is indeed a 4-α-glucanotransferase and not a
CGTase as originally postulated.

As a member of the 4-α-glucanotransferases, biochemical
characterization of GTase57 showed a high temperature opti-
mum for activity (95 °C) and good thermal stability at 90 °C,
comparable to tha t obta ined for the other 4-α -
glucanotransferases of Pyrobaculum aerophilum IM2 and
Thermococcus litoralis (Kaper et al. 2005; Jeon et al. 1997).
Efficient disproportionation of maltose was observed, in line
with data reported for 4-α-glucanotransferases in the GH57
family, such as for 4-α-glucanotransferases of Pyrococcus
kodakaraensis KOD1 (Tachibana et al. 2000) and
Thermococcus litoralis (Jeon et al. 1997). Corresponding dis-
proportionation efficiency has also been noted in some GH77
enzymes, such as the enzyme from Borrelia burgdorferi
(Godany et al. 2008), but not for the GH77 4-α-
glucanotransferases of Thermus thermophilus HB8 (Kaper
et al. 2007) and Pyrobaculum aerophilum IM2 (Kaper et al.
2005). This transglycosylation over hydrolysis ratio is almost
1 order of magnitude lower than measured for 4-α-
glucanotransferases of GH families 13 and 77, although we
note that the (very low) hydrolytic activity of 4-α-
glucanotransferases is usually not reported. Weak inhibition
by acarbose was observed, in accordance with data reported
for GH57 TLGT (Ki of 0.6 mM) (Imamura et al. 2003) and the
archaeal GH77 4-α-glucanotransferase from Pyrobaculum
aerophilum IM2 (Ki of 1.5 mM) (Kaper et al. 2005), whereas
the bacterial GH77 4-α-glucanotransferase from Thermus
thermophilus HB8 is effectively inhibited, e.g., Ki of 3 μM.
The different effects of acarbose on 4-α-glucanotransferases
should be determined by the active site architecture of these
enzymes, although this is not directly obvious from the 3D
structures.

Alkyl glycosides are non-ionic surfactants, with desirable
physiochemical properties including biodegradability and
chemical stability. With a high degree of hydrophilicity, gly-
cosides with large carbohydrate head groups (>3 monosaccha-
rides) are desired in pharmaceutical preparations and personal
care products; however, they are difficult to synthesize chem-
ically (Svensson et al. 2009a, b). This study has shown that
GTase57 uses hydrolysis (i.e., formation of β-D-dodecyl glu-
coside, G1-C12) and disproportionation (i.e., formation of
larger glycosides, G3-G26), or a combination of dispropor-
tionation followed by hydrolysis, to form the variety of alkyl
glycoside molecules. The range of head group sizes identified
in this study, from 1 to 26 glucose units, for glucoside pro-
duced by GTase57 suggests that this thermostable enzyme,
together with easily available polysaccharides, could be used
as a biological catalyst to produce the valuable alkyl glyco-
sides. Svensson and coworkers (Svensson et al. 2009a, b)
have reported synthesis of alkyl glucosides by transfer via
coupling of α-cyclodextrin to β-D-dodecyl maltoside using
a GH13 CGTase from Paenibacillus macerans, generating
anomerically pure β-D malto-octaoside. Corresponding reac-
tions using a CGTase from Thermoanaerobacter gave a mixed
spectrum of products, similar to that observed here for
GTase57, although use of the Thermoanaerobacter enzyme
resulted in a lower mean DP of the carbohydrate head group.
While the size of the coupling product of the Paenibacillus
macerans enzyme could be controlled by substrate concentra-
tion and reaction time, inactivation of the enzyme at temper-
atures required for solubility of the α-cyclodextrin was a sig-
nificant problem. As GTase57 is highly thermostable, the in-
activation problem encountered with the Paenibacillus
macerans enzyme can be circumvented. The new understand-
ing of GTase57 as a 4-α-glucanotransferase also suggests that
cyclodextrins are not substrates for this enzyme and that the
carbohydrate head groups are instead produced by transfer of
diverse malto-oligosaccharides (or cyclic α-glucans) generat-
ed from soluble starch to produce a desirable broad product
profile.

Since the larger head group sizes (G20 and above) exceed
the minimum size, at DP=17, of cyclic amylose molecules
produced by GTase57 (Figs. 4 and 5), generation of glyco-
sides with larger head groups may also have proceeded via
coupling of large cyclic molecules to the β-D-dodecyl
maltoside starting material. While GTase57 does not show
any ability to use conventional cyclodextrins, the cyclic amy-
lose molecules generated from the amylose part of starch by
GTase57 could subsequently be coupled to β-D-maltoside to
generate oligoglucosides with carbohydrate head groups con-
taining more than 20 glucose units. Production of cyclic am-
ylose (DP ≥17), by GTase57, is also consistent with the activ-
ity profile typical of a 4-α-glucanotransferase from GH57,
which has been shown to produce circular glucans when in-
cubated with amylose (Tachibana et al. 2000; Fujii et al. 2005;
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Tang et al. 2006; Nakajima et al. 2004). Cyclic amylose mol-
ecules of various sizes could be desirable as starting material
for generation of mixed large head group alkyl glycosides for
use in the pharmaceutical or personal care product industry,
which today use other types of surfactants composed of a
spectrum of molecules. Large circular α-1,4-glucans can also
be useful for solubilizing hydrophobic molecules in water by
forming water soluble inclusion complexes.

Prevention of the reaction in presence of calcium (despite
the calcium binding site in TLGT (Imamura et al. 2003)) has
been hypothesized to be due to either increased cross-linking
of anionic oxygen atoms and/or the reduction of inter- or intra-
molecular repulsions contributed from the anionic groups in
the starch (Islam and Azemi 1997). For GTase57, addition of
CaCl2 may thus have increased cross-linking of the starch
chains and blocked enzyme activity, while chelation by EDTA
destabilized this cation-starch cross-linking, allowing
GTase57 access to the starch for disproportionation of
malto-oligosaccharides to the acceptor. This does, however,
not rule out a requirement of GTase57 for calcium ions, since,
during purification of the enzyme, calcium ions may have
been able to bind with sufficiently high affinity to resist che-
lation: The binding affinity of a calcium binding domain in a
family 10 xylanase from the thermophile Rhodothermus
marinus was so high that removal of the calcium ion required
site-directed mutagenesis of the amino acid residues involved
(Abou-Hachem et al. 2002).

The two independently amplified genes encoding GTase57
used in this study differed in their deduced amino acid se-
quence at positions 294, 297, and 460, although no difference
was observed in function. Alignment with nine related GH57
enzymes showed that homologs contained one of the residues
QKEFA at amino acid position 294 (Q in GTase57
EU138451) and ERKVQTN at position 297 (E in GTase57
EU138451), while at position 460, an isoleucine residue was
present in four out of nine sequences, with a valine residue in
the remaining five out of nine sequences (V in GTase57
EU138451). Analysis of the crystal st ructure of
Thermococcus litoralis TLGT [PDB 1K1Y] showed that res-
idues 294 and 297 are located in a hydrophobic patch region
(comprising residues 287–314) involved in enzyme dimeriza-
tion and thermostability (Imamura et al. 2003). However, as
these are non-conserved residues, they may play less of a role
in dimerization. Position 460 is more conserved among the
homologs with either a valine or isoleucine present. No func-
tion has yet been determined for this region in these related
enzymes, and mutagenesis showed that these changes did not
affect function of the enzyme. The possibility remains that
either there were two strains of highly similar organisms from
which the two enzymes were isolated or that errors had oc-
curred during PCR amplification. Until the origin of the orig-
inal gene deposited by Labes and Schönheit can be deter-
mined, however, it is difficult to clarify the origin of the

observed sequence differences. In terms of active site residues
participating in the observed enzyme activities, the two acidic
residues proposed as the nucleophile (E) and acid/base (D) are
fully conserved in GH57 (Blesák and Janeček 2012). For the
GH57 enzymes that have been functionally characterized, mu-
tagenesis of either of these acidic residues (E123 or D214) is
accompanied by loss of activity, as exemplified in a
Thermococcus litoralis 4-α-glucanotransferase (E123Q,
D214N, (Imamura et al. 2001, 2003)), a Thermococcus
hydrothermalis amylopullulanase (E291A, D394A, (Zona
et al. 2004)), and Pyrococcus furiosus amylopullulanase
(E291Q, D394N, (Kang et al. 2005). The GTase57 character-
ized in the present study proved no exception, with both the
nucleophile mutants (E123G and E123Q) and the acid/base
mutants (D214G and D214N) showing loss of activity.

Future efforts with GTase57 may include mutagenesis
strategies to further engineer GTase57 for production of cyclic
and glycoside molecules of homogenous size. In addition,
other 4-α-glucanotransferases may be identified that can pro-
duce cyclic amylose molecules with more homogeneous sizes
(when compared to the GTase57 studied here) as these mole-
cules, and their subsequent glucoside products, could have
interesting properties and applications.
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