Available online at www.sciencedirect.com

sorenoe @pin=er
e BN 4 CATALYSIS
AN j! fas B: ENZYMATIC

ELSEVIE Journal of Molecular Catalysis B: Enzymatic 22 (2003) 45-53

www.elsevier.com/locate/molcatb

A cycloamylose-forming hyperthermostable
4-a-glucanotransferase éfguifex aeolicus
expressed ifescherichia coli

Shakhawat Hossain Bhuiyan, Motomitsu Kitabkiyoshi Hayashi
Enzyme Laboratory, National Food Research Institute, 2-1-12 Kannondai, Tsukuba, 305-8642 Ibaraki, Japan

Received 8 November 2002; received in revised form 27 December 2002; accepted 27 December 2002

Abstract

The geneifalM) encoding for 4ei-glucanotransferase G Tase) from the hyperthermophilic bacteridmuifex aeolicus
was cloned and expresseddncherichia coliThe recombinant enzyme was purified to homogeneity and its behavior towards
various substrates was examined. The enzyme was hyperthermostable, exhibiting maximal activi§y an@@ retained
70% of its original activity after incubation at 9C for 30 min. A low affinity was observed for the enzyme towards maltose
(Km = 71 mM) and theé:a¢/Km, value for maltotriose was approximately 166 times greater than that observed for maltose but
the values did not change significantly with larger maltooligosaccharidesATaeolicusAaGTase produced cycloamylose
with a minimum degree of polymerization (DP) of 16, whereas the cycloamylose produced by the amylomaltase from the
thermophilic bacteriunfhermus aquaticysvhich is also a Type lldGTase, produced a cycloamylose with a minimum DP of
22. Thesefindings indicate that tAeaeolicuglaGTase differs from th&. aguaticu@mylomaltase and the glucanotransferases
produced by other hyperthermophilic organisms.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction as amylomaltase in bacterial speciés6], and the
crystal structure of théfhermus aquaticugmylo-
4-a-Glucanotransferase ¢&Tase) (EC 2.4.1.25) maltase has recently been repor{@d. A compar-
are enzymes that catalyze glucan transfer from oneison of the p-enzyme and amylomaltase indicates
a-1,4-glucan molecule to anothet-1,4-glucan or  that these enzymes display significant homology in
to glucose. This enzyme is also known as the dis- their amino acid sequences and they display strong
proportionating enzymen¢enzyme) in plants and it  similarities in their catalytic properti§]. These en-
was first found in potato tubers by Peat et [Al]. zymes catalyze an intermolecular transglycosylation
It has since been found in many hyperthermophilic reaction called a “disproportionating reaction” and
organisms, with varying degrees of substrate speci- they also catalyze intramolecular transglycosylation,
ficities [2—4]. 4-«-Glucanotransferase is also named which creates a cyclic glucan (cycloamylose) from
a single linear glucan molecule. It has been shown
mpondmg author. Tel 81-298-38-8071: that mqltooligosac_charides are effective donors and
fax: +81-298-38-7321. maltooligosaccharides and glucose serve as accep-
E-mail addressmkitaoka@nfri.affrc.go.jp (M. Kitaoka). tors in vitro. Glucosyl or maltosyl groups have been
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established as the major units transferred from the agen) andE. coli BL21-CodonPlus-RIL competent

donor molecule[2-10]. Therefore, these enzymes
are believed to be part of the starch degradation
pathway as the disproportionating of small mal-
tooligosaccharides into larger glucans facilitates their

cells (Stratagene, La Jolla, CA, USA) were used as
hosts for the cloning and expression steps, respec-
tively. Luria—Bertani (LB) medium supplemented with
kanamycin (5Q.g/ml) was used for the cultivation

degradation through phosphorylases or hydrolasesof the E. coli transformants. Maltooligosaccharides

[11].

Aquifex aeolicuss a hyperthermophilic, hydrogen-
oxidizing, microaerophilic, obligate chemolithoau-
totroph [12], representing the lowest branch in the
phylogeny of bacterigl3]. This extremophile has

were purchased from Hayashibara Biochemical Lab-
oratories Inc. (Okayama, Japan) and potato amylose
(Type Ill) was purchased from Sigma. Glucoamylase,
a-amylase and pullulanase were purchased from Wako
Pure Chemical Industries Ltd. (Osaka, Japan). The re-

recently generated interest among researchers as aombinant DNA techniques employed for manipula-

useful source of thermostable enzynj#4—-16] The
complete genome sequence Af aeolicushas been
determined[17] and it was found to contain 1512
open reading frames (ORFs), one of whichalM)
encodes for a putative d-glucanotransferase 485

amino acids in length (GenBank accession number:

AEO000704). Although 4x-glucanotransferases have

tions of DNA are those described by Sambrook et al.
[20].

2.2. Cloning and sequencing of the malM gene

Restriction endonucleases were purchased from
New England Bio-Labs, USA. The nucleotide se-

been isolated and the genes encoding for this enzymequence of the open reading frame encoding the

have been cloned from a number of sources such asputative 4e-glucanotransferase (agq723) was

potato[18], and thermophilic species suchHsermo-
toga maritima[2], Thermotoga neapolitan3] and
Thermococcus litoralig4] the only detailed prepa-

re-
trieved from GenBank with the accession number:
AEO000704. The ORF was amplified by the polymerase
chain reaction (PCR) using d-torward primer (%

rations and size determinations of the cycloamyloses CATATGAGATTGGCAGGTATTTTACTTC-3) and

produced are those of the potateenzyme[19] and
the T. aquaticusamylomaltasg6]. To date there have

a 3-reverse primer (5GAGCTCTTAAACTTCTCT-
TCCGTAAATTCCG-3) which containedNdel and

been no reports appearing in the literature regarding Sad restriction sites, respectively (underlined). The

the characterization of &-glucanotransferase from
the hyperthermophilé. aeolicus a bacterium which
has a growth-temperature maximum close td’G5
We cloned and expressed tmealM gene fromA.
aeolicusin Escherichia coliand characterized the
properties of the recombinant enzyme to examine
the use of this enzyme for the efficient production of
cycloamylose.

2. Materials and methods
2.1. Bacterial strains, plasmids and media

The genomic DNA ofA. aeolicuswas kindly pro-
vided by Prof. K.O. Stetter and Prof. R. Hubber from
the University of Rosenburg, Germany. pDrive cloning
vector was obtained from Qiagen (Hilden, Germany).
The expression vector pET-28p(was from Novagen
(Madison, WI, USA).E. coli EZ competent cells (Qi-

expected 1485bp fragment was obtained by using
DNA polymerase (KOD-plus, Toyobo) and a PCR
program with 25 cycles comprising the following
steps: 98C for 1 min, 55°C for 1 min, and 68C

for 1 min. The restriction sites were chosen so as to
insert an N-terminal hexahistidine x6His tag) into

the construct. The amplified product was cloned into
a pDrive vector and the plasmid was transformed into
E. coli EZ cells. The resulting recombinant plasmid,
AF—-malM-pDrive, was isolated from a positive clone
using a QIA Miniprep kit (Qiagen, Germany), and
DNA sequencing was performed in both strands to
ensure that the nucleotide sequences were identical
with those of themalM gene. DNA sequencing was
performed with an Applied Biosystems 310 Genetic
Analyzer using a Big Dye Terminator Cycle Sequenc-
ing kit (Perkin-Elmer, Applied Biosystems, Norwalk,
CT, USA). The sequence data were analyzed using
the GENETYX computer program (Software Devel-
opment Co., Tokyo, Japan).
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2.3. Construction of the expression vector

The malM gene was excised from the recombi-
nant plasmid AFmalM-pDrive using the restriction
enzymesNdel and Sad and then ligated to the
pET-28b-) vector, which had been pre-digested with
the same pair of restriction enzymes. The ligation pro-
cess was performed overnight at’I®using a ligation
kit (High T4 DNA Ligase; TOYOBO Co., Osaka,
Japan)E. coli BL21-CodonPlus-RIL competent cells
were transformed by electroporation with the ligated
plasmid. The expression construct (ARalM-pET)
obtained from a positive colony was sequenced to
confirm that the correct insertion of the ORF into the
cloning site had been made.

2.4. Expression and purification of the enzyme

For the expression ofnalM, recombinantE. coli
BL21-CodonPlus-RIL cells harboring ARalM-pET
were grown in LB medium containing kanamycin
(50g/ml) with shaking at 37C. In the exponential
growth phase when an Qgynm of 0.6 was reached,
expression was induced by the addition of isopropyl
thiogalactoside (IPTG) to give a final concentration of
0.3 mM. After induction for 4 h, th&. coli cells were
harvested by centrifugation, suspended in 50 mM
2-(N-morpholino)ethane sulfonic acid (MES) buffer
(pH 6.6), and then disrupted by sonication (five cycles
consisting of 15s pulses at 35% maximum output
with 15s rests between pulses). After centrifugation
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8.0) buffer. The fractions possessing enzyme activity
were pooled together and dialyzed for 1 h against 2| of
20 mM MES buffer (pH 6.6) at room temperature. The
dialyzed enzyme was then injected onto a Q-Sepharose
FF column. The bound proteins were eluted with a
linear gradient from 0 to 1M NacCl in 50 mM MES
buffer (pH 6.6). The purity of the protein was estab-
lished by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

2.5. Analysis of the purified protein

Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis was performed as described by Laemmli
[21] using 10% acrylamide gel slabs. Samples were
boiled for 4 min in the presence of 0.01 M mercap-
toethanol and 1% (w/v) SDS. Proteins were stained
with 1% (w/v) Coomassie Brilliant Blue R-250
in a methanol/acetic acid/water mixture (50/10/40,
vivlv) and they were destained in a methanol/acetic
acid/water mixture (30/10/60, v/v/v). A 10 kDa protein
ladder (Life Technologies, GIBCO BRL, Rockville,
USA) was used as a molecular weight marker. The
protein concentrations were routinely determined
spectrophotometrically at 280 nm.

2.6. Enzyme assay

4-a-Glucanotransferase activity was assayed in are-
action mixture with a total volume of 2Q4 contain-
ing 10 mM maltotriose, 50 mM MES buffer (pH 6.6),

(12,000 rpm for 10 min), the supernatant was removed and an appropriate amount of enzyme and incubated

and used as a crude extract.

Unless noted otherwise, the purification steps
described below were performed at room temper-
ature. The enzyme was purified first by Ni-NTA

at 70°C for 15 min. The amount of glucose released
was measured by the glucose oxidase metfxa].
One unit of enzyme activity is defined as the amount
of enzyme producing fmol of glucose per minute

agarose metal chelate chromatography followed by under the assay conditions employed.
Q-Sepharose FF anion exchange chromatography. The

crude extract (20 ml) was mixed with Ni-NTA agarose
resin (2 ml) on ice with gentle shaking for 20 min. The

resin bound to the target protein was then packed into

a 2ml column connected to a FPLC system (Amer-

2.7. Effects of temperature and pH

The temperature optimum was determined under the
standard assay conditions by incubating the reaction

sham Pharmacia Biotech, Uppsala, Sweden) and themixture at temperatures ranging from 20 to @0

unbound proteins were washed off the column with
50 mM Tris—HCI buffer (pH 8.0) containing 10 mM
imidazole at a flow rate of 1 ml/min. The elution steps

For determinations of thermal stability, the enzyme
was pre-incubated for 30 min in 50 mM MES buffer
(pH 6.6) at temperatures ranging from 0 to T@0

were performed using a linear concentration gradient After chilling the sample on ice, the residual activity

from 10 to 200 mM imidazole in 50 mM Tris—HCI (pH

was determined by the standard assay procedure. In all
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cases, the incubations were carried out in closed Ep-

pendorf tubes to prevent evaporation of the solutions.
To determine the optimal pH for enzyme activ-
ity, the standard assay mixture was used in 50 mM
solutions of the following buffers: sodium acetate
(pH 3.8-5.7), 24{-morpholino)ethane sulfonic acid
(pH 5.1-7.2), 34{-morpholino)propanesulfonic acid
(MOPS) (pH 6.4-8.8)N-[2-hydroxyethyl]piperazine-
N’-[2-ethanesulfonic acid] (HEPES) (pH 6.5-8.6),
Tris—HCI (pH 7.1-9.1) or 3-[cyclohexylamino]-1-
propane sulfonic acid (CAPS) (pH 9.5-11.5). The
pH stability was determined by pre-incubating the
enzyme in 50mM of the above-named buffers for
30 min at 70°C. Remaining enzyme activity was then
determined under the standard assay conditions.

2.8. Investigation of the kinetic parameters

The reactions were followed by incubating the
purified enzyme with appropriate concentrations of
substrate (maltose, maltotriose, maltotetraose, mal-
topentaose, maltohexaose, or
50mM MES buffer (pH 6.6) at 70C. Glucose re-

lease was measured by the glucose oxidase method,

at 505 nm on a Beckman DU-640 spectrophotometer.
Initial reaction rates were determined at five differ-
ent substrate concentrations ranging from 0.5 to 2.0
times theK, value of each substrate. Values ¥,
andkcat Were obtained by using the nonlinear regres-
sion analysis computer program GRAFIT Software
(version 4.0)23].

2.9. Thin-layer chromatography

The reaction products derived from maltooligosac-
charides by 4x-glucanotransferase were identified by
thin-layer chromatography (TLC) on silica gel coated
plates (silica gel 60; Merck, Darmstadt, Germany).
Two microliters of each reaction mixture was spotted
onto a plate and developed three times with 75% ace-
tonitrile in water. After drying, the plate was dipped
into a solution of methanol/sulfuric acid (95/5, v/v),
and the products were visualized by heating in an oven
for few minutes.

2.10. Cycloamylose production

Amylose solution was prepared as described by
Takaha et al[19]. For the production of cycloamylose,

Catalysis B: Enzymatic 22 (2003) 45-53

a reaction mixture (2 ml) containing 2 mg of amylose
(Type 1), 50 MM MES buffer (pH 6.6), and 0.82 of

a unit of theA. aeolicus4aGTase from recombinant
E. coli was incubated at 7@C. At selected time in-
tervals, 20Qul of the reaction mixture was removed
and transferred into an Eppendorf tube and kept at
—20°C to stop the reaction. Then 20 of the reac-
tion mixture was incubated with glucoamylase (6.4
units) with or withouta-amylase (0.2 unit) at 40C

for 3h. After the reaction was terminated by boiling
the solution for 5min, the released glucose was mea-
sured by the glucose oxidase metti2d]. The amount

of glucoamylase-resistant glucan (cycloamylose) was
calculated by subtracting the amount of glucose re-
leased by glucoamylase from that released by the com-
bined actions of glucoamylase anehmylase. The re-
ducing power of the reaction mixture was measured
by the method of Waffenschmidt and Jaenigkd].

To measure the ability of amylose to form a complex
with iodine, 50ul of the reaction solution was mixed

- with 950p.l of an iodine solution (0.1%pland 1% KiI
maltoheptaose) in

in 3.8mM HCI), and the absorbance was measured
at 660 nm. The glucoamylase-resistant product was
eionized using Amberlite MB3 resin, separated by
gel filtration using Toyopearl HW40 chromatography,
and then concentrated by freeze-drying on a vacuum
evaporator. The molecular mass of the cycloamylose
was analyzed by “time of flight” (TOF)-mass spec-
trometry.

3. Results

3.1. Cloning, expression and purification of the
enzyme

As described inSection 2 we used PCR to place
Ndel andSad restriction enzyme sites at thé &nd
3’ ends of themalM open reading frame, respectively,
so that the entire open reading frame was cloned
and expressed ifE. coli BL21-CodonPlus-RIL un-
der the control of the inducible phage T7 promoter
of the vector pET-28bf). SDS-PAGE analysis of
the cell lysate indicated that a protein of molecular
mass 60 kDa was the major protein produced and this
protein was not present prior to induction and did
not appear in extracts obtained from the parent strain
BL21-CodonPus-RIL (data not shown). The apparent
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Fig. 1. SDS-PAGE analysis of the A. aeolicus - . -
4-a-glucanotransferase. The elute from the Q-Sepharose FF M G3 G4 G5 G6 G7
column was run on a 10% polyacrylamide gel stained with
Coomassie Brilliant Blue R-250. Molecular weight markers are
in line 1. The arrow indicates the purifiedv@Tase.

Fig. 2. TLC of the reaction products obtained from the activity of
the A. aeolicus4aGTase with different maltooligosaccharides.

3.2. Transglycosylation activity of the malM
molecular mass of the expressed protein as seen byenzyme
SDS-PAGE was consistent with that of the molecular
mass 58,543 Da, a calculation based on the deduced To confirm the identity of the dGTase expressed
amino acid sequence. The recombinant protein wasin E. coli, the activity of the purified enzyme to-
purified by Ni-NTA agarose column chromatography ward a range of maltooligosaccharides was in-
followed by Q-Sepharose FF column chromatography vestigated. The enzyme was incubated with each
(Fig. 1. Table 1summarizes the purification process maltooligosaccharide at a concentration of 1%, and
and indicates that the specific activity of the purified the reaction products were analyzed by TLKig. 2
enzyme increased by approximately 58-fold while the shows that after 18 h incubation, all of the reactions
recovery was around 27%. containing maltooligosaccharides (G3-G7) showed

Table 1
Summary of the purification of the d-glucanotransferase from. aeolicus

Purification step Total protein (mg) Total activity (units) Specific activity (units/mg) Purification (fold) Yield (%)

Crude extract 357 273 0.76 1.0 100
Ni-NTA column 10.1 103 10.2 13.4 38
Q-Sepharose FF 1.68 74.3 44.2 58.1 27

Enzyme activities were measured at°Tin a 200wl reaction mixture containing 10 mM maltotriose.
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Table 3
100 Kinetic parameters of thA. aeolicus4-a-glucanotransferase with

different maltooligosaccharides

s 80 Substrate Km (mM) keat (12 keadKm

= ((smMmy™h

2 60 |

g Maltose (G2) 71+ 6 1.3+ 01 0.018

g 40 Maltotriose (G3) 6.1+ 0.4 18+ 2 3.0

= Maltotetraose (G4) 4.5 0.4 17+ 2 3.8

= 20| Maltopentaose (G5) 4.2 0.1 224 2 5.2
Maltohexaose (G6) 45 04 22+ 1 4.9

0 Maltoheptaose (G7) 5% 04 16+ 1 2.8
0 20 40 60 80 100 The enzyme reaction was carried out at°@in 50 mM MES
buffer (pH 6.6).
Temperature (°C) @Based on a molecular mass of 58,543 Da.

Fig. 3. Effect of temperature on the activit§)(and stability @)

of the 4«-glucanotransferase. The activity was measured at dif- . .
ferent temperatures in 50 mM MES buffer, pH 6.6. For stability 20 and 100C, the residual activity of the enzyme was

determinations, enzyme samples were incubated at selected tem-determined at 70C to examine the effects of temper-

peratures for 30 min and the remaining activity was determined at ature. The enzyme retained 70% of its original activity

70°C. The maximal activity level is defined as being 100%. after incubation at 90C. Under the assay conditions,
the pH optimum of the enzyme was observed at a pH

transglycosylation reactions, producing higher mal- value of 6.5. The enzyme was stable between pH val-

tooligosaccharides and glucose. When G4-G7 were yes 3 and 11, indicating it is the most stable enzyme

used as substrates, high molecular mass products weref ts kind reported so farTable 2.

found at the origin on the TLC plate. The enzyme

showed neither hydrolyzing nor transferase activity 3 4. Substrate specificity and kinetic parameters

towardsa-, - and y-cyclodextrins when incubated

in the presence or in the absence of glucose (data not

The substrate specificity and kinetic parameters of
shown).

the purified 4GTase were examined with a variety
of a-1,4-linked maltooligosaccharides as substrates
3.3. Enzymatic properties of malM (maltose, maltotriose, maltotetraose, maltopentaose,
maltohexaose and maltoheptaose) &t@0The results
As shown inFig. 3, the enzyme showed a temper- obtained, as shown ifeble 3 indicate that the enzyme
ature optimum of 90C. After incubating the purified  has a low affinity toward maltos&f, = 71 mM). In
enzyme for 30 min at selected temperatures betweenaddition, it was found that as the chain length increased

Table 2

Comparison of the characteristics of tAe aeolicus4aGTase andl. aquaticusamylomaltase

Characteristic A. aeolicus4aGTase T. aquaticusamylomaltasg
pH optimum 6.6 5.5-6.0

pH stability 3-11 4-10

Temperature optimum 9 75°C

Temperature stability Retained 70% activity (40, 30 min) Retained 60% activity (9C, 10 min)
Smallest donor Maltose Maltose

Smallest acceptor Glucose Glucose

Smallest transferred unit Glucose Glucose
Disproportionated products G, G2,G3, GG G, G2, G3, G4,
Cyclization reaction + +

Smallest CA (DP) 16 22

ale].
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the affinity also increased and the lowd&t value nature of the glucoamylase-resistant glucans formed
(4.2mM) was observed with maltopentaose. No sig- was confirmed and the molecular mass was de-

nificant differences were found in th&, andkcy; val- termined by TOF-mass spectrometryid. 5. The
ues of substrates with chain lengths higher than mal- molecular masses of the glucans agreed with the the-
totriose (G3). oretical values for the mono-sodium ions of cyclic
glucans with degrees of polymerization (DPs) rang-
3.5. Production and analysis of cycloamylose ing from 16 to 50. The distribution did not differ with

reaction temperatures of 30, 50 and°@)

To determine whether th&. aeolicusdaGTase was
able to catalyze the production of cycloamylose, a
Type Il amylose (0.1%) from potato was incubated 4. Discussion
with the enzyme at 70C. As shown inFig. 4, the
ability of amylose to form an iodine complex, as In this paper, we describe the characterization and
determined by measuring the absorbance at 660 nm,identification of theanalM gene that encodes for a ther-
decreased rapidly with increasing reaction time. The mophilic 4-«w-glucanotransferase from the hyperther-
reducing power of the reaction mixture did not in- mophilic bacteriumA. aeolicus The primary sequence
crease significantly with time and it constituted less of the putative 4a-glucanotransferase (AE000704) of
than 5% of the total reducing sugar present, even after A. aeolicuswas subjected to a psi-blast search at the
48 h reaction. These results strongly suggest that theNational Center for Biotechnology Informatid&5].
enzyme catalyzed the cyclization of amylose to pro- This enzyme belongs to the-amylase super-family
duce cyloamylose. To confirm that cycloamylose was 13 and it shows high levels of homology with the
formed, the reaction mixture was treated with glu- T. aquaticusamylomaltase (46% identit{6]), potato
coamylase since cycloamylose is resistant to this en- p-enzyme (45% identity|18]) and the amylomaltases
zyme. The amount of glucoamylase-resistant glucans of Synechocystisp. (45% identity[26]), S. pneumo-
increased with time, and approximately 71% of the niae (42% identity,[27]), C. butyricum(43% iden-
total sugar was converted into glucoamylase-resistanttity, [28]), and low levels of homology with th&.
glucans after 48 h of incubatiorig. 4). The cyclic coli amylomaltase (21% identit{5]). All members of

1.2 80

9

—0 170 =

2
=2 A
; |®F s
. § <
g 150 = ¢
= 8 )
3 2 A
- 4 40 8 o0
= = =]
-3 -5 o
5:; 130 2 ,.§
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2 g &

- 120

5 R R B

< | =
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Fig. 4. Reaction of amylose catalyzed by the aeolicus4-a-glucanotransferase. The reaction conditions are described in the text. The
reducing power {\) due to the presence of glucose derived from the complete digestion of amylose by glucoamylasanayldse was
defined as 100%.
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Fig. 5. TOF-mass spectrometry analysis of cycloamyloses obtained from the catalytic activity Af dleelicus4aGTase with amylose.
CA,, means cycloamylose with a DP n. The theoreticaE/z of CA,, + Na* is (16205 + 22.99).

this family contain a characteristi@fo)s-barrel do-
main and four highly conserved regiof9]. Amino
acid alignments indicated that the motifs DHFRGF
and EDLG are conserved within the Type h@Tase
enzyme group (data not shown).

The apparent molecular mass of the thermostable
aeolicus4aGTase, as determined by SDS-PAGE anal-
ysis, was observed to be 60 kDa. TheGTases from
thermophilic sources such ds maritima T. neapoli-
tang T. litoralis, and a similar enzym@. aquaticus
amylomaltase, display optimal temperatures of 70, 85,
90 and 75C, respectivelyj2—4,6] With an optimum
temperature of 90C the A. aeolicus4aGTase de-
scribed herein is one of the most thermostable glu-

than that obtained with maltotriose. When mal-
tooligosaccharides were employed as the substrates,
transglycosylation products were generated. In the
case of larger maltooligosaccharides (namely G4-G7),
high molecular mass products were found at the origin
on the TLC plate. The potato-enzyme exhibits sim-
ilar activity toward maltooligosaccharides; however,
maltose was not detected at the end of the reactions
[18]. On the basis of these findings, we concluded
that themalM enzyme is a 4x-glucanotransferase.
Our studies also established that the smallest donor
molecule is maltose, the smallest acceptor molecule is
glucose, and that the smallest unit transferred is glu-
cose {able 2. In this respect the properties of the

canotransferases reported to date. Based on structurabeolicusdaGTase are similar to those of the amyloma-

analyses, the major factors that are known to stabi-

lize proteins from hyperthermophiles are the number

ltases ofT. aquaticug6] andE. coli [5] but it differs
from that of the potatm-enzyme which was unable to

of ionic bonds, and the presence of salt bridges and transfer glucose unitd 8]. However, the 4GTase of
hydrogen bonds between charged amino acid residuesT. litoralis exhibits no similarity to the other glucan-

[30-32] Consistent with these observations, is the
finding that arginine, lysine, aspartic and glutamic

otransferases but it can transfer glucose UditsThe
smallest cycloamylose produced by the aeolicus

acids are the predominant amino acids present in thedaGTase had a DP of 16—similar to that of the small-

sequence of thA. aeolicusdaGTase.

An analysis of the kinetic data revealed that the
enzyme possessed a low affinity for maltogg,(=
71 mM) and thek.a/Ky value was 166 times lower

est cycloamylose produced by the potat@nzyme
with a DP of 17[19]. In contrast, the amylomaltase
from T. aquaticugproduces cycloamylose with DP of
22]6]. Cyclodextrin glucanotransferase (CGTase) also
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catalyzes the same reactions, however a major differ- [8] T. Takaha, S.M. Smith, Biotechnol. Genet. Eng. Rev. 16

ence is observed in the smallest cyaliel,4-glucan
produced. The smallest cyclic products produced by
the action of CGTases ate, 3- andy-cyclodextrins
with DPs of 6-8[33]. In contrast, theA. aeoli-
cus 4aGTase, like amylomaltase andenzyme, did
not producea-, B- and y-cyclodextrins. The crystal
structure of the amylomaltase from aquaticushas
become available quite recently], and it indicates
that a conserved loop of eight amino acid residues
sterically hinders the formation of small cyclic prod-

ucts. These results should therefore contribute to our (15

understanding of the actions of these enzymes.

In conclusion, the recombinani&Tase ofA. aeoli-
cusis a highly thermostable enzyme and it efficiently
converts amylose into cycloamylose. The cycloamy-
lose produced is highly soluble in water and it can
function as an efficient artificial chaperone in protein
refolding [34] and has the potential to be used in the
food, pharmaceutical and chemical industries. There-
fore, the hyperthermostablex&Tase ofA. aeolicus
may be of industrial importance for the production of
cycloamylose on a large scale.
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