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Abstract

The gene encoding Amy 34, a maltohexaose-forming�-amylase fromBacillus haloduransLBK 34 isolated from Lake Bogoria, Kenya,
was cloned and sequenced. The mature peptide consists of 958 amino acids with a theoretical molecular weight of 107.2 kDa and pI 4.41,
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espectively. The gene was expressed inEscherichia coliand the recombinant enzyme purified to homogeneity by a combination of
helate affinity and size exclusion chromatography. The pure enzyme exhibited optimum activity at 60◦C and pH 10.5–11.5. The enzym
etained over 60% activity after incubation at 55◦C for 4 h and was most stable at pH 9.0. Complete inhibition of enzyme activity
bserved in presence of 5 mM Cu2+, Fe2+, Fe3+, Mn2+ and 5 mM EDTA. The enzyme displayed 80% of its original activity in presence o
w/v) SDS and was stable in presence of up to 5 mM DTT. Maltohexaose (G6) was the main initial product of starch hydrolysis w
roducts formed were G4 > G2 > G5 > G3 and G1. The main end product of the enzyme’s action on amylose, amylopectin and m

s maltotetraose. Amy 34 could not hydrolyse pullulan,� and�-cyclodextrin but could hydrolyse�-cyclodextrin to produce glucose, malto
nd maltotetraose. Maltotetraose was the smallest�-(1–4) linked maltooligosaccharide that could be hydrolysed by the enzyme.
2004 Elsevier Inc. All rights reserved.
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. Introduction

The demand for maltooligosaccharides with a degree
f polymerisation greater than three has increased due to

heir properties such as sweetness, ease of digestibility
nd absorbability, making them useful as fillers, viscosity
ontrolling, moisture retaining, flavour preserving and
rystallisation preventing agents, for potential uses in food,
everages, cosmetics, pharmaceutical and fine chemical

ndustries[1,2]. The production of these maltooligosaccha-
ides is also quite tedious and expensive. Hence, microbial
nzymes that predominantly form maltooligosaccharides of
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a specific length allow the production of larger amount
these oligosaccharides.

Maltohexaose producing amylases fromAerobacter aero
genes, Klebsiella pneumoniae[3,4] and variousBacillus
species are known[1,2,5–8]. A few maltohexaose produ
ing amylases active under alkaline conditions have also
reported, including amylases fromBacillussp. H-167[9,10],
Bacillus clausiiBT-21 [11] andBacillussp. GM 8901[12].
The latter two amylases initially produce maltohexaos
hydrolysis of starch, which is subsequently converted to
totetraose during extended hydrolysis.

In this work, we report on the cloning and expr
sion of the gene encoding Amy 34, an alkaline ac
maltohexaose-forming�-amylase fromBacillus haloduran
LBK 34, isolated from a soda lake in Kenya, and pu
cation and characterisation of the recombinant enz
B. haloduransis a commonly found species in alkali

141-0229/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
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environments[13]. The presence of an open reading frame
(ORF ID: BH0413) encoding a maltohexaose-forming
amylase in this species is known from the complete genome
sequence ofB. haloduransC-125 [14] (Extremobase:
http://www.jamstec.go.jp/genomebase/micrHomebha.html),
although the corresponding enzyme from this species has
not been studied before.

2. Materials and methods

2.1. Organism isolation and cultivation

Isolate LBK 34 was isolated from a water sample col-
lected from hot springs around Lake Bogoria, Kenya and was
found to have highest identity (over 99%) withB. halodurans
species by 16S rDNA sequence analysis[15]. The isolate was
cultivated in Horikoshi II medium[16] at pH 10.0 and 37◦C
for 18 h, with orbital shaking at 200 rpm.

2.2. PCR amplification, sequencing and cloning of
amy34 gene

Genomic DNA was extracted fromB. haloduransLBK 34
cells and purified according to Sambrook et al.[17].
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the insert to the ligation independent vector, pET 30 were
performed according to the manufacturer’s instructions.

2.3. Expression of recombinant Amy 34 in E. coli

Recombinant plasmid containing the mature peptide of
Amy 34 was purified and transformed initially intoE.
coli Novablue cloning host and subsequently intoE. coli
BL21(DE3) expression host (Novagen, Madison, WI, USA).
The recombinant host was grown in LB medium in shake
flasks at room temperature (25◦C) with orbital shaking at
180 rpm. When the optical density at 600 nm of the cultures
reached 0.6–0.8, expression was induced by the addition of
IPTG to a final concentration of 1 mM.

Overnight culture (40 ml) of the inducedE. coli
BL21(DE3) cells was harvested by centrifugation
(12,200×g, 10 min) at 4◦C in a Sorvall RC-5B cen-
trifuge. The cell pellet was resuspended in 2 ml of 20 mM
phosphate buffer pH 8.0, and sonicated at 60 W/cm2 (four
treatments of 60 s, amplitude of 0.5 cycles, with 60 s intervals
between the cycles) with a UP 400S sonicator (Dr. Hielscher,
GmbH, Stahnsdorf, Germany) to release the recombinant
protein. The cell debris was separated by centrifugation at
16,000×g for 10 min and the resulting supernatant used as
the source of soluble recombinant protein.
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Primers for the amplification of the gene encod
my 34 were designed taking as reference,Bh0413open

eading frame (accession no. AP001508), which enc
n alpha-amylase G-6 precursor from theB. halodurans
-125 database (http://www.jamstec.go.jp/genomeba
icrHomebha.html). Sequencing of the gene was perform
y primer walking using the ABI PRISM ready react
Rhodamine terminator cycle sequencing kit version
Applied Biosystems, Foster City, CA, USA) followed
nalysis of the reaction mix in a DNA sequencer.

The mature peptide of Amy 34 was cloned into p
0 (Novagen, Madison, WI, USA), a ligation independ
ector, to produce a recombinant plasmid containing
nsert fused with a hexa-histidine (His6) tag at its N-termina
nd. Single stranded complementary overhangs (under
ere introduced by PCR using the forward primer′-
ACGACGACAAGATGGTTGATGCCTCTCAAGGTGG
GAG-3′, and reverse primer 5′-GAGGAGAAGC-
CGGTTTACTTAGGAGTTCCACTTAAGAT-3′ (Ther-
oHybaid, Ulm, Germany) with a combination ofTaqand
fuDNA polymerase (Promega Corporation, Madison,
SA) to ensure high fidelity[18]. The PCR amplificatio
onditions used were: initial denaturation at 94◦C for 2 min
ollowed by 30 cycles each consisting of 94◦C for 1 min,
0◦C for 1 min, 70◦C for 3.5 min, with a final extensio
tep at 70◦C for 7 min. The resulting PCR products were
urified using the Qiagen purification kits (Qiagen, Gm
ilden, Germany) and resuspended in TlowE buffer (10
ris–HCl, pH 8.0, 0.1 mM EDTA). T4 DNA polymera
Novagen, Madison, WI, USA) treatment of the insert for
eneration of vector compatible overhangs and anneali
.4. Purification of recombinant Amy 34

Recombinant His6-tagged Amy 34 was purified b
mmobilized metal ion affinity chromatography (IMAC
n Cu2+-iminodiacetic acid-Sepharose CL-6B column. T
ffinity adsorbent was prepared by coupling iminodiac
cid (IDA) to epoxy-activated Sepharose CL-6B (Amers
iosciences, Uppsala, Sweden) as described by Herm
t al.[19], which was then mixed with five volumes of CuS4
olution (5 mg/ml) for 30 min. The resulting Cu2+ loaded
el was packed in a column (8.5 cm× 1.75 cm) washe
ith 10 bed volumes of water, followed by 10 bed volum
f 50 mM imidazole to remove loosely bound copper,
nally with 10 bed volumes of water prior to equilibrati
ith binding buffer consisting of 20 mM phosphate buf
H 8.0 containing 10 mM imidazole and 0.5 M NaCl. T
illilitres of clarified Amy 34 sample were applied on t

olumn at a flow rate of 0.5 ml/min. The column was t
ashed with five bed volumes of binding buffer to rem
nbound proteins, followed by elution of the bound pro
sing 200 mM imidazole in 20 mM phosphate buffer, pH
ontaining 0.5 M NaCl. The absorbance of the eluate
ontinuously monitored at 280 nm, and amylase activit
he eluted fractions determined.

Fractions with amylase activity were pooled and c
entrated 20-fold using Vivaspin columns (Vivascience
annover, Germany) with a molecular cut off of 100 kDa
nhance the recovery of full length mature peptide. The
entrated enzyme was then subjected to size exclusion
atography on Sephacryl S-200 (Amersham Bioscien

http://www.jamstec.go.jp/genomebase/micrhome_bha.html
http://www.jamstec.go.jp/genomebase/micrhome_bha.html
http://www.jamstec.go.jp/genomebase/micrhome_bha.html
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Uppsala, Sweden) column (13.5 cm× 0.96 cm), equilibrated
with 20 mM phosphate buffer, pH 8.0 containing 0.5 M NaCl
at a flow rate of 0.20 ml/min.

2.5. Amylase activity determination

Amylase activity was routinely estimated by determina-
tion of the reducing sugars liberated from starch hydrolysis.
Fifty microlitres of appropriately diluted enzyme solution
was added to 450�l of 0.3% (w/v) soluble starch solution in
50 mM glycine–NaOH buffer pH 10.0 (preincubated at the
appropriate temperature) and the mixture was incubated at
55◦C for 10 min. The amount of reducing sugars produced
was determined by the dinitrosalicylic method[20]. One unit
of enzyme activity was defined as the amount of enzyme
releasing 1�mol of reducing sugars per minute under the
standard assay conditions.

2.6. Protein determination

Protein concentration during purification was determined
using the bicinchoninic acid (BCA) method with bovine
serum albumin as the standard[21].

2.7. Polyacrylamide gel electrophoresis
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500 nm wavelength (tungsten lamp) with a Camag TLC scan-
ner 3 in absorbance/reflection mode with the slit dimensions
set at 4.0 mm× 0.45 mm. The relative amounts of linear sug-
ars obtained were calculated on each chromatographic plate
from the integrated peak areas. Calibration curves for G1–G7
linear sugars (0.01–0.05%, w/v; Sigma St. Louis, MO, USA)
in 30% (v/v) acetonitrile were attained under similar condi-
tions.

3. Results and discussion

3.1. Extracellular amylolytic activity of B. halodurans
LBK 34

Activity staining of amylases from cell-free culture su-
pernatant of the native host,B. haloduransLBK 34 on native
PAGE revealed five bands at pH 10.0 and 55◦C (Fig. 1). All
the bands were observed from the onset of amylase activ-
ity production during cultivation of the isolate. The largest
band was found to decrease in intensity while the smallest
increased in intensity with time, implying that the different
isoforms were formed as a result of proteolytic cleavage of
the largest protein (data not shown). Cultivation of the mi-
croorganism in presence of a protease inhibitor (PMSF) at
c and
a n).
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Purity of the enzyme at different stages of purification
nalysed by SDS–PAGE as described by Laemmli[22] using
0% acrylamide gel. Protein bands were visualised by s
taining of the gel after electrophoresis.

Native PAGE of crude culture supernatant ofB. halo-
urans, clarified homogenate of recombinantE. coli cells
nd purified recombinant Amy 34 was performed on 1
crylamide gel. Amylase activity staining of the gel was

ormed as described by Kim et al.[12].

.8. Analysis of hydrolysis products

End products formed by the action of Amy 34 on vari
ubstrates such as starch (0.3%, w/v) amylose, amylop
altodextrin, pullulan, maltose, maltotriose, maltotetra
altopentaose, maltohexaose, maltoheptaose (0.5%,
nd �, � and �-cyclodextrin (20 mM), respectively, we
nalysed by thin layer chromatography using the HP
amag equipment (Camag, Muttenz, Switzerland). De
mounts of the reaction mixtures in 30% (v/v) acetoni
ere applied as 8 mm bands on 20 cm× 10 cm precoate
ieselgel 60 F254 silica gel plates (Merck, Darmstadt, G
any) using the Camag ATS3 autosampler. The plates
eveloped with a solvent system of butanol:acetic acid:w
3:1:1; v/v/v), dried in the automated Camag ADC deve
ent chamber, immersed for 5 s in the Camag chromato

mmersion device containing 10% (v/v) sulphuric acid
thanol as the detection reagent and heated for 5–10 m
20◦C. Products were visualised as brown narrow band
clear background and were densitometrically evaluat
oncentrations of up to 5 mM did not alter the formation
ctivity of the different amylase variants (data not show
ultiple forms of amylolytic enzymes from variousBacillus

p. have previously been reported. The alkaliphilicBacillus
p. GM 8901 maltotetraose-forming amylase is cleave
roduce five isoforms[12] by a serine protease presen

he cell free culture supernatant, but the amylase activity
ound to be inhibited by 1 mM PMSF. The G6-amylase from
lkaliphilicBacillussp. H-167 was proteolytically process
t the C-terminus into three isoforms; expression of the6-

ig. 1. Detection of amylolytic activity ofB. haloduransLBK 34 and re-
ombinant Amy 34 on native (12%) PAGE. The gel was incubated at 5◦C
n 1% (w/v) starch solution, pH 10.0, for 2–3 h with shaking (80 rpm)
ubsequently stained with iodine solution (0.5%, w/v, KI and 0.05%, w/v2).
ane 1:B. haloduransLBK 34 cell-free culture supernatant; lane 2: cru
ecombinant Amy 34 (clarified homogenate); lane 3: purified recomb
my 34.
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amylase gene in recombinantE. coli led to the formation of
two more minor amylases[9,10,23]. Three isoforms were
also detected in the extracellular fluid ofB. clausiiBT-21,
whose G6-amylase shows more than 90% identity with the
Bacillussp. H-167 amylase[11].

3.2. Sequence analysis of amy34 gene

Amplification of theamy34gene fromB. haloduransLBK
34 using primers designed fromBh0413ORF (accession
no. AP001508) gave a 3 kb PCR product encoding a mature
peptide of 958 amino acid residues, with theoretical molec-
ular weight of 107.2 kDa and isoelectric point of 4.41. The
gene sequence has been deposited in the GenBank database
and has been assigned the accession number AY528737. A
signal peptide sequence of 33 aa residues was also deduced
from the sequence (www.cbs.dtu.dk/services/SignalP).
Sequence analysis ofamy34 gene revealed about 97%
identity with the�-amylase G6 precursor gene sequence in
theB. haloduransC-125 genome, 75% identity with theB.
clausii BT-21 maltooligosaccharide-forming amylase[11],
and 74% identity with the alkaliphilicBacillus sp. H-167
G6-amylase gene[24].

By amino acid sequence alignment of various amylolytic
enzymes using Clustal W (Version 1.74), the four conserved
r
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E. coliBL21(DE3) cells. Expression of the gene after induc-
tion with 1 mM IPTG led to the intracellular production of
45-fold higher amount of soluble and active amylase activ-
ity with a specific activity of 117 U/mg, as compared to the
extracellular production of the enzyme (specific activity of
0.07 U/mg) from the wild-typeB. haloduransLBK 34. With
full induction (1 mM IPTG final concentration), enzyme pro-
duction was quite stable and levels of recombinant enzyme
produced remained stable during prolonged (overnight) cul-
tivation at room temperature.

The crude recombinant enzyme obtained after sonication
of theE. coli cells showed the presence of multiple bands
on native PAGE (Fig. 1), indicating that the mature peptide
undergoes proteolytic cleavage as was observed with the
�-amylase from the native host. Although the expression
host,E. coliBL21(DE3) is naturally deficient of the ATP de-
pendent proteinase, Lon and the outer membrane proteinase,
OmpT[26], protease activity has been detected in this host,
as a result of induction-related stress response[27], whereby
the metabolic burden imposed on the cells to produce the
recombinant proteins leads to induction of host cell proteases
in order to release amino acids from existing proteins and
also resulting in proteolysis of the recombinant proteins
[28–30].

The recombinant Amy 34 bearing the His6 tag was
p
m nd
s ca-
t t
w GE
( ec-
u ide-
f ,
3

egions commonly found within the�-amylase family[25]
ere identified within the Amy 34 sequence including

hree proposed catalytic residues, Asp in region II, Gl
egion III and Asp in region IV (Table 1).

.3. Expression and purification of recombinant Amy 34

The gene encoding Amy 34 amylase was cloned into
0 vector containing theT7 lacpromoter and transformed in

Table 1
The four conserved regions found in the amino

Regions I, II, III and IV are the four well-known
enzymes[25]. Conserved amino acid residues in
catalytic residues are indicated with (!). The am
the alignment: Amy 34 [AY528737];B. halodura
pneumoniaemaltohexaose-forming amylase [Q
amylase [Q96TH4];B. circulansCGTase [P309
Bacillussp. alkaline amylopullulanase [P70983
equences of enzymes within the�-amylase family

ved sequence regions within the�-amylase family of
in catalysis are indicated with (*). The three proposed
id sequences of the following enzymes were used for
5 maltohexaose-forming amylase [Q9KFR4];K.

1];. cholerae�-amylase [Q9KL86];A. oryzaeTaka
tearothermophilusneopullulanase [Q9AIV2] and

urified to homogeneity from the clarifiedE. coli ho-
ogenate by a combination of IMAC, ultrafiltration a

ize exclusion chromatography with a 10-fold purifi
ion and 47% yield (Table 2). The molecular weigh
as calculated to be about 119 kDa by SDS–PA

Fig. 2), which was in the range (53–159 kDa) of mol
lar weights of other alkaline active maltooligosacchar

orming�-amylases from variousBacillusspecies[11,12,24
1–35].

http://www.cbs.dtu.dk/services/signalp
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Table 2
Purification of recombinant Amy 34 from clarifiedE. coli cell homogenate

Total units
(U)

Total
protein
(mg)

Specific
activity
(U/mg)

Purification
factor

Yield
(%)

Crude 3042 26.0 117 1.0 100.0
IMAC 2698 3.0 899 7.7 88.7
Gel filtration 1440 1.2 1200 10.3 47.3

3.4. Effect of temperature and pH on Amy 34 amylolytic
activity

The pure recombinant Amy 34 was found to display opti-
mum activity at 60◦C when assayed with 0.3% (w/v) soluble
starch at pH 10.0. A rapid decrease in activity was seen with
further increase in temperature, reaching 50% of the optimum
at 70◦C and 15% at 90◦C. At the lower end of the temper-
ature scale, 35% of the optimum activity was observed at
25◦C.

Determination of thermal stability of the enzyme, by in-
cubating the enzyme solution at a particular temperature fol-
lowed by measurement of residual activity at 55◦C, revealed
that after 4 h incubation, Amy 34 retained complete activ-
ity at temperatures up to 35◦C, and 60% activity at 55◦C
(Fig. 3). After 30 min incubation at the optimal temperature
of activity (60◦C), 50% activity was lost, suggesting that the
enzyme was more sensitive to denaturation in the absence of
substrate. The presence of substrate during activity measure-
ments confers some protection on the enzyme against thermal
inactivation, allowing it to be active at higher environmental
temperatures[33,36].

Amy 34 displayed optimal activity at pH 10.5–11.5 at
55◦C, but when stored for 30 min (55◦C) at pH 10.5 and pH

F tion
f bo-
r from
m ultra-
fi

Fig. 3. Effect of temperature on the stability of recombinantB. halodurans
Amy 34. The enzyme was incubated at 25◦C (�), 35◦C (�), 45◦C (�),
55◦C (©), 60◦C (�) and 65◦C (�) in 50 mM glycine–NaOH buffer pH 9.0
and samples were taken at different time intervals for determination of resid-
ual activity under standard assay conditions. Enzyme activity corresponding
to 100% was 1.30 U/ml.

11.0 prior to activity measurements, it lost over 30 and 60% of
its original activity, respectively (Fig. 4). Most of the alkaline
active amylases from alkaliphilicBacillusspecies also exhibit
similar properties, with the optimum pH and temperature for
their activities ranging between pH 8.0–12.0 and 50–60◦C,
respectively[11,12,23,31–33].

3.5. Effect of metal ions and additives on the activity of
Amy 34

Amy 34 activity was tested in the presence of various metal
ions. The activity was not significantly influenced at 1 mM

F
h ac-
e –9.0)
a en-
z
m nzyme
a

ig. 2. SDS–PAGE analysis of recombinant Amy 34 during purifica
rom E. coli. Lane 1: high range molecular weight marker (Bio-Rad La
atories, CA, USA); lane 2: clarified cell homogenate; lane 3: eluate
etal chelate affinity column; lane 4: retentate after concentration by

ltration; lane 5: eluate from gel filtration.
ig. 4. Effect of pH on activity (�) and stability (©) of recombinantB.
aloduransAmy 34. The buffers (20 mM) used were acetate–sodium
tate (pH 4.0–5.5), phosphate (pH 5.5–8.0), Tris–HCl buffer (pH 7.5
nd glycine–NaOH (pH 8.5–12.5). For determination of stability, the
yme was incubated with the mentioned buffers at 55◦C for 30 min prior to
easurement of residual activity under standard assay conditions. E
ctivity corresponding to 100% activity was 1.30 U/ml.
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concentration of most of the metal ions, but no activity was
detected at 5 mM Cu2+, Fe2+, Fe3+ and Mn2+ ions, and less
than 60% activity with Ca2+ ions (Table 3). Stimulation of
activity was observed in presence of 1 mM Co2+ and 5 mM
Ni2+ ions, respectively. Calcium ions play an important role
in the maintenance of enzymatic activity and structural in-
tegrity of amylases, including those from various alkaliphilic
Bacillusspecies[11,12,31–33]. Inhibition of amylase activ-
ity at higher Ca2+ ion concentration, as seen in this study, has
earlier been reported also forPyrococcus woesei�-amylase
[37]. Inhibition of catalytic activity of certain amylases at rel-
atively high concentrations of Ca2+ ions (2–10 mM) has been
ascribed to interference caused by the binding of the metal
ion at the secondary binding site within the substrate binding
cleft that involves the catalytic residues[38,39].

The Amy 34 enzyme was also sensitive to the presence
of EDTA, exhibiting 40% of its original activity and no ac-
tivity, respectively, at 1 and 5 mM concentration of the metal
chelator (Table 3). Effect of EDTA on�-amylases from alka-
liphilic Bacillusspecies varies considerably, with some being
unaffected in presence of EDTA at concentrations as high as
100 mM[34], while others are completely inhibited by 1 mM
EDTA [12]. Enzyme activity was not affected by dithiothre-
itol, suggesting the absence of any critical disulphide groups.
Furthermore, it displayed 80 and 40% activity in the presence
o
a

3
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3 aose
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Fig. 5. Analysis of the end products formed by the action of recombinantB.
haloduransAmy 34 (1.30 U/ml) on starch at 55◦C in 50 mM glycine buffer
pH 10.0 at various time intervals. Symbols denote: (�) glucose; (©) mal-
tose; (�) maltotriose; (♦) maltotetraose; (�) maltopentaose and (�) malto-
hexaose. The reducing sugars were quantified using the Camag TLC scanner.

which decreased with time to 40% after 2 h of reaction
time, while lower maltooligosaccharides were formed in the
order G4 > G2 > G5 > G3 > G1 (Fig. 5). Similar hydrolysis
patterns of the amylases fromBacillus sp. H-167 andB.
clausii BT-21 on starch, have also been reported[10,11].
The smallest oligosaccharide that the enzyme could accept
as a substrate was maltotetraose to yield G1, G2 and G3
(Fig. 6). The products of hydrolysis of maltopentaose were
predominantly G4 and G1 that of maltohexaose were G4,
G5, G2, G1 and traces of G3, while G6 was liberated as the
main product with maltoheptaose along with G4, G5, G2, G1
and G3.

Hydrolysis of amylose, amylopectin and maltodextrin
yielded predominantly maltotetraose (Fig. 6). Pullulan was
not hydrolysed by Amy 34 indicating its inability to attack
the �-1,6-linkage. Incubation of the enzyme with�, � and
�-cyclodextrin revealed that the enzyme could only hydrol-
yse�-cyclodextrin with G4, G2, G1 and traces of G3 as the
end products (Fig. 6) although the rate of hydrolysis of�-
CD by Amy 34 was much lower as compared to that of
starch. Such a catalytic behaviour has earlier been reported
for a raw starch degrading�-amylase fromBacillussp. IMD
340[40]. Few other amylases are reported to have the abil-
ity to hydrolyse cyclodextrins with varying rates of hydroly-
sis[41–43]. In contrast, other maltooligosaccharide-forming
a e
r rins
[

sts
t ses,
s e (EC
3 ans-
f e low
f 1 and 5% SDS, respectively (Table 3). Bacillussp. TS-23
mylase has earlier been shown to be resistant to SDS[33].

.6. Mode of action of Amy 34

Investigation of the products formed by the action of A
4 on hydrolysis of soluble starch showed maltohex
G6) to be the predominant initial product, the yields

able 3
ffect of metal ions and additives on Amy 34 activity

Relative activity (%)

1 mM 5 mM

a2+ 98.6 59.2
u2+ 98.3 –
o2+ 105.9 95.0
i2+ 98.0 113.4
e2+ 98.9 –
e3+ 93.9 –
+ 90.3 88.6
g2+ 84.5 76.7
n2+ 92.0 –
a+ 98.6 98.1
n2+ 95.3 85.2
TT 99.9 98.6
DTA 58.5 –

DS concentration (%) Relative activity (%

.1 93.7

.5 86.7
81.5
42.7
lkaline active amylases from variousBacillus species ar
eported to have no hydrolytic action on cyclodext
11,12,32–34].

The product profile of the Amy 34 activity sugge
he enzyme to belong to the category of exo-amyla
uch as maltotetraose (EC 3.2.1.60) and maltohexaos
.2.1.98)-forming enzymes, and cyclodextrin glycosyltr

erases, CGTases, (EC 2.4.1.19), although the latter hav
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Fig. 6. HPTLC analysis of the end products formed by the action of Amy 34 (1.0 U/ml) after 1 h incubation at 55◦C, in 50 mM glycine buffer pH 10 with
0.3% (w/v) starch (1), 0.5% (w/v) amylose (2), 0.5% (w/v) amylopectin (3), 0.5% (w/v) maltodextrin (4), 0.5% (w/v) pullulan (5) and after 4 h incubation
at 55◦C with maltose (6), maltotriose (7), maltotetraose (8), maltopentaose (9), maltohexaose (10), maltoheptaose (11), 20 mM�-cyclodextrin (12), 20 mM
�-cyclodextrin (13) and 20 mM�-cyclodextrin (14). S1 and S2 are linear oligosaccharide and cyclodextrin standards, respectively. Maltotriose band in lane 1
appears faint but was detectable with the Camag TLC scanner.

hydrolytic activity and also exhibit transglycosylation activ-
ity [44].

4. Concluding remarks

Maltooligosaccharide-forming amylases are thought to
be the evolutionary link between�-amylases and cyclodex-
trin glycosyltransferases (CGTases) and are proposed to be
the “intermediary enzymes”, exhibiting features from both
groups of enzymes[45].

B. haloduransAmy 34 amylase is yet another addition
to the unique group of enzymes, which produced malto-
hexaose as the main product with starch as the substrate and
maltotetraose as the main product with other substrates. A
blast search of the putative protein sequence deduced from
the translation of the gene sequence of the Amy 34 en-
zyme against the structural protein database (PDB), further
revealed highest structural identities with various CGTases
whose three-dimensional structures have been solved. This
makes it an interesting candidate for further investigations
regarding its activity features resembling the CGTases. Such
studies are currently in progress.

A

tz
f The
p ent
C RN
( k for

Biotechnology, Biosafety and Biotechnology policy devel-
opment) program.

References

[1] Bealin-Kelly F, Kelly CT, Fogarty WM. The �-amylase of
the caldoactive bacteriumBacillus caldovelox. Biochem Enzymol
1990;1:149–59.

[2] Ben Ali M, Mhiri S, Mezghani M, Bejar S. Purification and se-
quence analysis of the atypical maltohexaose forming�-amylase
of the B. stearothermophilusUS100. Enzyme Microbial Technol
2001;28:537–42.

[3] Kainuma K, Kobayashi S, Ito T, Suzuki S. Isolation and action pat-
tern of maltohexaose producing amylase fromAerobacter aerogenes.
FEBS Lett 1972;6:281–5.

[4] Monma N, Nakakuki T, Kainuma K. Formation and hydrolysis of
maltohexaose by an extracellular exo-maltohexaohydrolase. Agric
Biol Chem 1983;46:1121–9.

[5] Ben Ali M, Mezghani M, Bejar S. A thermostable�-amylase produc-
ing maltohexaose from a newly isolatedBacillussp. US100: study of
activity and molecular cloning of the corresponding gene. Enzyme
Microbial Technol 1999;24:584–9.

[6] Fogarty WM, Bealin-Kelly F, Kelly CT, Doyle EM. A novel malto-
hexaose forming�-amylase fromBacillus caldovelox: patterns and
mechanisms of action. Appl Microbiol Biotechnol 1991;36:484–9.

[7] Takasaki Y. Production of maltohexaose by�-amylase fromBacillus
circulansG-6. Agric Biol Chem 1982;46:1539–47.

[8] Taniguchi H, Jae CM, Yoshigi N, Maruyama Y. Purification ofBacil-
iol

of

[ ka-
nol
cknowledgements

We thank Dr. Rita Martins and Dr. Dietlind Adlercreu
or their valuable assistance with the HPTLC analyses.
roject is a part of the Swedish International Developm
ooperation Agency (Sida/SAREC) sponsored BIO-EA

East African Regional Program and Research Networ
lus circulans F-2 amylase and its general properties. Agric B
Chem 1983;47:511–9.

[9] Hayashi T, Akiba T, Horikoshi K. Production and purification
new maltohexaose forming amylase from alkalophilicBacillus sp.
H-167. Agric Biol Chem 1988;52:443–8.

10] Hayashi T, Akiba T, Horikoshi K. Properties of new al
line maltohexaose forming amylase. Appl Microbiol Biotech
1988;28:281–5.



146 S.O. Hashim et al. / Enzyme and Microbial Technology 36 (2005) 139–146

[11] Duedahl-Olesen L, Kragh K, Zimmerman W. Purification and charac-
terisation of a malto-oligosaccharide forming amylase active at high
pH from Bacillus clausiiBT-21. Carbohyd Res 2000;329:99–107.

[12] Kim TU, Gu BG, Jeong JY, Byun SM, Shin YC. Purification and
characterisation of a maltotetraose-forming alkaline�-amylase from
an alkaliphilic Bacillus strain GM8901. Appl Environ Microbiol
1995;61:3105–12.

[13] Duckworth AW, Grant WD, Jones BE, Steenbergen R. Phyloge-
netic diversity of soda lake alkaliphiles. FEMS Microbiol Ecol
1996;19:181–91.

[14] Takami H, Nakasone K, Takaki Y, Maeno G, Sasaki R, Masui N, et
al. Complete genome sequence of the alkaliphilic bacteriumBacillus
haloduransand genomic sequence comparison withBacillus subtilis.
Nucleic Acids Res 2000;28:4317–31.

[15] Hashim SO, Delgado O, Hatti-Kaul R, Mulaa FJ, Mattiasson B.
Starch hydrolysingBacillus haloduransisolates from a Kenyan soda
lake. Biotechnol Lett 2004;26:823–8.

[16] Horikoshi K. Production of alkaline amylases by alkalophilic mi-
croorganisms. II. Alkaline amylase produced byBacillusno. A-40-2.
Agric Biol Chem 1971;35:1783–91.

[17] Sambrook J, Fritsch E, Maniatis T. Molecular cloning: a laboratory
manual. 2nd ed. Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory; 1989.

[18] Cheng S, Fockler C, Barnes W, Higuchi R. Effective amplification
of long targets from cloned inserts and human genomic DNA. Proc
Natl Acad Sci USA 1994;91:5695–9.

[19] Hermanson G, Mallia A, Smith P. Activation methods. In: Immo-
bilised affinity ligand techniques. San Diego: Academic Press Inc.;
1992.

[20] Miller GL. Use of dinitrosalisylic acid reagent for determination of

[ H,
ninic

[ ly of

[ of

[ the
-

[ se-
l

[

[ nder
dro-

limited
-

[ 54-,

[29] Harcum SW, Bentley WE. Detection, quantification and characteriza-
tion of proteases inEscherichia coli. Biotechnol Tech 1993;7:441–7.

[30] Ramirez DM, Bentley WE. Fed-batch feeding and induction policies
that improve foreign protein synthesis and stability by avoiding stress
response. Biotechnol Bioeng 1995;47:596–608.

[31] Mc Tigue MA, Kelly C, Doyle EM, Fogarty WM. The alkaline
amylase of the alkalophilicBacillussp. IMD 370. Enzyme Microbial
Technol 1995;17:570–3.

[32] Igarashi K, Hatada Y, Hagihara H, Katsuhisa S, Takaiwa M, Uemura
T, et al. Enzymatic properties of a novel liquefying�-amylasefrom
an alkaliphilcBacillus isolate and entire nucleotide and amino acid
sequence. Appl Environ Microbiol 1998;64:3282–9.

[33] Lo HF, Lin LL, Chen HK, Hsu WH, Chang CT. Enzymatic prop-
erties of a SDS-resistantBacillus sp. TS-23�-amylase produced by
recombinantEscherichia coli. Process Biochem 2001;36:743–50.

[34] Hagihara H, Kazuaki I, Yasuhiro H, Endo K, Ikawa-Kitayama K,
Ozaki K, et al. Novel�-amylase that is highly resistant to chelating
reagents and chemical oxidants from the alkaliphilicBacillus isolate
KSM-K38. Appl Environ Microbiol 2001;67:1744–50.

[35] Burhan A, Nisa U, G̈okhan C,Ömer C, Ashabil A, Osman G. Enzy-
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