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Abstract

Isoamylase catalyzes the hydrolysis of�-1,6-glucosidic linkages of starch and related polysaccharides. In this study, thetreXgene (GenBank
accession no. AE006815 REGION: 9279. . . 11435) encoding the thermophilic isoamylase was PCR-cloned from the genomic DNA of
Sulfolobus solfataricusATCC 35092 to an expression vector with a T7lac promoter. Both wild-type and His-tagged isoamylases were
expressed inEscherichia coli. The wild-type isoamylase was purified sequentially using heat treatment, nucleic acid precipitation, ion-
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xchange chromatography, and gel filtration chromatography while the His-tagged isoamylase was purified from the cell-free extr
y metal chelating chromatography. Both enzymes were active only under their homo-trimer forms. In the absence of NaCl, bot
ecame inactive monomers. In addition, both enzymes were more stable when being stored at room temperature than at 4◦C. They had a
pparent optimal pH of 5 and an optimal temperature at 75◦C. The enzyme activities remained unchanged after a 2 h incubation at
5◦C for the wild-type and His-tagged enzymes, respectively. These thermophilic isoamylases showed a potential to be used in
egrade the branching points of starch at a high temperature.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Isoamylase (EC 3.2.1.68) catalyzes the hydrolysis
f �-1,6-glucosidic linkages of amylopectin and related
olysaccharides. The enzyme is able to hydrolyze both inner
nd outer branching points of amylopectin, and is commonly
sed in combination with other enzymes, such as�-amylase,
-amylase, and glucoamylase to produce amylose, maltose,
nd glucose from starch. Several bacteria are known to be
apable of producing isoamylases, such asBacillius amy-
oliquefaciens[1], Escherichia coli[2–4], Flavobacterium
doratum[5,6],Pectobacterium chrysanthemi[7], andPseu-
omonas amylodermosa[8–10]. In addition, thetreX gene
n the genomes ofSulfolobus acidocaldariusATCC 33909

∗ Corresponding author. Tel.: +886 2 2462 2192x5141;
ax: +886 2 2463 4203.
E-mail address:tyfang@mail.ntou.edu.tw (T.-Y. Fang).

[11] andArthrobactersp. Q36[12] was also suggested to
an isoamylase gene. ThetreX gene along with thetreZ and
treYgenes, which encode trehalosyl dextrin forming enz
(TDFE) and trehalose forming enzyme (TFE), respectiv
constitute an operonic structure and were involved in
trehalose biosynthesis[11,12]. TDFE mainly catalyzes a
intramolecular transglycosylation reaction to form trehal
dextrins from dextrins by converting the�-1,4-glucosidic
linkage at the reducing end to an�-1,1-glucosidic linkage
On the other hand, TFE mainly cleaves the�-1,4-glucosidic
linkage next to the�-1,1-glucosidic linkage of trehalos
dextrins to produce trehalose and the dextrins with lo
molecular weight. ThetreXgene also exists on the genom
of thermophilic archaeonS. solfataricusATCC 35092, als
known as P2, andS. tokodaiistrain 7, whose whole genom
have been sequenced recently[13,14]. Although isoamylase
from many psychrophiles and mesophiles have been pu
and characterized[6,7,15–18], the thermophilic isoamylas
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from thermophilic archaeon have been rarely studied. Only
very few properties of recombinant thermophilic isoamylases
from S. acidocaldariusand Rhodothomus marinuswere
documented[19]. Enzymes used in starch processing usually
have different temperature and pH requirements based
on their thermostabilities and physicochemical properties
[20–23]. In addition, more than two enzymes are usually
required to process starch to low-molecular products, such
as glucose, fructose, maltose, trehalose or cyclodextrins
[21,24,25]. Recently, many thermophilic archaeal amylolytic
enzymes have been characterized, and most of them have
shown a similar optimal pH of activity (pH 5–6.5) and a good
thermostability[20–23,26]. Using the thermophilic enzymes
from thermophilic archaeon on starch processing has several
advantages. First, the reaction can be carried out at high
temperatures to lower the viscosity of reaction mixture and
to decrease the risks of microbial contaminations in the
reaction mixtures[25,27]. Secondly, the same pH could be
used throughout the whole biotransformation, and the acidi-
fication or neutralization step in the current starch processes
could be avoided[20,28]. In this study, we PCR-cloned the
treX gene from the genomic DNA ofS. solfataricusATCC
35092 and expressed the cloned gene inEscherichia coli.
In addition to characterizing the general properties of the
thermophilic isoamylase in both wild-type and His-tagged
forms, we also found that the thermophilic isoamylase was
n m.
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the treX sequence ofS. solfataricusP2 (GenBank accession
no. AE006815 REGION: 9279. . . 11435). In order to clone
treXgene into pET-15b vector, theXhoI andBamH I restric-
tion sites were included in the forward and reverse primers,
respectively. The primer sequences are as follows: 5XtreX
(forward primer): 5′-CCC GGG TCG ACT CGA GAT GGC
ATT ATT CTT CAG AAC TAG AG-3′; 3BtreX (reverse
primer): 5′-TTA GCA GCC GGA TCC TCA TAA TTC TAT
CCT CCT ATA AAC TAA -3′, where theXhoI andBamH I
restriction sites were in boldface. The reaction was carried out
in 100�l of reaction mixture containing the genomic DNA
of S. solfataricusATCC 35092, two primers, dNTPs, Vent
DNA polymerase, and Vent DNA polymerase buffer, and
was performed using a GeneAmp PCR system 2400 (Perkin-
Elmer, Wellesley, MA) according to the following conditions
in sequence: 95◦C for 5 min, an amplification, and a final
extension at 72◦C for 10 min. The amplification profile was
35 cycles of 1 min at 95◦C, 1 min at 60◦C, and 2 min at
72◦C.

2.3. Construction of the expression vector for
thermophilic isoamylase

The 2.2 kbp PCR-amplified fragment was purified and
then digested withXhoI andBamH I. The digested fragment
was inserted into the pET-15b vector, resulting in a recombi-
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. Experimental

.1. Materials

The genomic DNA ofS. solfataricusATCC 35092
as obtained from the American Type Culture Collec

Manassas, VA).E. coli BL21-CodonPlus (DE3)-RIL wa
btained from Stratagene (La Jolla, CA). Plasmid pET-
nd His·Bind resin were from Novagen (Madison, WI). Ve
NA polymerase and mung bean nuclease were purch

rom New England BioLabs (Beverly, MA). T4 DN
igase and restriction enzymes were supplied by Prom
Madison, WI). Bovine serum albumin (BSA), benzamid
henylmethylsulfonyl fluoride (PMSF), amylose, and pu

an were from Sigma (St. Louis, MO). Oyster glycogen
rom USB (Cleveland, OH). Amylopectin was from Flu
Buchs, Switzerland). Ultrafree-15 and Microcon Centr
al Filter Units were obtained from Millipore (Bedford, MA

Sepharose Fast Flow, Sephacryl S-200 HR, dispo
D-10 desalting columns, and protein low-molecular-we
tandards were from Amersham Pharmacia Biotech (P
way, NJ). BioSep-SEC-S4000 column (300 mm× 7.8 mm)
as obtained from Phenomenex (Torrance, CA).

.2. Amplification of the treX gene

The treX gene was amplified by the polymerase ch
eaction (PCR). Two primers were designed on the bas
ant vector designated as pET-15b-treX. The amplifiedtreX
ene was fused in frame with the His-tag coding sequen
ET-15b; therefore, the expressed thermophilic isoam
ossessed a His-tag on its N-terminal region. The sequ
f the entiretreX gene and the fused His-tag coding reg
n pET-15b-treXwere confirmed by DNA sequencing. In
ffort to express a wild-type thermophilic isoamylase, wh
ontains no extra His-tag coding sequence derived from
bove cloning steps, the pET-15b-treXwas digested withNco
andXhoI to remove the His-tag coding sequence, made b
y mung bean nuclease and ligated, resulting in a reco
ant clone designated as pET-15b-�H-treX. DNA sequenc

ng was also performed to ascertain the removal of the Hi
oding sequence.

.4. Expression of the thermophilic isoamylase by E. co

The pET-15b-treXor pET-15b-�H-treXvector was trans
ormed intoE. coliBL21-CodonPlus (DE3)-RIL to expre
soamylase. One single colony from a newly transfor
ulture plate was inoculated into 10 ml of terrific br
TB) medium supplemented with 100�g/ml ampicillin plus
4�g/ml chloramphenicol, and grown at 37◦C until the
D600 reached 0.6. Cells were collected by centrifuga
nd resuspended in 4 ml of fresh TB medium. A volu
f 3 ml resuspended culture was then added into 600 m

resh TB medium containing 100�g/ml of ampicillin plus
4�g/ml chloramphenicol. The culture was then induce

he addition of 1 mM isopropyl-�-d-thiogalactoside (IPTG
hen the OD600 reached 0.6. After a further culture at 20◦C
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for 16 h, the cells was then harvested by centrifugation and
stored at−70◦C before further purification proceeded.

2.5. Preparation of cell-free extract

Frozen cells (8 g) expressing the wild-type and His-tagged
thermophilic isoamylases were suspended in 24 ml of ly-
sis buffers A and B, respectively. Lysis buffer A contained
20 mM Tris–HCl (pH 8.0), 0.2 M NaCl, 1 mM benzamidine,
0.05 mM PMSF, and 0.1% Triton X-100. Lysis buffer B con-
tained 20 mM Tris–HCl (pH 7.9), 5 mM imidazole, 0.5 M
NaCl, 1 mM benzamidine, 0.05 mM PMSF, and 0.1% Triton
X-100. The suspended cells were disrupted using a French
Press disruptor (Sim-Aminco, Rochester, NY) at 20,000 psi.
The cell-free extract was then prepared by removing the in-
soluble fractions from the supernatant of the above mixture
by centrifugation at 10,000×g for 2 h.

2.6. Purification of the wild-type enzyme

Heat treatment was first used to precipitate most of the un-
desired proteins by incubating the cell-free extract at 80◦C
water bath for 1 h followed by centrifugation to remove
the heat-labile proteins. A 10% (w/v) streptomycin sulfate
stock solution was then added to a final concentration of 1%
(w/v) to precipitate the nucleic acids. After centrifugation
a inst
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2.8. Enzyme activity assay

The assay of isoamylase activity was modified from the
procedures described by Harada et al.[16]. The reaction mix-
ture contained 350�l of 0.5% amylopectin solution, 100�l
of 0.25 M citrate phosphate buffer (pH 5), and 50�l of en-
zyme solution. The mixture was incubated at 75◦C for 30 min
followed by an addition of 0.5 ml of 0.01N I2–0.1N KI so-
lution. Afterwards, the whole mixture was diluted to 10 ml
with distilled water before the measurement of the absorbance
at 610 nm. One unit (U) of isoamylase activity was defined
as the amount of enzyme that caused an increase in the ab-
sorbance of 0.1/h.

In order to determine the substrate specificity, amy-
lopectin, amylose, glycogen, or pullulan was used as sub-
strate, and the reducing-end formation was determined by
the DNS method[29] with glucose as standards. The enzyme
reaction conditions were the same as described above.

2.9. Protein concentration measurement

Protein concentration was quantitated by Bradford’s
method[30] with BSA as standards.

2.10. Mass spectrometric analysis
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t 10,000×g for 1 h, the supernatant was dialyzed aga
0 mM Tris–HCl buffer (pH 8.5), and subsequently loa
nto a Q Sepharose column (1.6 cm× 10 cm), which wa
quilibrated with a buffer of the same composition as
bove dialysis buffer. The column was then washed
ughly with the same buffer until the absorbance of 260
ecame almost undetectable. Finally, a linear gradie
–0.5 M NaCl in the above buffer was used to elute
ound proteins. The eluted fractions containing enzym

ivity were collected and concentrated for further purifica
y gel filtration. The concentrated sample was loaded
Sephacryl S-200 HR column (1.6 cm× 60 cm) previously

quilibrated with a buffer containing 20 mM Tris–HCl (p
.0) and 0.2 M NaCl. The eluted fractions containing enz
ctivity were collected for the characterization of isoamyl

.7. Purification of the His-tagged enzyme

The cell-free extract was diluted with an equal volu
f binding buffer (5 mM imidazole, 0.5 M NaCl, 20 m
ris–HCl, pH 7.9) prior to being loaded onto a His·Bind col-
mn (1.6 cm× 5 cm), which was previously equilibrated w

he same binding buffer. The column was first washed wit
inding buffer to remove the unbound proteins, then wa
ith a wash buffer (60 mM imidazole, 0.5 M NaCl, 20 m
ris–HCl, pH 7.9), and finally eluted with an elute buffer (1

midazole, 0.5 M NaCl, 20 mM Tris–HCl, pH 7.9) accord
o the protocols provided in the Novagen His·Bind Kits. The
luted fractions containing enzyme activity were collec
nd dialyzed against a buffer containing 20 mM Tris–H
pH 8.0) and 0.2N NaCl.
The mass spectrometric analysis was performed on
roMass (Altrincham, UK) Quattro-BIO-Q mass spectro
er as previously described[31].

.11. HPLC analysis of the molecular weight of
hermophilic isoamylase

The molecular weights of both wild-type and His-tag
soamylases were estimated using a BioSep-SEC-S400
mn (300 mm× 7.8 mm), which is a silica-based gel filtr

ion column. The mobile phase contained 20 mM Tris–
pH 7.5) plus 0.2 M NaCl, and the flow rate was contro
t 0.5 ml/min. The analysis was carried out under a Hit
PLC L-7000 (Tokyo, Japan) equipped with an UV detec

. Results and discussion

.1. Comparisons of the amino acid sequences of
soamylases from different sources

The thermophilic isoamylase fromS. solfataricusATCC
5092 possesses 718 amino acids and a calculated mol
eight of 83091 Da, which was deduced from the nucleo
equence oftreXgene and analyzed by Compute pI/Mw t
http://tw.expasy.ch/tools/pitool.html) [32], respectively
soamylase fromS. solfataricusATCC 35092 shared at lea
4% identity with the other three isoamylases fromArchaea,
nd it also shared more than 32% identity with the o
ix isoamylases fromBacteria (Table 1). According to the

http://tw.expasy.ch/tools/pi_tool.html
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Table 1
A pairwise comparison between the amino acid sequences of the archaeal and bacterial isoamylases

Domain Organism Amino acid identity (%)c

S so S sh S t S a A sp. E c P c P a F o R m

Archaea S. solfataricusa 100 95 80 74 50 42 40 32 33 53
S. shibataea 100 80 74 50 43 40 32 34 53
S. tokodaiia 100 79 52 42 39 32 33 54
S. acidocaldaricusa 100 50 42 38 31 31 53

Bacteria Arthrobactersp.a 100 45 45 29 31 54
E. colia 100 61 31 32 46
P. chrysanthemia 100 30 31 42
P. amylodermosaa 100 62 31
F. odoratuma 100 32
R. marinusb 100

a The deduced amino acid sequences were obtained from the PIR-NREF protein database on the websitehttp://pir.georgetown.edu/pirwww/search/pirnref.
shtmlunder the following NREF ID: NF00192949 forS. solfataricus, NF01037729 forS. shibatae, NF00783228 forS. tokodaii, NF00190766 forS. acidocal-
daricus, NF00422023 forArthrobactersp., NF00694882 forE. coli, NF01056861 forP. chrysanthemi, NF00059064 forP. amylodermosa, and NF00577098
for F. odoratum.

b The deduced amino acid sequence of isoamylase fromR. marinuswas from Tsutsumi et al.[19].
c Identity values were calculated using the CLUSTAL W program on the websitehttp://services.bioasp.nl/blast/cgi-bin/clustal.cgi, and the identity matrix

was chosen to run each pairwise alignment.

information from CAZy, a WWW resource on glycosyl
hydrolases athttp://afmb.cnrs-mrs.fr/CAZY/, these isoamy-
lases have been previously classified in family 13 of glycosyl
hydrolases based on their amino acid sequence similarities ac-
cording to the classification developed by Henrissat[33–35].
Families 13, 70 and 77 in this classification constitute the�-
amylase family, which contains functionally and structurally
related enzymes[36]. Fig. 1shows the four highly conserved
amino acid sequences in the�-amylase family enzymes.
Seventeen out of thirty amino acid residues on the four
conserved regions are identical among archaeal and bacterial
isoamylases (Fig. 1). The four conserved regions also contain
three essential amino acids, Asp375, Glu435, and Asp510

F e ac-
t f four
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r . The
i sks (*).
T were
A of the
d shown
i osyl
h

(numberings according to the enzyme fromP. amyloder-
amosa) (Fig. 1), which have been shown to play a catalytic
role in the active site of�-amylase family[36–38].

3.2. Expressions, purifications, and storages of the
wild-type and His-tagged thermophilic isoamylases

The expression levels of both wild-type and His-tagged
isoamylases were higher in the absence of IPTG than in the
presence of IPTG induction. Although the amount of the
expressed His-tagged isoamylase in the cell-free extract was
about three times more than that of the wild-type isoamylase
(Fig. 2, lanes 1 and 5), the yield of the active wild-type
and His-tagged isoamylases expressed inE. coliwere 5000
and 4200 U/g of wet cells, respectively. The wild-type
isoamylase was purified from the cell-free extract ofE. coli
sequentially by heat treatment, nucleic acid precipitation,
ion-exchange chromatography, and gel filtration chromatog-
raphy while the His-tagged isoamylase was purified from the
cell-free extract directly by metal chelating chromatography
(Table 2). Both purified isoamylases showed a single band
on SDS-PAGE, indicating that a high purity of protein was
obtained (Fig. 2, lanes 4 and 6). The apparent molecular
weights of purified wild-type and His-tagged enzymes esti-
mated under denatured conditions by SDS-PAGE were both
around 77 kDa (Fig. 2, lanes 4 and 6). The purified wild-type
i 5 Da
u anal-
y ight
( ine.
T nder
n PLC
u The
w min
( two
p

ig. 1. A comparison of the conserved amino acid sequences in th
ive sites of�-amylase family enzymes. (a) A generalized sequence o
onserved regions[36]. X represents a hydrophobic residue, B represe
ydrophilic residue, O represents a Gly or Ala residue, and Z repres
esidue important for specificity. (b) Isoamylases form different strains
dentical residues among these isoamylases were marked with asteri
he three proposed catalytic residues were shown in bold face, which
sp, Glu, and Asp in regions 2, 3, and 4, respectively. The sources
educed amino acid sequences of isoamylases were identical to those

n Table 1. These isoamylases were all classified in family 13 of glyc
ydrolases.
soamylase, however, has a molecular mass of 82,95
nder an electrospray ionization mass spectrometric
sis. This result is close to the theoretical molecular we
82,960 Da) with the removal of the N-terminal methion
he molecular weights of the purified isoamylases u
on-denatured conditions were then analyzed by H
sing the BioSep-SEC-S4000 gel filtration column.
ild-type isoamylase showed only one peak at 17.66

Fig. 3a), while the His-tagged isoamylase appeared in
eaks at 17.69 and 19.33 min, respectively (Fig. 3b). In a

http://pir.georgetown.edu/pirwww/search/pirnref.shtml
http://services.bioasp.nl/blast/cgi-bin/clustal.cgi
http://afmb.cnrs-mrs.fr/cazy/
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Fig. 2. SDS-PAGE analysis of expressions and purifications of the wild-type
and His-tagged isoamylases expressed inE. coli BL21-CodonPlus (DE3)-
RIL carrying the pET-15b-�H-treX and pET-15b–treX, respectively. Lane
M: the molecular weight standards; lanes 1 and 5: the crude cell-free ex-
tracts of the wild-type and His-tagged isoamylases, respectively; lane 2:
the partially purified fraction of the wild-type isoamylase after a heat treat-
ment; lane 3: the partially purified fraction of the wild-type isoamylase after
ion-exchange chromatography; lane 4: the purified fraction of the wild-type
isoamylase after gel-filtration chromatography; lane 6: the purified fraction
of the His-tagged isoamylase after metal-affinity chromatography.

comparison to the calibration curve derived from the molec-
ular weight standards, the molecular weight of the wild-type
isoamylase under non-denatured conditions was around
230 kDa, and those of the His-tagged isoamylase were 230
and 76 kDa (Fig. 4). Since the theoretical molecular weight
of one subunit is around 83 kDa, the estimated 230 and
76 kDa were corresponding to 2.8 and 0.9 subunits. These
results suggested that the purified wild-type isoamylase was
a homo-trimer, while the purified His-tagged isoamylase
contained both a homo-trimer form and a monomer form.
We also found that the monomer contained no isoamylase
activity. In fact, the partially purified wild-type isoamylase
eluted from the ion exchange chromatography also con-
tained both trimer and monomer forms (data not shown). The
monomer form of wild-type isoamylase was also inactive.

Fig. 3. HPLC analysis of the purified wild-type and His-tagged isoamylases
using the BioSep-SEC-S4000 size-exclusion column. The HPLC profiles
of the purified wild-type (panel a) and His-tagged (panel b) enzymes were
obtained when the mobile phase contained 20 mM Tris–HCl buffer (pH 7.5)
plus 0.2 M NaCl, and the flow rate was 0.5 ml/min.

Because the Sephacryl S-200 HR gel filtration column
that we used can separate the trimer from the monomer,
the purified wild-type isoamylase contain only its trimer
form. The isoamylase activity was found in the trimer
form but not in the monomer form of both wild-type and
His-tagged enzymes, suggesting that the trimer formation
may produce new binding sites or reveal active sites as
previously described by Marianayagam et al.[39].

After the purification by metal chelating chromatography,
the His-tagged enzyme showed only one protein band un-
der SDS-PAGE analysis (Fig. 2, lane 6); however, the spe-
cific activity of this enzyme preparation was only 710 U/mg,
about one seventh of that of the purified wild-type enzyme

Table 2
Summary of purification steps of the wild-type and His-tagged isoamylases expressed inE. coliBL21-CodonPlus (DE3)-RIL

Enzyme Purification step Total protein (mg) Total activity (U) Activity recovery (%) Specific activity (U/mg) Purification fold

Wild-type
Crude extract 920 39900 100 44 1
Heat treatmenta 48 33600 84 700 16
Q Sepharose 4.4 11300 28 2550 57
Sephacryl S-200 0.69 3180 8.0 4600 106

His-tagged
100 39 1
84 710 18

then ce
Crude extract 860 33600
His·Bind 40 28200

a The crude extract of wild-type enzyme was heated at 80◦C for 1 h and
 ntrifuged to remove the precipitates.
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Fig. 4. Determination of the molecular weights of the wild-type and His-
tagged isoamylases by HPLC analysis. The protein standards (�) in-
cluded (a) thyroglobin (669 kDa), (b) apoferritin (443 kDa), (c)�-amylase
(200 kDa), (d) alcohol dehydrogenase (150 kDa), (e) albumin (67 kDa),
(f) ovalumin (43 kDa), and (g) chymotrypsinogen A (25 kDa). The trimer
of the wild-type enzyme (�), the trimer of the His-tagged enzyme (�),
and the monomer of the His-tagged enzyme (�) were plotted with the
protein standards. TheKD values were calculated using the equation
KD = (Ve −Vo)/(VT −Vo), whereVe is the elution volume andVT andVo

represent the total liquid volume and void volume of the column, respec-
tively. The mobile phase and the flow rate were the same as those used in
Fig. 3.

(Table 2). The evidence that about 50% of the purified His-
tagged enzyme was in the inactive monomer form (Fig. 3b)
cannot fully explain its low specific activity, suggesting that
the existence of N-terminal His-tag might affect the activ-
ity of the thermophilic isoamylase. The lower specific activ-
ity of the purified His-tagged isoamylase could also explain
why the His-tagged isoamylase expressed inE. colihad less
activity yield (4300 U/g) than that of the wild-type enzyme
(5000 U/g), despite that the protein expression level of the
His-tagged isoamylase was three times higher than that of
the wild-type enzyme as found in the cell-free extract (Fig. 2,
lanes 1 and 5).

We had attempted to remove the 0.2 M NaCl from the
purified wild-type and His-tagged isoamylases by the PD-
10 desalting columns, which were equilibrated with 20 mM
Tris–HCl buffer (pH 8.0). After desalting, both enzymes com-
pletely lost their activities. Under the HPLC analysis, these
desalted enzymes appeared as a single peak at 19.30 and
19.32 min, respectively, which was corresponding to the in-
active monomers (Fig. 5). In addition, we also found that both
wild-type and His-tagged thermophilic isoamylases were
more stable when being stored at room temperature than at
4◦C (Fig. 6). A 7-day storage at 4◦C caused about 80% of
activity loss for both enzymes. Therefore, we stored both pu-
rified enzymes in 20 mM Tris–HCl buffer (pH 8.0) plus 0.2 M
NaCl at room temperature.

3

ld-
t trate
s es

Fig. 5. The HPLC analysis of the desalted wild-type and His-tagged isoamy-
lases using the BioSep-SEC-S4000 size-exclusion column. The desalted
wild-type (panel a) and His-tagged (panel b) isoamylases were analyzed
under the same conditions as those used inFig. 3.

had essentially the same substrate specificity. Amylopectin
was preferentially hydrolyzed while glycogen was not hy-
drolyzed efficiently. Pullulan was not cleaved even at a high
enzyme concentration of 600 U/ml. Surprisingly, amylose
was also hydrolyzed, suggesting that the�-1,4 glycosidic
linkage could be cleaved by the thermophilic isoamylase. In

Fig. 6. Effect of temperature on the storage stabilities of the wild-type and
His-tagged isoamylases. The enzymes were stored in 20 mM Tris–HCl buffer
(pH 8.0) containing 0.2 M NaCl at 4◦C and room temperature, respectively.
(�) The wild-type enzyme at room temperature; (�) the His-tagged enzyme
at room temperature; (©) the wild-type enzyme at 4◦C; and (�) the His-
t ◦
e

.3. Substrate specificity

Four different�-glucans were incubated with the wi
ype or His-tagged isoamylase to determine the subs
pecificity (Table 3). The wild-type and His-tagged enzym
agged enzyme at 4C. Data represent the mean± S.D. from triplicate
xperiments.
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Table 3
Hydrolysis of various substrates by the wild-type and His-tagged
isoamylasesa

Enzyme Substrate Relative rate of
hydrolysis (%)

Wild-type
Amylopectin 100
Glycogen 0.96
Amylose 12.0
Pullulan NDb

His-tagged
Amylopectin 100
Glycogen 0.93
Amylose 12.2
Pullulan NDb

a A final concentration of 0.35% amylopectin, glycogen, amylose, or pul-
lulan was incubated with 12, 600, 120, and 600 U/ml enzyme, respectively,
at 75◦C and pH 5.

b Not detected.

addition, there was no glucose detected by glucose oxidase
method[40] in each reacted mixture. These results indicated
that the thermophilic enzyme in this study was an isoamylase.

3.4. Effects of metal ions on the activities of the
wild-type and His-tagged isoamylases

In order to determine the effects of metal ions on the activ-
ities of the wild-type and His-tagged isoamylases, both puri-
fied enzymes were dialyzed first against a buffer containing
20 mM Tris–HCl (pH 8.0), 0.2 M NaCl, and 5 mM EDTA, and
then were dialyzed against the above buffer without EDTA.
These enzymes were also kept at a high concentration of
5000 U/ml. Both enzymes were diluted 50-fold with 20 mM
Tris–HCl buffer (pH 8.0) just before the experiments were
carried out. Because only one-tenth volume of the enzyme
was added to the activity assay mixture, the final concentra-
tion of NaCl in the control sample was only 0.4 mM. The
addition of K+, Na+, Ca2+, Ni2+ or EDTA had neither activa-
tion nor inhibition effect on both wild-type and His-tagged
isoamylase activities (Fig. 7). The addition of Hg2+ had a
strong inhibition effect at 1 and 5 mM while the addition of
Cu2+ showed strong inhibition only at 5 mM on both wild-
type and His-tagged isoamylase activities. The addition of
5 mM Mg2+ slightly inhibited the wild-type enzyme activity,
b is-
t these
m lase
a

3
s

an
o e
r the

Fig. 7. Effects of metal ions on the activities of the wild-type and His-
tagged isoamylases. The enzyme activities of the wild-type (panel a) and
His-tagged (panel b) isoamylases were assayed at 75◦C, pH 5 in the presence
of additional 1 (solid bars) and 5 (hollow bars) mM EDTA, KCl, NaCl, CaCl2,
MgCl2, HgCl2, CuCl2, or NiCl2. The relative activity was expressed as the
percentage of the activity in the control experiment that contained 0.4 mM
NaCl inherited from the stock enzyme. Data represent the mean± S.D. from
triplicate experiments.

His-tagged enzyme remained stable in the pH range only
from 7 to 10 (Fig. 8b). This result indicated that the addition
of His-tag at the N-terminal of the thermophilic isoamylase
affects its pH stability in the low pH range. In the low pH
range, we found that the loss of isoamylase activity was due
to the formation of the inactive monomer. Therefore, the
addition of His-tag at the N-terminal of the thermophilic
isoamylase might alter its trimer stability.

Both enzymes had an optimal activity at temperature of
75◦C (Fig. 9a). The enzyme activities remained unchanged
after a 2-h incubation at 80 and 75◦C for the wild-type and
His-tagged enzyme, respectively (Fig. 9b). The good ther-
mostabilities of both enzymes indicated that the active recom-
binant isoamylases were well folded, and that the wild-type
isoamylase should have the same structure as that produced
directly fromS. solfataricusATCC 35092. The relative ac-
tivity of the His-tagged isoamylase was slightly lower than
that of the wild-type enzyme under the incubation at temper-
atures ranging from 80 to 95◦C, indicating that the addition
of His-tag at the N-terminal of the thermophilic isoamylase
slightly lowers its thermostability.
ut had neither activation nor inhibition effect on the H
agged enzyme activity. These results suggested that
etal ions were not required for the thermophilic isoamy
ctivity.

.5. Effects of pH and temperature on the activities and
tabilities of the wild-type and His-tagged isoamylases

Both wild-type and His-tagged enzymes showed
ptimal activity at pH 5 (Fig. 8a). The wild-type enzym
emained stable in the pH range from 5 to 10, while
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Fig. 8. Effect of pH on the activities and stabilities of the wild-type and His-
tagged isoamylases. The following buffers with a concentration of 50 mM
were used in different pH ranges: citrate–phosphate buffer (pH 3.5–7),
Tris–HCl buffer (pH 7.5–8.5), and NaHCO3–Na2CO3 buffer (pH 9.5–11).
Panel (a) shows the effect of pH on the activities of the wild-type (©) and
His-tagged (�) isoamylases. For determination of the optimal pH, each en-
zyme (20 U/ml) was assayed at different pHs under the standard conditions.
Panel (b) shows the effect of pH on the stabilities of the wild-type (©) and
His-tagged (�) isoamylases. For determination of pH stability, each enzyme
(200 U/ml) was incubated at various pHs at room temperature for 24 h, and
the remaining activities were assayed under the standard conditions. Data
represent the mean± S.D. from triplicate experiments.

Fig. 9. Effect of temperature on the activities and thermostabilities of the
wild-type and His-tagged isoamylases. Panel (a) shows the effect of temper-
ature on the activities of the wild-type (©) and His-tagged (�) isoamylases.
For determination of the optimal temperature, each enzyme (20 U/ml) was
assayed at different temperatures under the standard conditions. Panel (b)
shows the effect of temperature on the thermostabilities of the wild-type (©)
and His-tagged (�) isoamylases. For determination of the thermostability,
each enzyme (200 U/ml) was incubated at various temperatures at pH 5 for
2 h, and the remaining activities were assayed under the standard conditions.
Data represent the mean± S.D. from triplicate experiments.

A comparison of the enzymatic properties of the ther-
mophilic isoamylases from different sources was listed in
Table 4. In general, these thermophilic isoamylases from dif-
ferent sources possess a similar optimum pH. The optimum

Table 4
Comparison of the enzymatic properties of the thermophilic isoamylases from different sources

Properties Recombinant Natural

S. solfataricusa S. acidocaldariusb R. marinusb R. marinusb

Optimum temperaturec 75◦C (pH 5) 70◦C (pH 5.5) 85◦C (pH 5) NR
Optimum pHd 5 (75◦C) 5.5 (70◦C) 5 (50◦C) 5 (50◦C)
Thermostabilitye 80◦C, 2 h (99%) NRf NR NR
pH stability 5–10 NR NR NR
Metal ion inhibition Hg2+, Cu2+ NR NR NR
Ca2+ activation No NR NR NR
Molecular weight (SDS-PAGE) 77 kDa NR 80 kDa 80 kDa
Molecular weight (mass spectrometry) 83 kDa NR NR NR
Molecular weight (native) 249 kDa NR NR NR

a This study.
b Tsutsumi et al.[19].
c The pH values used to measure the optimum temperature are shown in parentheses.
d The temperatures used to measure the optimum pH are shown in parentheses.
e The residual activitiy is shown in the parenthesis.
f Not recorded in the published literatures.
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temperatures, however, vary with the sources and were 85, 75,
and 70◦C for the enzymes fromR. marinus, S. solfataricus,
andS. acidocaldarius, respectively.

4. Conclusions

The thermophilic isoamylase fromS. solfataricusATCC
35092 was cloned and expressed inE. coli. We character-
ized the enzymatic properties of this recombinant enzyme
in both wild-type and His-tagged forms. We found that the
thermophilic isoamylases were active only in their trimer
forms. The recombinant isoamylases that we cloned and ex-
pressed had a similar optimum pH to other natural or recom-
binant thermophilic isoamylases. The results from this study
also suggested that these recombinant isoamylases that we
cloned and expressed could be used in industry to degrade
the branching points of starch at a high temperature.
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