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Abstract Sulfolobus acidocaldarius DSM639 produced
an acid-resistant membrane-bound amylopullulanase (Apu)
during growth on starch as a sole carbon and energy source.
The physiological role of Apu in starch metabolism was
investigated by the growth and starch degradation pattern
of apu disruption mutant as well as biochemical properties
of recombinant Apu. The Aapu mutant lost the ability to
grow in minimal medium in the presence of starch, and the
amylolytic activity observed in the membrane fraction of
the wild-type strain was not detected in the Aapu mutant
when the cells were grown in YT medium. The purified
membrane-bound Apu initially hydrolyzed starch, amylo-
pectin, and pullulan into various sizes of maltooligosaccha-
rides, and then produced glucose, maltose, and maltotriose
in the end, indicating Apu is a typical endo-acting glyco-
side hydrolase family 57 (GH57) amylopullulanase. The
maltose and maltotriose observed in the culture medium
during the exponential and stationary phase growth indi-
cates that Apu is the essential enzyme to initially hydrolyze
the starch into small maltooligosaccharides to be trans-
ported into the cell.
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Introduction

Sulfolobales are considered as a model archaea because
of their global abundance and relatively easy cultivation
on a variety of carbon sources as well as their possession
of various genetic elements such as plasmids, insertion
sequences, and viruses (Grogan 1989; Zillig et al. 1998).
Carbon source utilization profiles previously reported for
Sulfolobus show that these species prefer starch or long-
chain maltooligosaccharides to maltose and have both
a-amylase and a-glucosidase activities (Bragger et al.
1989; Haseltine et al. 1996; Rolfsmeier and Blum 1995;
Rolfsmeier et al. 1998). S. acidocaldarius grows faster than
any other Sulfolobus species on yeast extracts, but this spe-
cies have been reported to show relatively narrow ranges
of temperature tolerance and carbon source utilization
(Grogan 1989). We recently reported the characterization
of a soluble a-glucosidase (MalA) from S. acidocaldarius
DSM639 (Choi et al. 2013). The transcriptional analysis
of malA gene in various sugars revealed that MalA was
induced on starch medium, suggesting that this enzyme
is involved in the starch utilization. The annotation of the
genome sequence of S. acidocaldarius indicates that the
gene encoding MalA is positioned with the gene encoding
amylolytic enzyme, Saci_1162, within the putative malt-
ose/maltodextrin ABC transporter operon (Saci_I160 to
Saci_1166). Therefore, we assume that Saci_1162 degrades
starch or a-linked polymers into small maltooligosaccha-
rides. These hydrolysis products are then transported into
the cell by maltose/maltodextrin transporter, where they
are acted upon by an intracellular a-glucosidase, producing
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glucose which feeds into a modified version of the Entner—
Doudoroff pathway (De Rosa et al. 1984).

Previously, major secreted a-amylase from S. solfatari-
cus was purified and the repression of its synthesis by glu-
cose has been observed (Haseltine et al. 1996). Later, the
disruption study of amyA gene (Ssol172) in S. solfataricus
proved that AmyA was a major secreted a-amylase which
was essential for growth on starch, glycogen, and pullulan
(Worthington et al. 2003). However, the substrate specific-
ity of this enzyme using various substrates and the growth
kinetics on various carbon sources by the mutant strain
have not been studied in detail to understand how this
enzyme is involved in starch metabolism.

The study reported here was carried out to identify the
amylolytic enzyme of S. acidocaldarius and elucidate its
role in starch utilization. The apu gene (Saci_1162) which
is a homolog of Ssol172 in S. solfataricus was cloned and
homologously expressed in S. acidocaldarius. Apu was
localized in the membrane fraction and isolated using non-
ionic surfactant. The substrate specificity of the recombi-
nant enzyme and the gene inactivation study indicate that
Apu is essential for starch utilization in this strain.

Materials and methods
Strains and cultivation

Sulfolobus acidocaldarius strain DSM639 and the Aapu
mutant strain were grown aerobically at 77 °C in YT
medium, comprised Brock’s mineral salts, 0.1 % tryptone,
and 0.005 % yeast extract, and the medium was adjusted
to pH 3.0 with 12 N H,SO, at 25 °C. NYT medium con-
tained only mineral salts without tryptone and yeast extract.
The uracil auxotroph S. acidocaldarius MR31 was grown
in the same medium containing uracil (50 pg/ml) and used
as a host for transformation of Sulfolobus-Escherichia coli
shuttle vector and the disruption vector for the target gene
(Reilly and Grogan 2001). The solid medium was prepared
using 0.8 % Gelrite (Sigma) and 10 mM CaCl,. In this case,
tryptone was replaced by NZAmine (Sigma) and 0.2 %
xylose was added to the medium as a carbon and energy
source. E. coli strain DH5a was used for the propagation
of plasmids, and was incubated in Luria—Bertani medium
at 37 °C. When necessary, 100 pg/ml ampicillin was added
to the medium.

Construction of the apu overexpression vector
The plasmid pKHapuA modified from the pKHmalA (Choi
et al. 2013) was constructed for homologous expression

of the apu gene in S. acidocaldarius. For the construction
of pKHapuA, malA gene controlled by the promoter of
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gdhA in pKHmalA was replaced by apu gene. Using the
genomic DNA of S. acidocaldarius as a template, the apu
gene encoded by saci_I162 was amplified with the prim-
ers KH45 and KH46. PCR was carried out using 2.5 U of
PrimeSTAR HS DNA polymerase (Takara, Japan) using the
following conditions: 30 cycles of 98 °C for 10 s, 55 °C for
5's, and 72 °C for 2 min. The obtained 2663 bp PCR prod-
uct was purified and digested with Ncol. The digested DNA
fragment was cloned into pKHmalA which was digested
with same enzyme, resulted in pKHapuA. The oligonucleo-
tide primers used for construction of pKHapuA were listed
in Table S1 in the supplemental material.

Strain construction

To construct a deletion mutant strain of apu, a fragment of
792 bp containing a portion of the upstream region of apu
gene was amplified with the primers KH89 and KH90, and
a fragment of 761 bp containing a part of the downstream
region of apu was amplified with primers KH91 and KH92
using genomic DNA from S. acidocaldarius DSM639 as a
template. Two PCR fragments were fused by overlap exten-
sion PCR using the primers KH89 and KH92, as described
(Choi et al. 2013). As a result, a BamHI restriction site was
inserted in the internal region of the fusion fragment and a
2116-bp region of the apu gene was deleted in the fusion
fragment. The 1559-bp fusion PCR product was cloned
into pGEM-T (Promega) to generate pKHd1162. To dis-
rupt the apu gene by replacement of pyrE gene in S. aci-
docaldarius genome, a DNA region from 280 nt upstream
to 71 nt downstream of the pyrE gene from S. solfataricus
P2 was amplified using the primers KH71 and KH72. The
770-bp PCR product was digested with BamHI and cloned
into pKHd1162, which was digested with same enzyme, to
generate apu gene targeting vector pPKHAapu. The plasmid
was methylated to prevent restriction by the Sual restriction
enzyme. For that purpose E. coli ER1821 (New England
Biolabs) bearing the additional plasmid pM.EsaBC4I was
transformed with plasmid DNAs. The resulting methylated
plasmid was transformed into parental strain of S. acidocal-
darius MR31. The deletion mutant was isolated and veri-
fied by PCR and DNA sequencing as described (Choi et al.
2013).

Expression and purification of recombinant Apu
from S. acidocaldarius

Sulfolobus acidocaldarius MR31 cells harboring pKHapuA
were grown in YT medium containing 0.2 % sucrose at
77 °C for 48 h. The cells were harvested by centrifugation
at 8000x g for 30 min and resuspended in 20 mM sodium
phosphate buffer (pH 7.4). The cells were lysed by French
pressure on ice, and centrifuged at 3000x g for 10 min to
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remove cell debris. For isolation of membrane proteins,
the supernatant was centrifuged at 15,000xg for 50 min.
The pellet was resuspended in 20 mM sodium phosphate
containing 40 mM imidazole and solubilized with 2 %
n-dodecyl B-p-maltoside (DDM) at a protein concentration
of 2-3 mg/ml at room temperature. After 2 h at room tem-
perature, nonsolubilized proteins were removed by centrif-
ugation at 15,000xg for 50 min, and the supernatant was
diluted using 20 mM sodium phosphate containing 40 mM
imidazole and 0.1 % DDM. The supernatant was applied
onto a Ni-NTA affinity column (GE healthcare, Freiburg,
Germany) equilibrated with 20 mM sodium phosphate con-
taining 40 mM imidazole and 0.1 % DDM. The column was
washed with wash buffer [20 mM sodium phosphate buffer
(pH 7.4), 0.1 % DDM, 40 mM imidazole], and then the
bound proteins were eluted using the elution buffer [20 mM
sodium phosphate buffer (pH 7.4), 0.1 % DDM, 1 M imida-
zole]. All fractions were collected and dialyzed against the
20 mM sodium phosphate buffer (pH 7.4) containing 0.01 %
DDM without imidazole, and then concentrated using Cen-
tricon-10 microfilter (Millipore, Darmstadt, Germany).
The protein concentration was determined according to the
Bradford method with bovine serum albumin as a standard
(Bradford 1976). The molecular mass and purity of the puri-
fied Apu were estimated by 12 % SDS-PAGE. To determine
the native molecular mass of the purified protein, analyti-
cal size exclusion chromatography was performed using a
HilL.oad 16/600 Superdex 200 pg column (GE Healthcare).
An isocratic gradient of 20 mM sodium phosphate (pH 7.4)
with 0.5 M NaCl was used to detect the protein.

Enzyme activity assay

The o-amylase and pullulanase activities of Apu were
assayed by measuring the amount of reducing sugar
released during hydrolysis of starch and pullulan, respec-
tively. The amount of reducing sugar produced was meas-
ured by the 3, 5-dinitrosalicylic acid (DNS) method (Miller
1959). All reactions were performed in triplicate. The
reaction mixtures (500 nl) containing 0.1 % substrate in
20 mM sodium citrate buffer (pH 3.0), overlaid with min-
eral oil to minimize evaporation, were incubated with 15
g of enzyme at 95 °C for 90 min. Five hundred pl of
DNS reagent were added to the mixture and incubated at
100 °C for 5 min. The reaction was stopped by quench on
ice, and aliquots of 200 pl were measured at 575 nm. One
unit of the enzyme activity was defined as the amount of
the enzyme that hydrolyzes the substrate to release 1 pmol
of reducing sugar per minute with an appropriate standard
(glucose for amylase activity and maltotriose for pullula-
nase activity) under the assay conditions.

The dependence of enzyme activity on pH and tempera-
ture was determined over a pH range of 3.0 to 8.0 and a

temperature range of 60 to 120 °C. The buffers used were
sodium citrate (pH 2.0—4.0), sodium acetate (pH 4.0-5.5),
and MES buffer (pH 5.5-6.5). Thermostability was deter-
mined by incubating the enzyme solution (0.03 mg/ml in
20 mM sodium citrate buffer, pH 3.0) at different tempera-
tures. After various time intervals, samples (100 pl) were
withdrawn and the residual activity was measured using
0.1 % starch as described above. For the effect of metal
ions, the enzyme was EDTA treated. It was dialyzed exten-
sively first against the 20 mM sodium phosphate buffer (pH
7.4) containing 2 mM EDTA and then twice against the
same buffer without EDTA. The enzyme activity was exam-
ined after preincubation of the enzyme with metal ions and
chemical reagents at a 1 mM concentration, except for SDS
(1 %) at 95 °C for 1 h. The residual activity was determined
with 0.1 % starch as a substrate, as described above.

To analyze the membrane-bound Apu activity in S. aci-
docaldarius DSM639 and the Aapu mutant, the strains
were incubated in YT medium containing 0.4 % starch
(first grade, Shinyo, Osaka, Japan) at an ODy, of 0.5. The
cells were harvested and resuspended in 20 mM sodium
phosphate buffer (pH 7.4). The membrane proteins from
the cells were prepared as described above. The mem-
brane proteins (30 wg) were incubated with 0.1 % starch
in 20 mM sodium citrate buffer (pH 5.0). After various
time intervals, 10 pl of the sample was withdrawn and the
hydrolysis patterns were confirmed by thin-layer chroma-
tography (TLC) analysis. TLC was done on K5F silica gel
plates (Whatman, Madistone, UK) with 1-butanol/ethanol/
H,0 (5:5:3, v/v/v) as the solvent system. After irrigating
twice, the TLC plate was dried and dipped into a solution
containing 0.3 % N-(1-naphthyl)-ethylenediamine and 5 %
H,SO, in methanol and then heating for 10 min at 110 °C
to visualize the reaction spots.

Substrate specificity of Apu

To examine the hydrolytic patterns of Apu, the purified
Apu (90 mU/ml) was incubated with 0.5 ml of 1 % solu-
ble starch, amylose, amylopectin, glycogen, pullulan, and
B-cyclodextrin in 20 mM sodium citrate buffer (pH 3.0).
For maltooligosaccharides (G2 to G7) as a substrate, | mM
of concentration was used. Each reaction was incubated at
95 °C for 90 min, and then placed immediately in an ice-
water bath to stop the reaction. The resulting hydrolyzed
products were identified by TLC and quantified by densi-
tometry using ImageJ computer software (ver. 1.46, National
Institute of Mental Health, Bethesda, MD) for comparison.

Zymogram

Starch zymography gel was prepared using polyacrylamide
gel (12 %) containing 0.1 % starch. The samples (15 pg)
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were diluted five-fold in a zymogram sample buffer [0.5 M
Tris—HCI (pH 6.8), 10 % SDS, 20 % glycerol, and 0.5 %
bromophenol blue]. After electrophoresis at 120 V for
90 min, the gel was washed with distilled water for 30 min
to eliminate SDS. And then, the gel was incubated in
20 mM sodium citrate buffer (pH 3.0) at 77 °C for 12 h.
The gel was stained with 10 % Lugol’s solution, which
consisted of 1.5 % iodine and 10 % potassium iodide, and
the bands with amylolytic activity were visualized as non-
stained regions on the gel.

Results
Sequence analysis of the putative Apu

The putative apu (saci_1162) gene has been identified
within the maltose/maltodextrin ABC transporter operon
of S. acidocaldarius. The open reading frame of this gene
is composed of 2655 nucleotides corresponding to 884
amino acids. A signal peptide was found using the SignalP
4.0 prediction program for Gram-positive bacteria mode
(Bagos et al. 2009) and the potential cleavage site was

Fig. 2 Sequence alignment of Apu (Saci_1162) with S. fokodaii p
a-amylase (ST1102) and S. solfataricus a-amylase (Ssol172). Mul-
tiple alignments were carried out with the Clustal W2 algorithm.
Region 7 to V represent conserved motifs in the GH57 enzymes. The
conserved sequences are signified by asterisks. The colon and period
indicate conservation between groups of strongly and weakly similar
properties, respectively

predicted between 21th alanine and 22th glutamine. The
conserved domain search from NCBI revealed that Apu
contained the N-terminal catalytic domain of thermoactive
amylopullulanases which belonged to glycoside hydrolase
family 57 (GH57N-Apu) positioned 331 to 647 and a starch
binding domain (CBM25) positioned 38 to 121 (Fig. 1).
Apu also included the regions which are suspected to be
localized to the membrane at the N-terminal and C-ter-
minal ends as well as the GH57 N-Apu and CBM25. The
protein sequence translated from the apu gene was aligned
with sequences available in databanks using the BLAST
algorithm. The highest identity score (59 %) was observed
with S. tokodaii a-amylase (ST1102) and S. solfataricus P2
a-amylase (Ssol1172) (Fig. 2). Apu sequence also shows
some similarities with the sequences in the euryarchaeal
Pyrococcus furiosus amylopullulanase and Thermococcus

S. acidocaldarius 038 rr = o 884
Apu “
S. solfataricus i 902
Sso01172 9 347 666
T. acidophilum 0 1641
Amylopullulanase 449 736 1074 1291
P. furiosus 0 e 1114
Amylopullulanase 258 526 793 1022
P. abyshii 0 1362
Amylopullulanase 260 528 794 1020 1033 1264
T. litoralis 0 1089
Amylopullulanase 256 524 788 1019
Thermococcus sp. 0 1351
Pullulanase 259 526 792 10161034 1257
T. hydrothermalis 0 ] 1337
Pullulanase Il 259 526 792 10161034 1262
P. aerophilum 0 . ©°°
Pullulanase 212 475 690 906
=== CBM25 GH57N-Apu s Domon_glucodextranase-like domain

Fig. 1 Comparison of the domain structure of Apu with other homologs
of hyperthermophilic archaeca. CBM25, carbohydrate binding mod-
ule 25; GHS57N-Apu, N-terminal catalytic domain of thermoactive
amylopullulanases; Domon_glucodextranase-like domain, DOMON_
glucodextranase-like domain of various glycoside hydrolases. S. aci-
docaldarius, Sulfolobus acidocaldarius; S. solfataricus, Sulfolobus
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solfataricus (BAA11010.1); T. acidophilum, Thermoplasma acidophi-
lum (CAC11276.1); P. furiosus, Pyrococcus furiosus (ABA33719.1);
P. abyssi, Pyrococcus abyssi (CCE69556.1); T. litoralis, Thermococ-
cus litoralis (BAC10983.1); Thermococcus sp. CL1 (AFL95093.1); T.
hydrothermalis, Thermococcus hydrothermalis (AAD28552.1); P. aero-
philum, Pyrobaculum aerophilum str. IM2 (AAL64927.1)
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Fig. 3 Growth (a) and the hydrolyzed products of starch by mem-
brane fraction (b) of S. acidocaldarius DSM639 (solid circle) and
Aapu mutant (open circle) in YT medium supplemented with starch.
The cultivation of each strain was carried out at 77 °C and 0.4 %
soluble starch was used as a carbon source. The membrane proteins

litoralis amylopullulanase within the maltodextrin ABC
transporter (Imamura et al. 2004; Koning et al. 2002). The
size of euryarchaeal enzymes was bigger than those of Sul-
folobus enzymes and they contained an extra DOMON_
glucodextranase-like domain which is known to interact
with carbohydrates (Fig. 1). Apu homologs conserved the
five consensus sequence motif which is the characteristic
of the GH57 enzymes (Zona et al. 2004). In the Apu from
S. acidocaldarius, these motifs correspond to HQP (region
I), GKVEVL (region II), WTPEQA (region III), AFDGEN-
PLIF (region IV) in GH57N-Apu domain, and AEGSD-
WTWQ (region V) in following a-helical region (Fig. 2).
The third and fourth regions contain the catalytic nucleo-
phile and the acid/base catalyst, respectively. It has been
known that amylopullulanase is one of the GH57 family
thermostable enzymes from extremophiles, which exhibit
a-amylase, 4-a-glucanotransferase, amylopullulanase,
a-galactosidase, and branching enzyme depending on the
enzyme specificities (Blesak and Janecek 2012). Recently,
the crystal structure of GH57-type branching enzyme from
Thermus thermophilus revealed that the structural charac-
teristics which contained a (B/a);-barrel and the succeed-
ing a-helical region was essential for correct functioning of
this family (Palomo et al. 2011). Based on the amino acid
sequence analysis of Apu and its comparison with other
homologs, Apu is thought to be an amylopullulanase which
can degrade both the a-1,4 and a-1,6-linkages in a-glucans
such as starch and glycogen.

Identification of Apu critical for starch degradation
in S. acidocaldarius

The growth characteristics of the Aapu mutant in the NYT
and YT medium supplemented with starch were examined
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were incubated with 0.1 % soluble starch in 20 mM sodium citrate
(pH 5.0) at 95 °C and the hydrolysis patterns of the starch were ana-
lyzed by TLC at the indicated times. G1-G7 oligosaccharide standard
is glucose through maltoheptaose

and compared with that of the uracil auxotrophic parental
strain MR31. At first, a nutrient-rich YT medium was used
to examine the growth rate. The growth rate of MR31 was
severely affected by the disruption of apu gene (Fig. 3a).
The growth phenotype of Aapu mutant was very similar to
AmalEFG mutant which the maltose/maltodextrin trans-
porter genes were disrupted in our previous study (Choi
et al. 2013). The growth pattern on YT medium with starch
was similar to that on YT medium without sugar, indicating
that the Aapu mutant cannot utilize the starch as a carbon
source. The wild-type DSM639 and MR31 strains failed to
grow in the NYT medium without starch, but they started
to grow by the addition of starch and reached the final cell
density up to 0.6 at ODg, indicating that starch can be used
as a sole carbon and energy source. The specific growth
rates of the DSM639 and MR31 strains on NYT medium
were three-four times slower than that of the strains on YT
medium (K. H. Choi, unpublished data). The Aapu mutant
strain failed to grow on NYT medium by the addition of
starch. These results imply that Apu is essential for the
growth in the presence of starch.

The starch degradation patterns of the MR31 and Aapu
mutant strain grown on YT medium in the presence of
starch were examined. The membrane fractions were iso-
lated when the cell density was reached ODy, of 0.5, and
incubated with starch up to 12 h. The sugar composition of
the reaction products was analyzed by TLC to identify the
degradation products produced by the amylolytic activities
of membrane-bound enzymes. In an early stage, starch was
degraded into maltooligosaccharides, and later glucose and
maltose were gradually increased (Fig. 3b). In the Aapu
mutant, the hydrolyzed products were not detected, indicat-
ing that Apu would be a key enzyme which initially attacks
the starch to degrade into smaller maltooligosaccharides.
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Fig.4 SDS-PAGE analysis (a), determination of molecular mass
(b), and zymogram (c) of purified recombinant Apu. During purifi-
cation step, the amylolytic activity was revealed by zymography on
a gel containing 0.1 % starch stained with iodine solution. Lane M
molecular weight standard (Dokdo Mark, broad range, Elpis Bio-
tech, Daejeon, Korea), lane I cell-free extract, lane 2 membrane pro-
teins, lane 3 2 % DDM-solubilized proteins, lane 4 purified enzyme

Homologous expression and purification
of membrane-bound Apu

The analysis of the secondary structure prediction pro-
gram of membrane proteins (SOSUI) indicates that Apu
is a membrane-bound protein since it is predicted to pos-
sess a putative N- and C-terminal transmembrane segment
(TMS) that may function as a membrane anchor. In order to
identify the localization of Apu expression, the amylolytic
activity of the cells grown in starch medium was examined
in an extracellular or membrane-bound fractions. The activ-
ity was confirmed by quantifying the amount of reducing
sugar released during enzyme assay. The amylolytic activ-
ity was detected in all the fractions, but strong activity was
only observed in membrane fraction, implying that Apu is a
membrane-bound protein (data not shown). The expression
of Apu was tried in E. coli to obtain high and reproducible
production of the enzyme compared to that of the natural
host, S. acidocaldarius. However, the amylolytic activity
was undetectable in the transformed cells and the presence
of an Apu was not observed. It was assumed that the puta-
tive membrane-anchoring N-terminal peptide could impair
the correct folding of Apu and hence favors rapid degrada-
tion of the misfolded protein.

In order to produce functional enzyme, a homologous
expression in S. acidocaldarius was tried. The coding
sequence of apu containing downstream 6x histidine tag
was located under the gdhA promoter of pKHmalA. The
recombinant enzyme was expressed and the enzyme activ-
ity was detected in the insoluble cell pellet suspension
after the cell breakage indicating that the enzyme should

16

20 22 24 26

ve NO

after Ni-NTA chromatography. The molecular mass of the Apu
was determined by analyzing the molecular mass of standard pro-
teins eluted during gel filtration chromatography performed using a
HiLoad 16/600 Superdex 200 pg column. The column was calibrated
with blue dextran (2000 kDa); thyroglobulin (669 kDa); apoferritin
(443 kDa); p-amylase (200 kDa); alcohol dehydrogenase (150 kDa);
Albumin, bovine (66 kDa); Carbonic anhydrase (29 kDa)

be localized in the cell membrane. A membrane-bound
enzyme was solubilized using a non-ionic detergent DDM,
and then purified by one-step Ni-NTA affinity chromatog-
raphy. The apparent molecular mass of the purified Apu
was estimated as 100 kDa by SDS-PAGE, which was in
good agreement with the size calculated from the primary
sequence (Fig. 4a). The molecular mass of Apu by gel fil-
tration chromatography was approximately 435 kDa, which
indicated that Apu is a tetramer in its native form (Fig. 4b).
The dimeric conformation of the protein was observed
with a-amylase from S. solfataricus (Haseltine et al. 1996).
Approximately 0.28 mg Apu with a specific activity of 2.2
U/mg, corresponding to a yield of 0.03 % of the total activ-
ity in cell-free extracts, was obtained. The hydrolysis of
starch was visualized on a native PAGE by zymographic
assay, indicating that Apu was successfully expressed in
S. acidocaldarius (Fig. 4c). The pl value of Apu was esti-
mated to 5.31 by ExPASy ProtParam tool program (http://
web.expasy.org/protparam).

Catalytic properties of membrane-bound Apu

The amylolytic activity of Apu toward starch was most
active at pHs ranging from 3.0 to 3.5 (Fig. 5a). The enzyme
activity decreased sharply at pHs over 4.5 or below 2.5.
The optimum pH of Apu is consistent with the pH in
growth medium of S. acidocaldarius supporting that Apu
is a membrane-bound enzyme. The optimal temperature
of Apu was at least 20 °C higher than maximum growth
temperature of S. acidocaldarius, and the activity was
rapidly decreased below 80 °C (Fig. 5b). Moreover, the
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Fig. 5 Effect of pH and temperature on the activity and stability of
Apu. a For optimal pH determination, the following buffers were
used: pH 2.0-4.0, sodium citrate (inverted triangle); pH 4.0-5.5,
sodium acetate (open circle); pH 5.5-6.5, MES (solid circle). Activ-
ity was assayed at 95 °C for 5 min in various buffers (20 mM). b To
determine the optimal temperature, activity was measured at the indi-
cated temperatures under the standard conditions of the assay. ¢ To
determine the thermostability, the enzyme was preincubated at 90 °C
(solid circle), 95 °C (solid square) and 100 °C (solid triangle) in
20 mM sodium citrate buffer (pH 3.0) without substrate. After various
time intervals, samples were withdrawn and the residual activity was
measured at 95 °C for 5 min. Error bar indicates standard deviations
from 3 separate experiments

recombinant Apu possessed remarkable thermostability,
retaining its full activity after 40-h incubation at 90 and
95 °C (Fig. 5c). The half-life of Apu was 2.5 h at 100 °C.
These results imply that Apu was successfully expressed
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in S. acidocaldarius. The effects of metal ions and chemi-
cal reagents on enzyme activity were also examined (Table
S2 in the supplemental material). Most of the metal ions
did not affect enzyme activity or stability. Co’t and Mg+,
as chloride salts at a concentration of 1 mM, slightly
enhanced the enzyme activity. The addition of CaCl, to the
enzyme did not enhance the activity. EDTA was not found
to be inhibitory for Apu. Even after preincubation for 1 h,
the enzyme activity was not reduced. Apu exhibited sig-
nificant tolerance against the chemical reagents except for
SDS. The addition of 1 % SDS completely inactivated the
enzyme.

The substrate hydrolysis pattern of Apu was determined
by TLC. Apu hydrolyzed a wide variety of substrates, such
as soluble starch, amylose, amylopectin, glycogen, pul-
lulan, and maltooligosaccharides (Fig. 6a and Table S3 in
the supplemental material). When the amylolytic activity
on pullulan was taken as standard, most of the polymeric
substrates showed high activity. Starch and its constituent
polysaccharides amylose and amylopectin were hydrolyzed
into glucose, maltose, and maltotriose. Apu preferentially
hydrolyzed starch (78 %) and amylopectin (72 %), while
hydrolysis activity toward amylose (46 %) was slightly
decreased. Highly branched a-glucans like glycogen which
contains o-1,6 glycosidic linkages were also hydrolyzed
efficiently with 53 %. Pullulan, a-glucan in which every
third glycosidic linkage is an a-1,6 linkage, was hydro-
lyzed into maltotriose with minor amounts of glucose and
maltose. The small substrates such as maltose and maltotri-
ose were not hydrolyzed very well. The hydrolytic pattern
of Apu toward various substrates is consistent with those
of the reported amylopullulanases from 7. litoralis and
P. furiosus except those enzymes could not hydrolyze malt-
ose through maltohexaose (Brown and Kelly 1993).

The action mode of Apu was analyzed by the hydrolyzed
products during the incubation of the enzyme with starch
at different time points (Fig. 6b). Apu initially hydrolyzed
starch into various sizes of maltooligosaccharides, and
then produced glucose, maltose, and maltotriose in the end,
indicating Apu acts as an endo-type fashion. As summa-
rized from these results, Apu is indeed a membrane-bound
amylopullulanase which can degrade both a-1,4 and a-1,6-
linkages of a-glucan (Fig. 6¢).

The role of Apu in starch metabolism
of S. acidocaldarius

The wild-type DSM639 strain was grown on YT medium
including starch and the sugar composition of the cul-
ture supernatant was analyzed by TLC to identify the
degradation products produced by membrane-bound
Apu from lag phase through stationary phase (Fig. 7a).
In an exponential phase, starch was degraded into
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Fig. 6 Hydrolysis patterns of Apu toward various substrates. a The
substrates (1 mM or 0.1 %) were digested with recombinant Apu (0.2
U) in 20 mM sodium citrate buffer (pH 3.0) for 12 h at 95 °C. The
products were separated on a silica gel TLC plate. Lane S G1-G7
(glucose through maltoheptaose) oligosaccharide standard (1 mM),
lane 1 starch, lane 2 amylose, lane 3 amylopectin, lane 4 glycogen,
lane 5 pullulan, lane 6 B-CD, lanes 7—12, maltose through maltohep-
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Fig. 7 The growth curve and starch degradation pattern of DSM639
in YT medium with starch (a) and TLC analysis of the hydrolyzed
products produced from various substrates by Apu at pH 3.5 (b) and
pH 5.0 (¢). Lane S G1-G7 oligosaccharide standard, /ane I starch,

Cc
Action of a-amylase
l a-1,4 attack!
000000 00
linear oligosacch.
11 12 a-limit dextrin maltose

Action of amylopullulanase

O

000 00
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taose. b Time courses of the hydrolyzed products from starch. The
enzyme was incubated with 0.1 % soluble starch in 20 mM sodium
citrate (pH 3.0) at 95 °C and the hydrolysis patterns were analyzed by
TLC at the indicated times. ¢ Schematic diagram of starch hydrolysis
by Apu. Black arrow indicates a-1,4 glycosidic linkage and red arrow
indicates a-1,6 glycosidic linkage

lane 2 amylose, lane 3 amylopectin, lane 4 glycogen, lane 5 pullulan,
lane 6 B-cyclodextrin, lanes 7 maltopentaose, lane 8 maltohexaose,
lane 9 maltoheptaose
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maltooligosaccharides, and later short-chain maltooligo-
saccharides such as maltose, maltotriose, and maltotera-
ose were gradually increased until stationary phase was
reached. The medium pH was increased from 3.5 to 5.0
during this period. Unlike the purified Apu mainly pro-
duced glucose, maltose, and maltotriose from starch,
no glucose was detected in the culture supernatant dur-
ing the growth of the wild-type cells. It can be explained
by the difference of the hydrolytic activity of Apu at pH
3.5 and pH 5.0, respectively. As shown in Fig. 7b, ¢, Apu
showed strong activities toward various substrates at pH
3.5, but the activities were sharply decreased when the
pH was shifted to 5.0. At pH 5.0, the hydrolytic activities
of Apu toward pullulan and glycogen which have 5-30 %
of a-1,6 glycosidic linkages were much lower than those
of maltooligosaccharides which have only a-1,4 glyco-
sidic linkages. The hydrolyzed products by the action of
most a-amylases are mainly maltose and maltooligosac-
charides. Therefore, the lack of glucose in the culture
supernatants of the growing cells can be explained by the
amylase-type activity of Apu during the growth period
between exponential and stationary phases. Alternative
explanation that glucose was not found in the superna-
tants of the growing cells can be that it was used as an
energy source by the growing cells.

Therefore, membrane-bound Apu is the first enzyme to
attack the starch to degrade into smaller maltooligosaccha-
rides such as maltose and maltotriose, and the hydrolyzed
products would then be imported into the cytoplasm by
maltodextrin transporters and eventually metabolized inside
the cells.

Discussion

The hydrolysis of starch by S. solfataricus takes place in
the extracellular medium and the resultant maltodextrins
are taken up to the cell to be metabolized (Haseltine et al.
1996; Worthington et al. 2003). Extracellular enzyme
AmyA (Ssol172) has been known to play a role for
breakdown the starch into maltodextrin during this pro-
cess. The purpose of our study is to find a major enzyme
to initially break the exogenous starch to maltodextrin
which can be transported and metabolized in the cells
for starch utilization in S. acidocaldarius. Two genes
(saci_1162 and saci_I1200) in the S. acidocaldarius
genome are annotated as encoding an a-amylase that
hydrolyzes a-glucans. Saci_1162 is annotated as a mem-
brane-bound amylopullulanase and Saci_1200 is an intra-
cellular a-amylase, respectively. Therefore, it is assumed
that Saci_1162 which is closely located to the genes
coding for the putative ABC maltose/maltodextrin trans-
porter and binding protein is actually utilized to degrade
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starch into maltodextrin and Saci_1200 located within
the putative glycogen operon is involved in the intracel-
lular utilization of storage carbohydrate glycogen. In this
study, we identified the saci_1162 (apu) gene encod-
ing the putative amylopullulanase of S. acidocaldarius
and investigated its physiological role by the analysis of
growth pattern and starch utilization of apu disruption
mutant as well as the biochemical properties of recom-
binant Apu.

Comparison of the growth pattern and amylolytic activ-
ity of the wild-type and Aapu mutant strains grown on
minimal and rich medium supplemented with starch reveals
that the major enzyme responsible for the hydrolysis of
starch is Apu. Whereas the wild-type DSM639 was grown
in minimal medium in the presence of starch, the Aapu
mutant failed to grow in the same medium. Furthermore,
the amylolytic activity observed in the membrane frac-
tion of the wild-type strain was not detected in the Aapu
mutant. The amylolytic activity found in the membrane
fraction indicates that Apu is localized to the cell mem-
brane. The cellular localization of Apu is consistent with
the prediction based on the secondary structure of Apu.
In S. solfataricus major a-amylase essential for growth
on starch was secreted in the culture supernatant, while
in S. tokodaii and S. acidocaldarius a significant portion
of the a-amylase activity was cell-associated (Ellen et al.
2010; Haseltine et al. 1996). The different cellular loca-
tions between two Sulfolobus enzymes were explained by
the subtle difference in the structure and composition of
S-layer which is known to be the unique outside structure
of Sulfolobales (Ellen et al. 2010).

The membrane-associated Apu was solubilized using
non-ionic detergent and purified by Ni-NTA affinity chro-
matography. Apu shows the highest activity over a pH
range from 3.0 to 4.0, with an optimum at pH 3.5 when
soluble starch was used as a substrate. As the active site of
Apu is thought to be located toward outside from the cell
membrane based on the SOSUI program, the enzyme might
be exposed to the acidic milieu of the habitat. S. acidocal-
darius grows between pH 3.0 and 3.5, a range correspond-
ing to the optimum pH range of the enzyme. The same is
true for the temperature-activity profile of this enzyme.
Using a 10-min assay, at its optimal pH, Apu displayed
maximum rates of substrate hydrolysis at 95-105 °C.

The substrate specificity of Apu shows that Apu can
hydrolyze pullulan as well as starch and amylopectin. As
shown in Fig. 6a, degradation of soluble starch and pul-
lulan by Apu resulted in the mixture of glucose, malt-
ose, and maltotriose. Homologous protein search of Apu
reveals that the enzyme is closely related to the thermo-
philic archeal proteins which belong to GH57 family amy-
lopullulanase (Zona et al. 2004). These enzymes possess
both a-amylase and pullulanase activities which defined
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by a unique active site. This property of Apu suggests that
it is an endo-type amylopullulanase rather than a typical
a-amylase. Similar enzymes have been reported from T.
litoralis, T. hydrothermalis, and P. furiosus (Brown and
Kelly 1993; Dong et al. 1997; Erra-Pujada et al. 2001). An
extracellular amylopullulanase (PF1935) has been known
to be a key enzyme responsible for starch degradation in
P. furiosus (Lee et al. 2006). The secreted AmyA of S.
solfataricus is also known to be essential for growth on
starch and pullulan although the hydrolytic characteriza-
tion of this enzyme for various carbohydrates has not been
examined in details (Worthington et al. 2003). Therefore,
it is thought that an amylopullulanase which has bifunc-
tional activities hydrolyzing both «-1,4 and «-1,6 glyco-
sidic linkages plays an essential role in starch utilization
instead of a-amylase in most thermophilic archaea. The
genetic location of the amylopullulanase gene which is
flanked by the genes encoding maltodextrin transporter in
various hyperthermophilic archaea also supports that this
enzyme is involved in the starch or maltodextrin metabo-
lism (Elferink et al. 2001; Koning et al. 2002; Noll et al.
2008; Rolfsmeier et al. 1998).

In conclusion, Apu located in the putative ABC maltose/
maltodextrin operon is an amylopullulanase which hydro-
lyzes the starch into mostly maltose and maltotriose. The
binding protein MalE within ABC transporters captures the
hydrolyzed products and transfers them to the cognate trans-
porter complex MalFG and ATPase MalK for import into the
cytosol. Finally, MalA (a-glucosidase) which is active on
maltose and maltotriose can convert them into glucose, which
is further utilized as an energy source in S. acidocaldarius.
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