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A unique extracellular and thermostable cyclomaltodextrin glucanotransferase (CGTase) from the hyper-
thermophilic archaeon Thermococcus sp. strain B1001 produces predominantly (>85%) a-cyclomaltodextrin
(a-CD) from starch (Y. Tachibana, et al., Appl. Environ. Microbiol. 65:1991-1997, 1999). Nucleotide sequenc-
ing of the CGTase gene (cgt4) and its flanking region was performed, and a cluster of five genes was found,
including a gene homolog encoding a cyclomaltodextrinase (CDase) involved in the degradation of CDs (cgtB),
the gene encoding CGTase (cgtd), a gene homolog for a CD-binding protein (CBP) (cgtC), and a putative
CBP-dependent ABC transporter involved in uptake of CDs (cgtDE). The CDase was expressed in Escherichia
coli and purified. The optimum pH and temperature for CD hydrolysis were 5.5 and 95°C, respectively. The
molecular weight of the recombinant enzyme was estimated to be 79,000. The CDase hydrolyzed 3-CD most
efficiently among other CDs. Maltose and pullulan were not utilized as substrates. Linear maltodextrins with
a small glucose unit were very slowly hydrolyzed, and starch was hydrolyzed more slowly. Analysis by thin-layer
chromatography revealed that glucose and maltose were produced as end products. The purified recombinant
CBP bound to maltose as well as to a-CD. However, the CBP exhibited higher thermostability in the presence
of a-CD. These results suggested that strain B1001 possesses a unique metabolic pathway that includes
extracellular synthesis, transmembrane uptake, and intracellular degradation of CDs in starch utilization.

Potential advantages of this starch metabolic pathway via CDs are discussed.

Cyclomaltodextrins (CDs) are cyclic oligosaccharides con-
sisting of a-1,4-linked 6-, 7-, or 8-glucopyranose units, usually
referred to as a-, B-, or y-CDs, respectively. CDs possess a
unique torus shape and the polar hydroxyl groups are oriented
toward the outside, keeping the interior cavity relatively hy-
drophobic. Therefore, CDs are soluble in water and the hy-
drophobic environment of the cavity enables them to form
inclusion complexes with many organic and inorganic mole-
cules, thereby changing the physical and chemical properties of
the included compounds. This is the basis of broad applications
in the food, cosmetic, and pharmaceutical industries (2, 28).

CDs are formed enzymatically from starch by the action of
cyclomaltodextrin glucanotransferase (CGTase) [EC 2.4.1.19;
1,4-o-D-glucan  4-a-D-(1,4-glucano)-transferase  (cyclizing)]
(39). Cyclomaltodextrinase (CDase) [EC 3.2.1.54; cyclomalto-
dextrin dextrin-hydrolase (decyclizing)] is a unique enzyme
which can hydrolyze CD and release the substance from CD
inclusion complexes. After the first report of the CDase from
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Bacillus maceranse (8), CDases from various microorganisms
such as Bacillus coagulans (23), Bacillus sphaericus E-244 (34,
35), Clostridium thermohydrosulfuricum strain 39E (recently
reclassified as Thermoanaerobacter ethanolicus strain 39E) (38,
40), alkalophilic Bacillus sp. (50), Bacillus subtilis strain H-17
(24, 25), Flavobacterium sp. (3), B. sphaericus strain ATCC
7055 (15), Klebsiella oxytoca strain M5al (11, 12), and alkalo-
philic Bacillus sp. strain I-5 (22) were studied.

In K. oxytoca M5al, the novel starch degradation pathway
via CD, including the extracellular conversion of starch into
CDs by CGTase and uptake of the CDs by a specific system
followed by intracellular linearization by a CDase, was pro-
posed. In addition, the genes responsible for starch metabolism
were clustered on the chromosome. Until now, no other or-
ganisms possessing both CGTase and CDase for the synthesis
and degradation of CDs have been found.

Recently, we have isolated a hyperthermophile, Thermococcus
sp. strain B1001, which produces a unique CGTase that can cat-
alyze predominantly the formation of a-CD (>85%), with small
amounts of B- and y-CDs, from starch (45). The cgt4 gene en-
coding CGTase has been cloned and sequenced (48). In the
present paper, we report the sequence analysis of the adjacent
region of the CGTase gene containing the genes involved in
transport and degradation of CDs. We also describe the purifi-
cation and characterization of an extremely thermostable CDase
and a CD-binding protein (CBP) from Thermococcus sp. strain
B1001. Furthermore, a unique metabolic pathway of starch in-
volving synthesis, transport, and degradation of CDs is proposed.
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MATERIALS AND METHODS

Microorganisms, media, and growth conditions. Thermococcus sp. strain
B1001 was cultured as previously described (45). Escherichia coli strain JM109
(49) was used as a host for transformation and plasmid preparation and grown at
37°C in Luria-Bertani medium (30). E. coli BL21(DE3) and E. coli BL21-Codon-
Plus(DE3)-RIL (Novagen, Madison, Wis.) were used for heterologous expres-
sion of the target protein and were grown at 37°C in NZCYM medium (21, 30).
Ampicillin (100 pg/ml) was added to the medium when necessary to select
plasmid carrier.

Chemicals. Soluble starch was purchased from Nacalai Tesque Co., Inc.
(Kyoto, Japan). Maltose, maltotriose, maltotetraose, maltopentaose, and malto-
hexaose were obtained from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan), and maltoheptaose was obtained from Sigma (St. Louis, Mo.). CDs were
obtained from Nihon Shokuhin Kako Co., Inc. (Tokyo, Japan), and pullulan was
obtained from Hayashibara Co., Inc. (Okayama, Japan). Other biochemicals
were standard commercial preparations.

DNA manipulation. Restriction endonucleases, DNA polymerase, and T4
DNA ligase were purchased from Toyobo Co., Ltd. (Osaka, Japan). Southern
blot analysis was performed according to established procedures (48). A Thermo
Sequenase fluorescent-labeled primer cycle sequencing kit with 7-deaza dGTP
was purchased from Amersham Pharmacia Biotech UK Ltd., (Little Chalfont,
Buckinghamshire, England). Plasmids for DNA sequencing were extracted and
purified by using a Wizard Plus Minipreps DNA Purification System (Promega,
Madison, Wis.). Unless otherwise stated, DNA manipulations were performed
essentially as described by Maniatis et al. (30).

Construction of plasmids pET-cgtB1 and pET-cgtB2. The cgtB gene was am-
plified by PCR with three kinds of primers: primer 1, 5'-CATATGTATAAAA
TTTTCGGCTTTAAAGACAATGACTACC-3'; primer 2, 5'-CATATGCGTG
AAAAGGGCGATCGTTGGTATATCAAGGTAGAGC-3'; and primer 3, 5'-
CAGGAAACAGCTATGAC-3" (M13 reverse primer). Primers 1 and 2 possess
an additional Ndel site at the 5'-terminal regions, shown in italics in the se-
quences. In order to achieve efficient expression (20, 29), several rare codons
which are not efficiently utilized in E. coli for N-terminal amino acids were
replaced with codons which are frequently used in E. coli. GGA for Gly® and
Gly*%, AGG for Arg?’, AGA for Arg®?, and ATA for Tle>® were replaced with
GGC, CGT, CGT, and ATC, respectively. First, to construct pTY-331, plasmid
pTY-33 (48) was digested with SacI (position 1) and BamHI (position 2521), and
then the 2.5-kbp fragment harboring the entire coding region of CDase was
inserted into the respective site of pUC19. As for pET-cgtB1 construction, PCR
amplification was carried out with primers 1 and 3 using pTY-331 as a template.
The amplified DNA was subcloned into vector pBluescript IT SK(+) (Stratagene,
La Jolla, Calif.) and checked by DNA sequencing. The insert DNA was digested
with Ndel and BamHI and then inserted into the respective site of pET-25b(+)
(Novagen). The resultant plasmid was designated pET-cgtB1. As for pET-cgtB2
construction, primer 2 was used instead of primer 1. Other procedures were
carried out as for pET-cgtB1 construction.

Enzyme assay. CDase activity was measured in the reaction mixture that
contained 1% B-CD in 50 mM Britton-Robinson buffer (pH 5.5) and appropri-
ately diluted enzyme. After incubation at 90°C for 5 min, the reducing sugar was
measured by the dinitrosalicylic acid method (4). One unit of activity was defined
as the amount of enzyme which released 1 pmol of reducing sugar equivalent to
glucose per min. Protein concentration was measured by the BCA Protein Assay
Kit (Pierce, Rockford, IIl.) with bovine serum albumin as the standard.

Purification of recombinant CDase. CDase production by E. coli BL21(DE3)
carrying pET-cgtB1 was induced by 1 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) at mid-exponential growth phase and incubation continued for 4 h at
37°C. The cells (from 5 liters of culture) were centrifuged and the pellet was
washed with buffer A (50 mM Tris-HCI buffer [pH 8.0]). Cells were disrupted by
sonication and supernatant fraction was recovered by centrifugation at 48,384 X
g for 30 min at 4°C. The supernatant was heat-treated at 85°C for 15 min and
centrifuged again at 48,384 X g for 30 min at 4°C. The obtained supernatant was
brought to 60% ammonium sulfate saturation and kept at 4°C overnight. The
precipitate was collected by centrifugation at 48,384 X g for 30 min, dissolved in
40 ml of buffer A, and dialyzed overnight against the same buffer. The dialysate
was applied to a weak anion-exchange column (DEAE Sepharose Fast Flow;
Pharmacia, Uppsala, Sweden) previously equilibrated with buffer A, and CDase
was eluted by a linear gradient of NaCl using a fast-performance liquid chroma-
tography (FPLC) system (Pharmacia). The active fraction was loaded onto a
high-resolution anion-exchange column (Mono Q HR 5/5; Pharmacia) equili-
brated with buffer A and eluted with a linear gradient of NaCl.

TLC. A mixture of oligosaccharides was analyzed by silica gel thin-layer chro-
matography (TLC). Aliquots (3 wl) of the sample were developed on a silica gel
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plate (Kieselgel 60; Merck Co., Berlin, Germany) with isopropyl alcohol-ace-
tone-water (2:2:1 [vol/vol/vol]), and the oligosaccharides were detected by spray-
ing the plate with aniline diphenylamine reagent (4 ml of aniline, 4 g of diphe-
nylamine, 200 ml of acetone, and 30 ml of 85% phosphoric acid) and baking it.

Construction of plasmid pET-CBP. In order to construct pTY-401, plasmid
pTY-40 was digested with PstI (position 4158) and EcoRI (position 6425) and
then the 2.3-kbp fragment was inserted into respective site of pUCI1S8. As for
pET-CBP construction, the cgtC gene was amplified by PCR with primer 3 and
primer 4 (5'-CATATGAAGAAGGCACTGTTTGCTTTATTGTTG-3') using
pTY-401 as a template. The amplified DNA was subcloned into vector pBlue-
script IT SK(+) and checked by DNA sequencing. The insert DNA was digested
with EcoRI completely and then with Ndel partially. The 1.4-kbp fragment
harboring the entire coding region of CBP was inserted into the respective site
of pET-25b(+). The resultant plasmid was designated pET-CBP.

Purification of recombinant CBP. CBP synthesis by E. coli BL21-Codon-
Plus(DE3)-RIL carrying pET-CBP was induced by 1 mM IPTG at mid-expo-
nential phase and incubation continued for 6 h at 25°C. The cells (from 1 liter of
culture) were centrifuged and the pellet was washed with buffer A. Cells were
disrupted by sonication and the supernatant fraction was recovered by centrifu-
gation at 48,384 X g for 30 min at 4°C. The supernatant was heat-treated at 80°C
for 10 min and centrifuged again at 48,384 X g for 30 min at 4°C. The obtained
supernatant was applied to a strong anion-exchange column (HiTrap Q; Phar-
macia) previously equilibrated with buffer A, and CBP was eluted by the linear
gradient of NaCl using an FPLC system.

Binding assay of CBP. Purified CBP was applied to an a-CD-(epoxy)-Sepha-
rose 6B affinity column (Pharmacia) previously equilibrated with buffer A. The
column was washed with buffer A containing 1.0 M NaCl, and bound protein was
eluted with buffer A supplemented with 1% o-CD. As another binding assay
method, purified CBP was loaded onto an amylose resin (New England Biolabs,
Inc., Beverly, Mass.) and then the column was washed with buffer A containing
1.0 M NaCl. Bound protein was eluted with buffer A containing 1% maltose. The
washed and eluted fractions were applied to sodium dodecyl sulfate (SDS)-
polyacrylamide gels and protein bands were detected by staining with Coomassie
brilliant blue.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper appear in the GenBank database with the accession number
AB034969.

RESULTS

Nucleotide sequence of the CDase gene and identification of
the gene product. The cgtA gene encoding CGTase of Ther-
mococcus sp. strain B1001 was previously cloned and se-
quenced (48). Sequence analysis of the upstream region of
cgtA revealed that another open reading frame (ORF) clus-
tered with cgtA4, as shown in Fig. 1. Computer inspection re-
vealed that the ORF contained two putative ATG start codons
at base positions 248 and 383 and a TAG termination codon at
position 2228. The deduced amino acid sequence of the ORF
contains four conserved regions identified with amylolytic en-
zymes as belonging to the a-amylase family (27, 46) (Fig. 2). A
search with the BLAST program (43) revealed that the protein
encoded by the ORF is homologous to neopullulanases (19,
26), CDases (22, 35), maltogenic amylase (6), and other amylo-
lytic enzymes. It was suggested that the ORF encoded a kind of
amylolytic enzyme. In order to specify the type of amylolytic
characteristics and to identify an essential methionine as a
translation start site, two types of plasmids, pET-cgtB1 and
pET-cgtB2, for the OREF starting from each of two methio-
nines, were constructed as explained above and the respective
recombinant plasmids were used to transform E. coli BL21
(DE3). The crude recombinant protein prepared from E. coli
carrying the ORF translated from the first ATG hydrolyzed
B-CD as a substrate, but the protein could not hydrolyze sol-
uble starch and pullulan. By contrast, another recombinant
protein translated from the second ATG did not exhibit hy-
drolytic activity. Furthermore, the first ATG is preceded by a
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FIG. 1. Structure of the gene cluster containing genes for synthesis, transport, and degradation of CDs in Thermococcus sp. strain B1001.
Arrows show the localization of each gene and the orientation of the coding sequences. pTY-33, pTY-40, pTY-41, and pTY-48 indicate the regions
cloned by the respective plasmids.

putative ribosome-binding site complementary to the 3’ end of
16S rRNA from strain B1001 (45). Therefore, the larger ORF
starting at position 248 (1,980 nucleotides coding for a protein
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FIG. 2. Comparison of the deduced amino acid sequences for the CDase proteins. The four regions conserved among the a-amylase family
enzymes are boxed. Asterisks represent identical amino acid residues in all five polypeptides, and bullets indicate identical amino acid residues
among organisms belonging to the domain Bacteria. Putative catalytic amino acid residues are indicated by circles. Polypeptides: B1001,
Thermococcus sp. strain B1001 (AB034969); 39E, T. ethanolicus 39E (M88602); 1-5, Bacillus sp. strain I-5 (U49646); E-244, B. sphaericus E-244
(X62576); and M5Sal, K. oxytoca M5al (X86014).
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TABLE 1. Hydrolysis of various substrates by CDase”

Hydrolysis activity

Substrate (UJmg of protein) Relative activity (%)
a-CD 1,080 55
B-CD 1,940 100
v-CD 640 33
Soluble starch ND
Pullulan ND

“ Substrates were dissolved into 50 mM Britton-Robinson buffer (pH 5.5) at a
final concentration of 1%. Enzyme activity was measured as described in Mate-
rials and Methods. ND, not detectable (optical density at 535 nm of <0.05) after
5 min at 90°C.

Comparison of amino acid sequences. The deduced amino
acid sequence of the CDase from B1001 was compared with
those of other CDases reported previously (Fig. 2), and a
distinct region homologous with CDases from various bacteria
was found (12, 22, 35, 38). In addition to the four highly
conserved regions, Asp*'®, Glu**?, and Asp®"”’ residues as cat-
alytic sites corresponding to Asp?’®, Glu®°, and Asp®*’ of
Taka-amylase A are very well conserved. Based on the results
from site-directed mutagenesis, these three residues have been
recognized as the catalytic sites in Taka-amylase A (33) and
CDase (37). Therefore, it was suggested that the Asp*'®,
Glu**?, and Asp®”’ residues of the CDase from B1001 are
directly involved in the catalytic site. Moreover, the CDase
from B1001 possesses a unique N-terminal extension contain-
ing about 60 amino acid residues. Deletion of this N-terminal
extended region caused a lack of CDase activity, suggesting
that this extended region is important for the enzymatic activity
of the CDase, although the mechanism is not clear.

Purification and characterization of the recombinant
CDase. CDase was purified from E. coli BL21(DE3) cells car-
rying plasmid pET-cgtB1 encoding the ORF from the first
ATG codon. The recombinant CDase was purified by the fol-
lowing steps: preparation of cell lysate, heat treatment (85°C,
15 min), and ammonium sulfate fractionation (60% satura-
tion), followed by two ion-exchange column chromatographies
with DEAE Sepharose Fast Flow and Mono Q HR 5/5. The
purity of the CDase was confirmed by migration of the protein
as a single band with a molecular mass of approximately 79
kDa in an SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) (data not shown). Hydrolysis of various substrates was
analyzed with the purified enzyme (Table 1). The CDase
showed a specific activity of 1,940 U/mg of protein.

The enzyme activities at various temperatures were com-
pared by measuring the formation of the reducing sugar after
5 min of incubation of the mixture of the enzyme and 3-CD in
Britton-Robinson buffer (pH 5.5). The maximum enzyme ac-
tivity was observed at 95°C, and even at 120°C almost 40% of
the maximum activity was detected. The optimum pH for the
reaction of the CDase on B-CD at 90°C was 5.5. In order to
study the thermal stability of the CDase in the absence of
substrate, the enzyme (in 50 mM Britton-Robinson buffer [pH
5.5]) was incubated at 90°C for various time periods, and the
remaining activity was measured by the standard method. At
90°C, the half-life of the CDase was 2 h.

A number of linear maltodextrins and three types of CDs
(a-, B-, and y-CDs) were incubated with CDase for a pro-
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longed time and samples were taken periodically. The spec-
trum of reaction products was assessed by TLC. Figure 3 shows
the results when -CD, maltoheptaose, and maltotriose were
used as substrates. The analysis of hydrolyzed products sug-
gested that these three CDs were initially hydrolyzed to the
linear maltodextrins of each size and then they were subse-
quently degraded to the small maltodextrins. The relative re-
action velocity decreased when maltodextrins with shorter
chain lengths were used. Indeed, maltotetraose and maltotri-
ose were very slowly hydrolyzed and maltose was not utilized as
a substrate of the CDase. The end products of the CDase
reaction were, therefore, glucose and maltose. Starch was hy-
drolyzed more slowly than maltotriose and an extremely small
amount of degraded maltodextrins was detected after 18 h,
whereas no increase in reducing ends was observed in the case
of pullulan even after 24 h of incubation (results not shown).
Nucleotide sequence of the gene for a putative CBP. Gene
walking towards the downstream region from the position of
the cgtA was performed, a 4.2-kbp HindIII-HindIII (positions
2639 and 6840, respectively) fragment was cloned into pUC19,
and the resultant plasmid was named pTY-40. Sequence anal-
ysis of the downstream region of cgtA revealed the existence of
another ORF (ORF3) forming a gene cluster with cgtB-cgtA as
shown in Fig. 1. ORF3, starting from ATG at nucleotide po-
sition 4779, was in the same direction as the cgt4. A possible
ribosome-binding site (GAGG) was located 9 nucleotides up-
stream from the ATG. ORF3 ends with a TGA stop codon at
position 6102. The nucleotide sequence of ORF3 consists of
1,323 nucleotides, encoding 441 amino acid residues with a
calculated molecular mass of 48,513 Da. The deduced amino
acid sequence of ORF3 exhibited 34, 32, and 34% identity with
those of the periplasmic maltose-binding protein (MalE) of E.
coli (9), the periplasmic CBP (CymE) of K. oxytoca M5al (12,
36), and the trehalose-maltose-binding protein of the hyper-
thermophilic archaeon Thermococcus litoralis (18), respec-
tively. Archaea do not possess an outer membrane and
periplasmic space. Therefore, these binding proteins were sug-
gested to exist as soluble lipoproteins which allowed the an-
chorage of the binding proteins to the external surface of the
cytoplasmic membrane. We found that the 25 amino acids in
the N-terminal region of ORF3 show typical characteristics of
signal peptides found in precursors of secretory proteins: (i) a
hydrophobic core adjacent to the N terminus and (ii) the se-
quence VASGCIG, corresponding to consensus amino acid
sequence of lipoprotein signal peptidase cleavage sites
(LAAGCSS) (47). Thus, ORF3 is considered to encode a sol-
ute-specific binding protein. Following the putative signal
cleavage site, a Gly-rich region (amino acids 25 to 28) and a
remarkable Thr- and Ser-rich region (amino acids 29 to 63),
which may function as a flexible linker, were found.
Identification of the binding protein. An expression vector
for the putative binding protein (ORF3) was constructed and
introduced into E. coli BL21-CodonPlus(DE3)-RIL. Heat
treatment of the crude extract at 80°C for 10 min resulted in
considerable purity of the target protein. The putative solute-
binding protein was purified by anion-exchange column chro-
matography and found to migrate as a single protein band with
a molecular mass of approximately 49 kDa in SDS-PAGE (Fig.
4, lane 2). Considering that ORF3 is located downstream of
the cgtB-cgtA genes, the protein might be involved in the deg-
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radation process for CDs synthesized extracellularly. Thus, it
was speculated that ORF3 encodes a CBP. The binding spec-
ificity of a protein derived from ORF3 was analyzed by mea-
suring the binding to the a-CD affinity column. As shown in
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FIG. 4. Binding assay of CBP. Proteins were electrophoresed on a
12% acrylamide gel and stained with Coomassie brilliant blue. Lanes:
1, 6, and 11, molecular mass standards (namely, rabbit muscle phos-
phorylase b [94 kDa], bovine serum albumin [67 kDa], egg white
ovalbumin [43 kDa], bovine erythrocyte carbonic anhydrase [30.1
kDa], and soybean trypsin inhibitor [20.1 kDa]); 2 and 7, purified CBP
used for binding experiment; 3, unbound fraction from «-CD affinity
column; 4 and 5, bound fraction from a-CD affinity column (eluted
fraction with a-CD); 8, unbound fraction from amylose resin; 9 and 10,
bound fraction from amylose resin (eluted fraction with maltose).
Bound protein to a-CD affinity column was eluted by «-CD and incu-
bated at 100°C (lane 4) or 120°C (lane 5) for 5 min in an SDS-gel
loading solution. Bound protein to amylose resin was eluted by the
buffer containing maltose and incubated at 100°C (lane 9) or 120°C
(lane 10) for 5 min in an SDS-gel loading buffer.

Fig. 4, the protein bound to the a-CD affinity column and was
eluted by buffer containing a-CD. Furthermore, the protein
bound to not only a-CD but also amylose resin, and it was
eluted by maltose. When the bound protein fraction was eluted
by a-CD and was heat-treated in an SDS-gel loading buffer at
100°C for 5 min, two bands were observed (lane 4). The smaller
band disappeared when the eluted protein sample was treated
under highly denaturing conditions (120°C, 5 min) (lane 5). In
the fraction eluted by maltose (lane 9), a single band was
observed even when treated in SDS-gel loading buffer at 100°C
for 5 min, indicating that the structure of the putative CBP in
the presence of a-CD is more thermostable than that bound to
maltose. These results indicated that ORF3 might encode a
CBP rather than a maltose-binding protein.

Nucleotide sequence of the genes for putative CBP-depen-
dent permease proteins. Starting from an ATG at position of
6151, there is another ORF (ORF4), but a putative stop codon
could not be found in the cloned fragment. To obtain the DNA
region encoding the entire ORF4, subsequent gene walking
was performed, a 2.2-kbp EcoRI-Sphl (positions 6425 and
8576, respectively) fragment was cloned into pUC19, and the
resultant plasmid was named pTY-48 (Fig. 1). The nucleotide
sequence of the entire ORF4 could be determined. ORF4
encodes a protein of 300 amino acids with molecular weight of
33,915. Immediately downstream of ORF4, ORFS5, which en-
codes a protein of molecular weight 49,706 (447 amino acids),
is located in the same direction. A search with the BLAST
program revealed that the deduced amino acid sequences of
ORF4 and ORF5 were homologous to the permease proteins
of the maltose transport system encoded by malF and malG,
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respectively. MalF and MalG are inner membrane components
of the maltose-binding protein-dependent maltose-maltodex-
trin ABC transporter (5). The deduced amino acid sequence of
ORF4 shared 27, 31, and 36% identity with those of the mal-
tose transport protein (MalF) of E. coli (13), the cyclomalto-
dextrin transport protein (CymF) of K. oxyfoca M5al (12), and
the trehalose-maltose transport protein (MalG) of T. litoralis
(18), respectively. The deduced amino acid sequence of ORF5
shared 34, 36, and 34% identity with those of MalG of E. coli
(7), CymG of K. oxytoca M5al (12), and MalG of T. litoralis
(18), respectively. The predicted amino acid sequences of both
ORF4 and ORFS5 contain the consensus sequence EAAX,L/
DGAXIXLP that is found in membrane components of ABC
transporters (41). In this conserved region, the amino acids are
predominantly hydrophobic, with a consistent location at the C
terminus. ORF4 and ORFS5 may encode putative CBP-depen-
dent membrane transporter proteins. Accordingly, the three
genes (ORF3, ORF4, and ORFS5) were designated cgtC, cgtD,
and cgtE, respectively.

DISCUSSION

We have shown the presence of a cgtBACDE gene cluster on
the Thermococcus sp. strain B1001 chromosome (Fig. 1). Re-
spective genes encode functional proteins necessary for intra-
cellular degradation (CgtB) of CDs, extracellular synthesis
(CgtA), specific recognition (CgtC), and transmembrane trans-
port (CgtD and CgtE). Purification and characterization of
recombinant CDase (CgtB) and CBP (CgtC) were performed
in the present study.

The CDase is very thermostable, with an optimum temper-
ature for activity of 95°C. The CDases from other thermophilic
sources, B. subtilis H-17 and T. ethanolicus 39E, have optimum
temperatures of 65 to 68°C (24) and 65°C (38, 40), respectively.
The strain B1001 CDase exhibited a half-life of 2 h at 90°C and
the hydrolytic activity was maintained in the presence of sub-
strates even after 18 h at 90°C (Fig. 3). The B1001 CDase is the
most thermostable among the enzymes previously reported
and characterized.

The cgtC gene was suggested to encode a kind of solute-
binding protein by sequence similarity. Characterization of the
purified recombinant CgtC revealed that the gene product is
functional as a CBP. The CBP contains a long stretch of pu-
tative signal sequence in the N-terminal region, and the pos-
sible cleavage site might be modified by lipid, which may func-
tion as an anchor to the cytoplasmic membrane. The Thr- and
Ser-rich region (SSPTQTTTTT repeat) was observed between
the putative anchor domain and CD binding domain. It was
reported for a pullulanase of 7. thermosulfurigenes EM1 that
the Thr-, Ser-, and Gly-rich region, due to the probable ex-
tended, flexible nature of its structure, would allow optimal
orientation of the enzyme’s catalytic site toward the substrate
(31). Interestingly, several S-layer anchoring enzymes exhibit
variations of Thr-rich regions, which are usually described as
O-glycosylation regions. Indeed, in the case of an archaeal
hyperthermostable type II pullulanase from Thermococcus hy-
drothermalis, the Thr-rich region has been suggested to be a
target for intensive O glycosylation (10). It has also been re-
ported that glucoamylase from Aspergillus awamori possesses
this region for O glycosylation and the region is important for
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efficient degradation of insoluble starch granules (42). The
Thr- and Ser-rich region forms a rather extended and flexible
conformation susceptible to proteolytic digestion (32). Intense
O glycosylation of this region would reduce the vulnerability of
this structure. Based on these reports, the Thr- and Ser-rich
region of strain B1001 may serve as a linker to maintain the
flexibility of the CD binding domain on the surface of the cell
membrane for efficient uptake of extracellular CDs. This is the
first report of a solute-binding protein that includes this unique
linker.

The cgtDE genes are located downstream of the cgfC gene,
in the same direction. The deduced amino acid sequence of
cgtD (CgtD) and cgtE (CgtE) showed similarity to those of
MalF and MalG, parts of the maltose-binding protein-depen-
dent ABC transport systems of E. coli. In addition, the orga-
nization of genes for CBP and the membrane transporting
apparatus cluster (cgtCDE) is similar to that of E. coli and
other bacterial binding protein-dependent ABC transport sys-
tems. In the case of the E. coli maltose-maltodextrin transport
system, the maltose-binding protein (MalE) is located in the
periplasmic space, two hydrophobic membrane proteins (MalF
and MalG) form the translocation pore, and two additional
subunits (MalK) are peripherally associated with the mem-
brane proteins at the inner face of the membrane. Recently, an
ABC transporter for maltose-trehalose was reported in the
hyperthermophilic archaeon T. litoralis (17, 18). These recent
reports and our experimental results strongly suggest that
strain B1001 possesses the CBP-dependent ABC transport sys-
tem for specific uptake and utilization of CD as a carbon
source. In the organization of the 7. litoralis ABC transporter
for maltose-trehalose, the malEFG operon was very similar to
that of E. coli but did not contain the E. coli malK homolog.
The location of the malK gene is close to the malEFG gene in
T. litoralis (17). The malK homolog was not found directly
adjacent and distal to cgtE in strain B1001. The possibility that
strain B1001 has the malK homolog encoding the ATPase
subunit should be considered, though it is unclear that its gene
is also a member of the cgtBACDE cluster.

Typical signal peptide sequences (a positively charged N
terminus followed by a stretch of hydrophobic residues) as
secretory signals were found in the precursors of the CGTase
(48) and CBP from strain B1001 and the a-amylase of Pyro-
coccus kodakaraensis strain KOD1 (44). It is generally assumed
that signal peptides of Archaea are similar to those of Bacteria
and Eucarya (1). However, comparison of the amino acid se-
quence of the CDase revealed that the gene does not encode
a putative signal peptide, suggesting that the CDase of strain
B1001 is an intracellular enzyme. Previously, we reported that
strain B1001 produced a thermostable CGTase in the extra-
cellular fraction (45). In the present study, the existence of a
CBP-dependent ABC transport system for CD was implied. It
has been reported that K. oxytoca M5al utilizes starch as a sole
carbon and energy source via two metabolic pathways. The first
pathway involves extracellular degradation of starch into linear
maltodextrins by hydrolysis of the «-1,6-glycosidic bonds via
the pullulanase and subsequent cleavage of the a-1,4-glycosidic
linkages by disproportionation activity of the CGTase. Malto-
dextrins are transported and assimilated via a binding protein-
dependent ABC transporter and intracellular hydrolytic en-
zymes. The second pathway, a novel starch degradation
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FIG. 5. Proposed model for degradation of starch via the maltose-maltodextrin and the CD pathways.

pathway, involves the extracellular conversion of starch into
CDs by CGTase and uptake of the CDs by a specific binding
and transporting system following intracellular linearization by
a CDase (12). The genes involved in this starch utilization
pathway are organized in two divergently oriented clusters in
the chromosome of K. oxytoca M5al. The existence of the
CGTase, CBP, and CDase in strain B1001 indicates that a
mechanism similar to that of the second pathway of K. oxytoca
Mb5al exists as a starch assimilation system (Fig. 5). In addi-
tion, indirect evidence for this starch metabolism only through
CDs is supported by the fact that no remarkable enzymatic
activity to produce reducing sugar was observed in the culture
of B1001. The unique starch metabolic pathway via CDs may
be more advantageous for strain B1001 among hyperthermo-
philes growing in a high-temperature environment because
synthesis of CDs allows effective and competitive exploitation
of starch as a carbon source. CDs are not hydrolyzed by exo-
type amylases such as glucoamylases and B-amylases because
CDs have no nonreducing ends. The raw starch-binding do-
main of A. awamori exhibits binding affinity not only to raw
starch but also to a-, B-, and y-CDs, although the enzyme
cannot hydrolyze CDs. Thus, the activity of the glucoamylase
will be competitively inhibited by binding of CDs to the raw
starch binding site of the enzyme (14, 16). CDs show various
degrees of resistance and inhibition to hydrolytic enzymes pro-
duced by competitors, indicating that strain B1001 converts
starch to CDs as inhibitors of amylolytic enzymes produced by
competitors. The production of linear maltodextrins as a car-
bon source by competitors is inhibited by CDs. In addition,

CBP binds not only to CDs but also to linear maltodextrins,
although strain B1001 does not secrete a maltodextrin-produc-
ing enzyme. The fact that a CBP-dependent ABC transporter
system also functions as the classical maltose-maltodextrin
transporter indicates that strain B1001 might assimilate even
maltodextrins produced by competitors as well as CDs. The
cluster encoding extracellular CGTase, the CBP-dependent
ABC transport system for CD, and intracellular CDase would
provide benefits to the cell in the exploitation of carbon
sources in a high-temperature environment where starch sub-
strates are in alpha form (Fig. 5).
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