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Abstract A gene that encodes the enzyme Pyrococ-
cus furiosus cyclodextrin glucanotransferase (PFCGT)
was cloned in Escherichia coli. PFCGT was highly ex-
pressed in recombinant E. coli after compensation for
codon usage bias using the pRARE plasmid. Purified
PFCGT was extremely thermostable with an optimal
temperature and pH of 95°C and 5.0, respectively,
retaining 97% of its activity at 100°C. Incubation at
60°C for 20 min during the purification process led to a
1.5-fold increase in enzymatic activity. A time course
assay of the PFCGT reaction with starch indicated that
cyclic a-1,4-glucans with DPs greater than 20 were
produced at the beginning of the incubation followed
by an increase in -CD. The major final product of
PFCGT cyclization was f-CD, and thus the enzyme is a
p-CGTase.
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Hyperthermophiles tolerate the highest temperatures
of any known organism, achieving optimal growth at
above 75°C. There has been increasing interest in
isolating and analyzing hyperthermophiles such as
Thermotoga maritima, Pyrococcus furiosus, and Sulf-
olobus solfataricus as potential sources of thermosta-
ble enzymes that function at high temperatures (Bibel
et al. 1998; Nelson et al. 1999; Schiraldi and Rosa
2002, Rose et al. 2005). In P. furiosus, several en-
zymes that hydrolyze cyclodextrin have been isolated,
including an o-amylase (Dong et al. 1997a), an amy-
lopullulanase (Dong et al. 1997b), and a novel amy-
lolytic enzyme (Yang et al. 2004). Furthermore, a full
genome analysis of P. furiosus has revealed genes that
encode additional amylolytic enzymes, including one
that may encode cyclodextrin glucanotransferase
(CGTase; EC 2.4.1.19), which belongs to glycoside
hydrolase family 13.

CGTase is a unique glycoside hydrolase that forms
circular «-(1,4)-linked oligosaccharides (CDs) from
starch, which in turn may form inclusion complexes
with various hydrophobic molecules (Saenger 1980).
The enzyme uses multiple modes of action such as
hydrolysis, cyclization, coupling, and disproportion-
ation, and it is used industrially to produce CDs com-
posed of six, seven, and eight glucose residues, forming
o-, B-, and y-CD, respectively. Highly thermostable
CGTases, therefore, may be useful in the industrial
liquefaction of starch, thereby eliminating the need to
pretreat with other amylolytic enzymes. The goals of
this study were to clone, express, and characterize a
gene that encodes thermostable P. furiosus CGTase
(PFCGT) in Escherichia coli.

Multiple sequence alignment of several amylolytic
enzymes of the P. furiosus DSM3638 genome revealed
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an open reading frame, PF0478, homologous to other
CGTases. The putative CGTase gene was amplified
from the P. furiosus chromosome using two primers
(PF-Fco, 5-TTTCCCAGGTCCATGGGCTATTAT
GTTCCA-3 and PF-Rxo, 5-AGTAGCGGATGG
CTCGAGCTAGAGGCACCA-3") containing an
Ncol and an Xhol restriction site (underlined),
respectively. The PCR product (2.1 kb) was ligated
into the expression vector, pTKNd119 (Kim et al.
2004), at the corresponding sites and transformed into
E. coli MC1061 [F-, araD139, recAl3, (araABC-
leu)7696, galU, galK, lacX74, rpsL, thi, hsdR2, mcrB].
The insert of the resulting plasmid, pTKPFCGT, was
sequenced using a BigDyeTM terminator cycle
sequencing kit for ABI377 PRISM (Perkin-Elmer,
Norwalk, CT).

Nucleotide sequences of several CGTases were
multiply aligned using CLUSTAL X 1.83 (Thompson
et al. 1997), and then a radial unrooted phylogenetic
tree was constructed based on the CLUSTAL X
bootstrap values (1,000 samples) by the neighbor-
joining method (Saitou and Nei 1987) using TreeView
v.1.66 (Page 1996). The predicted amino acid sequence
of the gene product PFCGT represented a protein with
a molecular mass of 80,775 Da and shared 61% iden-
tity with CGTase from Thermococcus kodakaraensis
(Rashid et al. 2002) and only 36% with CGTase from
Thermococcus sp. B1001 (Tachibana et al. 1999). It
shared even lower identity (20-30%) with CGTases
from other bacteria. A phylogenetic tree based on the
amino acid sequence of various CGTases showed that
PFCGT is phylogenetically distant from bacterial
CGTases (Fig. 1). Interestingly, PFCGT had a shorter
N-terminus and a longer C-terminus than other
CGTases. The E domain, which in CGTases is known
to bind to starch, was longer than and its sequence was
different from those found in other CGTases, even at
the residues involved in starch binding; it was most
closely related to the E domain of 7. kodakaraensis.
Multiple amino acid sequence alignment revealed that
PFCGT also contained the four well-known conserved
regions of glycoside hydrolase family 13, but with some
variation.

The pfcgt gene was cloned in E. coli without the
signal sequence, but was not well expressed. This was
likely due to codon usage bias (Yang et al. 2004). Co-
dons that are rarely used in E. coli such as AGA and
AGG for arginine (35/35), AUA for isoleucine (27/56),
and GGA for glycine (31/51), have been used fre-
quently for pfcgt. To compensate for codon usage bias
and to enhance the expression of pfcgt in E. coli, the
PRARE plasmid (Novagen, Madison, WI), which car-
ries extra tRNA genes for the aforementioned codons,
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Fig. 1 Phylogenetic relationship among CGTases. Phylip format
tree outputs from the CLUSTAL X analysis were visualized with
TreeViewPPC based on the distance matrix using the neighbor-
joining method. The bar in the lower left corner indicates the
substitution rate (substitution/site). Bootstrap values (based on
1,000 bootstrap trials) are shown at each node. The unrooted
phylogenetic tree was built from entire sequences of the
following CGTases: BET1 represents CGTase from Bacillus
stearothermophilus ET1 (GenBank gi:4099126), BI-5 from
alkalophilic Bacillus sp. 1-5 (gi:39933005), Kp from Klebsiella
pneumoniae AS-22 (gi:149178), B251 from B. circulans 251
(gi:510491), B38-2 from Bacillus sp. 38-2 (gi:216247), Bm from B.
macerans (gi:39624), Bl from B. licheniformis (gi:39565), Tb from
Thermococcus sp. strain B1001 (gi:6552351), Tk from T.
kodakaraensis KOD1 (gi:17298172), and Pf from Pyrococcus
furiosus (gi:1468319)

was introduced into E. coli harboring pTKPFCGT.
The enhanced expression of pfcgt led to a significant
amount of PFCGT accumulation.

PFCGT was successfully purified from pTKPFCGT-
carrying E. coli using a four-step procedure that in-
cluded heat treatment. E. coli harboring pTKPFCGT
was grown in LB broth supplemented with kanamycin
(100 pg/ml) and chloramphenicol (30 pg/ml) at 37°C
for 19 h with agitation (200 rpm). The cells were har-
vested via centrifugation and then sonicated (VC-600;
Sonics & Materials Inc., Newtown, CT). The extract
was incubated at 60°C for 20 min then applied to a Q-
Sepharose column (10 x 1.0 cm), a DEAE-Toyopearl
column, and a gel permeation chromatography (GPC)
column (30 x 1.0 cm) using an AKTA FPLC purifier
system (Amersham-Pharmacia, Uppsala, Sweden).
The anion exchange columns were equilibrated with
50 mM Tris—HCI (pH 7.5 or 9.0), and the proteins were
eluted with a linear gradient of NaCl (0-1.0 M). When
heat treatment was omitted, the yield of PFCGT was
very poor. High temperatures facilitate the folding of
thermostable proteins (Rahman et al. 1997, 1998;
Siddiqui et al. 1998) and may also be required for the
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Table 1 Effects of heat treatment on CGTase activity kDa
Ti i Relati tivity® (%
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% Refolded CGTases were heated for 1040 min at the indicated
temperatures (40-90°C). Cyclization activity was measured at 45 ’ g
50°C

proper folding of secreted enzymes because accessory
proteins such as chaperonins are absent in the extra-
cellular environment.

The effect of heat treatment on PFCGT was exam-
ined by incubating the cell lysate for 10 min at various
temperatures. After treatment, the samples were cen-
trifuged, and the enzyme activity in the supernatant
was measured using the phenolphthalein method
(Kaneko et al. 1987) with 4% soluble starch as the
substrate in 50 mM sodium acetate buffer (pH 5.0) at
50°C to avoid additional heat effects (Table 1). Most
enzymes from mesophiles are generally thermolabile
and lose activity upon heat treatment. In contrast,
PFCGT activity increased during incubation at 60°C
for up to 30 min (Table 1). Heat treatment for 20 min
at 60°C increased its activity by 1.5-fold.

Recent studies have indicated that high tempera-
tures have significant effects on forming a suitable
protein structure. For example, glutamate dehydroge-
nase (GDH) from P. kodakaraensis (Rahman et al.
1997, 1998) or P. furiosus (Rice et al. 1996), and p-
glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH) from T. maritima (Schultes and Jaenicke 1991)
required heat treatment in vitro for proper protein
folding. Recombinant thermostable proteins purified in
the absence of heat treatment may be in an interme-
diate stage of protein folding. In the present study, the
intermediate form of PFCGT also seemed to be func-
tional because the unheated enzyme possessed cycli-
zation activity.

The estimated molecular mass of PFCGT on a 10%
SDS-PAGE gel (65 kDa; Fig. 2) was smaller than that
predicted from the amino acid sequence of the gene
(81 kDa). Similar abnormal mobility on SDS-PAGE
gels has previously been observed among hyper-
thermophilic starch-degrading enzymes (Tachibana
et al. 1996, 1999; Rashid et al. 2002) and is likely the
result of incomplete denaturation of the proteins by
the loading buffer. The mobility of the active band

-
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Fig. 2 SDS-PAGE of PFCGT at each purification step from the
E. coli lysate. Lane M represents standard proteins; lane 1, crude
cell extract; lane 2, cell extract after heat treatment; lane 3,
partially purified PFCGT after Q-Sepharose column chromatog-
raphy; lane 4, partially purified PFCGT after DEAE-Toyopearl
column chromatography; lane 5, purified PFCGT after gel
permeation chromatography (GPC)

3 4 5

confirmed by staining for starch-degrading activity was
correlated with that determined by staining with Coo-
massie brilliant blue, indicating that purified PFCGT
was definitely a CGTase (data not shown). Further-
more, the first six amino acids of purified PFCGT
(MGYYVP) determined by protein sequencing
(Model 491; Perkin—Elmer) were identical to those
deduced from the pfcgt gene (data not shown).

The optimal reaction temperature and pH for
PFCGT were 95°C and 5.0, respectively. The enzyme
retained 97% of its activity at 100°C and 60% at 105°C,
but the residual activity was greatly reduced to below
45% at 110°C. The half-lives of the enzyme at 85, 90,
and 95°C were 142, 85, and 46 min, respectively (data
not shown). CGTase from T. kodakaraensis (Rashid
et al. 2002), which has the highest similarity to PFCGT,
had an optimal temperature of 80°C. None of the
bacterial CGTases were as thermostable as PFCGT
(Schmid 1989). To our knowledge, PFCGT is the sec-
ond most thermostable CGTase known, following the
CGTase from the Thermococcus B1001 strain, which
has an optimal temperature of 110°C.

A time course assay of PFCGT reactivity at 90°C
was performed to clarify the enzyme’s modes of action.
Soluble starch (4%) was incubated with 0.1 U of
the purified enzyme for up to 360 min, and the cyclic
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Fig. 3 Time course analysis of f-amylase-resistant molecules
using MALDI TOF-MS. Soluble starch (4%) was incubated with
purified PFCGT (0.1 U/ml) at 90°C for different time periods
(a-d). After f-amylase treatment, f-amylase-resistant molecules

o-1,4-glucans were recovered from the solution and
purified. Beta-Amylase was added to the reaction
solution following PFCGT inactivation and incubated
at 40°C for 6 h to remove any noncyclic glucans. This
process degrades noncyclic glucans into maltose. Pure
cyclic a-1,4-glucans were precipitated by adding 10
volumes of ethanol and then freeze-dried. Many peaks
of cyclic a-1,4-glucans with DPs greater than 20 were
detected when the mixtures taken at each time point
were analyzed using high performance anion exchange
chromatography and MALDI-TOF mass spectrometer
(VoyagerTM DE; Perceptive Biosystem, Framingham,
MA). Cyclic a-1,4-glucans increased after 20 min of
incubation (data not shown) but remained constant as
the reaction proceeded, while f-CD continued to
increase (Fig. 3a—c). The major final product of the
PFCGT reaction was f-CD (Fig. 3d).

Given these results, it is likely that PFCGT targeted
any o-1,4-linkage and then transferred the newly
formed reducing end of the substrate either to the
nonreducing end of a separate linear acceptor mole-
cule, to glucose (intermolecular transglycosylation or
disproportionation reaction), or to its own nonreducing
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were purified and subjected to TOF-MS analysis. Numbers above
each peak indicate the molecular mass (in Daltons) of the
molecule plus the mass of Na™ (23 Da)

end (intramolecular transglycosylation or cyclization
reaction). This random cyclization reaction produces a
wide variety of cyclic a-1,4-glucans. The reversibility of
these reactions allows large cyclic molecules to be re-
linearized by transglycosylation, which leads to the
production of smaller cyclic molecules. The equilib-
rium of the whole reaction tends to be toward the
formation of o- or f-CD as the final major products.
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