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£ bstract Microorganism producing extracellular CFTase was
i olated from soil and designated as Bacillus polymyxa MGL21.
The gene encoding the CFTlase (cft) from B. polymyxa
1 {GL21 was cloned and sequenced. The ORF of the ¢ff gene
v as composed of 3,999 nucleotides, encoding a protein (1,333
¢ mino acids) with a predicted molecular mass of 149,375 Da.
{ equence analysis indicated that CFTase was divided into five
c istinct regions. CFTase contained three regions of repeat
¢ »quences at the N-terminus and C-terminus. The endo-inulinase
1:gion of homology (ERH) of CFTase was similar to that of
1 seudomonas mucidolens endo-inulinase (50% identity, 259
¢ mino acids). Furthermore, CFTase possessed a highly conserved
core region, which is considered to be functional for the
| ydrolysis reaction of inulin. The cft gene was expressed in a
! lis-tagged form in Escherichia coli cells, and the His-tagged
t ‘FTase was purified to homogeneity. The optimal temperature
: nd pH for CFTase activity were found to be 50°C and 9.0,
- :spectively. The enzyme activity was completely inhibited
"y 10 mM Ag* and Cu”. Thin-layer chromatography analyses

1dicated that CFTase catalyzed not only the cyclization reaction

ut also disproportionation and hydrolysis reactions as well,

ey words: Cyclofructan, cycloinulooligosaccharide
ructanotransferase, CFTase, transfructosylation, inulin

“ycloinulooligosaccharides (cyclofructans) are the cyclic
ligosaccharides which consist of six to eight molecules of
}-(2—1)-linked D-fructofuranoses [cycloinulohexaose (CF6),
‘ycloinuloheptaose (CF7), and cycloinulooctaose (CF8)].
“yclofructans have a characteristic crown ether in the
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central part of the molecule that can bind cationic molecules
via charge-dipole electrostatic interactions [18]. Cyclofructans
also have stabilizing effects on various materials during
the freezing and thawing process [3,20]. Accordingly,
cyclofructans are expected to be utilized extensively in the
medical, food, and chemical fields.

Cyclofructans are synthesized from inulin by
cycloinulooligosaccharide fructanotransferase (CFTase).
Inulin is a polyfructan consisting of a linear B-(2—1)-
linked polyfructose chain with a terminal glucose residue.
It is found as a carbohydrate reservoir in various plants
such as chicory, dahlia, and Jerusalem artichoke. CFTase
catalyzes degradation of inulin into cycloinulooligosaccharides
by intramolecular transfructosylation, and also catalyzes
intermolecular transfructosylation between B-(2—1)-
fructooligosaccharides by disproportionation and coupling
reactions [4, 6]. Currently, three microorganisms, Bacillus
circulans OKUMZ 31B [6], B. circulans MCI-2554 [12],
and B. macerans CFC1 [10], have been found to produce
CFTase.

In this study, we isolated a novel microorganism that
produced an extracellular CFTase from soil. This bacterial
strain, designated as MGL21, was identified as B. polymyxa.
In addition, we cloned the gene encoding a CFTase from
the isolated strain and characterized the recombinant
protein.

MATERIALS AND METHODS

Bacterial Strains

The microorganism producing CFTase was isolated from
soil cultivating Jerusalem artichoke. The soil samples were
diluted with sterilized water, and incubated at 30°C for 2
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days in the Luria-Bertani (LB) medium containing 1%
(w/v) inulin. The incubated samples were inoculated to
plates of the LB agar. The production of CFTlase was
detected by TTC staining as described below. After
incubation at 37°C for 2 days, 10 colonies which formed a
red zone were isolated, inoculated into a medium that
contained 0.2 g of inulin, 0.05 g of yeast extract, 0.05 g of
(NH,).HPO,, 0.02 g of NH,H,PO,, 0.005 g of KCI, 0.005 g
of MnCl,-4H,0, 0.005 g of MgSO,-7H,0, and 0.005 g of
FeSO,-7H,0 in tap water (pH 7.0), and incubated at 37°C
for 2 days. The cells were centrifuged and the supernatant
was used as the crude enzyme source. The formation
of cyclofructan was detected by wusing thin-layer
chromatography (TLC) and also by using HPLC as described
below. The microorganism which produced high levels of
cyclofructan was selected and identified on the basis of
Bergey's Manual of Systematic Bacteriology [17] and GP
MicroPlate™ (Biolog, Hayward, CA, U.S.A.).

Escherichia coli DHSo [F, 080dlacZAMI1S, A(lacZYA-
argF) U169, deoR, recAl, endAl, hsdR17 (r, m.), PhoA,
supF44, thi-1, gyrA96, relAl] and E. coli HMS174(DE3)
pLysS [F, recAl, hsdR (r,,,; m,,,"), Rif " (DE3) pLysS] were
used as the host strains for gene cloning and gene
expression, respectively.

16S rRNA Gene Cloning and Sequencing

The 16S rRNA gene was amplified by PCR in 30 cycles
with a GeneAmp PCR System 2400 (Perkin Elmer, Foster
City, CA, U.S.A)) by using AmpliTag DNA polymerase
(Takara Shuzo, Kyoto, Japan) as described previously [7,
13]. The PCR amplification primers used were 16S-7 (5'-
AAGAGTTTGATCATGGC-3") and 16S-1510 (5'-AGGA-
GGTGATCCAACCGCAG-3'), which represent a 165
rRNA gene of E. coli (EMBL/GenBank/DDBJ accession
number X80721). Chromosomal DNA used as a template
was prepared by the sarkosyl method and purified by CsCl
equilibrium density gradient ultracentrifugation [1].

Purification of Cyclofructan

The crude enzyme suspension was incubated with 6%
(w/v) inulin in 50 mM phosphate buffer (pH 7.5) at 45°C for
3 h. The reaction was stopped by boiling for 5 min, and the
reaction mixture was concentrated under reduced pressure.
The concentrated sample was purified by gel filtration by using
Sephadex G-15 (Amersham Biosciences, Piscataway, NJ,
U.S.A)). The fractions containing inulooligosaccharides
were detected by the Somogyi-Nelson method [14], and
cyclofructans were detected by HPLC [8, 11]. Conditions
for HPLC analysis were as follows: column, TSK-GEL
AMIDE-80 (4.6x250, TOSOH, Tokyo, Japan); detector,
RI detector (Model 410, Waters, Milford, MA, U.S.A));
mobile phase, acetonitrile:water (65:35); flow rate, 1 ml/
min; and column temperature, 65°C.

Cloning and DNA Sequencing

DNA fragment containing cft gene was obtained by the
shot-gun cloning method. EcoRI-digested chromosomal
DNA of B. polymyxa MGL21 was ligated with previously
EcoRl-cleaved pUCI8 (Takara) by using standard
recombinant DNA techniques [15]. The ligation mixture
was transformed into E. coli DH5¢ and plated on the
LB medium containing ampicillin, X-Gal (5-bromo-4-
chioro-3-indoly!-B-p-galactopyranoside) and isopropyl-B-
p-thiogalactopyranoside (IPTG). After 16~ 24 h of incubation
at 37°C, white colonies were isolated and screened by TLC
analysis. The cft gene was cloned as a 11.5kb EcoRI
fragment in the pUCIS, and the resulting recombinant
plasmid was designated as pDI 1.

DNA sequencing analysis was performed by applying the
dideoxy chain-termination method [16] with an ABI PRISM
310 genetic analyzer (Perkin-Elmer Applied Biosystems,
Foster City, CA, U.S.A.). The nucleotide and deduced amino
acid sequences were analyzed by a DNASIS software
(Hitachi Softwares Engineering, Yokohama, Japan).

Protein Expression and Purification

For ¢ft gene expression, DNA fragment containing the cft
gene was amplified by PCR by using the chromosomal
DNA as template and two primers (primer 1, 5'-"AGGAA-
AGCCAAAGGAAGAAAATGTTGG-3" primer 2, 5'-AA-
CTCGAGGTTGTTGGTTTTCTTC-3). DNA amplification
was performed by using KOD1 DNA polymerase (Toyobo,
Osaka, Japan) with the following program: (i) 10 cycles of
98°C for 60s, 55°C for 30s, and 74'C for 60s; (i1) 20
cycles of 98°C for 15 s, 55°C for 2 s, and 72°C for 30 s. The
expression vector pET-28a was digested with Neol, treated
with T4 DNA polymerase to fill in the cohesive ends, and
again digested with Xhol. An amplified 4.0-kb DNA
fragment was digested with restriction enzymes Xhol (the
Xhol site in primer 2 is underlined) and inserted into the
pET-28a that contained a region coding for the His-tag
sequence (Novagen, Madison, WI, U.S.A.). The resulting
plasmid was designated as pET-CFT.

His-tagged CFTase was expressed by growing E. coli
harboring pET-CFT to approximately 0.4 turbidity at
600 nm and then inducing expression with 0.5 mM
IPTG for 4 h at 37°C. The celis were then disrupted by
sonication and the supernatant was recovered by centrifugation
at 30,000 xg for 30 min at 4°C. The supernatant was applied
to a metal chelating column (Amersham Biosciences)
and washed with at least 10 column volumes of the
resuspension buffer (20 mM Tris-HCI, pH 7.5, and 0.5 M
NaQOH), and the fusion protein was finally eluted with a
linear gradient of 0 to 300 mM imidazole in a resuspension
buffer at a flow rate of 1 mi/min by using the FPLC system
(Amersham Biosciences). The purity of fusion protein was
assessed on SDS-PAGE.



I nzyme Assay

15 isolate a bacterial strain capable of degrading inulin,
1TC staining was carried out by spraying the agar plate
v ith TTC reagent (0.1% triphenyl tetrazolium chloride in
( 5M sodium hydroxide) for 20 min in the dark. After
v ashing in 0.1 M acetate buffer (pH 5.0), the extracellular
t -oduction of inulinase was confirmed by the appearance
¢ “red zone that was formed around the colonies on the LB
& zar supplemented with inulin. CFTase activity was measured
ty incubating the enzyme with 2% inulin in 50 mM
1 10sphate buffer (pH 7.5) at 45°C for I h. The reaction was
s opped by boiling for 5 min, and the reaction products
v ere analyzed for inulin by TLC. Aliquots (5 ul) of the
1 :action mixtures were chromatographed on a silica gel plate
( Vlerck Co., Berlin, Germany) three times with x#-butanol-
i .opropanol-water (3:12:4, by vol) [2. 19], and the products
vere detected by spraying the plate with urea reagent
{23.22 ml of n-BuOH, 6.78 ml of phosphoric acid, 5 ml of
1 tOH, and 3 g urea) and treating it at 110°C for 10 min.

l{ucleotide Sequence Accession Number

" he nucleotide sequence of the cft gene from B. polymyxa
11GL21 has been submitted to the DDBJ/EMBL/GenBank
1 ucleotide sequence database under the accession number
«f AY077612.

RESULTS AND DISCUSSION
‘solation and Identification of Microorganism
" 'he microorganism producing CFTase was isolated from

: oil by using a culture containing inulin as the sole carbon
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%ig. 1. HPLC chromatogram of the CF6, CF7, and CF8 in the
‘nzyme reaction mixture.

CLONING OF CFTase FROM BACILLUS POLYMYXA 923

Table 1. Physiological and biochemical properties of the isolated
strain MGL21.

Characteristics Strains MGL21
Gram staining +
Motility +
Catalase +
Anaerobic growth +
Voges-Proskauer test +
Hydrolysis of :

Gelatin +

Esculin +

Starch +
Formation of

Indole -

Dihydroxyacetone +
Growth on nutrient broth at pH 5.7 +
Maximum growth temperature, ‘C 20-45°C
Maximum NaCl tolerance, % 0-1%
Carbon utilization
D-fructose +
D-glucose +
Lactulose +
D-psicose +
Methyl pyruvate +

source. In the screening stage, we selected a microorganism
which produced inulooligosaccharides from inulin by TLC
analysis, and designated it as the strain MGL21. The
products obtained from the crude enzyme preparation with
inulin were purified by gel filtration and analyzed by
HPLC. The crude enzyme preparation produced CF6,
CF7, and CF8 in a ratio of 72:27:1 (Fig. 1). The isolated
strain MGL21 was recognized as a Gram-positive and
motility-positive bacterium (Table 1). As shown in Table
1, the microorganism was identified as a strain of Bacillus
sp. from the physiological and biochemical characteristics.

Sequencing of the 16S rRNA Gene

A 1.5 kbp DNA fragment from the strain carrying more
than 95% of the 16S rRNA gene was cloned and its partial
nucleotide sequence was determined (500 bp from both
sides of this DNA fragment). The nucleotide sequences of
the 5'-terminal and 3'-terminal 500 bp DNA fragments are
deposited in DDBJ/EMBL/GenBank with accession numbers
of AY 135393 and AY 135394, respectively. The nucleotide
sequence of the 16S rRNA gene of this strain showed the
highest identity of 98.0% to that of B. polymyxa. This high
score affiliated the strain MGL21 with the order Bacillales,
family Bacillaceae.

Cloning and Sequence Analysis of the B. polymyxa
CFTase Gene

In order to obtain the cft gene from B. polymyxa MGL21,
the shot-gun method was used for the cloning experiment
as described in Materials and Methods. A plasmid
harboring a 11.5 kb EcoRI fragment was obtained and the
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nucieotide sequence of the entire open reading frame by a putative ribosomal binding site (5-AGGAGG-3', 8
(ORF) was determined. The DNA and the deduced amino nucleotides upstream of the initiation codon ATG). The
acid sequences are shown in Fig. 2. The ORF is preceded ORF encodes a protein of 1,333 amino acids with a
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TCCCTTCTTCATGRCTATTCATCT”TGTACAAGGAGAGCATTTCGAAATGAGGTATCGATGTTCGCAAGTATAACAAGTTTCGAAGGAGGCTCGA”AATG %CC
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CG”TAAGATCTSAAA}TET”G CCTTgGTgGGAACGJTQAG?TCSACETTCTT?TCgGCgGCfGCgGGGATATAGATCGF%AG#AIGITRLGC G“TCG
GGCG ”GGPC?G AAAGAGTTAETTAAAGAG%CAQCA%CCGAT$AF%AAEAA¢AléAALGLQAu?”TTGGGATuCGgCPSﬁT;ATATC%"quG PG TT
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T”GTTAATACG”GAGTCC”GTAGTCACECLAAALAAACLGAATACTCAGRTAGCTTGTAATTCGAAATGuCAAAGLAAAAGGGCAGGTAC“”FTAAAA
AAGCTGAATCAATTTTTATTTGGATGGGAGATAAGAGTGTATTTAAT TTAATGCTCALICCCCATAATCCCTTGGC TRARRCCATAGGAT VATCSC I'L
5GTGAGCGCACATTAATGARAAAACAATAAATTC TAACCTTAGTCAGAGAAAGGTTTCGTGGTATGGTTTARTATTCAGCIGAAGGGACGCCTTT TTTG
BAATCAAACGGTTTTTTGGGCTCAGTGTGCARCARC TGCTCTACCTGTACAT TTAATACAAT TGCTATGGCATAGRGCGTATCGATATCCACTGTAATRT S
TCCGGTTTCATATTTGGAAACCTGGAATCGTTARTGCGAATGAGTAAATTTCGTAATC TCCAGCATCTGGTCGGTCATATACAATCCCGAAAATTGAGAS
TTAGACTGTACCGT TCTTTCCTAAAGGCACAGACTTTGCCCAAGTATCCuAFuTGGCTTTGGAGCGTTCGCTTGATTAATCAACCTTGCCCGAAAATF

Fig. 2. Nucleotide and deduced amino acid sequences of the B. polymyxa cft gene.
A putative Shine-Dalgarno (SD) sequence is underlined. Six highly conserved regions are boxed. R1, R3 and R4, regions of repeat sequences; ERH, endo-
inulinase region of homology: CR, core region.
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Fig. 3. Schematic drawings of the alignment of B. polymyxa
( FTase with its homologues.

F i to R4, regions of repeat sequences; ERH, endo-inulinase region of
h :mology; CR, core region; BP, B. polymyxa CFlase; BM, B. macerans
( Ct CFTase; BC, B. circulans MCI-2554 CFTase; P-endo, P. mucidolens
e ‘do-inulinase; P-exo, P. mucidolens exo-inulinase.

[ edicted molecular mass of 149,375 Da and an estimated
i oelectric point of 5.16. The ORF has been designated as
t e ¢ft gene. Six highly conserved regions which had been
rported in the inulin, levan, and sucrose hydrolyzing
¢ 1zymes were also observed in CFTase from B. polymyxa
( “ig. 2).

Figure 3 shows schematic drawings of the alignment of
1. polymyxa CFTase with its homologues. The deduced
¢ mino acid sequence of CFlase from B. polymyxa was
s10wn to be the most homologous to that (96% identity
¢ 1d 98% similarity) from B. macerans CFCI and showed
¢ relatively high homology to CFTase (73% identity and
t4% similarity) of B. circulans MCI-2554. Also, it
vvas found to be homologous to members of the [3-
1 uctofuranosidase family (P. mucidolens endo-inulinase,
¢ xo-inulinase, Kluyveromyces marxianus inulinase, and B.
: 4btilis levanase). Sequence analysis indicated that CFTase
1-om B. polymyxa was divided into five distinct regions
{<ig. 3). CFTase and inulinase were found to possess a
1 ighly conserved core region (CR). This region is considered
1 be functional for hydrolysis reaction of inulin, since
11e core region has a sequence similar to that of B-
-ructofuranosidase. Endo-inulinase region of homology
1ERH) was only found in CFTase as well as endo-
“wwlinase, and ERH of B. polymyxa CFTase was similar to
at of P. mucidolens endo-inulinase (50% identity, 259
. mino acids). Hence, ERH is considered to be involved in
+ ndo-inulinase activity. The most striking difference between
+ "FTase and inulinase was found in the N-terminal and C-

srminal regions. CFTases have three or four regions of
2peat sequences, whereas inulinases do not contain these
zgions. Therefore, it suggests that the cyclization reaction
vas conferred by the region of repeat sequences. Furthermore,
- has been described that the N-terminal 358-residue
:omain of CFT150 from B. macerans might actually play a
ole in the substrate binding of the enzyme [10]. This
tomain is highly homologous (93% identity) to two regions
f repeated sequences at the N-terminus of B. polymyxa
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CFTase. In order to understand the functions of the N- and
C-terminal regions of the CFIlase, we constructed three
deletion mutants in which DNA regions encoding a part of
the repeat sequences of the enzyme were deleted, and we
are presently in the process of analyzing the characteristics
of the mutant enzymes.

Overexpression and Purification of the Recombinant
CFTase

B. polymyxa CFTase was expressed in a His-tagged form in
the pET-28a, as described in Materials and Methods.
When the cells harboring pET-CFT was induced only by
IPTG, a significant CFTase activity was detected. The
cells were harvested and disrupted by sonication, and the
protein was purified by a single step on a nickel-affinity
column [21]. SDS-PAGE analysis of the purified protein
resulted in a single band with a mobility corresponding to
a molecular mass of approximately 58 kDa (Fig. 4), in
good agreement with the size calculated from the amino
acid sequence for His-tagged CFTase (57.7 kDa). Purified
enzyme was used for further enzymatic characterization.

Characterization of Purified CFTase

The enzyme activity was measured in the pH range of
5.0 to 10.0. As shown in Fig. 5, maximal activity was
observed at pH 9.0. When the enzyme was incubated at pH

7-10 for 3 h, more than 90% of the CFTase activity
remained. The effect of temperature on the enzyme activity

(kDa)

225

150

100

75

50

35

Fig. 4. Analysis of the purified fusion CFTase on 0.1% SDS-
10% PAGE.

Lanes 1, Molecular mass marker consists of 9 precisely sized recombinant
protein of 10,000, 15,000, 25,000, 35,000, 50,000, 75,000, 100,000,
150,000, and 225,000 (Novagen, Madison, WI, U.S.A.); lanes 2, His-
tagged CFTase.
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Fig. 5. Effects of temperature and pH on recombinant His-tagged CFTase activity.

The CFTase activity was measured at different temperatures (A). For thermostability test, an enzyme suspension was incubated at each temperature for 3 h,
and then assayed for activity at 45°C (B). The CFTase activity was measured at different pHs (C). The enzyme was preincubated with various pH buffers for
3 h at 4°C and the residual activity was measured (D) (@, 50 mM acetate buffer; B, 50 mM phosphate buffer; A, 50 mM Tris buffer).

was observed in the range of 30°C to 60°C. The enzyme
showed maximal activity at 50°C, and it was stable up to
50°C for 3 h, while only 50% of the activity remained at
55°C for 3 h.

The optimal temperature and pH of the CFTase from
B. polymyxa were different from those of CFTases from
B. macerans CFC1 (45°C, pH 7.5) and B. circulans
OKUMZ31B (40°C, pH 7.5) [8,5]. The CFTase activity
was completely inhibited in the presence of 10 mM Cu™ or
Ag’, whereas Mg”, Mn™, and Fe* had no significant
influence on the CFTase activity (data not shown). In order
to understand the functional properties of B. polymyxa
CFTase, we analyzed the reaction products with substrates
such as inulin, 1-B-fructofuranosyl nystose (GF4) and
cycloinulohexaose (CF6), and the reaction products were
analyzed by TLC (Fig. 6). When inulin was used as a
substrate, cyclofructan (CF6) was the major product by the
cyclization reaction of the enzyme (Fig. 6A). When GF4
was used as a substrate, the first product was GF7,
however, CF6, inulotriose (F3), and sucrose (GF) were

also produced with comparable efficiencies (Fig. 6B). The
formation of GF7 from GF4 was considered to be caused
by a disproportionation reaction through an intermolecular
transfructosylation. When CF6 was used as a substrate, F3
and inulotetraose (F4) were detected after 18 h of the
reaction (Fig. 6C). These results indicate that CFTase can
catalyze the decomposition of CF6. As described above,
CFTase catalyzes not only the cyclization reaction but also
disproportionation and hydrolysis reactions as well. The
functional properties of B. polymyxa CFTase are similar to
those of other CFTases from B. circuluns OKUMZ31B and
B. macerans CFC1 [4, 8, 9]. Thus, it can be deduced that
B. polymyxa CFTase and the two other CFTases have
similar structures and catalytic mechanisms. In view of
industrial utilization, CFTase may also be used for the
production of various sugar derivatives and synthesis of
functional oligosaccharides.

In this study, we confirmed the functional properties of
CFTase from B. polymyxa, and compared the amino acid
sequence of CFTase with inulinases. Further analysis to
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nderstand the biochemical characteristics of this enzyme
s in progress.
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