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a b s t r a c t

An inulin fructotransferase (DFA III-producing) [EC 2.4.1.93] from Arthrobacter ureafaciens D13-3 was
purified and characterized. The enzyme was purified from culture supernatant of the microorganism
22.3-fold with a yield of 23.6%. The enzyme showed maximum activity at pH 5.5 and 50 ◦C. The enzyme
vailable online 1 June 2010
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activity was stable up to 70 ◦C after 30 min heat treatment. The molecular mass of the enzyme was
estimated to be 40 kDa by SDS-PAGE and 43 kDa by gel filtration, and the enzyme was considered to be
a monomer. The smallest fructo-oligosaccharide as the substrate was estimated to be GF3 (nystose). The
N-terminal amino acid sequence (12 amino acid residues) was analyzed as TTVYDTTVDVP.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

Inulin is a polysaccharide contained in chicory, dahlia, Jerusalem
rtichoke and other plants. The chemical structure of inulin is a �-
, 1 linked fructose polymer terminated with a sucrose residue.

n studies of inulin decomposing enzymes, inulinase [EC 3.2.1.7]
rom molds and yeast were reported in the past. Afterwards, a new
ype of inulin decomposing enzyme produced by Arthrobacter ure-
faciens was discovered (Uchiyama, Niwa, & Tanaka, 1973). The
nzyme converted inulin into an oligo-saccharide DFA III (di-d-
ructofuranose 1,2′:2,3′ dianhydride) and a small amount of other
ligo-saccharides. This enzyme was designated as inulin fructo-
ransferase (DFA III-producing) [EC 2.4.1.93]. Subsequently, there
ave been several reports on the inulin fructotransferase (DFA

II-producing) from Arthrobacter species (Haraguchi et al., 1988;
araguchi, Yamanaka, & Ohtsubo, 2002; Haraguchi, Yoshida, &
htsubo, 2005; Kawamura, Takahashi, & Uchiyama, 1988; Yokota,
nomoto, & Tomita, 1991). Kang, Kim, Chang, and Kim (1998)
eported on the enzyme from Bacillus sp. We reported on the
nzyme from Leifsonia sp. (Haraguchi, Yoshida, & Ohtsubo, 2006).

The DFAIII has half the sweetness of sucrose. It was found that
he DFA III accelerates the assimilation of minerals (Ca, Fe, and so
n) from intestines (Saito & Tomita, 2000). Therefore, the DFAIII has
potential for the improvement of osteoporosis and iron deficiency

nemia.

Recently, we isolated a microorganism, strain D13-3, which
roduced an inulin fructotransferase (DFAIII-producing) in the cul-
ure supernatant. Through taxonomic studies, the microorganism

∗ Tel.: +81 029 838 8073; fax: +81 029 838 7996.
E-mail address: haraguti@affrc.go.jp.

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.05.045
was identified as Arthrobacter ureafaciens D13-3. Mostly, the minor
products of the inulin fructotransferase (DFA III-producing) were
GF3 and GF4 (Haraguchi et al., 1988, 2002, 2005, 2006; Kawamura
et al., 1988; Yokota et al., 1991). Therefore, the smallest substrate
for those enzymes was estimated to be GF5. Though, the smallest
substrate for the enzyme of A. ureafaciens D13-3 was estimated to
be GF3 (nystose). In this paper, we describe the purification and
properties of this type of the enzyme.

2. Materials and methods

2.1. Chemicals

The oligosaccharide DFA III was obtained from Fancl Co. Ltd.
(Japan). The standard fructo-oligosaccharides (GF2, GF3, GF4) were
obtained from Wako pure chemicals Co. Ltd. (Japan).

2.2. Identification of microorganism

We isolated a microorganism, strain D13-3 (SIID 2513, NCIMB
Japan), from a soil sample collected in Ibaraki prefecture, Japan.
For the extraction of a genome DNA Prepman method (Applied
Biosystems, Co. Ltd., USA) was used. The amplification of 16S rDNA
was performed using PCR system 9600 (Applied Biosystems Co.
Ltd.). The DNA sequencing was performed with an ABI PRISM 3100
sequencer (Applied Biosystems Co. Ltd.).
2.3. Cultivation of microorganism

For a pre-culture, the microorganism was cultured in a 500 ml
shaking flask at 30 ◦C, for 24 h which containing a medium. The
medium was composed of 0.4% Na2HPO4·12H2O, 0.1% KH2PO4,

dx.doi.org/10.1016/j.carbpol.2010.05.045
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Table 1
Taxonomic characteristics of strain D13-3.

Shape and size Rod: 0.8 × 2.0–3.0 �m (24 h)
Gram staining Positive
Spore formation −
Motility −
Pleomorphism +
Catalase +
Oxidase −

T
P
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.1% NaNO3, 0.05% MgSO4·7H2O, 0.001% CaCl2·2H2O, 0.001%
eSO4·7H2O, 0.05% yeast extract (Difco), and 0.3% inulin, pH 7.0.
he pre-culture was inoculated in a 5 l Erlenmeyer flask containing
l of the same medium and cultured at 30 ◦C, for 24h. After the culti-
ation, the cells were removed by centrifugation (8000 × g, 30 min)
nd the supernatant was used as a crude enzyme solution.

.4. Standard assay methods

For the measurement of the enzyme activity, 0.1 M citrate buffer,
H 5.5 (0.5 ml), the enzyme solution (0.1 ml), water (0.4 ml), and 2%

nulin (1.0 ml) were mixed. The enzyme reaction was performed
t 50 ◦C, for 30 min, and the reaction was stopped by heating at
00 ◦C, for 7 min. The DFAIII-produced was determined by HPLC
column, Shim-pack CLC ODS, 4.6 mm × 25 cm (Shimadzu Co. Ltd.,
yoto); mobile phase, water; detector, refractive index detector).
ne unit of the enzyme was defined as the amount of the enzyme
hich can produce 1 �mole of DFA III per min at pH 5.5 and 50 ◦C.

rotein concentrations were determined with method of Lowry,
osebrough, Farr, and Randall (1951) using bovine serum albumin
s a standard.

.5. Purification of enzyme

The crude enzyme solution was dialyzed against, 10 mM
ris–HCl buffer, pH 8.5. The dialyzed enzyme solution was applied
n a column of DEAE-Toyopearl 650M (2.5 cm × 17 cm, Tohsoh
o. Ltd., Japan) equilibrated with 10 mM Tris–HCl buffer, pH 8.5.
he elution was performed with linear 0–0.5 M NaCl gradient
n the same buffer. The fractions showing the enzyme activity

ere pooled and dialyzed against 10 mM Tris–HCl buffer, pH 8.5.
he dialyzed enzyme solution was applied on a column of Super
-Toyopearl 650M (1st, 1.5 cm × 12 cm, Tohsoh Co. Ltd., Japan)
quilibrated with 10 mM Tris–HCl buffer, pH 8.5. The elution was
erformed with linear 0–0.5 M NaCl gradient in the same buffer.
he fractions containing the enzyme activity were pooled and
ialyzed against 5 mM phosphate buffer, pH 8.0. The dialyzed solu-
ion was applied on a column of Super Q-Toyopearl 650M (2nd,
.5 cm × 12 cm) equilibrated with 5 mM phosphate buffer, pH 8.0.
he elution was performed with linear 0–0.4 M NaCl gradient in
he same buffer. The fractions containing the enzyme activity were
ooled and used as a purified enzyme solution.

.6. Estimation of molecular mass

The molecular mass of the enzyme was estimated by
DS-polyacrylamide gel electrophoresis (SDS-PAGE) using a ready-
ade gel (PAGEL: NPU-10L, Atto Co. Ltd., Japan). Also, the molecular
ass of the enzyme was estimated by gel filtration on HPLC (col-

mn, TSK-gel G3000SWXL, Tohsoh Co. Ltd., Japan; mobile phase,
00 mM sodium phosphate buffer, pH 7.0, containing 0.5 M NaCl;
ow rate, 0.5 ml/min; detection, UV280 nm).
.7. Amino acid sequencing

The purified enzyme was electrically blotted on a PVDF mem-
rane (Sequi-Blot, Bio-rad Co. Ltd., USA). And the amino acid

able 2
urification of inulin fructotransferase (DFA III-producing) from Arthrobacter ureafaciens

Step Total activity (U) Total pro

Crude enzyme 1400 108
DEAE-Toyopearl 851 6.07
Super Q-Toyopearl (1st) 621 2.29
Super Q-Toyopearl (2nd) 331 1.14
Reduction of nitrate −
Gelatin hydrolysis +

sequence of N-terminal region of the enzyme was analyzed by
automated Edman degradation with G1005A protein sequencer
(Hewlett Packard Co. Ltd., USA).

2.8. Preparation of reaction products from inulin

For the preparation of the reaction products, 0.1 M citrate buffer,
pH5.5 (0.3 ml), the purified enzyme solution (1.2 ml, 7.0 U/ml) and
6% inulin (1.5 ml) were mixed. The enzyme reaction was performed
at 50 ◦C, and periodically (1, 4, 24 h) a part of reaction mixture was
sampled. The obtained sample was heated at 100 ◦C for 7 min to
stop the reaction. After cooling, the reaction mixture was analyzed
by a paper chromatography. The paper chromatography was per-
formed at 37 ◦C using Toyo No.50 filter paper (Advantec Toyo, Co.
Ltd., Japan) with a solvent system of n-butyl alcohol:pyridine:water
(3:2:2, by volume). The chromatogram was irrigated twice. The
spots of the reaction products were revealed with resorcinol–HCl
reagent.

2.9. Preparation of reaction products from
fructo-oligosaccharides

0.1 M citrate buffer, pH 5.5 (0.2 ml), fructo-oligosaccharide (GF2
or GF3 or GF4, 10%, 0.3 ml) and the enzyme solution (0.5 ml, 7 U/ml)
were mixed and reacted at 50 ◦C for 24 h. After the reaction the
mixtures were heated at 100 ◦C for 7 min to stop the enzyme reac-
tions. After cooling, the reaction mixtures were analyzed by a paper
chromatography with the same method mentioned in Section 2.8.

3. Results and discussion

3.1. Identification of the microorganism

Table 1 summarized the results of taxonomic study. The
microorganism D13-3 was a Gram-positive non-spore forming bac-
terium. It was catalase positive and oxidase negative. Therefore, the
strain D13-3 was estimated to be a coryneform bacterium. The 16S
rDNA sequence showed homology of 99.8% with that of Arthrobac-
ter ureafaciens (type strain). And on the molecular genealogical

analysis of the 16S rDNA sequence, the strain D13-3 formed a same
cluster with that of Arthrobacter ureafaciens (data not shown). From
these results, the strain D13-3 was identified as Arthrobacter ure-
afaciens D13-3.

D13-3.

tein (mg) Specific activity (U/mg) Recovery (%)

13.0 100
140 60.8
271 44.4
290 23.6



744 K. Haraguchi / Carbohydrate Pol

Fig. 1. The SDS-PAGE of the intermediate fractions and the purified enzyme. Lane M:
m
f
(
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of the enzyme was estimated to be 40 kDa. Fig. 3(B) shows
the result of molecular mass estimation by gel filtration with

F
t

olecular mass standard markers; lane 1: crude enzyme; lane 2: DEAE-Toyopearl
raction; lane 3: Super Q Toyopearl fraction (1st); lane 4: Super Q Toyopearl Fraction
2nd) (purified enzyme).

.2. Purification of enzyme
Table 2 showed a summary of the enzyme purification. The
nzyme was purified 22.3-fold with a yield of 23.6% by a DEAE-
oyopearl chromatography and two times of Super Q Toyopearl
hromatography. The intermediate fractions of purification and the

ig. 2. (A) The effect of pH on the enzyme activity: (�) citrate buffer; (©) phosphate buffe
he enzyme.
ymers 82 (2010) 742–746

purified enzyme was analyzed by SDS-PAGE, the Super Q Toyopearl
(2nd) fraction gave a single band (Fig. 1).

3.3. Effect of pH and temperature on enzyme activity

The effect of pH on the enzyme activity was investigated in the
pH range 4.0–8.0 at 50 ◦C. As shown in Fig. 2(A), maximum activity
was obtained at pH5.5. The enzyme reaction was performed in the
range 30–75 ◦C at pH5.5. As shown in Fig. 2(B), maximum activity
was obtained at 50 ◦C.

3.4. Thermal stability

The enzyme solution was heated at various temperatures for
30 min at pH 5.5, after that the residual activities were measured
at pH 5.5 and 50 ◦C. As shown in Fig. 2(C), the enzyme was stable
up to 70 ◦C, but it was inactivated at 75 ◦C.

3.5. Molecular mass estimation

Fig. 3(A) shows plots of logarithmic molecular mass of the
enzyme vs. protein mobility on SDS-PAGE. The molecular mass
TSK-gel G3000SWXL. The molecular mass was estimated to be
43 kDa. From these results, the enzyme was considered to be a
monomer. Table 3 summarizes the comparison of some proper-
ties of inulin fructotransferases (DFAIII-producing) from different
microorganisms.

r. (B) The effect of temperature on the enzyme activity. (C) The thermal stability of
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Fig. 3. (A) The estimation of the molecular mass by SDS-PAGE. Standard marker
proteins, Takara perfect protein markers (150, 100, 75, 50, 35, 25, 15 kDa). (B) The
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Fig. 4. The comparison of N-terminal amino acid sequence of inulin fructotrans-
ferase (DFAIII-producing) from different microorganism. C11-1: the sequence of A.
globiformis C11-1; D13-3: the sequence of A. ureafaciens D13-3; H65-7: the sequence
of Arthrobacter sp. H65-7; Snu-7: the sequence of Bacillus sp. Snu-7; T13-2: the
sequence of A. pascens T13-2. The identical residues are presented by white letter in
black boxes.

raphy. As shown in Fig. 6, the minor products after the 24 h enzyme

T
T

stimation of the molecular mass by gel filtration. Standard marker proteins, gluta-
ate dehydrogenase (290 kDa); lactate dehydrogenase (142 kDa); enolase (67 kDa);
yokinase (32 kDa); cytchrome C (12.4 kDa).

.6. N-terminal amino acid sequence

N-terminal amino acid sequence (12 amino acid residues) was
etermined as TTVYDVTTVDVP. Fig. 4 shows the comparison of N-
erminal amino acid sequence of inulin fructotransferases (DFAIII-
roducing) from various microorganisms. At the N-terminal amino

cid sequence of A. ureafaciens D13-3, the 11 amino residues were
eleted compared with those of A. globiformis C11-1 (Haraguchi et
l., 1988), Bacillus sp. Snu-7 (Kang et al., 1998), and A. pascens T13-2
Haraguchi et al., 2002).

able 3
he comparison of properties of inulin fructotransferases (DFA III-producing) from differe

Microorganism Optimum Heat stability (◦C) Mo

pH ◦C SDS

A. ureafaciens D13-3 5.5 50 70 40
Leifsonia sp. T88-4 5.0 65 60 44
A. ureafaciens 6.0 50 50
A. globiformis C11-1 5.0 55 75 45
A. ilicis OKU17B 5.5 60 70 27
Arthrobacter sp.H65-7 5.5 60 70 49
A. pascens T13-2 5.5–6.0 50 75 44
Arthrobacter sp.L68-1 5.5–6.0 55 80 43
Bacillus sp. snu-7 6.0 40 60 62
Fig. 5. The estimation of Km value of the enzyme by double reciprocal plots.

3.7. Estimation of Km value

The enzyme reaction was performed at pH 5.5 and 50 ◦C at vari-
ous concentrations of inulin (molecular mass assumed as 5000 Da).
The double-reciprocal plots of the reaction rate against the sub-
strate concentrations were performed. As shown in Fig. 5, the
−1/Km (−1/mM) value at the conditions was estimated to be −0.2.
Therefore the Km value at the condition was estimated to be
5 mM.

3.8. Reaction products from inulin

The reaction mixtures of the enzyme from A. ureafaciens D13-3,
using an inulin as a substrate, were analyzed by paper chromatog-
reaction were GF, GF2 and GF3. Mostly, the minor products of
the inulin fructotransferase (DFA III-producing) were GF3 and GF4
(Haraguchi et al., 1988, 2002, 2005, 2006; Kawamura et al., 1988;
Yokota et al., 1991). Kang et al. (1998) reported that the minor prod-

nt microorganisms.

lecular mass (kDa) Km (mM) References

-PAGE Gel filtration

43 5 This work
74 1 Haraguchi et al. (2006)
80 Uchiyama et al. (1973)
50 Haraguchi et al. (1988)
50 Kawamura et al. (1988)

100 0.8 Yokota et al. (1991)
79 Haraguchi et al. (2002)
73 10 Haraguchi et al. (2005)

5.4 Kang et al. (1998)
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Fig. 6. The paper chromatogram of reaction products from inulin. GF: sucrose; GF2:
1-kestose; GF3: nystose; GF4: fructosyl nystose; St.: Standards.

Fig. 7. The paper chromatogram of reaction products from fructo-oligosaccharide.
GF: sucrose; GF2: 1-kestose; GF3: nystose; GF4: fructosyl nystose; St.: Standards.
ymers 82 (2010) 742–746

ucts of the enzyme from Bacillus sp. were the GF2, GF3 and GF4.
Therefore, the minor products of the enzyme reaction (GF, GF2 and
GF3) are the one of the unique characteristics of the enzyme from
A. ureafaciens D13-3.

3.9. Reaction products from fructo-oligosaccharide

As shown in Fig. 7, the enzyme from A. ureafaciens D13-3 could
not react on a GF2. Though, a DFAIII and a residual GF (sucrose) was
produced from a GF3. And a DFAIII and a residual GF2 (1-kestose)
was produced from a GF4. From these results, it was estimated that
the smallest fructo-oligosaccharide as the substrate of the enzyme
of A. ureafaciens D13-3 was the GF3 (nystose).

4. Conclusion

The inulin fructotransferase (DFAIII-producing) of Arthrobac-
ter ureafaciens D13-3 was purified and characterized. The enzyme
showed maximum activity at pH 5.5 and 50 ◦C. The enzyme was sta-
ble up to 70 ◦C for 30 min heat treatment. The molecular mass of the
enzyme was estimated to be 43 kDa by SDS-PAGE and 40 kDa by gel
filtration. Therefore, the enzyme was considered to be a monomer.
The smallest fructo-oligosaccharide as the substrate was estimated
to be the GF3 (nystose).
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