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Abstract: Fresh edible burdock roots were stored in soil of 1 m depth underground from November to May.
Three fructooligosaccharide derivatives without a terminal glucose residue, designated saccharides 1, 2 and 3,
were generated in the stored burdock roots. They were purified from the sugar extract using carbon-Celite
column chromatography. Saccharides 1, 2 and 3 have R-sucrose values (retention time of sucrose = 1) of 1.55,
2.15 and 2.73 by HPAEC, reducing terminal, molar ratios (reducing sugar to D-fructose) of 0.50, 0.33 and
0.25 and degrees of polymerization of 2, 3 and 4 by TOF-MS, respectively. Analyses by GLC and NMR con-
firmed the three different following structures: first was inulobiose [B-D-fructofuranosyl-(2—1)-3-D-
fructopyranose], and the two others were inulotriose [B-D-fructofuranosyl-(2—1)-p-bp-fructofuranosyl-(2—1)-f3-
D-fructopyranose] and inulotetraose [[-D-fructofuranosyl-(2— 1)-B-D-fructofuranosyl-(2— 1)-B-p-fructo-
furanosyl-(2—1)-B-D-fructopyranose]. The NMR spectra showed that 70 to 80% of the terminal fructose resi-
due of the three saccharides is pyranosyl form, while 20 to 30% is furanosyl form. The “C- and 'H-signals
were also assigned by 2D-NMR including COSY, HSQC, HSQC-TOCSY and HMBC. These saccharides could
be synthesized by purified burdock fructan:fructan 1-fructosyltransferase from 1-kestose to free D-
fructopyranose giving inulobiose and sucrose, while elongation of fructofuranosyl units occurred at this trans-
ferred fructofuranosyl residue to produce inulooligosaccharides having one, two and more additional units of
fructofuranose.
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tan:fructan 1-fructosyltransferase

Roots of burdock (Arctium lappa L.), a Compositae
root vegetable, are known for their abundant inulin con-
tent. Inulin is a fructan consisting of straight chains com-
posed of one molecule of D-glucose and about 30 mole-
cules of D-fructose. There are referenced data neither on
the different carbohydrates of burdock roots nor on their
variation during storage period, except the work of Na-
gao" (1996) who reported that inulin was hydrolyzed into
low-molecular-weight sugars in burdock roots when
stored at low temperature. However, the mechanism of the
breakdown of inulin during storage at low temperature
was not yet identified. There is little information on the
postharvest biochemistry and physiology of carbohydrate
components of raw burdock roots, and no referenced data
are available on the different carbohydrates and their vari-
ation, including their metabolizing enzymes, during stor-
age.

The present work is devoted to the isolation and struc-
tural analysis of newly-formed reducing oligosaccharides
in stored burdock roots and attempts to synthesize them
from 1-kestose and D-fructose with purified burdock fruc-
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tan:fructan 1-fructosyltransferase (1-FFT). Moreover, we
aimed to assess the variation of the different type of car-
bohydrates in burdock roots during storage under different
temperature regimes, because carbohydrate components
are of important consideration to maintain the high quality
of fresh burdock roots.

MATERIALS AND METHODS

Plant materials. Burdock roots (Arctium lappa L.)
had been freshly harvested on November from an experi-
mental field of Makubetsu Agricultural Co-operative,
Hokkaido, Japan and then stored in soil 1 m deep under-
ground until May. Samples were taken from freshly har-
vested burdock roots and from the six months stored
roots.

Fructooligosaccharides and inulin standards. The
standards 1-kestose [3a, 1°-B-D-fructofuranosylsucrose]
and nystose [4a, 17(1-B-D-fructofuranosyl), sucrose] were
prepared as described by Takeda et al.” The standards 5a,
6a, 7a, 8a, 9a and 10p [1°(1-B-D-fructofuranosyl)m su-
crose, m=3, 4, 5, 6, 7 and 8~] were prepared from Jeru-
salem artichoke tubers by the method of Shiomi et al.”
Inulin (Wako Pure Chemical Ind., Ltd., Osaka, Japan) was
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used as a standard for 10p.

Extraction of saccharides and fructooligosaccharides.
Saccharides and fructooligosaccharides (FOS) were ex-
tracted by the method of Shiomi.” Briefly, tissues (10 g)
were homogenized in 80 mL of aqueous ethanol (70%)
containing a small amount of calcium carbonate
(0.5 g/L). The homogenate was boiled under reflux in a
water bath for 10 min and filtered. The residue was ex-
tracted three times with aqueous ethanol and one time
with water under the same conditions. The extracts were
combined and made up to 500 mL with distilled water.
An aliquot of the solution (10 mL) was concentrated to
dryness under vacuum at 35°C using a Buchi rotavapor
(Buchi Labortechnik AG, Flawil, Switzerland). This dry
concentrate was redissolved in 1 mL of water, filtered
through a 0.45-um filter and analyzed by high perfor-
mance anion exchange chromatography (HPAEC Dionex,
Dionex Corp., Sunnyvale, USA).*®

Analysis of saccharides and FOS. D-Glucose, D-
fructose, sucrose, FOS [1°(1-B-D-fructofuranosyl)m su-
crose, m=1-7], inulooligosaccharides and inulin were
separated on an HPLC-carbohydrate column PA1, Carbo
Pack (Sunnyvale, USA) with a Dionex Bio LC series
HPLC (Sunnyvale, USA) and pulsed amperometric detec-
tor (PAD). The gradient was established by mixing eluent
A (150 mMm NaOH) with eluent B (500 mM acetate-Na in
150 mM NaOH). The concentration of sodium acetate was
as follows: 0—1 min, 25 mM; 1-2 min, 25-50 mMm; 220
min, 50200 mM, 20—22 min, 500 mMm; 22-30, 25 mM.
The flow rate through the column was 1.0 mL/min. The
applied PAD potentials for E1 (500 ms), E2 (100 ms) and
E3 (50 ms) were 0.01, 0.60 and —-0.60 V, respectively,
and the output range was 1 uC.” Samples (25 uL) were
injected using an auto-sampler (Intelligent Auto-sampler,
model AS-4000, HITACHI Ltd., Tokyo, Japan).

Isolation of reducing FOS. The stored burdock roots
(1 kg) were homogenized in 5 L of aqueous ethanol
(70%) containing a small amount of calcium carbonate
(0.5 g/L). The homogenate was boiled under reflux in a
water bath for 15 min. Homogenate was filtered and the
residue was extracted three times with aqueous ethanol
under the same conditions. The filtrates were combined
and the resulting extract was concentrated under vacuum
at 35°C to 700 mL. After the concentrated extract was
centrifuged (8000 rpm, 30 min), the supernatant (400 mL)
was loaded onto a carbon-Celite column (6 x 74 cm) and
eluted by successive elution with water (9.6 L) and
3 (9.7 L) and 5% ethanol (3.5 L). Saccharide 1 was eluted
with 3% ethanol (1.3—2.1 L), and saccharides 2 and 3
were eluted with 5% ethanol (0.6-2.0 and 14.5-16.9 L).
Saccharides fractions 1, 2 and 3 were concentrated under
vacuum and lyophilized to give white powders, 220, 230
and 139 mg, respectively.

Purification of burdock 1-FFT. 1-FFT, which trans-
fers a terminal D-fructosyl group from a (2-1)-B-linked
fructooligosaccharide to HO-1 of another D-fructosyl
group, was purified from an extract of burdock roots by
successive chromatographies with DEAE-Sepharose CL-6
B, TOYOPEARL HW-55S and Sephadex G-100 up to
disc-electrophoretical homogeneity as described previ-
ously.” The enzyme was free from sucrose:sucrosel-

fructosyltransferase and fructan:fructan  6°-fructosyl-
trasferase and catalyzed the D-fructosyl transfer from 1-
kestose to saccharides of 1-kestose series [17(1-B-D-
fructofuranosyl)m sucrosel].

Isolation of reducing FOS synthesized by 1-FFT.
Saccharides 1°, 2 and 3" were synthesized in vitro using
purified 1-FFT.® A mixture of burdock 1-FFT (5 U),
0.2 M fructose and 0.2 M 1-kestose in 100 mM sodium
phosphate buffer (pH 6.5, 40 mL) supplemented with
1 mL of toluene was incubated at 30°C for 168 h. After
the reaction was stopped by heating at 100°C in a boiling
water bath for 3 min, the reaction mixture was loaded
onto a carbon-Celite column (6 x 74 cm) and eluted with
water and 3 and 5% ethanol in the same way as described
above. Saccharides fractions 17, 2” and 3" were concen-
trated under vacuum and lyophilized to give white pow-
ders, 65.4, 33.2 and 5.7 mg, respectively.

Gas liquid chromatographic (GLC) analysis of metha-
nolyzates of permethylated reducing FOS. Methylation
of the oligosaccharides was carried out by the method of
Hakomori.” The permethylated saccharides were metha-
nolysed by heating with 1.5% methanolic HCI at 92°C for
10 min. The reaction mixture was treated with Amberlite
IRA-410 (OH) to remove HCIl, and evaporated under
vacuum to dryness. The resulting methanolysate was dis-
solved in a small volume of methanol and analyzed using
a gas chromatograph [Shimadzu GC8A; glass column (2.6
mm x 2 m) packed with 15% butane-1,4-diol succinate
polyester on acid-washed Celite; flow rate of carrier nitro-
gen, 40 mL/min].

Matrix-assisted laser desorption ionization time of
flight mass spectrometry (MALDI-TOF-MS). MALDI-
TOF-MS spectra were measured using a Shimadzu-Kratos
mass spectrometer (KOMPACT Probe) in positive ion
mode with 2.5% dihydroxybenzoic acid as a matrix. Ions
were formed by a pulsed UV laser beam (nitrogen laser,
337 nm). Calibration was done using nystose as an exter-
nal standard.

Nuclear magnetic resonance (NMR) measurements of
reducing FOS. Each reducing FOS (5 mg) was dis-
solved in 0.5 mL D,O. NMR spectra were recorded at
room temperature with a Bruker AMX 500 spectrometer
(‘H 500 MHz, “C 125 MHz) equipped with a 5-mm di-
ameter C/H dual (1D spectra) and TXI probe (2D spec-
tra). Chemical shifts of 'H (8H) and “C (8c) in ppm were
determined relative to the external standard of sodium
[2,2,3,3-"H.]-3-(trimethylsilyl)propanoate in DO (61 0.00
ppm) and 1,4-dioxane (6c 67.40 ppm) in D.O, respec-
tively. 'H-'H COSY'*"” and HSQC'" were obtained using
gradient selected pulse sequences. The phase sensitive
HSQC-TOCSY spectra were determined with the se-
quence including inversion of directly resonance (IDR)."”
HMBC'" spectra were obtained using the pulse sequences
of CT-HMBC."”

RESULTS

FOS [(1-B-fructofuranosyl)m sucrose; m=1 (1-kestose,
3a), 2 (nystose, 4a), 3 (5a), 4 (6a), 5 (7a), 6 (8a), 7 (9a)
and 8~(10p)] as well as glucose, fructose and sucrose in
burdock roots freshly harvested are shown on the HPAEC
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Fig. 1. HPAEC charts of fructo-oligo- and poly-saccharides sepa-
rated from burdock roots (a) freshly harvested, and (b)
burdock roots stored in soil for six months.

The standards 5a, 6a, 7a, 8a, 9a and 10p; 1" (1-B-b-
fructofuranosyl)m sucrose, m=3, 4, 5, 6, 7 and 8§ ~, respectively.
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Fig. 2. HPAEC chart of saccharides 1, 2 and 3 isolated from the
stored burdock roots using carbon-Celite column chroma-
tography.

Table 1. GLC analysis of methanolysis products of permethylated
saccharides 1, 2 and 3.

Methanolyzate Relative retention time®

Saccharide 1 1.05 1.26 2.68 3.88
Saccharide 2 1.06 1.26 2.66 3.94
Saccharide 3 1.04 1.24 2.65 3.87
Methyl 2,3,4,6-tetra-O-methyl-B-D-glucoside  1.00

‘Retention time of methyl 2,3,4,6-tetra-O-methyl-B-D-glucoside =
1.
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chart (Fig. 1 (a)). Several newly-formed saccharides were
found in the roots stored in soil underground for six
months after harvesting as shown by the chromatograms
(Fig. 1 (b)). Their three saccharides were named saccha-
rides 1, 2 and 3. Rs-values (Rf of sucrose = 1) of saccha-
rides 1, 2 and 3 were 1.06, 0.78 and 0.69 by paper chro-
matography (data not shown), while relative retention
times (retention time of sucrose = 1) were 1.55, 2.15 and
2.73 by HPAEC, respectively. Saccharide 1 was eluted af-
ter 1-kestose while saccharide 2 and saccharide 3 were
eluted after nystose (4a) and fructosylnystose (5a), respec-
tively. This order of elution seems to follow the degree of
polymerization, since saccharides 1, 2 and 3 were eluted
after DP 3, DP 4 and DP 5 short chain FOS of inulin se-
ries.

Saccharides 1, 2 and 3 were isolated from the stored
burdock roots by carbon-Celite column chromatography
and were shown to be homogenous by HPAEC (Fig. 2)
and TLC. They had reducing power and gave only D-
fructose by hydrolyses with 0.1 M hydrochloric acid and
yeast invertase. The molar ratio of reducing sugar to D-
fructose in saccharides 1, 2 and 3 were 0.50, 0.33 and
0.25, respectively. The degrees of polymerization of sac-
charides 1, 2 and 3 were 2, 3 and 4 as shown by mea-
surements of [M+Na]* ions, m/z 365, 527 and 689 using
TOF-MS (data not shown), respectively. The metha-
nolyzates of saccharides 1, 2 and 3 showed four peaks
corresponding to  methyl 1,3,4,6-tetra-O -methyl-D-
fructoside (relative retention time; 1.04-1.06 and 1.24—
1.26) and methyl 3,4,6-tri-O -methyl-D-fructoside (2.65—
2.68 and 3.88-3.94) on GLC chromatograms (Table 1),
respectively. From these results, saccharides 1, 2 and 3
were confirmed to be D-fructosyl-(2—1)-D-fructose, D-
fructosyl-(2—1)-D-fructosyl-(2—1)-D-fructose and D-
fructosyl-(2— 1)-D-fructosyl-(2— 1)-D-fructosyl-(2— 1)-D-
fructose, respectively.

Based on the chemical shift values and the relative in-
tensities of the "C-NMR signals of the C2 atoms, it was
concluded that saccharides 1, 2 and 3 contain one reduc-
ing fructopyranosyl residue. The presence of typical sig-
nals for the C2, C3, C4 and C5 atoms of fructopyranose
residues shows that the reducing end has no 6-OH group.
The analyses of the saccharides by "C- and 'H-NMR
spectroscopy confirmed the presence of three different
structures, as shown in Fig. 3. Thus, saccharides 1, 2 and
3 were determined to be B-D-fructofuranosyl-(2—1)-B-D-
fructopyranose (inulobiose), B-D-fructofuranosyl-(2—1)-3-
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Fig. 3. Chemical structures of saccharides 1, 2 and 3.
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Table 2. 'H- and "C-NMR chemical shifts of saccharides 1, 2 and 3.
Saccharide 1 Saccharide 2 Saccharide 3
e OH JHH e OH JHH e OH JHH
Fructopyranose 1 64.60 3.76 d 10.5 64.62 3.76 d 11.2 64.81 3.81 d 10.2
3.66 d 10.5 3.67 d 11.2 3.71 d 10.2
2 98.66 98.57 98.75
3 68.95 3.73 d 10.1 68.86 3.74 d 10.1 69.07 3.79 d 10.1
4 7028 3.88 dd 10.1, 2.0 70.23 3.88 dd 10.1, 3.7 7041 391 dd 10.1, 3.0
5 69.90 398 ddd 2.0,109,1.3 69.84 398 ddd 3.7,16,1.2 70.03 402 m
6 6427 401 dd 12.8, 1.3 6422 401 dd 12.8, 1.2 6440 405 dd 129, 1.2
3.66 dd 12.8, 1.9 3.67 dd 12.8, 1.6 370 dd 129, 1.5
Fructofuranose” 1 61.16 3.73 d 12.7 61.30 3.86 d 10.4 61.54 3.92 d 10.2
3.68 d 12.7 3.69 d 10.4 3.75 d 10.2
2 104.45 104.42 103.97
3 7796 4.17 d 8.4 78.47 422 d 8.4 78.70 4.26 d 8.4
4 75.07 4.14 dd 84,73 7495 4.14 dd 8.4, 8.1 75.12 419 dd 8.4,79
5 82.00 3.85 m 8195 3.85 ddd 8.1,6.2,3.7 82.15 390 ddd 7.9,6.2, 3.1
6 62.79 3.81 dd 12.7, 1.2 6264 379 m 62.84 3.84 dd 12.2, 3.1
371 dd 12.7, 6.4 371 m 375 dd 12.2, 6.2
Fructofuranose” 1 6122 374 d 6171 391 d 10.2
3.67 d 3.75 d 10.2
2 104.42 103.94
3 78.47 4.16 d 8.8 78.42 4.25 d 8.4
4 7495 4.08 dd 8.8,7.9 7529 4.12 dd 8.1, 8.1
5 81.95 3.85 m 8201 389 m
6 63.02 682 m 63.14 3.86 dd 12.2, 3.1
374 m 377 dd 12.2, 7.1
Fructofuranose” 1 6143 378 d 12.2
3.71 d 12.2
2 104.64
3 7775 4.21 d 8.5
4 7529 4.13 dd 83,79
5 82.03 38 m
6 63.18 3.87 dd 12.2, 3.1
378 dd 12.2, 7.1

Chemical shifts (3) in ppm were determined relatively to the external standard of
0.00 ppm) and 1,4-dioxane (8¢ 67.40) in D:O.
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Fig. 4. HPAEC patterns of saccharides synthesized from 1-kestose
(a) and from 1-kestose plus D-fructose (b) using purified
burdock 1-FFT.

The standards 4a, 5a, 6a, 7a, and 8a; 1°(1-B-D-fructofuranosyl)m
sucrose, m=2, 3, 4, 5 and 6, respectively.

D-fructofuranosyl-(2—1)-B-D-fructopyranse  (inulotriose)
and B-D-fructofuranosyl-(2—1)-B-D-fructofuranosyl-(2—
1)-B-D-fructofuranosyl-(2— 1)-B-D-fructopyranose  (inulo-

that 70 to 80% of the terminal (reducing) fructose residue
of the three saccharides, inulobiose, inulotriose and inu-
lotetraose, have a fructo-pyranosyl form, while 20 to 30%
of them have a fructofuranosyl form. The "C- and 'H-
signals of saccharides 1, 2 and 3 were also assigned as
shown in Table 2 by the method of 2D NMR analyses re-
ported previously.'”

Synthesis of the same saccharides as newly-formed oli-
gosaccharides in the stored burdock was tried from 1-
kestose and D-fructose using purified burdock 1-FFT.
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Fig. 6. Synthesis of inulooligosaccharides by fructosyl transfer from 1-kestose to D-fructose by burdock 1-FFT.

The FOS [1°(1-B-D-fructofuranosyl)m sucrose, m=2, 3,
4, 5, 6 and 7~] were synthesized from 1-kestose or 1-
kestose and D-fructose with the 1-FFT (Figs. 4 (a) and
4 (b)). Saccharides 1, 2", 3" and several other saccharides
were synthesized from 1-kestose and D-fructose with the
1-FFT (Fig. 4 (b)), while these saccharides were not syn-
thesized without fructose (Fig. 4 (a)). The time course of
enzymatic formation of saccharides 1°, 2" and 3" from 1-
kestose and D-fructose was examined by HPAEC (Fig. 5).
Synthesis of saccharide 1” proceeded with a higher veloc-
ity than that of saccharides 2" and 3”. The time course
study showed that after saccharide 1” was first synthesized
from 1-kestose and D-fructose within 3 h, saccharides 2’
was synthesized from 1-kestose and saccharide 1, and
saccharide 3" from 1-kestose and saccharide 2. Elongation
of fructofuranosyl units was estimated to occur in this
transferred fructofuranosyl residue to produce the oligo-
saccharides having one, two and more additional fructofu-
ranosyl units (Fig. 6).

Saccharides 17, 2" and 3" were isolated from the reaction
mixture containing 1-kestose, fructose and purified bur-
dock 1-FFT using carbon-Celite column chromatography.
Saccharides 1, 2" and 3" were shown to be pure as judged
by HPAEC and TLC, and have R-sucrose values of 1.55,
2.15 and 2.73 by HPAEC, reducing terminal, molar ratios
(reducing sugar to fructose) of 0.50, 0.33 and 0.25, and
degree of polymerization of 2, 3 and 4 by TOF-MS, re-
spectively. The methanolyzates of saccharides 1°, 2” and
3" gave four peaks corresponding to methyl 1,3,4,6-tetra-
O-methyl-D-fructoside and methyl 3,4,6-tri-O-methyl-
fructoside on GLC chromatograms, respectively. "C- and
'H-NMR spectra of saccharides 17, 2" and 3" were identical
to those of saccharides 1, 2 and 3 isolated from the stored
burdock. From these results, saccharides 1°, 2" and 3" syn-
thesized by 1-FFT were confirmed to be inulobiose, inu-
lotriose and inulotetraose, respectively.

DISCUSSION

The formation of fructosyl-saccharides or fructo-
inulinoses was reported first in chicory during growth,
storage and forcing by Van den Ende et al.'” and they ob-
served some changes which consisted of a significant in-
crease in fructose concentration; an increase in the con-
centration of low DP fructans, a decrease of high DP
fructans, and the appearance of new short chain fructans
without terminal glucose. Later, Van den Ende et al.' re-
ported that three different reducing FOS, inulobiose
(DP 2), inulotriose (DP 3) and inulotetraose (DP 4), were
synthesized with inulin as a donor and fructose as an ac-

ceptor using a fructan:fructan fructosyltransferase purified
from chicory root. These newly produced FOS were also
isolated from chicory roots.” The same saccharides as in-
ulooligosaccharide series of DP 2 and DP 3 were identi-
fied in either sprouted or unsprouted onion bulbs stored
for two months.”® However, although the degree of po-
lymerization was determined, these authors”*” did not re-
port the structural conformation of the fructosyl terminal
of these isolated saccharides.

In this study, the saccharides 1°, 2" and 3" were firstly
found to be synthesized from 1-kestose and D-fructose us-
ing purified burdock 1-FFT. The suggested reaction of
biosynthesis of these three saccharides is as follow: 1-
kestose acts as a donor of a fructosyl unit and D-
fructopyranose as an acceptor (Fig. 6), although higher
FOS (DP > 4) and inulin may also play a significant role
as the donor of the fructosyl unit. In fact, the acceptor D-
fructose is under the pyranose form because in water al-
most all free fructose has the pyranose form. This biosyn-
thesis may be induced by the quantity of free D-fructose
found in the vacuoles, likely as D-fructopyranose. Because
of the continuous release of D-fructose by the hydrolyzing
activity of the fuctan 1-exohydrolase (1-FEH), this free D-
fructose is used as a substrate to synthesis these saccha-
rides, thus avoiding a high accumulation of fructose
which could be detrimental to the metabolic activities in
the vacuoles.

The reaction of forming these short-chain reducing
FOS, inulobiose, inulotriose or inulotetraose, might be
triggered by the accumulation of D-fructose released from
the hydrolysis of fructans and/or the pyranosyl form of
the free fructose in the vacuoles; the physiological process
inducing this reaction is unclear and enigmatic. We sug-
gest that formation of these inulooligosaccharides would
play a role of “balance” between the different FOS and a
“buffer” between the different tri- and tetra-saccharides,
because of the low rate of fructose utilization in the me-
tabolism.

The in vivo biosynthesis of new short reducing FOS
composed by D-fructose molecules seems to occur under
specific conditions such as forcing or storage. However,
this reaction is unclear and the questions raised are:
(i) what triggers this reaction ? (i) which physiological
factor is behind this reaction ? and (iii) what are the roles
of these newly formed compounds ? Further work will
answer these questions and lead to a better understanding
of the complex metabolism of fructan in plants.

We are indebted to Mr. Y. Takada at the Graduate School of Ag-
riculture, Hokkaido University for “C- and 'H-NMR measurements.
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