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Abstract: Cyclic isomaltooligosaccharides or cyclodextrans (CIs) are cyclic oligosaccharides of o-1,6 linked
glucose residues. Cls are highly water-soluble and were found to strongly inhibit glucansucrase activity of mu-
tans streptococci, so, CIs are expected to be utilized as cariostatic compounds. They are produced from dex-
tran catalyzed by cyclic isomaltooligosaccharide glucanotransferase (CITase) and substrate dextran is pro-
duced from sucrose catalyzed by dextransucrase. CIs were found and isolated from the culture supernatant of
Bacillus circulans T-3040 strain when it was cultured with dextran. The structure of CIs were determined by
enzyme digestion test, *C-NMR analysis, and mass spectrum analysis. In order to produce CIs for commercial
scale, the high dextran producing strain Leuconostoc sp. S-51 was isolated and the B. circulans T-3040 strain
was mutated to produce about 110 times as much CITase as that of wild type strain. We also successfully de-
tected CIs in brown sugar, which suggests CIs exist in nature.
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Cyclodextrans (Cls) are cyclic oligosaccharides consist-
ing of D-glucoses bound through o-(1—6) linkages pro-
duced from dextran catalyzed by cyclic isomaltooligosac-
cahride glucanotransferase (or cyclodextran glucanotrans-
ferase, CITase).” In the beginning, Cls were expected to
be a novel dominant candidate for making inclusion com-
plexes with some larger components or highly hydropho-
bic components that hardly ever make a complex with cy-
clodextrins (CDs) because ClIs are highly water-soluble
and have larger cavities in the center than that of CDs.
However, no significant inclusion ability comparable to
that of CDs has been found in CIs.” On the other hands,
CIs strongly inhibit glucansucrase activity,” which is
thought useful in preventing dental caries, while CDs do
not have this property. The cariostatic activity of CI is
much stronger than that of palatinose ® or polyphenol.”
We have been doing research and development on CI pro-
duction to utilize CI as a novel dental caries inhibitor.

Isolation of cyclodextran(CI)-producing bacterial

strains and structural determination of CL

Dextran digestive strains were isolated from soils, and
in the culture supernatant of Bacillus circulans T-3040
strain when it was cultivated with dextran, three unknown
peaks were detected by HPLC analysis (Fig. 1).” Those

* Corresponding author (Tel. +81-29-838-8071, Fax. +81-29-838—
7996, E-mail: funane@affrc.go.jp).

Abreviations: CI, cyclodextran; CITase, cyclic isomaltooligosaccha-

ride glucanotransferase, cyclodextran glucanotransferase; CD, cy-

clodextrin; GTF, glucosyltransferase; NTG, N -methyl-N "_nitro-N -

nitrothoguanidine

oligosaccharide peaks a, b and ¢ were collected and puri-
fied. They were digested by endodextranase but not by
exodextranase, suggested they were «-1,6 linked glucose
residues but not linear in form. "C-NMR and mass analy-
ses were done on the purified oligosaccharides a, b and c.
As shown in Fig. 2, the chemical shifts of "C-NMR spec-
tra of C-1, C-2, C-3, C-4, C-5 and C-6 of the isolated oli-
gosaccharides indicated the same signals of glucopyla-
noside (6-Glcp) observed in o-1,6 glucan (dextran). “C-
NMR analysis also showed all the isolated oligosaccha-
rides consisted of 6-Glcp.

Mass spectra analysis was also done. As shown in
Fig. 3, [M+H]" ions of 1135.38, 1297.43 and 1459.48 m/
z were observed in the isolated products. Molecular
masses of isomaltoheptaose, isomaltooctaose and isomalto-
nonaose are calculated as 1152, 1302 and 1476, respec-
tively. However, molecular masses of the isolated sugars
were calculated as 1134, 1296 and 1458, respectively,
which are 18 (the molecular mass of one H.O) smaller
than those of isomaltooligosaccharides consisting of the
same molecular numbers of glucose units. That is to say,
the novel sugar products produced by B. circulans T-3040
strain were cyclic isomaltooligosaccharides (cyclodextrans,
CI). We identified them as cycloisomaltoheptaose, cyclo-
isomaltooctaose, and cycloisomaltononaose and named
them CI-7, CI-8 and CI-9, respectively. In addition, larger
CIs at least up to CI-17, were also observed in the CI-
producing bacterial strain culture supernatant when it was
grown with dextran.
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Fig. 1. Elution pattern of cyclic oligosaccharides produced by
Bacillus circulans T-3040.

Culture supernatant cultivated with 2% dextran 40 of B. circu-
lans, T-3040 was taken and the same amounts of acetonitrile was
added; 10 uL was separated by HPLC with TSK-gel Amide 80 col-
umn (¢p4.6 mmx25 cm, Tosoh) with 55% acetonitrile with a flow
rate of 1 mL/min. Peaks of a, b and ¢ were observed at the reten-
tion times of 10.6, 12.1 and 13.4 min, respectively.
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Fig. 2. "C-NMR spectra of the peaks, a, b, c.

Cyclic oligosaccharides of a, b and c¢ produced by B. circulans
T-3040 eluted by HPLC in Fig. 1 were collected and lyophilized.
The "C-NMR spectra of the oligosaccharides samples were mea-
sured with a Bruker DRX 600 spectrometer with a detector of X
(°N, "C,'P)-{'H} QNP probehead with complete decoupling at
298 K and the Larmor frequency was 150.90 MHz.

Inhibition of glucan synthesis of glucosyltransferase

(GTF) from Streptococcus mutans by CI.

Water-insoluble glucan produced by Streptococcus mu-
tans and/or S. sobrinus forms dental plaque to cause den-
tal caries. CIs are composed of o-1,6 glucosidic linkages
which is the same as those of dextran. However, all the
C-6 position of CIs are covalently linked to the C-1 of the
adjacent glucosyl residue, while one C-6 position of the
dextran molecule is free. Based on these characteristics of
CIs, they are expected to inhibit enzymatic synthesis of
dextran and mutan.” The scheme of preventing dental car-
ies by CI is indicated as Fig. 4. First, mutans streptococci
produce water-soluble glucan from sucrose, then dental
plaque is formed and acid is released to cause dental car-
ies. CI inhibit the first reaction of producing glucan from
sucrose. Water-insoluble glucan (mutan) synthesis by the
glucosyltransferase (GTF) reaction from Streptococcus
mutans IFO 13955 with and without CI was measured.
As shown in Fig. 5, all the CI (2 mM each) from CI-7 to
CI-12 inhibited GTF. The level of GTF inhibition was not
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Fig. 3. Mass analysis of the peaks, a, b and c.

Mass analysis was performed on an ApexIl (7 tesla) Fourier-
transform ion cyclotron resonance mass spectrometer (Bruker Dal-
tonics, MA, USA). Each freeze dried a, b and ¢ sample was diluted
by 50% methanol containing 2% acetic acid and was infused by a
syringe pump through the Analytica ESI source at a flow rate of
0.1 mL h-1. Parameters were tuned by each sample to observed a
spectrum of good intensity, and the mass spectrometer was cali-
brated with fragment ions of angiotensin I in the positive-ion mode.
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Fig. 4. Pathway of dental caries formation and cariostatic function
of CL.

significantly changed by the difference of molecular sizes.
The mixed CI samples (0.2%) also well inhibited GTF
and almost no mutan was produced. When CI was given
to rats, less than 0.2% CI could reduce their percentages
of suffering from dental caries caused by Streptococcus
mutans or S. sobrinus, of which effects were stronger
than that of polyphenol.” CI strongly decreases glucansu-
crase activity by competitive inhibition, with Ki values of
0.2 to 0.6 mM, whereas the Km value of glucansucrase for
a substrate (sucrose) was 24 mM, suggesting that CI might
prevent dental caries when used as a cariostatic sub-
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Fig. 5. Inhibition of water-insoluble glucan production by ClIs.

GTF (0.2 U) from S. mutans was mixed with 5% sucrose and
with 2 mm CI-7, CI-8, CI-9, CI-10, CI-11 or CI-12 or 0.2% CI
mixture at pH 5.5 as described before.” After the incubation at 37°
C for 18 h, produced water-insoluble glucan was collected by cen-
trifugation, washed with water, dissolved in 1 M NaOH, and total
sugar was measured by the phenol-sulfuric acid method."”
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Fig. 6. Enzymatic synthesis of CI from sucrose.

stance.”

Difficulties for production of CI for commercial use.

CI is produced from dextran catalyzed by ClITase and
the substrate dextran is produced from sucrose catalyzed
by dextransucrase (Fig. 6). To produce CI for commercial
use, there were four difficulties. First, sucrose is expen-
sive for a food resource; second, a high dextran-producing
bacterial strain is needed; third, ClTase activity of the
bacterial strains are very low for CI production, and
fourth, as CI is recognized as a novel compound, it
should be proved to be safe.

To solve the first problem, we tried to use sugar cane
extract and waste molasses. With sugarcane extract,
dextran-producing bacterial strains grew well and large
amouts of dextran were produced. We have decided to
use sugarcane extract as a sucrose resource instead of us-
ing refined sugar.

Isolation of high dextran-producing strain for CI pro-

duction.

We isolated a well-producing strain for dextran contain-
ing abundant o-1,6-D-linkages, and also analyzed the
properties of its glucan and glucansucrase. Nine kinds of
glucan-producing strains in their culture supernatant were
isolated from the lines of a sugar-manufacturing factory
(Fig. 7). Eight strains out of them produced water-soluble
glucan."C-NMR analysis suggested that the five out of
nine of glucans mainly consisted of 6-Glcp and the other
four glucans were branched. Among the 6-Glcp glucan-
producing strains, S-51 was selected because of its extra-
cellular glucansucrase activity and the rate of CI conver-
sion by ClITase was highest, being twice as much as L.
mesenteroides NRRL B-512F, which is the most com-
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Fig. 7. Isolation of glucan-producing strains and CI production
from their glucan.

Microorganisms that form glutinous colonies on 2%-sucrose-
containing solid medium were isolated.” Isolated colonies were cul-
tured with 2% sucrose at 30°C overnight. Cells were discarded by
centrifugation and 50% ethanol was added to supernatants. Strains
of those culture supernatants forming white precipitates by addition
of 50% ethanol were isolated as glucan-producing strains. Enzyme
solution (B. circulans T-3040 bacterial culture supernatant grown
with 0.5% dextran) (50 pL) was added to an equal volume of 2%
(w/v) of each dextran in 80 mM Na-acetate buffer (pH 5.5). The
reaction mixtures were incubated at 40°C for 2 h. CI synthesis ac-
tivity was determined by measuring liberated CIs (sum of the
amounts of CI-7, CI-8 and CI-9) by HPLC with a TSKgel Amide-
80 column as described before."”

monly used dextran-producing strain.”

Development of ClTase activity of B. circulans T -

3040 strain by mutagenesis.

The B. circulans T-3040 strain was isolated from soil as
a CI- and ClTase-producing strain. However, its ClTase
activity is not strong enough for commercial production
of CI. We have succeeded in obtaining a CITase gene and
producing a large amount of Escherichia coli- recombi-
nant ClTase,” but it is not favorable to use an E. coli-
recombinant enzyme for food. So, we tried to obtain a
high ClITase-producing strain by selecting chemical
substance-resistant mutant strains. At first, B. circulans T-
3040 was treated with N-methyl-N -nitro-N-nitrotho-
guanidine (NTG) and NTG-resistant colonies were picked
up. This treatment was repeated and when ClTase activity
reached about 44 times as much as that of wild type B.
circulans T-3040 strain, its productivity did not increase
any more with further NTG treatment. Kurokawa et al.
reported that streptomycin resistance enhanced o-amylase
activity in Bacillus subtilis 168.” Then, streptomycin
treatment was done repeatedly on the NTG-resistant mu-
tant from B. circulans T-3040 and obtained about 110
times as much ClTase-producing mutant strain as the wild
type strain (Fig. 8).” That is enough for producing large
amounts of CIs on a commercial scale.

Safety test for CI and isolation of CI from brown

sugar.

To use ClIs for food, it is necessary that Cls are safe.
An acute toxicity test and sub-acute toxicity test were
done on CIs with rats and no toxicity was detected. Then,
we tried to find CIs in traditional food to prove CI is a
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8. ClITase activity of the mutant strains from B. circulans T-
3040.

B. circulans T-3040 strain was first treated with NTG and then
streptomycin as described before.” NTG- or streptomycin-resistant
cells were cultured with Blue dextran 2000 (Amersham Bio-
sciences) containing solid culture. Colonies that made halos were
picked up and cultured with 2% dextran 40 (Amersham Bio-
sciences)-containing culture and ClTase activity of the culture su-
pernatants was measured as described in the legend of Fig. 7.
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Fig. 9. High performance liquid chromatograms of brown sugar
extract produced by Iriomote Sugar Factory.

The standard CI-7, CI-8 and CI-9 were prepared as described in
the text. The brown sugar sample (1 kg) was dissolved in water and
insoluble compounds were removed by centrifugation. Water-
soluble oligosaccharides containing supernatant fraction was sub-
jected to charcoal column, washed with water, eluted with 50%
ethanol, and concentrated with a vacuum evaporator. The sample
was subjected to a HP-20 column, washed with water, eluted with
20% ethanol, and concentrated with a vacuum evaporator again.
Linear oligosaccharides and remaining glucans were digested to
glucose with highly branched-dextran glucodextranase,” subjected
to a Sep-Pak Vac 20 cc (5 g) C18 cartridge (Waters), washed with
water and eluted by 20% ethanol as described before.” The sample
was concentrated with a vacuum evaporator. Sample was dissolved
in appropriate amounts of 50% acetonitrile and the remaining oligo-
saccharides were analyzed by HPLC as described in the legend of
Fig. 1. (A) Standard CI-7, CI-8 and CI-9 samples. (B) Kokuto pro-
duced by Iriomote Sugar Factory.

natural compound. Several different brands of brown
sugar were extracted by ethanol. Sucrose, reducing sugars,
or polysaccahrides were removed by charcoal column
chromatography. Remaining linear oligomers were di-
gested to glucose with exoglucanase, and that glucose was
removed by a Sep-Pak CI18 cartridge (Amersham Bio-
sciences). Then remaining oligosaccharides were measured
by HPLC. As shown in Fig. 9, the peaks eluted at the
same retention times as standards CI-7, CI-8 and CI-9
were detected. When analysis was done on these peaks,
the signals indicating the same molecular mass of CI-7,

Trial production of CI.

Using the high dextran-producing strain Leuconostoc
sp. S-51 and high ClTase-producing mutant strain B. cir-
culans G22-10,” we tried to produce CIs on a large scale
and a glucan-inhibition test was done on the produced CI
samples. Making highly purified CIs costs a lot. However,
lower purified samples contain some remaining glucan
and isomaltooligosaccharides or other impurities. Small-
sized isomaltooligosaccharides such as isomaltose also in-
hibit glucansucrase activity, but other components can ac-
tivate GTF. The content of the sum of CI-7, CI-8 and CI-
9 in the CI samples was between 11 and 16% and all of
them contained small amounts of larger-sized isomaltooli-
gosaccharides and sugar polymers, but all CI samples in-
hibited water-insoluble glucan production by S. sobrinus
and S. mutans more effectively than the same amounts of
polyphenol. Now we are trying to produce Cls on a com-
mercial level, and to see what type of food is suitable to
use this novel, unique anti-dental caries cyclic ololigosac-
charide, CI.

This study was supported by Okinawa Prefecture, Japan, as a
part of the project “Collaboration of Industry, University, and Gov-
ernment.

REFERENCES

1) T. Oguma, K. Tobe and M. Kobayashi: Purification and prop-
erties of a novel enzyme from Bacillus spp. T-3040, which
catalyzes the conversion of dextran to cyclic isomaltooligosac-
charides. FEBS Lett., 345, 135-138 (1994).

2) T. Oguma and H. Kawamoto: Production of cyclodextran and
its application. Trends Glycosci. Glycotechnol., 15, 91-99
(2003).

3) M. Kobayashi, K. Funane and T. Oguma: Inhibition of dextran
and mutan synthesis by cycloisomaltooligosaccharides. Biosci.
Biotechnol. Biochem., 59, 1861—1865 (1995).

4) K. Fukushima and S. Imai: GTF inhibitors. in Molecular Biol-
ogy of Cariogenic Bacteria, S. Imai, T. Nishizawa, N. Hanada
and K. Fukushima eds., Quintessence Publishing, Tokyo, pp.
210-225 (1997). (in Japanese)

5) K. Funane, T. Matsuo, H. Ono, T. Ishii, S. Gibu, T. Tokashiki
and M. Kobayashi: Characterization of glucans and glucan-
sucrases from novel Leuconostoc strains (including sp. S-51).
J. Appl. Glycosci., 50, 379-382 (2003).

6) T. Oguma, T. Kurokawa, K. Tobe and M. Kobayashi: Cloning
and sequence analysis of the cyclomaltooligosaccharide glu-
canotransferase gene from Bacillus circulans T-3040 and ex-
pression in Escherichia coli cells. J. Appl. Glycosci., 42, 415—
419 (1995).

7) K. Kurokawa, T., Hosaka, N., Tamehiro, T., Inaoka and K.
Ochi: Improvement of o-amylase production by modification
of ribosomal component protein S12 in Bacillus subtilis 168.
Appl. Enzymol. Microbiol ., 72, 71-77 (2006).

8) Y. Kawabata, S. Kitao, K. Funane, T. Tokashiki, G. Gubu and
M. Sadao: Strain improvement of cycloisomaltooligosaccharide
glucanotransferase (CITase) production in Bacillus circulans
by nitrothoguanidine and streptomycin resistance mutagenesis.
Food Clin. Nutr., 1, 43—48 (2006) (in Japanese).

9) T. Tokasiki, K. Kinjyo, K. Funane and H. Itou: Cycloisomal-
tooligosaccharides contained in the kokuto produced in Oki-



Industrialization for Cariostatic Oligosaccharides 107

nawa Prefecture. J. Appl. Glycosci., 54, 27-30 (2007). (in
Japanese).

10) M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Rebers and F.
Smith: Colorimetric method for determination of sugars and
related substances. Anal. Chem., 28, 350356 (1956).

11) T. Yamamoto, K. Terasawa, Y.-M. Kim, A. Kimura, Y. Kita-
mura, M. Kobayashi and K. Funane: Identification of catalytic
amino acids of cyclodextran glucanotransferase from Bacillus
circulans T-3040. Biosci. Biotechnol. Biochem., 70, 1947—
1953 (2006).

12) National Food Research Institute and Noda Institute for Scien-
tific Research, M. Kobayashi and T. Oguma: The manufactur-
ing process of o-1,3- highly branched-dextran glucodextranase
and cyclic isomaltooligosaccahrides. Japan Patent, 3,607,789,
2004-10-15.

MOMMRRKA VIR - Y7070
R H S KRAERMBEREN
FHRANSE, JERBMERS, RRARE/C, L
ANREER, DR UL, BT, EWEIE

IIREREZS
VRATBGE N RS - B RE SERUANAR S ZERR A Fan i A
F5ERT

(305-8642 2 L IXHBIEE 2-1-12)
AR O EI LTy SR Y —
(9042234 9 % FifiFE MG 5-1)

B SN (VA O
(903-0124 iR IR TECHE V4 I BT S5 8 86)
NI Y N
(577-8550 AT ZERETE 4-2-26)
¥y a—~ UpAST
(278-0037 HFHTTEFH 399)

CEEAA KT
(191-8510 HEFTI A E 4-1-1)

A 70FFADNT COIE TNV T —R5TDa-1,6
ATHFELLZBRIRA VIV NEY) THTH D, CLIZERIR
AIVINVIEF)THWES VS ) TG AT 2T —BH A2
O7F¥FA NI NVH /) TV AT 2T —+, ClTase)ll
LoTTFFAMT Y EDEREN, BEDOTHFANT ¥
ETFFAMNI VAT —BIZLD R 7O —=ADLEHE
A, CI I Bacillus circulans T-3040 Wtk%z, ¥ A b7
VRGO TR E L AEE RFICER SR, °C
NMR 73418 &L OVE &5 L ) sz s hz, Ccrid
CD & )b EbDTRBEWEDEL, )L ET 5.
COWEEXFIRALT, HEE TPHTL4 ) THEL LT

ERTAEMT, BETHNIY o-1,6 EDEED
EWCLEEICHE L TF AT v %58 1 JHR N CA R
T 5 WARIUF IS L, SR O %K1 & % ClTase
EAEEERRORUS % &, #9110 f512 ClTase IG5 1
FLAZBEREROBSICHRIIL, CIAELNLVEEZELLE
iz, E5IT, BER o+ ) TR % i, HPLC 547
L7z#ER, ClEEdFALYTryaryy A4 LIERTA
Y— 7 0@iggsh, HEaamicLh Ccl7, C18, BLU
Cl9 LA LG TREERT 7T VAR TE, CLIZEME
HFIZEENLRKRAY) THTH L Z LRI E N,

* sk ok sk ok

(&R L7y a2 K

1) Streptococcus mutans & % \>Z Streptococcus sobrinus
EHOZNA AT 4 LD EEBLEE. 2) LRLEkb
3R @ Glycosyltransferase @ [l % 1514 T CI O $i 9 Sl % R
SRTwES. —7, NEATT I -7 2IBET 56E
WL, SRS 2MOBEKIZIES S, FEWICELMEEL D
DTHDLEV) ZEFbhroTWET. ClEH) k%
FET B 720 I C R EMENEIR T & 72, TEAHIRY Rw
BREET, e NOBENTOREZ S22 2BROVL
ESE

(&)

BB T ENAAE)I b YL ) TSET. BUE
b P CTORMRB AT ) 2D I LERY A 707 F A b
FoH TN EGFE LK CEBETY. REOR VR
e FBRZ 92 PETY. Bl d 5 DR~
THbosThrHbEEZTVET.

(&R AR A1

D FTERANZIUPLDC @REW) OIERIEENLSS
WTE A 2 EHBOY -4y FELTHET
(CI-7~9) ZEE LT 5070, WHELEW Cl0) % Hig
TOTTH.

(&)

1) CI7256 Cl-12 FCTEEMET L& 254, IEE
1250% FETT. TFANTVOBEROAZ7O— 2005
EERDLE, EHICZOPFITRNDET. 2) FF, Tk
FHi#EM & L COERLE BT FETT. wEAlL L
THWA7-DI23 F B L e id s 5 2 WHIENS
CHYVFETDT, ROBEEELEEZTWET.



