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Lacto- N-tetraose (Gal p1-3GIcNAc B1-3Galpl-4Glc, LNT) and lacto- N-neotetraose (Gal p1-4GIcNAc p1-3Galpl-4Glc, LNnT) were
enzymatically synthesized by consecutive additions of GIcNAc and Gal residues to lactose. Lacto- N-triose 1l (GIcNAc B1-
3Galp1-4Glc) was prepared first by the transfer of GIcNAc from UDP-GIcNAc to lactose by B-1,3-N-acetylglucosaminyltrans-
ferase from bovine serum. The resulting lacto-  N-triose Il was converted into LNT and LNnT utilizing two kinds of
p-D-galactosidase-mediated transglycosylations. Thus, p-D-galactosidase from Bacillus circulans ATCC31382 induced re-
gioselective galactosyl transfer from o-nitrophenyl p-p-galactoside to the OH-3 ” position of lacto- N-triose I, and commer-
cially available pB-p-galactosidase from B. circulans to the OH-4" position of lacto- N-triose Il. These convenient processes
are suitable for large-scale preparations of LNT and LNnT. As another method, LNT was directly synthesized from lactose

as an initial substance, utilizing lacto-  N-biosidase ( Aureobacterium sp. L-101)-mediated transglycosylation with Gal  p1-
3GIcNAc B-pNP donor.

Keywords: Lacto- N-tetraose, lacto- N-neotetraose, B-D-galactosidase, p-1,3-N-acetylglucosaminyltransferase

Abbreviations: LNT, lacto- N-tetraose (Gal p1-3GIcNAc p1-3Galpl-4Glc); LNnT, lacto- N-neotetraose (Gal p1-4GIcNAc p1-3Galpl-
4Glc); UDP, uridine 5 '-diphosphate; p-gal-3, p-D-galactosidase from  Bacillus circulans ATCC 31382; B-1,3-GnT, p-1,3-N-ace-
tylglucosaminyltransferase; HPAEC-PAD, high performance anion exchange chromatography-pulsed amperometric
detection; ATP, adenosine 5 '-triphosphate; EtOH, ethanol; Gal B-oNP, o-nitrophenyl B-D-galactopyranoside.

Introduction protection, glycosylation, and deprotection. A process for
synthesizing these oligosaccharides is clearly needed to en-
able practical use. A enzymatic method would facilitate
large-scale synthesis of oligosaccharides in as short a path
way as possible.

The present paper describes the regioselective synthesis
of LNT and LNnT by a combination of glycosyltransferase-
catalyzed reaction and glycosidase-catalyzed transglycosy-
lation and the direct conversion of lactose into LNT
through a lacto-N-biosidase-mediated transfer reaction.

There is high current interest in developing synthetic
routes for obtaining oligosaccharides involved in gly-
colipids and glycoproteins. Our interest is directed toward
an enzymatic approach to the synthesis of lacto-N-triose
II, LNT and LNnT, because glycolipids containing these
oligosaccharide units have been known to play an impor-
tant role in biological recognition events. Generally, they
are found as the common structural feature in the core
region of glycolipids of the so-called lacto- and neolacto-
series [1], and in the terminal position of lipooligosaccha-
ride of Neisseria meningitidis [2,3]. They are also
well-known as human milk oligosaccharides [4]. Accord- )
ingly, a sufficient supply of such oligosaccharides could be Materials

utilized as substrates for glycosidase and glycosyltrans- A rude preparation of UDP-GIcNAc: Galpl-4Gle (or
ferase [5], as probes for lectin [6], and as carbohydrate  G.N Ac) P-1,3-N-acetylglucosaminyltransferase  (B-1,3-
antigens [7]. Conventional chemical methods for obtaining GnT) was prepared as a 25-50% saturated ammonium
lacto-N-triose II, LNT, and LNnt have been developed  gyfate precipitation from bovine serum and used without
[8-10], but they involve various elaborate procedures for  fyrther purification for the synthesis of lacto-N-triose II.

B-D-Galactosidase (EC 3.2.1.23) from Bacillus circulans
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available B-D-galactosidase from B. circulans, Biolacta
(Daiwa Kasei, K. K., Osaka) were used as enzyme sources.
Lacto-N-biosidase from Aureobacterium sp. L-101 culture
broth was prepared by ammonium precipitation followed
by two chromatographic procedures. The detailed purifica-
tion of the enzyme will be reported elsewhere. UDP-
GIcNAc was supplied by Yamasa Corporation, Chiba.
Galp1-3GIcNACcB-pNP was synthesized by our method
[12]. All other chemicals were obtained from commercial
sources.

Enzyme assay

B-1,3-GnT activity was assayed as follows: Lactose (22 mg)
and UDP-GIcNAc (3.6 mg) were dissolved in 1.0 ml of 150
mM sodium cacodylate buffer (pH 7.0) containing 4.0 mg
of MnCl,, 10 mg of ATP, 3.0 mg of NaCl, followed by an
appropriate amount of [-1,3-GnT. The reaction was
stopped by boiling for 5 min, and then the resulting lacto-
N-triose II was measured by the high performance anion
exchange chromatography-pulsed amperometric detection
(HPAEC-PAD) method. One unit of the enzyme was de-
fined as the amount synthesizing 1 pmole of lacto-N-triose
II per hour.

B-D-Galactosidase activity was assayed as follows: A
mixture containing 2 mM o-nitrophenyl B-D-galactopyra-
noside (GalB-oNP) in 0.9 ml of 50 mM sodium phosphate
buffer (pH 6.0) and an appropriate amount of enzyme in a
total volume of 0.1 ml was incubated for 10 min at 40°C.
The reaction was stopped by adding 0.5 ml of 1.0 M
Na,COs;, and then the liberated o-nitrophenol was meas-
ured spectrophotometrically at 420 nm. One unit of en-
zyme was defined as the amount hydrolyzing 1 pmole of
o-nitrophenyl B-D-galactopyranoside per min.

Lacto-N-biosidase activity was assayed as follows: A
mixture containing 2 mM GalB1-3GIcNAcB-pNP in 0.2 ml
of 40 mM acetate buffer (pH 5.5) and an appropriate
amount of enzyme in a total volume of 50 pl was incubated
for 10 min at 37°C. The reaction was stopped by adding 1
ml of 1.0 M Na,CO; and 2 ml of H,O, and then the liber-
ated p-nitrophenol was measured spectrophotometrically
at 405 nm. One unit of enzyme was defined as the amount
hydrolyzing 1 pmole of Galp1-3GlcNAcB-pNP per min.

Analytical method

HPAEC-PAD analysis was conducted on a DX-300 Bio-
LC system equipped with a pulsed amperometric detector
(Dionex, Osaka, Japan). Oligosaccharides were separated
on a CarboPac P-1 column (Dionex, @ 4 X 250 mm) at a
flow rate of 1 ml/min at room temperature. The elutions for
lacto-N-triose II and LNnT were effected with 100 mM
NaOH, and for LNT with 150 mM NaOH. 'H- and 3C-
NMR spectra were recorded on a JEOL JNM-LA 500
spectrometer at 25°C. Chemical shifts are expressed in &
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relative to sodium 3-(trimethylsilyl)propionate as an exter-
nal standard.

Preparation of lacto-N-triose 11

Lactose (2.7 g) and UDP-GIcNAc (450 mg) were dissolved
in 125 ml of 150 mM sodium cacodylate buffer (pH 7.0)
containing 495 mg of MnCl,, 183 mg of ATP and 365 mg of
NaCl, followed by 850 mU of crude -1,3-GnT preparation
from bovine serum. The mixture was incubated for 90 h at
40°C and the reaction was terminated by boiling for 5 min.
The precipitate was removed by centrifugation (12,000
rpm, 20 min), and the supernatant was loaded onto a char-
coal-Celite column ( @ 4.4 X 87 cm) equilibrated with H,O.
The column was eluted with 0 (4 L)-40 (4 L) % EtOH of
linear gradient, and the effluent solution was monitored by
measuring the absorbances at 210 nm (N-acetyl group) and
485 nm (neutral sugar content, phenol-sulfuric acid
method). As shown in Figure 1, the chromatogram showed
three peaks (F-1, tubes 13-30; F-2, tubes 31-52; F-3, tubes
75-100). The third peak, which displayed coincident ab-
sorptions of 210 and 485 nm, was presumed to contain the
transfer product. The F-3 fraction was combined, concen-
trated, and lyophilized to yield lacto-N-triose II (106.3 mg).
F-1 and F-2 contained GIcNAc and lactose, respectively.
'H-NMR data (D,0) of lacto-N-triose II: § 5.21 (d, J 4.0
Hz,H-10),4.68 (d,J 8.6 Hz, H-1"a),4.67 (d,J 8.6 Hz, H-1"B,
4.65(d,J8.0Hz,H-1p,4.43 (d,1H,J/7.9Hz,H-1"),4.14(d,1H,
J3.1Hz,H-4"),and 2.03 (5,3 H,NHCOCH;). The 13C-NMR
signals of F-3 were assigned by HSQC and by comparing
with the data for methyl and p-nitrophenyl B-lacto-N-
triosides I1[13]. 13C-NMR data (D,0) of lacto-N-triose 11: §
177.81 (C=0),105.77 (C-1'B, 105.74 (C-1'a), 105.69 (C-1"),
98.55 (C-1B,94.66 (C-1a.),84.80 (C-3'B,84.77 (C-3'0), 81.22
(C-40), 81.12 (C-4B,78.51 (C-5"),77.74 (C-5"),77.64 (C-3B,
77.20 (C-2B, 76.64 (C-58, 76.41 (C-3"), 74.24 (C-30), 73.97
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Figure 1. Charcoal-Celite chromatography of transglycosylation prod-
uct formed from UDP-GIcNAc and lactose by B-1,3-GnT from bovine
serum. O, absorbance at 485 nm; @, absorbance at 210 nm. F-1,
lactose; F-2, GIcNAc; F-3; lacto-N-triose 1.
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(C-20), 72.97 (C-50), 72.88 (C-2'a), 72.85 (C-2'B, 72.53
(C-4"),71.22 (C-4"a),71.19 (C-4'P,63.81 (C-6"),63.33 (C-6"),
62.93 (C-6p,62.80 (C-6a), 58.51 (C-2"),25.00 (NHCOCHj;).
Other physiological data of lacto-N-triose II were almost
identical to the data reported previously [14].

Preparation of LNT

o-Nitrophenyl B-D-galactoside (60 mg) and lacto-N-triose
II (36 mg) were dissolved in 3 ml of 40 mM sodium acetate
buffer (pH 5.5), followed by 250 mU of B-gal-3. The mix-
ture was incubated for 11 h at 50°C and the reaction was
terminated by boiling for 5 min. The resulting insoluble
material was removed by centrifugation (5,000 rpm, 15
min), and the supernatant was loaded onto a Chromatorex-
ODS DM 1020T column ( @ 1.0 X 57 cm) equilibrated with
5% MeOH in order to remove the o-nitrophenol liberated
during the reaction. The column was eluted with the same
solution. The eluate fractions (26-55 ml) showing absor-
bance at 485 nm were combined and concentrated to a
small volume (15 ml). The concentrate was loaded onto a
charcoal-Celite column ( @ 2.2 X 28 cm) equilibrated with
H,O. The column was washed with 150 ml of H,O, 300 ml
of 7.5% EtOH, and then eluted with 7.5 (1.0 L)-35 (1.0 L)
% EtOH of linear gradient and the eluate was collected in
10-ml fractions. The effluent solution was monitored by
measuring the absorbance at 210 nm. As shown in Figure 2,
the chromatogram contained two peaks (F-1, tubes 43-65;
F-2, tubes 84-102). The F-2 fraction was combined, concen-
trated, and lyophilized to give 16.3 mg. It was further
treated with B. circulans B-D-galactosidase (Biolacta) in
order to selectively hydrolyze undesired LNT isomer in the
product mixture. Thus, the F-2 was dissolved in 16.3 ml of
50 mM sodium phosphate buffer (pH 7.0) containing the
B-D-galactosidase (316 U) and incubated for 21 h at 40°C.
The reaction was terminated by boiling for 5 min. Then the
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Figure 2. Charcoal-Celite chromatography of transglycosylation prod-
ucts formed from Galf-oNP and lacto-N-triose Il by B-gal-3. @, absor-
bance at 210 nm. F-1, lacto-N-triose II; F-2, LNT.

solution was rechromatographed on a charcoal-Celite col-
umn ( @ 2.2 X 10 cm) equilibrated with H,O. The column
was eluted with 100 ml of H,O and 60 ml of 7.5% EtOH,
and then eluted with 7.5 (300 ml)-35 (300 ml) % EtOH of
linear gradient. The F-2' fraction (276-290 ml) showing
absorption at 210 nm was combined, concentrated, and
lyophilized to yield 7.1 mg. The F-1 fraction contained
lacto-N-triose I1 (16 mg) used as an acceptor substrate. The
IH- and 13C-NMR data of F-2" were identical to those of
LNT reported previously [15]. Other physiological data of
LNT were almost identical to the data of F-2' reported
previously [16].

Preparation of LNnT

Lactose (30 mg) and lacto-N-triose II (50 mg) were dis-
solved in 1.8 ml of 20 mM sodium acetate buffer (pH 6.0)
followed by 250 m U of B-D-galactosidase (Biolacta). The
mixture was incubated for 36 h at 40°C and the reaction
was terminated by boiling for 5 min. The resulting insoluble
material was removed by centrifugation (12,000 rpm, 15
min), and the supernatant was loaded onto a charcoal-
Celite column ( @ 4.5 X 50 cm) equilibrated with H,O. The
column was washed with 800 ml of H,O followed by 800 ml
of 20% EtOH, and then eluted with 20 (4.0 L)-40 (4.0 L) %
EtOH of linear gradient. The effluent solution was moni-
tored by measuring the absorbances at 210 and 485 nm. The
chromatogram showed two peaks (F-1, 330-1040 ml; F-2,
1080-2880 ml). The F-2 fraction was combined and concen-
trated to small volume (1.5 ml). The concentrate was
loaded onto a Bio-Gel P-2 column ( @ 2.5 X 90 cm) and the
eluate was collected in 4-ml fractions. The chromatogram
showed three peaks (F-2a, 256-288 ml; F-2b, 328-360 ml;
and F-2c, 376-392 ml). The F-2b fraction, which displayed
coincident absorptions of 210 and 485 nm, was combined,
concentrated, and lyophilized to yield 12 mg. F-2c con-
tained lacto-N-triose II (19 mg) used as the acceptor sub-
strate. The TH- and 13C-NMR data of F-2b were identical to
those of LNnT reported previously [15]. Other physiologi-
cal data of F-2b were almost identical to the LNnT data
reported previously [16].

Direct conversion of lactose into LNT

Lactose (3425 mg) and Galf1-3GIcNAcB-pNP (500 mg)
were dissolved in 55 ml of 40 mM sodium acetate buffer
(pH 5.5), followed by 20 U of lacto-N-biosidase from
Aureobacterium sp. L-101. The mixture was incubated for 5
h at 40°C and the reaction was terminated by boiling for 5
min. The resulting insoluble material was removed by cen-
trifugation (12,000 rpm, 15 min), and the supernatant was
loaded onto a Chromatorex-ODS DM 1020T column ( @
3.0 X 60 cm) equilibrated with 20% MeOH in order to
remove the o-nitrophenol liberated during the reaction.
The column was eluted with the same solution. The eluate
fractions (181-510 ml) showing absorbance at 210 nm were
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combined and concentrated to a small volume (30 ml), and
the solution was loaded onto a charcoal-Celite column ( @
5.5 X 58 cm) equilibrated with H,O. The column was
washed with 500 ml of H,O followed by 3 L of 7.5% EtOH,
and then eluted with 7.5 (3.0 L)-35 (3.0 L) % EtOH of
linear gradient. The effluent solution was monitored by
measuring the absorbance at 210 nm. The chromatogram
showed two peaks (F-1,3160-3480 ml; F-2, 3643-3800 ml).
The F-2 fraction was combined and concentrated to small
volume (1.5 ml). The concentrate was loaded onto a Car-
boPac P-1 column (Dionex, @ 4 X 250 mm) as mentioned
above. The main peak (18-21 min) was neutralized with 1
N acetic acid, desalted by a Micro Acilyzer G1 with an
AC-220-10 cartridge (Asahikasei Co. Ltd., Kawasaki, Ja-
pan), concentrated, and lyophilized to yield LNT (4 mg).
The 'H- and 13C-NMR data were identical to those of LNT
reported previously [15]. Other physiological data of LNT
were almost identical to the data reported previously [16].

Results and discussion

Facile enzymatic conversions of lactose into LNT and
LNnT were developed with the use of two sequential enzy-
matic reactions, respectively. Direct conversion of lactose
into LNT was then performed enzymatically.

Sequential conversion of lactose into LNT
and LNnT

Synthesis of lacto-N-triose 11

In our previous study, p-nitrophenyl lacto-N-trioside II was
synthesized from N, N’'-diacetylchitobiose and Galf1-
4GlcB-pNP using trans-N-acetylglucosaminylation cata-
lyzed by p-N-acetyl-D-hexosaminidase from Nocardia
orientalis. It resulted in only a low yield of the desired
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compound, because of the low regioselectivity of the hy-
droxyl linkages to the acceptor [13]. On the other hand,
B-1,3-GnT, which catalyzes the transfer of the GIcNAc resi-
due of UDP-GIcNAc to the OH-3' position of lactose and
LacNAc, has been found in Novikoff ascites tumor cells
[17], human serum [18,19] and colostrum [20], bovine se-
rum [20], and rat rete testis [21]. Recently, cDNA encoding
a human $-1,3-GnT, which is essential for poly-N-acetyllac-
tosamine synthesis, has been isolated by expression cloning
[22]. The enzymatic method for obtaining lacto-N-triose II
was first reported on the pymolar scale using B-1,3-GnT
from human serum [23]. The object of the present investi-
gation is to develop a convenient enzymatic procedure suit-
able for large-scale preparation of lacto-N-triose II
Sufficient amounts of B-1,3-GnT and UDP-GIcNAc are
needed for the practical synthesis. In this case, -1,3-GnT is
easily obtained from bovine serum and UDP-GIcNAc has
become commercially available in large amounts in recent
years. The enzyme used in the present study was a crude
product prepared as a 25-50% saturated ammonium sul-
fate precipitation. The enzyme catalyzed the transfer of a
GIlcNAc moiety to the OH-3' position of the lactose unit as
mentioned above (Scheme 1), in a 26% yield based on the
donor substrate. Lacto-N-triose 11 was readily synthesized
on a mmolar scale and conveniently isolated by charcoal-
Celite chromatography (Fig. 1). The time course of lacto-/N-
triose II production was examined by the HPAEC-PAD
method. Maximum production was observed after 50 h and
the concentration varied little during the subsequent reac-
tion. The efficiency of transglycosylation was very depend-
ent on pH, because the enzyme activity was considerably
weakened in the acidic region of pH 5. As a result, the
supply of a sufficient amount of lacto-N-triose 1I led to the
practical syntheses of LNT and LNnT as mentioned
below.

OH HO H OH
H(%OHQZ_\\Z;?\/OH UDP-GIcNAc (/O 5' O%O%O
HON—%y (O > OH OH

OH B-1,3-GnT NHAc
Lactose

Synthesis of LNT and LNnT

Fujimoto et al. have reported that B-gal-3 induces a prepon-
derant B-D-Gal transfer from p-nitrophenyl B-D-galac-
topyranoside to the OH-3 position of GlcNAc, GalNAc,
and their glycosides [24]. The methodology was extended
to the regioselective synthesis of LNT. When lacto-N-triose
IT was used as an acceptor and GalB-oNP as a donor, the
enzyme catalyzed the formation of LNT in a yield of 20%
based on the acceptor added (Scheme 2). LNT was sepa-

Lacto-N-triose |l

rated by successive chromatography on ODS and charcoal-
Celite columns as in Figure 2. Unreacted lacto-N-triose 11
acceptor, which is very valuable substance, was recovered
by straightforward chromatography and reutilized for the
synthesis. The resulting LNT fraction was still contami-
nated by its B-(1 - 6) isomer (Fig. 3a). This isomer was
therefore selectively removed by hydrolytic treatment with
B-D-galactosidase from B. circulans (Biolacta), which does
not hydrolyze B-(1 - 3) linked galactosyl-oligosaccharide.
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When the lyophilized fraction was incubated in a 0.1%
concentration with the enzyme, the isomer was hydrolyzed
completely after 21 h. The hydrolyzate was then rechroma-
tographed on a charcoal-Celite column, enabling the selec-
tive removal of the isomer from the LNT fraction (Fig. 3b).
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p-D-Galactosidase

\ OH OH
LR | g
Lactose

s R e

NHAc

Lacto-N-triose |l

LNnT was similarly synthesized from lacto-N-triose II as
an acceptor and lactose as a donor substrate by means of B.
circulans B-D-galactosidase (Biolacta)-mediated trans-
galactosylation. We have already reported that the enzyme
is quite useful for B-(1 — 4) galactosyl transfer to some
acceptor sugars [25-27]. The enzyme also catalyzed the
regioselective transgalactosylation from lactose onto OH-
4" of lacto-N-triose II as mentioned above (Scheme 2). The
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Figure 3. HPAEC-PAD analyses of transglycosylation products formed
from GalB-oNP and lacto-N-triose Il by B-gal-3. The HPAEC-PAD profiles
of the LNT fraction (F-2) obtained by charcoal-Celite chromatography
(a), and the LNT fraction (F-2') obtained by hydrolytic treatment with
B-D-galactosidase (Biolacta) and charcoal-Celite chromatography (b).
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The formation of LNT and the degradation of Galf3-oNP
donor were directly proportional to time within 8 h (Fig. 4).
The maximum LNT production was reached at 8 h and its
concentration then varied little during the subsequent re-
action.

H_-OH

How%%

NHAc

Lacto-N-tetraose

OH HOS%VA/%

NHAc

HO OH

Lacto-N-neotetraose

molar ratio of the donor and the acceptor was about 1 : 1,
and the total substrate concentration was about 4.4%. No
significant amounts of positional isomers were detected
during the reaction. LNnT was easily separated by succes-
sive chromatography on charcoal-Celite and Bio-Gel P-2
columns. As a result, LNnT was prepared with a 19% yield
based on the acceptor. The same highly regioselectivity of
the enzyme has been observed also in some acceptors: N,
N'-diacetylchitobiose, N, N', N"-triacetylchitotriose, lactose
[28] and N-acetyllactosamine derivatives [29]. In contrast,
when monosaccharide (Gal and Glc) glycosides were used
as acceptor substrates, the regioselectivity of the enzyme
was substantially decreased. The galactosylation occurred
not only preferentially to the OH-4 position of acceptors
but also to the OH-6 and -3 positions [27,30]. The change in
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Figure 4. Time course of the formation of LNT and the degradation of
GalB-oNP. Sixty milligrams of Galp-oNP and 36 mg of lacto-N-triose |l
were incubated at 50°C in 3 ml of 40 mM Na-Ac. buf. (pH 5.5) with 250
muU of B-gal-3. @, concentration of LNT; O, concentration of GalB-oNP.
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this regioselectivity seems to be due to differences in the
size of the acceptor substrate.

Conversion of lactose into LNT

Many exoglycosidases have been shown to be potential
tools for the synthesis of oligosaccharides [31-33]. In con-
trast, only a limited number of reports are available on the
transglycosylation activities of endoglycosidases [34-38].
Commercially available lacto-N-biosidase as an endogly-
cosidase, that specifically hydrolyzes lacto-N-biosidic link-
ages in internal oligosaccharide chains [39,40] was first
isolated from Streptomyces sp. 142. We also found a high
activity of the enzyme in the culture fluid of Aureobac-
terium sp. L-101. Both lacto-N-biosidases acted on synthetic
GalB1-3GIcNAcB-pNP to hydrolyze GalB1-3GlcNAc and
p-nitrophenol, that is, it can bypass a block of the disaccha-
ride. Therefore, our interest was directed toward an enzy-
matic conversion of lactose into LNT. As a result, when
GalP1-3GIcNACcB-pNP was used as a donor and lactose was
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Figure 5. Time course of the formation of LNT and the degradation of
GalB1-3GIcNAcB-pNP. Four milligrams of GalB1-3GIcNAcB-pNP and
27.4 mg of lactose were incubated at 40°C in 300 ul of 40 mM Na-Ac.
buf. (pH 5.5) with 200 mU of lacto-N-biosidase. @, concentration of LNT;
O, concentration of GalB1-3GIcNAcB-pNP.
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used as an acceptor, the enzyme from Aureobacterium sp.
L-101 catalyzed the transfer of a B-lacto-N-biosyl unit to the
OH-3' position of lactose as mentioned above (Scheme 3).
The resulting LNT was roughly separated by successive
chromatography on ODS Chromatorex DM1020T and
charcoal-Celite columns and complete separation was fi-
nally effected by HPAEC-PAD. The actual yield was very
low (0.6% based on the donor substrate). The time course
of LNT production and the degradation of donor substrate
could be observed by HPAEC-PAD, as shown in Figure 5.
The maximum LNT production was reached at 3 h and its
concentration rapidly decreased during the subsequent re-
action. The yield of LNT at 3 h was observed by analysis to
be 3.7% based on the donor. The large difference in the
yields between the actual and analytical data should be
accompanied by a loss of LNT through the process of three
chromatographic separation procedures. This is the first re-
port that lacto-N-biosidase-mediated transglycosylation
enabled the direct synthesis of LNT from lactose as an in-
itial substrate, although it was rather inefficient.

Conclusion

We developed facile conversion of lactose into LNT and
LNnT by consecutive use of f-1,3-GnT and B-D-galactosi-
dase-mediated transglycosylations, respectively (Fig. 6).
The yields (19-26 %) were considered to be sufficiently
high for a practical method, because of the simplicity of
enzymatic syntheses. Excess of unreacted substrates are
also recovered by straightforward column chromagtogra-

Galg1-4Glc I Lactose

p-1,3-GlcNAc-transferase

Lacto-N -biosid.

\4
| GlcNAcp1-3Galpt-aGic |

Lacto-N -triose Il

p-D-galactosidase from p-D-galactosidase from
B. circulans ATCC31382 B. circulans (Biolacta)

v
[ Galp1-3GIcNAcg1-3Galpi-4Glc | [ Galp1-4GIcNAcp1-3Galgi-4Gic |

Lacto-N-neotetraose
(LNNnT)

Lacto- N-tetraose

(LNT)

Figure 6. Enzymatic conversion of lactose into LNT and LNNT.
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phy and reutilized for the synthesis. Furthermore, we found
a system for transfer of the lacto-N-biosyl unit to the OH-3’
position of lactose, utilizing lacto-N-biosidase from Aureo-
bacterium sp. L-101, but its efficiency was very low. Such
well defined oligosaccharides would be useful as substrates
for glycosidases and glycosyltransferases involved in bio-
synthetic routes for forming glycoconjugates, as probes for
lectin, and as common synthetic intermediates of carbohy-
drate antigens, glycoconjugates, and milk oligosaccharides.
The synthetic oligosaccharides are also useful as starting
substances for glycopolymers [41-43], which are valuable
tools for investigating biological recognition phenomena.
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