Review Article 620

Prof. Akira Kobata

Born in 1933, graduated from Faculty of
Pharmaceutical Science, School of Medicine,
University of Tokyo in 1956, received his Ph. D. in
Biochemistry in 1962. In 1967, he joined the Section
of Biochemistry, Laboratory of Biochemical
Pharmacology, NIAMD (Section Chief, Victor
Ginsburg), NIH. During that time, he elucidated the
whole biosynthetic pathway of ABH and Lewis anti-
genic determinants. In 1971, he moved to Kobe
University as Professor of the Department of
Biochemistry, School of Medicine. There, he devel-
oped a series of sensitive methods to investigate the
structures of the N-linked sugar chains. On moving to
University of Tokyo as the Professor and Chairman,
Department of Biochemistry, Institute of Medical
Science in 1982, he expanded his research to the struc-
tures, metabolism, functions and pathology of the N-
linked sugar chains. He was awarded the Prize for the
Promotion of Young Scientists from Pharmaceutical Society of Japan for 1963, Science and
Technology Prize from Toray Science Foundation for 1985, Claude S. Hudson Award of
American Chemical Society for 1992, PSJ Award from Pharmaceutical Society of Japan for
1992, and also the 1992 Japan Academy Prize. He was a Fogarty Scholar-in-Residence
from 1985 to 1987, Auckland Foundation Visiting Professor in 1988, and also served as the
Director of Institute of Medical Science from 1990 to 1992. In 1993, he was appointed as
the Director of Tokyo Metropolitan Institute of Gerontology, and became a Professor
Emeritus of University of Tokyo. In this last carrier as a scientist, he developed a new glyco-
biology area in the field of aging research. From 2000, he has been the Director Emeritus of
Tokyo Metropolitan Institute of Gerontology. Currently, he is the scientific advisor of the
Noguchi Institute, a non-profit institution established for the study of carbohydrate chem-
istry in Japan.




621

Possible Application of Milk Oligosaccharides for
Drug Development

Akira Kobata, PhD

By applying a finger-printing method to the analysis of human milk oligosaccharides,
several oligosacchartides were found to be deleted in the milk of non-secretor or Lewis neg-
ative individual. This finding afforded a clue to elucidate the enzymatic basis of blood types
in humans. Furthermore, disappearance of some major oligosaccharides led to the finding of
five novel minor oligosaccharides, which were hidden under the major oligosaccharides.
Later on, structures of more than seventy oligosaccharides were elucidated. These oligosac-
charides are derived from eleven core oligosaccharides by sialylation and/or fucosylation.
All these oligosaccharides contain lactose at their reducing termini. This evidence, together
with the deletion phenomena found in the milk of two blood type individuals, suggested that
the oligosaccharides are formed by the concerted action of glycosyltransferases, which are
responsible for formation of the sugar chains of glycoproteins on the surface of epithelial
cells constructing the mucous membrane. The elongation may start by the action of iGnT.
This enzyme is responsible for the addition of a B-N-acetylglucosamine residue to the C-3
position of the galactose moiety constructing the N-acetyllactosamine group of the sugar
chains of glycoconjugates. Therefore, oligosaccharides in human milk may include many
structures, starting from the N-acetyllactosamine residues in the sugar chains of various gly-
coproteins.

Many evidences, which indicate that virulent enteric bacteria and viruses start their
infection by binding to particular sugar chains of glycoconjugates on the surface of their tar-
get cells, were presented recently. Therefore, milk oligosaccharides are expected to be useful
to inhibit the infection of these bacteria and viruses. (Chang Gung Med J 2003,26:620-36)

Key words: milk, human, oligosaccharides, enteric bacteria, blood types, 3-N-acetylglucosa-
minyltransferase

Milk contains many glycoproteins, glycopep-
tides, and oligosaccharides, which are found
almost exclusively in this secretion. These compo-
nents occur especially in large amounts in the milk,
obtained at early stages of lactation. Some of them,
such as casein and lactose, are definitely produced in
the mammary gland as important nutrients, and IgA
presents in milk is a component of transfer immunity
for suckling babies. However, the physiological sig-

nificance of other minor components is mostly
unknown. Among mammalian species, the human is
noteworthy because its milk contains various kinds
of oligosaccharides.

In 1933, Polonovski and Lespagnol® found a
new nitrogen-containing oligosaccharide in human
milk, and named it "gynolactose". This substance
could not be crystallized, undoubtedly because it was
a mixture of several oligosaccharides. In 1954,
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Polonovski and Montreuil® reported based on a
paper chromatographic investigation that the gyno-
lactose is, in fact, a mixture of more than ten
oligosaccharides, some of which contain nitrogen.
This finding was also supported by independent
attempts to identify the so-called Bifidus factor.

It had been known since 1900 that the stools of
breast-fed babies are more acidic than those of artifi-
cially nourished ones.®* In 1935, it was reported by
Grulee, et al.® as a well documented study that
breast-feeding was strongly associated with a lower
incidence of diarrhea, otitis media, and respiratory
diseases. Paul Gyorgy, then a professor of
Paediatrics in the University of Pennsylvania, con-
sidered that this is because Lactobacillus bifidus
becomes a predominant intestinal flora of babies fed
with human milk. This bacteria has the capacity to
digest lactose, and produces large amounts of lactic
acid and acetic acid. The acidic condition, thus pro-
duced in the intestine of babies, supresses the growth
of many other microorganisms, and may protect
babies from harmful intestinal infection.

Schonfeld® already found that the whey fraction
of human milk contains a growth-promoting factor
for Lactobacillus bifidus varietus pennsylvanics, and
named it Bifidus factor. Richard Kuhn, in the
Max-Plank Institute at Heiderberg, started a system-
atic investigation of Bifidus factor, in collaboration
with Paul Gyorgy.”” This study led Kuhn to the
structural studies of human milk oligosaccharides.
Until 1964, structures of fourteen oligosaccharides,
as shown in Table I, were determined by the inde-
pendent studies of Kuhn's group and Montreuil's
group'(IO—Z’Z)

These oligosaccharides have a common feature
that they all contain lactose at their reducing termini.
Interestingly, some of these oligosaccharides showed
haptenic activities of blood group determinants."5*
For example, 2'-FL and LNF-I showed haptenic
activity of H determinant, LND-I showed activity of
Le® determinant, and LNF-II, and LND-II showed
activity of Le* determinant. Because of this, human
milk oligosaccharides played key roles in elucidating
the structures of H and Lewis blood group determi-
nants.®?

Correlation of the Occurrence of
Oligosaccharides Containing Fucose Residues
and the Blood Types of the Donors.

Chang Gung Med J Vol. 26 No. 9
September 2003

In 1967, Grollman and Ginsburg® found an
interesting evidence that 2'-FL was not detected in
the milk samples, obtained from individuals with
non-secretor blood type. These people express ABO
blood types on the surface of their erythrocytes
according to their genetic background of ABO locus,
but not in the glycoproteins, secreted from the
epithelial cells of mucous glands. In order to extend
this interesting finding further, Kobata, Tsuda and
Ginsburg®® devised a new technique to obtain
oligosaccharide patterns by using small amount of
milk samples. The method was the combination of
gel-filtration and paper chromatography, which
enabled them to finger-print the fourteen oligosac-
charides by using approximately 10 ml of milk sam-
ples as shown in Fig. 1.

An interesting evidence, revealed by the analy-
sis of the milk samples obtained from 50 individuals,
was that three different oligosaccharide patterns were
obtained by this analytical method. Approximately
80% of the milk samples gave the spots of all four-
teen oligosaccharides as shown in Fig. 1.

In contrast, approximately 15% of the milk sam-
ples gave the oligosaccharide pattern as shown in
Fig. 2. The characteristic feature of this pattern is
that four oligosaccharides are missing as shown by
the spots indicated by dotted lines in the pattern.
The small grey spots, detected at the positions of
missing oligosaccharides, are minor oligosaccharides
hidden under the major oligosaccharides. Written by
white letters are the names assigned to the newly
found minor oligosaccharides. An important evi-
dence was that all mothers, whose milk gave this
oligosaccharide pattern, were non-secretors, who
express neither the ABO blood group determinants
nor Le" determinant in their secretory glycoproteins.
The structures of the four missing oligosaccharides
indicated that the deletion phenomenon, found in 2'-
FL, can be extended to all milk oligosaccharides
containing the Fuco1-2Gal group. Namely, the secre-
tory organ of non-secretor individuals lack the fuco-
syltransferase responsible for formation of the disac-
charide group.®”

The remaining 5% of the milk samples gave the
oligosaccharide pattern as shown in Fig. 3. The
characteristic feature of this pattern is that the three
oligosaccharides, shown by dotted lines, are missing
in the pattern. Like in the case of non-secretors,
presence of three new minor oligosaccharides were
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Fig. 1 Fingerprinting of the oligosaccharide fraction obtained from milk samples of Le**** individuals. Fraction numbers as indi-
cated by "TUBE NUMBER" in abscissa were obtained by Sephadex G-25 column chromatography of human milk oligosaccharide
fraction. Aliquots of the fractions were spotted at the origin of a sheet of a filter paper, and subjected to chromatography using ethyl
acetate/pyridine/acetic acid/water (5:5:1:3) as solvent. Black spots represent oligosaccharides visualized by alkaline-AgNOs3
reagent, and hatched ones encircled by black line represent those detected by both alkaline-AgNOs reagent and thiobarbituric acid

reagent.
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Fig. 2 Fingerprinting of the oligosaccharide fraction obtained from milk samples of non-secretor individuals. The condition of fin-
gerprinting was the same as written in the legend for Fig. 1. Spots shown by dotted lines were missing in the pattern. Grey spots
detected at the positions of missing oligosaccharides are minor oligosaccharides hidden under the major oligosaccharides.
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Fig. 3 Fingerprinting of the oligosaccharide fraction obtained from milk samples of Le*™

individuals. The condition of

fingerprinting, and the descriptons of various spots were the same as written in the legend for Fig. 2.

found as shown by the small grey spots in Fig. 3.
Examination of the blood types of the donors, whose
milk gave this pattern, revealed that they are all
Lewis-negative, who lack both Le* and Le" antigens
in their secreted glycoproteins and on their erythro-
cytes.®

A common feature of the three oligosaccharides,
which were missing in the milk of Lewis-negative
individuals, is that they all contain the Fucol-
4GIcNAc group. Based on this finding, it was con-
cluded that another fucosyltransferase, which is
responsible for the formation of the Fucal-4GIcNAc
group, is not expressed in the epithelial cells of the
secretory organ of the Lewis negative individuals.
This estimation was later confirmed by enzymatic
study.®”

Enzymes Which are Responsible for the
Formation of Blood Group Determinants A and
B.

Although oligosaccharides containing blood
group determinants A [GalNAcol-3(Fucol-2)Gal]
and B [Galal-3(Fucal-2)Gal] were not included

Chang Gung Med J Vol. 26 No. 9
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among the milk oligosaccharides listed in Table 1,
finding of the close correlation of the oligosaccharide
deletion phenomena in milk and the blood type back-
ground of the donors led to investigation of the gly-
cosyltransferases in milk, which are related to the
biosynthesis of blood group determinants. It was
already reported that a large amount of the B-galacto-
syltransferase, responsible for the formation of
N-acetyllactosamine group in the epithelial cells of
mammary gland, is excreted as a soluble form in
milk.®> This evidence suggested that other glycosyl-
transferases of the epithelial cells of mammary gland
may also be excreted as soluble forms in milk.
Actually, the o-fucosyltransferase responsible for
formation of the Fucal-4GIlcNAc group did exist in
the milk obtained from Lewis positive individuals.®
When UDP-[“C]GalNAc was incubated with a
mixture of human milk oligosaccharides and defatted
milk obtained from a woman with A blood type as an
enzyme source, two radioactive oligosaccharides
were produced in the presence of Mn? ion.
Incubation with each milk oligosaccharide revealed
that 2'-FL. and LNF-I work as acceptors of the [“C]
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Names of oligosaccharides Structures References
2'-Fucosyllactose (2'-FL) G%IBI—4G1C (10)
Fuco 1|
3-Fucosyllactose (3-FL) Galp1 -4Gl3c (11)
Fuc()cl|
Lactodifucotetraose (LD) G%IB 1 —4G§c (12)
Fucocl| Fucol
Lacto-N-tetraose (LNT) GalB1-3GlcNAcB1-3GalB1-4Glc (13)
Lacto-N-neotetraose (LNnT) GalB1-4GlcNAcB1-3GalB1-4Glc (14)
Lacto-N-fucopentaose I GalB1-3GlcNAcB1-3GalB1-4Glc (15)
(LNE-T) 2
Fucou 1|
Lacto-N-fucopentaose 1T GalB1-3GIcNAcB1-3Galp1-4Gle (16)
(LNF-IT) 4
FucoclI
Lacto-N-difucohexaose 1 GalP1-3GIcNAcB1-3GalB1-4Glc (17)
(LND-I) 2 4
Fucal Fucoal
Lacto-N-difucohexaose 11 GalB1-3GIcNAcB1-3GalB1-4Glc (18)
(L.ND-II) ] 3
Fucol Fucol
3'-Sialyllactose (3'SL) Gng 1-4Glc (19)
|
6'-Sialyllactose (6'SL) NGUSACg%Bl -4Glc (20)
Neu5 Ac(x2|
LST-a G%lBl—3GICNACB1—3GalB1—4Glc 21
NeuSAcocZI
LST-b GalB1-3GlCI6\IACB1-3GalB1-4G1C 20
NeuS5Aco2
LST-c (22)

GalB1-4GIcNACBI-3Galp1-4Gle

|
NeuS5Aco2

N-acetylgalactosamine residue.®” Other milk
oligosaccharide, so far known, could not accept the
radioactive N-acetylgalactosamine. This evidence
strongly suggested that the oligosaccharides, contain-
ing the Fuca1-2Gal group, became acceptors of the
N-acetylgalactosaminyltransferase, which is respon-
sible for the formation of the blood group A determi-
nant. Accordingly, production of radioactive

oligosaccharides from 2'-FL by using many milk
samples obtained from individuals of different blood
types were investigated.

As summarized in Table 2, milk samples,
obtained from women of blood type A or AB, all
showed the enzymatic activity to form the radioac-
tive oligosaccharides from both 2'-FL. However,
none of the milk samples, obtained from donors of

Chang Gung Med J Vol. 26 No. 9
September 2003
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Table 2. Activities of N-acetylgalactosaminyltransferase and Galactosyltransferase in Human Milk as Determined by Using 2'-FL as an

Acceptor

Donors of milk ABO and Lewis blood types

Uptake of N-acetylgalactosamine

Uptake of galactose

J.K. Al S*,  Le (b+)
M.K. A, S,  Le(b+)
D.C. Al S,  Le(b+)
J.B. Az, S,  Le(b+)
E.K. As, S, Le(a-b+)
J.C. AB, S, Le(b+)
L.M. A2, NS, Le(a+)
B.B. A2, NS, Le(at)
G.H. B, S,  Le(b+)
R.S. B, S,  Le(b+)
N.C. B, S,  Le(b+)
M.M. B, S,  Le(b+)
EW. B, NS, Le (a+)
L.N. 0, S,  Le(b+)
C.D. 0, S,  Le(b+)
J.S. O, NS, Le(at+)
D.R. O, NS, Lef(a+)

(mpmoles/5hr, 130 ul milk)

27 0
12 0
15 0
5 0
67 0
40 4.5
16 0
7 0
0 1.7
0 45
0 4.2
0 7.1
0 3.8
0 0
0 0
0 0
0 0

*: S indicates secretor, and NS indicates non-secretor

blood type B or O, showed the enzymatic activity.
An important evidence is that the milk samples, from
non-secretor individuals of blood type A, showed the
enzymatic activity at almost the same level as secre-
tor individuals. This evidence indicated that the
absence of the blood type A antigenic determinant in
the glycoproteins, secreted by the epithelial cells of
non-secretor individuals, takes place not because
they lack the a-N-acetyl-galactosaminyltransferase
in the epithelial cells of their secretory glands, but
because the cells lack the fucosyltransferase respon-
sible for the formation of the Fucal-2Gal group,
which is an essential substrate for the o-N-acetyl-
galactosaminyltransferase. The distribution of the
enzyme activity, in addition to its acceptor specifici-
ty, made it likely that the o-N-acetyl-galactosaminyl-
transferase actually forms blood group A determi-
nant, and was named A-enzyme.®"

By using the same assay system, but replacing
UDP-["“C]GalNAc by UDP-["“C]Gal, an o-galacto-
syltransferase activity, which adds a galactose
residue to the C-3 position of the galactose residue of
the Fucol-2Gal group of 2'-FL and LNF-I, was also
detected in human milk, and named B-enzyme. As
shown in Table 2, the enzyme activity was detected
in the milk samples obtained from blood type B and

Chang Gung Med J Vol. 26 No. 9
September 2003

AB donors, but not in those from other blood types.
A non-secretor with blood type B showed the
enzyme activity.®?

Characterization of A-enzyme.®®

A-enzyme was partially purified from defatted
milk, obtained from a donor of blood type A, by
ammounium sulfate fractionation, and gel perme-
ation chromatography using a Sephadex G-200 col-
umn.

Investigation for the ability of various sugars to
act as acceptors for N-acetylgalactosamine by replac-
ing 2'-FL in the standard assay revealed that LNF-I,
2-0-o-L-fucopyranosylmethyl-3-galactopyranoside,
and 2-0-o-L-fucopyranosyl-galactose worked as
active acceptors. Sugars, which did not work as
acceptors were D-galactose, D-glucose, D-mannose,
o- and B-methyl galactopyranoside, N-acetylglu-
cosamine, 4-0-a-L-fucopyranosylmethyl-p3-galac-
topyranoside, 6-0-0-L-fucopyranosylmethyl-§3-
galactopyranoside, lactose, 2-O-0-L-fucopyranosyl-
D-talose, 3-fucosyllactose, LD, LNT, LNnT, LNF-II,
LNF-1II, LND-I, and LND-II.

The Km values for the four acceptor sugars, 2'-
FL, LNF-I, 2-O-a-L-fucopyranosylmethyl-f3-galac-
topyranoside, and 2-O-a-L-fucopyranosyl-galactose



are 4.0X10*M, 3.5X10“*M, 5.0X10*M and 7.4 X
10*M, respectively. The highest Vmax value was
obtained with 2-O-o-L-fucopyranosylmethyl-3-
galactopyranoside, which was twice as high as the
other acceptors.

Accordingly, A-enzyme transfers an N-acetyl-
galactosamine residue to the galactose residue con-
structing the Fucol-2Gal group. Galactosyl residues
without the Fucol-2 substitution are not acceptors.
An interesting aspect of the specificity of the enzyme
is that LD and LND-I are not acceptors in spite of
having the Fucal-2Gal group.

Then, the structures of the two radioactive
oligosaccharides, obtained by using 2'-FL and LNF-I
as acceptors, were investigated. These oligosaccha-
rides were named P and Pu, respectively. By analy-
sis of monosaccharides composition, it was revealed
that only one N-acetylgalactosamine was added to
both acceptor oligosaccharides. The position, where
the N-acetylgalactosamine residue was added, was
confirmed to be the C-3 position of the galactose
residue of the Fucal-2Gal group by carefully inves-
tigating the radioactive disaccharide, liberated from
P: and Pn by partial acid hydrolysis. Only
GalNAco1-3Gal was obtained as the radioactive dis-
accharide from both Pr and Pn. The positional
assignment of the added N-acetylgalactosamine
residue was further confirmed by investigating the
structures of the products obtained by Smith-degra-
dation of Pr and Pu. That the newly added N-acetyl-
galactosamine residue is linked to the galactose by
a-anomeric configuration was confirmed by the evi-
dence that the radioactive N-acetylgalactosamine
residues of Pr and Pu are completely released by
incubation with o-N-acetylgalactosaminidase, which
was purified from bovine liver, but not with various
[B-N-acetylhexosaminidases.

Based on these results, the structures of Pr and
Pu were confirmed as shown in Fig. 4.

That both Pi and Pu have the haptenic activity of
blood type A was confirmed by the following study.
To 300 ul of anti-A serum, 50 ul of phosphate
buffered saline containing various amounts of Pi and
Pu were added. After being left for 15 min at room
temperature, 5 pg of soluble blood group substance
A was added, and incubation was continued for 30
min at 37 °C, and then left overnight at 4 °C. The
incubation mixtures were then centrifuged for 15
min at 10,000 rpm. The supernatant solutions were
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GalNAco1- 3Gg|[31 -4Glc

|
Fucat

P
GalNAco1- 3Galf1- 4GIcNAG1- 3Galp1- 4Gic

|
Fuco1

Fig. 4 Structures of oligosaccharides Pr and Pu formed by
the addition of N-acetylgalacosamine to 2'-FL and LNF-I,
respectively.
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Fig. 5 Inhibition of A, anti-A precipitin reaction by oligosac-
charides Pr and Pn. Condition of the assay are described in the
text. Open circles are the data obtained for P, and closed cir-
cles are those obtained for Pu. The figure was taken from ref-
erence 33.

Chang Gung Med J Vol. 26 No. 9
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decanted, and the precipitates were washed twice
with 0.3 ml aliquots of cold phosphate-buffered
saline, and recentrifuged. The protein content of the
precipitates were then determined colorimetrically.
As shown in Fig. 5, both oligosaccharides showed
almost the same haptenic activity of blood type A on
molecular basis.

Biosynthetic Pathway of the ABO and Lewis
Blood Group Determinants.

Based on the oligosaccharides patterns, and the
enzymatic studies, the biosynthetic scheme of blood
group A, B, H, Le* and Le’ determinants were eluci-
dated as shown in Fig. 6.4

In the mucous epithelial cells of non-secretor
individuals, the Fuco1-2Gal group is not formed on
the sugar chains of their secretory glycoproteins,
because H-enzyme in Fig. 6, is not expressed. Since
the Fucal-2Gal group, formed by the action of the
fucosyltransferase, is the substrate of A and B
enzymes, blood group A and B determinants could
not be expressed in the sugar chains of the secretory
glycoproteins of non-secretor individuals, even if
they have A and B genes. Expression of H gene, the
structural gene for H-enzyme, in mucous epithelial
cells was originally considered to be regulated by Se
gene.®” However, recent gene cloning study by Ball
et al.®” indicated that Se gene is also a structural gene

Galp1-3GIGNAC1- - -

that codes for H-enzyme specifically in the secretory
organs.

The Le gene is the structural gene of Le-enzyme
in Fig. 6. Therefore, individuals, who are of le,le
genotype, lack both Le* and Le" antigenic determi-
nants.

The sugar chain containing the structures of A-
blood group determinant and Le® determinant was
reported to occur in the blood group substances puri-
fied from ovarian cysts by Elvin Kabat's group.©®®
Since LND-I is not an acceptor for A-enzyme, Le"
determinant cannot be an acceptor for the A-enzyme
in spite of having the essential Fucal-2Gal group.
Therefore, sugar chains containing the two determi-
nants can only be made from H-determinant by the
sequential action of A-enzyme, and then Le-enzyme
(Fig. 7).

Occurrence of Pr and Pu in the Milk Samples
Obtained from Secretors with Blood Type A.
Whether Pr and Pu shown in Fig. 4 occur in
human milk or not was investigated by measuring
the haptenic activities of oligosaccharide fractions.®?
The oligosaccharide fractions, obtained from the
milk of donors with various blood types, were finger-
printed by combination of gel-permeation and paper
chromatography, and the oligosaccharides at the area
of P1 and Pn were recovered by elution with water.

Galp1-3GlcNAcp1- - -

Le® '
Fucol (H gene)
(Le gene} GDP-Fuc H-enzyme
Le-enzyme (Se gene)

GaIB1-3GIcNAcB1- --

LeP |

Gal[ﬁ -3GIcNACP1- - -

UDP-Gal
Fucoc1 Fucoc1 Fucoc1 UDP-GalNAc
B-enzyme
(B gene) A-enzyme
(A gene)

Galo1-3Galp1-3GIcNAcf1- - -
2

I
Fucaol B

GalNAco1-3GgIf1-3GIecNACH1- - -

I
Fucol A

Fig. 6 Biosynthetic pathway of ABO and Lewis blood group determinants. The figure was revised from that in Glycoconjugate J.

2000;17:443-464.
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GgIB1 - 3GIcNAcp1 -R

I
Fuca1

Le-enzyme

Galp1 - 3GIcNAcp1 - R
2 4

1 | b
Fucoal  Fucod Le

A-enzyme

H

A-enzyme

GalNAcod - 3G3IB1 - 3GIcNAcp1 -R

[
Fucol A

Le-enzyme

GalNAca1 - 3Galp1 - 3GI%NACB1 -R
2

I
Fucal

Fig. 7 Biosynthetic scheme to produce A, Le® structure.

The haptenic activity of the two eluates were tested
by the same method described for Pr and Pu, and the
amounts of inhibitors were estimated from the curve
shown in Fig. 5.

As summarized in Table 3, it was confirmed that
only the oligosaccharide fractions, obtained from
individuals of blood type A, secretor, showed the
presence of both P1 and Pu. Milk samples from A,
non-secretor, and from other blood types did not con-
tain P1r and Pu. The amount of both haptenic
oligosaccharides varied by individuals as low as 0.2
mpmole up to 13 mumole per ml of milk. These val-
ues are from one-hundredth to one-thousandth
amounts of LNT and lacto-N-fucopentaoses I and II.

Table 3. Natural Occurrence of A-haptens in Human Milk
Dono Blood type  Secretor status  Haptenic oligosaccharides

P Pu
(mpumoles/ml milk)
B.J. Az secretor 13 4
E.K. Az secretor 3 2
E.W. Al secretor 0.4 0.2
M.C. Al secretor 8 4
M.R. Al secretor 0.2 0.3
K.C. Al secretor 6 1
B.B. Al non-secretor <0.1 <0.1
H.S. (0] secretor <0.1 <0.1
M.S. B secretor <0.1 <0.1

|
Fucad A, Leb

Structures of the Novel Minor Oligosaccharides
Found in the Milk Samples Obtained from
Non-secretor Individuals and Le™" Individuals.

Structures of the three novel minor oligosaccha-
rides found in the milk of non-secretors, and two
additional novel minor oligosaccharides found in the
milk of Lewis negative individuals were elucidated
as shown in Table 4. Lacto-N-fucopentaose III later
served as an important haptenic oligosaccharide to
investigate the functional role of Le* antigen.“”
Lacto-N-hexaose and lacto-N-neohexaose were used
as the models of the core portions blood group deter-
minants in the later studies of many blood group
related antigens.“**?

Before the structures of these oligosaccharides
were elucidated, lactose, LNT and LNnT were con-
sidered as the cores of human milk oligosaccharides.
Branched hexasaccharides: LNH and LNnH were
newly added as cores, and a large number of fucosyl
and sialyl derivatives of these newly added cores
were found in human milk. @4

For the structural studies of these novel milk
oligosaccharides, many new sensitive analytical
techniques, such as tritium-labelling®”, sequential
exoglycosidase digestion®”, and sensitive methyla-
tion analysis suitable for the aminosugar-containing
oligosaccharides®? were established.

Chang Gung Med J Vol. 26 No. 9
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Table 4. Novel Oligosaccharides Isolated From Milk of Non-secretor and Lele Individuals.

Names Structures References
6'-Galactosyllactose (6'-GalL) GalPB1-6Galp1-4Glc 37
Lacto-N-fucopentaose V GalPB1-3GlcNAcB1-3GalB1-4Glc 38
(LNF-V) 3
Fucol

Lacto-N-fucopentaose 1T GalPB1-4GlcNAcB1-3GalB1-4Glc 28
(LNF-IIT) 3

Fucol
Lacto-N-hexaose GalB1-4GIcNAcB1 39
(LNH) GalB1-3GlcNAcp] -~ 304B1-4Cle
Lacto-N-neohexaose GalB1-4GIcNAcB1 20

(LNnH)

GalB1-4GIcNAcp 1~ 304B1-4Gle

Other New Core Oligosaccharides Found in
Human Milk.

Later on, seven larger oligosaccharides were
further added as new cores of milk oligosaccharides
(Table 5). Sialylation and/or fucosylation of these
core oligosaccharides will produce a large number of
different oligosaccharides.

So far, over seventy of oligosaccharides are cur-
rently known to occur in human milk.“#3-

As in the case of other milk oligosaccharides
already reported, all these oligosaccharides contain
lactose at their reducing termini. This evidence,
together with the deletion phenomena found in vari-
ous blood type individuals, suggested that human
milk oligosaccharides are formed by concerted
action of glycosyltransferases, which are responsible
for the formation of the sugar chains of glycoproteins

and glycolipids of epithelial cells of mammary gland.

The elongation of lactose may start by the action
of the P3-N-acetyl-glucosaminyltransferase
(AGnT).“> This enzyme is responsible for the addi-
tion of a B-N-acetylglucosamine residue to the C-3
position of the galactose moiety constructing the
N-acetyllactosamine group of the sugar chains of
glycoconjugates, and may use lactose as a false
acceptor because of their structural similarity (Fig.
8).

Therefore, oligosaccharides in human milk are
expected to include many sugar chain structures,
which are derived from the N-acetyllactosamine
groups in the sugar chains of various glycoconju-
gates. These sugar chains may work as various
recognition signals on the surface of epithelial cells.

Table 5. Various Core Structures Found in Human Milk Oligosaccharides.

Names Structures References
Para-Lacto-N-hexaose GalB1-3GalNAcB1-3GalB1-4GlcNAcB1-3GalB1-4Glc 53
Para-Lacto-N-neohexaose GalP1-4GalNAcB1-3GalB1-4GlcNAcB1-3GalB1-4Glc 53
Lacto-N-octaose GalB1-4GlcNAcB1-3GalB1-4GIcNAcP1~ 6 4
_3Gal1-4Gl
GalB1-3GIeNAcp1 3 CalP1-4dle
Lacto-N-neooctaose Galp1-3GlcNAcB1-3GalB1-4GIcNAcB1~
/g GalB1-4Glc 54
GalB1-4GIcNAcB1
iso-Lacto-N-octaose GalB1-3GlcNAcB1-3GalB1-4GIcNAcB1~
_$GaiB1-4Gic 55
GalB1-3GIcNACB1
Para-Lacto-N-octaose GalB1-3GalNAcP1-3GalB1-4GIlcNAcP1-3GalB1-4GlcNAcB1-3Gal1-4Glc 44
Lacto-N-decaose GalB1-4GIcNAcB1 6 NAGBI
1B1-4GIcNACB 1~
GalB1-3GIeNAcp] 3 Ol 1-4Gle 6 GalB1-4Glc 44

GalB1-3GIcNACB1™

Chang Gung Med J Vol. 26 No. 9
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Fig. 8 Elongation of lactose by the action of iGnT.

Application of Human Milk Oligosaccharides
as Drugs for Prevention of Bacterial and Viral
Infection.

It was known that the infection of many bacteria
and viruses starts by binding to particular sugar
chains of glycoconjugates on the surface of epithelial
cells, which are constructing the mucous epithelium
of digestive and respiratory tracts. Therefore, it may
be possible to elucidate the structure of the target
sugar chain of each bacteria or virus by investigating
the structures of milk oligosaccharides.

At this moment, we are now coming back to the
situation of the original motivation in the field of
paediatrics to elucidate the superiority of breast-feed-
ing over artificial-feeding. As was already intro-
duced at the beginning of this review, Grulee et al®
reported that breast-feeding was strongly associated
with a lower incidence of diarrhea, otitis media, and
respiratory diseases. Unfortuantely, the Bifidus fac-
tor hypothesis ended to find that Lactobacillus
bifidus, varietas pennsylvanicus is a mutant, which
requires aminosugars as its essential nutrient.
Accordingly, only milk oligosaccharides, containing
N-acetylglucosamine residue, worked as Bifidus fac-
tor. However, most recent data®® still support the
conclusion that breast-feeding is associated with less
disease in the infant than artificial-feeding.

As summarized by David Newburg,® oral
administration of various oligosaccharides and gly-

D
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GIcNAcB1-R

Y

GalB1-4GIcNAcB1-R

GlcNAcB1-3GalB1-4GIcNAcB1-R

GIcNAcB1\
gGaI[31-4GIcNAc[31-R
GIcNAcB1”

coconjugates were found to protect babies against
pathogens.®" If the non-reducing termini of the
sugar chains, which work as the receptor for a bacte-
ria on the surface of epithelial cells of digestive
tracts, is printed in the non-reducing termini of
human milk oligosaccharides, these oligosaccharides
may work as haptenic inhibitors of adhesion of bac-
teria to the receptor sugar chain of intestinal epithe-
lial cells, and protect babies from their infection.
Therefore, these oligosaccharides may be useful for
the development of new drugs for suckling babies to
protect from bacterial infection.

The idea that oligosaccharide mimics of the
receptors of pathogens will work as effective drugs
for preventing infection by the pathogens was recent-
ly found to be quite useful for the development of
drugs to prevent infection with influenza virus.
Whether the same strategy works for developing a
new drug to prevent from bacterial infections has not
been confirmed yet. However, recent reports of
Crane et al™ indicated the rationale of such an idea
in the field of bacterial infection also.

One of the toxins produced by enterotoxigenic
E. coli is called stable toxin (STa), because of its sta-
bility to organic solvents and heat. By activating
guanylate cyclase of the surface of intestinal epithe-
lial cells, STa induces secretory diarrhea. T84 cell is
a cell-line, which will differentiate in culture, and
express many features of intestinal epithelium,

Chang Gung Med J Vol. 26 No. 9
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including formation of microvillae and transmem-
brane guanylate cyclase, whose enzymatic activity is
intra-cellularly located, but whose STa binding
domain is extra-cellularly located.

By using this cultured cell, Crane et al?™ found
that a crude fraction of human milk oligosaccharides
showed a dose-dependent inhibitory activity for the
STa-induced cGMP activation. The crude oligosac-
charide fraction was then fractionated into non-fuco-
sylated oligosaccharides fraction and fucosylated
oligosaccharides fraction by subjecting to the affinity
chromatography using an immobilized Ulex
europeus lectin column. The fucosylated oligosac-
charides fraction inhibited the increase of guanylate
cyclase activity by stimulation with STa, whereas the
non-fucosylated oligosaccharide fraction did not.

Based on this finding, they have been studying
hard to determine the structure of the oligosaccharide

A

Galp1-4GIicNAcp1-3GalB1-4GIcNAcB1\ 6
Neu5Aco2-3Galp1 -3Glc‘{\lAc[31/

3
Fuco1-2GalB1-4GlcNAcpB1-3Galp1-4GIcNAcf1

Neu5Aco2-3Galp1 -3Glc‘{\lAc[31/

with the inhibitory activity.

Future Prospects.

The stories so far introduced indicate that stud-
ies of human milk oligosaccharides are expected to
be useful for the development of drugs, which are
effective for protection of babies from harmful
intestinal infections. The key to lead to the success
of this line of studies is how one will be able to
develop an effective method to pick up minor but
useful oligosaccharides from the mixture of a large
number of different milk oligosaccharides.

Kitagawa et al. reported the structures of a series
of oligosaccharides, which were retained by an
immobilized column of anti-CA19-9 antibody.” As
shown by A-D in Fig. 9, they are different sizes of
oligosaccharides containing the sialyl-Le* determi-
nant in common.

3Gal[31 -4Glc
|
Fucal
Fucoc1I
~6
3GaIB1 -4Glc
|
Fucal

Fucoc}

4
Neu5Aco2 - 3GalB1 - 3GIcNAc

Fucal
I

4
Neu5Aco2 - 3Galp1 - 3GIcNAcf1 - 3Gal

E Fucoc|1

Galp1 - 4GIcNAcB1. ¢
5Galp1 - 4Gle
Neu5Aco?2 - 3Galp1”/

Fig. 9 Structures of milk oligosaccharides containing the sialyl-Le* group (A-D), and three human milk oligosaccharides (C-E)

which do not contain the known core oligosaccharides.
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Among them, two oligosaccharides, C and D,
which occur as very minor components in the
oligosaccharides fraction retained by the column,
have unusual features. They do not contain lactose,
but contain either N-acetylglucosamine or galactose
residue at their reducing termini.

Another unusual oligosaccharide (E in Fig. 9),
which does not contain the core structures of milk
oligosaccharides so far introduced, was isolated from
human milk.*”> However, this oligosaccharide also
contains lactose at its reducing termini. Therefore,
the mechanism to produce oligosaccharides C and D,
which lack lactose group, is totally unknown. They
may be produced by an unknown degradation mech-
anism from larger milk oligosaccharides.

In any event, the report of Kitagawa et al. indi-
cated that we will be able to pick up even a very
minor oligosaccharide with a particular ligand speci-
ficity, if a proper affinity chromatographic method is
devised by isolating receptor proteins on the surface
of bacteria and viruses. Perhaps, this can be per-
formed in the near future by collaborating with the
bacteriologists and virologists, who are investigating
the virulent factors by cloning the surface lectins of
bacteria and viruses.
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LI TERE RS SE IR T T
K& Bz

1% JA 15 ¥ 7% (finger-printing method) % 47 AZL P 69 F 8% » 25307 JE 5047 (non-secretor)
R 3% 5 et (Lewis negative) fE B2 693Ut Pk 2 — L a o ST AR T —24p &R 2
Ao R, E A RAF o sbh s H— S FR S ERG A RERE R AR GESFT RS
oo miz kS ERIGERLIERAEASER SOERBIPF o FR > ARA LT RMHRE
8 FEEE B A AR, o i3 sk EEE T I+ —AE A% 0 B8k (core oligosaccharide) & ks o 48 vk i 6%
1t (sialylation) 2 % & 3821t (fucosylation) #4947 4& du R, o H 3k Bl 4F 25 L & €69 38 R385 &
A 5L8% (lactose) - i3 fEE W An L A FARAE oA 6 5Lt P AT 5] 69 Mk (deletion) ik 2 5,
% > B iz e Emae T ag A e A (glycosyltransferases) 35 oy ] B 4E Al (concerted action) 7
R iz BBk A B bR tapg FE ML EEE R & P EBAE O R o FEE ) o R EFE B —42 iGnT
(B £) 094w Bl46 o 5188 &% & 45 B-N- 28 #) 2 88 i (B-N-acetylglucosamine, B-GIcNAc)
H3] F 3LaE (galactose, Gal) % =184 694% & ik & GIcNAcP1—3Gal 4 &5 4% » 4% H =T A4 45 A %,
% k45 L 8% 48 6ON- 2B SL8E iz (N-acetyllactosamine, Galf1—4GIcNAc) o FE 3t » A SLETE 6,5
893 % Ak o A A BN-TERSLEE i (N-acetyllactosamine, Galfl1—4GIcNAc) i 3£ 3] 1< F] 85 &
G 8 EE sk 7 B 45 69 o
FLEREBET - BoR Mg A IR B s & L BT 469 % 4 2 (lectin, adhesion or agglutinin) $
B A% tm Ao & i b 4F T 5k 2k g 09 BB 4t AR 4 O B4S SEAT RS o Mo ASLEE BB ST R A BRLAE 3B 4 A 33 sk
4o B S O A R A6 K e R B o ESb o SLIT P ey Eak A AR E M T AT o (REF
2 2003;26:620-36)
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