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Protein-bound carbohydrates on cell-surface as
targets of recognition: An Odyssey in understanding
them
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Multidisciplinary approaches by a number of investigators have established that cell-surface carbohydrates are integral
components of recognition systems regulating survival, migration, adhesion, growth and differentiation of various cells.
Our own experience and contributions to this exciting ®eld are described. We discovered Endo D as the ®rst
endoglycosidase acting on glycoproteins, found complementary speci®city of two endoglycosidases (Endo D and Endo
H), and applied these enzymes for glycoprotein research. Endo-b-galactosidase C, which hydrolyzes Gala1-3Galb1-
4GlcNAc xenoantigenic determinant, was later found and molecularly cloned. We also found highly branched poly-N -
acetyllactosamines in early embryonic cells, and demonstrated developmentally regulated carbohydrate changes during
early mammalian development. The binding site for Dolichos bi¯orus agglutinin was introduced as a new differentiation
marker. Basigin and embigin, two related members of the immunoglobulin superfamily, a sialomucin MGC-24 and other
glycoproteins were discovered as carriers of developmentally regulated carbohydrate markers. We proposed
enhancement of integrin action as a function of sugar chains with Lewis X epitope, and observed a relationship between
the expression of carbohydrate markers and invasive properties of human carcinoma. Midkine, a heparin-binding growth
factor, was discovered more recently and its interaction with heparin and oversulfated chondroitin sulfate was elucidated.
N -Acetylglucosamine-6-sulfotransferase was cloned and used to reconstitute L-selectin ligands. Gene knockout was
applied to reveal in vivo function of basigin, syndecan-4 and chondroitin 6-sulfate. Throughout my research on all these
subjects, I have been fortunate in obtaining unexpected observations and enjoying fruitful collaborations.
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Endoglycosidases acting on glycoproteins

Exoglycosidases from marine gastropods

I started my career in 1963 as a graduate student at the

laboratory of Prof. Fujio Egami, Department of Biophysics

and Biochemistry, Faculty of Science, The University of

Tokyo. Prof. Egami was famous for discovery of ribonuclease

T1 [1]; the combined use of ribonuclease T1 and A was

essential for elucidation of the structure of transfer RNA. He

proposed that I study enzymes acting on glycoconjugates,

which in his opinion might become an important class of

molecules. He also suggested the use of a marine gastropod,

Charonia lampas (triton), as an enzyme source. C. lampas was

known to contain various sulfatases.

Reading the literature, I came to believe that carbohydrate

moieties of glycoproteins are interesting. They are present in

many places, but nothing was known about their physiological

functions, and their apparently complex structure was not

clearly elucidated except for the protein±carbohydrate linkage

region. Neuraminidase, which releases sialic acid residues

from non-reducing termini, was the only enzyme available for

the structural and functional studies. With the aim of ®nding

a new enzyme, I prepared ovalbumin and produced its

glycopeptides by extensive proteolytic digestion. An enzyme

preparation from the hepatopancreas of C. lampas released

mannose and N-acetylglucosamine from the glycopeptides [2].

No oligosaccharide products were detected even when dilute

enzyme or short reaction time were employed. Therefore, the

enzyme preparation was considered to contain mixture of

exoglycosidases, which removed monosaccharides step by

step from the non-reducing ends of the glycan chain.

Efforts to purify these enzymes were unsuccessful, since

during puri®cation enzyme activity became hardly detectable

because of dilution. One day I read an interesting

paper by Hughes and Jeanloz, who puri®ed b-galactosidase
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and b-N-acetylglucosaminidase from culture ®ltrate of Strep-

tococcus pneumoniae using p-nitrophenyl b-galactoside and p-

nitrophenyl b-N-acetylglucosaminide as substrates [3]. The

puri®ed b-galactosidase released galactose, and b-N-acetyl-

glucosaminidase released N-acetylglucosamine successfully

from a1-acid glycoprotein. Assay of glycosidases using

p-nitrophenyl glycosides is simple and sensitive, because

released p-nitrophenol has a yellow color at alkaline pH. I

hypothesized, therefore, that the enzyme responsible for

release of mannose from ovalbumin glycopeptides would be

a mannosidase acting on p-nitrophenyl a-mannoside or phenyl

b-mannoside, and started to try to purify mannosidases from

the source. Other glycosidases acting on other p-nitrophenyl

glycosides also became the subject of subsequent studies. Our

team puri®ed or partially puri®ed ®ve exoglycosidases from C.

lampas or Turbo cornutus [4±9]. They were a-mannosidase,

b-mannosidase, b-N-acetylhexosaminidase, a-L-fucosidase

and b-xylosidase. T. cornutus is also a marine gastropod,

and is more easily available because it is a favorite food in

Japan.

The enzymes were applied to studies of glycoconjugates;

structural analysis of stem blomelain glycopeptide and

analysis of Salmonella O-antigenic lipopolysaccharides were

typical examples. In the latter case, we treated mannosyl-

rhamnose, which was thought to be b-mannosyl rhamnose,

with a-mannosidase and b-mannosidase. Surprisingly, the

disaccharide was hydrolyzed by a-mannosidase but not by b-

mannosidase [5]. Subsequent studies have revealed that in

all cases examined those believed to be b-mannosyl are in fact

a-mannosyl and one that was believed to be a-mannosyl is

b-mannosyl [10]. Thus, anomeric structure of mannose in the

O-antigenic lipopolysaccharide was entirely reversed.

In parallel with our studies on exoglyosidases from marine

gastropods, exoglycosidases were puri®ed from various

sources, notably from jack bean meal [11], and sequential

digestion with exoglycosidases has become an established

method in structural analysis of glyoproteins and glycolipids.

The characteristics of glycosidases from marine gastropods

are 1) presence of various enzymes and 2) broad aglycon

speci®city, which is the speci®city to the type of linkage (1-2,

1-3, 1-4, etc) and nature of the sugar residue to which the

susceptible sugar is linked. The broad aglycon speci®city of a-

L-fucosidase was established later using milk oligosaccharides

as substrates, when I was in the laboratory of Prof. Akira

Kobata [12]. The usage of milk oligosaccharides also lead to

the ®nding of an a-L-fucosidase speci®c to Fuca 1-3 or 4

GlcNAc in almond emulsin [13].

Major histocompatibility antigen

During my period of graduate study, I started to question more

seriously about the functions of carbohydrate moieties of

glycoproteins and glycolipids. That they might be recognition

signals at the cell-surface and participate in diverse biological

phenomena such as development and immune response

appeared to be a most reasonable concept. Thus, I wished to

study cell-surface glycoproteins, and after receiving my Ph.D.,

I joined the laboratory of Dr. Stanley G. Natherson, Depart-

ment of Microbiology and Immunology, Albert Einstein

College of Medicine, USA. Dr. Nathenson puri®ed mouse

H-2 antigen [major histocompatibility complex (MHC) class I

molecule] and found it to be a glycoprotein. By analogy to

the ABH blood group antigens, I thought that the epitope of

H-2 antigen should be carbohydrate. MHC molecules were

interesting not only as the antigens responsible for graft

rejection, but also as molecules involved in immune regulation.

I performed many experiments based on the hypothesis that

H-2 antigenic determinant was carbohydrate; however all of

them turned out to be negative [14]. I treated H-2 antigen with

various glycosidases, but the antigen was resistant to them.

After protease digestion, most of the antigenic activity was lost,

but a small amount remained; because of its large size, this

appeared to be the antigen somewhat resistant to the protease

attack. Thus, we concluded that the antigenic epitopes of H-2

are not carbohydrates. Although some researchers proposed

otherwise, our conclusion was subsequently con®rmed.

We also performed some biochemical analyses of the

carbohydrate moieties in H-2 antigen. Since amounts of

antigen available for conventional biochemical analysis were

too small, we labeled the antigen by culturing cells in

radioactive sugars and found that the carbohydrate portion of

H-2 antigen are typical asparagine-linked oligosaccharides

with a molecular weight of around 3000 [15]. We also isolated

radioactively-labeled thymus leukemia (TL) antigen, which is

related to but is distinct from H-2 antigen. The carbohydrate

portion of TL antigen is larger than that of H-2 antigen

isolated from the same leukemia cells in culture, indicating

that glycosylation patterns are in¯uenced by protein structure

in the same cell [16]. Although results obtained in these

studies were not dramatic, I learned how powerful radiolabel-

ing methods could be to study cell-surface glycoproteins.

Finding an endoglycosidase that acts on a glycoprotein

Until 1970, all enzymes that had been shown to act on

carbohydrate moieties of glycoproteins and glycolipids were

exoglycosidases releasing monosaccharides step by step from

their non-reducing ends. When I used b-N-acetylglucosami-

nidase partially puri®ed from culture ¯uid of S. pneumoniae to

analyze the structure of radioactively-labeled H-2 antigen

glycopeptides, I detected oligosaccharide-like products, which

appeared to be released by cleavage of an internal glycosidic

linkage. Since H-2 glycopeptides could not be obtained in

suf®ciently large amounts to perform further studies, I planned

to use radioactively labeled IgG glycopeptides. I noticed

similarities between H-2 antigen and immunoglobulins at that

time. Dr. M.D Scharff kindly provided a large number of

myeloma cells in culture, and I was able to obtain suf®cient

amounts of the radioactively labeled glycopeptides. When

enzyme preparation from S. pneumoniae was applied to IgG
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glycopeptides, (Man)3GlcNAc and FucGlcNAc-peptide were

identi®ed in the reaction product in addition to galactose and

N-acetylglucosamine. Thus, I concluded that the enzyme

cleaved the chitobiose structure in IgG glycopeptides, and that

the newly found enzyme was an endo-b-N-acetylglucosami-

nidase. The enzyme acted not only on glycopeptides but also

on IgG. These results were published in 1971 [17].

The ®nding of an endoglycosidase acting on a glycoprotein

had a strong impact. In 1972, Tarentino et al. found another

endoglysidase acting on glycoproteins in a chitinase prepara-

tion from Streptomyces [18], followed by many endoglycosi-

dases acting on glycoproteins and glycolipids [19]. Then in

1977, Dr. Noriko Takahashi found a glycoamidase that cleaves

protein±carbohydrate linkage of asparagine-linked oligosac-

charides in an enzyme preparation from almond emulsin

during our cooperation to clarify the structure of stem

bromelain glycopeptide [20]. A similar enzyme called

N-glycanase was later found in Flavobacterium.

Speci®city of endo-b-N-acetylglucosaminidases

I returned to Japan as an assistant professor at the laboratory of

Prof. Akira Kobata, Department of Biochemistry, Kobe

University School of Medicine, and started puri®cation of

the endoglycosidase from S. pneumoniae. Among several

glycopeptides examined, an ovalbumin glycopeptide Man5

GlcNAc2Asn served as a good substrate, and we used it after

[14C]-acetylation of the asparagine residue to quantitate

released GlcNAc-Asn-[14C]-acetyl. Together with Norio

Koide, I extensively puri®ed the enzyme, studied its speci®city

and named the enzyme endo-b-N-acetylglucosaminidase D

(abbreviated as Endo D; D came from Diplococcus pneumo-

niae, the old name of S. pneumoniae) [21]. Asparagine-linked

oligosaccharides were classi®ed as either high-mannose type

or complex type. Most of high-mannose type oligosaccharides

except for (Man)5 (GlcNAc)2Asn are resistant to Endo D

(Figure 1). Complex type oligosaccharides are susceptible to

Endo D, after removal of external sugars, namely, sialic acid,

Figure 1. Substrate speci®city of endo-b-N-acetylglucosaminidases. A) Structure of substrates susceptible to Endo D. Mannosyl residue
marked by an asterisk plays a key role. B) Complementary speci®city of Endo D and Endo H. I, susceptible to Endo D, but resistant to Endo
H. II, susceptible to Endo H, but resistant to Endo D.
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galactose and N-acetylglucosamine. When structures of these

substrates were determined [22,23], it became apparent that

exposure of a mannosyl residue, which is a-1-3-linked to the

inner b-mannosyl residue is necessary for the Endo D action

(Figure 1). Later Mizuochi et al. found that substitution of C-4

hydroxyl of the key a-mannosyl residue permitted the

enzymatic action [24]. The essential condition can be

unsubstituted hydroxyl group at C-2 of the a-mannosyl

residue. Endo D is a high molecular weight protein with an

apparent molecular weight 150 000 or more [25]. We have

recently cloned the enzyme, and future studies will reveal

which part of the enzyme is involved in recognition of the key

a-mannosyl residue.

Endo-b-N-acetylglucosaminidase from Streptomyces plicu-

tus was puri®ed by Tarentino and Maley and was named Endo-

b-N-acetylglucosaminidase H (abbreviation Endo H) [26]. The

enzyme acts on high-mannose type glycopeptides, but not on

complex type glycopeptides. We prepared Endo H from

Streptomyces griseus and studied why Endo H cannot act on

complex type glycopeptides. Removal of external sugars

(sialic acid, galactose and N-acetylglucosamine) does not

render the glycopeptides susceptible to Endo H. Removal of

fucose also had no effect. Thus, we concluded that Endo H

cannot act on substrates when the mannosyl core is composed

of 3 mannosyl residues, but that it acts on substrates with

larger cores [27]. In the other words, Endo D and Endo H have

somewhat complementary speci®cities; the former acts on the

core structure of complex type glycopeptides, while the later

on high-mannose type glycopeptides (Figure 1). Our conclu-

sions were con®rmed later [19]. We also studied two different

endo-b-N-acetylglucosaminidases from Clostridium perfrin-

gens. Endo CI shows speci®city indistinguishable from that of

Endo D, and Endo CII has speci®city similar to but distinct

from that of Endo H [28].

Application of endo-b-N-acetylglucosaminidases

Three groups in the USA utilized the complementary

speci®cities of endo-b-N-acetylglucosaminidases for analysis

of the biosynthetic pathway of asparagine-linked oligosac-

charides [29±31]. The oligosaccharides initially formed during

biosynthesis were found to be susceptible to Endo H or CII

and resistant to Endo D or CI. In the later stages of

biosynthesis, oligosaccharides that were resistant to Endo H

or CII and susceptible to Endo D or CI were detected. This

change could be interpreted as processing of high-mannose

type oligosaccharides to complex type oligosaccharides. Thus,

endoglycosidases signi®cantly contributed to our understand-

ing of the processing pathway of asparagine-linked oligosac-

charides.

We used Endo D and Endo H for analysis of radioactively

labeled glycopeptides from cultured ®broblasts. When fucose-

labeled glycopeptides are digested with Endo D in the

presence of exoglycosidases removing outer sugar chains,

fucose-1abel is mostly recovered attached to the peptides,

indicating that they are mostly linked to the innermost

glucosamine as in the case of IgG glycopeptides [32,33]. This

is also the case for fucose-labeled glycopeptides from polyoma

virus transformed cells. As Buck et al. reported, a fraction of

the fucose-labeled glycopeptides from transformed cells have

higher molecular weight than those from normal parental

®broblasts [34]. They considered that increased sialylation

caused the difference. We noted that even after neuraminidase

digestion, subtle size difference remained between the

glycopeptides from normal and transformed cells, even though

the sizes of the fucose-labeled Endo D fragments were

indistinguishable between the two glycopeptide preparations.

A key to the structural difference was obtained by Con

A-Sepharose af®nity chromatography. Using [14C]-acetylated

glycopeptides, Ogata et al. found that the two a-mannosyl

residues, which are exposed or substituted only at C-2

hydroxyl groups, are necessary for binding to Con

A-Sepharose [35]. The large glycopeptides from transformed

cells did not bind to Con A-Sepharose, while smaller

glycopeptides bound to Con A-Sepharose, indicating that the

large glycopeptides from transformed cells had increased

branches of sialic acid-Gal-GlcNAc [36]. Yamashita et al.

extended these ®ndings to verify that GlcNAc1-6 branching

attached to the Mana1-6 residue increases upon transformation

[37].

Digestion with Endo D in the presence of exoglycosidases

or with Endo H was useful to analyze mannosyl core structures

[38]. We found that growing ®broblasts had more high-

mannose type cores than the non-growing cells [38,39]. The

processing pathway of asparagine-linked oligosaccharides was

subsequently found, and the observations showed a good ®t to

the general concept that biosynthetic intermediates are more

abundant in growing cells.

Endo D in the presence of the three exoglycosidases can

remove most of the sugars from IgG. Fc region of IgG has

asparagine-linked sugar chains, but the physiological signi®-

cance of this glycosylation was not known. Fab region binds to

the antigen, while Fc region transmits the signal to Fc receptor

or complement to exert the immunological function. Williams

et al. utilized crude Endo D preparation and reported that the

function of Fc region was impaired by sugar removal [40].

Soon after puri®cation of Endo D, we utilized Endo D with

neuraminidase, b-galactosidase and b-N-acetylglucosamini-

dase to remove sugars from IgG. After sugar depletion,

antigen-binding activity is unchanged, but three functions of

Fc region, namely antibody-dependent cell cytotoxicity,

monocyte binding and complement ®xation, all decreases to

25% level of the control [41]. Thus, we concluded that

carbohydrates are essential for the full function of Fc region.

There were two possibilities that 1) carbohydrates may be

directly involved in recognition by Fc receptor and comple-

ment or 2) carbohydrates may be required to maintain the three

dimensional structure of Fc region required for its function.

Since added monosaccharides did not inhibit the function of

Fc region, the latter possibility was more likely. Later studies
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con®rmed the importance of sugars in Fc region, and that they

act in the latter way [19,42].

As above, application of endo-b-N-acetylglucosaminidases

contributed signi®cantly to resolution of important questions

in the ®eld of glycoprotein biochemistry.

Endo-b-galactosidase C

Hisako Muramatsu in our laboratory found a new endo-b-

galactosidase in the culture ®ltrate of Clostridium perfringens.

The enzyme was partially puri®ed and was shown to cleave

Gal b1-4GlcNAc linkages to release Gal a1-3Gal disaccharide

[43]. Thus, the enzyme is different from other endo-b-

galactosidases, and is named endo-b-galactosidase C (Endo-

Gal C). It has been useful in analysis of teratocarcinoma

glycopeptides [44] and cell-surface glycopeptides from

Ehrlich carcinoma cells [45].

We have recently resumed interest in the enzyme, since it

might be of use in xenotransplantation. Due to the paucity of

donor organs, xenotransplantation, especially from pig to

human has been seriously considered as a viable clinical

alternative. The ®rst obstacle in such xenotransplantation is

hyperacute rejection, in which complement-dependent cyto-

toxicity destroys vascular endothelial cells in the donor organs.

The major antigen responsible for hyperacute rejection is

Gala1-3Gal carbohydrate antigen. Old-world primates includ-

ing man lacks this structure, while it is present in other

mammals. Due to this difference in the sugar pro®le, human sera

have potent antibodies to the Gala1-3Gal structure, and these

antibodies are responsible for the hyperactue rejection [46].

We considered that Endo-Gal C might remove the antigenic

epitope by cleaving Galb1-4GlcNAc linkage in Gala1-

3Galb1-4GlcNAc. Based on the partial peptide sequence, we

cloned the gene encoding this enzyme, which has molecular

weight of around 93 kDa [47]. Recombinant Endo-Gal C,

which is expressed as a periplasmic enzyme in E. coli and

puri®ed to near homogeneity, removes most of a-galactosyl

antigen from pig aortic endothetial cells in culture. Interest-

ingly, upon ex vivo perfusion with the enzyme, vascular

endothelial cells in the enzymatically treated pig kidney

virtually loose the a-galactosyl epitope with a concomitant

decrease in binding activity to IgM in human plasma [47].

This potent activity of the enzyme suggests that it may be

useful for clinical xenotransplantation.

Cell-surface glycoproteins and early mouse
embryogenesis

Embryoglycan

After studying endo-b-N-acetylglucosaminidases, I wished to

study the function of cell-surface carbohydrates more directly,

and selected early mouse embryogenesis as the experimental

system. As a Franco-Japanese exchange scholar, I joined the

laboratory of Prof. Francois Jacob, Pasteur Institute. At that

time, Prof. Jacob concentrated on the mouse teratocarcinoma

system to study the molecular mechanism of early embry-

ogenesis, since teratocarcinoma stem cells called embryonal

carcinoma (EC) cells resemble multipotential cells of early

embryos and can differentiate in vitro to various cell types.

They found F9 antigen on the surface of EC cells and

suggested that it was an embryonic form of H-2 antigen. Since

nothing was known about glycoprotein-bound carbohydrates

in early embryonic cells, I analyzed [3H]-fucose-labeled

glycopeptides obtained by extensive protease digestion of

plasma membranes or whole cells from EC cells. Unexpect-

edly, high levels of the label were eluted in the excluded

volume on Sephadex G-50 column chromatography. This

radioactivity progressively decreased when EC cells differ-

entiated in vitro. Preimplantation mouse embryos also

synthesized large fucosyl glycopeptides. Various biochemical

experiments excluded the possibility that the large glycopep-

tides were glycosaminoglycans, mucin-type glycopeptides or

glycolipids. Thus, we concluded that there exists a class of

unusual glycoprotein-bound carbohydrates in early embryonic

cells, and that the carbohydrate pro®le changes markedly

during embryogenesis [48,49].

At the same time when we found unusual large glycopep-

tides in EC cells, asparagine-linked high molecular weight

carbohydrates were found in human erythrocytes [50,51].

They had molecular weights of around 10 000, and contained

repeated and branched N-acetyllactosamine (Galb1-4GlcNAc)

units. These carbohydrates carried ABH blood group antigens

and were collectively called erythroglycan. I thought that the

large carbohydrate from EC cells might have a similar

structure. Since the repeated N-acetyllactosamine structure is

hydrolyzed by endo-b-galactosidase from Escherichia freun-

dii, I asked for this from Dr. Michiko Fukuda. The enzyme

indeed partially hydrolyzed the large glycopeptides from EC

cells [52], and I concluded that the large glycan also contained

repeated and branched N-acetyllactosamine, and that the

extensive branching hindered the complete digestion by the

enzyme.

In 1980, I was appointed as a professor of biochemistry,

Kagoshima University Faculty of Medicine, and initiated

systematic studies on the subject. We isolated the large glycan

in suf®cient quantities, and veri®ed that the above proposal

about its structure was indeed correct [53]. It was proved that

the glycan is asparagine-linked, at least in the case of the

glycan from glycoproteins with binding activity for Lotus

tetragonolobus agglutinin (LTA) [54]. The large glycan from

EC cells is, however, different from that derived from

erythrocytes in terms of carbohydrate markers carried by

them. The erythrocyte glycan carries ABH blood group

antigens, while the glycan from EC cells dose not carry ABH

antigens, but has embryonic antigens as will be described in

the next section. Based on this difference, I named the glycan

`embryoglycan' to distinguish it from erythroglycan. During

mouse embryogenesis, synthetic activity of the fucosylated

embryoglycan disappears almost completely before embryonic

day 10, while that of the backbone structure decreases more
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slowly [55,56]. Furthermore, chemical determination of fucose

veri®ed that the absolute amount of embryoglycan decreases

during differentiation of EC cells [57]. Embryoglycan is also

abundantly detected in human EC cells [58,59].

The ®nding of embryoglycan in EC cells and its

developmentally regulated disappearance had a strong impact

in glycobiology [60]. This dramatic change of glycosylation

during early mouse embryogenesis implied that carbohydrates

play important roles during the course of embryogenesis.

Cell-surface markers

When I joined the laboratory of Prof. F. Jacob, three cell-

surface markers preferentially expressed in EC cells were

found by the group. They were F9 antigen and binding sites

for two lectins, peanut agglutinin (PNA) and LTA [61,62]. All

these markers disappeared when EC cells were induced to

differentiate in vitro.

We studied biochemical properties of these markers isolated

by immunoprecipitation. F9 antigen behaved as smear of

glycoproteins with apparent molecular weights of 44 000 and

higher. Binding sites for PNA and those for LTA had high

molecular weights. Upon extensive pronase digestion, all of

the three markers yielded embryoglycan [52]. Furthermore,

embryoglycan carried binding sites for PNA and LTA [52].

Thus, the large carbohydrates found in EC cells are found to

carry cell-surface markers preferentially expressed in EC cells.

Subsequent studies revealed that F9 antigen is also carbohy-

drate in nature [63]. We further investigated LTA binding sites.

Although LTA was considered to react with blood group H

antigenic structure, the antigen was not present in embryo-

glycan from LTA binding glycoproteins. Instead, fucosyl

residues in these glycans were found to be either Fuca1-

3GlcNAc or Fuca1-4GlcNAc because of their susceptibility to

a-L-fucosidase II from almond emulsin [52]. Later, we

provided evidence that the fucose residue is Galb1-4(Fuca1-

3)GlcNAc, namely the epitope of Lewis X antigen [54].

In parallel with our studies, importance of cell surface

carbohydrates as differentiation markers during early stages of

embryogenesis, especially in the mouse became gradually

apparent. Notably, in 1981 Feizi et al. showed that SSEA-1

(stage speci®c embryonic antigen-1), which is preferentially

expressed in EC cells and early embryonic cells of the mouse,

is a carbohydrate antigen, the epitope of which is Galb1-

4(Fuca1-3)GlCNAc, namely Lewis X [64]. Thus, epitope

structure of LTA binding sites appears to be identical to that of

SSEA-1. We have shown that SSEA-1 [65] as well as some

other cell-surface markers of early embryonic cells such as

ECMA-2 [66] are carried by embryoglycan. Furthermore, an

a-galactosyl antigen recognized by sera from patients with

germ cell tumors is present on embryoglycan [67].

We looked for other cell-surface markers that distinguish

subpopulations of early embryonic cells, and found binding

sites for Dolichos bi¯orus agglutinin (DBA) [68]. The mode of

expression of DBA binding sites during early embryogenesis

is quite different from SSEA-1 or LTA [69,70] (Figure 2).

DBA binding sites are present in eggs and their level of

expression progressively decreases during preimplantation

period. On the other hand, SSEA-1 newly appears at the late

8-cell stage. After implantation, DBA binding sites are present

in extraembryonic endoderm (visceral endoderm and parietal

endoderm), while SSEA-1 is present in embryonic ectoderm

and visceral endoderm. DBA binding sites are also markers of

pre-T cells and disappear from T cells after differentiation

[71]. In adult mice, DBA binding sites are present in collecting

tubules of the kidney and epithelial cells of the small intestine

[72]. We isolated DBA binding glycoproteins from the small

intestine of adult mice, and studied their carbohydrate epitope

released by endo-b-galactosidase digestion. The structure of

the released oligosaccharide was elucidated to be NeuAca2-

3(GalNAc b1-4)Gal b1-4GlcNAc b1-3Gal [73], which is

identical to the epitope of Sda antigen [74].

Function of glycoprotein-bound glycans in embryogenesis

The precisely controlled expression of carbohydrate epitopes

during early stages of mouse embryogenesis strongly suggests

that carbohydrates play important roles in the process [60,75].

The ®rst report of the possible function of these carbohydrates

is that of Bird and Kimber, who described that a Lewis X-

active oligosaccharide, lacto-N-fucopentaose III inhibited tight

cell adhesion in late 8-cell mouse embryos, a phenomenon

called compaction [76]. Subsequently, Fenderson, Hakomori

and coworkers reported that lacto-N-fucopentaose III did not

inhibit compaction, but its divalent derivative showed an

inhibitory effect [77]. They further proposed that Lewis X

structure is self-complementary, and that Lewis X structure is

involved in adhesion of early embryonic cells through this

carbohydrate±carbohydrate interaction. We produced embry-

oglycan in large amounts and added it into cultures of

preimplatation mouse embryos or differentiating EC cells, but

no signi®cant effects were observed.

As the next step of analysis, we produced monoclonal

antibodies to F9 EC cells, and added each antibody to EC cells

Figure 2. Modes of expression of two carbohydrate markers
during early mouse embryogenesis. Shaded areas show the region
of marker expression. ICM, inner cell mass. T, trophectoderm. E,
embryonic ectoderm. M, mesoderm. PE, parietal endoderm. V,
visceral endoderm.
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and to their differentiation systems. One antibody, 4C9,

inhibited cell substratum adhesion of F9 EC cells and the cells

formed large clumps [78]. Immunoelectron microscopy

revealed that the antibody did not induce clustering of the

antigen molecule on the membrane. Other antibodies, which

bound to the cells similarly to 4C9, showed no effect.

Furthermore, time lapse cinematography revealed inhibition of

cell-substratum adhesion of single cells. Thus, we considered

the inhibition of cell substratum adhesion by 4C9 antibody to

be speci®c, and studied the epitope of 4C9. Surprisingly, the

epitope has turned out to be Galb1-4(Fuca1-3) GlcNAc,

namely Lewis X. Immunohistochemicl localization of 4C9 is

similar to that of SSEA-1, although there were subtle

differences between the distributions of the two antigens. For

example, 4C9 is a better marker of primordial germ cells [79].

These results raised a possibility that Lewis X structure

enhances cell-substratum adhesion.

Further analysis required manipulation of a fucosyltransfer-

ase forming Lewis X structure. Strong enzymatic activity is

present in F9 EC cells, and this enzymatic activity decreases

after differentiation [80,81]. Dr. John Lowe's group cloned

a-1,3-fucosyltransferase (FucT) IV, which forms Lewis X

structure [82]. Using the cDNA clone of FucT IV, which he

kindly sent to us, we expressed the enzyme in L cells. We have

found that expression of this enzyme increases integrin-

mediated cell-substratum adhesion [83]. When cDNA encod-

ing the enzyme was introduced into D3 embryonic stem cells,

and the cells were induced to differentiate, the degree of

myocardial differentiation increased [84]. Myocardial differ-

entiation is known to be dependent on integrin activity [85].

These results strongly suggested that Lewis X structure

enhanced integrin activity. However, after FucT IV transfec-

tion, no signi®cant Lewis X antigen was found to be

associated with integrin. Rather, the majority of Lewis X

activity appeared to be associated with basigin, a member of

the immunoglobulin (Ig) superfamily described below [83].

Recent gene knockout studies have provided unequivocal

evidence for the role of carbohydrate signals in development

[86]. However, the in vivo role of embryoglycan in early

embryonic cells still remains to be established. In this context,

I N-acetylglucosaminyltransferase (IGnT), which forms N-

acetylglucosamine 6 branches in poly-N-acetyllactosamines, is

of signi®cant interest. IGnT has been cloned by Fukuda and

co-workers [87]. We re-examined mouse IGnT, and found that

there are two isoforms of IGnT, which are generated by

alternative usage of the 1st coding exon [88].

Embigin, basigin and other core proteins

To examine the molecular properties of core proteins carrying

developmentally regulated carbohydrate chains, glycoproteins

were isolated from teratocarcinomas or EC cells by af®nity

chromatography on two lectins, DBA and LTA. Then, rabbit

antibodies were produced against the glycoprotein mixture.

The antibodies were used to screen rhamda Gt 11 expression

library constructed from these cells. Anti-DBA-binding

glycoproteins from teratocarcinoma OTT6050 detected several

clones.

Masayuki Ozawa identi®ed one clone encoding a core

protein with a molecular weight of about 35 kDa. Its

glycosylated form migrates as a smear of band with molecular

weights of 60 kDa to 90 kDa [89]. The core protein was

initially called as Gp70, and subsequently named embigin,

because it is preferentially expressed in early embryonic cells,

and belongs to the Ig superfamily [90]. Embigin is a

transmembrane glycoprotein with two Ig-like domains, and

the one near the transmembrane domain has homology to Ig V

domain [89]. In situ hybridization has revealed that in early

postimplantation embryos, embigin is expressed predomi-

nantly in extraembryonic endoderm which has DBA binding

sites; the core protein and the carbohydrate marker carried by

them are co-expressed at this stage [90,91]. After day 10 of

embryogenesis, embigin expression becomes very low. To

know the function of embigin, we have transfected embigin

cDNA into L cells. The cells show increased adhesion to the

dish, and the adhesion is integrin-dependent [92].

Teruo Miyauchi used antibodies to LTA binding glycopro-

teins of EC cells, and found another core protein named

basigin (basic immunoglobulin superfamily) [93]. The molec-

ular weight of basigin is 27 kDa, and the mature protein is

44±66 kDa. Basigin is also a transmembrane glycoprotein and

has two Ig domains (Figure 3). Surprisingly, embigin and

basigin have about 20% identity to each other. Especially,

glutamic acid is present in the middle of the transmembrane

domain of the two proteins. Recently, two other proteins have

been found to have homology to embigin and basigin. Thus,

embigin is the founding member of a family in the Ig

superfamily, to which basigin belongs [94]. The homology of

the two proteins has been extended to gene organization. In

contrast to other Ig superfamily members, the Ig domains of

the two molecules are encoded by two exons. The distal half of

the second Ig domain and the transmembrane domain are in

the same exon [94].

Figure 3. A model of basigin molecule. Basigin is a transmembrane
glycoprotein with two Ig domains and three large asparagine-linked
sugar chains. The protein sequence in the transmembrane region
and near to it is conserved between species.

Protein-bound carbohydrates on cell-surface 583



Basigin is unique in that the second Ig domain has

homology to both the V domain and MHC class II b chain,

and is considered to be related to the primordial form of the Ig

superfamily [93]. Furthermore, the transmembrane domain of

basigin is completely conserved between man, mouse and

chicken, suggesting that it forms a complex with some

transmembrane protein(s) in the membrane [95]. Indeed,

basigin was reported to form a complex with integrins [96].

The distribution of basigin expression is broad; it is present

both in embryonic and adult cells. However, in the mouse,

basigin with Lewis X epitope has so far only been detected in

early embryonic cells, and can be said to have biochemical

properties similar to those of F9 antigen. Basigin was

independently found in different laboratories, and has also

been named gp42, HT7, neurothelin and EMMPRIN. In vitro

experiments have indicated that this molecule is involved in

neural development [97] and also in tumor invasion [98].

To clarify the in vivo role of basigin, we produced knockout

mice devoid of basigin gene (Bsg) [99]. The majority of

basigin null embryos is lost around the time of implantation.

At this period, both basigin and Lewis X epitopes are

expressed in the trophectoderm of implanting embryos and

the uterine endometrium into which embryos implant. There-

fore, homophilic intereractions between fucosylated basigin

molecules might be important in implantation. Adult basigin-

de®cient mice, which are available only in small numbers, are

infertile and have abnormalities in sensory function and

behavior [100±102]. We are currently investigating the

counterpart molecule, which interacts with basigin on adjacent

cells, and the role of carbohydrates in the interaction.

We also found other cell-surface glycoproteins using

antibodies against lectin-binding glycoproteins. Antibodies

against DBA-binding glycoproteins from teratocarcinomas

detected a glycoprotein named brushin, which has a molecular

weight of around 500 kDa and is commonly expressed in the

visceral endoderm of early embryos and brush borders of renal

tubules [103]. Brushin is identical to nephritis antigen puri®ed

subsequently, which was later shown to belong to the low

density lipoprotein (LDL) receptor family and named megalin

[104]. Antibodies to DBA binding glycoproteins from

teratocarcinomas also enabled us to clone a heparin-binding

protein (HBP-44) [105], which was subsequently found to be

identical to receptor associated protein (RAP). This protein

binds to members of the LDL receptor family including

brushin, and is a chaperone [106].

Antibodies to peanut agglutinin (PNA)-binding glycopro-

teins from KATO III human gastric carcinoma cells allowed

cloning of a core protein of a sialomucin named MGC-24

[107]. Although MGC-24 is soluble, a splicing variant of

transmembrane form, MGC-24v, was subsequently found

[108]. MGC-24v serves as a marker of hematopoietic

progenitor cells, and is also called CD164. In human colon

carcinomas, a higher value of soluble MGC-24=the transmem-

brane form is correlated with reduced vascular invasion and

less remote metastasis [109].

Carbohydrate markers of tumor progression

I performed several collaborations with the clinical depart-

ments of Kagoshima University Faculty of Medicine. Inter-

estingly, cell-surface markers found and useful for studies on

mouse embryogenesis were also useful in clinical studies. We

®rst examined possible correlation between expression of a

Lewis X marker, 4C9 and prognosis of patients with lung

carcinomas. Since the result was not clear enough, we used

two markers, 4C9 and DBA binding sites in combination;

Lewis X and DBA binding sites show complementary modes

of expression during mouse embryogenesis. Indeed, we have

found that lung carcinomas with the [DBA binding sites (�),

4C9(7)] carbohydrate pro®le are less metastatic and patients

survive longer [110].

In transient cell carcinoma of the urinary bladder, primary

tumors that strongly express Lewis X-related epitopes, such as

LTA, SSEA-1 and sialyl Lewis X show a tendency to be more

metastatic than those showing weak or no expression of these

epitopes [111±113]. It is noteworthy that in both urinary

bladder carcinomas and lung carcinomas expression of Lewis

X-related epitope is an indicator of stronger metastatic

potential and poor prognosis. These phenomena might be

correlated with our ®ndings that Lewis X structure enhances

integrin-dependent cell-substratum adhesion. In parallel with

our studies, the relationship between cell-surface carbohydrate

pro®les and invasive properties of human carcinomas has been

reported from various laboratories [114].

Recognition of sulfated glycans

Around 1990, two fundamentally important ®ndings ®nally

established the role of cell-surface carbohydrates in inter-

cellular communication. The ®rst was the discovery of

selectins and elucidation of sialyl Lewis X and their

derivatives as their ligands [115]. The second was the

demonstration of the requirement of heparan sulfate in

signaling of ®broblast growth factors [116]. Although excited

by this development in the same research area, we continued

our own line of research. I moved to Nagoya in 1993 as a

professor of biochemistry in Nagoya University School of

Medicine. Eventually our research fused with the main stream

through the key word of `sulfate recognition'.

Midkine, a novel heparin binding growth factor

While still in Kagoshima, I was interested in studying new

molecules involved in differentiation and development, since

we established a good system for in vitro differentiation of

HM-1 EC cells [117]. Kenji Kadomatsu and Mineko

Tomomura performed differential hybridization to ®nd a gene

that becomes activated at the early stage of retinoic-acid

induced differentiation of HM-1 cells [118]. They found such

a gene, and its product was named midkine (MK). MK is a

heparin binding protein with a molecular weight of 13 000,

which is rich in basic amino acids and cysteine [118±120].
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Although at the time of its discovery, MK was not related to

any other proteins, its molecular features suggested that it was

a growth or differentiation factor. Fascinated with this

possibility, I chose MK as a major subject of study by our

group. Subsequently, Rauvala [121] and Deuel [122] cloned a

related molecule, pleiotrophin (PTN)=heparin binding growth-

associated molecule (HB-GAM), which has 45% sequence

identity with MK.

MK and PTN are detected in species from man to frog, and

no other members of the family have been detected to date.

Analysis of disul®de bridges of MK and PTN revealed that

they are largely composed of two domains tightly held by

disul®de bridges [123] (Figure 4). Recently, both the N-

terminally located domain (N-domain) and C-terminally

located domain (C-domain) have been reported to have limited

homology to the type I repeat of thrombospondin [124]. The

mode of MK expression was studied both by in situ

hybridization and immunohistochemistry [125,126]. Intense

MK expression has been noted during the midgestation period

of mouse embryogenesis, especially around the brain ven-

tricles, in the epithelial cell layer and in mesenchyme

undergoing remodeling. MK expression gradually decreases

in late embryogenesis, and in adult mice signi®cant expression

is detected only in the kidney and uterus. MK also shows

restricted pattern of expression in humans.

Hisako Muramatsu puri®ed recombinant MK produced in L

cells; subsequently MK was also produced in baculovirus,

yeast and E. coli, and was chemically synthesized [127,128].

Using these puri®ed MK preparations, we revealed various

activities of MK. MK exhibits several functions related to

neurogenesis: it promotes neurite outgrowth [127,129],

survival and migration of embryonic neurons [130,131], and

promotes clustering of acetylcholine receptors in neuromus-

cular junctions [132]. When MK mRNA is introduced into

Xenopus embryos, it promotes neurogenesis, especially in the

presence of activin [133]. MK also enhances ®brinolytic

activity of aortic endothelial cells [134], synthesis

of extracellular matrices [135] and promotes contraction of

collagen gels [136]. MK also enhances migration of

neutrophils and macrophages [137,138]. These diverse

activities can be largely classi®ed into two modes of action;

effects on the cytoskeleton leading to alteration of cell motility

and cell shape, and anti-apoptotic activity. In knockout mice

de®cient in the MK gene (Mdk), migration of in¯ammatory

leukocytes to injured blood vessels is severely suppressed,

resulting in inhibition of neointima formation [137]. Thus MK

may be a new target to cure or prevent vascular pathogenesis.

Anti-apoptotic activity of MK was applied to prevent delayed

neuronal death upon brain ischemia in gerbils by intraven-

tricular injection of MK (Yoshida et al. unpublished), and to

prevent retinal degeneration caused by exposure to constant

light [139].

MK transfected into NIH3T3 cells induces oncogenic

transformation [140]. Furthermore, many human carcinomas

overexpress MK as compared to adjacent normal tissues [141±

145]. Enhanced MK expression is probably helpful for tumor

progression because of enhanced migration and survival. This

overexpression of MK in human cancers appears to be

clinically important. Firstly, antisense RNA or ribozyme

targeting to MK mRNA might be helpful in cancer therapy.

Secondly, MK promoter, which functions preferentially in

cancer cells, might be useful as a promoter to drive a suicide

gene. Thirdly, serum MK level might be useful as a tumor

marker for early diagnosis. The importance of MK in various

medical ®elds prompted our studies on its mechanism of

action, and the signi®cance of sulfate recognition has been

revealed as described below.

Recognition of heparin-like domain by midkine

MK has been found to bind strongly to heparin [146]. It is

eluted by 1 M NaCl from heparin-Sepharose column.

Heparitinase digestion of some target cells for MK, namely

neurons and endothelial cells, reduces responsiveness of these

cells to MK, indicating the importance of interactions between

MK and heparin-like domains in MK signaling [147,148].

Syndecans, a family of transmembrane heparan sulfate

proteoglycans, strongly bind to MK [126,149,150]. For

example, syndecan-4 binds to MK with a Kd of 0.30 nM

[150]. Thus, we have considered that a heparin-like domain in

the heparan sulfate chain interacts with MK. In the case of

PTN=HB-GAM, syndecan-3 has been concluded to be the

receptor of the factor [151].

We investigated molecular interactions between MK and

heparin in detail. Firstly, partly desulfated heparins have been

examined for their ability to inhibit MK-induced neurite

outgrowth. Although heparin shows inhibitory activity at a

concentration of 0.6 mg=ml, 2-N-desulfated, 2-O-desulfated or

6-O-desulfated heparin shows inhibitory activity only at the

concentration of more than 10 mg=ml. Thus, all three sulfate

groups in heparin are required for strong interaction with MK.

We believe that this is also the case when MK interacts with

heparin-like domains in heparan sulfate. The sizes of heparin

oligosaccharides with inhibitory activity have been also

investigated, and those with more than 22 monosaccharide

units are found to be active, indicating that a large glycan

chain is required for the recognition [152].

We also investigated the protein structure required for the

interaction. In both the N-terminal tail and the C-terminal tail

of MK, there are clusters of basic amino acids (Figure 4).Figure 4. Organization of midkine molecule.
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However, their removal does not strongly affect the heparin

binding activity [153]. Then, we tested N-terminal half (N-

half) and C-terminal half (C-half) of the molecule, since they

became available as intermediate products during the course of

total chemical synthesis of MK by Dr. Terutoshi Kimura and

co-workers. The C-half has strong and conformation-depen-

dent heparin-binding activity, while the N-half show only a

weak activity [153].

We have collaborated with Dr. Fuyuhiko Inagaki and co-

workers to determine the three-dimensional structures of the

C- and N-halves by NMR spectroscopy [154]. Both are largely

composed of three anti-parallel b-sheets, and in addition there

is a ¯exible loop in the C-half (Figure 5). Two clusters of basic

amino acids are found on the surface of the C-half and are

considered to be the principal heparin-binding sites. Indeed,

addition of a heparin oligosaccharide alters NMR signals of

these amino acids. Furthermore, tyrosine 90 signal also

disappears, indicating that it is also important in the binding.

Site-directed mutagenesis of these basic amino acids in both

clusters decreases the heparin-binding activity and also the

neurite-promoting activity [148,155]. In case of enhancement

of ®brinolytic activity in endothelial cells, mutation in a cluster

(Cluster II) abolishes the activity, while mutation in another

cluster (Cluster I) shows no effects. Thus, we conclude that

both of the two clusters are involved in heparin binding, while

the two sites play different roles in MK signaling.

Another interesting aspect is dimer formation of MK. In

collaboration with Dr. Souichi Kojima, we found that dimer

formation of MK is essential for enhancement of ®brinolytic

activity of endothelial cells [156]. From the three-dimensional

structure of MK, we could propose that upon head-to-head

dimer formation of the C-half, Cluster II in the two molecules

fuse to form a large cluster of basic amino acids, and the

distance of the clusters ®t to that of sulfate groups of heparin

[154]. This large complex might have strong binding af®nity,

and may explain our observation that a large size is required

for a heparin oligosaccharide to inhibit MK-induced neurite

outgrowth.

Three-dimensional structure of PTN=HB-GAM appears to

be similar to that of MK [124]. Furthermore, the basic

structural motif of MK domains is likely to be similar to Type I

thrombospondin repeats. Since MK is the ®rst case in which

three-dimensional structures have been clari®ed among above

mentioned molecules, our analysis of MK-heparin interactions

is expected to provide insight into carbohydrate-protein

interactions of a large number of molecules.

A chondroitin sulfate proteoglycan in MK signaling

Receptor-like tyrosine phosphatase z (PTP z) is a chondroitin

sulfate proteoglycan with an intracellular tyrosine phosphatase

domain. Maeda and Noda found that PTN is a ligand for PTP

z [157]. Chondroitinase digestion abolishes the high af®nity

binding to PTN. They further found that when PTN is coated

onto the ®lter of a migration assay chamber, it promotes

migration of embryonic neurons [158]. Antibodies to PTP z
and also vanadate, which is an inhibitor of tyrosine

phosphatase, inhibit PTN-dependent migration of neurons.

These results indicate that PTP z is a receptor for PTN.

We entered into collaboration with Drs. Nobuaki Maeda and

Masaharu Noda, concerning MK and PTP z interactions and

their physiological implications [131]. MK also binds to PTP z
and the high af®nity binding site (Kd 0.58 nM) is in the

chondroitin sulfate chain, while the protein portion has a low

af®nity binding site. As we had half molecules and mutants of

MK, further collaborative studies were possible. PTP z
binds to C-half of MK and to a mutant in which two lysine

residues in Cluster II are changed to glutamine, with high

af®nity, but not to the N-half or a mutant in which the arginine

residue in Cluster I is changed to glutamine. These differences

in the binding capability of MK mutants are faithfully re¯ected

in the ability to promote the migration of embryonic neurons:

the C-half and the mutant in Cluster II promote migration, but

other mutants do not. This result clearly indicates that high

af®nity binding between PTP z and MK is involved in

neuronal migration.

We then examined structure of chondroitin sulfate chain, to

which MK binds. Although PTP z is available only in small

amounts, we have found that a high molecular weight

chondroitin sulfate proteoglycan, PG-M=versican, is a major

MK-binding proteoglycan isolated from day-13 mouse

embryos [159]. The Kd value between MK and PG-M=
versican is 1.0 nM, and digestion with chondroitinase B

abolishes the binding. Analysis of disaccharides released by

chondroitinase digestion revealed that in addition to 4-sulfated

and 6-sulfated disaccharides, 2,4-disulfated and 2,6-disulfated

disaccharide structures are also present. These results suggest

that MK binds to oversulfated chondroitin sulfates with a

dermatan sulfate domain. Indeed, MK-PG-M=versican binding

as well as MK-PTP z binding is inhibited strongly by

chondroitin sulfate E. While all three sulfate groups in heparin

are required for MK binding, the chondroitin sulfate chain

with MK-binding activity has two sulfate groups per

disaccharide unit. However, recently 3-sulfated glucuronic

acid has been found in chondroitin sulfate preparations,

including chondroitin sulfate E, permitting the presence of

three sulfate groups per a disaccharide unit [160]. Upon

Figure 5. Three-dimensional structure of C-domain in midkine
molecule. Two clusters of basic amino acids are exposed on the
surface. Based on Reference 154.
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chondroitinase digestion, the 3-sulfate group is destroyed and

becomes undetectable. We are currently studying whether the

structure is actually present in MK-binding proteoglycans.

Participation of PTP z in MK signaling is not restricted to

neuron migration. We have found that MK-induced survival of

embryonic neurons is also inhibited by antibodies to PTP z,
vanadate and chondroitinase digestion (Sakaguchi et al.,

unpublished). Furthermore, PTP z is also present in osteo-

blasts and we have concluded that it is also involved in MK-

induced migration of these cells (Qi et al., unpublished).

Tyrosine phosphatases are known to act on a speci®c tyrosine

phosphate residue of src family proteins, which is involved

in tightly holding the protein in a less active form. Thus,

activation of a tyrosine phosphatase can activate src family

tyrosine kinases. PTN=HB-GAM also binds to heparan sulfate

proteoglycans such as syndecan-3 [151], and the binding of

src to the cytoplasmic tail is observed [161]. My current

hypothesis is that some transmembrane proteoglycans are

components of signaling receptors of MK, and the binding of

MK or PTN to the proteoglycans leads to activation of src

family protein kinases.

Thinking that proteoglycans might not be the sole

component of the MK receptor, we systematically analyzed

MK-binding proteins isolated from day-13 mouse embryos.

However, various intercellular proteins bound to MK.

Although such binding may be physiologically signi®cant,

the abundance of intracellular binding proteins hindered the

identi®cation of cell-surface molecules with MK-binding

activity. Thus, we employed lectin-af®nity chromatography

and MK-af®nity chromatography in combination, since all

transmembrane proteins identi®ed to date are glycoproteins.

Through such an approach we have found that LDL-receptor

related protein (LRP) binds to MK with a Kd value of 3.5 nM

[162]. A related protein, brushin=megalin also binds to MK,

although the af®nity appears to be somewhat less than LRP.

These ®ndings were striking to us, partly because we

previously found brushin=megalin and RAP=HBP-44, which

is a protein associated with LRP and other LDL receptor

family members.

RAP is known to inhibit the action of LRP and other LDL

receptor family members. To determine the physiological

signi®cance of MK-LRP binding, we have added GST-RAP to

culture of embryonic neurons. GST-RAP but not GST inhibits

the MK-dependent survival of embryonic neurons suggesting

that LRP is a component of the MK-signaling system [162].

Since LRP functions as an endocytosis receptor, the

possibility is not excluded that MK internalized by LRP

functions directly in the cells. The more likely possibility is

that LRP functions as a component of the signaling receptor.

LRP and other LDL receptor family members have in their

cytoplasmic domain, a motif, to which adaptor proteins such

as mammalian disabled (mDabl) binds. Recently, the receptor

for reelin, which regulates migration of embryonic neurons,

has been found to be composed of cadherin-related neural

receptor (CNR) and LDL-receptor family members, apoE2

receptor or very low density lipoprotein receptor [163,164].

Fyn tyrosine kinase associated with the cytoplasmic portion of

CNR is thought to interact with mDab1. It is possible that

analogous interactions take place in MK signaling (Figure 6).

We are currently investigating whether the MK signal is

indeed received by a multicomponent receptor which consists

of transmembrane proteoglycan, LRP and possibly also

another transmembrane protein.

We also found that PI3 kinase is involved in the intracellular

signaling cascade of MK, and that MAP kinase is located

downstreamn of PI3 kinase [165,166]. Although the detailed

picture is still to be worked out, the MK signaling system is of

interest to understand the mechanism, by which a signal

received by a carbohydrate is transmitted into cells.

N-Acetylglucosamine-6-sulfotransferase and L-selectin ligand

Kenji Uchimura, who played a signi®cant role in cloning

chondroitin 6-sulfotransferase in Prof. Osami Habuchi's labora-

tory, joined to our laboratory as a graduate student to knock out

the gene. He noticed that mouse EST contains a sequence

homologous to mouse chondroitin-6-sulfotransferase. The homo-

logous cDNA was cloned, but the expressed protein showed no

condroitin sulfotransferase activities. After various trials, we

found that the cDNA encodes an N-acetylglucosamine-6-

sulfotransferase [167]. This was the ®rst report of cloning of an

N-acetylglucosamine-6-sulfotransferase capable of forming gly-

coconjugates. N-Acetylglucosamine-6-sulfotransferase transfers

sulfate to N-acetylglucosamine exposed at the non-reducing end

of glycan chains. Thus, 6-sulfated N-acetylactosamine structure is

formed by the concerted action of the sulfotransferase and a

galactosyltransferase.

Figure 6. A model of midkine signaling. A possibility of the
presence of additional component(s) in the signaling receptor is
not excluded. MK, midkine. CSA, chondroitin sulfate. PTP, protein
tyrosine phosphatase.
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Interestingly, the cloned enzyme was shown to participate in

synthesis of 6-sulfo Lewis X and 6-sulfo sialyl Lewis X. In

collaboration with Dr. Reiji Kannagi, we demonstrated that

6-sulfo sialyl Lewis X antigen was formed, when the

sulfotransferase cDNA and FucT VII cDNA were co-

transfected to COS cells. L-Selectin located on the surface

of lymphocytes recognizes its ligand on high endothelial

venules of lymph nodes, and this recognition is the ®rst step of

lymphocyte recruitment to lymph nodes. The requirement of

sulfation for L-selectin ligand activity was reported by Rosen

and co-workers. Kannagi, Kiso and co-workers produced

monoclonal antibodies to sulfated sialyl Lewis X structure and

found that 6-sulfo sialyl Lewis X structure is present on high

endothelial venules, but 60-sulfo sialyl Lewis X is not

detected. Furthermore, an antibody to the former inhibits

recognition of the ligand by L-selectin [168]. Feizi, Kiso and

co-workers also found that the 6-sulfo-derivative preferentially

inhibits L-selectin activity [169,170]. To obtain the ®nal

evidence that L-selectin ligand is determined by 6-sulfo sialyl

Lewis X structure, Dr. Kannagi's group performed a

collaborative study with our group. Indeed, cells with L-

selectin expression were found to adhere to COS cells co-

transfected with N-acetylglucosamine-6-sulfotransferase and

FucT VII, but not to cells transfected only with one of the

cDNA [171]. We have also performed in situ hybridization to

locate the site where the sulfotransferase is expressed, and

have found that it is signi®cantly expressed in the high

endothelial venules [167]. As above, we conclusively demon-

strated that 6-sulfo sialyl Lewis X structure is the L-selectin

ligand, and proposed that the N-acetylglucosamine-6-sulfo-

transferase, which we cloned, is involved in the synthesis of

the ligand structure.

Immediately following our work, the second N-acetylglu-

cosamine-6-sulfotransferase was reported by Hemmerich,

Rosen and co-workers, and also by Fukuda and co-workers

[172,173]. This enzyme is also involved in synthesis of L-

selectin ligand. Interestingly, the enzyme shows a much more

restricted expression pattern, and is still intensely expressed in

high endothelial venules. L-Selectin ligand in high endothelial

venules is probably synthesized by both of these sulfotrans-

ferases. Subsequently, Hemmerich et al. cloned the third N-

acetylglucosamine-6-sulfotransferase [174], and we cloned the

fourth [175]. We are currently analyzing possible differences

in the acceptor speci®city of the enzymes.

The ®rst N-acetylglucosamine-6-sulfotransferase is ex-

pressed at many sites. Its intense expression in speci®c sites

of the brain, namely CA1 sub®eld of the hippocampus,

pyramidal cells of the cellebelum, and also in certain regions

of embryos suggests that glycoconjugates with 6-sulfated N-

acetylglucosamine structure play important roles in brain

function and during development [176,177]. We aim to clarify

this point by deleting the enzyme gene. Knockout mice

de®cient in the gene will be also helpful to determine whether

the cloned enzyme is involved in biosynthesis of keratan

sulfate.

Functions of chondroitin 6-sulfate and syndecan-4

We analyzed the function of chondroitin 6-sulfate by knockout

of chondroitin 6-sulfotransferase gene. In the mouse, the major

chondroitin sulfate is chondroitin 4-sulfate. Nevertheless, high

levels of chondroitin 6-sulfotransferase mRNA are detected in

the spleen, lung and eye. In situ hybridization places the signal

in the marginal zone and red pulp of the spleen and stromal

cells in the bone marrow [178]. The knockout mice developed

normally and were fertile. Histological analysis revealed no

apparent abnormalities of the null mutant mice. However,

Uchimura et al. found that population of naive T cells

decreased in the spleen of the null mice (unpublished results).

The percentage of T cells as a whole among lymphocytes also

decreased. Therefore, chondroitin 6-sulfate appears to be

necessary for ef®cient differentiation of T cells.

We also studied the function of syndecan-4 (ryudocan) by

gene knockout in collaboration with Dr. Tetsuhito Kojima,

who found and cloned the molecule. Syndecan-4 is a member

of the syndecan family and is a transmembrane heparan sulfate

proteoglycan. Syndecan-4 de®cient mice are also born,

reproduced and showed no apparent histological abnormalities

[179]. However, Kazuhiro Ishiguro in our laboratory per-

formed through analysis of the knockout mice and yielded

interesting results.

The ®rst question is whether syndecan-4 is required for

focal adhesion formation, which is a supramolecular structure

characterized by actin ®ber termination [179]. Focal adhesion

is formed when ®broblasts are cultured on dishes coated with

®bronectin. Two different signals are delivered from ®bronec-

tin, one from its cell-binding domain and the other from its

heparin-binding domain. The former signal is received by

integrin, and the latter by transmembrane heparan sulfate

proteoglycan(s), and co-operation of the two signals is

required for focal adhesion formation. The transmembrane

heparan sulfate proteoglycan receiving ®bronectin signal was

believed to be syndecan-4. However, we have found that focal

adhesion is formed also in syndecan-4 de®cient cells. Thus,

other heparan sulfate proteoglycans compensate for the loss of

syndecan-4. When cells are plated on dishes coated with the

cell-binding fragment, and the heparin-binding fragment is

added into the medium, focal adhesion formation proceeds

normally in wild-type cells, while it is suppressed in syndecan-

4 de®cient cells. Therefore, in the luminal surface, only

syndecan-4 is present as the molecule to receive the signal

[179].

The next question is the role of syndecan-4 as a carrier of

anti-coagulant heparan sulfate chains. Speci®c carbohydrate

sequences on heparan sulfate serve as binding sites for anti-

thrombin III and tissue factor pathway inhibitor, and the

binding leads to inhibition of blood coagulation. Since there

are many molecular species of heparan sulfate proteoglycans,

the role of each proteglycan in anti-coagulation is poorly

understood. Among blood vessels in various organs, synde-

can-4 is expressed only in those of the placenta and the kidney.
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Although no differences were found in the kidney, more

thrombi were detected in the syndecan-4-de®cient placenta

than in the wild-type placenta [180]. Thus, a defect of only one

heparan sulfate proteoglycan molecular species was found to

impair anti-coagulation.

More differences were found when syndecan-4-de®cient

mice were subjected to stress. When k-carageenan or

lipopolysaccharide was given to the mice, renal damage was

severer in syndecan-4 de®cient mice than in wild-type

controls, indicating that this molecule is also important in

protection of organs (Ishiguro et al., unpublished).

Concluding remarks

Essential roles for glycan information in diverse biological

phenomena will be clari®ed at a faster rate in the future,

especially when we analyze complex systems. Elucidation of

brain function and reconstitution of organs, two major focuses

for biomedical research at the beginning of the new

millennium, will not be successful without signi®cant

contribution of glycobiology.
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