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ABSTRACT

The author reviews the information acquired in the last four years on the
structure of isoglycans (branched glycans) N-glycosidically linked to aspara-
gine. Developments of the structural methodology of conjugated carbohydrates
are analysed with reference to the following procedures: sugar determination,
chemical (partial acid hydrolysis, acetolysis, hydrazinolysis-nitrous deamina-
tion), and enzymatic (exo- and endoglycosidases) cleavage of polysaccharide
chains, and methylation.

Several structures of glycans are described. It appears that all possess the
common pentas.ccharidic core of the following mannotriosido-di-N-acetyl-
chitobiose

Mano-(1->3)[Mano-(1—6)] Manp-(1—>4)GIcNAcB-(1->4)GIcNAcB-(1->)Asn

on which are conjugated either neuraminyl (or fucosyl)-N-acetyllactosamine or
oligomannoside residues. It is proposed to term these glycan structures, re-
spectively, N-acetyllactosaminic type and oligomannosidic type.

The author demonstrates that these structures are in a good agreement with
recent data concerning, on the one hand, the biosynthesis and pathological
catabolism of glycoproteins and, on the other hand, the biological role of

carbohydrate moieties considered as cell recognition signals.

INTRODUCTION

Four years ago, in a lecture given at the Fifth International Symposium
on Carbohydrate Chemistry, I reviewed the: present state of knowledge
concerning the structure of the carbohydrate moiety of the glycoproteins.
The conclusion was that about one century after the discovery of these
compounds, no structure was known, except those of some linear glycans
(n-glycans). Our ignorance was due, partly, to the microheterogeneity of
glycoproteins and glycans and partly to the lack of precise methods for
structural investigation of the branched glycans (iso-glycans). The review®?
concluded by emphasizing the fact that ‘an enormous methodological work
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remained to be accomplished’ and that ‘the chances of success were related
to application of the following imperative aims:

(1) Isolation of the different variants of glycoproteins and of each of their
glycanic residues.

(2) Application of analytical methods to glycopeptides but never to the native
glycoproteins.

(3) Finding new methods for specific cleavage of glycosidic bonds.

(4) Improvement of permethylation methods and of analysis of the mono-
saccharide O-methyl derivatives.

(5) Enlarging research in purification methods of exoglycosidases and of the
studies of their specific activity. Search for endoglycosidases.’

Now, four years later, we can say that a considerable amount of results
has been accumulated and that this field has evolved in a spectacular manner,
due to the fact that many scientists have understood the metabolic, biological
and pathological importance of glycoconjugates since the discovery that:

—they are cell surface antigens and their structure or position in the mem-
brane may be modified in transformed cells and in cancerous cells;

—they are virus receptor sites;

—they play an important role in intercellular adhesion and recognition;
—they act on the conformation of peptidic chains;

—they protect the protein moiety against proteolytic attack ;

—the glycan groups allow the exit of proteins outside the cell and they
regulate the catabolism of the circulating proteins by the liver, and the life-
time of proteins and cells.

That is why more and more laboratories have shown interest in ameliorat-
ing the methods of investigation of glycan structure and so we describe in
the first part of the present review the progress that has been realized within
the last few years in the methodology of glycoconjugates and which has
been discussed to a large extent at the Symposium on Glycoconjugates
organized by the Centre National de la Recherche Scientifique at Villeneuve
d’Ascq (France), in June 197383,

Then, on the basis of recent reviews*, original papers and results obtained
in our laboratory, we shall describe glycan structures to which the application
of new and more precise methods have led. The discussion will only include
the structure of carbohydrate moieties of iso-glycanic type conjugated to
the protein by an ‘asparaginyl- N-acetylglucosamine’ linkage.

Finally, we shall decide whether the proposed structures are in good
agreement with the recent data concerning the metabolism and the biological
role of isoglycans.

1. Referring to glycoprotein metabolism

It has been well established by Roseman, Schachter, Molnar, Bosmann,
Louisot and many others that glycoprotein biosynthesis begins in the rough
endoplasmic reticulum where a part of the N-acetylglucosamine residues and
all of the mannose residues are conjugated. Glycan biosynthesis continues

* References: 40, 41, 53, 58, 75-77, 81, 83, 93, 99, 104, 107, 108, 118, 119, 138, 145.
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and terminates in the smooth endoplasmic reticulum and Golgi apparatus
where the remaining residues of N-acetylglucosamine and all of the galactose,
fucose and sialic acid residues are incorporated. Thus, the monosaccharide
conjugation is sequential and the isoglycan structure should reflect this bio-
synthetic mechanism. On the other hand, one assumes that glycoprotein
catabolism is realized by lysosomal glycosidases.

I1. Referring to the biological role of glycoproteins

Some authors believed that the associations of carbohydrate moieties with
proteins were metabolic accidents and that the glycans did not play any
important biological role. We could term this point of view: ‘gadget’s hypo-
thesis’. For example, Gottschalk*® claimed that glycan biosynthesis took
place under the following conditions: (i) presence in the peptidic chains of
the amino acid sequences Asn-X-Ser (or Thr) which codes the conjugation
of the first N-acetylglucosamine residue on asparagine, or Gly-X-Hyl-Gly
which codes the conjugation of the first galactose residue on hydroxylysine;
(ii) existence of specific glycosyltransferases in the cells; (iii) presence of
glycosyl nucleotide precursors. Under these conditions the glycan composi-
tion depends directly on the relative concentrations of sugar nucleotides. If
this hypothesis is true, the structure of glycans would be random and never
well defined.

Then, timidly, timorously, some people suggested that glycans could very
well play an important biological role and in this connection, we could
mention the following hypotheses :

(1) Induction of protein conformation hypothesis, based on glycan—protein
and glycan-glycan interactions, creating repulsion forces of ionic type (i.e.
rod conformation of mucins under the influence of sialic acid residues) and
attraction forces of ionic, hydrophobic or hydrogen bond type.

(2) Protein protection against proteolytic attack hypothesis, based on the
observation that numerous glycoproteins lose their resistance toward
proteinases after treatment with neuraminidase.

(3) Orientation and local concentration of water molecules hypothesis, based
on the observation that the modification of the carbohydrate moiety (Galpl
— 4GalNAca — Thr) of the antarctic fish antifreeze glycoprotein causes the
disappearance of the antifreeze property of the glycoprotein?*: 134, According
to this observation, the water concentration and the movement of ions and
of low molecular weight molecules along and across the cell membrane would
be related to the glycans of the membrane glycoconjugates and, more speci-
fically, to the relative number of hydrophilic sialic acid residues and of
hydrophobic fucose residues.

On the other hand, we shall retain the following hypotheses that are directly
related to the concept of isoglycan.

(1) Passport for export of proteins outside the cells hypothesis. In 1965,
Eylar3® proposed an interesting hypothesis to explain that the majority of
extracellular proteins were glycosylated while the intracellular proteins were
rarely so treated. According to the author ‘the lack of a specific function of
the carbohydrate unit in biologically active glycoproteins suggested a more
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general role, and it was proposed that the carbohydrate acts as a chemical
label which, upon interaction with a membrane receptor or carrier, promotes
the transport of the newly synthesized glycoprotein into the extracellular
environment’. This hypothesis did not attribute any biological role to the
glycan but implied that the structures of carbohydrate moieties of glyco-
proteins synthesized by the same cell should be identical.

(2) Recognition signal hypothesis. According to this concept which only
appeared within the last five years, the isoglycans are recognition signals:

(i) intercellular recognition borne by membrane glycoconjugates ;
(ii) cell recognition by proteins due to the carbohydrate groups that act like
antennae towards cell membranes.

In this last hypothesis proposed by Winterburn and Phelps!3’, ‘the attached
carbohydrate determines the extracellular fate of the protein molecules and
the glycoproteins are synthesized by cells for cells’. Thus ‘the sugars are
included in protein structures as a means of coding for the topographical
location within an organism’. This is the target cell hypothesis. A series of
experimental data supports this hypothesis:

(a) Erythropoietin’® and some pituitary hormones®® 126 become blind
after treatment with neuraminidase and are unable to recognize their target
cells.

(b) Removal or modification of sialic acid terminal residues from numerous
glycoproteins, in particular, from serum glycoproteins, passes the sentence of
death on these compounds: following the radioactive evolution of %*Cu-
labelled native and modified coeruloplasmin, Ashwell e: al.* 8¢ have shown
that the sialic free-coeruloplasmin, containing terminal galactose residues,
disappears in less than half an hour from the plasma of experimental animals,
and that in parallel the radioactivity increases in the hepatocytes. The
removal of terminal galactose residues by a B-galactosidase reveals N-acetyl-
glucosamine residues in a non-reducing terminal position and maintains the
level of asialo-agalactocoeruloplasmin in the plasma. The same phenomenon
has been observed with many other desialylated glycoproteins: asialo-
microglobulin-thyroglobulin;haptoglobin-fetuin;orosomucoid®® and trans-
cortin®. Thus the galactose terminal residues are the recognition signal of
the hepatocyte membranes for these asialoglycoproteins and, moreover,
Pricer and Ashwell!®® have demonstrated that these compounds were recog-
nized by the hepatocyte membrane in showing, by incorporation kinetics,
that the radioactivity of the [!25I]-iodinated sialic free orosomucoid was
fixed very quickly on the proteins of hepatocyte membranes.

Thus, it appears more and more evident that numerous glycoproteins play
two important roles. The first is of a physicochemical order and concerns the
protein moiety conformation, the protein protection against proteinases. the
water molecules orientation and concentration and the movement of ions
and of small molecules in tissues and in the membrane regions. The second
is of biological order, the basis of which is essentially the notion of recognition
signals brought by glycan groups and consequently the notion of specific
structure of these groups.

In order to establish relations between specific biological activities and
structures, it was necessary to refine the methodology concerning the struc-
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tural analysis of glycans. In the following section we shall exémine, in
relation to each technique, its improvements, its performance and the limits
of its applications.

PROGRESS IN GLYCOPROTEIN METHODOLOGY

I. What is new in sugar determination?

Four years ago, the identification and quantitative determination of
glycan monosaccharides were mainly realized by colorimetric determina-
tions and paper chromatography. Now, most authors use gas liquid chromato-
graphy (g.1.c.) which is more sensitive and the precision and separating power
of which have attained perfection in the last few years (see reviews by Clamp
et al.>* 23 Dutton?® and Zanetta and Vincendon!*”).

Table 1. Conditions for gl.c. of trifluoroacetyl derivatives of methylglycosylated mono-
saccharides

Maethanolysis 0.5 N HCI 100°C 24 h (neutral sugars and sialic acids)
1.5 N HCI 100°C 48 h (hexosamines)

Evaporation to dryness (under nitrogen)
Trifluoroacetylation (trifluoroacetic anhydride/dichloromethane 1:1), 5 min at 150°C (twice)
Gas liquid chromatography (direct injection of the reaction product):

Glass column (0.3 x 300cm)

OV-210 5% on Varaport 30

Temperature : 110° to 210° (1°/min)

N,: 7.5 ml/min

In our laboratory, we use the method of Zanetta et al.!*% 147 the principle
of which is described in Table 1. However, we apply two kinds of methano-
lysis to a given glycopeptide. The first, using half-normal hydrochloric acid
at 100°C for 24 hours, allows determination of the neutral monosaccharides
and sialic acids. The second, using 1.5 N HCI at 100°C for 48 hours, liberates
quantitatively the hexosamines and the neutral sugars, but causes the de-
struction of a part of the sialic acid residues (Table 2). This procedure of
double hydrolysis is necessary because of the particular stability of the
N-acetylglucosamine-asparagine linkages towards methanolysis we ob-
served using asparaginyl-N-acetylglucosamine and asparaginyl-N-acetyl-
glucosaminyl-B(1 — 6)-N-acetylglucosamine samples kindly furnished by I.
Yamashina and R. W. Jeanloz, respectively.

Table 2. Carbohydrate molar composition of transferrin glycopeptides obtained in different
conditions (Spik and Fournet!*3)

Methods Gal Man GIcNAc NANA

Colorimetric determinations 5 4.2 3

Paper chromatography 24 3 — —

Gas liquid chromatography after methanolysis (100°C; 48 h)
0.5N HCI 24 3 32 32
15N HCI 2.5 3 4 1.8
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On the other hand, it is important to point out that the most drastic con-
ditions of methanolysis (1.5 N HCI at 100°C for 48 hours) lead to interference
of the amino acids in the neutral monosaccharides region of g.l.c. diagrams
which become uninterpretable.

I1. What is new about methylation?

Four years ago, it was impossible to identify and determine all mono-
saccharide methyl ethers that are usually present in the isoglycans: those of
galactose, mannose, fucose and N-acetylglucosamine. At the present time,
the identification and determination of these compounds is possible since
all the methyl ethers of galactose, mannose and N-acetylglucosamine have
been prepared or synthesized. By contrast, the association of mass spectro-
metry and gas liquid chromatography allows an easier identification of the
compounds and offers the possibility of work on microquantities.

(A) Methyl ether preparation

We refer the reader to the reviews by Clamp et al.23, Dutton?®, Fournet
et al.3%33 Haverkamp and Vliegenthart**, Kochetkov and Chizhov*®,
Lindberg”!, Marshall and Neuberger’’ and, concerning the preparation and
chromatographic separation of glucosamine methyl ethers, to Hakomori
et al.12°, thus limiting the presentation to our contribution in this field.

Methods of preparation by glc. of all galactose and mannose methyl
derivatives have been performed in our laboratory. The principle of these
procedures developed by Fournet3? is based not on the organic synthesis
of each derivative but on the preparative g.l.c. of methyl ethyl mixtures ob-
tained by partial methylation of methyl mannosides and galactosides, accord-
ing to Kuhn et al.2 or Handa and Montgomery*?: dimethyl formamide-
silver oxide-methyl iodide for eight hours for the di-, tri- and tetramethyl
derivatives, and 1.5 h for the mono-, di- and trimethyl derivatives. Under the
conditions described in the legends of Figures I to 3, we are able to isolate in

Mono -3
Mono-2

Mono-6

Mono -4

)

Figure 1. The glc. of O-acetyl-methyl-mono-O-methyl-a-D-mannosides. Glass column (0.3 x
300 cm). 3 p. 100 ECNSS-M on Chromosorb W (60-80 mesh). Temperature: 170°C. Carrier
gas: nitrogen. Gas flowrate: 30 ml/min.
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Figure 2. The gl.c. of methyl-a-pD-mannoside di-, tri- and tetra-O-methyl derivatives. Glass
column (0.3 x 300 cm). 3 p. 100 Carbowax 6000 on Chromosorb W-AW-HMDS (60-80 mesh).
Temperature: 170°C. Carrier gas: nitrogen. Gas flowrate: 30 ml/min.
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Figure 3. The glc. of methyl-2-TMS-3,4,6-tri-O-methyl- and 6-TMS-2,3,4-tri-O-methyl-o-D-

mannosides (A) and of methyl-3,4,6- and 2,3,4-tri-O-methyl-a-D-mannosides (B) obtained from

the former TMS derivatives by boiling in a methanol/water mixture (1:1, v/v). Glass column

(0.3 x 300 cm). 3 p. 100 Carbowax 6000 on Chromosorb W-AW-HMDS (60-80 mesh). Tempera-
ture: 150°C. Carrier gas:nitrogen. Gas flowrate: 30 ml/min.
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one step all the mono-, di-, tri- and tetramethylated mannose derivatives,
except the 2,3,4- and 2,4,6-tri-O-methyl derivatives that can be separated in a
second step after trimethylsilylation32: 33-35: 36,

On the same principle and under the conditions described in the legend of
Figure 4, we are able to isolate, in a first step, the methyl derivatives of galac-
tose except the 2- and 3-mono-0-methyl derivatives, and the 2,3,6-, 2,4.6- and
3.4,6-tri-O-methyl derivatives that are separated, in a second step after
O-acetylation3*

Ace‘tyluted
3,46
36
246 3

@ 26 Acetylateg

N 2,4
236 | 348 )
+2 L 6 23

34
2+3

j3 i LJ M\_

0-Methyl Methyl-galactosides

Figure 4. The gl.c. of O-methyl ethers of a-methyl galactoside. Experimental conditions: (i) for
O-methyl ethers: see Figure 2; (ii) for O-acetylated O-methyl ethers: see Figure 1.

All the methyl derivatives we obtained, have been identified by mass
spectrography by H. Mayer (Max Planck Institut, Freiburg im Breisgau).

(B) Identification and determination of monosaccharide methyl esters present in
permethylated glycans

We apply currently in our laboratory the method described by Fournet3?: 33
the principle of which is jllustrated in Figures 5 and 6. Preliminary fractiona-
tion of the electrophoretic ‘neutral fraction’ by thin layer chromatography
(t.1c) is generally applied once only at the beginning of the determinations
in order to judge the complexity of the mixture of methyl ethers. Then
identification and determination of neutral monosaccharide methyl ethers
are carried out by direct g.l.c. of the total ‘neutral fraction’.

The preparation of pure methyl derivatives allows the determination of
molar responses that are, as shown in Table 3 in reference to di-. tri- and
tetramethyl mannose derivatives, very different, varying from 1 to 4 for the
extreme values.

(C) Conclusions
The question of the analysis of monosaccharide methyl ethers constituting
the classical isoglycans is virtually resolved except that of methyl derivatives
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Tri - 0-Me-Fuc + Tetra-0-Me -Gal + Tetra- O -Me -Man

Tri-0 -Me-Man

Tri-0 -Me-Ggl + Di-0 -Me-Man

Di-0 -Me-Gat + Mono-0 -Me -Man

Mono-0-Me-Gal

Non methylated monosaccharides

10N E R
[ US| [0} 0

Figure 6. The t.l.c. of a mixture of methyl ethers of fucose, galactose and mannose. Experimental
conditions: Silicagel G. Solvent: ethyl acetate/chloroform/methanol : 80:10:10. Revelation by
5% sulphuric acid.

of sialic acid. At the present time, the association of mass spectrometry (m.s.)
and gl.c. should allow us to tackle all the identification problems relating to
these compounds and to miniaturize the procedures in order to apply them
to very small quantities of substances as is done with membrane glycocon-
jugates, for instance. There remains, however, a problem when methylation

Table 3. The glc. molar responses of some O-methyl
ethers of methyl-a-D-mannoside (Fournet?4)

2,3,4,6-tetra-0- 1 2,4-di-0- 0.80
2,3,4-tri-0- 0.75 3,6-di-0O- 0.57
3,4,6-tri-O- 039 2,6-di-O- 0.54
2,4,6-tri-O- 0.50 4,6-di-0- 0.49
2,3,6-tri-O- 0.90 2,3-di-0- 0.27
3,4-di-0- 0.53

takes place on glycoprotides in which the carbohydrate moiety is O-glyco-
sidically linked to serine or threonine residues. In this case, the alkaline
conditions of the permethylation induce the liberation of-the glycan by a
B-elimination mechanism and sometimes its degradation by a peeling reac-
tion. So it becomes necessary to liberate and to isolate first the reduced
glycan according to Carlson’s procedure'® and to permethylate it afterwards.

III. What is new about the chemical cleavage of glycosidic linkages?
(A) Partial hydrolysis and acetolysis

Partial acid hydrolysis by sulphonated polystyrene resins, and acetolysis
of glycoprotides have been standardized in our laboratory by Bayard®: ®: 12
who performed a rapid, sensitive and reproducible method of chromato-
graphic mapping'? derived from Ingram’s finger printing procedure. This
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method associates charcoal column chromatography according to Whistler
and Durso!3® with one-dimensional paper chromatography. It provides
information on the monosaccharide sequences in the glycans and allows us,
as an alternative, to compare the structures of glycoproteins of different
origins.

The principle of this technique is illustrated in Figure 7 which concerns
the neutral oligosaccharides liberated by partial hydrolysis using Dowex-50
and by acetolysis. This procedure requires quantities of about 5 to 10 mg
glycan.

15 35 5 75 10 15 35 5 7% 10

ta ib

Figure 8. Chromatographic maps of oligosaccharides present in acetolysates (1a) and in partial

hydrolysates (1b) of asialo-ovomucoid 1. Chromatography on Whatman paper n° 3 for 28 h.

Solvent system: ethyl acetate/pyridine/acetic acid/water (5:5:1:3). Chromatograms are

revealed with aniline oxalate reagent. 0.5, 1.5, 3, 5 and 10: ethanol concentration of charcoal

column eluates. Letters refer to the oligosaccharides the structure of which is described in
Figures 9 and 10.

Figure 8 shows the chromatographic maps of ovomucoid acetolysate and
partial hydrolysate (see the structure of ovomucoid glycan in Figure 32).
One can see that about 15 spots are well defined on the paper chromatogram
and strictly localized in the different ethanolic fractions. One observes, on
the other hand, that the chromatographic maps of hydrolysate and aceto-
lysate are not superimposable but are complementary. Indeed, the structures
of the 14 oligosaccharides present in the acetolysate (Figure 9) and the 12
oligosaccharides present in the partial hydrolysate (Figure 10) have been
determined. They are quite different, except four of them.
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In this way, information about monosaccharide sequences can be easily
and rapidly obtained as it can with haémoglobin peptide sequences and
tRNA nucleotidic sequences. Thus, this procedure is analytical and one can
verify, in this connection, that the oligosaccharides obtained from ovomucoid
are related to the structure of the glycan of this glycoprotein (Figure 32).

GIcNAc-f-(1 — 4)-Man
Gal-B{(1 - 4)-GIcNAc
GlcNAc-f{1 - 2)-Man
Man-a-(1 — 3)-Man
GlcNac-B1 - 3)

AN

moaQw>

Man

GIcNAc-B-(1 - 2)
F  GIcNAc-B(1 — 4)

Man

GIcNAc-B-(1 — 2)

GlcNAc-B-(1 — 4)-Man-a1 — 3) Man

GlcNAc-B«1 - 2)-Man-a-(1 —» 3) Man
Man-a-(1' - 3)

—EQ

Man

GIcNAc--(1 — 4)
J  GlcNAc-B{1 - 2)-Man-o1 — 3)

Man

GIcNAc-B-(1 — 4)
K GIcNAc-B-(1 - 4)

Man-o-(1 — 3) Man

GlcNAc-B-(1 - 2)
L GIcNAc-B-(1 — 4)-Man-a-(1 — 3)

Man
GIcNAc-B(1 — 4)/
M GlcNAc-B-(1 —» 4)\

Man-a+(1 — 3)

GIcNAc-B-(1 - 2) Man

GIcNAc-B-(1 — 4)

Figure 9. Structure of neutral oligosaccharides isolated from ovomucoid acetolysates.

By contrast, elution of oligosaccharides from charcoal being quantitative
in each of the ethanolic fractions, the method becomes comparative and
reveals the profound (Figure 11) or slight (Figure 12) differences that exist
between the structures of glycans from various sources. Figure 12 shows>?,
for example, that the glycans of the ovomucoid variants 1 and 2 possess very
similar structures and that the only difference concerns an oligosaccharide
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GIcNAc-B~(1 — 4)-Man

Gal-B-(1 — 4)-GlcNAc

Man-8-(1 - 4)-GIcNAc

GlcNAc-(1 — 2)-Man

Man-a-1 - 3)-Man

Man-a-1 — 6)-Man

Man-a~(1 — 3)-Man-pf-(1 — 4)-GlcNAc
Man-a~(1 — 6)-Man-B-(1 — 4)-GlcNAc
Man-o-(1 - 3)

-

e e 0o o

Man

Man-a-1 — 6)
i Man-u(1- 3)

Man-8-(1 — 4)-GlcNAc

Man-a~(1 — 6)
j  GlcNAc-B{1 — 2)-Man-a-(1 — 3)\

GlcNAc-B«(1 — 2)-Man-a-(1 - 6)
k  GicNAc-8-(1 — 2)-Man-a-(1 — 3)\
Man-8-(1 - 4)-GlcNAc

Man-a-1 - 6)
Figure 10. Structure of neutral oligosaccharides isolated from ovomucoid partially hydrolysed
by Dowex-50.
15 35 5 75 10 15 35 5 75 10

Figure 11. Comparative chromatographic maps of oligosaccharides present in acetolysates of
asialo-ovomucoid 1 (I) and human serotransferrin (IT) glycopeptides. For experimental condi-
tions, see Figure 8.
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15 35 5 75 10 15 35 5 75 10

Figure 12. Comparative chromatographic maps of oligosaccharides present in acetolysates of
asialo-ovomucoids 1(a) and 2(b). For experimental conditions, see Figure 8.

sequence: oligosaccharide K is present in variant 1 and oligosaccharide X.
the structure of which is still unknown, in variant 2.

(B) Hydrazinolysis—nitrous deamination of glycans

Four years ago, I evoked®? an interesting procedure of specific cleavage of
N-acetylglucosaminyl and -galactosaminyl bonds proposed by Matsushima
and Fujii’® in 1957 and applied by these authors®® 78 and by others*™ 140 144
to glycosaminoglycan studies. The principle of this procedure which is
based on Akabori’s method for the determination of C-terminal amino acids
is the following: the N-acetylhexosamine residues are first deacetylated by
anhydrous hydrazine (or by 2.5 M sodium hydroxide at 90° for 2.5 h according
to Isemura and Schmid®®, then deaminated by nitrous acid; a series of
molecular rearrangements provokes spontaneous cleavage of hexosaminyl
bonds with replacement of hexosamine residues by 2,5-anhydro-hexose
residues?’> 38 48-78 Finally the following compounds are obtained: (i) free
2,5-anhydro-hexose residues coming from the N-acetylhexosamine residues
located at the non-reducible end of glycan moieties or (and) in oligo-N-
acetylhexosaminyl sequences ; (ii) oligosaccharides that possess a 2,5-anhydro-
hexose residue at the reducible terminal position. These compounds are easily
revealed on chromatograms by urea or resorcinol reagents. Figure 13
illustrates the principle of the procedure applied to a ‘classical’ asialoglycan
linked to the peptidic moiety by an asparaginyl-N-acetylglucosamine bond.

Some authors have studied the reaction mechanism and conditions on
oligosaccharide models. To our knowledge, the procedure has been applied
only to the orosomucoid by K. Schmid et al.5°. In our laboratory, Bayard
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has entirely resolved the problem and we have been using this method
regularly for the last two years.

In a first step, Bayard® '° defined the conditions of a quantitative deacetyla-
tion of N-acetylhexosamine residues by using the methyl N-acetyl-B-p-
glucosaminide :anhydrous hydrazine/glycoprotein ratio:1:10, 100°C for 30 h.

Man
Y—l}
Gal 4 GleNAe] — Man P24, GleNac224, GleNAcEL Asn
i ﬁ-x,s
Man
Hydrazinolysis
Man
\Ym
B-14 p-1,4 B-1,4 -
Gal ——GIcNH,| —— Man —— GIcNH,——GIcNH, | Asp B-hydrazide
" 1,6
Man Nitrous deamination
Man
a-1,3
[Galﬂiz,s-anhManJ ManMZ,S-anhMan 2,5-anhMan
" a-1,6
Man
COMPOUND 1 COMPOUND 2 COMPOUND 3

Figure ]3. Hydrazinolysis—nitrous deamination of a ‘classical’ asparaginyl-asialoglycan.
Compound 1: mannotriosido-2,5-anhydromannose. Compound 2: galactosido-2,5-anhydro-
mannose. Compound 3: 2,5-anhydromannose.

In these conditions, hydrazinolysis liberates, under N-deacetylated form,
the glycans that are conjugated to the proteins by an asparaginyl-N-acetyl-
glucosamine linkage (Figure 13)% 1957144 On the contrary, because the
O-glycosidic bonds are stable towards hydrazine, the O-glycosidically conju-
gated glycans remain, under N-deacetylated form, attached to an amino acid
hydrazine residue® '°. Thus the method allows us to distinguish the glycans
O- and N-glycosidically linked to the peptidic chains.

In a second step, Bayard applied the method to different glycoproteins
and performed the following techniques®: °: N-deacetylated glycan purifica-
tion; nitrous deamination; fractionation, identification and quantitative
determination of cleavage products by paper chromatography. Applied to
the sialic acid free-orosomucoid the procedure leads to the formation of 2,5-
anhydromannose, galactosido-2,5-anhydromannose and mannotriosido-2,5-
anhydromannose in 1:4:1 ratio. These results confirm the existence of four
N-acetyllactosamine residues in orosomucoid (see Figure 31).

Finally, as the hydrazinolysis-nitrous deamination is quantitative, it is
possible to obtain comparative chromatographic maps (Figure 14) which
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show the presence of the following oligosaccharide sequences common to
numerous glycoproteins: di-N-acetylchitobiose, N-acetyllactosamine and
mannotriosido-N-acetylglucosamine.

The hydrazinolysis—nitrous deamination procedure appears to be a very
valuable method in the study of glycan structures. It can be applied equally

Figure 14. Comparative paper chromatography of the compounds obtained by hydrazinolysis-

nitrous deamination of fetuin (FET), orosomucoid (ORO), serotransferrin (TF) and lacto-

transferrin (LTF). Experimental conditions: Whatman 3 paper; pyridine/ethyl acetate/acetic

acid/water (5:5:1:3); 10 h; phosphoric acid-urea reagent. 1: mannotriosido-p-1,4-anhMan;
2: galactosido-B-1,4-anhMan ; 3: 2,5-anhydromannose(anhMan).

to glyco-amino acids, to glycopeptides or to glycoproteins. It is very sensitive
since it needs only a few milligrams of compound. Contrary to Isemura and
Schmid’s alkaline cleavage procedure, it liberates completely the non-
degraded and quantitatively N-deacetylated glycans (Tuble 4). Lastly, it
allows us to obtain quickly the tetrasaccharidic core of glycoproteins, manno-
triosido-2,5-anhydromannose, and to demonstrate by the successive action
of a-, then of B-mannosidases the presence of a B-mannosidic linkage.

(C) Action of alkalis

It is well known since the works of Meyer and Pigman, that alkaline
solutions cleave the O-glycosidic bonds of serine and threonine by a f§-elimin-
ation process. Several research programmes have been undertaken since 1963
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to understand the mechanism of the reaction, on the one hand, and to avoid
the peeling-reaction of the liberated glycans on the other hand (see reviews
by Aminoff et al.!, Carlson'®, Neuberger et al.°* °3 and Pigman et al.'°°).
This work has led Carlson!® to propose a procedure (Table 4) that allows us to
obtain reduced glycans protected from subsequent degradation by the pre-
sence of a polyol residue in the terminal position. One cannot, however, avoid
the cleavage of some asparaginyl-N-acetylglucosamine bonds that are unstable
in an alkaline medium at elevated temperatures>.

(IV) What is new about glycosidases? -
(A) Exoglycosidases

Four years ago the sources of glycosidases were rare and it was moreover
difficult to foresee the activity and the specificity of exoglycosidase action
that might vary with the origin of the enzymes and with the structure of the
carbohydrate moiety to which the terminal non-reducing monosaccharide -
residue is attached.

At the present time, active preparations are commercialized and the
various parameters of their activity and specificity are well defined (see recent
reviews in ref. 90).

It is important, however, to avoid extrapolating, generalizing and postu-
lating, for instance that galactose residues are always B-glycosidically linked
and that the mannose or fucose residues are always a-glycosidically conju-
gated. The results obtained by some authors require prudence: (i) Nelsestuen
and Sutties®! have characterized a-galactose residues in bovine prothrombin
(0/B-galactose ratio:1:1); (i) Buddecke et al.!3® have demonstrated that
there exists about two per cent a-galactosidic bonds and six per cent a-gluco-
sidic bonds in the Gy, -ganglioside from cattle brain.

In this connection, the demonstration by Tarantino et al.!?4 12% 131 and
by many other authors®®- 122133 that B-mannosidic bonds exist in numerous
glycoproteins is of capital importance from structural, metabolic and bio-
logical points of view. This fact has been proved for the first time on the
ribonuclease B and on the ovalbumin!2* by an experimentation which is
summarized in Figure 15 and which is susceptible to be extended to numerous
glycans. Moreover, the fact can be rapidly demonstrated by using the
hydrazinolysis—-deamination procedure (see above) or by applying to the

OVALBUMIN
Protease and glycosidases digestion

X -1,4 .
Man E2, GleNAe 224 GleNAc—2 L Asn

Endo-N-acetylglucosaminidase from chitinase

Man Eﬁ* GIcNAc + GIcNAc —El—>Asn

B-mannosidic linkage demonstrated by ORD, IR, GLC, resistance to a-mannosidase and cleav-

age by B-mannosidase from hen oviduct, urine or pineapple bromelin devoid of a-mannosidase

activity.

Figure 15. Demonstration by Tarentino et al. that mannose is B-glycosidically linked to the
di-N-acetylchitobiose residue in hen ovalbumin.
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0.10r Man- (GlcNAc),-Asn GlcNAc -Asn
GlcNAc-GleNAc -Asn A
005}
€
c y ,1;
e Man-(GlcNAc)z-Asn 7
+
2 0.05- B-Mannosidase B
g
S . . . e / fL\r——f\_
'g Man -(GlcNAc), -Asn ¢
+*
< 005 B -Mannosidase
+
B - Hexosaminidase

s L L i"J - " N
20 30 40 50 60 70" 120 130 140 150
Time, Minutes
Figure 16. Identification of the glycosidic digestion products from ovalbumin glycopeptide

Man — GIcNAc — GIcNAc — Asn. Beckman 120 C amino acid analyser with column of
PA-28 cation exchange of resin.

Manp-(— 4)GIcNAcB-(1 —» 4GIcNAcB«1 — )Asn sequence an elegant
chromatography procedure on cation exchangers described by Li et al.5®
and illustrated in Figure 16. Snail' 23, human urine’®, pineapple bromelain®®,
hen oviduct'2®, Turbo cornutus and Charonia lampas®°, are good sources of
B-mannosidases.

(B) Endoglycosidases

Four years ago, I regretted the lack of endoglycosidases that put us in an
inferior position towards the protein structure specialists who possessed
numerous endopeptidases. At the present time, two types of endoglycosidases
have been described that are active on the isoglycans linked by an asparaginyl-
N-acetylglucosamine bond. One liberates the complete glycan and the other

(R) - GleNAc—LL Asn

amidase

(R) > 1 — NH, — GIcNAc + Asp — AMIDASE

non-enzymatic hydrolysis

(R) - GIcNAc + NH; + Asp + AMIDASE

Sources of amidase: Ram epididymis (Eylar, 1966)
Hen oviduct (Tarentino, 1969)
Rat liver (Conchie, 1969)
Hog serum and kidney (Yamashina, 1972)
Snails (Kaverzneva, 1973)

Figure 17. Mechanism of 4-L-aspartylglycosylamine amido hydrolase (glycoaspartamidase)
action and sources of enzyme.
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Table 5.
GleNAc P14, GleNAc—B-L Asn

This sequence is present in the following glycoproteins:

a-Amylase (A. orizae)

Bromelin

Deoxyribonuclease A (bovine)
Fetuin

IgG (human and bovine)

IgM, IgE (human)

Invertase (S. cerevisiae)
Lactotransferrin (human)
Orosomucoid

Ovalbumin

Ovomucoid

Prothrombin (bovine)

Ribonuclease B (bovine and porcine)
Serotransferrin (human)

Taka amylase A

Thyroglobulin (human, calf, porcine)

the glycan shorn of the N-acetylglucosamine residue conjugated to the
asparagine residue.

(1) The first enzyme is a glyco-aspartamidase (see Yamashina’s review'43).
It cleaves the N-acetylglucosamine-asparagine amide bond provided
that the latter is not conjugated to any amino acid. The 4’-L-aspartyl-N-
acetylglucosylamine amide hydrolase sources and the mechanism of its
action, elucidated by Tanaka et al.!?’, are described in Figure 17.

(2) The second type of endoglycosidases concerns enzymes of Diplococcus

Cultural filtrates of Streptomyces griseus

(R) - GIcNAcL4GleNAc B (Asn)

(R) - GIcNAc + GleNAc L (Asn)

Sephadex G-100

ENDO-B-N-ACETYLGLUCOSAMINIDASE L
Man — GlcNAc-224, GleNAc ELsasn

ENDO-B-N-ACETYLGLUCOSAMINIDASE H
Man), — GlcNAc2L4, GleNAc B Asn

(GIcNAG), (Man)s - GleNAc 214, GleNAc-EL Asn
(GIcNAc), (Man)s — GlcNAc £24,GlcNAc -
(GIcNAc), (Man) (GlcNAc), - Asn——>H] dansyl

Figure 18. Properties of the endo-B-N-acetylglucosaminidases L and H from Streptomyces
griseus.
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pneumoniae®® 718 and Streptomyces griseus'?®-131:132 that act as endo--
N-acetylglucosaminidases on B-1,4-N-acetylglucosaminide bond of the
di-N-acetylchitobiose residue present in numerous isoglycans (Table 5). These
preparations can be fractionated (Figure 18) by Sephadex G-100 chromato-
graphy into an endo-B-N-acetylglucosaminidase L which is active only on
asparaginyl oligosaccharides of low molecular weight, and into an endo-p-N-
acetylglucosaminidase H which is active on compounds of high molecular
weight. This last form acts on the [>H]-dansylaspartyl oligosaccharides, a
property which allows its characterization and the determination of its
activity!28, A similar enzyme had also been characterized in chitinase
preparations!3® and more recently in porcine and rat liver®*.

INFORMATION ON ISOGLYCAN STRUCTURES

Four years ago, no structure of isoglycan was established with certainty.
Numerous schemes of structure were, however, proposed, concerning in
particular orosomucoid, ovalbumin and ovomucoid, but all were based on
the application of two or three methods of structure determination, generally
periodic oxidation and the use of glycosidases. Any of them survived to the
application of the precise methods performed within the last few years. At
the present time, the structures of numerous isoglycans have been determined
and may be considered as definitive, in so far as one can be sure that a scien-
tific problem is ever definitively resolved.

Before reviewing the present state of knowledge of the structure of iso-
glycans, I should like to present first the results we obtained in our laboratory
concerning serotransferrin, the entire structure of both glycans of which we
have determined by application of the following procedures: acetolysis,
partial acid hydrolysis, hydrazinolysis—nitrous deamination, methylation and
enzymatic hydrolysis. Then, on the basis of the structure of the serotrans-
ferrin glycans, I shall describe the isoglycan structure of other glycoproteins
recently proposed.

(I) Structure of serotransferrin isoglycans

Serotransferrin (STF) is a glycoprotein the protein fraction of which is
formed of a single peptidic chain with valine on the N-terminal position
and half-cystine on the C-terminal position. Two isoglycans3? 15 whose
monosaccharide composition is given in Table 2 are conjugated to the protein
by an asparaginyl-N-acetylglucosamine linkage!!% 1%, Serotransferrin fixes
reversibly two iron atoms and it has been demonstrated3! 54 87- 88 that the
ferriprotein is able to associate with the reticulocyte membrane proteins
from which it separates after ceding the iron it transported. Although the
STF fixation mechanism on the membranes is not yet known, one can
imagine that the glycans carry the recognition signal for these membranes.

In our laboratory, in order to avoid an eventual error due to structural
differences between the two glycans, we have, in a first step, isolated them in
the form of glycopeptides and we have, in a second step, determined their
structure!1? 114.116.117 'We shall call Glycan I and Glycan II the carbo-
hydrate moieties conjugated toward the N-terminus and the C-terminus,
respectively.
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(A) Glycopeptide isolation

In a first series of papers!!® 15 Spik et al. have shown that asialo-STF,
hydrolysed by pronase, yielded two glycodipeptides in which the glycan was
linked by an asparaginyl-N-acetylglucosamine bond. The structure of the
peptide fractions is Asn-Lys for the one, and Ser-Asn for the other. More
recently! 'S, Spik et al. hydrolysed the native STF with pronase and applied
the free flow electrophoresis technique to the fractionation of hydrolysates.

APO-SEROTRANSFERRIN

Hydrolysis by pronase

Purification on cation and anion exchangers

Free flow preparative electrophoresis pH 2.4

Detection of carbohydrates with phenol-H,SO, reagent

+ -

N

1| 2| 3|4 5| 6

A B (of Fractions

A B C
100mg 400 mg 420 mg
Ser-Asn Ser-Asn Asn-Lys
2 2

NANA 3

Gal 3 2 2
Man 3 3 3
GIcNAc 5 4 4

Figure 19. Fractionation by free flow preparative electrophoresis (Elphor Vap II apparatus)
and composition of the glycopeptides obtained by pronase digestion of human serotransferrin
(Spik et al., 1974).

In Figure 19 is described the procedure and the characteristics of the isolated
glycopeptides. The results obtained can be summarized as follows:

(1) The free flow electrophoresis yields three glycopeptides that are electro-
phoretically homogeneous. _

(2) Glycopeptides B and C differ in their amino acid composition but are
identical in their carbohydrate composition. Glycopeptides A and B possess
the same amino acid composition but are different in their carbohydrate
composition: Glycopeptide A possesses one N-acetyl-neuraminic acid, one
galactose and one N-acetylglucosamine residue more than glycopeptides B
and C. These differences in amino acid and sialic acid composition of glyco-
peptides A, B and C explain their electrophoretic behaviour.

(3) By associating these results with some data previously obtained!®: 2°
about the peptidic structure of two glycopeptides isolated from tryptic and
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GLYCOPEPTIDE I
Glycan I

Tyr-Asn-Lys-Ser—Asp—Asp—Asn-Gln-Glu-Cys-Thr—Pro-Ala-Gly-Tyr

GLYCOPEPTIDE II
Glycan 11

Phe—Gly—Ser—Asn—Val—Thr—Asp—Cyls—Ser—Gly—Asp——Phe—Leu—Phe—C)js

Figure 20. Peptidic sequences of glycopeptides I and II isolated from hydrolysates of human
serotransferrin.

chymotryptic hydrolysates of STF (Figure 20), we can identify and replace in
the peptide chain the glycopeptides A, B and C. Indeed, by considering as
markers the serine and lysine residues on the one hand, and the half-cystine
residue on the other hand, we can conclude (i) that glycopeptide C comes
from the ‘inner’ fraction of the peptidic chain and that its glycan is GlycanI;
(ii) that glycopeptides A and B are located on the C-terminal part of the peptidic
chain and that their glycans are Glycans II (Figure 21).

Glycan | Glycan II
~ — —Asn—---Cy-—-Cy-COOH
H,N-Val Asn-Lys Ser-Asn y y

4 +
Glycopeptide C  Glycopeptides A and B

Figure 21. Position of the glycans I and II in the polypeptide chain of human serotransferrin.

(B) Structure of STF glycans

(1) Glycopeptides B and C glycans. Application of the above-mentioned
procedures to the glycans of glycopeptides B and C leads to the conclusion
that they are identical and possess the structural pattern described in Figure
22.

NANA 226, Ga] B:L4, GleNAc 242> Man
a-1,3

Man—")'—'ﬁ-> GlcNAcB-A> GIcNAc B—} Asn

‘ /;-1,6
NANA 228, Ga1 214, GieNac L2 Man

Figure 22. Structure of glycans I and II of glycopeptides C and B, respectively (see Figures 21
and 23).

This structure has been established on the basis of the following experimental
results;

(a) Mild acid hydrolysis carried out in different conditions liberates all
sialic acid residues and, among numerous other oligosaccharides, N-acetyl-
lactosamine, the mannotriose fragment and aspariginyl-N-acetylglucosamine.

(b) Acetolysis gives the following interesting oligosaccharides: Galp-
(1 - 4) GIcNAc; GIcNAcB-(1 —» 2)Man; Manf-(1 —» 4)GlcNAc; NANAa-

454



STRUCTURE OF THE CARBOHYDRATE MOIETY OF GLYCOPROTEINS

(2 - 6)Galp-(1 - 4)GIlcNAc; NANAa-(2 - 6)Galp-(1 - 4)GIcNAcB~(1 - 2)
Mana(l — 3)Man.

() Hydrazinolysis—nitrous deamination of asialo-glycopeptides B and C
leads to the formation of three components (Figure 4) which were isolated
by preparative paper chromatography and identified as 2,5-anhydromannose
(anhMan), Galp-(1 —» 4) anhMan and Mano(l — 3) [Mana-(1 — 6)] Manp-
(1 > 4)anhMan, in a 1:2:1 molar ratio. As no N-acetylglucosamine residue
was found in an external position by methylation and by enzymatic hydro-
lysis, the presence of free 2,5-anhydromannose demonstrates that the sequence
GIcNAc — GIcNAc is present in both glycans. The B-mannosidic linkage
has been proved by the use of a B-mannosidase from pineapple bromelain
devoid of a-mannosidase activity, after removal of a-mannose residues by
a-mannosidase.

(d) Exhaustive methylation of sialo and asialo-glycopeptides B and C shows
(Figure 23 and Table 6) that (i) the same methylated neutral sugars in identical
molar ratios are found in both glycopeptides; (ii) the galactose residues are
substituted in 6-position by sialic acid residues; (iii) only 3,6-di-O-methyl-N-
methylglucosamine has been identified.

(e) The anomery of glycosidic bonds was determined with glycosidases
acting either on native glycopeptides or on oligosaccharides obtained by

2,3,4,6 -Gal 1 2,3,4,6 -Gal

3,4,6 -Man

3,4,6-Man 3,4,6 -Man
3,4,6-Man

2,3,4 -Gal

23,4-Gal
2,4-Man 2,4-Man
uh 2,4 -Man
- L

Asialoglycopeptide B Sialoglycopeptide B  Asialoglycopeptide C Sialoglycopeptide C

2
3,6- {

Asialo- and Sialoglycopeptides B and C

Figure 23. The g.l.c. of methylated neutral sugars (1) and N-CH, silylated glucosamine (2) from

serotransferrin glycopeptide B (Ser-Asn—CHO) and glycopeptide C (CHO-Asn-Lys). Experi-

mental conditions: (1) Glass column (0.3 x 300 cm). 3 p. 100 Carbowax 6000 on Chromosorb

W-AW-HMDS (60-80 mesh); temperature: 170°C. (2) Glass column (0.3 x 180 cm). 3 p. 100
OV-17 on Chromosorb W-AW-HMDS (100-120 mesh); temperature : 120°C.
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Table 6. Identification and molar ratios of monosaccharide methyl ethers
present in the hydrolysates of sialo- and asialoglycopeptides B and C of

serotransferrin
Glycopeptide B Glycopeptide C
Methyl ethers
Sialo- Asialo- Sialo- Asialo-
2,3,4,6-Gal — 1.85 — 1.90
2,3,4-Gal 2.04 — 2.09 —
3,4,6-Man 1.70 1.85 2.24 1.62
2,4-Man 1.00 1.00 1.00 1.00

partial acid hydrolysis, by acetolysis or by hydrazinolysis—nitrous deamina-
tion. The exoglycosidases we used were the following : neuraminidase from C.
perfringens, B-galactosidase and N-acetyl-B-hexosaminidase from ox spleen,
a-mannosidase from jack bean meal and B-mannosidase from crude pine-
apple bromelain.

(2) Glycopeptide A glycan. Methylation studies and glycosidase action
demonstrate that the glycopeptide A glycan, as compared to glycopeptide B

NANA NANA NANA
®-2,6 @-2,6 a-2,6
Gal Gal Gal
p-1.4 l B-1.4 p-1.4
GIcNAc GIcNAc GIcNAc
l B-12 1 B-1,2
Man Man ?
u-1.3\‘ / a-1,6
Man
B-14
GIcNAc
B-14
GIcNAc
B-1
Asn

Figure 24. Bi- and tri-antennary glycans of human serotransferrin.
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and C glycans, possesses a third sequence NANAa+2 — 6)GalB-(1 — 4)-
GIcNAc but we still ignore the monosaccharide residue on which this tri-
saccharide is conjugated.

(C) Conclusion

On the basis of these results we can conclude that:

(1) Human serotransferrin possesses two types of glycans (Figure 24). The
first is ‘biantennary’ and results from the substitution of the mannotriosido-
di-N-acetylchitobiose core by two N-acetylneuraminyl-o(2 — 6)-N-acetyl-
lactosamine residues. The second is ‘triantennary’ and results from the con-
jugation of three N-acetylneuraminyl-a(2 — 6)-N-acetyllactosamine residues
to the same core.

GLYCAN I GLYCAN 1I
H,N-Val Asn-Lys Ser—Asn Cy-COOH

Yoy
Y Y

Figure 25. Two hypothetical ‘isomers’ of human serotransferrin.

(2) Only one biantennary glycan is linked to the serotransferrin peptide
chain in ‘position I, while either a bi- or triantennary glycan can be fixed in
‘position II’ (Figure 25). We postulate, but it is pure speculation and imagina-
tion, that there are two human serotransferrin ‘isomers’, the one probably
recognizing the reticulocyte membranes and the other recognizing other cell
membranes.

(IT) Structure of other glycoprotein isoglycans

Applying the method of glycan isolation in the form of glycopeptides to
lactotransferrin, a glycoprotein from human milk84 !!! that like serotrans-
ferrin reversibly fixes two iron atoms, we have isolated the two glycans of
that glycoprotein in the form of glycopeptides (Figure 26)*'” and determined
their structure (Figure 27)114-116-117 These glycans possess identical struc-
tures and the only difference between them and the structure of the serotrans-
ferrin biantennary glycans consists of the supplementary fucose residue
linked by an a-1,6 bond to one of the four N-acetylglucosamine residues of
each glycan.
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GLYCOPEPTIDE 1
Glycan
Pro-Phe-Leu-Asn—-GIn-Thr-Gly-Pro-Pro-Pro-Ile-Gln-Ala-Val-Ala-Trp-Arg

GLYCOPEPTIDE II
Glycan

Leu-Phe-Asn-GlIn-Thr-Gly-Ser-Cy-Trp-Lys

Figure 26. Amino acid sequences of the two glycopeptides isolated from tryptic hydrolysates
of human lactotransferrin.

B-1.2 , Man

\\i!-l 3
anP24, GleNAc 214 GleNAc Bb Asn

2 1
S

NANA 228, Ga B-14 GleNAc

NANA 226, Gaj B-14, GleNAc 12, Man
3

Fuc-216,(GIcNAc)
1.2.30r4

Figure 27. Structure of the two glycans of human lactotransferrin.

NANA-228, Gai-B14, GleNAc£225 Man
a-1,3

Man-24, GieNAcEL45 GleNAc &4 Asn

B-12 /;—1,6 [ a-1,6

Man
Fuc

Figure 28. Structure of B-glycopeptide of myeloma IgE glycan.

NANA2285 Ga1-224 GleNAc

_Gal &14GieNAc 2125 Man
',/ a-1,3
SA 26 Man-224, GleNAcEL4s GIeNAe 23 Asn
-1.4 1,2 ﬁ L6
“Gal £ GieNAc EL:2> Man + Fuc X8, (GIcNAQ) ?

Figure 29. Structure of cow colostrum IgG glycan.

Gal
B-14
GlcNAc
B-1,6 (2)
NANA-225, Gal- 824, Glenac B2 pan
o
Manfl4 Glcl\%Ac JH—“'»G}CNAC - Asn
a-2.6 14 S eemececaas
NANA— Gal 214> GleNAc — Man” @ Fuc

Figure 30. Structure of porcine thyroglobulin glycan.
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Gal
B-1,4
5 GlcNAc
B-1.4(3)

NANA - Gal MG]CFAC B12, Man .
-1,

B- B-

Man224, GleNAc 214 GleNAc 2 Asn
NANA - Gal-2% GleNAc 22+ Man

2 1
ﬁ'-l,s
3

Gal 214, GIcNAc | linkedin 1,2, 3, 4 or 5

Figure 31. Structure of A, B and C glycans of orosomucoid.

In Figures 28 to 37 are depicted isoglycan structures of the following
glycoproteins: myeloma IgE (Figure 28), cow colostrum IgG (Figure 29)*!,
porcine thyroglobulin (Figure 30)3° 133, orosomucoid A, B and C glycans
(Figure 31)*3 199, asialo-ovomucoids 1 and 25! (Figure 22)'!, fetuin (Figure
33)% 119 ovalbumin (Figure 34)*°, bovine ribonuclease B (Figure 35)'2°,
Taka-amylase A (Figure 36)'*2, human and calf thyroglobulin (Figure 37)2.

GIcNAc
B-1.?

Gal-M»GlcNAc B2 Man

a-14

GIcNAc

B-1,.4

GlcNAc&Man
a-1.3

GleNAc B4 Man 14, GleNAc-8:14, GleNAc-ELs Asn

GlcNAc 12, Man 7 * 16
B-14
GIcNAc

a-1,4

Man
B-1, ?

GlcNAc
Figure 32. Structure of glycans of asialo-ovomucoids with 1 and 2.
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(GIcNAc), , o,, —> Man — GIcNAc — GIcNAc — Asn

(Man)g5 7" (Man),

Huang et al. M?n
GIcNAc Oorl .
Bayard
Man
a-1,3
Man 14, GleNAc-L44 GIeNAc — Asn
/1-1,6 Tarentino et al.
Man

Figure 34. Structure of ovalbumin glycan according to Montgomery*® modified by Bayard®
applying the hydrazinolysis-nitrous deamination method and*by Tarentino!3°,

Man£:L4, GicNAcBL45 GleNAc 2L Asn
) t

(Man), ( Man)5 .

Figure 35. Structure of bovine ribonuclease B glycan.

Man

l a-1,2

Man

\z‘-l.a -

Man——GIcNAc
/&-1,6

p-14

GIcNAc — Asn
a-1,6_,Man _g-1,3
Man~—"" “~Man

Figure 36. Structure of Taka-amylase A glycan.

(Man),
a-1,2
Man M Man
a-1,3 (4)
Man %> GleNAcEL45 GIcNAc — Asn

a-1,2
Man

a12 (V '\.1-1,2 (3,4)

Man Man
a-1,2 I a-1,2
(Man), (Man),
Figure 37. Structure of human and calf thyroglobulin glycan.
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(IIT) Conclusions

The recently acquired knowledge concerning the structure of isoglycans
leads to the following observations and conclusions:

(1) Most of the structures described in Figures 22 and 27 to 37 present the
common structural pattern of the mannotriosido-di-N-acetylchitobiose
linked to an asparagine residue:

Man
a-1.3
Man 214 GIcNAc 4% GleNAc &L Asn
a-1.6
Man'

In a first family of isoglycans (Figures 22 and 27 to 33), this pentasaccharidic
core is substituted by a variable number of N-acetyllactosamine (GalB1 —
4GIcNAc) to which sialic acid or fucose residues might be conjugated.
In a second family of mannose-rich isoglycans (Figures 34 to 37), the penta-
saccharidic core is only or essentially substituted by oligomannosidic
residues. We propose that these glycoproteins are said to be of ‘N-acetyl-
lactosamine type’ and of ‘oligomannoside type’, respectively. These concep-
tions are illustrated by the'schemes of Figure 38.

SA, Man
A (Gal > GIcNAo), \Man - GIcNAc - GIcNAc > Asn
Fuc, Man g
Man
B (Man), \Man - GIcNAc — GIcNAc 1> Asn
Man

Figure 38. General structural scheme of glycoproteins of N-acetyllactosamine type (A) and of
oligomannosidic type (B).

(2) Several structural patterns are common to numerous glycoproteins.
They are reviewed in Tables 5 and 7 to 11.

(3) Thus we reach the conclusion that isoglycans present a certain unity in
their structures. May I recall, in this connection, that we expressed- this
hypothesis 12 years ago® on the basis of results we obtained by studying the
kinetics of numerous glycoprotein hydrolyses and the nature of the liberated
products. In every case, sialic acid and fucose were entirely liberated at the
beginning of the hydrolysis, followed by galactose, N-acetyllactosamine and
an important amount of (N-acetyl)glucosamine ; mannose appeared later on
and moreover we were able to isolate a non-dialysable fraction containing
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Table 7.

Man 214, GicNAc B4, GicNAc—LoAsn

This sequence is present in the following glycoproteins:

a-Amylase (A. orizae)

Bromelain

Fetuin

1gG (human and bovine)

IgM, IgE (human)

Lactotransferrin (human)
Orosomucoid

Ovalbumin

Ovomucoid

Prothrombin (bovine)

Ribonuclease B (bovine and porcine)
Serotransferrin (human)

Taka amylase A

Thyroglobulin (human, calf, porcine)

mannose and glucosamine. Among the liberated oligosaccharides we always
characterized, in addition to N-acetyllactosamine, two mannobiose isomers,
later identified by Fournet3’ as a-1,3 and a-1,6 isomers, and a mannotriose.

(4) We must, however, take care in generalizing and relate a priori all
isoglycan structures to the two fundamental schemes of Figure 38. Indeed, as
shown in Figures 39 to 41, several isoglycan structures do not correspond to
these two patterns. One must, however, consider that they are relatively
ancient, that they were generally determined on the basis of using two or
three analytical methods and that they probably might not resist the applica-
tion of techniques refined and improved since the time of their elaboration.

Table §.
Man
a-1,3
Man —ﬂﬂ» GIcNAc il‘—“» GlcNAc—B:L»Asn
a-1,6
Man

This sequence is present in the following glycoproteins:

Fetuin

IgE, IgM (human)

1gG (human and bovine)
Lactotransferrin (human)
Orosomucoid
Ovalbumin

Ovomucoid
Prothrombin (bovine)
Serotransferrin
Thyroglobulin (human, calf, porcine)
Taka amylase A
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Table 9.
GleNAc 212, Man_ 5

Man —B—'—ﬁ» GIcNAc _5;4, GIcNAc ﬂ»Asn

/a-l,6

GleNAc 212, Man

This sequence is present in the following glycoproteins:

IgE, IgM (human)

IgG (human and bovine)
Lactotransferrin (human)
Orosomucoid
Ovomucoid
Serotransferrin
Thyroglobulin (porcine)

Table 10.

B-1,4 B-1.2

Man
a-1,3

Gal GIcNAc

Man 24, GieNac 214 GleNac 2L Asn

a-1,6

P12, Man

Gal 214, GlcNAc

This sequence is present in the following glycoproteins:

IgE (human)

IgG (bovine)
Lactotransferrin (human)
Orosomucoid
Serotransferrin
Thyroglobulin (porcine)

Table11.

NANA 228, Ga1 B4, GleNAc 212 Man

Y—l,i&
1

Man 14 B-14

GIcNAc GlcNAcﬁ'—1>Asn

a-1,6

-6 Man

B-14 B-1.2

NANA-%28, Gal GlcNAc

This sequence is present in the following glycoproteins:

Myeloma human IgE
Cow colostrum IgG
Human serotransferrin
Human lactotransferrin
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GIcNAc -—Bﬁ»Man
a-1,3
Man - GleNAc-L4, GleNAc B Asn
1 _ a-1,6
Gal 2485 GieNAc 212 Man [a-l.? I
Fuc or GIcNAc
Ia-lﬁ 4)
Fuc

Figure 39. Structure of human myeloma IgG glycan®'.

Gal2L4 GieNAc 222 Man
a-1.3

Man — GIcNAc — Asn

ﬁ-l 6 .

- ’ -1.7

Gal&GlcNAc —MMan I *
Fuc

Figure 40. Structure of human myeloma IgM glycan’°.

Man
o-1,3
Man 8%, GleNAc 223 Man B4 5 GleNAC 8L Asn
M a-1,6 ‘ a-1.6
an
Man
I a-1,2
Man

Figure 41. Structure of C-1 glycopeptide from human myeloma IgE”.

The example of the ovalbumin structure is, in this connection, quite demon-
strative (Figure 34): the use of new enzymes by Tarentino et al.'3° and the
application of the hydrazinolysis-nitrous deamination by Bayard® !° has
related Montgomery’s structure to the mannotriosido-di-N -acetyl-chitobiose

core.

METABOLIC AND BIOLOGICAL IMPLICATIONS

Are the recent data concerning the isoglycan structures and, in particular,

the structural similarities compatible with their metabolism and with the

biological role of cell recognition signals they play?

(I) Structure and metabolism
(A) Glycoprotein biosynthesis
It is now well established (see Clauser et al.>*, O’Brien and Neufeld®?,
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Louisot’2, Piras and Pontis!®!, Bosmann'4, Bosmann et al.!®, Molnar®°,
Roseman'®, Schachter!® for reviews) that the glycans are synthesized by
the transfer of monosaccharides from sugar nucleotides on acceptors. This
transfer is catalysed by specific glycosyltransferases according to the following
general reaction

Monosaccharide — nucleotide + Acceptor

- > Monosaccharide — Acceptor + nucleotide
M +

Glycosyltransferase
It has also been shown that glycan biosynthesis is sequential: a part of the
N-acetylglucosamine residues and all the mannose residues are transferred
into the rough reticulum and the remaining monosaccharides into the
smooth reticulum.

SA, Man
(Gal - GIcNAc), Man — GIcNAc — GIcNAc - Asn

Fuc,. Man

/
7

SR + G RR

Figure 42. Biosynthesis by the rough reticulum (RR), smooth reticulum (SR) and Golgi apparatus
(G) of the different segments of a glycanpmolecule.

The structures we have described are in good agreement with this con-
ception since the monosaccharide sequence in the glycans follows the
sequence of metabolic events (Figure 42). On the other hand, since the
glycan structures are well defined and never random, we can conclude that
their biosynthesis is strictly controlled either by the glycosyltransferase
specificity or by regulation systems.

Finally, the question is how to determine whether the schemes of structure
we have described are compatible with the most recent conceptions of
glycoprotein biosynthesis. In the ancient concept, it was thought that the
monosaccharides were conjugated one after the other and that they were
directly transferred from the sugar nucleotides to the peptide or carbo-
hydrate acceptors. Since the works of Horecker, Jeanloz, Leloir, Lennartz,
Osborn, Robbins, Strominger and many others (see reviews of Heath*>,
Leloir®3, Lennarz®* %, Lennarz and Scher®®, Osborn®’, Wright and
Kanegasaki!4!) it is well established that there must exist between the
precursors and the acceptors some phospholipid intermediates with iso-
prenic structures, as for example, the dolichol phosphate (Figure 43) and
that these compounds are capable of conjugating to the acceptors not only
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(|JH3 CIH3 (|JH3
CH,—C=CH—CH,{-CH,—C=CH—CH, 1 CH,—CH—CH,—CH,OH

12 10 21

Figure 43. General structure of dolichols.

monosaccharides but also oligosaccharides. This conception is illustrated by
the Figure 44'3.

The schemes of isoglycan structure we know at the present time are
absolutely compatible with the concept of sugar phospholipid carriers. In
this connection, and in a purely speculative manner, we propose in Figure 45

Dolichol-P + UDP « GlcNAc = Dolichol-P-P « GlcNAc + UMP
Dolichol-P-P «- GlcNAc + UDP « GIcNAc = Dolichol-P-P « (GIcNAc), + UDP

nGDP « Man—p— nGDP

Dolichol-P « (Man),=t—>Dolichol-P

Dolichol-P-P « (GIcNAc), < (Man),
Dolichol-P-P « (GlcNAc), — (Man), + Protein - Immature glycoprotein

Immature glycoprotein + Nucleotidyl « monosaccharides —» Mature glycoprotein

Figure 44. Glycoprotein biosynthesis according to Behrens et al.

a modification of Behrens’s mechanism which concerns essentially the
conjugation of the first N-acetylglucosamine residue to the peptidic chain
and the transfer as a whole of the mannotriosido-N-acetylglucosamine
tetrasaccharide to the first N-acetylglucosamine residue. In this way. the
mannotriosido-di-N -acetylchitobiose core common to numerous isoglycans
is synthesized in the rough reticulum.

(B) Glycoprotein catabolism and pathology

At the present time, the research on glycan pathology which results
essentially from lysosomal diseases, is developing in a prodigious manner.
We do not intend to describe in detail the various diseases that result from
exoglycosidase deficits, such as fucosidases and mannosidases, but we refer
the reader to the excellent reviews by Aronson?, Brunngraber', Dingle and
Fell?, Durand?8, Hers and Van Hoof*®, Ockermann et al.°%, and Patel and
Tappel®®. We shall limit ourselves to the description of three particular
pathological cases which demonstrate indirectly the existence of cellular
endoglycosidases.

The first concerns galactosg-rich glycopeptide accumulation in cerebral
gray matter!” and oligosaccharides accumulating in liver'®® of Gy;-
gangliosidosis type I, an inherited glycolipid storage disease. Two oligo-
saccharides (Figure 46) have been isolated that, according to the authors.
‘likely derive from erythrocyte stromal glycoproteins whose normal break-
down is impaired during development by the deficient B-galactosidase

467



JEAN MONTREUIL
NASCENT PROTEIN

ROUGH RETICULUM +—— UDP « GIcNAc or Lipid«P), « GIcNAc
GlIcNAc — Nascent protein
Man
/ a-1,3
ROUGH RETICULUM —Lipid{P), — GleNAc <% Man
a-1.6
. Man
Man\\mll,3 %

Man—24 GleNACEL4, GIcNAC BL Asn

S ;

Man
SMOOTH RETICULUM Nucleotidyl < Monosaecharides
—— or
GOLGI APPARATUS Lipid<(P), « Monosaccharides

MATURE GLYCOPROTEIN

Figure 45. Proposed mechanism of glycoprotein biosynthesis.

Gal-2L4 GicNAc 212 Man s
o-1,
Manﬂi» GIcNAc
a-1,6
Gal24 GleNAc£12 5 Man
Gal
B-1,4
GIcNAc
B-14
Gal 24, GieNAc £125 Man
a-1,3
Man 214, GlcNAc
B-1.4 B-1,2 16

Gal GIcNAc Man

Figure 46. Structure of major oligosaccharides isolated from the liver of Gy, -gangliosidosis
(Wolfe et al.13%).
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activity present in this disease’. Their structure consists of entire isoglycan
fragments such as they exist in orosomucoid, transferrins or IgE. A possible
explanation for the presence of these oligosaccharides possessing only one
N-acetylglucosamine residue attached to the mannotriose moiety in a
reducing position is that the di-N-acetylchitobiose residue is cleaved norm-
ally by an endo-B-N-acetylglucosaminidase H, as well as the N-acetyl-
neuraminic acid residues by a neuraminidase but the deficit in B-galactosidase
blocks the later catabolism of the oligosaccharides.

Table 12. Monosaccharide molar composition of six oligosaccharides isolated
from urine of I-cell disease

Oligosaccharides Gal Man GIcNAc NANA
1 1 2 - 2 1
2 1 3 2 1
3 2 3 3 1
4 3 3 4 1
6 2 3 3 2
7 3 3 4 2

Terminal reducing monosaccharide: GicNAc
Oligosaccharide daily elimination:

Healthy children (8 months): 15-30 mg
I-cell disease child (8 months): 135 mg

The second case relates to the separation by Strecker!Z!, in our laboratory,

of an oligosaccharide group isolated from the urine of a child with a Leroy’s
I-cell disease®” or mucolipidosis type II, an inherited disease likely to be due
to a deficit of neuraminidase'?!. We have reported in Table 12 the principal
properties of six of these oligosaccharides, the structures of which are still
unknown: (i) the six oligosaccharides are sialosides; (ii) all possess a N-
acetylglucosamine residue in a reducing terminal position; (iii) the number
of N-acetylglucosamine residues exceeds the number of galactose residues
by one unit only and five oligosaccharides possess three mannose residues.
We can thus postulate that oligosaccharides n® 2 to 7 possess the manno-
triosido-N-acetylglucosamine tetrasaccharide to which a variable number
of N-acetyllactosamine residues are conjugated more or less substituted
by N-acetylneuraminic acid residues: one in oligosaccharide n° 2, two in
oligosaccharide n® 3 and 6, three in oligosaccharides n® 4 and 7. If these
structures were to be verified in the future, the mechanism of formation of
these oligosaccharides would be analogous to the previous one: (1) a primary
action of an endo-B-N-acetylglucosaminidase H; (2) a secondary action of
exoglycosidases reduced owing to the deficit in neuraminidase.

The third case’® concerns the separation and the structure determination
of oligosaccharides excreted in the urine of patients with mannosidosis, an
inherited disease characterized by a deficit in mannosidase. Figure 47 shows
that oligosaccharides contain the following sequence common to numerous
isoglycans

Mano~1 — 3)Manf«1 —» 4)GIcNAc
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Man
a-1.3

Man Brid, GIcNAc

(Man)l or2

a-1.2

Man

NGy

Man—— GIcNAc

Figure 47. Structure of oligosaccharides isolated from urine of patients with mannosidosis
(Lundblad et al.”*).

on which a variable number of mannose residues are conjugated as in the
thyroglobulin glycan (Figure 37), for example.

In the case of gangliosidosis type I and of mucolipidosis type I, the meta-
bolic abnormality concerned the glycoproteins of ‘N-acetyllactosamine type’;
in the case of mannosidosis it affected the glycoproteins of ‘oligomannoside
type’. We can thus postulate, according to the results acquired in the patho-
logical field, that glycoprotein catabolism proceeds in two steps: (i) the first is
marked by the intervention of endo-N-acetyl-p-D-glucosaminidases H that
liberate the isoglycans possessing an N-acetylglucosamine residue in the
terminal reducing position and shorn of one N-acetylglucosamine residue
which remains attached to the peptide chain. That is why, in diseases
characterized by a deficit!®? in B-aspartylglucosylamine amidohydrolase
(Figure 17), a lysosomal enzyme, the asparaginyl-N-acetylglucosamine
formed after the exhaustive action of cellular or extracellular proteases
accumulates in the urine of patients with mental retardation and connective
tissue lesions®?; (ii) in the latter part of isoglycan catabolism, exoglycosidases
stepwise hydrolyse the detached oligosaccharides.

(II) Structure and biological role

The information we have at the present time about the structure of glycans
reveals the poor imagination of the glycosyltransferases which lead to the
production of a restricted number of structural patterns. Is this fact com-
patible with the biological role of glycans, and,in particular, with their role
as recognition signals?

Figure 48 shows the disposition in space of the serotransferrin biantennary
glycan. It is clear that an isoglycan is composed of two parts: (1) a compact
zone, close to the protein and comprising the mannotriosido-di-N-acetyl-
chitobiose core. This part of the isoglycan molecules is invariable. It could
be termed the inv part as in the case of the invariable peptidic fraction of
immunoglobulins; (2) an ‘aerial’ zone which is constituted by ‘antennae’
planted on the core. This part of the molecule—the var part—is variable and
supports the glycan specificity.

On the basis of this conformation, we can imagine that, although the
glycans possess similar, analogous or sometimes identical structures, the
biological specificities of isoglycans can be supported by the following
variable patterns of structure:
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(1) The number of antennae constituted by sialyl-N-acetyllactosamine as
well as oligomannoside residues conjugated to the pentasaccharidic core
can vary from one glycan to another: two antennae in the serotransferrin
glycans B and C, three in fetuin, four in orosomucoid, for example.

(2) If a basic structure, like that described in Table 10, is common to
several glycoproteins, the specificity can be held by the nature and the
number of terminal monosaccharide residues. We can imagine, for example,
(a) that each antenna terminates with a sialic acid residue in a given glyco-
protein, or with a fucose residue in another one; (b) fucose and sialic

Figure 48. Molecular model of human serotransferrin glycan according to the structure given
in Figure 23.

acid residues in variable proportions, terminate the antennae and that the
glycan structure described in Table 10 can be substituted by a sialic acid
residue (lower or upper antenna) and by a fucose residue (upper or lower
antenna); (c) that in other cases there may be only one sialic acid (or fucose)
residue per mole of isoglycan and therefore that one of the antennae (the
lower or the upper one) possesses a galactose residue in a terminal position
(Figure 29).

(3) If, again, we suppose that several glycoproteins possess the same basic
structure described in Table 10 and that, in addition, each antenna terminates
with a N-acetylneuraminic residue, the recognition specificity can be
determined by the mode of sialic acid linkage on each galactose residue:
a2 - 2), a-(2 - 3), a2 — 4) or a-(2 — 6), leading to 16 different relative
positions in space of the two sialic acid residues.

(4) If glycoproteins play different biological roles and possess glycans that
are absolutely identical, their recognition specificity can depend upon the
number of glycan groups conjugated to the different proteins.
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(5) Even if we suppose that different specific glycoproteins possess the
same number of glycan groups and that the structures of these glycans are
identical, the recognition specificity could result (i) from the relative positions
on the protein of the carbohydrate moieties one with regard to the others,
and (ii) from their relative orientations in space. These two parameters,
distance and orientation, being dependent upon the structure of the protein
itself, one could assume, for love of paradox, that all the recognition specifi-
cities could be held by two glycans only, having identical structures. But this
is not so.

In this connection, it becomes urgent to undertake physical studies on the
conformation of glycoproteins in order to localize and to orient in space the
glycan group they carry.

CONCLUSIONS

The considerable progress which has been made in the last few years in
the methodology concerning the structure of glycoproteins does not result
from pure chance but from necessity. In fact, because the discovery of the
important biological role that membrane glycoconjugates play, on the one
hand, and the evidence that the carbohydrate moieties of glycoproteins are
recognition signals, on the other hand, the improvement of the methods for
studying the structures of glycans appeared as a necessity. At the end of this
brief review, we can conclude that the problem of determination of the
primary structure of glycans is virtually solved. However, it remains to
miniaturize the procedures in order to extend their application to very
small quantities of biological substrates. Thus, we can look forward and
claim that the future belongs to Biophysics the role of which will be to
determine precisely the spatial arrangement of the groups of glycans and the
conformation of glycoproteins in order to understand the mechanism of
their action. The most exciting and marvellous age of the history of glyco-
proteins starts right now. At this time, we would like to remember the
pioneers whose discoveries have established the basis of our knowledge of
the physicochemical properties and structure of glycoconjugates. Not all of
them have seen the fruits of the trees they planted. In this connection, I
would like to conclude with A. Gottschalk who wrote in 1973: ‘About the
outlook of glycoprotein research, we are not at the end of all progress, but
at the beginning. We have but reached the shores of a great unexplored
continent’.
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