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Two fractions of glycopeptides containing N-glycosidic asparagine-linked glycans
were isolated by concanavalin-A-Sepharose affinity chromatography from Pronase di-
gests of apolipoprotein-B of human low-density lipoproteins. Methylation analysis in-
dicated that the non-binding fraction contains about 0.5 mol complex-type tri- or tetra-
antennary oligosaccharides per mol lipoprotein. Structures containing a bisecting N-
acetylglucosamine were also detected in this fraction. The weakly binding fraction
from the chromatography contains the majority of the complex oligosaccharides of
apolipoprotein-B, i.e. 5-6 mol of bi-antennary chains of the transferrin-type per mol of
lipoprotein. In addition to sialylated structures, branches containing a terminal N-
acetylglucosamine residue were detected on the complex-type glycans of apolipo-
protein-B.

Apolipoprotein-B (Apo-B) synthesized by the liver is a major structural determinant of
very-low-density lipoproteins and their catabolic derivatives, low-density lipoproteins
(LDL), in which Apo-B, also designated Apo-B 100 [1], is the only protein component [2].
The majority of LDLis removed from plasma into a variety of cells by a specific receptor-
mediated endocytosis, whereafter the lipoproteins are degraded in lysosomes [3]. Apo-
B has been shown to mediate the recognition of the lipoprotein by its receptor [2]. The
catabolic receptor-mediated pathway of LDL is physiologically important because the
majority of the plasma cholesterol is transported in LDL. Defective removal of plasma
LDL has been shown to lead to hypercholesterolemia and accelerated atherosclerosis

2].

Apo-B is a glycoprotein, whose polypeptide and carbohydrate moieties have not been
totally characterized. In LDL, Apo-B has a mass of about 500 kDa, which is about 25% of
the weight of the lipoprotein particle [2]. Apo-B contains 4-9 % carbohydrate N-glycosi-
dically-linked to asparagine, and consists of N-acetylneuraminic acid, N-acetylglucos-
amine, galactose and mannose [4-10]. Two main carbohydrate structures have been
described on Apo-B, i.e. a high-mannose [6-10] and a complex-type oligosaccharide [6].
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Apo-B has been estimated to contain five oligomannosidic chains, which vary in the
number of mannose residues from MansGIcNAc; to MansGlcNAc; [10]. A previous re-
port by Swaminathan and Aladjem [6] suggests that the major complex-type carbohyd-
rate of Apo-B contains two N-acetylneuraminic acid, two galactose, three N-acetylglu-
cosamine and five mannose residues, of which the mannose residues and one N-acetyl-
glucosamine form the core of the oligosaccharide.

In order to understand the structural characteristics of Apo-B and its interaction with
cell surface binding sites it is important to determine the carbohydrate structures in de-
tail. In this work complex-type carbohydrates of Apo-B were further studied. Fractiona-
tion and separation of these structures was based on their different binding affinities
to concanavalin-A lectin [11]. Two main types of complex structures were detected on
Apo-B: a bi-antennary oligosaccharide and a tri- or tetra-antennary chain, the latter of
which has not been described on Apo-B previously. ,

Materials and Methods
Reagents

Concanavalin-A-Sepharose 4B, Sephadex G-25 and G-50 Fine gels were from Pharmacia,
Uppsala, Sweden. Pronase (EC 34.244), bovine serum albumin, glycoprotein §-D-
galactosyltransferase (EC 24.1.38) from bovine milk and UDP-galactose were purchased
from Sigma Chemical Co. (St Louis, MO, USA). UDP-[**H]-galactose (309 Ci/mol) was
from Amersham International (Amersham, UK). For fluorography Kodak X-O mat AR
films were used.

Glycopeptides

Low-density lipoproteins were prepared by sequential ultracentrifugation [12] from
plasma of human donors after fasting for 16 h, followed by gel filtration on a Bio-Gel
A15m column (1.5 x 60 cm; Bio-Rad, Richmond, CA, USA) as described earlier {10]. Apo-
B was delipidated by extraction of LDL with chloroform/methanol/water, 2/2/18 by vol
[13]. The glycopeptides were prepared by digestion of Apo-B with pronase and purified
on a Sephadex G-25 Fine gel [10]. The glycopeptides were fractionated on a concanava-
lin-A-Sepharose column (2 x 10 cm) by eluting the gel with 0.1 M NaCl, 0.1 M NaCl/0.02
M a-methyl glucoside, and 0.1 M NaCl/0.2 M a-methyl glucoside as described in detail
previously [10, 11]. The non-binding fraction (A) and weakly binding fraction (B) eluting
with 0.1 M NaCl and 0.1 M NaCl/0.02 M a-methyl glucoside, respectively, were isolated
and purified on a Sephadex G-50 Fine gel (1 x 50 cm) for further characterization.

Compositional and Structural Analysis of Oligosaccharides

The monosaccharide composition of the glycopeptides was determined after metha-
nolysis as trimethylsilyl derivatives by GLC according to the method of Bhatti et al. [14].
In the methylation analysis, oligosaccharides were permethylated by the modified [15]
method of Hakomori [16]. Neutral sugars and hexosamines were determined by GC-MS
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(Hewlett-Packard 3992 A) after acetolysis/acid hydrolysis. Hexoses were analyzed as par-
tially methylated alditol acetate derivatives on a 3% OV-210 column using a temperature
gradient from 184°C to 210°C at a rate of 1°C/min, and detected at m/z values of 117, 161,
189, and 233 [15]. Detection of the partially methylated hexosaminitols was carried out
at m/z values of 116, 158, and 170 after separation on a 2.2% OV-101 column at 290°C [15,
17} N-Acetylneuraminic acid derivatives were released from the methylated glycans by
methanolysis [15] and detected at m/z of 201, 330, and 376 using a 2.2% OV-101 column at
246°C.

Labeling of Apolipoprotein-B by Galactosyltransferase

Native LDL (50 ug of Apo-B) in 50 ul of a solution containing 015 M NaCl, 50 mM Tris-HCI
pH 75, 10 mM MnClz, 1 mM NaN3, and 0.01% albumin was labeled with [**C]-galactose
by adding galactosyltransferase (1.2 mU) and a mixture of UDP-galactose and UDP-[**C]-
galactose (specific radioactivity 6.5 mCi/mmol) to a final concentration of 0.3 mM [18].
The incubation was carried out at 37°C up to 4 h. Subsequently, Apo-B was delipidated
by extraction with chloroform/methanol/water [13]. The delipidated protein was dissolv-
ed in 200 ul of Soluene 350 (Packard, Dovners Grove, IL, USA) and the radioactivity was
determined using Pico-Fluor 30 (Packard) scintillation liquid.

Polyacrylamide Gel Electrophoresis

Samples of Apo-B labeled by galactosyltransferase as described above were analyzed by
75% polyacrylamide gel electrophoresis according to the method of Laemmli [19]. The
C-radioactivity on the gel was visualized by fluorography.

Results and Discussion

Apo-B prepared for these studies contained 44% carbohydrate. As described previously
[10] about 5% and 58% of Apo-B glycopeptides are recovered in the non-binding (A) and
weakly binding (B) fractions, respectively, upon chromatography on concanavalin-A-
Sepharose. The remaining sugars which bind tightly to the lectin consist of high-
mannose carbohydrate chains [10]. Thus, the complex-type sugars account forup to 63%
of Apo-B oligosaccharides. Table 1 shows the molar monosaccharide composition of
fractions A and B as determined by GLC. The most remarkable finding is that fraction A
structures contain relatively more acidic residues and galactose than those in fraction
B. GC-MS of the alditol acetate derivatives of the methylated neutral sugars revealed in
fraction A 24-di-O- and 2,6-di-O-substituted mannose residues, whereas fraction B
sugars lack these substitutions (Table 2). Fraction A glycans also contain a small amount
of 34,6-tri-O-substituted mannose. No unsubstituted (terminal) mannose was detected
in either fraction. The amount of terminal galactose in fraction A and B is relatively low
as compared to the 3-O- and 6-O-substituted galactose residues. Both fraction A and B
contained only terminal (unsubstituted) N-acetylneuraminic acid (Table 2). Analysis of
partially methylated hexosaminitois revealed terminal and 4-O-substituted N-
acetylglucosamine in both fractions. However, relatively more terminal N-acetylgluco-
samine was found in the structures of fraction A (Table 2).
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Table 1. Monosaccharide composition of the glycopeptide fractions isolated from
apolipoprotein-B by chromatography on concanavalin-A-Sepharose.

Carbohydrate Fraction A Fraction B
mol/100 mol
Mannose 209 2938
Galactose 238 178
N-Acetylglucosamine 331 366

N-Acetylneuraminic acid 222 158

Table 2. Substitutions detected in the carbohydrate residues of the glycopeptide fracti-
ons A and B isolated from apolipoprotein-B. Molar ratios are expressed in relation to 3
mol of mannose.

Constituent Substitution Fraction A Fraction B
Mannose (total) 30 30
2-O- 11 2.0
24-Di-O- 07 00
2,6-Di-O- 0.2 0.0
3,6-Di-O- 1.0 10
34,6-Tri-O- <01 00
Galactose (total) 34 18
none (terminal) 0.2 01
3-0- 19 03
6-0O- 13 14
N-Acetylglucosamine (total) 438 37
none (terminal) 1.2 04
4-O- 36 33
N-Acetylneuraminic acid (total) 3.2 16
none (terminal) 32 16

Data from the methylation analysis of the fraction A sugars suggest that Apo-B contains
a complex tri-antennary oligosaccharide of the fetuin-type [20]. This is suggested by the
molar ratio of 1.1: 0.7 : 1.0 for the 2-O-, 24-di-O-and 3,6-di-O-substituted mannose residu-
es (Table 2). The chromatographic behaviour of the fraction A structures is also in accor-
dance with that of the fetuin-type tri-antennary chain, which does not bind to conca-
navalin-A lectin |21, 22]. However, inferred rom the occurrence of 2,6-di-O-substituted
mannose in fraction A, a tetra-antennary chain may also occur on some Apo-B mole-
cules (Table 2). The relative amounts of N-acetylneuraminic acid and galactose (3.2 and
34 mol/3 mol of mannose, respectively) in fraction A also support the existence of a
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tetra-antennary structure on Apo-B (Table 2). Based on the molar ratio of the 24-di-O-
and 2,6-di-O-substituted mannose residues (Table 2), the ratio of tri-antennary to tetra-
antennary chains is approximately 4:1. A general structure of a tri- or tetra-antennary-
oligosaccharide proposed here for Apo-B would be as follows (the fourth branch is
indicated by a dotted line):

NeuAca2-3(6)GalB1-4GlcNAcB1

6
NeuAca2-3(6)Galp1-4GlcNAcB1-2Mana1

6
Mang1-4GIcNAcB1-4GlcNAc-Asn
3

NeuAca2-6(3)GalB1-4GIcNAcS1-2Mana1
4

|

NeuAca2-6(3)Gal31-4GIcNAcS1

Occurrence of terminal N-acetylglucosamine and terminal galactose imply that some
of the branches of the fraction A chains lack both galactose and N-acetylneuraminic
acid residues and others lack only N-acetylneuraminic acid. Based on the compositio-
nal data on fraction A carbohydrates (Table 1) and the amount of monosaccharides in
fraction A (about 5% of the total sugars of Apo-B), the number of the fraction A chains
on Apo-B in a LDL particle is about 0.5 mol/mol LDL.

The occurrence of terminal N-acetylglucosamine and a small amount of 34,6-tri-O-sub-
stituted mannose in the fraction A sugars (Table 2) suggest that some of the carbohyd-
rate chains contain a bisecting N-acetylglucosamine residue, which is g(1-4)-linked to
the innermost §-mannose of the trimannosyl core of the oligosaccharide [23]. It is log-
ical to find a bisected oligosaccharide in the (non-binding) fraction A as the existence
of a bisecting N-acetylglucosamine on a complex oligosaccharide has been shown to
lower its binding affinity to concanavalin-A [22]. Based on data expressed here it is not
possible to propose the structure for the sugar(s) of Apo-B containing a bisecting N-
acetylglucosamine. Such a structure may be a tri-antennary or a more branched glycan,
the first of which was observed on chicken ovotransferrin [24]. A bisected bi-antennary
chain may also occur among the fraction A sugars. Such oligosaccharides have been
described on rat a;-fetoprotein [25], ovomucoid [26], human immunoglobulin A [27],
human myeloma {28] and bovine [22] immunoglobulin G, glycophorin A [29] and band
3 of red cell membranes [30]. On Apo-B the ratio of 34,6-tri-O-substituted to 36-di-O-
substituted mannose residue of fractions A and B is less than 1:50. Thus, the existence
of a bisecting complex-type carbohydrate on Apo-B is uncommon.
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The compositinal data on fraction B oligosaccharides are compatible with a transferrin-
type bi-antennary carbohydrate structure:

NeuAca2-6GalB1-4GlcNAcS1-2Mana1

6
Man61—4GIcNACB1-4GIcNAc-Asn
3

NeuAca2-6Gal31-4GlcNAcS1-2Mana 1

This structure, which is common on serum glycoproteins [31] is related to the minor
(glycopeptide s-GP-11) and the major (GP-1l and s-GP-11l) complex-type oligosaccharides
of Apo-B described by Swaminathan and Aladjem [6]. However, the minor complex-type
glycan of Apo-B proposed by these authors has an extra 3(1-4)-linked mannose in the
core region while the major glycans have in addition an a(1-2)-linked mannose residue
in their core as compared to the trimannosyl core of the bi-antennary structure propos-
ed here. Moreover, the minor and major structures described {6] contain only one 8(1-4)-
substituted N-acetylglucosamine in the core region. Calculated from the data presen-
ted here (Table 1 and 2), the Apo-B moiety of LDL contains from five to six chains of the
transferrin-type, which would thus represent the major complex-type glycan on Apo-B.

The orientation of the complex-type glycans of Apo-B on the surface of LDL was exami-
ned by labeling their terminal N-acetylglucosamine residues using a galactosyltransfe-
rase. The data in Fig. 1 show that Apo-B is efficiently labeled by the transferase. Kinetics
of the labeling suggested that on the carbohydrates of Apo-B, there are two to three ter-
minal N-acetylglucosamine residues exposed to the galactosyltransferase (Fig. 2).
Based on the data from the compositional and structural analysis of the isolated
complex-type chains of Apo-B (Table 1 and 2), there are approximately one terminal N-
acetylglucosamine residue on the tri- or tetra-antennary structure and two residues on
the bi-antennary structures. Thus, it is conceivable that the N-acetylglucosamine resi-
dues on both structures are accessible to galactosyltransferase. Obviously, both the bi-
antennary and more branched glycans on Apo-B have a similar hydrophilic orientation
on the lipoprotein.

In summary, it is suggested that the Apo-B moiety of LDL synthesized in the liver cells
contains three main types of carbohydrate, i.e. on the average less than one tri- or tetra-
antennary chain, five or six transferrin-type bi-antennary chains, and about five high-
mannose chains described earlier [10]. Chains containing a bisecting N-
acetylglucosamine structure are also found as a minor component. The absence of ter-
minal mannose on the complex-type glycans excludes the existence of hybrid oligosac-
charides on Apo-B. It is probable that the different types of glycans have incompletely
synthesized branches and thus heterogeneity in their structures. Based on the available
data it is not possible to show the relative distribution of these chains on individual li-
poprotein particles, which may vary both in the amount and type of their oligosac-
charides.
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Figure 1. Polyacrylamide gel electrophoresis and fluorography of [*C]-galactose-labeled apalipoprotein-B. La-
beling of Apo-B with UDP-[**C]-galactose and galactosyltransferase was carried out as described under Mate-
rials and Methods. 25 g of Apo-B were analyzed on a 7.5% polyacrylamide gel [19] and the bands containing
!¢ radioactivity were detected by fluorography. A; control, 25 ug of Apo-B in native LDL. B; control, 25 ug of
Apo-B in LDL incubated for 1 h with UDP-["*C]-galactose without galactosyltransferase. C; 25 pg of Apo-B in
LDL incubated for 1 h with UDP-["*C]-galactose and galactosyltransferase. D; fluorography of lane B. E; flucro-
graphy of lane C. BSA; bovine serum albumin.
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Figure 2. Kinetics of labeling of apolipoprotein-B in native low-density lipoproteins with [**C]-galactose. Apo-B
was labeled with UDP-[**Cl-galactose and galactosyltransferase for different times as indicated. Experimental
details are described under Materials and Methods. Incorporation of galactose into the oligosaccharides of
Apo-B is caiculated as mol/mol LDL. Each point represents the mean of two experiments, carried out in dup-
licate.
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Recent reports [32, 33] on the partial amino acid sequences of Apo-B inferred from stu-
dies on its mRNA suggest that Apo-B has characteristics of an integral membrane pro-
tein, which would thus possess a secondary structure different from that of the other
amplhipathic apolipoproteins [34]. The overall oligosaccharide composition of Apo-B is
also reminiscent in some respects of a membrane protein rather than a soluble serum
protein, since (i) Apo-B contains terminal N-acetylglucosamine, mannose, and galac-
tose residues, which are detected only in low amounts on serum glycoproteins because
of the rapid removal of asialoglycoproteins and terminal mannose- and N-acetylglucos-
amine-containing glycoproteins from plasma by specific receptor-mediated mecha-
nisms [35]; (ii) Apo-B contains both complex-type glycans and high-mannose chains [36,
37]; (iii) Apo-B contains a relatively high amount of oligomannosidic carbohydrate [10,
36).
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