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ABSTRACT 

Lactotransferrin isolated from a pool of mature bovine milk has been shown to contain N-glycosidi- 
tally-linked glycans possessing N-acetylneuraminic acid, galactose, mannose, fucose, N-acetylglucosa- 
mine, and N-acetylgalactosamine. The glycopeptides obtained by Pronase digestion were fractionated 
by concanavalin A-Sepharose affinity chromatography into three fractions: slightly retained (A), 
retained (B), and strongly retained (0. The structure of the glycans of the three fractions has been 
determined by application of methanolysis, methylation analysis, fast atom bombardment-mass spec- 
trometry, and ‘H NMR spectroscopy. Diantennary structures without GalNAc were present as partially 
siaiyiated and partially cl+ 6)-a-L-fucosylated structures in Fractions A and B. Sequences containing 
a-n-Galp-(1 --) S)-@-o-Gal on the a-o-Man-(1 -) 6) antenna, and ~-~-Gal~NAc-(1 -f 4)-~-D-GIcNAc 
and a-NeuAc-(2 + 4~-~-D-Gal~NAc-(l -+ 4@-D-GicNAc on the a-D-Man-(1 -+ 3) antenna were char- 
acterized in the OIigosa~haride-alditols obtained by reductive cleavage of Fraction B. A series of 
Man,_,-CIcNAc structures were identified in Fraction C after endo-N-acetyl-#j-o-giucosaminidase 
digestion. These results show that the structures of bovine lactotransferrin glycans are more heteroge- 
neous than those of previously characterized transferrin glycans. 

INTRODUCTION 

Mammalian miiks are known to contain a variable amount of an iron-binding 
glycoprotein called lactotransferrin’ or Iactoferrin2T3. The first isolation of lacto- 
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transferrin from bovine milk was described4 in 1960. The sequence of its single 
polypeptide chain of 689 amino acids has been recently identified by cDNA 
analysis . M The similarity between this sequence and those of human7,8 and 
murine’ lactotransferrins suggests that bovine lactotransferrin, like the other 
members of the transferrin family’“~‘l, is a bilobal protein” containing one 

iron-binding site in each lobe. The glycoprotein nature of bovine milk lactotrans- 
ferrin has been known4ar3 since 1960. Partial characterization of the structure of 
the glycans of bovine lactotransferrin has been previously reported14-16. We 
describe herein the complete structures of the glycans of the N-acetyllactosamine- 
type and oligomannose-type present in bovine lactotransferrin, as determined by 
methanolysis, methylation analysis, fast atom bombardment mass spectrometry, 
and ‘H NMR spectroscopy. 

EXPERIMENTAL 

Materials. --Standard oligosaccharides and enzyme. A mixture of oligomanno- 
sides, Man,GlcNAc-Man,GlcNAc, isolated by Strecker and Montreuil from the 
urine of patients with mannosidosis’g, was kindly provided by Dr. G. Strecker from 
our laboratory. Endo-N-acetyl-/3-p-glucosaminidase (EC 3.2.1.961, isolated from 
the Basidiomyces Sporotrichum dimorphosporum, by Bouquelet et al.18, and immo- 

bilized on Sepharose 4B according to Kol et al.19, was kindly donated by Dr. S. 
Bouquelet from our laboratory. 

‘H NMR spectroscopy. -For ‘H NMR spectroscopic analysis, glycopeptides and 
oligosaccharide-alditols were repeatedly treated with D,O (99.95 atom%, from 
Commissariat a 1’Energie Atomique, Saclay, France) at room temperature and at 
pD 7 with intermediate lyophilization ” The deuterium-exchanged glycopeptides . 

and oligosaccharide-alditols were submitted to ‘H NMR spectroscopy performed 

at 400 MHz on a Bruker AM 400-WB spectrometer (Centre Commun de Mesures, 
UniversitC de Lille Flandres-Artois, Villeneuve d’Ascq, France) or at 500 MHz on 
a Bruker WM-500 (SON hf-NMR facility, Department of Biophysical Chemistry, 
University of Nijmegen, The Netherlands), equipped respectively with a Bruker 
Aspect-3000 computer or a Bruker Aspect-2000 computer at a probe temperature 
of 27”. Resolution enhancement was achieved by Lorentzian-to-Gaussian transfor- 
mation from quadrature-phase detection, followed by employment of a 32K point 
complex FT. Chemical shifts (S) are expressed downfield from the signal for 
internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate, but were actually mea- 
sured by reference to internal acetone (6 2.225) with an accuracy of 0.002 ppm. 

Mass specfrometry. -Fast atom bombardment-mass spectrometry (FABMS) was 
performed in the positive-ion mode on a ZAB-HF mass spectrometer (VG analyti- 
cal, Manchester, UK) under conditions described by Egge and Peter-Katalinic’r. 
Briefly, the permethylated glycan (5 pg) dissolved in MeOH (1 ~1) was applied 
with a microsyringe to the stainless steel target precoated with 3-mercapto-1,2-pro- 
panediol (3 pL). The target was bombarded with Xe atoms of a kinetic energy 
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equivalent to 9 keV. The acceleration voltage was set to 3 keV in order to increase 
the mass range of the inst~ent above m/z 3500. In separate measurements, the 
target was precoated with 1% solution of NaOAc in MeOH (1 pL) in order to 
enhance M + Na+ ion formation. Spectra were recorded in a mass-controlled scan 
and evaluated by counting the spectral lines. 

Cu~~o~y~~ff~e u~u~y~~. -Percentage compositions in total neutral sugars, hex- 
osamines, and sialic acids were determined by calorimetric micropr~edures*‘. 
Monosaccharide molar ratios were determined after methanolysis23 and trimethyl- 
sily1ationz4 modified as follows. A solution of glycopeptides, oligosaccharides, or 
oligosa~ha~de-alditols (corres~nding to 2 pg of total sugars) in 0.5 M HCl in 
MeOH (500 FL) was heated in a screw-cap tube for 24 h at 80”. After cooling, the 
acid was neutralized by addition of AgCO, until pH 6-7 and the mixture was 
N-reacetylated by addition of acetic anhydride (10 hL). After one night at room 
temperature, the supematant was dried under N,, the monosa~harides were 
trimethyisily1ated with bis~trimethylsilyl)trifluoroacetamide (20 PL) in the presence 
of pyridine (20 FL) for 2 h at room temperature. The methyl trimethylsilylglyco- 
sides were characterized and estimated by GLC. This was performed with a Girdel 
model 300 gas chromatograph equipped with a flame-ionization detector, and a 
glass capillary column (0.2 mm x 2.5 m) filled with 5% (w/w> Silicone OV 101 on 
Chromosorb W-HP (mesh 120-140); the carrier gas was H, at a flow rate of 10 
mL/min and a pressure of 0.05 MPa, and the temperature was programmed from 
120-240” at 2”/min. 

~ef~y~tiu~ ~na~y~~s. --Glycopeptides and o~~gosaccharide-alditols were meth- 
ylated by the Hakomori method25, as modified by Paz-Parente et a1.26. Briefly, 
glycopeptides and oligosaccharide-alditols (100 pug> were dissolved in dimethyl 
sulfoxide (100 FL) in Teflon-lined screw-cap tubes. Lithium methylsulfinyl carban- 
ion (200 PL) was added under an inert atmosphere and the mixture was sonicated 
for 60 min. After cooling, methyl iodide (200 PI,) was added and sonication 
repeated for 4.5 min. The methylation was terminated by addition of water and the 
permethylated products were extracted with CHCl,. The organic phase was 
washed with water, dried, and concentrated. The permethylated compounds were 
methanolized and acetylated according to Fournet et aL2’. The resulting mixture of 
methyl O-acetyl-0-methyl-giycosides was separated by GLC in a capillary column 
(0.3 mm X 25 m) coated with OV-101. The temperature was programmed from 
120-240” at 3”/min. The monosaccharide derivatives were also identified by 
GLC-MS in a Ribermag R model lo-10 mass spectrometer (Riber, Rueil-Malmai- 
son, France) coupled to a Sydar 121 data system. 

Preparation of bovine milk lactotransferrin glycopeptides. -Lactotransferrin was 
isolated from a pool of mature bovine milk, collected from a local farm, under the 
conditions described by Cheron et al. 28 The bovine lactotr~sferrin preparation, . 

homogeneous in sodium dodecyl sulfate-~l~ac~1amide) gel electrophoresis 
(SDS-PAGE), was reduced and alkylated 29 The reduced and alkylated sample was . 
exhaustively digested with Pronase3’ (Merck). The ~y~peptides were purified by 
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gel filtration on a Bio-Gel P-2 column (2 X 60 cm). Elution was carried out with 
water and the fraction containing glycopeptides was monitored by an orcinol- 

H,SO, reagent. The mixture of glycopeptides was fractionated on a ConA-Se- 
pharose column (2 X 24 cm)31, eluted successively with the equilibrating buffer: 5 
mM sodium acetate, mM MnCl,, mM CaCl,, mM MgCl,, 0.1 M NaCl, pH 6.5, 
and with an increasing linear gradient of methyl a-D-glucopyrannoside from 0 to 
200 mM. Three fractions were obtained (A, B, and C). Methyl cr-D-glucopyranno- 
side and salts were eliminated by gel-filtration chromatography on a Bio-Gel P-2 

column (1.2 x 50 cm), and the glycopeptides were eluted with water and the 
solution was lyophilized. 

Alkaline borohydride treatment. -Fraction B was reduced under the alkaline 
conditions used to release O-32 and N-linked glycans33. In the latter procedure, 
glycopeptide Fraction B (3 mg) was dissolved in a solution containing M NaOH-M 
NaBH, (0.5 mL) and heated for 6 h at 100”. The reaction was stopped by addition 

of coned acetic acid until pH 4.5. The solution was applied on a Bio-Gel P-2 
column (1.2 x 70 cm) and the oligosaccharide-alditols were eluted with distilled 
water and lyophilized. Subsequently, the oligosaccharide-alditols, redissolved in 

coned NaHCO, (100 ILL), were N-reacetyIated34 by adding acetic anhydride (20 
PL every 5 min, 5 times) and purified by gel filtration on a Bio-Gel P-2 column. 

Endo-N-acetyl-P-o-glucosaminidase digestion. -0ligosaccharides were released 

from glycopeptide Fraction C (20 mg) by immobilized endo-N-acetyl-/3-D-gluco- 
saminidase”. The glycopeptides were passed through the column (1.61 munit of 
endo-N-acetyl-P-o-glucosaminidase activity; 25 mL of Sepharose-4B) equihbrated 

with 0.02 M phosphate-O.01 M citrate buffer, pH 5.0, for 48 h at 37”. The extent of 
hydrolysis was estimated by TLC on a silica gel plate (KieselgeI 60, Merck) in 
2 : 1: 2 (v/v> butanol-acetic acid-water; the carbohydrates as well as the standard 

oligosaccharides were stained with an orcinol-H,SO, reagent. The sample was 
applied to a Bio-Gel P-2 column (1.5 X 60 cm) equilibrated with distilled water. 

Isolation of oligosaccharides by L.C. -The oligosaccharides obtained from gly- 
copeptide Fraction C were analyzed with a Spectra-Physics Model 8750 liquid 
chromatograph, equipped with a Rheodyne 7105 injection valve and a Spectra- 
Physics Model 8450 detector operating at 206 nm. The chromatograms were 

recorded with a Spectra-Physics Model 4270 computer integrator. The chromatog- 
raphy was performed on an Amino AS-5A column (4 mm X 30 cm, Brownlee Labs, 
Inc.) equilibrated with the initial solvent (13 : 7, v/v, acetonitrile-water). The 

oligosaccharides were eluted 35 first with the equihbrating solvent for 40 min and 
then with a linear gradient of 1: 1 (v/v) acetonitrile-water for 50 min. The flow 

rate was maintained at 1 mL/min. 

RESULTS 

Preparation and fractionation of the glycopeptides. -The purified sample of 
bovine lactotransferrin was characterized by SDS-PAGE as a single protein band 
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TABLE I 

Molar carbohydrate compositions of bovine lactotransferrin and Con A-fractionated glycopeptides 

Compound Fuc Gal Man GalNAc GlcNAc NeuAc 

Bovine lactotransferrin 0 0.2 0.4 4.3 0.4 2.0 0.2 
Pronase glycopeptides a 0.2 0.5 4.6 0.4 2.0 0.3 
Con A-Fraction A b 0.5 1.5 3.0 3.1 1.1 

Con A-Fraction B b 0.7 1.6 3.0 0.8 3.3 0.9 
Con A-Fraction C a 7.2 2.0 

a Molar ratios were calculated on the basis of two Z-acetamido-Z-deoxyglucose units. b Molar ratios 
were calculated on the basis of three mannose units. 

having a molecular mass of about 80000 daltons. The carbohydrate component, 
representing 11.2% of the purified lactotransferrin sample, consisted of 5.5% 

neutral sugars, 5.1% hexosamines, and 0.6% sialic acids. The sugars were identi- 
fied as fucose, galactose, mannose, ~-ace~lgalactosamine, ff-ace~lglucosamine, 
and neuraminic acid by GLC of their trimethyIsily1 derivatives (Table I>. The molar 
ratio of these monosaccharides (Table I) was similar to that estimated in the 
mixture of glycopeptides obtained after Pronase digestion. Both carbohydrate 
compositions were characterized by a high content in mannose and N-acetylglu- 
cosamine residues and a lower content in fucose, galactose, N-acetylgalactosamine, 
and N-acetylneuraminic acid, suggesting the presence of different types of glycan 
structure. The results obtained by affinity-chromatograpy, on a Con A-Sepharose 
column, of the mixture of glycopeptides confirmed this hypothesis since 3 fractions, 
Con A-Fraction A, Con A-Fraction B, and Con A-Fraction C, were obtained in the 
ratio 11: 8 : 81. The carbohydrate molar ratios of these three fractions (see Table I) 
suggested that the structures of the glycans of Con A-Fraction C are of the 
oligomannoside type, and those of the glycans present in Con A-Fraction A and 

Con A-Fraction B are of the N-acetyllactosamine type. Only the glycans of 
Fraction B were characterized by the presence of N-acetylgalactosamine residues. 

Structure determination of Con A-Fraction A glycopeptidex-The primary struc- 

ture of the glycans present in the glycopeptide Con A-Fraction A was established 
by methylation analysis in conjunction with 400 MHx ‘H NMR spectroscopy. The 
relative pro~rtions of the methylated derivatives of the monosaccharides, taken 
from the mass-fragmentomet~ scans and combined with the molar carbohydrate 
composition, are given in Table II. Identification of 1.6 residues of 3,4,6-tri-0- 
methylmannoside in addition to 1 residue of 2,4-di-0-methylmannoside is inter- 
preted in terms of the presence of a diantennary glycan. The occurrence of 
2,3,4,6-tetra-O-methylgalactoside and 2,3,4-tri-O-methylgalactoside indicated that 
some galactose units are in an external position and others are substituted at 0-6. 
The presence of permethyiated neuraminic acid suggested that the galactose 
residue may be substituted by neuramlnic acid. 

In order to establish the complete primary structure of the glycans, the gly- 

copeptides were submitted to 400-MHz ‘H NMR spectroscopy which indicated the 
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TABLE II 

Mole ratios of methyl ethers present in permethylated Con A-glycopeptides Fraction A and in 
permethylated oligosaccharide-alditols isolated from Con A-Fractions B and C 

Monosaccharide Con A-Fraction A ’ Con A-Fraction B ’ Con A-Fraction C 
methyl ethers C-I b C-II c C-III c C-IV = 

2,3,4-Me,-Feuc 0.5 0.4 
2,3,4,6-Me,-Gal 0.6 0.9 
2,4,6-Me ,-Gal 0.4 
2,3,4-Me,-Gal 0.9 0.8 

3,4,6-Me,-Man 1.6 2.0 1.7 0.8 1.9 
2,4,6-Me,-Man 1.0 
2,4-Me,-Man 1.0 1.0 0.2 2.0 2.0 2.0 
2,3,4,6-Me,-Man 1.2 2.5 2.5 2.7 
3,4,6-Me,-GalNAcMe 0.2 

3,4-Me,-GalNAcMe 0.8 
3,6-Me,-GlcNAcMe 3.1 3.1 

1,3,5,6-Me,-GlcNAcol 1.3 0.9 0.8 1.0 
1,3,5-Me,-GlcNAcol d 

4,7,8,9-Me,-NeuAcMe 1.1 0.8 

u Mole ratios were calculated on the basis of 1 residue of 2,4-Me,-Man per mol of glycan. b Mole ratios 
were calculated on the basis of 1 residue of 2,4,6-Me3-Man per mol of glycan. 
calculated on the basis of 2 residues 2,4-Me,-Man per mol of glycan. ’ Traces. 

c Mole ratios were 

presence of a diantennary N-acetyllactosamine structure partially fucosylated and 
sialylated. Indeed, the NMR parameters (not shown) agree with those described 

for the monofucosyl disialyl diantennary glycopeptides obtained from numerous 

glycoproteins . 20,36 In particular, the H-3a and H-3e signals of the NeuAc unit were 
observed to resonate at S 1.717 and 2.668, which are characteristic of (r-(2 + 6) 
linked NeuAc groups. The H-l protons of Man-4 and Man-l’, respectively, showed 
two doublets. For Man-l, the H-l signals at S 5.136 and 5.120 are related to the 
sialo and asialo (1 --) 3)-linked antennae present in the ratio 1: 1, and a similar 
observation could be made for the Man-d’ H-l signal (sialo, S 4.947; asialo, S 

4.928). The presence of an cu-L-fucosyl group (1 ---) 6)-linked to GlcNAc’ was 
verified by the occurrence of signals at S 1.226 (Fuc CH,) and 4.896 (Fuc H-l). 

The doubling of the NAc signals of GlcNAc (6 2.080 and 2.088) in the ratio 3 : 2 
indicated the presence of 0.4 group of Fuc. These results confirmed that the Con 
A-Fraction A contains a mixture of disialyl, monosialyl, and monofucosyl, dianten- 
nary N-acetyllactosamine glycopeptides, having a (2 + 6)-linked cr-NeuAc and 
(1 + 6)-linked a-L-Fuc group. 

Structure determination of Con A-Fraction B oligosaccharide-alditols. -As the 

presence of GalNAc residues in Con A-Fraction B glycopeptides suggested the 
existence of O-linked glycans, a reductive elimination procedure was applied to 
these glycans. However, under the conditions used, no traces of Z-acetamido-2-de- 
oxygalactitol was identified. Therefore, the oligosaccharide-alditols were released 
from Con A-Fraction B by the reductive alkaline cleavage used to liberate 
N-linked glycans. The structures of these oligosaccharide-alditols l-7 (Scheme 1) 
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a-NeuAc-(2 -t 6)-&Gal-(1 -. 4)-B-GicNAc-0 - 2)-a-Man-f1 -+ 3) 

>@-Man-(1 + 4)-8-GlcNA& + 4bGrcoI Z-5% 

1 (I; 1 f 1) 6 
a-Fudl -+ 6.1 

O-l% 

&Gal-(1 + 4)_@-GlcNAc-(l -* 2kt-Man-(1 -t 6) 

-. 4f-@-GlcNAc-0 -+ 4)-GkNAcd 2-S% 

a-NeuAc-(2 -+ id-~-Gal-(1 -. 4)_f1-GlcNAc-(l - 2)a-Man-Cl -t 3) 1 
1 

2 ma; 1 + 21 6 

a-Fuc-(I -+ 6) 

O-l% 

n-NeuA& -+ 6I-@-Gal-(l + B)-&GlcNAc-ft -+ 2)-a-Man-Cl -+ 6) 

\ 
/ @-Man-(1 + 4)-P-GIcNAc-(1 - 4>GlcNAcd 45% 

~-Gal-(1 -+ 4)-f3-GlcNAc-(1 -t 2)-a-Man-(1 -. 3) 
i 

3 (Ilb; 1 + 2) 6 

a-Fuc-(1 -+ 6) 

O-l% 

n-G&(1 + 3&?-G&(1 + 4&P-G1cNAc-G -) 2SwMan-Cl- 6) 
\ 

/3-Man-0 -+ 4)_@-GlcNAc_(l -) 4)-GlcNAcd 25% 

wNeuAc-(2 --L 62/?-Gal-(1 -+ 4)_@GlcNAc-(id 2)-a-Man-(1 -+ 3) / 
11 

4(W; 1+3> 6 

n-F&l -* 6) 

O-i% 

a-NeuAc_(2 -* 6)_,¶-GaINAd -+ 4)-@-GlcNAc-(1 -2)-a-Man-U -t 3) 
,/3-Man-(l -. 4)+3-GlcNAc_(l~ 4)_GlcNAcol2-5% 

5 (IV; 1 f 4) 

o-NeuAe(2 * O_B-Gal-(1 * 4)_f3-GlcNAc_(l -+ 2~a-Man-(1 -. 6) 

-. 4)tS-GlcNAc-(1 -v 4~GlcNAcol2-5% 

f3-GalNAc-(1 - 4)-@-GlcNAc-(1 -t 2)-m-Man-(1 -a 3) 

6(V; 1+.5) 

jTLGai_(I * 4&f&GlcNAc-(1 -t Z&a-Man-(1 -+ 6) 

-s 4j&GlcNAc-(1-a 4).GIcNAml 25% 

a-NeuAc-(2 + 62@GalNAc-(I -+ 4)-8-GlcNAc-(l -+ l).a-rr-Mae-(1 -+ 3) 

7(VI; 2+4) 

Scheme 1. Structures of the oligosaccharide-alditols present in the Con A-Fraction B isolated from 
bovine lactotr~sfe~~n glycopeptides. The type of structure and the type of antenna are given in 
parentheses. 

was established on the basis of the results obtained by methylation analysis (Table 
10, FABMS analysis (Tables III and IV, Fig. 1) and 400 MHz lH NMR spec- 
troscopy (Table V, Fig. 2, and Scheme 2). 
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The molar ratios of the methyl derivatives of Gal, Man, Fuc, GlcNAc, and 
NeuAc were consistent with the presence of a diantennary structure of the 
N-acetyllactosamine-type partiahy sialylated and fucosylated. Occurrence of addi- 
tional traces of 3,4,6-tri-Q-methyl GalNAc and of 0.8 residue of 3,4-di-O-methyl 
GalNAc suggested the presence, in these diantennary glycans, of GaINAc residues 
located in the external position or substituted at O-6. 

In order to define the complete structure of the Con A-Fraction B glycans, the 
oligosaccharide-alditols were analyzed by FABMS and the results obtained were 
compared to those given by ‘H NMR spectroscopy. As discussed in detail previ- 

ously 21, permethylated N-acetyllactosamine type glycans furnish FABMS spectra 
(Fig. 1) that show intense fragment-ions representing the antenna, designed 
A + 1 --) 6, and fragment ions produced by cIeavage of the N&V’-diacetylchitobiose 

component, one representing the reduced terminal residue, and the other, Cf 
type, comprising one GlcNAc, the mannotriose core, and the antenna present. In 
Table III, the six major types of antennae are listed. As can be deduced from the 
C+-type ions and the molecular ions (M + Naf) listed in Table IV, the oligosac- 
charide-alditols present in Con A-Fraction B were onIy of the diantennary type. 
Some of the oligosaccharide-alditols possess however peculiar antennae, such as 
Hex + Hex + HexNAc+ (m/z 6681, HexNAc --) HexNAc+ (m/z. 5051, and 
NeuAc-HexNAc-HexNAc+ (m/z 866) suggesting the occurrence of Gal -+ Gal --) 
GlcNAc *, GalNAc + GlcNAc, and NeuAc -+ GalNAc -+ GlcNAc sequences. The 
major molecular ions (M + Na+) at m/z 2446 and 2620 are characteristic of 
classical afuco- and fucosyl-monosialyl diantennary glycans. This finding is in 
agreement with the ‘H NMR analysis (Table V) which confirmed the presence of 
two major signals at 6 4.928 (H-l of Man-l’; type 2, asialo antenna) and 6 5.136 
(H-1 of Man-4; type I, sialo antenna). The corresponding protons for Gal-6 and 
Gal-6’ were observed at 6 4.445 (sialo) and 4.471 (asialo). The intensities of the 
signals observed at 6 4.896 [H-l of cu-L-Fuc-(1 + 611 and 6 1.221-1.226 (CH,-Fuc) 
indicated the proportion of fucosyl groups on the GlcNAcol residue to be - 40%. 
The heterogeneity of the CH, signal, not observed in the spectrum of the native 
glycopeptide. is probably due to a chemical modification of the GlcNAcol residue 
occurring during the alkaline hydrolysis. The second type of structure with a sialyl 
group on the (1 --) 6) antenna also exists, as could be deduced from the occurrence 
of signals at 6 5.123 (H-l of asialo Man-41 and S 4.946 (H-l of asialo Man-4’, not 
indicated in Table V). Nevertheless, these parameters may also result from glycans 
of the (1 + 4) and (2 + 4) antennary-type (see structures l-7 for type of antennae). 
Traces of glycans of the (1 + 1) antennary type could also be observed based on the 
observation of the molecular ions M + Na+ at m/z 2807 (afuco) and 2981 (fuco). 
Therefore, the major compounds of the (1 + 2) antennary type corresponded to 
oligosaccharide-alditols 3 and 4. The presence of glycans of the (1 + 3) antennary 

* All sugars discussed have the D-configuration (except for L-fucose) and the pyranose form 
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b. 

2085 I 

2620 ! 

m/z 

Fig. 1. (a) Positive-ion FARMS of the permethylated glycan Con A-Fraction B desorbed from a 

thioglycerol matrix. (b) The molecular-ion region of the spectrum recorded after addition of sodium 
acetate to the target. Fragment ions representing different antennae are designated A,_,. Fragment 

ions produced by cleavage of the chitobiose unit comprising antennae and the mannotriose core are 

marked with C. Molecular ions (M + H+ ) or (M + NaC ) are indicated by an asterisk. 
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Fig. 2. Structural reporter group regions of the 400-MHz ‘H NMR spectrum of oligosaccharide-alditols 
isolated from the glycopeptides Con A-Fraction B of bovine lactotransferrin: (a) Fraction B sialylated. 
(b) Fraction B desialylated. Abbreviations: 4as, cu-Ma-(1 + 3) residue of a desialylated antenna: 4’s or 
4’as, a-Man-U -P 6) residue of a sialylated or desiaiylated antenna; 6,, #J-Cat substituted by rw-NeuAc- 
(2 + 6); 6,,, terminal Gal; 6’G3, &Gal substituted by &Gal-(1 -+ 3); G3, terminal cr-Gal-(1 --f 3); 5GN, 
GlcNAc substituted by P-Ga1NAc-Q -+ 4); YG3, GIcNAc substituted by the branch rY-Gal-cl + 3)-@- 
Gal-(1 -+ 4); GN, &GalNAc-(1 --t 4) residue; F, a-Fur& + 6) residue; H-SG3, H-5 of a-Gal-(1 -+ 3); 
and H-46’G-‘, H-4 of a-Gal-(1 + 3)~p-Gal-(1 + 4). 

type was evident from the occurrence of the M + Na+ ions at m/z 2650 (afuco), 
2824 (fuco), 2335 (B-type), and 668 (Hex --+ Hex - HexNAc). The sequence a-Gal- 
(1 + 3)_&GaI-(I + 45j3-GlcNAc was deduced from the signai occurring at S 5.144 
[for the c&l + 3)-linked Gal residue] and 6 4.542 [for the p-(1 + 4) linked Gal 
residue13’. The terminal fu-Gal-(1 --) 3)-P-Gal sequence could be easily located on 
the (1 --t 6) antenna as only the Cl -+ 3) branch is fully sialylated. On the other 
hand, the H-l resonances of the Gal-6 and Gal-6’ residues in this type of structure 
were found at S 4.539 and 4.542, respectively. Apparently, the other ‘H NMR 
parameters ‘seem not to be affected by this terminal sequence. Therefore, the 
glycan of the (1 + 3) antennary type ‘possesses the structure corresponding to 
oligosaccharide-alditol 4. The same molecular M t-_I++%~ ions ‘at m/z 2824 (fuco) 
and 2650 (afuco) arose from the isomeric glycan. structure with the (2 + 6)-type 
antenna (a very minor structure not shown), whose AC ions appeared at m/z 
1029 -+ 997 (NeuAc + Hex -+ Hex + HexNAc+) and in/z 464 --) 432 (Hex + 
HexNAc+). The glycan structures of the (2 + 4) type, isomeric to the (I+ 5) type, 
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S’G3 
2 a-NeuAd2 --+ 6)-@.Gsl_(l * 4) 

5’ 4’as or 5 

2 a-Gal-(1 -s J)+Gal_(l -t 4) @-GlcNAdl -a 2&a-Mad1 + 6) 

G3 

3 \ 

F \ 6 

1 
B-Man-Cl -+ 4)+3-GlcNAc-(1 + 4)_GlcNAc-01 

3 2 01 

2 / 

4 ol-NeuAc-(2 --t 6)_&GalNAc-(1 - 4) 
-v 2)-wMan-(1 + 3) 

5 /3-GalNAc-(1 - 4) 4asors 

Scheme 2. St~ctures of the various oi~gosa~haride-alditols that may be isolated from Con A-Fraction 
B. Type 5 was only observed by FABMS. 

TABLE III 

Various types of antennae present in the oligosaccharide-alditols of Con A-Fraction B, as deduced from 
the FABMS, fragment ions 

Type of antenna Fragmentations m/z 

1 NeuAc * Hex -+ HexNAc+ 825 -, 793 
2 Hex + HexNAG” 464 * 432 
3 Hex -D Hex + HexNAc+ 668 * 636 
4 NeuAc --t HexNAc -+ HexNAc+ 866 --) 834; 621 

5 

6 

HexNAc + HexNAc+ 

NeuAc -+ Hex + Hex -+ HexNAc+ 

,413 
505, 

1029 jZ& 580 

TABLE IV 

Various types of combination of the antennae present in the oligosaccharide-alditols of Con A-Fraction 
B, as deduced from the molecular ions M + Na+ and the ions of type C 

Combination C+ ion 

1+1 2492 
1+2 2131 
1+3 2335 
1+4 (2533) 
1+5 2172 
2+4 2172 
2+2 1770 
3+4 (2376) 
2+6 2335 

M+H+ 

Fuc absent 

278.5 
2424 
2628 
2826 

(2465) 
(246% 
2063 

2628 

M+Na+ 

2807 
2446 
2650 
2848 

@WI 
(2487) 
208.5 

2650 

M+Ii+ M+Na+ 

Fuc present 

2959 2981 
2598 2620 
2802 2824 
3Ooo 3022 

2661 
2661 

2843 2865 
2802 2824 
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TABLE V 

‘H Chemical shifts (S) of the structural reporter group protons for the oligosaccharide-alditols isolated 
from the bovine lactotransferrin Con A-Fraction B a 

Report Sugar 
group aOZol 

q +-T+ # 

@w$+ 

H-I GlcNAc-2 4.641 (4.174) 

H-2 

H-3a 
H-3e 
H-4 
H-5 
NAc 

CH, 

Man-3 
Man-4 
Man-4’ 
GlcNAc-5 
GlcNAc-5’ 
Gal-6 
Gal-6 ’ 
GalNAc(GN) ’ 
u-Gal-(1 + 3XG3) ’ 
cu-Fuc-(1 --f 6) 
Man-3 
Man-4 
Man-4’ 
cu-NeuAc-(2 + 6) 
wNeuAc-(2 -P 6) 
Gaf-6 ’ 
cu-Gal-U -) 3) 
GlcNAcol 
GlcNAc-2 
GlcNAc-5 
GlcNAc-S’ 
GalNAc 
NeuAc 
c~-Fuc-(1 --) 6) 

4.777 
4.136 
4.928 
4.605 
4.581 
4.445 
4.471 

4.896 
4.254 
4.191 
- 4.10 
1.717 
2.672 

2.056 
2.080 (2.088) 
2.070 
2.047 

2.030 
(1.226) 

4.777 

4.928 

4.581 

4.542 

5.144 

4.254 

- 4.10 

4.182 
4.205 

2.047 

4.777 4.777 
5.136 5.123 

4.581 4.581 

4.498 4.515 

4.254 4.253 
4.191 4.191 

1.717 
2.669 

2.070 - 2.05 

2.070 
2.030 

2.066 

” Compounds are represented by the schematic structures according to Vliegenthart et a1.34: 0, 
GalNAc; 0, GlcNAc; +, Man; n , &Gal-(1 + 4); 0, Fuc; 0, NeuSAc; and EI, u-Gal-(1 -f 3). ’ GN 
denotes GalNAc in the ‘H NMR spectrum (Fig. 2). ” G3 denotes a-Gal-(1 ---) 3) in the ‘H NMR 
spectrum (Fig. 2). 

were characterized by the ions at m/z 2661 (M + Na+) and m/z at 866 (NeuAc 
+ HexNAc -+ HexNAc). According to the high intensity of the H-l signal of 
GalNAc, at 6 4.498, and the low content of sialyl groups of the (1 + 6) antenna, 
the cY-NeuAc-(2 -+ 6)-P-GalNAc-(1 -+ 4)-/3-GlcNAc structure could be located in 
the (1 + 3) antenna. The position of the GatNAc residue in the (1 * 3) antenna 
was confirmed by desialylation of Fraction B. No difference was observed in the 
chemical shift of H-l of Man-4’ before or after desialylation (namely 4’ and 46,); 
so it was concluded that the (1 + 6)-linked antenna is not sialylated. As the 
FABMS analysis indicated an cy-NeuAc-(2 -+ 6)-j?-GalNAc-(1 -+ 4)-P-GlcNAc-(1 
--, 2) structure, this unit is necessarily linked to the (1 ---, 3) antenna. The high 
intensity of the singlet observed at 6 2.070 probably includes the resonance of the 
NAc group of GalNAc, GlcNAc-5 (sialo), and GlcNAc-5 substituted by GalNAc 
(see Fig. 2 and Scheme 2). The desialylation of Fraction B led to an intense 
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TABLE VI 

Molar carbohydrate composition a of oligosaccharides present in Con A-Fraction C isolated from 
bovine lactotransferrin 

Oligosaccharide-alditols Man GlcNAc 

c-i 3.6 1.0 
C-II 5.3 1.0 
C-III 5.7 1.0 
C-IV 6.4 1.0 

C-V 7.8 1.0 

c-vi 8.5 1.0 

’ Molar ratios were calculated on the basis of one 2-acetamido-2-deoxyglucose unit. 

deshielding of all the NAc signals, except for that observed at S 2.066, which was 
consequently attributed to GalNAc. These values are similar to those described for 

the sequence ar-NeuAc-(2 + 6)-~-GalNAe-{l + 4)-fi-GlcNAc of human lutropin38. 
According to these results, the oligosaccharid~-alditols corresponding to the (2 + 4) 
antennary type possess structure 7. The presence of a glycan possessing structure 5 

of the (1 + 4) antennary type was deduced from the occurrence of the M f Na+ 
ion at m/z 3022. The glycan having structure 6 containing the (1 + 5) antennary 
type did not exceed 5% of the mixture and could only be characterized by the 
presence of the molecular ion at m/z 2661 together with that of the signal 
observed at 6 4.514. 

St~cture determination of Con A-Fraction C ol~g~~~ccharides. -Con A-Fraction 
C, strongly retained on a Con A-Sepharose column, contained glycans of the 

oligomannose type (Table I). The endo-N-acetyl-@-o-glucosaminidase from 
Sporotricum dimorphosphorum l8 is a powerful tool for removing the carbohydrate 
chains from glycopeptides of the oligomannose type”, and treatment of Fraction C 
released oligosaccharides that were separated by HPLC on an Amino AS-SA 
column. Six fractions (Fractions C-I-C-VI) containing 4-9 residues of mannose 
were separated and characterized (Table VI). An aliquot of each fraction analyzed 

by TLC showed that the different fractions were relatively homogeneous. The 
glycan structures of Fractions C-V and C-VI containing, respectively, 8 and 9 
mannose units have been previously determined by methylation and ‘H NMR 
analysis of the corresponding glycopeptides l4 The structures of the oligosaccha- . 

rides fractions (C-I-C-IV) were analyzed by ‘H NMR (Table VII). After reduction 
with sodium borohydride, the reduced oligosaccharides were methyIated and 
analyzed by GLC-MS (Table III. 

In the reduced oligosaccharide C-I containing 3.6 units of mannose for one unit 
of N-acetylglucosaminitol, the presence of a very small amount of 2,4,-di-O-meth- 
ylmannoside suggested the absence of the disubstituted mannosyl residue of the 
trimannose common core. Moreover, the occurrence of 1.2 residue of 2,3,4,6-tetra- 
O-methylmannoside confirmed the presence of only one mannosyl group in termi- 
nal nonreducing position. Thus, the results (Table II) are in agreement with the 
linear structure 8 (Scheme 3). The structure of the nonreduced oligosaccharide was 
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TABLE VII 

‘H Chemical shifts (S) of the structural reporter group protons for oligosaccharides isolated from 
bovine lactotransferrin Con A-Fraction C a 

Reporter 

group 

Sugar Con A-Fraction C 

C-I C-II 

Ab Bb Ab Bb 

H-l GlcNAc-2a 5.205 5.246 5.246 5.246 5.228 

NAc 

H-l 

P 4.700 
GlcNAc-2a 2.042 

P 2.040 
Man-3 4.772 
Man4 5.345 

H-2 

Man-l’ 
Man-Aa 
Man-Afi 
Man-B 
Man-C 
Man-D1 
Man-D2 
Man-D3 
Man-3a 

P 
Man4 
Man-4’a 

P 
Man-Aa 

P 
Man-B 
Man-C 
Man-D1 
Man-D2 
Man-D3 

4.706 4.710 
2.043 2.043 

4.780 
5.101 

4.872 
5.078 
5.105 
4.907 

5.298 
5.042 

4.221 
4.208 
4.082 

4.104 
4.064 

4.265 
4.251 
4.077 
4.142 
4.148 
4.048 
4.063 
3.980 

4.780 
5.348 
(with Man-C) 

4.871 
5.076 5.397 

5.102 
4.907 5.142 
5.052 

5.052 
5.038 

4.253 
4.253 
n.d. 

4.144 

c 4.059 

3.985 4.020 
4.068 

4.068 
4.068 

(with Man-D21 
4.710 
2.042 

e 

4.770 
5.343 5.350 

4.872 
5.081 5.399 
5.405 5.104 
4.909 5.144 
5.055 5.301 

5.041 
5.055 
5.041 

4.238 
4.228 
4.130 
4.156 
4.151 
4.088 
c E 

3.981 4.020 
4.071 4.106 
4.071 
4.071 
4.071 

a Compounds are represented by the schematic structures according to Vliegenthart et a1.34; 0, 
GlcNAc; +, Man. bA, without Man-D residues; B, with Man-D residues. ’ Not determined. 

confirmed by ‘H NMR spectroscopy, as the chemical shifts of the structural 
reporter groups (Table VII> are essentially identical to those reported for the same 
glycan structure previously described39. 

In the reduced oligosaccharide C-II containing 5.3 units of mannose for one 
unit of N-acetylglucosaminitol, the presence of 2.5 residues of 2,3,4,6-tetra-0. 
methylmannoside (Table II) indicated that 2-3 mannose units are in the external 
position, and the presence of 2 residues of 2,4-di-O-methylmannoside indicated 
that the structure contains two branching points. The ‘H NMR spectroscopic data 
of the nonreduced oligosaccharide C-II (Table VII) matched those of reference 



G. Spik et al. /Carbohydr. Res. 236 (1992) 145-244 159 

a-Man-( 1 + 2)+&Ian-( 1 --j 2)-&Jan-( 1 + 3)-&Man-( 1 -+ 4)-GlcNAc 

8 (Oligosaccharide C-I) 

cu-Man-(1 + 61, 

ar-Man-(1 + 3)/ 
o-Man-(1 + 6), 

/-Man-(1 --) 4)-GlcNAc 
a-Man-0 * 3) 

9 (Oligosaccharide C-II) 

a-Man-(1 --, 2)-a-Man-0 + 6) 

30% 
\ 

a-Man-G + 6) 
\ 

o-Man-(1 + 2kMan-(1 + 3) 
/ 

20% 

p-Man-(1 -+ 4)-GlcNAc 

o-Ma& --) 2)+x-Man-0 -+ 3) 
/ 

40% 

10 (Oligosaccharide C-III) 

D-3 B 

o-Man-0 --, 2&Man-(1 -+ 6) 

O-I% 
\ 4’ 

cu-Man-0 --* 3) 

o-2 A 

o-Man-0 -P 2)-ar-Man-(l * 3) 
/ \ 

/&an-(1 4 4)-GlcNAc 
O-l% 

D-1 
cr-Man-cl --, 2)“ty-&an-(1 + 2)-cu-&an-(1 -+ 3) 

/ 

O-l% 

11 (Oligosaccharide C-IV) 

Scheme 3. Structures of oligosaccharides isolated from glycopeptides Con A-Fraction C of bovine 
lactotransferrin as determined by ‘H NMR spectroscopy. 

compound U7.2, described re~en~y~, and together these results identified the 
structure of oligosaccharide C-II as 9. 

In the reduced Fraction C-III containing 5.7 units of mannose for one of 
N-acetylglucosaminitol, 2 residues of 2,4-di-O-methylmannoside and 2.5 residues 
of 2,3,4,6tetra-O-methylmannoside were identified, as in the reduced oligosaccha- 
ride C-II. The reduced fraction C-III differed, however, from the reduced oligosac- 
charide C-II by the presence of 1 residue of 3,4,6-tri-~-methylmannoside. The ‘II 
NMR spectrum of the nonreduced fraction C-III indicated that it consists of a 
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mixture of several compounds, the basic structure being Man,GlcNAc with a 
heterogeneity in the terminal cu-(1 -+ 2)-linked mannosyl groups (10). 

In the reduced fraction C-IV containing 6.4 units of mannose for 1 unit of 

N-acetylglucosaminitol, the presence of 1.9 residues of 3,4,6-tri-O-methylmanno- 
side and 2.7 residues of 2,3,4,6-tetra-O-methyl mannoside for 2 residues of 2,4-di- 
0-methylmannoside (Table II) confirmed the structure Man,GlcNAc (10). More- 

over, the presence of different isomers of Man,GlcNAc could be deduced from 
the results obtained by ‘H NMR analysis (Table VII) showing that Man-A, Man-B, 
and Man-C (units of 11) are or are not substituted by Man-D2, Man-D3, and 

Man-D2 groups, respectively. 

DISCUSSION 

Several structures of glycans of different serotransferrins and lactotransferrins 
have been previously determined ‘5~16 The results obtained have shown that the . 

glycan structures are species specific and that the structural diversity of the 
glycans, so far analyzed, appears to be linked either to the number of antennae or 
to the peripheral sugar sequences. In fact, the serotransferrin from normal human 

serum contains diantennary glycans disialylated with N-acetyl-a+neuraminic acid 
residues (2 -+ 6) linked and two types of triantennary glycans with a group of 
N-acetylneuraminic acid (2 + 3) linked to the third antenna41m4”. The mouse 

serotransferrin diantennary glycans are sialylated either by N-ace@- or N- 
glycolyl-neuraminic acid residues44, the horse serotransferrin diantennary glycans 
are sialylated by one or two O-acetyl-N-acetylneuraminic acid groups45, and the rat 
serotransferrin diantennary glycans are trisialylated with a third N-acetyl-a-neu- 
raminic acid (2 -+ 6) linked to the peripheral N-acetylglucosamine residue46. The 
diantennary human lactotransferrin glycans appeared to be partially sialylated and 
mono- or di-fucosylated . 36 Bovine lactotransferrin represents, therefore, the first 

type of glycoprotein of the transferrin family containing both N-acetyllactosamine 
and oligomannoside-type glycans. The different structures of oligomannoside gly- 
cans, Man5-Many, are related to the different steps of biosynthesis of the 

N-acetyllactosamine type glycans47-4”. This observation suggests either that the 
transport of bovine lactotransferrin through the Golgi apparatus is very rapid and 
does not allow the complete trimming and glycosylation of all the glycans, or that 
the folding of the protein inhibits the activity of the glycosyltransferases involved in 
the biosynthesis of the N-acetyhactosamine-type glycans located at specific glycosy- 
lation sites. The nonreduced, linear oligosaccharide C-l (8) has been previously 

characterized in mannosidosis urine 5”-52 The occurrence of this linear pentasac- . 
charide, which is not produced during the catabolic processing pathway, may be 
explained by the existence of an endo-Lu-o-mannosidase that cleaves specifically the 
a-Man-(1 + 6)-P-Man linkage. 

The heterogeneity of the structure of the N-acetyllactosamine-type glycans of 
bovine lactotransferrin was resolved by use of mass spectrometry and ‘H NMR 
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spectroscopy. Common diantennary N-acetyllactosamine glycans, partially sialy- 
lated and fucosylated, were characterized in association with some particular 

diantennary structures that carry a-Gal-(1 + 3)-P-Gal, P-GalNAc-(1 --+ 4)-p- 

GlcNAc, or cy-NeuAc-(2 + 6)-P-GalNAc-(1 --) 4)-P-GlcNAc units. The structural 

element a-Gal-0 + 3)-P-Gal-U --) 4)-$I-GlcNAc was reported to occur in the 
carbohydrate chains of other bovine glycoproteins, such as bovine thyroglobu- 
1in37,53,54. Analysis of the acceptor specificity of the (1 + 3)-a-o-galactosyltrans- 

ferase purified from calf serum has demonstrated that the (1 + 3)-a-o- 
galactosyltransferase competes with the (2 + 6)- and (2 --f 3)-a-sialyltransferases 

for the N-acetyllactosamine units in a mutually exclusive ways5. In our study, the 
a-Gal-(1 -+ 3)-P-Gal unit was found to be located on the antenna linked to the 
cr-Man-(1 + 6) residue. Similar results were obtained for the glycoprotein of 

Friend murine leukemia virus56, whereas in the glycopeptides derived from a Lewis 
lung carcinoma cell subline, resistant to Aleuriu auranfia agglutinin, the a-Gal-(1 
-+ 3) unit was found linked to both antennae of a diantennary glyca$‘. 

2-Acetamido-2-deoxy-D-galactose has not been found in the structure of trans- 

ferrin glycans so far analyzed. The presence of this monosaccharide unit in 
N-glycosyl-linked glycans appears to be limited. In some glycoproteins, the D- 

galactosyl residue of the N-acetyllactosamine unit may be replaced by a 2- 

acetamido-2-deoxy-P-o-galactosyl residues (1 --) 4) linked to the peripheral 2- 
acetamido-2-deoxy-o-glucosyl residue. Terminal, P-linked 2-acetamido-2-deoxyga- 
lactosyl residues were previously identified in the glycans of glycoproteins synthe- 

sized by Schistosomu munsoni adult males58. In some glycoproteins, substituted 
2-acetamido-2-deoxy-/3-p-galactosyl residues were found. For instance, the follow- 
ing units, --) 3)-&Gal-(1 + 3)-P-GalNAc-(1 -+ 4)-P-GlcNAc-(1 + 2)-a-Man-(1 + 
and a-Fuc-(1 + 2)-@Gal-(1 + 3)-P-GalNAc-(1 + 4)-/3-GlcNAc-(1 + 2)-cr-Man-(1 

-+ , were observed in glycans derived from hemocyanin of Lymnaea stugnuZis59. 
The terminal sequence P-GalNAc(SO;)-(1 + 4)-P-GlcNAc-(1 + 2)-a-Man has 

been observed in glycoprotein hormones synthesized by the anterior pituitary gland 
from several speciesb0-“4, as well as in one or in both antennae of a diantennary, 
N-acetyllactosamine-type glycan or in the (1 -+ 3) linked antenna of a hybrid-type 
glyca@. Moreover, in human lutropin3s, the sialyl group-containing terminal 
sequence, cx-NeuAc-(2 --, 6)-P-GalNAc-(1 + 4)-P-GlcNAc, was recently character- 
ized in the (1 + 3) linked antenna. In the present work, the 2-acetamido-2-de- 
oxygalactose unit was found in bovine lactotransferrin glycans, either nonsubsti- 
tuted or substituted by a cu-NeuAc-(2 + 6) residue in the (1 -+ 3) linked antenna. 
These results are in agreement with the results obtained by Weisshaar et a1.38 on 
human lutropin, but in disagreement with our preliminary data16$ this suggests 
the presence, in bovine mammary gland, of an N-acetyl-p-galactos- 
aminyltransferase that recognizes preferentially the 2-acetamido-2-deoxy-D-glucose 
unit (1 + 2) linked to the a-Man-(1 + 3) residue. Preliminary results” of the 
analysis of the structure of the glycans linked at individual glycosylation site in 
bovine lactotransferrin showed that the diantennary glycans containing the [a- 
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NeuAc-(2 + 6)]~_~-~GalNAc-{l--) 4&3GlcNAc unit are located only at Asn 490. 
This obse~ation suggests that the activity of the ~-ace~Igalactos~~nyltransferase 
from bovine mammary gland, like the ~-ace~lgalactosaminyltransferase from the 
pituitary g1ands68*6g, is inffuenced by the surrounding polypeptide chain at the 
glycosylation site. Further analysis of the structura1 features of the peptide respon- 
sible for the specificity of the N-acetylgalactosaminyltransferase from bovine 
mammary gland should bring complementary results concerning the specificity of 
the ~-ace~igala~tosaminyltr~sferases. 
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