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ABSTRACT

The site of substitution of the peripheral branches on the core mannose-residues
in the complex-type carbohydrate units of glycoprotemns has been studied by Smith
degradation By using glycopeptides of known structure, it 1s shown that the site
of attachment of the (I —4)-linked, third branch to the mannose core in tri- and
tetra-antennary structures may be conveniently demonstrated by this technique
A critical factor was found to be the concentration of acid used for cleavage of the
periodate-oxidized product This finding could explain discrepancies concerning the
previously published structures of fetuin glycopeptides The technique was applied
for study of the branching pattern i human transferrin, porcine thyroglobulin, and
rat plasma and brain glycoproteins The results support the concept that, in glyco-
proteins from most sources, the third (1—-4)-linked branch 1s attached to the (1—3)-
linked mannose residue of the core portion in the complex-type structures An in-
dication for a novel type of branching pattern in human transferrin was, however,
also obtamed.

INTRODUCTION

The complex-type carbohydrate units of glycoproteins are composed of a
D-mannose—2-acetamiao-2-deoxy-D-glucose core, to which two, three, or four peri-
pheral branches or “antennas” are attached' * Whilst similar biantennary structures
have been described from several sources® ?, there has been disagreement as to the
structure of the more branched tri- and tetra-antennary structures The disagreement
concerns the branching pattern, that is, the site of attachment of third and fourth
branch In «,-acid glycoprotein®, urinary oligosaccharides® > and ovotransferrin®,
the third branch has been reported to be bound to the outer mannose (1 —3)-linked
to the internal mannose residue, whereas in VSV glycoprotemn? it was reported to be
bound to the (1 —6)-linked mannose residue Both of these two alternatives have been
suggested for fetuin® °

We have used Smith degradation to study the branching in such carbohydrate
units, as the branching pattern can be readily concluded from the products by using
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methylation analysis A difficulty anses, however, in the unexpected acid-resistance
of the periodate-oxidized product, which has led to discrepancies concerning the
structure of fetuin glycopeptides®® We found that this d.ficulty can be oveicome by
opiinnzing the conditions of the mild acid-hydrolysis step Using this technique we
i1ve analy zed a number of glycoproteins The results indicate that there i1s a common
preferential branching pattern is the tri- and tetra-antennary structures of glyco-
proteins from several sources suggesting similar common pathways of biosynthests

ENPERIMENTAL

Alaterials — Fetuin (Type 1V), nansferrin ovalbumin (Grade V), porcine
thyroglobulin (Type II). pronase (protease Type VI) and a muxture of O-(N-acetyl-
neutaminyl)-(2—3)-lactose and O-(N-acetylneuraminyl)-(2—6}-lactose were ob-
tained from Sigma Chemical Company v,-Acid glycoprotein was a generous gift
from Dr. G Myllyla of the Finnish Red Cross Blood Transfusion Service, Helsinhi
O-(N-Acetylneuraminyl)-(2—6)-lactose and lacto-N-fucopentaose I were kindiy
supplied by Dr A Gauhe, Heidelberg [*HJAcetic anhydnide (500 mCi/mmol) was
puichased from the Radiochemical Centre. Con A—Sepharose from Pharracia Fine
Chenucals and Vibio cholerae neuramimidase (500 U/mL) from Calbiochem

Preparation of gh copeptides — Glycopeptides were prepared from glyco-
proteins (200 mg each) by extensive digestion with pronase'® ,-Acid glycoprotein
was treated with Vibiio cholerae neuranumidase'! prior to protease digestion to n-
crease 1ts susceptibility to proteolytic treatment'? The glycopeptides produced were
purified by gel filtration on Sephadex G-25 Fme!? and N-[?HJacetylated mn therr
peptide moiety with [*HJacetic anhydride'*

Tri- and tetra-antennary clyccpeptides were separated from biantepnary
complex-tvpe and high-mannose-type stiuctures by affinity chromatography on
concanavalin A-Sepharose as desciibed previously'* ' Glycopeptides fiom fetuin,
rat bram, and rat plasma. which were not bound to concanavalin A were subjected to
muld alkaline-borohydride treatment to liberate the O-glycosylic oligosaccharides'®
The alkah-stable N-glycosylic glycopeptides were separated from the released O-
glycosidic oligosaccharides by gel filtration on Sephadex G-50 as described previcusly!?

The tri- and tetra-antennary glycopeptides from «,-acid glycoprotein were
separated by gel filtration on Sephadex G-30 Fine The column (2 cm x 75 cm) was
eluted with O Ism pynidine-acetic acid buffer (pH 50). Fractions of 45 mL were
collected and counted for radioactivity The glycopeptide peak was pooled m five
parts The earhiest eluting pool, containing the tetra-antennary glycans (as indicaited
by methylation analysis) was used for Smith degradation

Plasma of adult Albino Wistar rats was prepared as described previously ®
Plasma and whole brains were delipidated*?® '® and the hipid-free residue was subjected
to extensive digestion by pronase'® After the digestion, the glycosaminoglycans were
precipitated with cetylpyridinium chlonide!? and the glycopeptides purified by gel
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filtration'® The purified glycopeptides were N-[*HJacetylited and fractionated as
already described

Snuth degiadation — Glycop ‘p[ldCS (0 7-1 0 umol total sugars) were oxidized
with 0 05\ sodium metaner;odak m 2 mL of 0 05Mm sodium acetate buller (pH 4 1)
for 3 days at 4° 1n the dark The excess of periodate was decomposed with 35 ul of
ethylene glycol The solutlon was brought to pH 7 with 1 sodium hydroxide and the
oudized sugars were immediately reduced with 0 5 mL of v sodium borohydrida for
3 h at 20° Borohydride was decomposed by addition of acetic acid to pH 3 and the
glycopeotides were purified by gel filtration on Sephadex G-25 Fine The column
(2 x 45 cm) was eluted with 10m v pyiidine-acetic acid bufler (pH 50) Fractions
of 5 5 mL were collected and aliquots countad for 1adsoactivity Fractions containing
the glycopeptides were pooled and lyophilized After i lyophilization from 2 mL ol
water the glycopeptides were hydrolyzed in 2 mL of O Iat nydiochlonic acid for 1 h
at 80°

Methy lation ana’ysev — Glycopentides were methylated by the method of
Hakomot!? Additional s imoles were also methylated vy using a methylation reagent
made from potassium fert-butoxide n order to deciease the extent of interferme
noncarbohydi ite peahs?® The nethylated givcopeptidos werz degraded by acetolysis
and acid hydrolv.i3?! The samples were tieated with 05 mL of wa sulluric acid in
9549 acetic acid for 16 h at 80° The muxture was then mixed with an equal volume of
water and heated for a1 additiond 5 i at §0°

Partially rethylated alditol acetites were analyzed by giw-hqu'd chromato-
sraphy and mass soectronetiy Alditol acctates of neutral suzars (except mono-
methylated hexoses) were chromatograched on 1% OV-225 or 39 OV-210 at 180 or
190°, and coiresponding derivatives of ammno sugars on ..2“.', OV-101 at 205°
Monomethylated hecioses wvere determuned on 19, OV-223 atr 200° Detection was
performed by tot:l romization current and by mass fragmentozraphay at mfz valqu
161. 189, and 232 ror nvutral sugars a1a 158 for amino sug irs .s described previously!”
Response factors for varicus differentially substituied sugar-rosidues 1 mass-frag-
nentographic decxction at diflizient 54/2 values were ( btamed fiom 12ference giveo-
peptides and oligasoccharidss having knowa stractures e branteanury glyean from
transferrin?? fetrin™ 2 the tettaantennuy givean fiom v,-1wad glycoprotumn® O-(N-
acetylneuraminyl)-(2—3)-factose  O-{N-acetylneuraminyl)-(2—6}-laciose and lacto-
N-fucosentaose [ As no hormogencous refucnce compouad co stamng 3 4 6-tr1-0-
substrtuted mannose was dvailable, this sugar dernvauve was quantitated by total
ionization ct rrent

Retention times of partially methylated alditol acetat_s weic compared with
those obtamad fiom referencz oligosaccharides and zlycop.optides and with values
reportzd previously?® The methy! substitution-patterns were conmmed by mass-
speciral analysis?? 27 Moss spectia were recorded with a Vartan MAT Cti-7 mass
spectrometer equipped witk SpectroSystem 100 MS data-processing systen The
ronization potential was 70 ¢V and the 1omzation current 300 A An Altecma AL 5
multiple-ion detcctor was used for mass fragmentograpliac detection
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RESULTS AND DISCUSSION

Deternunation of the biranching pattern by Snuth degiadation and methylation
analysis — In the structures proposed for fetuin and other glycoproteins, a dis-
agreement concerns the site of attachment of the third peripheral branch or “an-
tenna"*~? Asshownn Fig L. it 1s possible to differentiate between these two alterna-
tives by using Smith degradation followed by methylation analysis of the product
In structure A, the 3,6-disubstituted mannose will be converted to a 3-monosubstituted
residue, whereas structure B would give rise to a 6-monosubstituted mannose residue
As the 2-acetamido-2-deoxy-D-glucose residues 1n this type of glycopeptides 1s usually
periodate-resistant. the 2 4-disubstituted mannose residue remains unchanged

The approach is also suitable for analysis of the site of attachment of the
(1 ->4)-linked third branch in tetraantennary structures In such glycans, the fourth
branch 1s bound by a (1—-6)-linkage to the 2-O-substituted mannose residue As the
2,6-d1-O-substituted mannose 1s periodate-labile, a similar change 1n the substitution
pattern of the internal, 3,6-di-O-substituted mannose residue should be seen after
Smith degradation. as in the case for the triantennary carbohydrate units

The method was tested by using glycopeptides of known structure As shown
m Table I for the tetraantennary glycan of «,-acid glycoprotein, the results of methyla-
tion analysis after Smith degradation are, as expected®, consistent with structure
A Fig 1

As a further control of the experimental procedure, ovalbumin glycopeptide
were analyzed The “high-mannose’ and “hybrid” type carbohydrate units of oval-
bumin contain a periodate-stable mannose resitdue bound (1—6) to the internal
mannose2® 26 Fig 2 shows the results of Smith degradation of total ovalbumin
glycopeptides Taking into account the response factors, the ratio of the 6-O-sub-
stituted mannose to that of the 3,6-di-O-substituted mannose was found to be 6 1.
which 1s 1n good agreement with the expected value of ~4 1 as calculated from the
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Fig 1 Two alternative possibilities for the branching pattern in triantennary glycans and the
products expected after one cycle of Smith degradation
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Frg 2 Mass fragmentograms of partially methylated alditol acetates obtained from total ovalbumin
glycopepudes Upper traces (A and B), untreated glycopeptides, lower traces (C and D) Smuth
degraced glycopepudes Peak 1, 3 4 6-tri-O-methylmanmitol, peak 2, 2 3,4-tri-O-methylmannitol.
puith 3 3 6-di-O-methylmannitol, peak 4, 2 4-d1-O-methylmannitol, peak 5, 3,4-di-O-methylmannitol,
peak 6, 2 4 6-tri-O-methy Imannitol, and peak 7 2,3,6-tr1-O-methy Imannitol Conditions 3%, OV-210.
190° detection by mass fragmentography (A and C) m/z 189, (B and D) m/=- 233

relative proportions of the ovalbumin glycopeptides and their known structures®® 26
This result indicates that 1f a periodate-stable sugar residue 1s (1 —6)-linked to the
internal mannose (structure B) 1t 1s detected by the method used

Influence of the conditions of nmuld acid hydrolsis — In accordance with the
proposed structuies of fetuin® °. one mole each of 2-O-substituted. 2 4-di-O-sub-
stituted and 3.6-di-O-substituted mannose residues were found in the methylation
analysis of the fetumn glycopeptide (Table I and Fig 3) As expected periodate treat-
ment decomposed the 2-O-substituted mannosyl nearly quantitatively, whereas the
relative proportions of 2,4-di1-G-substituted and 3,6-di-O-substituted mannose residues
were unchanged. After periodate treatment and mild acid hydrolysis, the relative
amount of 3,6-di-O-substituted mannose was decreased to 01 mol (Table I) In
gas-liquid chiomatography, one major new peak was observed (Fig 3, peak 8)
Based on 1ts mass spectrum and relative retention-time, this component was identified
as the »artially methylated derivative arising from 3-O-substituted mannose The
resultis in agreement with structure A (Fig 1), as 1ecently proposed by Nilsson ez al °

In another recent study. the branching pattern of fetuin glycopeptides was
reported® to correspond to structure B (Fig 1) The studies were performed by
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Fig 3 Mtass fragmentograms of partially methylated alditol 1cetites obtained trom fetuin glyco-
peptides Upper traces (A-C) untreated glycopeptides lower traces (D-F) Smth-degraded glyco-
peptides Peak [, 2,3 4,6-tetra-O-methylgalactitol, peak 2, 2.4,6-tri-G-methylgalactito! peak 3 34 6-
tri-O-methylmannitol, peak 4, 2,3 4-tri-O-methylgalacutol, peak 3 3 6-di-O-methylmannitol

peak 6 2,4-di-O-methylmanmtol, peak 7 3,4-di-O-methylmannitol peak & 24 6-tri-O-methyl-
mannitol, and peak 9, 2,3,6-tri-O-methylglucitol Conditions 3“;, OV-210, 180 (A and D) and 190

(B, C E and F) Detection by mass fragmentography (A and D) m/z 161 (B and E) »m/z 189 nd
(Cand F) m/z 233

treatments with glycosidase and by methylation analysis [t was rcported that the
periodate oxidized and subsequently reduced substituent bound to the 3,6-di-O-
substituted mannose was resistant to hydrolysts, and Snuth degradation could
therefore not be used for the structural study® In order to study whether the difterent
results could arise from differences in experimental conditions glycopeptides were
also subjected to Smuth degradation exactly as i1eported in the foregoing study
Under these conditions, and using mild acid treatment (25ma sulfuric acid, 1 h
80°), only small amounts of 3-O-substituted mannose were produced (Fig 4D, peak
8) However, when the pertodate-oaidized and reduced glycopeptides wete hydrolyzed
with 50 and 100mw sulfuric acid, the proportion of 3-O-substituted mannose was
increased (Fig 4F and H), and was found in amounts sinmlar to those found after the
standard conditions of hydrolysis (0 16, | h, 80°) used i1n the present study (Fig 3)

In order to study whether production of the 3-O-substituted mannose could
be due to “nonspecific” acid degradation, fetuin glycopeptides that had not been
subjected to periodate oxidation were directly hydrolyzed by 100m»t hydrochloric
acid No changes in the relative proportions of the differentially substituted mannose
residues were detected, indicating that the production of the 3-O-substituted mannose
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Fig 4 Mass fragmentograms of partially methylated alditol acetates obtained from periodate-
oxidized and subsequently reduced fetuin glvcopeptides (A and B), not hydrolyzed, (C and D),
hydrolyzed by 25mm sulfuric acid, (E and F), hydrolyzed by 50mm sulfuric acid, and (G and H),
hydrolyzed by 100mw sulfuric acid Peak 1, 3,6-di-O-methylmannitol, peak 2, 2,4-di1-O-methyl-
mannitol, peak 3, 2,4,6-tri-O-methylgalactitol, and peak 4, 2,4,6-tri-O-methylmanmtol The retention
ume of 2,3,4-tri-O-methylmannitol 1s indicated by an arrow Conditions 3%, OV-210, 190°, detection
by mass fragmentography (A, C, E, and G), m/z 189, and (B, D, F and H) m/= 233

was due specifically to periodate oxidation The results are thereafter in agreement only
with structure 4 (Fig 1) The previous suggestion® of structure B can most likely
be ascribed to the inherent problems 1n the approach of using glycosidase digestion
for structural analysis?? Possible differences between fetuin preparations obtained
from different sources have, however, also to be considered

The triantennary glycans of transferrin — Human transferrin contains both
biantennary and triantennary N-glycosylic carbohydrate units®® 22 The relative
amount of triantennary glycans 1s ~ 15% of all carbohydrate'* 2° The tri- and bi-
antennary glycans were 1solated by affinity chromatography on Con-A-Sepharose!*.
The structure of the biantennary glycan has been previously described??, whereas
the structures of the triantennary glycans have not yet been fully elucidated?® 2°
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Methylation analysis of the triantennary glycans revealed, as expected, that the ratio
of monosubstituted to disubstituted mannose residues was 1 2 (Table I) An un-
expected finding was, however, that these glycopeptides also contained 2 6-di-O-
substituted mannose, and that the relative amount of 2,4-di-O-substituted mannose
was only 0 5 mol per glycopeptide (Table [) As was the case with glycopeptides from
fetuin and «,-acid glycoprotein, Smith degradation converted the 3,6-d1-O-substituted
mannose into 3-O-substututed mannose, and 1n equimolar amount to 2,4-di-O-
substituted mannose Trace amounts of 6-O-substituted mannose ‘w:re possibly also
present, both in the native and in the oxidized glycopeptide

Although several possibilities exist, the most probable eaplanation for the
results 1s that transferrin contains two types of triantennary glycan, which differ in
their mannose branching pattern In about half of the structures, the third branch
would be attached by a (1—+4) linkage to the outer mannose residue, as in fetuin and
«;-acid glycoprotein In the rest of the glycans, the third branch could be bound by
a (1—6) linkage to one of the outer mannose residues The occurrence of two different
triantennary glycans in transferrin was recently suggested by Regoecz et al *°

Gl copeptides from tlhyroglobulin  — Methylation analysis of porcine thyro-
globulin glycopeptides not bound to concanavalin A suggests that both tri- and tetra-
antennary glycans were present in this fraction (Table I) This interpretation 1s re-
Iflected asa proportion of 2-O-substituted mannose clearly below 1 0 and asa proportion
of di-O-substituted mannose residues above 20 Smith degradation converted the
13,6-d1-O-substituted mannose ito 3-O-substituted mannose No 6-O-substituted
mannose was detected Provided that the glycopeptides correspond to the common
type of complex-type glycopeptides, the (1—4)-linked branch would be bound also
in this glycoprotein according to structure 4, Fig 1

The results are seemungly 1n disagreement with a previous report on the
branching pattern of thyroglobulin glycopeptides®' It was repotted that one peri-
pheral branch 1s bound by a (1—+2) linkage, whereas the second and third branches
are bound by (1—3) and (1—6) linkages to the mannose core This difference may
be due to the fact that the glycopeptides characterized n that study accounted for
only 6-79%, of the total carbohydrate from thyroglobulin, whereas, in the present
study, all triantennary and tetraantennary glycopeptides derived from thyroglobulin
were analyzed as one fraction, in order to reveal the predominant structures

Glycopeptides from 1at plasma and brain — As single, randomly chosen glyco-
proteins could carry a selection of carbohydrate chains that may not be representative
of the general situation, glycopeptides from rat whole plasma were also analyzed
Analysis of the whole, unfractionated mixture should thus give a quantitative picture
of the branching pattern In addition, glycopeptides from rat brain were analyzed as
they represent, in contrast to all of the soluble glycoproteins analyzed, mainly mem-
brane-derived material®?

The complex-type glycopeptides derived from plasma that are not bound to
concanavalin A resemble triantennary glycopeptides from fetuin and transferrin in
molecular size, 1n sugar composition, and in the relative proportions of differentially
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substituted mannose residues'® (Table 1) The corresponding glycopeptide fraction
prepared from bram uissue 1s of simular or slightly larger size in gel filtration’”, and
the results of the methylation analysis suggest that it could be constituted of both
tri- and tetra-antennary glycans (Table 1) The relative amount of 2-O-substituted
mannose was below 10 mol and that of di-O-substituted mannose residues above
2 0 mol per mol of glycopeptide In contrast to the other glycopeptide fractions
studied. brain glycopeptides also contained 3,4,6-tri-O-subsututed mannose (Table I)
Simlarly substituted mannose residues have previously been described from immuno-
clobulins®3 3% ovalbumun®’ 2 and ovotransferrin®, where they constitute the
internal 3,6-di-O-substituted mannose, to which 1n addition 2-acetamido-2-deovy-D-
elucose 1s bound at O-4 The sum of the 1elative proportions of 3,6-di-O-substituted
and 3,4,6-tri-O-substituted mannose residues 1n bram glycopeptides was 09 mol
per mol of glycopeptide which 1s in good agreement with the common core-penta-
saccharide structure

Periodate oxidation and nuld acid-hydrolysis of glycopeptides derived from
brain and plasma decomposed nearly quantitatively their 2-O-substituted, 2,6-di-O-
substituted. 3.6-di-O-substituted and 3.4,6-tri-O-substituted mannose residues
(Taple I) In both instances, the major, new partially methylated sugar was the
derivative of 3-O-substituted mannose, whereas only small amounts of 6-O-substituted
mannose were produced Provided the glycans of brain and plasma glycoproteins
are composed of the same types of basic structure as are present in other glycoproteins,
the results suggest that the mannose branching pattern of the (1 —»4)-linked branch
15 also similar (sttucwure A Fig 1)

Final comments — In the samples studied representing tri- and tetra-antennary
structurcs, the (1—4)-linked, third branch was found to be bound mainly to the outer
mannose residue, (1 —3)-linhed to the internal mannose residue As the glycopeptides
studied were from different animal species and tissue sources, and represent both
soluble and membrane-bound glycoproteins, this specific branching-pattern may be a
common structural property of glycoproteins This may indicate a common bio-
synthetic pathway for the addition of the third and fourth peripheral branches o1

‘antennas ’

The occurrence of a common, predomimant biosynthetic pathway would not,
however, eaclude the occurrence of other structures as well A proportion of the
triantennary glycans of transferrin contained a (1-—6)-linked, third branch This
suggests that the synthesis of the (1—4)- and (1—6)-linked branches may be com-
peting reactions 1n some cases. Another type of branching has also been suggested
for the glycans of calf thymocytes®>

The common tnantennary structure shows resemblance to the so-called
mized-type giycans from ovalbumin?® 26 These glycans may be regarded as rep-
resenting mmtermediates between neutral-type and complex-type carbohydrate units.
The mixed-type glycans contain peripheral branches composed of 2-acetamido-2-
deoxy-D-glucose and galactosyl-2-acetamido-2-deoxy-D-glucose bound by (1 —2) and
(1—4) hnkages to the outer mannose residues of the core In every instance, the
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(1—4)-linked branch 1s bound to the outer mannose linked (1—3) to the internal
mannose residue®® 2%, that 1s n the same sequence as in the complex-type glycans
The presence of the (1 —-4)-linked branches in the mixed-type glycans may indicate
that the synthesis of the third branch could sometimes begin already before the
synthesis of the first two branches has been completed

The biantennary carbohydrate structure is being found 1n an increasing number
of glycoproteins Most of these glycoprotemns have, however, been 1solated from
plasma Analysis of glycopeptides from different tissue sources, representing mainly
membrane-bound molecules nas, 1n contrast, revealed that the majority of the com-
plex-type glycans occur as more-branched structuies'” '® [n view of the postulated
biological functions of membrane-bound carbohydrates®® 37, 1t will be necessary
to elucidate in detail the structures and biosynthetic pathways of these branched
glycans This will also be of importance for understanding the transformation-associ-
ated glycosylation change, which seems to affect specifically this class of carbo-
hydrate unit®$
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