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ABSTRACT

A hydrazinolysis—N-reacetylation procedure, modified by the inclusion of a
mild acid-hydrolysis step after N-acetylation, was used to prepare, in overall yields
of 60-70%, pure oligosaccharides containing a reducing D-GlcNAc residue from
glycopeptide sources. Three types of asparagine-linked glycopeptides were treated:
a high-mannose type, a complex-type not containing sialic acid, and a complex-type
containing sialic acid, linked both a-(2—3) and a-(2—6) to B-pD-Galp residues.
After the hydrazinolysis—N-reacetylation procedure, there was often contamination
of the reducing oligosaccharides with glycopeptide that remained intact through
the procedure, as well as minor oligosaccharide products, altered in the nature of
the residue at the reducing end. Oligosaccharides having a reducing D-GIcNAc
residue were purified by standard liquid chromatography and high-pressure liquid
chromatography (l.c.) 360-MHz !H-n.m.r, was valuable in establishing common
structural reporter signals which enabled major products to be identified at stages
during the production of free reducing oligosaccharides, and their purity to be
assessed.

INTRODUCTION

Hydrazinolysis—N-reacetylation of glycoproteins and glycopeptides has be-
come a popular method for isolation of asparagine-linked oligosaccharides. Since
the original work by Yosizawa et al.!, a number of investigators have used the
procedure for identification of oligosaccharide structures from a wide variety of
glycoproteins or glycoprotein mixtures?—>. However, various investigations®~? have
consistently reported heterogeneity in the derivatives present at the reducing
terminus of oligosaccharides released from glycopeptides by the conventional
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Scheme I. Structures of the carbohydrates referred to in this paper. Individual sugar residues of oligo-
saccharides are denoted above each residue, using the general notation system of Vliegenthart er al.'%,
except that residue 1 (the asparagine-linked D-GlepNAc residue in their glycopeptide structures) is
referred to as Asn GIcNAc, B-acetohydrazide GlcNAc. or reducing GlcNAc, denoting the structures
shown. In glycopeptides 2 and 3, asparagine was the major amino acid present, there being negligible
amounts of other amino acids observable by n.m.r. spectroscopy. In glycopeptide 4. there were addi-
tional amino acids attached at either or both the amino or carboxyl group of the asparagine residue.
Linkages marked with an asterisk (structures 4, 8, and 12) indicate heterogeneity at that linkage; the
linkage of the predominant species is indicated.

hydrazinolysis—N-reacetylation procedure?. It became apparent during our investi-
gations that the nature of the series of chemical reactions occurring at the reducing
end of oligosaccharides during the procedure was not clearly understood, and we
sought to define these reactions in order to maximize yields of oligosaccharides
containing a free reducing GIcNAc residue. Using 2-acetamido-1-N-(L-aspart-4-
oyl)-2-deoxy-B-D-glucopyranosylamine 1 (Scheme I) as a model compound, we
identified the major product after hydrazinolysis—N-reacetylation as the 1-8-
glycosyl-2-N-acetylhydrazine (“B-acetohydrazide™) derivative 5, and verified its
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structure by chemical synthesis®. Notably, this derivative is hydrolyzed under mildly
acidic conditions, and we have defined the mildest conditions necessary for its quan-
titative hydrolysis to 2-acetamido-2-deoxy-D-glucose. Tang and Williams!® have
also recently reported the synthesis of 5, and have noted its hydrolysis upon
exposure to acidic ion-exchange resins.

In this paper, we describe a detailed study of the modified hydrazinolysis—N-
reacetylation procedure as applied to naturally occurring glycopeptides. Three
glycopeptides (2, 3, and 4) were used, representative of the major classes typically
present in glycoproteins. As observed with the model compound, these studies re-
vealed that the glycopeptides were initially converted into B-acetohydrazide deriva-
tives at the reducing end. Reducing oligosaccharide arose only upon exposure of
the B-acetohydrazide derivatives to mildly acidic conditions. Of particular impor-
tance is the application of the mild acid treatment in the isolation of reducing oligo-
saccharides containing sialic acid, in which the acidic conditions must be carefully
controlled to prevent cleavage of the acid-labile a-sialoside linkage. The results
demonstrate that the hydrazinolysis—N-reacetylation-mild acid hydrolysis proce-
dure, followed by standard and high-pressure liquid chromatographic (1.c.) separa-
tions, can be utilized to prepare pure reducing oligosaccharides from asparagine-
linked glycopeptides. The procedure offers a simple route to preparative quantities
of pure oligosaccharides for use in chemical syntheses.

RESULTS AND DISCUSSION

The 360-MHz 'H-n.m.r. spectra of the starting glycopeptides 2 and 3 are
shown in Figs. 1a and 2a, respectively. Signals in the structural reporter and N-
acetyl regions of the spectra (Table I) clearly indicate the molecules to have the
structures shown, in agreement with the published structures!!-12. Glycopeptide 4,
the asparagine-linked triantennary glycopeptide of fetuin, contained the core
branching-pattern described by Nilsson et al.!*. However, examination of the
spectrum (Fig. 3a) revealed'* heterogeneity at the linkages marked with asterisks
in Scheme 1. The nature of this heterogeneity is currently under investigation and
is not pertinent to the study of the reactions occurring at the reducing terminus of
the oligosaccharide during the hydrazinolysis—-N-reacetylation procedure.

Treatment of glycopeptide 2 with anhydrous hydrazine, followed by N-
acetylation, resulted in a product similar in molecular weight to the original
glycopeptide, as determined by their elution profiles on Sephadex G-15 (Fig. 4).
This result indicated that glycosidic linkages remained uncleaved during the
hydrazinolysis step, a result which verifies other reports! =3, and was confirmed by
'H-n.m.r. (see later). Glycopeptides 3 and 4 showed similar behavior on Sephadex
G-15 both before and after hydrazinolysis—N-reacetylation (data not shown); these
glycopeptides and resultant products all migrated as single peaks near the void
volume of the column.

Examination of the products at this stage by 'H-n.m.r. (Figs. 1b and 2b,
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Fig. 1. Structural reporter regions of 360-MHz 'H-n.m.r. spectra of the products obtained during
sequential stages of preparation of the oligosaccharide 10: (a) The original glycopeptide 2 from human
fibrinogen; (b) Product after hydrazinolysis—N-reacetylation; (c) Product after mild acid hydrolysis; (d)
Pure oligosaccharide 10 after chromatography on Bio-Gel P4 and I.c. Assignments are indicated. Signals
of minor products are marked with asterisks; spinning sidebands are marked by X. Resonances in the
N-acetyl region are shown at approximately one-sixth to one-tenth intensity.
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Fig. 2. Structural reporter regions of 360-MHz 'H-n.m.r. spectra of products at sequential stages of
preparation of the high-mannose oligosaccharide 11: () The glycopeptide 3 from soybean agglutinin;
(b) Product after hydrazinolysis-N-reacetylation; (¢) Product after mild acid hydrolysis; (d) Pure oligo-
saccharide 11 after chromatography on Bio-Gel P4 and l.c. Assignments are indicated. Signals of minor
products are marked with asterisks; spinning sidebands are marked by X. Resonances in the N-acetyl

region are shown at approximately one-half intensity.
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Fig. 4. (a) Sephadex G-15 profile of the fibrinogen glycopeptide 2, and profiles of the products obtained
after (b) hydrazinolysis—N-reacetylation of 2, and (c) after mild acid hydrolysis of the products in (b).
Hexose was monitored by the phenol-sulfuric acid test?!, and sodium acetate was detected with ferric
chloride, as described in the Experimental section.

Table 1) showed that, in all cases, the B-acetohydrazide derivatives (6, 7, and 8)
were the major component. This conclusion is based on the appearance of the
characteristic signals of the H-1 proton of the B-acetohydrazide GlcNAc (5 4.218,
J 9.4 Hz) and the acetyl group of the acetohydrazide (8 1.918, which is resolved
from acetate, 8 1.907). These assignments were made based on those of the model
compound, 5 (Table I, and ref. 9). At this stage in the procedure, a negligible
amount of oligosaccharide was present that contained a free reducing 2-acetamido-
2-deoxy-D-glucose residue. N.m.r. signals corresponding to the H-1 of the
asparagine-linked GlcNAc were often absent at this stage. However, in some cases,
intact glycopeptide was evident (Fig. 1b, H-1 of GIcNAcAsn marked with an
asterisk). Although unusual, the amount of uncleaved glycopeptide could be as
high as 30%. All signals corresponding to H-1 and H-2 of D-Manp, H-1 of branch
B-D-GlcpNAc and B-D-Galp, as well as H-3 protons of NeuAc were not affected by
the presence of the B-acetohydrazide moiety (Figs. 1b, 2b, and Table I). The only
signal altered significantly was that of the H-1 of B-D-GlcpNAc residue 2, which
broadened. After N-acetylation, the complete removal of sodium acetate from the
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oligosaccharide is important, so that the defined acidic conditions in the next step
are not altered by the buffering capacity of the acetate anion. Sephadex G-15
proved to be the best gel available for this purpose, providing optimal separation
between oligosaccharides of the size used in this report and sodium acetate. The
use of Bio-Gel P-2 or P-4 resulted in the presence of significant amounts of sodium
acetate in the oligosaccharide fractions, as observed in n.m.r. spectra. Using
Sephadex G-15, there were only traces of acetate in the sample observed by n.m.r.,
an amount insufficient to affect the subsequent hydrolysis step, in which the con-
centration of acid was at least 100-fold in excess of that of acetate.

After chromatography on Sephadex G-15, fractions containing carbohydrate
were concentrated and subjected to mild acid hydrolysis, under the conditions
described in the Experimental section. After neutralizing the solution, the oligo-
saccharides were re-chromatographed on the Sephadex G-15 column. The profile
of the carbohydrate product 10 is shown in Fig. 4c; the oligosaccharide was very
similar in molecular weight to 6 (before acid treatment), and the glycosidic linkages
of the molecule were stable to these acidic conditions, as confirmed by H-n.m.r.
spectroscopy (see later). This was expected, as treatment of asparagine-linked
oligosaccharides with 0.05M H,SO, at much higher temperatures (80°) has been
used for removing sialic acids from the molecules, while leaving the remaining
linkages intact!>. The 'H-n.m.r. spectrum of the product at this stage (Fig. 1c) re-
vealed the presence of the free reducing oligosaccharide; new signals, corre-
sponding to the « and 8 H-1 resonances of the reducing GlcNAc of 10 were ob-
served. Signals corresponding to the acetohydrazide derivative 6 had disappeared.
Other signals, arising from remaining unreacted glycopeptide and minor products,
were present at low intensities.

After mild acid hydrolysis, the high-mannose structure 11 migrated as a single
peak near the void volume on Sephadex G-15, virtually identical to the compound
7 before hydrolysis (data not shown). The 'H-n.m.r. spectrum of the product at this
stage (Fig. 2c) showed the presence of the «,B signals of H-1 of the reducing
GIcNAc of 11, and the absence of any signals corresponding to the GIcNAc 8-
acetohydrazide of 7. Again, low-intensity signals from small amounts of unreacted
glycopeptide and minor products were present.

For oligosaccharides containing N-acetylneuraminic acid, slightly milder
conditions for cleavage of the B-acetohydrazide were used, because of the suscepti-
bility of the a-sialoside linkage to acid hydrolysis. In control experiments, glyco-
peptide 4 was exposed to 0.05M H,SO, for 1 h at various temperatures, and the
release of NeuAc was quantitated by the thiobarbituric acid assay of Warren's.
Values were compared to hydrolyses performed at 80°, taken as 100%. At 40°, 9%
of the NeuAc was released, and at 35°, 3% of the NeuAc was released. Hydrolysis
at 35° cleaves at least 95% of the B-acetohydrazide derivative, as determined previ-
ously’. Therefore, 35° is optimal, resulting in maximal hydrolysis of the B-aceto-
hydrazide. with minimal hydrolysis of NeuAc from the molecule. The product of
mild acid hydrolysis of the sialylated structure 8 eluted as a single peak on Sephadex
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Fig. 5. Separation of the products of hydrazinolysis—N-reacetylation-mild acid hydrolysis of (a)
glycopeptide 2 and () glycopeptide 3 on a column of Bio-Gel P4. Hexose was monitored by the phenol-
sulfuric acid test?'. Fractions comprising peaks A and B in both elution profiles were pooled separately
for examination by n.m.r. spectroscopy.

G-15 near the void volume (data not shown), virtually identical to the elution
position of the oligosaccharide before hydrolysis. A 'H-n.m.r. spectrum of the
product 12 after hydrolysis (Fig. 3b) showed the presence of the «,8 signals of the
reducing GlcNAc residue. The H-3 axial and equatorial signals of NeuAc residues
remained essentially unchanged, indicating that hydrolysis at 35° does not remove
enough NeuAc to be measured by n.m.r. Because of heterogeneity in the carbo-
hydrate structure of 12, further fractionation was not performed.

Reducing oligosaccharides 10 and 11 were purified further on a column of
Bio-Gel P4 (Fig. 5). Preparations of either oligosaccharide showed 2 peaks. Peak
A, which eluted well ahead on the column, was found in all runs to be N-acetylated
glycopeptide by 'H-n.m.r. (data not shown). Peak B (Figs. 5a and 5b) contained
the reducing oligosaccharides 10 and 11, as well as minor side-products. The expla-
nation for such a wide separation of the compounds is that, when run in water at
low ionic strength (< 20mM), such negatively charged molecules as these N-
acetylated glycopeptides are partially excluded from the gel, by virtue of residual
carboxyl groups on the matrix. This effect has been described by the manu-
facturer!’.

Further purification of the structures 10 and 11 was achieved by l.c. (Fig. 6)
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Fig. 6. High-pressure liquid chromatography (1.c.) of (a) oligosaccharides present in peak B (Fig. 5a).
and (b) oligosaccharides present in peak B (Fig. 5b). Conditions are described in the Experimental
section. Compounds were detected by absorbance at 195 nm; material in peaks was pooled into fractions
marked under the elution profiles.

of the material present in peak B (Figs. 5a and 5b). More than one peak was always
observed in the elution profiles. The major peaks (Fig. 6a, III and Fig. 6b, II) were
pure 10 and 11, respectively. Overall yields of the oligosaccharides ranged from
60-70%. The 360-MHz 'H-n.m.r. spectra of these compounds are shown in Figs.
1d (10) and 2d (11). A comparison with the spectral parameters of 4-O-(2-
acetamido-2-deoxy-B-D-glucopyranosyl)-2-acetamido-2-deoxy-D-glucose 9 (Table
I) aids in the interpretation of signals unique to this class of oligosaccharides. The
signal arising from H-1 of the a anomer of the reducing GlcpNAc is observed near
5.19 and exhibits a small coupling constant (<2.5 Hz). This chemical shift is
diagnostic for these oligosaccharides; it is observed slightly upfield as compared to
similar oligosaccharides that contain a B-D-Manp residue linked (1—4) to just one
reducing GIcNAc'®. The H-1 signal of the 8 anomer has a chemical shift near 4.7,
and exhibits a second-order multiplet pattern through virtual coupling. In addition,
the H-1 signal of the nonreducing 8-D-GlcpNAc of 9 (Table 1) is divided into two
doublets of differing intensity. This is attributable to the effects of the two anomers
of the reducing D-GlcpNAc on the chemical shift of H-1 of the nonreducing sugar,
and is also observed in the larger oligosaccharides (Figs. 1d, 2d). Anomerization
does not affect the chemical shifts of any of the H-1 or H-2 signals of b-Manp, or
any of the H-1 shifts of branch g-pD-GlcpNAc or B-D-Galp, or H-3 shifts of NeuAc.
This is in contrast to similar oligosaccharides containing just one a,B8-GlcpNAc
residue at the reducing end, which exhibit anomerization effects on the H-1 signals
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of a number of residues of the oligosaccharides'8. Another important feature of the
spectrum of 9 is that the chemical shift of the N-acetyl resonance of the reducing
GIcNAc is not affected by anomerization, or, at least, any shift difference is not
resolvable at 360 MHz. This was also observed in the larger oligosaccharides, the
N-acetyl resonance of the reducing GIcNAc appearing at 8§ 2.036 as a single peak.
The N-acetyl region is particularily valuable in assessing the purity of the oligo-
saccharides at various stages of the purification (Figs. 1 and 2), as pure products
contain just one acetyl resonance per N-acetylglucosamine. Based on the 360-MHz
'H-n.m.r. spectra, the oligosaccharides 10 and 11 are estimated to be of >95%
purity; a higher estimate is not possible because of the relative insensitivity of
n.m.r. in detecting very minor impurities.

Minor products, observed as peaks of lower intensity in l.c. profiles (Fig. 6),
did not contain a reducing D-GIcNAc residue, although n.m.r. spectra of these
compounds revealed the presence of all other H-1 resonances, including the signal
due to the B-D-GlcpNAc residue 2. This indicates that side reactions are limited to
the terminal reducing sugar during the hydrazinolysis—N-reacetylation procedure.
The nature of these side products was not determined for these particular oligo-
saccharides, but has been the topic of some previous studies’*.

To examine the primary structures of oligosaccharides present in complex
mixtures of N-linked glycoproteins, the goal of such chemical treatments as
hydrazinolysis—N-reacetylation is to produce oligosaccharides homogenous at the
reducing end, thereby enabling fractionation to be performed solely on the nature
of the carbohydrate moiety. As additional heterogeneity at the reducing terminus
of oligosaccharides is generated during hydrazinolysis, the procedure falls short of
the desired goal. Therefore, although the procedure can be utilized to prepare pure
reducing oligosaccharides from glycopeptides containing a single carbohydrate
structure, the problems encountered in isolation of pure oligosaccharides from
mixtures become increasingly difficult as the complexity of the mixture increases.

EXPERIMENTAL

General methods. — "H-N.m.r. spectra were recorded with a Nicolet NT-360
spectrometer located at the Toronto Biomedical N.M.R. Centre. All spectra were
recorded using D,0 as the solvent under experimental conditions described previ-
ously?. Chemical shifts were measured relative to 4,4-dimethyl-4-silapentane-1-
sulfonate (DSS) (indirectly through acetone at 2.225 p.p.m.).

Materials. — Glycopeptides 2, 3, and 4 were prepared by exhaustive pronase
digestions of human fibrinogen, soybean agglutinin, and bovine fetuin, respec-
tively, and isolated by procedures published previously!!19:20. N-Acetylneuraminic
acid was removed from the fibrinogen glycopeptide by mild acid hydrolysis'®, and
after neutralizing with NaOH, free NeuAc was largely removed by gel filtration on
a column (2.5 X 95 cm) of Bio-Gel P-6 (200400 mesh) eluted with water. A trace
of free NeuAc was present, as observed by n.m.r. The disaccharide 9 was purchased
from Calbiochem.
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Procedures. — Hydrazinolysis—N-reacetylation of glycopeptides was per-
formed as described previously?, using 2-3 umol. of glycopeptide/mL of anhydrous
hydrazine. During N-acetylation, the pH of the solution gradually decreases as
acetic anhydride is hydrolyzed to acetic acid. Therefore, solid NaHCO; was added
to bring the solution to neutrality. At this stage, the solution was not passed through
Dowex 50 (H*) as described in ref. 9. Sodium acetate was removed by gel filtration
on a column (1.6 X 90 cm) of Sephadex G-15 washed with at least 10 column
volumes of water immediately before use, and eluted with water. Fractions (3.3
mL) were collected, and aliquots (20~50 pL) were first analyzed for hexose by a
small-scale phenol-sulfuric acid test?!. The region of the profile expected to contain
sodium acetate was monitored by a qualitative test: to a 0.2-mL aliquot was added
10 uL of m ferric chloride. In the presence of relatively high (>100mM) concentra-
tions of sodium acetate, the color changes from light yellow to red. Hexose-contain-
ing fractions were pooled and lyophilized. A portion was exchanged with D,O for
n.m.r. analysis. The remainder was dissolved in 0.1m HCI or 0.05m H,SO, at a
concentration of 1 wmol/mL, and incubated in a water bath for 1 h at 40°. For
oligosaccharides containing NeuAc, incubation was carried out for 1 h at 35°. Solu-
tions were made neutral with solid NaHCO,, concentrated about 10-fold by rotary
evaporation, and loaded again on the same Sephadex G-15 column as already
described, eluting with water. Hexose-containing fractions were pooled, rotary
evaporated to 1-2 mL, and a portion was examined by 360 MHz "H-n.m.r. spectros-
copy.

In preparations of oligosaccharides 10 and 11, the samples were then loaded
on a column (117 X 1.4 cm) of Bio-Gel P4 (200400 mesh), and eluted with water.
Fractions (2 mL) were collected, and aliquots analyzed for hexose as already
described. Fractions from the two hexose-containing peaks were pooled, and n.m.r.
spectra were recorded at this stage. Peak A (Fig. 5a and 5b) contained primarily
the N-acetylated, asparagine-linked starting compounds (2 and 3) and no attempt
was made to subfractionate this peak. Peak B (Fig. 5a and 5b) contained reducing
oligosaccharide which was ~85% pure, as judged by n.m.r. spectroscopy. Fractions
of each peak B were pooled, rotary evaporated to dryness, and taken up in water
at a concentration of ~10 umol/mL. Further separation was achieved by l.c. on a
column (25 x 0.46 cm) of Alitech NH2 (5-um particle size), using a precolumn of
37-53 pm silica gel (Whatman). Acetonitrile-water (62:38, v/v) was used for
isocratic elution, utilizing LKB 2150/2152 pumps and control unit. Detection was
performed by monitoring the absorbance at 195 nm with an LKB 2151 variable-
wavelength recorder. A flow rate of 0.7 mL/min, with resultant pressures ranging
from 130-160 bar was typically used. About 200 nmol of oligosaccharide was in-
jected per run; peaks were accumulated from a number of runs, pooled, and rotary
evaporated to near-dryness. Because of contaminating materials which either were
derived from the solvent, or resulted from column deterioration, samples were
again chromatographed on the same Sephadex G-15 column as described previ-
ously. Hexose-containing fractions, which eluted as before. were pooled,
lyophilized, and exchanged in D,O to record n.m.r. spectra.
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