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ABSTRACT: The use of hydrazine to release unreduced N- and O-linked oligosaccharides from glycoproteins 
has been investigated using several “standard” glycoproteins of previously defined glycosylation. It is shown 
that hydrazinolysis can be used to release intact N- and O-linked oligosaccharides in an unreduced form. 
The release of O-linked oligosaccharides occurs with a lower temperature dependence than the release of 
N-linked oligosaccharides, and the kinetic parameters governing release of oligosaccharides from these 
standard glycoproteins have been determined. These parameters allow a definition of reaction conditions 
under which anhydrous hydrazinolysis can be used to selectively release O-linked oligosaccharides (60 OC, 
5 h) or release both N- and O-linked oligosaccharides (95 O C ,  4 h) in high yield (>85%) fromall glycoproteins 
investigated (n = 11). Under these reaction conditions, the recovered N- and O-linked oligosaccharides 
are structurally intact (as judged by 600-MHz ‘H-NMR, laser-desorption mass spectrometry, HPAEC- 
PAD, gel filtration, and glycosidase digestion), with the possible exception of certain N- and 0-acyl substituents 
of sialic acid, This use of mild hydrazinolysis therefore allows both the simultaneous and sequential chemical 
release from glycoproteins of 0- and N-linked oligosaccharides in their intact unreduced form. 

The majority of cell-surface and secreted polypeptides of 
eukaryotic cells are glycosylated. Structural analysis of these 
covalently attached oligosaccharides is proving increasingly 
important in understanding the structure-function relationship 
for many glycoproteins. As a rule, several oligosaccharides 
are attached to a single polypeptide chain, and each individual 
glycosylation site in a population of polypeptide molecules is 
associated with many different oligosaccharide structures 
(Rademacher et al., 1988). Consequently, a full analysis of 
polypeptide glycosylation, involving both an estimation of the 
relative molar content of individual oligosaccharides and 
detailed structural analysis on one or more oligosaccharides, 
is currently impractical while the oligosaccharides are still 
attached to the polypeptide. 

Excluding the GPI-membrane anchor, oligosaccharides are 
principally attached to peptide through an N- or O-glycosidic 
bond (Montreuil, 1982). Both enzymatic and chemical 
methods have been used to achieve the release of N- and/or 
O-linked oligosaccharides from glycoproteins. Examples of 
enzymatic methods include the use of a variety of peptide 
N-glycosidases (Damm et al., 1987; Nuck et al., 1990) and 
peptide O-glycosidase (Umemoto et al., 1977). Examples of 
chemical methods include the use of hydrazine to release 
N-linked oligosaccharides (Bayard & Montreuil, 1974; 
Takasaki et al., 1982), @-elimination under mild alkaline 
conditions to release O-linked oligosaccharides (Carlson, 1968; 
Fukuda, 1989), and very strong alkali (Lee & Scocca, 1972) 
or lithium aluminum borohydride (Likhosherstov et al., 1990) 
torelease both N- and O-linked oligosaccharides. The success 
of enzymatic methods depends on the substrate specificity of 
the enzyme and the choice of hydrolytic conditions. The use 
of alkaline conditions or lithium aluminum borohydride can 
cause extensive degradation of alkali-labile linkages unless 
performed in the presence of excess reducing agent, which 
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therefore leads to the recovery of oligosaccharides as the alditol 
derivatives. 

Our efforts have been directed first toward defining a general 
reaction yielding release of intact unreduced N- and O-linked 
oligosaccharides from a glycoprotein and second to comparing 
such a reaction to currently practiced alternative methods. In 
order to define such a reaction, the use of hydrazine as a 
cleaving agent has first been investigated in detail. Theresults, 
reported in this paper, indicate that hydrazinolysis when 
performed under controlled and optimized conditions can be 
used to release intact unreduced N- and O-linked oligosac- 
charides in high yield. In subsequent papers, we compare the 
use of hydrazinolysis with PNGase F1 (Flavobacterium 
meningosepticum) for release of N-linked oligosaccharides 
and hydrazinolysis with alkaline @-elimination for the release 
of O-linked oligosaccharides from glycoproteins. 

MATERIALS AND METHODS 

General. Standard glycoproteins were all purchased from 
Sigma (U.K.) and were of the highest purity obtainable. All 
solvents and reagents were of the highest grade available. 
Dowex AGSOX 12 (H+), Dowex AG3X 4A (OH-), Chelex 
100 (Na+), and Bio-Gel P4 (-400 mesh) were from Bio-Rad 
(U.K.). All exoglycosidases and standard oligosaccharides 
(both unreduced and tritiated alditols) were from Oxford 
GlycoSystems (U.K.). 

Release and Isolation of Oligosaccharides. An aliquot of 
the glycoprotein to be analyzed (0.1-10 mg) was exhaustively 
dialyzed (microflow dialysis using a BRL 1200 MA apparatus 
with 5-10-KDa-cutoff dialysis membrane) against 0.1% (v/ 

Abbreviations: PNGase F, peptide N-glycosidase F; FID, flamc- 
ionization detector; TIC, total ion current; HPAEC-PAD, high- 
performance anion-exchange chromatography with pulsed ampcromctric 
detection; LD-MS, laser desorption mass spectrometry; gu, glucose unit; 
EA-, activation energy; A, Arrhenius constant; Ac, acetate; HDO, residual 
protons in *HzO; NMR, nuclear magnetic resonance; PMAA, partially 
methylated alditol acetate. 
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v) trifluoroacetic acid and then dried either by lyophilization 
(<50 mtorr, 224 h) or by lyophilization followed by drying 
in vacuo over activated charcoal at -196 OC (<lo6 bar) for 
>96 h. Samples were then suspended in freshly-distilled 
anhydrous hydrazine (triple-vacuum-distilled at room tem- 
perature) of water content 51% v/v (as determined by direct 
GC analysis with FID quantitation) at 5-10 mg/mL. The 
hydrazinolysis reaction was performed under controlled 
conditions of temperature and time, after which excess 
hydrazine was removed by evaporation at 25 OC. N-Acety- 
lation of any primary amino groups generated during the 
reaction was achieved by the addition of excess acetic anhydride 
(0.5 M final concentration) in saturated NaHCO3, first at 4 
OC for 20 min and then at ambient temperature for 30 min. 
Sodium ions were then removed from samples by passage 
through a column of Dowex AG5OX 12 (H+) at room 
temperature, and the samples were then rotary-evaporated to 
dryness (27 "C) and applied to Whatman 3MM chroma- 
tography paper. Chromatography to remove peptide material 
was performed at 27 OC, 60% relative humidity for 18 h using 
as solvent 1-butanol/ethanol/water (4/1/1, v/v). The oli- 
gosaccharide pool remaining at the origin (all carbohydrates 
of disaccharide or larger do not move in this solvent system 
under these conditions) was recovered by elution with water, 
filtered (0.2-pm Teflon filter), rendered 1 mM in copper(I1) 
acetate, and incubated at 27 OC for 30 min. After passage 
through a mixed bed column of Chelex 100 (Na+)/Dowex 
AG5OX 12 (H+), the oligosaccharide pool was rotary- 
evaporated to dryness (27 "C) and prepared for further 
analysis. 

Monosaccharide Composition Analysis. The absolute 
content of individual monosaccharides in a known aliquot of 
either a standard glycoprotein or an oligosaccharide pool was 
determined by methanolysis (0.5 N methanolic hydrochloric 
acid, 16 h, 75 "C) followed by GC-MS analysis of the re- 
N-acetylated and trimethylsilylated 0-methyl glycosides 
(direct on-column injection onto a CP-Sil8CB coated fused 
silica column (25 m X 0.32 mm id.) from Chrompack) using 
an HP 5890 Series I1 GC with 5971A MS. The temperature 
program used was as follows: 90 OC (held for 0.5 min) followed 
by a linear increase to 150 OC (at 30 OC/min) and then to 
200 OC (at 3 OC/min) and then to 240 OC (at 7.5 OC/min). 
Identification of individual methyl glycosides was by reference 
to the elution times and mass spectra of standard compounds, 
and quantitation was by reference to an internal standard 
(scyllo-inositol) added to each sample prior to addition of 
methanolic hydrochloric acid (Chaplin, 1982). All samples 
were analyzed at least in duplicate, and mean values are quoted 
in all cases. The yield of each monosaccharide in the final 
oligosaccharide pool obtained by subjecting a standard 
glycoprotein to hydrazinolysis under particular conditions is 
stated in percentage terms relative to the expected recovery 
of that monosaccharide as determined from a direct monosac- 
charide analysis of the intact glycoprotein. 

'H-NMR Spectroscopy. Samples for NMR analysis were 
prepared by repeated dissolution in 2Hz0 followed by rotary- 
evaporation. Finally, samples were dissolved in 0.5 mL of 
2H20 and transferred to an NMR tube. One-dimensional 
'H-NMR spectra were recorded at 500 MHz or 600 MHz on 
a Bruker AM500 or Bruker AM600 spectrometer, at a probe 
temperature of 300 K. Typically, 5 12 free induction decays 
were accumulated with a sweep width of 8000 Hz, solvent 
supression, and a total recycle time of 2s. All spectra were 
Fourier transformed directly with no prior mathematical 
manipulation. Initial spectral analysis was performed by 

comparison of resonancechemical shifts with reported standard 
values (peptides, Bundi and Wuthrich (1 979); N-linked 
oligosaccharides, Vliegenthart et al. (1983); other references 
given in text when necessary). 

Laser Desorption Mass Spectrometry (LD-MS). Oli- 
gosaccharides to be analyzed by LD-MS were rendered salt- 
free by passage through a Chelex 100 (Na+)/Dowex AG5OX 
12(H+) mixed-bed column, filtered (0.22-pm Teflon filter), 
and rotary-evaporated to dryness. The oligosaccharides were 
then resuspended in glass-distilled water and analyzed directly 
(Le., without any chemical derivatization) using a Finnigan 
MAT (Heme1 Hempstead, U.K.) laser desorption mass 
spectrometer. 

Radiolabeling of Oligosaccharides. This was performed 
as described previously (Parekh et al., 1989). 

Titration of Reducing Termini in a Pool of Oligosaccha- 
rides. To measure the relative molar content of released 
oligosaccharides in a given hydrazinolysate, 1 .O nmol of the 
unreduced glucose heptamer derived by partial acid hydrolysis 
of dextran was added to the sample directly after the sodium 
bicarbonate buffer during the re-N-acetylation step. The 
relative radioactivity subsequently recovered in the glucose-7 
alditol and the sample-derived oligosaccharide alditols is 
directly proportional to the molar content of unreduced 
oligosaccharides contained in that sample. 

Fractionation of Oligosaccharide Alditol Pools. This was 
performed in one or more of the following three ways. (i) 
Charge-based  separat ion using an ion-exchange  
chromatography: this was performed as described previously 
(Parekh et al., 1987). (ii) Gel filtration: this was performed 
as described previously (Parekh et al., 1989). Pools of 
unreduced oligosaccharides were fractionated without co- 
application of a dextran hydrolysate. (iii) HPAEC-PAD: 
unreduced oligosaccharide samples were fractionated by 
HPAEC-PAD (Lee et al., 1990) using a Dionex BioLC with 
data collection and analysis by Perkin Elmer Nelson Chro- 
maw1 2000 software. Chromatographic conditions were as 
follows: column, Carbopac PA1 (40 X 25 C#J mm); flow rate, 
1 mL/min; elution, 10 mL of 20 mM sodium acetate in 100 
mM sodium hydroxide followed by a linear gradient (over 50 
min) to 250 mM sodium acetate in 100 mM sodium hydroxide, 
held for 20 mins. PAD settings: E, = +50 mV, E2 = +600 
mV; E3 = -600 mV, output = 1000 nA, 0.0005-in. gasket. 
Fractions (0.5 mL) were collected and immediately brought 
toneutral pH, and oligosaccharide pools were re-N-acetylated 
and de-salted prior to further analysis. 

Identification of Reducing Terminal Monosaccharide 
Alditols. A radiolabeled oligosaccharide alditol or pool of 
alditols was incubated with a mixture of exoglycosidases (see 
below) so as to hydrolyze all internal 0-glycosidic linkages. 
Quantitative liberation of the reducing terminal monosac- 
charide alditol was assessed by gel-filtration chromatography 
(vide infra). An aliquot of the radioactive fraction obtained 
by gel-filtration chromatography was directly applied to a 
Shodex sugar SPlOlO column, maintained at 80 OC, equil- 
ibrated, and isocratically eluted with 20% ethanolic water 
(Takeuchi et al., 1987). Monosaccharide alditols were 
identified on the basis of elution time by reference to standard 
alditols. The composition of the mixture of exoglycosidases 
(in 0.2 M citrate-phosphate buffer, pH 5.0) used to achieve 
complete cleavage of 0-glycosidic linkages in an oligosac- 
charide alditol pool was as follows: a-D-neuraminidase 
(Arthrobacter ureafaciens) at 1 .O unit/mL; 8-D-galactosidase 
(bovine testes) at 2.0 unit/mL; a-D-mannosidase (jack bean) 
at 60 units/mL; 6-N-acetyl-D-hexosaminidase (jack bean) at 
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standard glycoprotein" 
glycan property BSF RNaseB PTG ovalb HRP pogen IgA a,-AGP 

0-glycans 
N-glycans 
biantennary complex 
triantennary complex 
tetraantennary complex 
hybrid 
oligomannose 
polylactosaminoglycan 
"bisect" GlcNAc 
xylose6 1-2 
core fucoseal-3 
core fucoseal+6 
galactoseal-3 
outer-arm fucoseal-3 
NeuNAca2-3 
NeuNAca2-6 
These glycosylation characteristics are as defined in the following references: BSF (fetal calf serum fetuin; Takasaki & Kobata, 1986); RNase 

B (bovine pancreatic ribonuclease B; Liang et al., 1980); PTG (porcine thyroglobulin; Anamula & Taylor, 1991); ovalb (hen egg ovalbumin; Yamashita 
et al., 1978); HRP (horseradish peroxidase; Ashford et al., 1987); pogen (human serum plasminogen; Hayes & Castellino, 1979); IgA (human serum 
immunoglobulin A; Field et ai., 1989); al-AGP (human serum a1-acid glycoprotein; Yoshima et al., 1981). A + sign designates presence and a - 
sign designates absence of a particular glycan property. (+) indicates presence but at <5% molar incidence of a particular glycan property. 

20 units/mL; @-D-mannosidase (Helixpomatia) at 0.8 unit/ 
mL; a-L-fucosidase (bovine kidney) at 3 units/mL; @-D- 
xylosidase (almond emulsin) at 1.5 units/mL. All unitages 
are as previously defined (Parekh et al., 1989; Ashford et al., 
1987) and represent the activity in the final mixture. 
Incubations were performed at 37 OC for 18 h under toluene 
and terminated by heating at 100 OC for 2 min. 

Desialylation by Incubation with Neuraminidase. The 
oligosaccharide pool (unreduced or alditols) was incubated 
with a-D-neuraminidase (A. ureafaciens) under a toluene 
atmosphere at 37 OC for 18 h. Substrate concentration was 
in the range 20-50 pM, enzyme was used at 1.0 unit/mL, and 
the reaction buffer was 0.1 M sodium acetate, pH 5.0. The 
reaction mixture was then passaged through a column of 
Dowex AG5OX 12 (H+), and eluant and washings were 
combined, rotary-evaporated to dryness, and analyzed further. 

Standard Oligosaccharides. These were prepared as 
described previously (Parekh et al., 1989). 

PNGase F Incubations. PNGase F was purified from 
culture supernatants of Flavobacterium meningosepticum by 
a combination of ammonium sulfate fractionation and hy- 
drophobic-interaction chromatography and was used to de- 
N-glycosylate glycoproteins essentially according to previously 
defined procedures (Nuck et al., 1990). Glycoprotein to be 
de-N-glycosylated was denatured by heating at 100 OC for 2 
min in reaction buffer (20 mM sodium phosphate, pH 7 .550  
mM EDTA) containing 0.5% SDS and 5% @-mercaptoethanol. 
A 5-fold molar excess over SDS of n-octyl glucoside was then 
added, and the denatured glycoprotein incubated (at - 10 
mg/mL) with 10 (IUB) units/mL PNGase F (where unitage 
is defined against [ 3H]dansylfetuin glycopeptide) in reaction 
buffer for 18 h at 37 OC. Liberated oligosaccharides were 
recovered by passage of the incubation mixture first through 
a column of Dowex AG5OX 12 (H+) with elution in water. 
Eluant and washings were pooled and directly applied to a 
C-18 silica reverse-phase cartridge (Waters, Sep-Pak car- 
tridge), and eluant and wash (10% aqueous methanol) were 
combined, rotary-evaporated to dryness, and prepared for 
further analysis. 

Release of O-Linked Oligosaccharides by Reductive @-E- 
limination. O-Linked oligosaccharides were released from 
bovine serum fetuin as the tritiated alditols as described 
previously (Fukuda, 1989). Liberated oligosaccharide alditols 

were recovered by passage of the reaction mixture first through 
a column of Dowex AG5OX 12 (H+) with elution in water. 
Eluant and washings were pooled, rotary-evaporated to 
dryness, evaporated (5X) frommethanol (acidified with acetic 
acid), resuspended in water, and applied to a C-18 silica 
reverse-phase cartridge. Eluant and wash (10% aqueous 
methanol) were combined, rotary-evaporated to dryness, and 
prepared for further analysis. 

RESULTS 

Temperature Dependence of the Cleavage from Peptide of 
the N- and 0-Glycosidic Bonds by the Hydrazinolysis 
Reaction. Several standard glycoproteins of previously defined 
glycosylation were used to investigate the effect of reaction 
temperature on the rate of release of N- and 0-linked 
oligosaccharides by hydrazine. The standard glycoproteins 
used in this study were bovine serum fetuin, human serum 
IgA, human serum plasminogen, porcine thyroglobulin, hen 
egg ovalbumin, and horseradish peroxidase. Between them, 
these glycoproteins carry most of the major N- and 0-linked 
oligosaccharide structures reported on eukaryoticglycoproteins 
(see Table I for a summary of the glycosylation characteristics 
of each standard glycoprotein). 

The relative rate of release of oligosaccharides from 
polypeptide as a function of reaction temperature was 
measured as follows. Equal aliquots (corresponding to 0.20 
mg as determined by amino acid analysis of a glycoprotein 
preparation using an AB1 amino acid analyzer Model 420A) 
of a salt-free lyophilized glycoprotein preparation were 
incubated in a sealed glass vessel under an argon atmosphere 
with anhydrous hydrazine (100 pL) at various temperatures 
(35 OC, 45 OC, 55 OC, 65 OC, 75 OC, 85 OC, 95 OC, 105 OC, 
115 OC, 125 "C) for a fixed reaction time of 8.0 h. At the 
end of this period, unreacted hydrazine was removed by 
evaporation, and the samples were re-N-acetylated in the 
presence of an aliquot (1 nmol) of unreduced glucose-7 linear 
oligomer. After peptide removal and radiolabeling, the total 
oligosaccharide alditol pool was desialylated and applied to 
a P4 gel filtration column (see Figure l), and the release of 
N- and 0-linked oligosaccharides relative to the glucose-7 
standard was measured as follows. For all the standard 
glycoproteins, the desialylated N-linked oligosaccharide al- 
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Retention hme 
FIGURE 1: P4 gel filtration chromatogram of the desialylated oligosaccharide alditols (with the glucose-7 (control) alditol) recovered from 
bovine serum fetuin after controlled hydrazinolysis. The content of N-linked oligosaccharide alditols relative to the internal standard glucose-7 
is defined as the total measured radioactivity in the pool NLO (containing all alditols eluting between 8.5 gu and ug) relative to the total measured 
radioactivity in the pool G-7 (centred at 7.5 gu). Similarly, the content of intact 0-linked oligosaccharide alditols is defined as the total 
measured radioactivity in the pool OLO (centered at 3.5 gu) relative to that measured in pool G-7. 

ditols elute at 18.5 gu in P4 gel filtration chromatography, 
the principal 0-linked oligosaccharide alditols at 3.5 gu 
(corresponding to galactose(8 l-.3)N-acetylgalactosaminitol), 
and alditols from "peeled" 0-linked oligosaccharides at 1.5 
gu (corresponding to galactitol). The alditol from the standard 
glucose-7 elutes at 7.5 gu. In all cases, therefore, the 
radioactivity in oligosaccharide alditols of elution volume 18.5 
gu to that in the glucose-7 alditol (at 7.5 gu) is a measure of 
the net release of N-linked oligosaccharides, and the radio- 
activity in the oligosaccharide alditol eluting at 3.5 gu relative 
to that in the glucose-7 alditol is a measure of the net release 
of intact 0-linked oligosaccharides (see Figure 1). This 
method of measurement was chosen for four reasons. First, 
any rearrangement or degradation of the N- or 0-linked 
oligosaccharides during either the chemical release or the 
subsequent recovery would lead to the oligosaccharide be- 
coming either nonreducing or altered with respect to hydro- 
dynamic volume. Second, the principal source of heterogeneity 
in both the 0- and N-linked oligosaccharides is due to variable 
sialylation. 0-Linked oligosaccharide recovery is therefore 
quantified more accurately after desialylation (and consequent 
conversion of almost all such oligosaccharides to a single 
disaccharide), and the errors in quantifying N-linked oli- 
gosaccharide recovery are likewise reduced by reducing the 
number of different structures to be quantified. Third, any 
glycopeptide or other nonreducing oligosaccharide conjugate 
would not be detected by this method. Fourth, thedesialylated 
0-linked oligosaccharides carried by these glycoproteins are 
completely resolved from desialylated N-linked oligosaccha- 
rides by gel filtration. 

For each glycoprotein, the maximal value of the content of 
N- and 0-linked oligosaccharide alditols relative to the added 
glucose-7 alditol (as determined after extrapolation of the 
values obtained over the temperature range studied) is taken 
as representing '100%" recovery. The release relative to the 
100% recovery value as a function of reaction temperature of 
both N- and 0-linked oligosaccharides from bovine serum 
fetuin is shown in Figure 2A, and for N- and 0-linked 
oligosaccharides from several of the other standard glyco- 

proteins it is shown in parts B and C, respectively, of Figure 
2. 

Analysis of the Order of the Reaction Leading to Release 
of N-Linked Oligosaccharides and of the Reactions Leading 
to Release and Degradation of 0-Linked Oligosaccharides. 
For a pseudo-first-order reaction between glycoprotein (A) 
and hydrazine (B), where hydrazine is in large molar excess: 

whereK",PP = $ (first-order rateconstant) = KR[B], where& 
= true second-order rate constant. For each standard 
glycoprotein (where appropriate), In PZ', In K"<& and In 
K"$b can be calculated for each reaction temperature from 
the numerical values of the data presented graphically in Figure 
2A-C, where K"<h and K"<g are defined as the apparent rate 
constants for release of N- and 0-linked oligosaccharides, 
respectively, and K"$b is defined as the apparent rate constant 
for degradation of 0-linked oligosaccharides. The data in 
Figures 2 and 3 support the assumption that the degradation 
of N-linked oligosaccharides is not significant at T I  398 K 
with t = 8 h and that release and degradation of 0-linked 
oligosaccharides are independent at the extremes of temper- 
ature. Plots of log K"zh vs 1/T, log K"{g vs 1/T, and log 
Kd,qg vs 1 /T  can therefore be made for each standard 
glycoprotein. These plots are shown for the standard gly- 
coprotein bovine serum fetuin in Figure 3. For each standard 
glycoprotein, each plot of the relevant log K a P P  vs 1 /Tis linear 
with all individual correlation coefficients in the range 0.916 
I r2 I 0.988. This linearity establishes that the reactions 
leading to the release of N- and 0-linked oligosaccharides 
and degradation of 0-linked oligosaccharides when performed 
under the conditions described herein (of large molar excess 
of hydrazine) can be considered to be first-order. Assuming 
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FIGURE 2: (A) Graphs of the percent recovery of intact 0-linked 
oligosaccharides (X) and intact N-linked Oligosaccharides (0) released 
from bovine serum fetuin versus reaction temperature of hydrazi- 
nolysis. (B) Graphs of the percent recovery of intact N-linked 
oligosaccharides from the following standard glycoproteins versus 
reaction temperature of hydrazinolysis: bovine serum fetuin (0); 
horseradish peroxidase (0); porcine thyroglobulin (X); ovalbumin 
(0); human serum IgA (A); human serum plasminogen (D). (C) 
Graphs of the percent recovery of intact 0-linked oligosaccharides 
from bovine serum fetuin (X), human serum IgA (A), and human 
serum plasminogen (D) versus reaction temperature of h ydrazinolysis. 
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FIGURE 3: Graphs of log against 1/T (O) ,  log e<$ against 1/T 
(X) and log PJ$ against 1/T (A) for the N- and 0-linked 
oligosaccharides from bovine serum fetuin. Each set of data points 
fits a straight line as indicated by regression analysis. For log KNR 
against 1/T,  r2 = 0.992, for log KR.O against 1/T,  r2 = 0.997, and 
for log KD,O against 1/T,  r2 = 0.965. 

a constant reaction mechanism over the temperature range of 
study, each reaction can therefore be analyzed in terms of the 
Arrhenius equation, ignoring second-order and higher coef- 
ficients. 

Calculation of E:?, E:?, E i T ,  AR,N, AR,o, and AD.O at 
[Hydrazine] = 32 M. The Arrhenius equation states that k 
= Ae-EACTfRT, where k = rate of reaction, A = Arrhenius 
constant, EACT = activation energy, R = gas constant, and T 
= reaction temperature. 

In accordance with the Arrhenius equation, Et: and 
Ai!: are determined from the plots of log P<h vs 1 / T for 3 18 
K I T I  398 K, ER,O and AR,O are determined from the plots 
of log P{b vs 1/Tfor 308 K I TI 353 K, and the E t F  and 
AD,, are determined from the plots of log G:b vs 1 / T for 353 
K I T I 398 K. Values for the Arrhenius constant A are 
calculated after extrapolation of the corresponding plot to 
1 / T = 0, and EACT values are calculated from the slope of 
each plot. The values so determined are summarized in Table 
11. 

Determination of Standard Hydrazinolysis Conditions for 
the Release from Peptide either of 0-Linked Oligosaccharides 
Only or of both N- and 0-Linked Oligosaccharides. From 
the preceding analysis the release of N- and 0-linked 
oligosaccharides is considered to occur according to the 
following models: 

release of N-linked oligosaccharides: P - O N  - DN 

release of 0-linked oligosaccharides: P - 0, - Do 
where P = glycoprotein, O N  = released N-linked oligosac- 
charides, 00 = released, intact 0-linked oligosaccharides, 
and D = degradation product(s) of released oligosaccharides. 

From these models, the following equations can be defined 
for the release of intact N- and 0-linked oligosaccharides 
from a given glycoprotein under defined reaction conditions 
(T, t )  with large molar excess of hydrazine over glycoprotein: 

mN = 1 - e~p[-(A,,,e-~:'~~)t] 
when T I 398 K and t I 2.88 X lo4 s and 

where 

A = R,O 

and 

where m, = mole fraction of intact N-linked oligosaccharides 
released and mo = mole fraction of intact 0-linked oligosac- 
charides released. 

The experimentally determined values of Et:, E t F ,  
E t F ,  AR,N,  AR,o, and  AD,^ for each standard glycoprotein 
are used to derive the plots of m, vs T vs t and of m, vs T vs 
t .  These plots are extremely similar for all the standard 
glycoproteins, and the relevant contours of each surface are 
shown for bovine serum fetuin in parts A and B of Figure 4, 
respectively. Superimposing the contours in Figure 4A,B 
allows a definition of conditions under which 0-linked 
oligosaccharides can be selectively released from protein 
(arbitrarily defined as m, L 0.90 and mn I O .  1) and conditions 
under which both N- and 0-linked oligosaccharides can be 
released in equal yield (arbitrarily defined as mo, mn L 0.85). 
The standard reaction conditions chosen for selective release 
of 0-linked oligosaccharides are 60 "C for 5 h, and for release 
of both N- and 0-linked oligosaccharides are 95 OC for 4 h. 
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Table 11: Activation Energies and Arrhenius Constants (at 32 M hydrazine concentration) for the Release of N- and 0-Linked Oligosaccharides 
and the Degradation of 0-Linked Oligosaccharides from Standard Glycoproteins 

A R , N ~  AR.O AD.O E A C T a  EACT EACT 
glycoprotein R.N R . 0  D,O 

3.6 X lo6 BSF 122 96.4 81.2 2.8 x 1013 1.6 X 10" 
PTG 114 2.5 x 10'3 
ovalb 118 1.7 x 1013 
HRP 128 3.9 x 10'4 
Paen ndc 97.4 82.1 nd 2.2 x 101' 5 x 106 
IgA 126 96.3 82.5 3.6 x 1014 2.15 X 10" 4.5 x 106 

0 Et:, Et:, and Et$T are as defined in the text and are stated to 3 sf in units of kilojoules per mole. AR,N, AR,o, and  AD,^ are as defined in the 
text and are stated to 2 sf in units of seconds-'. The Arrhenius constant for each reaction is calculated from the intercept at 1 / T  = 0 of the plot of 
log KaPP against 1/T. Since KaPP = Ktruc[hydrazine] = K,,,, X 32 M, the calculated Arrhenius constant is 32X the true Arrhenius constant if the reaction 
is also assumed to be first-order with respect to hydrazine. nd = not determined due to experimental inaccuracies. 

A 

I I 
I I 

0 0  2 5  50 7.5 10.0 

FIGURE 4: Graphical simulations of m, (A) and m, (B) for bovine 
serum fetuin as a function of temperature and time based on the 
experimentally determined values of E t F ,  Et:, E::, AR,N, AR,o, 
and AD,o (see text for details). For m,, all (T, t )  on or above a given 
line are consistent with the designated value of m,. For m,, all (T, 
t )  on or between the given lines are consistent with the designated 
value of m,. The boxed X indicates standard N+O reaction conditions, 
and the boxed triangles indicate the standard 0-only reaction 
conditions. 

Thegeneral validity of these standard reaction conditions was 
next investigated in detail. 

Yield of Recovered Oligosaccharides under Standard 
Reaction Conditions. This was determined in two different 
ways: First, by comparing the quantity of individual monosac- 
charides in an aliquot of a glycoprotein directly and in the 
oligosaccharide pool recovered from an equal aliquot of that 
glycoprotein after release using the standard reaction con- 
ditions (the average percentage yield for each monosaccharide 
for each glycoprotein studied is summarized in Table 111); 
second, by titrating the reducing termini in the recovered pool 
of oligosaccharides as a function of reaction time (at 60 OC 

Time (hours) 

or 95 "C) by reduction with alkaline sodium borotritide in the 
presence of 1 .O nmol of the glucose-7 linear oligomer as internal 
standard. These time-course data are presented relative to 
the 100%" recovery value (see earlier) for bovine serum fetuin, 
hen egg ovalbumin, human serum IgA, and porcine thyro- 
globulin in Figure 5. 

Integrity of Recovered Oligosaccharides. ( i )  'H-NMR and 
LD-MS Analysis. In order to obtain sufficient carbohydrate 
sample for NMR analysis, the N- and 0-linked oligosac- 
charides were recovered from 10 mg each of bovine serum 
fetuin, bovine pancreatic RNase B, and horseradish peroxidase 
using the reaction conditions of 95 OC for 4 h. In the case 
of bovine serum fetuin, the NMR analysis was performed 
first on the total pool of recovered oligosaccharides, and the 
spectrum obtained is shown in Figure 6A. This pool of 
oligosaccharides was then desialylated by incubation with 
neuraminidase (A. ureafaciens) and fractionated by P4 gel 
filtration chromatography (Figure 6B). Individual fractions 
were pooled as indicated and separately subjected to NMR 
analysis, and the spectra are shown for fractions A and B in 
parts C and D of Figure 6, respectively. From this analysis, 
it is concluded that fraction A consists principally of a single 
oligosaccharide of primary sequence as shown in Figure 6C 
and fraction V contains peptide material and free sialic acid 
but no other carbohydrate or glycopeptide material (not 
shown). Fraction B gives a relatively complex spectrum 
(Figure 6D) which is consistent with the presence of complex 
conformers of the disaccharide galactose(gl-.3)N-acetyl- 
galactosamine (as the major component) and possibly some 
breakdown products of this disaccharide (see Discussion). An 
aliquot of fraction A was also directly analyzed by LD-MS. 
The spectrum (not shown) indicates that fraction A consists 
of a single molecular species with respect to mass consistent 
with the sequence assignment derived from the NMR analysis 
(see Table IV). 

In the case of RNase B, NMR analysis was first performed 
on the glycosylated form (RNase B) and the nonglycosylated 
form (RNase A), and the spectra are shown in parts A and 
B of Figure 7, respectively. The difference spectrum is shown 
in Figure 7C. The NMR spectrum of the total pool of 
unreduced oligosaccharides recovered after hydrazinolysis of 
the glycosylated form of RNase B is shown in Figure 7D,E. 
This pool of oligosaccharides was then directly fractionated 
by P4 gel filtration chromatography (Figure 7F), and 
individual fractions were pooled as indicated. Each fraction 
was then separately subjected to NMR analysis, and the 
spectra for fractions C and D are shown in parts G and H of 
Figure 7, respectively. From this analysis, it is concluded 
that each fraction consists of oligosaccharides of primary 
sequence as shown in Figure 7G,H and Table IV. (Note: 
The fraction shown in Figure 7G (but not 7H) also contains 
the monosaccharide xylose, resonances labeled X. This species 
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Table 111: Average Percentage Monosaccharide Yields' Obtained from Standard Glycoproteins under Standard Reaction Conditions for Release 
of 0-Linked Oligosaccharides and for Release of N- and 0-Linked Oligosaccharides 

standard reaction monosaccharideb 
dvcourotein condition? NeuNAc Gal Man Fuc Xvl GalNAc GlcNAc 
1. . 

BSF 0-on1 yd 29 f 3.2 21 f 1.8 9.2 f 3.1 
0-onlye 87 f 6.1 85 f 7.4 J 

0-only 81 f 7.9 83 f 4.3 11.1 * 2.1 
N+O 87 f 7.7 86 f 5.4 89 f 5.1 - 

IOA 0-onlyd 59 f 4.4 46 f 2.1 9.6 f 1.8 

N+O 81 f 6.2 89 * 5.1 86 f 6.2 80 f 6.3 

0-only 79 f 8.4 80 f 4.9 - 
N+O 76 f 6.7 79 f 5.5 83 f 6.1 - 

RNase B N+O - - 88 f 5.8 - 
19 * 4.1 PTG N+O 88 f 7.8 86 f 5.2 89 f 5.4 

ovalb N+O - - 80 f 6.2 - 
82 f 6.1 83 f 5.6 HRP N+O - - 

CY-IAGP N+O 83 f 8.1 81 f 6.2 87 f 7.0 81 f 5.7 

p o w  0-onlyd 49 f 2.6 53 f 2.1 7.3 f 1.2 

- 79 f 8.4 1 1  f 4.1 
- 82 f 9.2 88 f 8.8 

- 76 f 8.2 9.3 f 2.6 
- 83 f 8.3 81 f 9.3 

- 71 f 6.5 9.2 f 3.1 
- 81 f 7.9 79 f 8.4 
- - 86 f 9.1 
- - 86 f 8.3 
- - 83 f 7.9 
85 f 4.9 - 89 f 9.1 
- - 86 f 8.6 

~~ ~~~ 

Average percentage yields for each monosaccharide were determined from the amount of a given monosaccharide in the recovered oligosaccharide 
pool derived from an amount (-0.1 mg) of a glycoprotein compared to that directly measured in an equal amount of glycoprotein. Yields are quoted 
to 2 sf as the average f1 sd (n = 7) of serial analyses on different aliquots of each standard glycoprotein under each reaction condition studied. 

Abbreviations are as follows: NeuNAc = N-acetylneuraminic acid; Gal = galactose; Man = mannose; Fuc = fucose; Xyl = xylose; GalNAc = 
N-acetylgalactosamine; GlcNAc = N-acetylglucosamine. 0-only refers to hydrazinolysis reaction conditions of 60 " C for 5 h; N+O refers to h ydrazinolysis 
conditions of 95 "C for 4 h. Values of recovery in the 0-only mode not normalized to the expected content of 0-linked oligosaccharides. e Values 
of recovery in the 0-only mode normalized for the content of 0-linked oligosaccharides expected from the measured content of GalNAc. /Not measured. 

1 2 3 4 5  
Reaction time (hours) 

FIGURE 5: Graphs of the percent recovery of N- and 0-linked 
oligosaccharides as a function of reaction time (at 95 "C for N-linked 
oligosaccharides and 60 OC for 0-linked oligosaccharides) from 
various standard glycoproteins: (X) 0-linked oligosaccharides from 
bovine serum fetuin; (A) 0-linked oligosaccharides from human serum 
IgA; (0) N-linked oligosaccharides from ovalbumin; (A) N-linked 
oligosaccharides from human serum IgA; (0) N-linked oligosac- 
charides from bovine serum fetuin; (m) N-linked oligosaccharides 
from porcine thyroglobulin. 

was not present in the whole oligosaccharide pool and is 
therefore assumed to have been introduced as a contaminant 
during fractionation.) An aliquot of each fraction (Figure 
7F) was also directly analyzed by LD-MS. The corresponding 
mass spectra (not shown) also indicate that each fraction is 
essentially homogeneous with respect to mass and, further, 
that this mass is consistent with the sequence assignments 
derived from the NMR analysis (see Table IV). 

In the case of horseradish peroxidase, the total pool of 
recovered oligosaccharides was directly fractionated by P4 
gel-filtration chromatography (Figure 8A), and fraction A 
was pooled as indicated. This fraction was then separately 
subjected to NMR analysis and the spectrum obtained is shown 

in Figure 8B. From a comparison of the NMR parameters 
with reported values (Ashford et al., 1987), fraction A is 
deduced to contain a single oligosaccharide of primary 
sequence as depicted in Figure 8B. An aliquot of fraction A 
was also directly analyzed by LD-MS. The corresponding 
mass spectrum indicates that fraction A consists of a single 
molecular species with respect to mass and, further, that this 
mass is consistent with the sequence assignments derived from 
the NMR analysis (see Table IV). To further probe the 
structural integrity of recovered 0-linked oligosaccharides, 
the following analysis was performed. The oligosaccharides 
were released from 10 mg of bovine serum fetuin using each 
of the standard conditions. The total pool of recovered 
oligosaccharides was directly fractionated by HPAEC-PAD, 
and the chromatograms are shown in Figure 9A,B. Fractions 
were pooled as indicated, desalted by passage through a column 
of Dowex AGSOX 12 (H+) followed by rotary-evaporation, 
filtered through a 0.22-pm Teflon filter, and subjected to NMR 
analysis. Both fractions 0-A- 1 and N-A- 1 gave essentially 
identical NMR spectra, Corresponding to unreduced N- 
acetylneuraminic acid. This free sialic acid is thought to be 
largely present in the starting glycoprotein preparation for 
three reasons. First, its relative content is the same under 
both standard reaction conditions (i.e., more vigorous hy- 
drazinolysis reaction conditions do not lead to the recovery of 
more free sialic acid). Second, standard sialyated oligosac- 
charides are not desialylated by these hydrazinolysis reaction 
conditions (see later). Third, a similar recovery of free sialic 
acid is obtained when oligosaccharide pools are released using 
PNGase F from bovine serum fetuin and other sialylated serum 
glycoproteins (not shown). Fractions 0-A-2 and N-A-2 also 
gave very similar NMR spectra and very similar LD-MS 
spectra (not shown, but see Table IV). The NMR spectrum 
is therefore shown for N-A-2 in Figure 9C. From this 
spectrum, fractions 0-A-2 and N-A-2 are deduced to contain 
a single oligosaccharide of primary sequence as depicted in 
Figure 9C. This conclusion is supported by the LD-MS 
analysis on 0-A-2 and N-A-2 which further indicates that 
each consists of a single molecular species with respect to 
mass and that this mass is consistent with the primary sequence 
deduced from the NMR analysis. 
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FIGURE 6: One-dimensional 600-MHz IH-NMR spectrum of the 
pool of unreduced oligosaccharides recovered from fetuin after 
hydrazinolysis under conditions to release both N- and 0-linked 
oligosaccharides (A). This pool of unreduced oligosaccharides was 
treated with neuraminidase (see text) and fractionated by gel-filtration 
chromatography (B). Fractions were pooled as indicated and 
individually subjected to NMR analysis. The spectra for fractions 
A and B are shown in panels C and D, respectively, and for fraction 
B after reduction with sodium borohydridein Figure6E. Resonances 
are labeled according to the residue numbering scheme shown on the 
inset structure. 

( i i )  Comparison of N-Linked Oligosaccharide Pools Re- 
leased from Glycoproteins by Hydrazinolysis and PNGase 
F. N-Linked oligosaccharides were released from porcine 
thyroglobulin, hen egg ovalbumin, and human cq-acid gly- 
coprotein either by hydrazinolysis (under reaction conditions 
of 95 OC for 4 h) or by exhaustive incubation with PNGase 
F. An aliquot of the oligosaccharide pools so obtained was 
radiolabeled, desialylated by incubation with neuraminidase, 
and fractionated by gel-filtration chromatography. Chro- 
matograms are shown in Figure 10. 

( i i i )  Comparison of OLinked Oligosaccharide Alditol 
Pools Obtained from Bovine Serum Fetuin by Hydrazinolysis 
and Reductive &Elimination. Three major 0-linked oli- 

Table IV: Comparison of Expected and Observed Molecular Mass 
for Individual Oligosaccharide Fractions Analyzed by LD-MS 

structure assigned expected observed 
fraction by 'H-NMR' m a d  massC 

BSF-FraclbnA kD,,  - 
*E??- RNaseE-Fradbn A 

RNase EFraUon B 

RNase 6-Fraction C $9 

%- RNase B-FraUon D 

HRP-Fradbn A 

"z BSF-Fradon 0 -A-2  

"! BSF-Fradbn N-A-2 

2007 

1884 

1722 

1397 

1235 

1205 

966 

966 

2007 

1884 

1722 

1397 

1235 

1205 

967 

967 

The expected molecular mass is calculated assuming that unreduced 
monosaccharides have the following relative molecular weights: fucose 
= 164.16; xylose = 166.13; galactose = 180.16; mannose = 180.16; 
N-acetylglucosamine = 221.21; N-acetylgalactosamine = 221.21; N- 
acetylneuraminic acid = 309.27. Symbolic abbreviations for monosac- 
charides are as follows: 0 = fucose; 0 = xylose; A = galactose; 0 = 
mannose; 0 = N-acetylglucosamine; = N-acetylgalactosamine; A = 
N-acetylneuraminic acid. Oligosaccharides are detected as the [oli- 
gosaccharide Na]+ ions, and the observed mass is quoted after correction 
for the attached Na+. Both expected and observed mass are stated to 
the nearest integral value. 

gosaccharides are reported to occur on bovine serum fetuin, 
namely mono- and disialylated Gal-GalNAc and disialylated 
Gal-GlcNAc (Gal-) GalNAc. The oligosaccharides released 
and recovered from fetuin using hydrazinolysis under 0-only 
conditions were radiolabeled. Each pool of radiolabeled 
alditols was then separated first by anion-exchange chroma- 
tography into neutral, mono-acidic, and di-acidic fractions. 
Each fraction was individually pooled, its total content of 
radioactivity was determined, and then each acidic fraction 
was desialylated by incubation with neuraminidase, and the 
desialylated products were fractionated by P4 gel filtration 
chromatography. In this way, the relative molar content in 
each alditol pool of neutral, mono-sialylated, and di-sialylated 
Gal-GalNAc and Gal-GlcNAc(Ga1-)GalNAc could be mea- 
sured, and these data are summarized in Table V. 

(iv) Analysis of the Reducing Terminal Monosaccharide 
in Oligosaccharide Pools Released from Glycoproteins by 
Hydrazinolysis. The total oligosaccharide pools recovered 
from each standard glycoprotein using one or both of the 
standard hydrazinolysis reaction conditions were radiolabeled 
by reduction with alkaline sodium borotritide and incubated 
with a mixture of exoglycosidases, and the radiolabeled alditol- 
(s) was(were) recovered by P4 gel-filtration chromatography. 
The alditols so recovered were identified by reverse-phase 
HPLC (Takeuchi et al., 1987). The data for this analysis are 
summarized in Table VI. 

Stability ofAcidicSubstituents. Radiolabeled alditols were 
analyzed by high-voltage paper electrophoresis before and 
after being subjected to hydrazinolysis (95 OC for 4 h) in the 
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FIGURE 7: One-dimensional 600-MHz IH-NMR spectrum of bovine pancreatic ribonuclease B (A), of bovine pancreatic ribonuclease A (B), 
the difference spectrum between the two forms of ribonuclease (C), and of the pool of unreduced oligosaccharides (D and E) recovered from 
ribonuclease B after hydrazinolysis under conditions to release both N- and 0-linked oligosaccharides. This pool of unreduced oligosaccharides 
was then fractionated by gel-filtration chromatography (F). Fractions were pooled as indicated and individually subjected to NMR analysis. 
Only spectra for fractions C and D are shown in panels G and H, respectively. 

presence of 1 mg of bovine serum albumin. The following 
alditols were analyzed: N-acetyl-D-glucosaminitol3-sulfate, 
N-acetyl-D-glucosaminitol 6-sulfate, D-galactitol 6-sulfate, 
N-acetyl-D-glucosaminitol 6-phosphate, D-mannitol 6-phos- 
phate, NeuNAc(a2-3)Gal(~l-3)GalNAco~, and NeuNAc- 
(a2+6)Gal(p1+4)GlcNAco~. The molar percent loss of 
acidic substituents from each alditol under the standard 
hydrazinolysis reaction conditions is stated in Table VII. 

DISCUSSION 
Release and recovery of N- and 0-linked oligosaccharides 

in an unreduced form is often necessary to facilitate both 
structural and functional analyses of protein-associated 
oligosaccharides. The use of alkaline sodium borohydride 
(Nilsson et al., 1990), whether in the presence of cadmium 
salt or not (Likhosherstov et al., 1990), and of lithium 
borohydride (Likhosherstov et al., 1988) all lead to the recovery 
of the reduced (alditol) form of oligosaccharides. Some groups 
have successfully used hydrazinolysis to release apparently 
structurally intact N-linked oligosaccharides from glycopro- 
teins (Fukuda et al., 1976; Takasaki & Kobata, 1982; Parekh 
et al., 1989), while others have concluded that the use of 
hydrazine inevitably leads to the partial degradation of, in 
particular, the reducing terminus of N-linked oligosaccharides 
(Michalski et al., 1984; Van Kuik et al., 1987; Bendiak & 

Cumming, 1985). A systematic study of the hydrazinolysis 
reaction for the release of N-linked oligosaccharides has not 
been reported, and no standard conditions havecome to prevail. 
A few reports addressing the recovery of 0-linked oligosac- 
charides during hydrazinolysis indicated profound degradation 
of these oligosaccharides (Korrel et al., 1985; Montreuil et 
al., 1986). Nevertheless, the reported recovery of some intact 
0-linked oligosaccharides prompted us to investigate further 
the use of hydrazine to release both N- and 0-linked 
oligosaccharides from glycoproteins. 

Given that the thermodynamics of oligosaccharide release 
are such that equilibrium lies overwhelmingly in its favor, our 
strategy in evaluating the hydrazinolysis reaction was as 
follows: First, to establish the kinetic parameters governing 
release (and any degradation) of oligosaccharides from a broad 
range of glycoproteins, second, to use these parameters to 
define generally applicable standard reaction conditions, and 
third, to assess the molar yield and structural integrity of 
oligosaccharides recovered under these standard reaction 
conditions by a variety of physical, chemical, chromatographic, 
and enzymatic methods. The range of "standard" glycopro- 
teins employed in this study together with their previously 
reported glycosylation characteristics is summarized in Table 
I. Between these various glycoproteins, all major N- and 
0-linked oligosaccharide structures and determinants reported 
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FIGURE 8: Gel-filtration chromatogram (A) of the unreduced oligosaccharides recovered from horseradish peroxidase after hydrazinolysis 
under conditions to release both N- and O-linked oligosaccharides. Fraction A was pooled as indicated and analyzed by one-dimensional 
500-MHz 'H-NMR. From an analysis of the spectrum (shown in part B) the primary sequence of the oligosaccharide in fraction A is deduced 
to be as indicated. 

on eukaryotic glycoproteins (with the exception of O-linked 
mannosyl chains) are present. Model glycoamino acid 
compounds containing an oligosaccharide attached to a single 
amino acid residue were deliberately not chosen since in terms 
of precise reaction mechanism, peptide reaction products, and 
umatrix" effects these compounds are not necessarily repre- 
sentative of glycoproteins. The principal objective of this study 
was to assess the hydrazinolysis reaction for use against 
glycoproteins. 

The net release of both N- and O-linked oligosaccharides 
from bovine serum fetuin as a function of reaction temperature 
at constant reaction time (8 h) is shown in Figure 2A and that 
of N- and O-linked oligosaccharides from several of the other 
standard glycoproteins in parts B and C of Figure 2, 
respectively. It is clear from these data that intact O-linked 
oligosaccharides are released during the hydrazinolysis re- 
action with a lower temperature dependence than N-linked 
oligosaccharides. Once released, O-linked oligosaccharides 
are susceptible to a degradation reaction (which obviously 
has a higher temperature dependence than their release). 
N-Linked oligosaccharides are much more stable. Further- 
more, the release of oligosaccharides from the different 
standard glycoproteins has a remarkably similar temperature 
dependence, suggesting that the reaction is essentially inde- 

pendent of the primary sequence of either oligosaccharide or 
protein. All hydrazinolyses in this study were performed under 
considerable molar excess of hydrazine (32 M) over glyco- 
protein (110 pM). Under these reaction conditions, both 
release of N- and O-linked oligosaccharides, and subsequent 
degradation of O-linked oligosaccharides is pseudo-first-order 
with respect to glycoprotein, as shown by the linearity of plots 
of log K R  against 1/T (see Figure 3). For all such plots, rz 
1 0.91 (from regression analysis), and this is therefore taken 
as strong evidence in favor of thereactions for allglycoproteins 
being pseudo-first-order with respect to glycoprotein. On the 
basis of this order, the release of N- and O-linked oligosac- 
charides and degradation of O-linked oligosaccharides can be 
analyzed in terms of the Arrhenius equation (ignoring second- 
and higher-order coefficients) and the activation energy and 
Arrhenius constant for each reaction determined (see Table 
11). Using these experimentally determined constants, three- 
dimensional plots of the mole fraction of intact released N- 
and/or O-linked oligosaccharides as a function of reaction 
temperature ("C) and reaction time (hours) for each glyco- 
protein can be generated. These plots are similar for all 
standard glycoproteins carrying N-linked oligosaccharides and 
for the three carrying O-linked oligosaccharides, and 2-D 
contour plots are therefore shown only for bovine serum fetuin 
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FIGURE 9: HPAEC-PAD chromatograms of the oligosaccharides released from bovine serum fetuin using the "O-only" reaction conditions 
(A) and "N+O" reaction conditions (B). Fractions O-A-I, 0-A-2, N-A-1, and N-A-2 were pooled as indicated, desalted, and individually 
subjected to IH-NMR analysis. The IH-NMR spectrum for N-A-2 is shown (C). 

(Figure 4A,B). The net result of this analysis is a definition 
of two sets of standard reaction conditions. Namely, one 
involving a hydrazinolysis reaction of 60 O C  for 5 h during 
which 190% of O-linked oligosaccharides are released but 
< 10% of N-glycosidic bonds are broken, and a second involving 
a hydrazinolysis reaction of 95 OC but 4 h in which 2 8 5 %  of 
both 0- and N-linked oligosaccharides are released. These 
will be referred to as 'O-only' and 'N+O reaction conditions. 

The sensitivity of m, and mo to even very small changes in 
EACT and A is considerable for values of EACT and A 
comparable to those obtained. In order therefore to confirm 

the experimental validity and accuracy of these standard 
reaction conditions, oligosaccharides were released under these 
conditions from each of the standard glycoproteins. The yield, 
structural integrity, and content of individual oligosaccharides 
was assessed in the recovered oligosaccharide pools. Yields 
were estimated by quantitation of individual monosaccharides 
in the intact glycoprotein and in the recovered oligosaccharide 
pool and are summarized in Table 111. Since this method 
would not distinguish unreduced oligosaccharides from pep- 
tide-associated material or other conjugates, a time course of 
oligosaccharide release was performed on four of the standard 
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FIGURE 10: P4 gel-filtration chromatograms of the desialylated radiolabeled oligosaccharides recovered from hen egg ovalbumin (A, A’), 
porcine thyroglobulin (B, B’) and human a,-acid glycoprotein (C, C’) using hydrazinolysis under conditions to release both N-  and 0-linked 
oligosaccharides (A, B, C) and exhaustive incubation with PNGase F (A’, B’, C’). 

Table V: Comparison of the 0-Linked Oligosaccharide Alditol 
Pools Recovered from Fetuin by Hydrazinolysis (0-Only) and 
Reductive &Eliminationo 

reductive ,%elimination 0-only hydrazinolysis ( % ) c  

Db 4.1 
D-A1 16.8 
D-A2 60.1 
T 1.4 
T-A1 2.1 
T-A2 15.5 

4.8 
15.9 
57.6 

1.8 
2.6 

17.3 
aAlditol pools were recovered as described under Materials and 

Methods. D = Gal-GalNAc; D-A1 and D-A2 = mono- and disialylated 
Gal-GalNAc, respectively; T = Gal-GlcNAc(Ga1)GalNAc; T-A 1 and 
T-A2 = mono- and disialylated Gal-GlcNAc(Ga1)GalNAc. Relative 
percentages weredetermined as described under Results and arecalculated 
after excluding any recovered N-linked oligosaccharide alditols (which 
are separated from D and T during gel-filtration chromatography). The 
content of N-linked oligosaccharide alditols was particularly noticeable 
in the alditol pool obtained by reductive @-elimination. 

glycoproteins with quantitation of released oligosaccharide 
by coreduction in the presence of the glucose-7 standard. These 
data, summarized in Figure 5 ,  indicate that a reaction time 
of >4 h at 95 OC does not lead to significantly increased 
release of N- and 0-linked oligosaccharides and that a reaction 
time of >5  h at 60 OC does not lead to significantly increased 
release of 0-linked oligosaccharides. Under these reaction 
conditions, the percent monosaccharide recoveries when 
corrected for any losses postrelease (during chromatography 
and workup as determined using radiolabeled oligosaccharide 
standards) indicate essentially quantitative release of N- and 
0-linked oligosaccharides in the N+O reaction condition and 
of 0-linked oligosaccharides in the 0-only condition. 

A primary method for the evaluation of oligosaccharide 
structure is ‘H-NMR (Van Kuik et al., 1985; Vliegenthart 
et al., 1983). NMR analysis was therefore performed on the 
total pool of oligosaccharides recovered from bovine serum 
fetuin after release under N+O reaction conditions (Figure 
6A). The general complexity of the spectrum prevents a 
detailed analysis of all the resonances; however, the general 
form of the spectrum, and in particular the anomeric region 
(4.3-5.4 ppm), is very similar to that of the major isolated 
desialylated oligosaccharide (Figure 6C). The only major 
additional peaks (labeled in Figure 6A) are from sialic acid 

linked both a 2  - 3 and a2  - 6. The intensity of these peaks 
relative to the anomeric resonances of the outer-arm galactose 
residues (=4.4 ppm, labeled in Figure 6C) indicates almost 
full sialylation of the oligosaccharides. These is a little free 
sialic acid present (sharp peaks at -2.2 ppm, not labeled). 
These peaks increase in intensity with time over periods of 
several weeks, suggesting that some autocleavage is occurring, 
but are initially at very low levels. The a anomeric resonance 
from the reducing terminal GlcNAc ( 4 . 1  ppm, labeled in 
Figure 6C) can be seen, although the /3 anomeric resonance 
is obscured by the water peak. The intensity of this peak, 
relative to that of the other anomeric peaks, suggests that the 
reducing terminus is intact. The major desialylated N- and 
0-linked oligosaccharides recovered from this pool of fetuin 
oligosaccharides (Figure 6B) are likewise structurally intact 
(Figure6C,D and Table IV). The ‘H-NMRspectrum (Figure 
6D) of the unreduced Gal(j31-3)GalNAc is relatively 
complex. This spectrum is highly reproducible from different 
fetuin preparations, is also obtained on treatment of 0-A-2 
and N-A 2 (Figure 9 and later) with neuraminidase, and more 
importantly is also similar to that obtained with authentic 
Gal(i31-3)GalNAc. The complexity of this spectrum would 
appear to arise from conformational heterogeneity, the 
principal factor being contributions from both a and /3 anomers, 
since reduction of this disaccharide yields a much simplified 
‘H-NMR spectrum (Figure 6E). Fraction B can therefore 
be identified as the disaccharide galactosej3( 1-3)N-acetyl- 
galactosamine. There is also some evidence from the spectrum 
for the occurrence of some deacetylation (reduced intensity 
of the -NHCOCH3 resonance at approximately 2.0 ppm) 
which increases with time. A full spectral analysis, together 
with other data on the chemical stability of galactose(/31+3)- 
N-acetylgalactosamine, will be presented elsewhere. 

Similar analysis was performed on oligosaccharides recov- 
ered after release under N+O conditions from bovine 
pancreatic RNase B (Figure 7) and horseradish peroxidase 
(Figure 8). In the case of ribonuclease, the unfractionated 
pool of oligosaccharides gave a lH-NMR spectrum (Figure 
7D) very similar to the difference spectrum (Figure 7C) 
between ribonuclease B (Figure 7A) and ribonuclease A 
(Figure 7B), which is the nonglycosylated form of RNase B. 
This supports the nonselective release of intact oligosaccharides 
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Table VI: Identification of Reducing Terminal Monosaccharide Alditols" in the Oligosaccharide Populations Obtained from Standard 
Glycoproteins under Standard Reaction Conditions 

standard reaction % ['HI recovery 

BSF 0-on1 yd >95% 4 83 9 4 ndc 
N+O >95% 52 43 4 nd nd 

IgA 0-only >95% 6 79 10 5 nd 
N+O >95% 29 63 7 1 nd 

P W n  0-only >95% 8 80 11 1 nd 
N+O >95% 36 59 5 nd nd 

RNaseB N+O >95% 94 nd nd 5 2 
FTG N+O >95% 94 nd nd 3 3 
ovalb N+O >95% 91 nd nd 3 nd 
HRP N+O >95% 90 nd nd 9 1 
ar-AGP N+O >95% 86 4 nd 8 2 
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glycoprotein condition after gel filtrationb % [ 3 H ] G l c N A ~ ~ c  % ['HlGalNAco~ 5% ['HIGalOL % [3H]Glco~ % ['HIXOL 

Identification of reducing terminal alditols was achieved as described under Materials and Methods. This refers to the percentage of radioactivity 
recovered after applying the glycosidase digestions product(s) to a P4 gel-filtration column. This refers to the percentage of radioactivity recovered 
in a given monosaccharide alditol after applying the radioactivity recovered from the P4 gel-filtration chromatography to a Shodex sugar SPI 010 HPLC 
column. Abbreviations are as follows: GlcNAco~ = N-acetylglucosaminitol; GalNAcoL = N-acetylgalactosaminitol; GaloL = gaiactitol; G~QL = 
glucitol; XOL = unidentified alditol. All percentages are stated to the nearest integer and are in each case the average of two separate analyses. 0-only 
refers to hydrazinolysis reaction conditions of 60 OC for 5 h; N+O refers to hydrazinolysis conditions of 95 OC for 4 h. e nd = not detectable. 

Table VII: Alteration" of the Charge of Standard Acidic Alditols 
during the Hydrazinolysis Reactionb 

molar percentc 
structure of alditol deacidification 

N-acetyl-D-glucosaminitol3-sulfate 1.4 f 0.5 
N-acetyl-D-glucosaminotol6-sulfate 11.3 f 2.1 
D-galactitol6-sulfate 2.1 f 0.3 
N-acetyl-o-glucosaminitol6-phosphate 21.3 f 4.1 
D-mannitol6-phosphate 3.1 t 1.2 
NeuNAcd(a2-3)Gal(j31-3)GalNA~~ 2.2 f 1.8 
NeuNAc( a2-6)Gal (j3 1 -4) GIcNAQL 1.9 f 1.9 
Alteration of the charge was measured by separating products after 

the hydrazinolysis reaction by high-voltage paper electrophoresis, re- 
covering the radioactivity in any acidic and any deacidified products, and 
measuring the relative percentage radioactivity recovered in deacidified 
product as compared to still acidic starting material. Only the more 
vigorous standard hydrazinolysis reaction conditions of 95 OC for 4 h 
were investigated. e Molar percent deacidification is expressed as the 
average f 1 sd of 7 separate analyses. Abbreviations are as follows: 
NeuNAc = N-acetylneuraminic acid; Gal = galactose; GalNAQL = 
N-acetylgalactosaminitol: G~cNAwL = N-acetylglucosaminitol. 

during hydrazinolysis. Sequences of oligosaccharides in 
individual fractions (Figure 7F) deduced from NMR analysis 
are supported by direct mass determinations using laser 
desorption mass spectrometry (Table IV). In the case of 
horseradish peroxidase, a single major oligosaccharide was 
recovered (Figure 8A), and only this oligosaccharide (and not 
the unfractionated pool) was therefore analyzed (Figure 8B). 

Oligosaccharides were released from bovine serum fetuin 
under each standard reaction condition and fractionated by 
HPAEC-PAD (Figure 9). The major 0-linked oligosac- 
charide, identified by its content of N-acetylgalactosamine 
(data not shown), was analyzed by a combination of IH-NMR 
(Figure 9) and laser desorption mass spectrometry (Table 
IV), from which the structure is deduced to be as shown. 

Collectively, these data indicate that to the limits of detection 
of 'H-NMR and laser desorption mass spectrometry, intact 
N- and 0-linked oligosaccharides are recovered under the 
standard reaction conditions. To probe further for any 
hydrazine-induced structural artifacts, oligosaccharide pools 
recovered from porcine thyroglobulin, hen egg ovalbumin, 
and human cyl-acid glycoprotein by hydrazinolysis under N+O 
reaction conditions were compared by chromatographic 
analysis to the oligosaccharide pools recovered from these 
same glycoproteins using PNGase F. This study was not 
performed on bovine serum fetuin, human serum IgA, and 

plasminogen since these also contain 0-linked oligosaccharides 
or on horseradish peroxidase since the major oligosaccharide 
structure on this glycoprotein is not released by PNGase F. 

The P4 chromatograms of the desialylated oligosaccharide 
alditols from ovalbumin and porcine thyroglobulin arevirtually 
identical, whether the oligosaccharides are released using 
PNGase F or hydrazine (Figure 10). In the case of cyl-acid 
glycoprotein, the oligosaccharide pool recovered by hydrazi- 
nolysis is enriched in larger structures compared to that 
recovered using PNGase F (Figure 10). This is interpreted 
as indicating some selectivity of release of oligosaccharides 
from cy 1-acid glycoprotein by PNGase F, since further release 
of these oligosaccharides cannot be induced either by addition 
of more PNGase F or by prolonging the incubation with 
PNGase F (Pate1 et al., in preparation). In any case, this 
selectivity of release is inconsistent with hydrazine-induced 
degradation of these oligosaccharides. Similarly, a comparison 
of the 0-linked oligosaccharides recovered from fetuin using 
hydrazinolysis ("0-only") and reductive @-elimination indicate 
a close similarity between the two pools of oligosaccharides 
(see Table V). Finally, the predominant reducing termini 
were N-acetylglucosaminitol and/or N-acetylgalactosaminitol 
in pools of oligosaccharides recovered under either N+O or 
0-only conditions (see Table VI). 

The conservation of certain acidic substituents during the 
N+O reaction conditions was studied using model compounds. 
(lMatrix" and peptide effects were approximated by the 
inclusion of bovine serum albumin. The data, summarized in 
Table VII, indicate that only substituents at the C-6 position 
of N-acetylglucosamine are significantly labile. The sialic 
acid linkage itself appears to be stable under these reaction 
conditions, but it is expected that certain N- and Oacyl 
substitutions to sialic acid may not be. The stability of various 
other sialic acid linkages involving different forms of sialic 
acid are currently being investigated using model compounds. 

Overall, the total analysis presented above indicates that 
the standard reaction conditions defined herein can be 
successfully used to cleave quantitatively and allow subsequent 
recovery of intact and unreduced 0- or N- and 0-linked 
oligosaccharides. Numerous studies involving a variety of 
hydrazinolysis reaction conditions have been reported, and 
hydrazine-induced structural artifacts have often been iden- 
tified (Michalski et al., 1984; Van Kuik et al., 1987; Bendiak 
& Cumming, 1985; Saed & Williams, 1980). On the basis 
of the analysis presented here, it is suggested that previously 
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reported hydrazinolysis reaction conditions may have been 
excessively vigorous and certainly none could have led to 
significant recoveries of 0-linked oligosaccharides. The 
mechanistic details of the hydrazinolysis reaction for the release 
of N-linked oligosaccharides have been investigated, though 
the reaction mechanism is still the subject of debate (Tang 
& Williams, 1983; Takasaki & Kobata, 1982; Bendiak & 
Cumming, 1985; Inoue & Kitajima, 1985). The data 
presented here shed little further light on this point other than 
to establish that the reaction is first-order with respect to 
glycoprotein. One can only speculate on the mechanism of 
release, and in particular the surprising stability of unreduced 
0-linked oligosaccharides containing the reducing terminal 
disaccharide galactose(8 1'3) N-acetylgalactosamine. Such 
oligosaccharides are notoriously labile, particularly to even 
mildly alkaline conditions. One would suggest that the 
hydrazone derivative (Bendiak & Cumming, 1985; Tang & 
Williams, 1983) which is likely to be the primary product of 
the hydrazine-induced cleavage of 0-linked oligosaccharides 
from peptide under anhydrous conditions is relatively stable 
even in the presence of a powerful Lewis base (hydrazine) in 
the relative absence of alkali (OH-) and that it is further 
reactions of this hydrazone form that lead to subsequent 
degradation of released 0-linked oligosaccharides. 

The "standard" reaction conditions apply to the standard 
glycoproteins used in this study and to several additional ones 
(human serum IgG, IgM, fibrinogen, rat brain Thy-1). That 
hydrazinolysis (or any chemical) method for cleaving N- and 
Oglycosidic bonds could be general (by which is meant that 
yield of intact unreduced N- and 0-linked oligosaccharides 
is essentially independent of the primary structure of both the 
oligosaccharide being cleaved and the protein to which it is 
attached) is not considered surprising. In the case of all 
N-linked oligosaccharides, the same bond (i.e., GlcNAc- 
/31+Asn) is being cleaved, and in the case of all 0-linked 
oligosaccharides the bond being cleaved is either GalNAc- 
al-verine or threonine. Substituents beyond the N- or 
0-glycosidic bond may not significantly affect its reactivity, 
and the access of hydrazine, which is a relatively small 
chemical, may not be significantly influenced by steric factors. 
While these reaction conditions do appear to apply equally 
well to a broad range of serum and other glycoproteins from 
various species, further studies are in progress to investigate 
more fully their true generality. 

A final aspect of the hydrazinolysis reaction is the potential 
for the differential use of the two standard reaction conditions 
to facilitate the selective recovery and identification of 0-linked 
oligosaccharides. The data shown in Figure 9 and Tables I11 
and IV indicate that the discrimination between the two 
reaction conditions is sufficient to allow, by comparative 
analysis, a separate 'mapping' of 0- and N-glycosylation. This 
is clearly shown in Figure 9. 0-Linked oligosaccharides were 
recovered from bovine serum fetuin using the 0-only conditions 
with little recovery of N-linked oligosaccharides (Figure 9A). 
Release under N+O conditions leads to recovery of both N- 
and O-linked oligosaccharides (Figure 9B). In subsequent 
papers, we compare more fully the hydrazinolysis conditions 
defined here with the use of PNGase F (for release of N-linked 
oligosaccharides) and with the use of reductive &elimination 
(for release of 0-linked oligosaccharides). The use of 
hydrazine for release of oligosaccharides from defined gly- 
copeptides, mucins, 0-mannosylated yeast-derived glycopro- 
teins, various classes of glycolipid, and saponins is currently 
under investigation, as is the use of the reaction conditions 
defined here for the sequential release of first 0- and then 

Pate1 et al. 

N-linked oligosaccharides from the same aliquot of a glyco- 
protein. 
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