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Determination of the Structure of Four Glycopeptides from Hen Ovalbumin 
Using 360-MHz Proton Magnetic Resonance Spectroscopy' 

Jeremy P. Carver,* Arthur A. Grey, Francoise M. Winnik, John Hakimi, Costante Ceccarini,* and Paul H. Atkinson 

ABSTRACT: Four glycopeptides have been purified by Dowex 
and Bio-Gel P2 chromatography from Pronase digests of hen 
ovalbumin. The high-resolution proton magnetic resonance 
spectra of these glycopeptides and various products of their 
enzymatic digestion have been obtained at 360 MHz. By use 
of information derived from the spectra of a number of model 

As carbohydrate structures become implicated in biological 
recognition phenomena, so the need for rapid, nondestructive, 
and sensitive techniques for their characterization becomes 
essential. We, along with others, have been investigating the 
potential of high-field proton magnetic resonance spectroscopy 
for this purpose (Carver & Grey, 1981; Montreuil 8t Vlieg- 
enthart, 1979). In Atkinson et al. (1981), we show how NMR 
at 360 MHz can be used effectively in monitoring glycopeptide 
purification procedures. It becomes clear from that study that 
'H NMR provides a criterion of purity not previously available 
to glycoprotein biochemistry. In this paper we show how 
primary structure information can be deduced from the NMR 
spectra of the four homogeneous glycopeptides from ovalbu- 
min, isolated by the methods previously described (Atkinson 
et al., 1981). 

Cohen & Ballou (1980) and Van Halbeek et al. (1980) have 
interpreted the NMR spectra of several high mannose gly- 
copeptides and oligosaccharides obtained at 40 and 27 OC, 
respectively. The assignments reported below for the corre- 
sponding compounds [glycopeptides E3 and D3 from oval- 
bumin; see Atkinson et al. (1981) for nomenclature] are es- 
sentially in agreement when the effects of temperature are 
taken into account. 

Experimental Procedures 

Materials 
The ovalbumin glycopeptides E3, D3, C3B, and A3 were 

prepared, carbohydrate composition determined, and NMR 
spectra obtained as described in Atkinson et al. (1981). 

Endoglycosidase H .  Endoglycosidase H was purified from 
Streptomyces griseus by the method of Tarentino & Maley 
(1974). Glycopeptides (3-10 pmol) were incubated at 37 OC 
for 15 h with 0.009 unit of enzyme in a final volume of 
400-1000 rL. The oligosaccharide products were recovered 
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compounds, an unambiguous assignment of all C1-H and Man 
C2-H resonances in the spectra can be made. On this basis 
structures are proposed for the four glycopeptides which are 
identical with those structures previously deduced from de- 
structive chemical methods. 

as described in Atkinson et al. (1981). 
@-Galactosidase. @-Galactosidase was purified from Jack 

bean meal by the method of Snaith & Lewy (1968); 1.82 pmol 
of A3 was incubated at 37 OC for 18 h with 11 units of enzyme 
in a final volume of 2.35 mL of 0.05 M sodium citrate- 
phosphate buffer, pH 3.5. The glycopeptide was recovered 
as described in Atkinson et al. (1981). 

@-N-Acetylglucosaminidase. 0-N-Acetylglucosaminidase 
(fraction B3A) was purified from octopus (C. Ceccarini, un- 
published results). The enzyme was free from contamination 
with a-fucosidase, @-galactosidase, and a- or @-mannosidase, 
as judged by assays with the appropriate p-nitrophenyl de- 
rivatives. Narrowly pooled C3B (20 mg) was incubated at 
37 OC with 10 units of enzyme in a final volume of 0.85 mL 
of 0.07 M citrate-phosphate buffer. An additional 10.8 units 
of enzyme was then added and the sample further incubated 
at 37 OC for 22.5 h. At this point a third addition of 10.8 units 
was made and the sample incubated at 37 OC for 4 days. The 
products were isolated by chromatography on G-25 and Bio- 
Gel P2 as described in Atkinson et al. (1981). 

a-Mannosidase. a-Mannosidase was prepared from Jack 
bean meal by the method of Snaith & Lewy (1968). Com- 
plete removal of the a-Man residues in E3 and D3 was ob- 
tained with freshly prepared enzyme. Five Man residues were 
removed when 10.2 mg of D3 was digested with 3.6 units of 
a-mannosidase for 21 h at 37 OC. Similarly, four residues were 
removed when 9.4 mg of E3 was digested with 3.6 units for 
2 1 h. Corresponding oligosaccharides, prepared as above, 
yielded a disaccharide (see Results) when 6 pmol was incu- 
bated at 37 "C for 40 h with 20 units of freshly prepared 
a-mannosidase in a final volume of 1.1 5 mL. The products 
were separated on Bio-Gel P2 according to the procedures 
described in Atkinson et al. (1981). 

Methods 
Nuclear Magnetic Resonance. The various glycopeptides 

and oligosaccharides were prepared for examination by 360 
MHz 'H NMR spectroscopy according to the methods de- 
scribed in Atkinson et al. (1981). In brief, the samples were 
dissolved in H20,  passed through a column of Chelex (Bio- 
Rad), lyophilized several times from 99.7% D20, and finally 
dissolved in 99.96% D20.  Depending on the amounts of 
material available, the final volume was either 100 kL in a 
cylindrical microcell (Wilmad Glass Co., Inc.) or 400 pL in 
a 5-mm NMR tube. Chemical shifts are quoted relative to 
an internal standard of acetone (2.225 ppm relative to internal 
4,4-dimethyl-4-silapentane- 1 -sulfonate). Samples were gen- 
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Table I: GLC-Deduced Composition of Ovalbumin Glycopeptides 
and Their Oligosaccharides Derived from Endoglycosidase H 

~~ 

glycopeptide or 
sample oligosaccharide 

A3 glycopeptide 
- 

oligosaccharide 

B3 t~ glycopeptide 

C3 glycopeptide 
oligosaccharide 

mannose 
( m o l )  

98.3 f 5.9 
(5.0)" 
24.5 f 3.4 
(4.8) 

176.3 f 6.1 
(4.3) 

nd 
150.6 f 5.3 -.  - - 

(5.2) 

(5.2) 
oligosaccharide 58.7 f 5.8 

D3 glycopeptide 24.7.f 2.6 

oligosaccharide 65.7 f 7.7 

E3 glycopeptide 43.6 f 3.2 

oligosaccharide 61.3 f 1.8 

(6.4) 

(5.8) 

(5.2) 

(5.1) 

galactose 
(nmol) 

17.7 f 1.8 
(0.9) 
5.3 f 0.9 
(1.0) 

27.1 f 4.0 
(0.6) 

nd 

GlcNAc 
(nmol) 

100.2 f 6.9 
(5.1.) 
21.0 f 3.5 
(4.1) 

210.9 f 10.8 

nd 
110.3 f 5.3 

(3.8) 
32.2 f 2.5 
(2.8) 
6.1 f 1.2 

(1.6) 
12.8 f 1.5 
(1.2) 
14.9 f 1.5 
(1.8) 
11.1 f 1.1 
(0.9) 

(5.1) 

a Values in parentheses are normalized as described in the text; 
nd, not determined. GlcNAc to Am ratios were determined by 
amino acid analysis (Atkinson et al., 1981). Expressing the over- 
all composition relative to Asn yields 4.6:0.84:5.8:1.0, 5.1:0:4.3: 
1.0, 6 . 0 ~ 0 :  1.83:1.0, and 4.7:0:1.6:1.0 for the Man:Gal:GlcNAc: 
Asn ratios of A3, C3B, D3, and E3, respectively. * Glycopeptide 
B3 is not a homogeneous preparation and is therefore not dis- 
cussed further in the text. 

erally examined at two temperatures, room temperature and 
60-90 OC, in order to move the residual HDO resonance so 
that all the resonances in the 5.5-4.0-ppm range could be 
observed. All spectra were collected in the Fourier transform 
mode. In general, the spectrometer conditions were 4-kHz 
sweep width, 4-s cycle time, 16K data points, and 16-512 
scans. The nuclear Overhauser enhancement (NOE) exper- 
iments were performed, as described by Richarz & Wiithrich 
(1978), by J.-R. Brisson as part of his Ph.D. research and will 
be described in detail elsewhere. 

Permethylation. Permethylation analysis was performed 
according to the procedure of Tai et al. (1975) with approx- 
imately 0.5 pmol of oligosaccharide derived by endoglycosidase 
H treatment of glycopeptides E3 and D3. For C3B, approx- 
imately 0.5 pmol of glycopeptide was used, and the analysis 
was performed according to the method of Hakomori (1964) 
as described in Narasimhan et al. (1980). 

Results and Discussion 

Hexose Composition. The anomeric hydrogen resonances 
of hexoses are expected to fall within a limited region of the 
NMR spectrum, from about 5.5 to 4.3 ppm. With a few 
exceptions, this region can be further divided according to the 
anomeric configuration of the glycosidic hydrogen: from about 
5.5 to 4.9 ppm for a anomers and from about 4.9 to 4.3 ppm 
for 0 anomers. 

However, without additional information, a given C1-H 
chemical shift and coupling constant can be interpreted as 
arising from any one of several different hexoses. Thus, re- 
course to other analytical methods is necessary in order to 
establish the hexose composition of a glycopeptide. In this 
paper we have used GLC to establish qualitatively which 
hexoses are present (Table I). Since under certain circum- 
stances GLC underestimates the amount of GlcNAc present, 
we have not used these data to establish the quantity of each 
hexose in the glycopeptides. However, once it is known from 
the GLC analysis which hexoses are present in the glyco- 

l 
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FIGURE 1: 360-MHz NMR spectrum of glycopeptide D3 at 78 "C. 

peptide, the resonances of the anomeric hydrogens can be 
associated with one of the hexoses, in most cases. The 
quantitative composition can then be obtained by integration 
of the NMR spectrum. Results for individual glycopeptides 
are discussed in suubsequent sections. 

Proton Magnetic Resonance Spectra. A typical 360-MHz 
'H NMR spectrum of a high-mannose glycopeptide (D3) is 
shown in Figure 1. The anomeric hydrogen resonances are 
found from 4.5 to 5.5 ppm; the remaining hexose ring hydrogen 
resonances are clustered in the region 3.5-4.2 ppm. Additional 
resonances are found at about 2.7 ppm arising from the Asn 
0-methylene group while those at approximately 2 ppm are 
due to the N-acetyl groups of GlcNAc residues. The internal 
acetone reference gives the resonance at 2.225 ppm. 

In general, the chemical shifts of the anomeric hydrogens 
of the hexoses reflect their linkage and substitution. This is 
particularly true for a-Man (Gorin et al., 1968, 1969) although 
less so for 0-GlcNAc and @-Gal (Carver & Grey, 1381). 
Because of this sensitivity, it is possible in many cases to deduce 
the linkages present in a glycopeptide from the anomeric 
hydrogen chemical shift and coupling constants. When Man 
C2-H chemical shifts are also considered, it is possible to 
deduce the complete structure (Carver & Grey, 1981; Dorland 
et al., 1977a). 

In Figure 2 the region of resonances from the anomeric 
hydrogens of the four glycopeptides are shown. The spectra 
obtained at high temperature have been used because this 
moves the resonance from residual HDO to a position outside 
the region of glycopeptide anomeric hydrogen resonances. 
Throughout the following, chemical shifts will refer to the 
spectra obtained at high temperatures (as shown in the figures) 
unless specifically stated otherwise. Chemical shift values for 
both temperatures are given in Table I1 since many literature 
values are quoted only at room temperature. 

A .  Structure of E3. Part of the spectrum of E3 at 76 OC 
is shown in Figure 2. The anomeric hydrogen resonances from 
5.124 to 4.636 ppm occur with intensity ratios 2:1:1:1:1:1, 
giving a total of seven anomeric hydrogens. The composition 
of E3 from GLC analysis corresponds to 5.2 Man and 1.8 
GlcNAc residues, assuming seven hexoses per molecule (based 
on the NMR integration results, molecular weight, and molar 
ratios to Asn; Table I). Thus, the seven anomeric hydrogen 
resonances observed must be distributed among five Man and 
two GlcNAc residues. The presence of the latter is confirmed 
by the appearance of two singlets arising from N-acetyl groups 
(2.063 and 2.021 ppm, each with an intensity of three hy- 
drogens). The two 8-Hz doublets at 5.068 and 4.636 ppm are 
therefore assigned to 0-GlcNAc. The former chemical shift 
corresponds to that found for the model compound, 0- 
GlcNAc(1,)Asn [Cl-H, 5.090 ppm, doublet, J = 8-9 Hz; 
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FIGURE 2: Region of the 360-MHz NMR spectrum containing the 
anomeric and C2 hydrogen resonances for the glycopeptides at  77 
f 1 OC. 

NAc, 2.020 ppm, singlet; 50 OC; Tanaka & Yamashina 
(1973); Dorland et al. (1977b)l. 

The cleavage of E3 by endoglycosidase H suggests the 
presence of a chitobiosyl core structure (Tarentino & Maley, 
1974; Tai et al., 1975). The resonance at 4.636 ppm is con- 
sistent with the chemical shift of the P-GlcNAc( 1,4) of such 
a structure. After endoglycosidase H treatment, 6-GlcNAc- 
(1,)Asn (identified by NMR) is released from the glycopeptide 
converting the @-GlcNAc(l,4) in the core to a reducing ter- 
minal hexose. The loss of resonances at 5.068 and 4.636 ppm 
(see Figure 3) is consistent with this reaction scheme, as is the 
appearance of anomeric resonances at 5.244 and 4.742 ppm, 
corresponding to the a and /3 forms of the reducing GlcNAc. 
The latter resonances appear as singlets due to deuteration at 
C-2 (Salo et al., 1976). The N-acetyl resonances at 2.063 and 
2.021 ppm have been replaced by a single resonance at 2.05 1 
ppm with a concomitant reduction in intensity by three hy- 
drogens. The GLC analysis of the oligosaccharide composition 
(Table I) also shows the loss of one GlcNAc residue. 

One additional effect is that the resonance at 5.124 ppm 
in the glycopeptides is split into two in the corresponding 
oligosaccharide (Figures 2 and 3). These two components 
integrate to a single hydrogen. For this reason and others to 
be discussed elsewhere, we believe that these resonances belong 
to the (Y and p forms of the oligosaccharide. 

The Cl-H resonances of the five Man residues have char- 
acteristic coupling constants (J l , z )  of less than 2 Hz (Kam- 
merling et al., 1975) and are found at 5.124 (2 H), 4.918, 
4.880, and 4.772 ppm. Decoupling these resonances enables 
the chemical shifts of the corresponding C2 hydrogens to be 
determined. Actual linkages can be assigned by consideration 
of the individual C1-H and C2-H chemical shifts (4.5-5.5 
and 4.0-4.3 ppm, respectively). Such an analysis together with 
the results of enzyme treatment permits the structure to be 
deduced. 

I " ' I " ' / " ' 1 " ~ 1 ' ' ~ / ' ~ ' I ' " / ' ~  

FIGURE 3: Region of the 360-MHz NMR spectrum containing the 
anomeric and C2 hydrogen resonances for the oligosaccharides ob- 
tained by endoglycosidase H digestion of the corresponding glyco- 
peptides. The spectra were obtained at 77 h l OC. 

5 . 9  5 . 2  5.0 Y.8 ' 1 .6  9 .L i  9.2 Y . 0  PPM 

When the product from endoglycosidase H treatment of E3 
was exhaustively digested with a-mannosidase, four out of the 
five Man residues were released, leaving @-Man( 1,4)GlcNAc 
as the final product. Thus, the reducing terminal structure 
must be &Man( 1,4)/3-GlcNAc( 1,4)@-GlcNAc( 1 ,)Am. The 
results of the methylation analysis (Table 111) indicate that 
E3 contains three terminal and two 3,6-disubstituted Man as 
well as two 4-substituted GlcNAc residues. A comparison of 
the room temperature chemical shifts of the anomeric and C2 
hydrogens of E3 (Table 11) with the general chemical shift 
ranges given in Carver & Grey (1981) suggests that of the 
five Man residues there are two terminal a( 1,3), one terminal 
a(1,6), one substituted CY( 1,6), and one substituted /3(1,4) 
linked unit. Thus, the ,&Man( 1,4) and one of the a-Man( 1,6) 
residues are 3,6-disubstituted. Combining these results, one 
may write the structure of E3 as that shown as I in Table IV. 
This structure is identical with that found by chemical methods 
(Tai et al., 1975). 

B.  Structure of 0 3 .  Part of the spectrum of D3 at 78 OC 
is shown in Figure 2. The ratio of intensities for the resonances 
in the region from 5.336 to 4.638 ppm is 1:1:2:1:1:1:1, giving 
a total of eight anomeric hydrogens by integration. The GLC 
analysis (Table I) yields 6.4 Man and 1.6 GlcNAc residues 
on the assumption of a total of eight hexoses per molecule. The 
underestimation of the GlcNAc content by this method ap- 
pears to arise from incomplete hydrolysis of the chitobiosyl 
core, since the GLC composition of the corresponding endo- 
glycosidase H derived oligosaccharide is in agreement with 
the 'H NMR data. When the same reasoning as for E3 is 
used, it can be concluded that D3 contains six Man and two 
0-GlcNAc residues. As before, the presence of the latter two 
residues is confirmed by the singlets at 2.063 and 2.022 ppm 
with intensities corresponding each to three hydrogens. 
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Table 11: ClN/C2-H Chemical Shift Pairs for Ovalbumin Glycopeptides at 24 and 77 'Ccyd 
E3 D3 C 3B A 3  A 3  agalacto 

mannosyld 
4-4i 

or-3i,t 

ordi 

or-2t 

or-3t 

a-6t 

core GN 

Asn GN 

Gal 

N-acetyl region 
arm GN 

arm GN 

bis GN 

core GN 

Asn GN 

HT 
RT 
HT 
RT 
HT 
RT 
HT 
RT 
HT 
RT 
HT 
RT 

HT 
RT 
HT 
RT 
HT 
RT 
HT 
RT 
HT 
RT 
HT 
RT 

HT 
RT 
HT 
RT 
HT 
RT 
HT 
RT 
HT 
RT 

4.77214.224 
4.8"/4.255 

5.12414.074 
5.0921 4.0 14 
4.88014.1 31 
4.87314.145 

5.1 2414.074 
5.092/4.061 
4.91813.98 1 
4.9081 3.98 3 

4.636 (7.6) 
4.603 (8.0) 
5.068 (9.3) 
5.073 (10) 

2.063 
2.061 
2.021 
2.010 

4.76514.215 
4.77214.234 
5.33614.1 19 
5.34814.114 
4.88314.126 
4.87114.146 
5.06914.074 
5.05 314.063 
5.12614.074 
5.08914.063 
4.92013.985 
4.90913.988 

4.638 (7.6) 
4.601 (1.4) 
5.068 (9.0) 
5.07 (b )  

2.063 
2.059 
2.022 
2.01 1 

4.74514.183 
4.8"/4.188 

5.05214.239 
5.03814.255 
4.92314.142 
4.91814.162 

5.089/4.07 1 
5.05514.061 
4.935/4.000 
4.929l4.005 

4.552 (8.2)c 
4.532 (8.2) 

4.440 (8.3) 
4.410 (8.3) 
4.627 (7.4) 
4.588 (7.2) 
5.07 (b)  
5.07 (b )  

2.059 
2.049 

2.069 
2.066 
2.060 
2.051 
2.021 
2.009 

4.735 14.14 3 
4.8"/4.151 

5 .O49/4.272 
5.04214.290 
4.92014.143 
4.92 114.15 7 

5.09014.068 
5.04214.05 8 
4.93513.998 
4.92714.005 

4.534 (8.2) 
4.520 (8.3) 
4.582 (7.4) 
4.535 (7.8) 
4.430 (8.2) 
4.413 (8.3) 
4.625 (1.4) 
4.590 (7.8) 
5.07 (b) 
5.07 (b) 
4.483 (1.7) 
4.471 (7.3) 

2.060 
2.049 
2.072 
2.079 
2.060 
2.063 
2.060 
2.058 
2.020 
2.010 

4.731/4.146 
a14.158 

5.05 7/a 
5.04614.290 
4.92 114.1 36 
4.91514.158 

5.090/4.073 
5.04614.058 
4.93614.004 
4.92614.002 

4.534 (9.0) 
4.516 (8.3) 
4.559 (9.2) 
4.516 (8.3) 
4.435 (7.7) 
4.409 (8.2) 
4.628 (7.5) 
4.591 (7.5) 
5.07 (b )  
5.069 (10) 

2.065 
2.049 
2.080 
2.083 
2.065 
2.063 
2.065 
2.058 
2.020 
2.010 

Resonance obscured by the residual HDO signal. Resonance obscured by other signals. Numbers in parentheses are theJ,s coupling 
constants in Hz. 
Thus, 2t means a terminal or-Man(l,2) residue. HT = 15-18 'C, RT = 23-25 'C. bis = bisecting; see text. 

The number refers to the linkage; i indicates internal (i.e., substituted) and t indicates terminal (i.e,, not substituted). 

Table 111: Methylation Analysis of Glycopeptides and Oligosaccharides 
partially 0-methylated acetate derivatives (molar ratios) 

neutral alditols 2-N-methylaceta- 
midohexitolsC 2,3,4,6- - 

ovalbumin tetra-0- 3,4,6-tri- 2,4,6-tri- 2,3,6-tri- 2,4-di- 3,6di4-  2 4 -  3,4,6-tri- 3,6-di- 
compdapd methyl 0-methyl 0-methyl 0-methyl 0-methyl methyl methyl 0-methyl 0-methyl 

E3 + 0 0 0 + 0 0 nd 0 
D3 2.7 1.0 0 0 0.8 0 0 0 0.6 
C3B 1.3 1.0 0 0 0.9 0 0.7 1 .o 1.1 

a Glycopeptides were permethylated and prepared for analysis as described in the text. Quantitation of the partially methylated derivatives 
for E3 and D3 proved difficult: + indicates present but not quantitated; nd means not determined. These derivatives were identified by 
their characteristic fragmentation patterns; reduction was carried out with sodium borohydride. Molar ratios are expressed relative to the 
3 4 6-tri4-methyl neutral alditol. For C3B, only the relative ratio of the two 2-(N-methylacetamido)hexitol deriva ives was determined. 
d ' i 3  and D3 were examined as endoglycosidase H derived oligosaccharides; C3B, as the intact glycopeptide. 

The spectra of E3 and D3 are very similar. Removal of one 
Man residue from the D3 oligosaccharide with a-mannosidase 
gives a compound with a spectrum identical with that of the 
E3 oligosaccharide. Thus, D3 is a-Man-E3. The presence 
of this a-Man causes (i) a reduction in the intensity of the 
5.124 ppm resonance (terminal a( 1,3)Man) from two hy- 
drogens in E3 to one hydrogen in D3 and (ii) the appearance 
of Cl-H/C2-H pairs (5.336/4.119 ppm and 5.069/4.074 
ppm; 77 OC; Figure 2) in the spectrum of D3 due to a a- 
Man( 1,2)a-Man(1,3) fragment. The pair at 5.069/4.074 ppm 
must correspond to the terminal a-Man(l,2) and the pair at 
5.336/4.119 ppm to the 2-0-substituted a-Man(l,3). 

Although the two terminal a-Man( 1,3) residues of E3 have 
equivalent Cl-H/C2-H chemical shifts at 76 OC, this is not 
true at room temperature. Thus, from a comparison of the 
values for E3 and D3 at 23 OC, it can be concluded that it is 
the residue with anomeric and C2 hydrogen chemical shifts 
of 5.092/4.Q74 ppm that is substituted in going from E3 
(Man5) to D3 (Man6). However, from the Cl-H/CZ-H 
chemical shifts alone, there is no way of assigning to which 
of the terminal a-Man( 1,3) residues these resonances belong. 
Thus, the a-Man(l,2) in D3 could reside on either of the 
terminal a-Man( 1,3) units of E3. Methylation analysis cannot 
distinguish between these possibilities either, although the 
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Table IV: Structures of the Ovalbumin Glycopeptides 
and Model Compounds 

I, E3 Mmn(l .61 

'Manmil .6 1 

Mano(l.3) ' ' M a r ~ ( ~ , 4 i G l c N A c ~ i ' . 4 ) G l c N A c ~ l l . l ~ s n  

/ 
Maw11 31 

\ 
11, D3 Manoll.61 

MMO( 1.31 ~ M a n ~ ~ 1 ' 6 1 ~ M a ~ ~ ( ! , 4 1 ~ l ~ N A c ~ ~ l , 4 ~ G l ~ N A c Q l l , i A s n  

Manol l .31 '  

I 
M a n o l l . 2 '  

111, C3B Monoll.6i, 
\ 

Mandl .  31 \ 
,Mano( 1.6i 

G lcNAcP i l . 4 ) /ManOl l . 4 lG lc l . iCcP I1 .4 iG lc~Ac~~ l ,  1Ann 

M a n d l ,  3)/ 
I 

GlcNAcPI!.Zl 
IV, A3 Mara(! ,61 

\ 
/vnanoi',6) \ 

G l c N A c ~ I l . 4 l M a n p l ~ . 4 ~ G l c N A c ~ ~ l , 4 ~ G ~ c ~ A c ~ i l  . ) A w  Mano( l .31 

/ 
G a l N l ,  4)GlcNAc41!,41Manol~.3) 

I 
G lcNAcP l l . 2 )  
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results given in Table I11 are in complete agreement with the 
conclusions drawn from the NMR data. However, the ter- 
minal a-Man( 1,3) residues are distinguishable in that one is 
linked to an a-Man(l,3) while the other is linked to a 8- 
Man(l,4). If it were possible to show that the 2-substituted 
Man is close in space to one or other of the above Man res- 
idues, then the structure would be defined. Fortunately, an 
NMR technique exists which detects the proximity of two 
hydrogens in space regardless of where they are located in the 
chemical structure. This technique is called nuclear Over- 
hauser enhancement (NOE; see Methods). When the anom- 
eric hydrogen of the 2-substituted Man is irradiated, an NOE 
is seen on the C2-H of the &Man(1,4) (J.-R. Brisson, un- 
published results). Thus the correct structure is that shown 
as I1 in Table IV. 

Tai et al. (1977) resolved this question for the corresponding 
preparation of D3 by acetolysis and found the same structure 
as that deduced from the NOE experiment. These authors 
also showed that this compound, in contrast to E3, was re- 
sistant to endoglycosidase D and concluded that the a-Man- 
(1,2) substitution on the lower a-Man( 1,3) arm was the cause. 
As expected, our preparation of D3 is also resistant to endo- 
glycosidase D under conditions which cleave E3. 

C. Structure of C3B. The region of anomeric hydrogen 
resonances in the spectrum of C3B (Figure 2) shows a pattern 
significantly different from that of the two previous glyco- 
peptides. A total of nine hydrogens are found by integration 
of the resonances between 5.1 and 4.4 ppm. The composition 
of C3B from GLC analysis (Table 1) corresponds to 5.2 Man 
and 3.8 GlcNAc residues, assuming nine hexoses per molecule. 
The anomeric resonances at 5.089, 5.052, 4.935, 4.923, and 
4.745 ppm correspond to the five Man residues. 

Three doublets (each corresponding to one hydrogen by 
integration) with coupling constants of approximately 8 Hz 
are clearly visible at 4.672, 4.522, and 4.440 ppm. The 
anomeric resonance of the ninth residue is buried in the 

5.10-5.05-ppm region since this area corresponds to three 
hydrogens. Integration of the 2-ppm region indicates the 
presence of about 12 hydrogens which must arise from the four 
GlcNAc residues. Because of the 8-Hz coupling constants 
these must be 8-linked. The hidden resonance at about 5.07 
ppm can be assigned to the anomeric hydrogen resonance of 
a GlcNAcp(1,)Asn (see above). 

When C3B was treated with a mixture of exo- and endo- 
@-N-acetylglucosaminidase isolated from octopus (C. Cec- 
carini, unpublished experiments), an oligosaccharide was ob- 
tained, the spectrum of which, when compared with that of 
the product from endoglycosidase H alone (Figure 3), lacked 
the 8-Hz doublets at 4.552 and 4.440 ppm (77 "C). No 
significant removal of Man residues was observed; thus, the 
GlcNAc residues giving rise to these doublets must be un- 
substituted. From the methylation analysis (Table 111) there 
are approximately equal amounts of terminal and 4-substituted 
GlcNAc residues. Although the quantitation of GlcNAc and 
terminal Man from methylation analysis is not in exact 
agreement with the 'H NMR results, the former is more 
susceptible to error from the presence of contaminants and 
poor yields of the GlcNAc derivatives (Akhrem et al., 1979). 
As a result, although the methylation analysis is essential for 
the determination of the substitution pattern of the hexoses, 
'H NMR is still preferable for quantitation, as was the case 
for GLC (see above). 

As with the previous compounds, the resonances at about 
5.07 and 4.588 ppm (24 "C) can be assigned to the GlcNAc 
residues of the endoglycosidase H sensitive core chitobiosyl 
structure. The resonances at 2.057 and 2.009 ppm also arise 
from these 4-substituted residues (Table 11). The other two 
GlcNAc residues with anomeric resonances (24 "C) at 4.410 
and 4.532 ppm (N-acetyls: 2.066 and 2.049 ppm) are therefore 
terminal, on the basis of the methylation analysis and the 
effects of enzyme treatment. The 4.532-ppm resonance falls 
within the range found for terminal @-GlcNAc( 1,2) residues; 
however, other linkages cannot be excluded with certainty on 
the basis of NMR alone. However, the 4.410-ppm resonance 
falls well outside of this region and closer to that found for 
@-GlcNAc(l,4) residues linked to the @-Man(l,4) of a tri- 
mannosyl core structure [i.e., a "bisecting GlcNAc"; see 
Carver & Grey (198 l)]. A typical example is the structure 
shown as V in Table IV. The chemical shift found by Dorland 
et al. (1979) for the anomeric proton of the corresponding 
residue was 4.471 ppm. The results of the methylation analysis 
(Table 111) show that there is a 3,4,6-trisubstituted Man, 
consistent with the presence of a bisecting GlcNAc on the 
@-Man of a trimannosyl core. Comparison of the observed 
chemical shifts for the Man residues (Table 11) with the ranges 
in Carver & Grey (1981) leads to the conclusion that the 
linkages present are one substituted 8( 1,4), one substituted 
a( 1,6), one terminal a( 1,6), one substituted a( 1,3), and one 
terminal a(1,2) or a(1,3). As we shall see later, the terminal 
a( 1,3) assignment is the correct one. These conclusions are 
consistent with those from the methylation analysis which show 
the presence of 3,6-disubstituted, 2-substituted, and terminal 
Man residues as well as the trisubstituted Man already 
mentioned. Thus a partial structure may be written as 

\ 
/ 

R - M ana (1.6) 

GlcNAcB( 1.41 ManB(1.4lGlcNAcB(1.4 )G IcNAcB(1. )Asn 

R'- Man a (1,3 ) 

where R and R' are some combination of a-Man(l,6), a- 
Man(l,2 or 1,3), and @-GlcNAc(l,3 or 1,2). Since the re- 
maining substituted Man residues are 2-substituted and 3,6- 
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shifts of the corresponding hydrogens in C3B and A3 reveals 
a downfield shift of 0.035 ppm at 24 "C (4.255 and 4.290 ppm, 
respectively). This observation suggests that the internal 
a-Man(l,3) of A3 has an additional 4-substitution by a 8- 
GlcNAc compared to C3B. Thus, the extra lactosamine arm 
is linked to either the 2 or 4 position. 

When the NOE technique was applied to the C2-H hy- 
drogen resonance at 4.290 ppm (24 "C), Le., that assigned to 
the internal a-Man( 1,3), NOE effects were observed on the 
resonances assigned to the corresponding anomeric hydrogen 
at 5.042 ppm and to the anomeric hydrogen resonance at 4.520 
ppm. Because the distance to the anomeric hydrogen of the 
d-GlcNAc( 1,4) is too great, an NOE effect can only be ob- 
served to the anomeric hydrogen of the P-GlcNAc( 1,2) sub- 
stituent. Thus, the 4.520-ppm resonance can be assigned to 
such a residue and the 4.535-ppm resonance (24 "C) to the 
&GlcNAc(l,4). Since the latter resonance is the one which 
shifts upon removal of the terminal Gal, the extra lactosamine 
arm of A3 must be linked to the 4 position of the a-Man(l,3). 
Thus, we can assign the structure shown as IV (in Table IV), 
which is identical with that found by Yamashita et al. (1978). 

A separate NOE experiment in which the C1-H resonance 
belonging to the core &Man( 1,4) (3,4,6-trisubstituted) was 
irradiated shows effects on the corresponding C2-H resonance 
at 4.157 ppm as well as on the C2-H resonance of the 2,4- 
disubstituted a-Man(l,3) at 4.290 ppm. These results can only 
be interpreted by placing the 2,4-disubstituted a-Man( 1,3) as 
shown in structure IV, Table IV. The observation of endo- 
glycosidase D resistance for both A3 and the compound iso- 
lated by Yamashita et al. (1978) supports this conclusion. 

It should be noted that the C1-H resonances of the arm 
GlcNAc residues of C3B, A3, and agalacteA3 are somewhat 
anomalous. In particular, C3B and A3 have resonances at  
4.532 and 4.535 ppm (24 "C) which one might argue should 
be assigned to the terminal @(1,2) residues present in both 
structures. However, as the NOE experiment unequivocally 
demonstrates, the former is a terminal P-GlcNAc( 1,2) and 
the latter is a @-GlcNAc(l,4) substituted at position 4 by 
@-Gal. This clearly indicates the caution that must be exer- 
cised with GlcNAc residues in making these assignments 
simply by analogy. In fact, the terminal &GlcNAc(l,2) of 
A3 has a C1-H resonance at 4.520 ppm (compared to 4.532 
ppm in C3B). The difference in these chemical shifts for 
identically linked GlcNAc residues must reflect the different 
interactions that they experience from the surrounding residues 
and therefore contains information about the three-dimensional 
structure. 

Conclusions 
The NMR technique provides a complete determination of 

the primary structure of the ovalbumin glycopeptides when 
composition has been determined by an independent method, 
such as GLC, and suitable models are available for compar- 
isons of chemical shifts. The structures deduced a priori by 
the NMR method are the same as those found by Kobata and 
colleagues (Tai et al., 1975, 1977; Yamashita et al., 1978) by 
chemical methods. In the above analysis it has been shown 
that two precautions must be taken in the interpretation of 
the NMR data of glycopeptides: Le., the spectra of the un- 
known and the model must be compared at the same tem- 
perature and the identity of GlcNAc anomeric hydrogen 
chemical shifts cannot be taken as an indication of identical 
linkages. 

The chemical shifts and assignments in Table I1 are the first 
to be reported for hybrid structures. These have been included 
as part of a data base of 75 compounds representing nine 

disubstituted, the terminal GlcNAc and two Man residues 
must occupy these positions. Clearly, the 6-position must be 
occupied by the terminal a-Man(l,6). The other two terminal 
residues can be assigned as a-Man( 1,3) and P-GlcNAc( 1,2), 
since the alternate possibility [a-Man( 1,2) and 8-GlcNAc- 
(1,3)] would predict the existence of resonances in quite 
different regions of the spectrum. 

Comparison of the Man Cl-H/C2-H chemical shifts 
further supports the existence of a bisected structure. In 
particular, the internal a-Man(l,3), a( 1,6), and internal 6- 
Man(l,4) chemical shifts (24 "C; 5.038/4.255, 4.918/4.162, 
and 4.80/4.188 ppm) are similar to those found for structure 
V (Table IV), i.e., 5.062/4.250, 5.004/4.151, and 4.697/4.184 
ppm, respectively. When the NOE technique was applied to 
C3B, irradiation of the 2-0-substituted Man anomeric hy- 
drogen showed an effect on the C2-H of the &Man(l,4), in 
agreement with structure 111, Table IV. The latter is identical 
with that found by Tai et al. (1977). 

D. Structure o f A 3 .  The spectrum of A3 is very similar 
to that of C3B (Figure 2) with a few exceptions (see below). 
The entire anomeric region (5.1-4.4 ppm) corresponds to 11 
hydrogens by integration. The composition of A3, from GLC 
analysis, is ManS,oGlcNAc5.1Galo,, on the basis of the total of 
11 hexoses established by the NMR quantitation. The 
presence of five GlcNAc residues is confirmed by the results 
of the integration of the region around 2 ppm. Thus, A3 differs 
from C3B in the addition of one GlcNAc and one Gal residue. 
The presence of a chitobiosyl core structure is manifested by 
the resonances at approximately 5.07 and 4.590 ppm and the 
effects thereon of endoglycosidase H treatment (Figure 3). 

The chemical shifts of the Man resonances (Cl-H/C2-H) 
of A3 are identical with those of C3B except for the C2-H 
of the internal a-Man(l,3) (see below). Together with the 
resonance at 4.413 ppm ( J  = 8.3 Hz, 25 "C), these indicate 
the existence of a "bisected" structure similar to C3B with, 
however, the additional Gal and GlcNAc linked to an a- 
Man(l,3). The manner in which these residues are linked can 
be deduced from a consideration of enzymatic and NMR data, 
described below. 

The region of anomeric hydrogen resonances in the spectrum 
of A3 contains two additional 8-Hz doublets at 4.520 and 
4.471 ppm (24 " C )  when compared to that of C3B. These 
doublets arise from the anomeric hydrogens of the additional 
GlcNAc and Gal residues. When A3 is treated with 6-ga- 
lactosidase, one Gal residue is removed and the spectrum of 
the product (Figure 2) shows a loss of the 4.471-ppm doublet 
and a shift in the 4.535-ppm doublet resonance to 4.516 ppm 
(24 "C). The anomeric hydrogen resonances of @-GlcNAc- 
(1,2) residues have been shown to shift by -0.02 ppm when 
a P(1,4)Gal substitution is removed (Carver & Grey, 1981). 
The perturbation in the chemical shift of the GlcNAc anomeric 
hydrogen resonance observed upon removal of Gal in A3 is 
-0.019 ppm, suggesting that the Gal was linked @(1,4) to the 
GlcNAc. Thus, it can be concluded that the difference be- 
tween C3B and A3 is in the addition of a N-acetyllactosamine 
arm to the internal a( 1,3) Man. The question remains as to 
where on the Man the arm is attached. 

In their study of the structure of the ovotransferrin glyco- 
peptide (see structure VI of Table IV), Dorland et al. (1979) 
found the internal cu-Man(l,3) residue to have a C2-H 
chemical shift of 4.280 ppm. This is 0.03 ppm to low field 
of that found for the corresponding hydrogen (4.250 ppm) in 
the Sandhoff structure (V, Table IV). This increment arises 
from the additional /3(1,4) substitution by GlcNAc in the 
former structure. A similar comparison between the chemical 
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classes of glycopeptide structure from which a standard set 
of NMR parameters for the determination of primary struc- 
ture have been deduced (Carver & Grey, 1981). 

Some information concerning the secondary structure of 
these complex molecules in solution may also be obtained by 
NMR by use of nuclear Overhauser effects. Previously, in 
their studies on the conformation of the blood group oligo- 
saccharides, Lemieux et al. (1980) showed that the use of the 
NOE effect yielded important information on the three-di- 
mensional structure. In the above we have used a similar 
approach to deduce sequence information which could not be 
derived otherwise except by acetolysis studies. 
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