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ABSTRACT: The asparagine-linked glycopeptides (N-glycans) of a ricin-resistant mutant of baby hamster 
kidney (BHK) cells, RicR21, have been isolated and fractionated from a Pronase digest of disrupted cells 
by concanavalin A (Con A)-Sepharose chromatography, ion-exchange chromatography, and lentil lectin 
chromatography. The structures of all the major N-glycans have been determined by 500-MHz 'H N M R  
spectroscopy. RicR21 synthesizes only hybrid and high-mannose N-glycans. All the hybrid structures contain 
only three mannose residues. The major hybrid glycopeptide has the following structure: 

Man81-4GlcNAcS1-4GlcNAc-Asn- X 

Manal-6 
\\ 
/ I 

Fucal-6 NeuNAca2-3Gal81-4GIcNAc,91-2 Manal-3 

There is also about 15% of the nonfucosylated species present. Only a small amount (15%) of the asialo 
hybrid is produced. Branched hybrid N-glycans are also present in RicR21 cells, containing two complex 
antenna linked Pl-2 and P1-4 to the Man a1-3 arm; about 70% of this species is core fucosylated. 
Man6GlcNAc2 glycopeptide is the most abundant (about 70%) of the high-mannose N-glycans. These studies 
account for the very poor ricin binding property of this mutant, as the sialic acid residues of the major hybrid 
N-glycan are exclusively linked a2-3 to galactose and ricin is unable to bind to a2-3-substituted galactosyl 
residues [Baenziger, J. U., & Fiete, D. (1979) J. Biol. Chem. 254, 9795-97991. 

previous work from this laboratory has shown that the gly- 
coproteins present in ricin-resistant mutants of baby hamster 
kidney (BHK) cells carry asparagine-linked carbohydrate units 
(N-glycans) with altered composition compared with the 
N-glycans of the ricin-sensitive parental cells (Hughes & Mills, 
1983; Hughes et al., 1983). Major glycopeptide fractions were 
obtained from the cells by Pronase digestion followed by af- 
finity chromatography on concanavalin A-Sepharose. In 
general, an increased proportion of glycopeptides binding with 
high affinity to the Con A-Sepharose' column was obtained 
for the ricin-resistant mutants. Since concanavalin A shows 
low affinity for complex tri- and tetraantennary N-glycans and 
biantennary N-glycans of the form 

R-Manal - 6 

'Man81-4GlcNAc81-4GlcNAc - Asn 
/ 

R-Manal- 3 

where R is [fNeuNAca2-3(6)]Gal@l+4GlcNAc@l~2 
(Ogata et al., 1975; Krusius et al., 1976; Narasimhan et al., 
1979), these observations were consistent with a generalized 
block in the mutants in conversion of high-mannose N-glycans 
to complex N-glycans. Ricin binds to complex N-glycans 
(Baenziger & Fiete, 1979), and hence, these alterations in 
carbohydrate structure explain in general the failure of the 
mutants to bind ricin and increased resistance to the cyto- 
toxicity of the lectin (Meager et al., 1976; Rosen & Hughes, 
1977; Finne & Krusius, 1982). 

This paper describes an analysis of the N-glycans of one 
ricin-resistant BHK cell line, RicR21. Glycopeptides from 
Pronase-digested cells were fractionated by lectin affinity 

chromatography and ion-exchange chromatography, and their 
structures have been established definitively by high-resolution 
proton NMR spectroscopy at 500 MHz. The findings confirm 
and extend our earlier results (Hughes & Mills, 1983; Hughes 
et al., 1983) and for the first time provide a description of the 
major N-glycan structures present in a particular cell type from 
NMR spectroscopy. 

EXPERIMENTAL PROCEDURES 

Materials 
Bio-Gel P-2 (100-200 mesh), Bio-Gel P-10 (100-200 mesh), 

and Chelex 100 (100-200 mesh, Na+ form) were purchased 
from Bio-Rad Laboratories. Concanavalin A (Con A)-Se- 
pharose 4B and lentil lectin-Sepharose 4B were obtained from 
Pharmacia. [ l-14C]Acetic anhydride (10.0 mCi/mmol) was 
from New England Nuclear. ~-[2-~H]mannose (13.4 Ci/ 
mmol) and 2-amino-2-deoxy-~- [ 1 - 14C] glucose hydrochloride 
(56.8 mCi/mmol) were from Amersham International, U.K. 
Deuterum oxide (99.8 and 99.996%) was from Aldrich. Vibro 
cholerae neuraminidase (1 IU/mL) and Pronase CB were 
purchased from Calbiochem-Behring Corp., and the endo-@- 
N-acetylglucosaminidase D and endo-P-N-acetylglucos- 
aminidase H were from Miles Laboratories. Bovine pancreatic 
deoxyribonuclease I (2350 Kunitz units/mg) was obtained 
from Sigma. The MansGlcNAczAsn glycopeptide, prepared 
from ovalbumin by the method of Narasimhan et al. (1980), 
was a gift from Dr. H. Schachter and S .  Allen. 

Methods 
Cells. Baby hamster kidney (BHK) C13 cells and ricin- 

resistant cell line RicR21 (Meager et al., 1976) were grown 
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Pronase digest of BHK RicR21 cells 

( c  1010 cells) 

in Glasgow-modified Eagle's medium supplemented with 10% 
fetal calf serum at 37 "C as described by Meager et al. (1976). 
For large-scale growth, the R i s 2  1 cells were grown in 18 roller 
bottles (800 cm2) to confluency and the monolayers washed 
twice with phosphate-buffered saline, pH 7.2, containing 5 mM 
EDTA (Hughes et al., 1983) and harvested by scraping with 
a rubber policeman in the same buffer. The cells were pelleted 
at 800g for 10 min and washed once with phosphate-buffered 
saline, pH 7.2, without EDTA. The total yield was (5-10) 
X lo9 cells. RicR21 cells were also labeled metabolically by 
growth for 3 days at 37 "C in the medium containing 20 
pCi/mL ~-[2-~H]mannose or 5 pCi/mL D-[ l-'4C]g1ucosamine 
in 100-mm diameter tissue culture plates as previously de- 
scribed (Hughes et al., 1983). The 14C- and 3H-labeled cells 
were combined with the packed unlabeled cells. 

Isolation of Cellular Glycopeptides. Frozen washed pellets 
were thawed and extracted with 200 mL of chloroform/ 
methanol (2:l) at room temperature for 2 h to remove gly- 
colipids, and the residue was recovered by centrifugation at 
2000g for 10 min. The extraction was repeated a second time 
and the residue finally washed with ethanol. The delipidated 
residue was suspended in 60 mL of 0.1 M Tris-HC1, pH 8.0, 
containing 5 mM CaCl, and 0.02% sodium azide, and placed 
in a boiling water bath for 6 min. After this was cooled to 
37 "C, Pronase was added (30 mg at zero time and 30 mg each 
at 24 and 48 h) and incubated for 72 h at 37 "C. Before each 
addition of Pronase, the pH was readjusted to pH 8.0 with 
1 N NaOH. The digest was then treated at 100 "C for 6 min 
to stop the reaction and after being cooled was incubated with 
0.002 mg/mL (4.7 units/mg) of bovine pancreatic DNase I 
at 37 "C for 1 h to reduce the viscosity. The reaction was 
stopped by boiling for 6 min. The digest was then centrifuged 
at 12OOOg for 15 min and the residue subjected to a second 
Pronase digestion. In all, 90-100% of the total radioactivity 
present in the cell pellet was recovered in the supernatant. 
Polyanionic material (DNA and glycosaminoglycans) was 
removed from the digest by precipitation with cetylpyridinium 
chloride as described by Finne & Krusius (1982). Briefly, 10 
mL (0.1 volume) of 0.1 M cetylpyridinium chloride, containing 
0.1 M sodium sulfate, was added dropwise to the digest and 
kept at 37 OC for 20 min. The precipitate was removed by 
centrifugation at 15OOOg for 15 min. The supernatant was 
then cooled to 4 "C, and the excess cetylpyridinium chloride 
was removed by addition of 11 mL (0.1 volume) of 0.1 M 
potassium thiocyanate, kept at 4 "C overnight, and finally 
centrifuged at 20000g for 30 min. Approximately 8.3% of the 
total 14C radioactivity and 6.0% of the 3H radioactivity were 
precipitated by this treatment. 

Half of the resultant supernatant (60 mL) was applied to 
a Sephadex G-25 column (4 X 1 12 cm), and the column was 
eluted in water containing 0.02% sodium azide at room tem- 
perature to isolate the glycopeptides. Fractions of 7 mL were 
collected, and a single major peak (fractions 60-100) was 
obtained containing both the 14C (84%) and 3H (97%) ra- 
diolabels. There was also a minor peak eluting with a lower 
molecular weight (fractions 105-140) which contained only 
I4C radioactivity, and presumably represents low molecular 
weight 0-glycans. 

Fractionation of RicR21 Glycopeptides. The scheme for 
the fraction of the glycopeptides is depicted in Figure 1. 

( A )  Con A-Sepharose Chromatography. The major peak 
from the Sephadex G-25 column was pooled and concentrated 
to 6 mL by rotary evaporation. Aliquots (3 mL, containing 
1.5 pmol of glycopeptide, as determined by neutral sugar 
assay) were applied to a column (0.9 X 51 cm) of Con A- 

Sephsdex G 2 5  I 
[3H1 / [  14C1 Glycopeptides 

Con A-Sepharose I 
Unbound glycopeptides Bound glycopeptides 

DEAE-Sephacel 

Eluted with NaCl 

I Neuraminidase treatment i 
Asialo-glycopeptides 

I in ,% borate Unbound (neutral Bound (acidic 
glycopeptides) glycopeptides) 

J 
(Fraction 8) 

Fraction D l  Fraction D2 

f 
Glycopeptide 

Fraction E 
I 1 Lentil-Sepharose 

t 

Unbound glycopeptides Bound glycopeptides 

Fraction A Fraction C 

FIGURE 1 : Fractionation scheme of RicR2 1 glycopeptides. Glyco- 
peptides were obtained by pooling unlabeled cells with cells grown 
in medium containing ~-[2-%]mannose or D-[ l-'4C]glucosamine. 

Sepharose (Pharmacia), equilibrated in 10 mM Tris-HC1, pH 
7.5, containing 0.1 M NaCl, 1 mM MgCl,, 1 mM CaCl,, 1 
mM MnCl,, and 0.02% sodium azide. Chromatography was 
performed at room temperature with a flow rate of 16 mL/h, 
and 2-mL fractions were collected. The column was washed 
with 80 mL of the starting buffer followed by 60 mL of the 
buffer containing 10 mM methyl a-D-glucoside followed by 
60 mL of the buffer containing 100 mM methyl CX-D- 
mannoside. Aliquots (20 pL) were counted for radioactivity. 
Approximately 60% of the total radioactivity applied to the 
column was recovered. The elution profile is shown in Figure 
2. The bound fraction and the unbound fraction containing 
both I4C and 3H radiolabels were pooled as indicated, dried 
on a rotary evaporator, and desalted on a column (2 X 26.5 
cm) of Bio-Gel P-2. There was also an additional unbound 
fraction, highly enriched in the I4C radiolabel, that eluted 
earlier than the ''C/3H-label+ unbound fraction. This ma- 
terial presumably represents large molecular weight Oglycans 
and was not further investigated. 

( B )  DEAE-Sephacel Chromatography. The Con A bound 
glycopeptides were further fractionated by ion-exchange 
chromatography on a column (1.1 X 17 cm) of DEAE-Se- 
phacel, as described previously (Hughes et al., 1983). The 
column was initially equilibrated with 50 mM acetic acid at 
2 "C, the glycopeptide sample in water (2 mL) was applied 
to the column, and the column flow was stopped for 1 h. The 
column was then washed with water at a flow rate of 8 mL/h, 
and 1-mL fractions were collected. After collection of 24 
fractions, the bound glycopeptides were eluted with a linear 
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FIGURE 2: Chromatography of RicR21 glycopeptides on Con A- 
Sepharose. 3H/14C labeled RicR21 glycopeptides (approximately 1 S 
pmol) from the Sephadex G-25 column were applied to a column (0.9 
X 51 cm) of Con A-Sepharose equilibrated and eluted at room 
temperature with 10 mM Tris-HC1, pH 7.5, containing 0.1 M NaCI, 
1 mM MnCI2, 1 mM MgCI2, 1 mM CaCI2, and 0.02% sodium azide. 
The arrows indicate the start of elution with 10 mM methyl a-D- 
glucoside (aMG) and 100 mM methyl a-Dmannoside (aMM), re- 
spectively. Fractions of 2 mL were collected, and 20-pL aliquots were 
removed for counting: 3H radioactivity; (0) 14C radioactivity. 
Fractions were pooled as indicated. 

"1 

200 i I I O 6  P 

I 1 I 
0 20 40 60 80 1W 

Elution Volume (ml) 

FIGURE 3: Ion-exchange chromatography of Con A bound RicR21 
glycopeptides on DEAE-Sephacel. The 3H/14C labeled Con A bound 
RicZ1 glycopeptides (Figure 2) in 2 mL of water were applied to a 
DEAE-Sephacel column (1.1 X 17 an) equilibrated in 50 mM acetic 
acid, as described under Methods. A sodium chloride gradient was 
applied at fraction 23, as indicated, to elute the bound glycopeptides. 
Flow rate was 8 mL/h, 1-mL fractions were collected, and 10-pL 
aliquots were removed for counting: (0) 3H radioactivity; (0) I4C 
radioactivity. Fractions were pooled as indicated. 

salt gradient of 0.0-0.5 M NaCl (45 and 45 mL) in 50 mM 
acetic acid. Aliquots of 10 pL were counted for radioactivity. 
Approximately 95% of the total radioactivity applied was 
recovered from the column. The elution profile is shown in 
Figure 3; fractions were pooled as indicated, freeze-dried, and 
desalted on a column (2 X 26.5 cm) of Bio-Gel P-2. 

(C) Lentil-Sepharose Chromatography. The major peak 
of the DEAE-bound fraction (fraction D1, Figure 3) was 
fractionated on a column (0.9 X 12 cm) of lentil lectin-Se- 
pharose (Pharmacia) at room temperature, equilibrated in 10 
mM Tris-HC1, pH 7.5, containing 0.1 M NaCl, 1 mM MgC12, 
1 mM MnC12, 1 mM CaC12, and 0.02% sodium azide. The 
glycopeptide sample (in 1 mL of the above buffer) was loaded 
onto the column and the column washed with 30 mL of the 
above buffer followed by 20 mL of the buffer containing 200 
mM methyl a-D-mannoside. Greater than 90% of the total 
radioactivity applied was recovered from the column. The 
bound and unbound fractions were p l e d  as indicated (Figure 
4) and desalted on the Bio-Gel P-2 column. Analytical 
chromatography on lentil lectin-Sepharose was performed as 
described above, except that samples (150-200 pL) were 
loaded onto the column, which was then washed with 25 mL 
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FIGURE 4: Chromatography of RicR2 1 DEAE-Sephacel-bound gl 

glycopeptide fraction D1 (in 1 mL) was applied to a column (0.9 X 
12 cm) of lentil lectin-Sepharose equilibrated and eluted at room 
temperature in 10 mM Tris-HC1, pH 7.5, containing 0.1 M NaCI, 
1 mM MnC12, 1 mM MgCI2, 1 mM CaCI2, and 0.02% sodium azide. 
The arrow indicates the start of elution with 200 mM methyl CPD- 
mannoside (aMM). Fractions of 1 mL were collected, and 20-pL 
aliquots were removed for counting: (0) 3H radioactivity; (0) 14C 
radioactivity. Fractions were pooled as indicated. 

of buffer followed by 28 mL of buffer containing 10 mM 
methyl a-D-glucoside and finally 25 mL of buffer containing 
200 mM methyl a-D-mannoside. 

Con A Unbound Glycopeptides. The pooled Con A unbound 
fraction (Figure 2) was dissolved in 2 mL of 50 mM sodium 
acetate buffer, pH 5.5,  containing 9 mM CaCl,, 0.154 M 
NaC1, and 0.02% sodium azide and treated with 0.2 unit of 
V. cholerae neuraminidase for 48 h at  37 OC to remove the 
sialic acid residues. The reaction was stopped by heating it 
at  100 "C for 10 min and the digest then chromatographed 
on a column (1.6 X 97 cm) of Bio-Gel P- 10 (1 00-200 mesh) 
equilibrated in 0.1 M NaCl to separate the released sialic acid 
(fractions 110-125) from the glycopeptides (fractions 75-100). 
The 3H/14C-labeled glycopeptide peak was pooled, dried on 
a rotary evaporator, and desalted on the Bio-Gel P-2 column. 
The sample was then subjected to high-voltage electrophoresis 
in 1% sodium borate, as described below. 

High-Voltage Electrophoresis in 1 % Sodium Borate. 
Preparative high-voltage electrophoresis was carried out as 
described by Narasimhan et al. (1980). The radioactive 
sample (in 100 pL of water) was spotted across 25 cm of 
Whatman 3MM paper, the paper being moistened with 1% 
aqueous sodium tetraborate, and subjected to high-voltage 
electrophoresis in 1% sodium tetraborate, pH 9.1, at 54 V/cm 
for 3 h 35 min, after which the marker dye 2,6-dichloro- 
phenolindophenol (Sigma) had migrated 30 cm from the or- 
igin. The chromatogram was scanned with a radiochroma- 
togram scanner, and the single major glycopeptide peak was 
eluted with water. The sample was dried on a rotary evapo- 
rator and the borate removed as the methyl ester by drying 
the sample 6 times with 10 mL of methanol/l% acetic acid. 

Glycosidase Digestions. Treatment with endo-8-N- 
acetylglucosaminidase D was carried out in 100 KL of 0.15 

copeptides (fraction D1) on lentil lectin-Sepharose. The 3H/1 2- C 
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a DEAE-Sephacel column (Figure 3) and a lentil lectin-Se- 
pharose column (Figure 4) to separate sialylated glycopeptides 
from high-mannose and other neutral species. Four fractions 
were obtained. 

( A )  Glycopeptide Fraction A .  This fraction bound to both 
the DEAE-Sephacel (Figure 3) and lentil-Sepharose (Figure 
4) columns and represents 28% of the I4C radioactivity and 
18% of the 3H radioactivity of the total Con A bund  material. 
Analysis after acid hydrolysis showed the following compo- 
sition (molar ratio): Aspl,ooSero.41Thro.s6Gluo.29Glyo,~l- 
Alao,37Valo.osMet,,oLeuo,07Lyso,~GlcNH3,35. Presumably, this 
fraction contains sialylated, fucosylated hybrid glycopeptides. 

This fraction contains 
high-mannose glycopeptides, and any other neutral species, 
that did not absorb onto the DEAE-Sephacel column (Figure 
3). This fraction represents 21.4% of the total 14C radioactivity 
and 37% of the total 3H radioactivity of the Con A bound 
fraction. 

( C )  Glycopeptide Fraction C. This fraction bound to the 
DEAE column but was unbound on lentil-Sepharose (Figure 
4) and represents 10.7% of the I4C radioactivity and 13.8% 
of the 3H radioactivity of the total Con A bound fraction. 

(0) Glycopeptide Fraction 0 2 .  This fraction eluted as a 
trailing shoulder from the main peak of the DEAE-bound 
fraction (Figure 3) and represents 30% of the I4C radioactivity 
and 19.6% of the 3H radioactivity of the total Con A bound 
fraction. 

Structure of Ri$2l Fraction A Glycopeptide. Glycopeptide 
fraction A was examined by proton NMR spectroscopy at 500 
MHz. The spectrum, at 70 OC, is shown in Figure 5, and the 
chemical shifts obtained at both 22 and 70 "C are shown in 
Table I; assignments of the resonances throughout this paper 
are based on the published data of Vliegenthart et al. (1983), 
Carver et al. (1981), and Grey et al. (1982). The ratios of 
the intensity of the resolved anomeric proton resonances were 
integral, indicating that these correspond to a single major 
component (glycopeptide A) in this fraction. These anomeric 
hydrogen signals can be assigned as follows (Table I):  
Manal-3 at 5.1 18 ppm, a broad peak due to Asn-linked 
GlcNAc at 5.057 ppm, Manal-6 at 4.917 ppm, Fucal-6 
at 4.870 ppm, Manpl-4 at 4.771 ppm (70 "C), a core 
GlcNAc doublet (J1,l = 8.8 Hz, indicating a 0-linkage) at 
4.683 ppm, GlcNAc/31+2 at 4.571 ppm (JI,z = 7.8 Hz), and 
GalP1-4 at 4.548 ppm = 8.0 Hz). The chemical shifts 
of the N-acetyl groups are upfield with the N-acetyl groups 
of Asn-linked GlcNAc and core GlcNAc at 2.01 1 and 2.090 
ppm, respectively, an N-acetyl group at 2.048 ppm due to an 
antennary (arm) GlcNAc residue, and an N-acetyl group at 
2.030 ppm due to a sialic acid residue. Glycopeptide A, 
therefore, contains three mannose residues and only a single 
Gal~1-+4GlcNAc@l-+2 antenna is present as the H-1 signals 
of galactose and arm GlcNAc each integrate to one hydrogen, 
and only a single N-acetyl group due to an arm GlcNAc is 
present at 2.048 ppm. Comparison of the H-1 and H-2 
chemical shifts of the three mannose residues of glycopeptide 
A with those published by Grey et al. (1982) for the glyco- 
peptides MM,?- MG, and GM shows that the single N- 
acetyllactosamine branch is attached to the Manal-3 residue. 
Glycopeptide A shows downfield shifts for the H-1 signal 

( B )  Glycopeptide Fraction B. 

M sodium phosphate buffer, pH 6.5, with 10 milliunits of endo 
D for 16 h at 37 OC. Treatment with endo-0-N-acetyl- 
glucosaminidase H was carried out in 100 pL of 0.1 M sodium 
citrate buffer, pH 5.5, with 10 milliunits of endo H for 16 h 
at 37 "C.  

The reactions were stopped by boiling for 5 min, and the 
products were analyzed by chromatography on a Con A-Se- 
pharose column (0.7 X 4 cm) under similar conditions as 
described earlier. Fractions of 1 mL were collected directly 
into scintillation vials, and after the column was washed with 
10 mL of the pH 7.5 buffer, the bound material was eluted 
by washing the column with 10 mL of 100 mM methyl a - ~ -  
mannoside in the pH 7.5 buffer. 

Control endoglycosidase digestions were also carried out 
with N-[ 14C]acetylated Man5GlcNAc2 glycopeptide and the 
products analyzed in a similar manner on Con A-Sepharose. 
The glycopeptide was N-acetylated with [ l-14C]acetic anhy- 
dride as described by Narasimhan (1982). 

Nuclear Magnetic Resonance (NMR) Spectroscopy. 
Samples (50-150 nmol) were prepared for proton NMR 
analyses by removing heavy metal ions by chromatography 
on a column (0.7 X 7 cm) of Chelex 100 (200-400 mesh) (Na' 
form) that had been washed with water. Samples were dried 
by rotary evaporation, transferred to small tubes, and ex- 
changed 3 times from 99.8% deuterium oxide (Aldrich) (0.8 
mL); drying was by rotary evaporation. Samples were then 
dissolved in 0.8 mL of 99.8% deuterium oxide and dried in 
an evacuated desiccator over phosphorus pentoxide for 48 h. 
The samples were removed and dissolved in 400 pL of 99.996% 
deuterium oxide (Aldrich) containing 4 mM acetone (internal 
reference) immediately prior to NMR analysis. 

'H NMR (500-MHz) spectra were measured at 22 and 70 
O C  in a Bruker AM500 NMR spectrometer operating in the 
Fourier-transform mode. The spectra were obtained by using 
quadrature detection with a spectral width of 6 kHz (or 8 kHz) 
and pulse intervals of up to 2.66 s. Most of the data were 
collected with 32K data points. Typically, 500-1000 transients 
were averaged, and before Fourier transformation, the free- 
induction decay was multiplied by an exponential function to 
improve sensitivity (giving an additional line broadening of 
0.5 Hz). The chemical shifts were measured in ppm from an 
internal reference signal and expressed relative to DSS (4,4- 
dimethyl-4-silapentanesulfonate) by addition of 2.225 ppm. 

Other Procedures. For amino acid and hexosamine analysis 
on a Beckman 121MB analyzer, samples were hydrolyzed with 
4 N HCl for 4 h at 100 OC, under nitrogen, with 20 nmol of 
norleucine as internal standard. Liquid scintillation counting 
was carried out with EP (Beckman) scintillant in a Beckman 
LS 7000 counter. Neutral sugars were quantitated by the 
phenol-sulfuric acid assay (Dubois et al., 1956). 

RESULTS 
Fractionation of Glycopeptides from BHK RicR21 Cells. 

The glycopeptides were obtained by Pronase digestion of de- 
lipidated cells (- lolo), as described under Methods. The 
fractionation scheme employed is outlined in Figure 1. Con 
A-Sepharose chromatography of the glycopeptides resulted 
in two major fractions, an unbound fraction and a fraction 
eluting with 100 mM methyl a-D-mannoside (Figure 2). 
Consistent with previous findings (Hughes et al., 1983), there 
was very little material that eluted in the presence of 10 mM 
methyl a-D-glucoside, indicating at best a very low content 
of complex biantennary N-glycans, in contrast to wild-type 
cells (Hughes et al., 1983). 

Con A Bound RicR21 N-Glycans. The Con A-Sepharose- 
bound glycopeptides were further fractionated (Figure 1) on 

* N-Linked glycopeptides are named according to the sugars present 
at the nonreducing termini of the antennae with the following code: Gn, 
GlcNAc; M, Man; G, Gal; S ,  sialic acid residue. The terminus on the 
Mancul-6 arm is named first followed by the terminus on the 
Manal-3 arm. The presence of a core fucose is designated by (+F) 
(Narasimhan et al., 1979). 
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FIGURE 5 :  The 500-MHz 'H NMR spectrum of RicR21 glycopeptide fraction A a t  70 O C .  

Table I: Chemical Shifts (ppm) of Glycopeptide Protons Derived from High-Resolution Proton NMR Spectroscopy at 500 MHz 
glycopeptide 

glycopeptide A glycopeptide E GGG' 
protons 22 o c  70 OC 22 oc 70 OC 22 "C 

b1-4 (1 4.771 4.769 4.760 4.755 
a1-3 5.118 5.138 5.114 5.128 5.120 
a1--6 4.917 4.921 4.915 4.917 4.924 

b1-4 4.256 4.229 4.220 4.201 4.209 
a1-3 4.193 4.185 4.220 4.201 4.218 
a1-6 ? ? <4.0 <4.0 4.108 

I 4.571 (7.8)c 4.599 4.564 (8) 4.583 4.570 
I1 4.580 
IV 4.542 (8) 4.583 4.545 
V 5.057 5.057 5.057 5.056 5.092 
VI 4.683 (8.8) 4.687 4.681 (8.8) 4.686 (4.622)d 4.614 

1 4.548 (8.0) 4.538 4.469 (8) 4.474 4.468 
2 4.473 
3 4.466 (8) 4.474 4.462 

H-3 of Mancul-3 4.044 4.048 4.045 
H-1 of FUC 4.870 (3.8) 4.874 4.853 4.873 
H-5 of FUC 4.089-4.129 4.095-4.133 4.136 
C H g  of FUC 1.200 1.206 1.211 1.208 
H-3(a) of NeuNAc 1.799 1.783 
H-3(e) of NeuNAc 2.756 2.769 
N-acetyl of GlcNAcb 

H-1 of Man 

H-2 of Man 

H-1 of GlcNAcb 

H-1 of Galb 

H-3 of Gal 4.089-4.129 4.095-4.133 

I 2.048 2.048 2.049 2.053 2.048 
I1 2.045 
IV 2.078 2.081 2.075 
V 2.01 1 2.018 2.010 2.025 2.003 
VI 2.090 2.085 2.090 (2.078)d 2.081 2.078 

N-acetyl of NeuNAc 2.030 2.040 2.034 (trace) 
"Chemical shift is obscured by HDO peak. b G l ~ N A ~  and Gal residues are identified by the following formula by the number in parentheses: 

Gal(2lBl-4GlcNAc(II)gl-2Man~l-S 

~ M ~ n B 1 - 4 6 l c N A c ~ V l ~ B ~ - ~ G 1 c N A c I V l A r n  

Ga1il)Bl-4GlcNAci.CoB1-2Man~l , 3  
I 

Gal I3IBl-bGlcNAcl IVlB1-4 

glycopeptide GGG 

GlcNAc 111 is the "bisecting GlcNAc" linked fl1--4 to the Man@-4 residue. This residue has been omitted from the table as the characteristic 
signals for this residue (Carver et al., 1981; Grey et al., 1982) were absent from the spectra of the glycopeptides. cNumbers in parentheses are the 
J1,* coupling constants in megahertz. dChemical shifts for the non-fucosylated species present in the sample. e Chemical shifts published by Vlieg- 
enthart et al. (19811. 
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(0.014 ppm) and the H-2 signal (0.1 11 ppm) of Mancul-3 
(at 70 "C), compared to the glycopeptide MM. These are 
characteristic chemical shifts (Grey et al., 1982; Vliegenthart 
et al., 1983) indicating that the Manal-3 residue is sub- 
stituted at position C-2 by a GlcNAc residue. As there is only 
one arm GlcNAc residue in the glycopeptide, the Mancul-6 
residue therefore must be in a terminal position. This is 
supported by the observed chemical shift for the H-1 signal 
of the Manpl-4 residue at its unperturbed chemical shift of 
4.771 ppm (70 "C), as substitution of the Manal-6 residue 
by a GlcNAc residue would have resulted in an upfield shift 
of -0.012 ppm for this signal. The broad signal at 4.089-4.129 
ppm integrates as three protons, two of which can be identified 
as H-5 of Fuc and H-3 of Gal. 

The chemical shifts of the NeuNAc H-3 signals [H-3(a) 
at 1.799 ppm and H-3(e) at 2.756 ppm] are characteristic 
(Vliengenthart et al., 1983) of an a2-3 linkage to galactose. 
No signals were observed at 2.669 and 1.718 ppm, indicating 
the absence of any a2-6NeuNAc linkage. Substitution of 
a terminal galactosyl residue with an af-3NeuNAc residue 
is known to result in major perturbations of both the H-1 signal 
(0.076 ppm) and H-3 signal (0.453 ppm) of galactose 
(Vliegenthart et al., 1983). These effects are readily apparent 
in the spectrum of glycopeptide A, the H-1 signal of galactose 
(4.548 ppm, 22 "C) is downfield by 0.082 ppm compared to 
an unsubstituted galactose (Vliegenthart et al., 1983), and the 
H-3 signal of galactose is observed downfield at 4.089-4.129 
ppm. Broad signals underneath the NeuNAc H-3(e) signal 
(from 2.7 to 2.8 ppm) can be assigned to the Asn /3-CH2 
protons. 

The presence of a Fucal-6 residue on the asparagine- 
linked GlcNAc residue is shown by the H-1 signal of Fuc at 
4.870 ppm (.TI,* = 3.8 Hz), the CH3 signal of Fuc at 1.200 
ppm, and the H-5 signal of Fuc at 4.089-4.129 ppm. Also, 
the H-1 signal of the core GlcNAc at 4.683 ppm is typical of 
a fucosylated glycopeptide. Therefore, the structure of the 
major component of this fraction (glycopeptide A) is a sia- 
lylated, fucosylated Man3 hybrid, as shown in Figure 6. There 
is clearly some heterogeneity in the peptide moiety of fraction 
A as shown by the amino acid analysis and reflected in the 
NMR spectra: small signals are observed at 0.95 ppm and 
from 1.28 to 1.42 ppm from aliphatic signals in amino acids 
other than Asn. This heterogeneity could explain the broad 
signals seen for the H-1 signal of Asn-GlcNAc and the extra 
shoulder on the fucose CH3 signal. 

Structure of RicR21 Fraction B Glycopeptides. Glyco- 
peptide fraction B is the neutral glycopeptide fraction that did 
not absorb onto DEAErSephacel. The 500-MHz proton NMR 
spectrum (at 70 "C) of this fraction is shown in Figure 7, and 
the chemical shifts obtained for the major species at both 22 
and 70 OC are given in Table 11. 

The ratios of the intensities for the major anomeric hydrogen 
signals are as follows: 0.7, 1.2, 2, 1, 1, 1, and 1. On the basis 

, , '- DDm 
5 4  5 0  4 6  4 2  2 0  

FIGURE 7: The 500-MHz 'H N M R  spectrum of RicR21 glycopeptide 
fraction B at 70 O C .  

Table 11: Chemical Shifts (ppm) of Glycopeptide Protons Derived 
from High-Resolution NMR Spectroscopy 

ovalbumin Man6 

protons 22 OC 7 0 ° C  23 OC 75 OC 

01-4 i b 4.768 4.772 4.765 
a 1 4 3  i 5.349 5.338 5.348 5.336 
a1-6 i 4.870 4.880 4.871 4.883 
a l+2  t 5.051 5.060 5.053 5.069 
al+3 t 5.091 5.119 5.089 5.126 
al-6 t 4.908 4.918 4.909 4.920 

Pl-4 i 4.237 4.213 4.234 4.215 
al-3 i 4.114 4.114 4.114 4.119 
al+6 i 4.147 4.136 4.146 4.126 
a1+2 t 4.068 4.073 4.063 4.074 
al-3 t 4.068 4.073 4.063 4.074 
a1-6 t 3.986 3.986 3.988 3.985 

core 4.602 4.622 4.601 4.638 
Asn linked 5.06' 5.06' 5.07' 5.068 

core 2.062 2.066 2.059 2.063 
Asn linked 2.009 2.016 2.011 2.022 

glycopeptide B" glycopeptideC 

H-1 of Mand 

H-2 of Mand 

H-1 of GIcNAc 

N-acetyl of GlcNAc 

'Chemical shifts are for the major species only. bResonance ob- 
scured by the HDO peak. CResonance obscured by other signals. 
dThe number refers to the linkage; i indicates internal (Le., substitut- 
ed), and t indicates terminal residue (Le., not substituted). 'Chemical 
shifts published by Carver et al. (1981). 

of published chemical shifts for the high-mannose glyco- 
peptides (Carver et al., 1981; Vliegenthart et al., 1983), these 
H-1 signals (at 70 "C) are identified as follows: 0.7 residue 
of internal a3-linked mannose (5.338 pprn); 1.2 residues of 
terminal cu3-linked mannose (5.1 19 ppm); 1 residue of terminal 
a2-linked mannose (5.060 ppm); 1 residue of Asn-linked 
GlcNAc also at 5.06 ppm; 1 residue of terminal a6-linked 
mannose (4.918 ppm); 1 residue of internal a6-linked mannose 
(4.880 ppm); 1 residue of internal @Clinked mannose (4.768 
ppm); 1 residue of core GlcNAc (4.662 ppm). Therefore, the 
major species of fraction B contains six mannose residues. Also 
included in Table I1 are the chemical shifts published by 
Carver et al. (1981)  for the MansGlcNAczAsn glycopeptide 
derived from ovalbumin. The structure of this ovalbumin 
Man, species is as follows: 

Man.1-6 

>Manal-6 

Man~1-4GlcNAcgl-4GIcNAc-Asn 
\ 
/ 

Manat-3 

Manal-2Manal-3 

where the single Manal-2 residue is linked to the lower 
Manal-+3 arm. The H-1 and H-2 chemical shifts for the 
mannose residues of the Man6 species of fraction B are 
identical with those observed f o r  this ovalbumin 
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FIGURE 8: Analytical chromatography of gl copeptide fractions D1 

were chromatographed on a column (0.9 X 12 cm) of lentil lectin- 
Sepharose under the conditions indicated in Figure 4. The arrows 
indicate the start  of elution with 10 mM methyl a-Dglucoside (aMG) 
and 200 mM methyl a-D-mannoside (aMM), respectively. Fraction 
size was 1 mL. (A) G1 copeptide fraction D1. Load was 1469 cpm 

9476, respectively. (B) Glycopeptide fraction D2. Load was 1574 
cpm of 3H and 1206 cpm of I4C, and recovery from the column was 
100 and 9795, respectively. (0) 3H radioactivity; (0) I4C radioactivity. 

Man6GlcNAc2Asn glycopeptide. Additional support for this 
Man6 structure in fraction B comes from endoglycosidase D 
treatment. The 14C/3H-labeled products obtained from the 
incubation of fraction B with endo D were analyzed on Con 
A-Sepharose. Only 9% of the 14C label (representing the 
released Am[ 14C]GlcNAc) was unbound on Con A-Sepha- 
rose. The remainder of the I4C label and virtually all of the 
3H label eluted in the bound fraction. Assuming equal 14C 
labeling of the AsnGlcNAc and core GlcNAc residues, this 
represents 18% cleavage of fraction B glycopeptides under 
conditions where >80% of MansGlcNAc2Asn was cleaved. 
This resistance of fraction B to endo D confirms the position 
of the Manal-2 residue on the lower Manal-3 arm. As 
expected, fraction B was susceptible to endoglycosidase H 
treatment; analysis of the 3H/14C-labeled products by Con 
A-Sepharose showed >80% cleavage of fraction B. 

From the NMR spectrum, the internal Mana3 residue in- 
tegrates as approximately 0.7 residue, indicating that the 
Man6GlcNAc2Asn glycopeptide represents 70% of the total 
fraction. The presence of 1.2 residues of terminal al-3-linked 
mannose, along with integral values for the other mannose 
residues, suggests that about 20% of this fraction represents 
Man5GlcNAc&m. This is consistent with the cleavage of 18% 
of fraction B with endo D. In addition, there may also be small 
amounts (- 10%) of high-mannose glycopeptides larger than 

and D2 on lentil lectin-Sepharose. The 3H/1 r C glycopeptide fractions 

of ’H and 623 cpm of r C, and recovery from the column was 87 and 

Table 111: Chemical Shifts (ppm) of Glycopeptide Protons Derived 
from High-Resolution NMR Spectroscopy 

glycopeptide glycopeptide 
protons C1 at 70 O C  C2 at 70 O C  

H-1 of Manu 
6144 i 4.772 4.772 
a-3 i 5.136 5.338 
a 1 4 6  i 4.880 
a1-2 t 5.066 
a 1 4 3  t 5.1 19 
a1-6 t 4.919 4.919 

6144 i 4.228 4.216 
a 1 4 3  i 4.186 4.112 
011-6 i 4.142 
al-2 t 4.073 
a 1 4 3  t 4.073 
a1-6 t ? 3.983 

I 4.595 
V 5.047 5.047 
VI 4.629 4.629 

H-2 of Man’ 

H-1 of GlcNAcb 

H-1 of Gal 4.537 
H-3(a) of NeuNAc 1.785 
H-3(e) of NeuNAc 2.761 
N-acetyl of GlcNAcb 

I 2.048 
V 2.016 2.016 
VI 2.075 2.064 

N-acetyl of NeuNAc 2.040 
‘See Table I1 legend for terminology. bSee Table I legend for ter- 

minology. 

Man6 species. Any non-sialylated Con A binding hybrid 
glycopeptide would also be included in this fraction. The 
NMR spectrum shows that, at most, there is only about 10% 
of an N-acetyllactosamine-type glycopeptide present. This is 
suggested by a small H-1 signal at 5.138 ppm and H-2 signal 
at 4.188 ppm, indicative of a Manal-3 residue substituted 
by a GlcNAcP1+2 residue, a small N-acetyl signal at 2.087 
ppm characteristic of a core GlcNAc residue from a 
Man,GlcNAc2Asn species, and small signals in the H- 1 region 
of Gal and arm GlcNAc residues. The complete structure of 
this minor species, however, cannot be deduced. - 

Structure of Fraction C Glycopeptides. Analytical chro- 
matography of the DEAE-bound fraction D1 on lentil-Se- 
pharose (Figure 8A) results in an unbound fraction that eluted 
as two distinct peaks of 3H radioactivity. The first peak eluted 
with the column volume while the second peak, with a higher 
3H/14C ratio, was slightly retarded on the lentil-Sepharose 
column. Glycopeptide fraction C is the total lentil-unbound 
material from the major peak of DEAE-bound glycopeptides. 
As indicated by the analytical lentil-Sepharose chromatog- 
raphy, 500-MHz NMR analyses of fraction C showed it was 
a mixture of two major species, fractions C1 and C2 in the 
approximate ratio 3:7. The chemical shifts of glycopeptide 
C1 (at 70 “C) (Table 111) are identical with those of glyco- 
peptide A except for the absence of a fucose residue. (The 
H-1 resonance for fucose was obscured by the signals from 
glycopeptide C2; however, there was no CH3 signal for fucose 
at 1.20 ppm, and the H-1 and N-acetyl signals of the core 
GlcNAc are indicative of a non-fucosylated species.) The 
absence of a fucose residue in glycopeptide C1 is consistent 
with its behavior on lentil-Sepharose, as non-fucosylated 
glycopeptides do not bind to lentil-Sepharose (Kornfield et 
al., 1981). 

The chemical shifts of glycopeptide C2 (at 70 “C) (Table 
111) are identical with those for the Man6GlcNAc2Asn gly- 
copeptide B. The presence of high-mannose glycopeptides in 
this “acidic” fraction could be due to either peptide hetero- 
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FIGURE 9: The 500-MHz 'H NMR spectrum of glycopeptide fraction E at 22 OC. 

geneity or the presence of phosphorylated mannose residues 
(Varki & Kornfield, 1980). Treatment of glycopeptide 
fraction C with endo H for 48 h followed by rechromatography 
on the DEAE-Sephacel column resulted in all the 3H radio- 
activity binding to the ion-exchange column and eluting as a 
single peak. Therefore, the charge of this high-mannose 
glycopeptide is not due to the peptide moiety. 

Glycopeptide Fraction 0 2 .  This material bound to the 
DEAE column but eluted as a trailing shoulder from the main 
peak (Figure 3). Analytical chromatography of this fraction 
on lentil-Sepharose (Figure 8B) showed a similar profile as 
the major DEAE-bound fraction (Figure 8A), except that a 
greater percentage of fraction D2 (77% compared to 58%, 
based on 14C radioactivity) bound to the column. The 500- 
MHz NMR spectroscopy showed the major species of fraction 
D2 to be identical with glycopeptide A (results not shown) with 
a small amount of high-mannose glycopeptides also present. 
Amino acid analysis of fraction D2 showed a higher peptide 
content (12.9 nmol of amino acids/nmol of glycopeptide) than 
glycopeptide A (3.7 nmol of amino acids/nmol of glyco- 
peptide), and this additional peptide moiety is likely to be 
responsible for the heterogeneity displayed by this sialylated 
Man3 hybrid glycopeptide on the DEAE column. 

Con A Unbound Ri$21 N-Glycans. Glycopeptide Fraction 
E .  The fraction from the Pronase digest that did not bind to 
Con A-Sepharose is a mixture of N-glycans, and peptides. It 
has been shown previously (Hughes et ai., 1983) that the 
RicR21 Con A unbound N-glycans show sialic acid heterog- 
eneity. To simplify the purification of these N-glycans, 
therefore, the sample was treated with neuraminidase to re- 
move the sialic acid. The desialylated Con A unbound fraction 
was redigested with Pronase to reduce any peptide heterog- 
eneity and then subjected to high-voltage electrophoresis in 
1% sodium borate. Only a single major 3H/14C-labeled peak 
(glycopeptide fraction E) was obtained, which migrated about 
16 cm from the origin under conditions described under 
Methods. The recovered fraction represents 53% of the 14C 
radioactivity and 56% of the 3H radioactivity in the total asialo 
Con A unbound fraction. 

The NMR spectrum, at 22 OC, of glycopeptide fraction E 
is shown in Figure 9, and the chemical shifts at both 22 and 
70 OC are shown in Table I. There are two N-acetyl- 
lactosaminyl branches present in this glycopeptide as the H- 1 
signals, for both galactose (4.469 and 4.666 ppm) and GlcNAc 
(4.564 and 4.542 ppm), integrate to two hydrogens. For 
comparison, the chemical shifts obtained at 23 OC for the sialic 
acid free triantennary complex glycopeptide (non-fucosylated) 
GGG (structure shown in footnotes to Table I) published by 
Vliegenthart et al. (1981) are also included in Table I. The 
set of chemical shifts obtained for glycopeptide E are char- 
acteristic of a glycopeptide with two complex antennae linked 
p1-2 and p1-4 to the Manal-3 arm. Comparison with 
glycopeptide A shows differences in the H-2 signal of 
Manal-3 (0.027 ppm) and Manpl-4 (-0.036 ppm), which 
now coincide at 4.220 ppm; also, the H-3 signal of Manal-3 
has been resolved from the bulk of the protons at 4.044 ppm. 
These are diagnostic perturbations resulting from the presence 
of an additional antenna linked pl-4 to the Manal-3 arm 
of the core (Vliegenthart et al., 1983; compare with glyco- 
peptide GGG). Also characteristic for this antenna is the 
N-acetyl signal of the arm GlcNAc at 2.078 ppm. 

As there are only two N-acetyllactosamine groups present 
in glycopeptide E, the Manal+6 residue must be unsubsti- 
tuted. This is confirmed by the upfield position of the H-2 
signal of the Manal-6 residue at <4.0 ppm (the signal at 
4.136 ppm integrates as 0.7 residue and therefore represents 
only the H-5 signal of fucose-see below) and the downfield 
position of the H-1 signal of the Manbl-4 residue (0.014 
ppm) compared to glycopeptide GGG (Table I), these shifts 
being typical of a terminal Manal-6 residue (Grey et al., 
1982; Vliegenthart et al., 1983). There is again some hete- 
rogeneity in the peptide moiety; this is indicated by the 
presence of amino acid signals in the region 1.28-1.45 ppm 
and from amino acid analysis. 

Glycopeptide E is partially (70%) fucosylated as the H-1 
and H-5 signals of fucose integrate as 0.7 residue. The ob- 
served resonances for the H-1 signal (4.853 ppm), H-5 signal 
at 4.136 ppm, -CH3 group at 1.21 1 ppm, and the H- 1 and 
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GlcNAc-transferase I1 activity in RicR21 has been shown to 
be reduced to 17-27% of the activity of normal BHK cells, 
as measured in vitro with exogenous substrates (Vischer & 
Hughes, 1981; Narasimhan et al., 1984). Although this 
mutant still has some residual GlcNAc-transferase I1 activity, 
the N-glycan structures clearly show that this activity is unable 
to function in vivo. The reason for this biosynthetic defect is 
not clear. One possibility is that the GlcNAc-transferase I1 
in RicR21 may not be correctly located within the cell, as 
suggested by Narasimhan et al. (1984). Alternatively, the 
enzyme may not be able to act in situ due to an alteration in 
conformation and is active, or partialy active, only after ex- 
traction with detergent, which is a requirement for the in vitro 
assays. A third possibility, which was previously proposed by 
Hughes et al. (1983), is that the reduced GlcNAc-transferase 
I1 activity may result in a dramatic shift in the biosynthetic 
pathway due to competition between galactosyltransferase and 
GlcNAc-transferase 11, in vivo, for the common oligo- 
saccharide substrate MGn. Significantly, the addition of 
galactosyl residues to the terminal GlcNAc residue of MGn 
prevents the action of GlcNAc-transferase I1 (Vella et al., 
1984) and would result inthe synthesis of hybrid oligo- 
saccharides. For this mechanism to operate, both transferases 
would have to be present in the same compartment of the 
Golgi. However, recent studies on the subfractionation of the 
Golgi from Chinese hamster ovary (CHO) cells have shown 
that the galactosyltransferase activity could be partially re- 
solved from the GlcNAc-transferase I1 activity, suggesting 
these transferases reside in different Golgi cisternae (Dunphy 
& Rothman, 1983). 

A number of other lectin-resistant cell lines have also been 
isolated that show defects in specific glycosyltransferase re- 
actions in vivo yet fail to show a deletion of an enzyme as 
measured by in vitro assays. For example, the pea lectin 
resistant mutant, PHAR1.8 PLR7.2 is unable to synthesise core 
fucosylated N-glycans, yet the relevant enzymes appear to be 
present in at least normal levels (Reitman et al., 1980). 

The RicR21 N-glycans do not contain a "bisecting" GlcNAc 
residue linked to the Manpl-4 residue. The absence of this 
residue is significant as many of the hybrid structures described 
to date contain a bisecting GlcNAc residue (Tai et al., 1977). 
This residue is inserted by GlcNAc-transferase I11 (Nara- 
simhan, 1982) and is known to prevent the action of both 
processing mannosidase I1 and GlcNAc-transferase I1 
(Schachter et al., 1983), thereby resulting in the synthesis of 
hybrid N-glycans. GlcNAc-transferase 111 activity could not 
be detected in either parental BHK cells or RicR21 cells 
(Narasimhan et al., 1984); therefore, the absence of this 
residue in the RicR21 N-glycans is not surprising. 

Another very significant finding was that the majority 
(295%) of the unbranched hybrid (MS) was sialylated, and 
the sialic acid residues exclusively linked a2-3 to galactose. 
Baenziger & Fiete (1979) have shown that ricin is able to bind 
to a2-+6-substituted galactosyl residues but is unable to bind 
to a2-.3-substituted galactosyl residues. The nature of the 
sialic acid linkage in the unbranched hybrid therefore explains 
the very poor ricin binding properties of these cells. The 
desialylated Con A unbound N-glycan is a hybrid structure 
containing two complex antennae (Figure 6). Earlier work 
showed this fraction to be extensively sialylated (Hughes et 
al., 1983), and it seems likely that a2-3 linkages will pre- 
dominate in this structure also. 

Normal BHK cells are known to synthesise complex N- 
glycans bearing both a 2 4  and a2-3 sialic acid linkages (van 
Halbeek et al., 1983; H. van Halbeek, personal communica- 

Table IV: Yields of RicR21 N-Glycans" 
yield % of total recovered 

glycopeptide (nmol) glycopeptides 
Hybrid 

Con A bound sialylated 175 33 
fucosylated 
hybrid 

(non- 
fucosylated) 

sialylated hybrid 31 6 

neutral hybrid 513 5 2  
Con A unbound branched hybrid 80 1s  

branched hybrid 35 7 
(fucosylated) 

(non- 
fucosylated) 

High Mannose 
neutral 135 26 

high-mannose 
glycopeptides 

high-mannose 
glycopeptides 

"acidic" 5s 11 

"The amounts of each glycopeptide were calculated on the basis of 
the GlcNAc content, determined by amino acid analysis and the known 
structures of each fraction. 

N-acetyl signals of the core GlcNAc are all characteristic of 
a Fucal-6 residue on the asparagine-linked GlcNAc. Ad- 
ditional signals were also observed for the non-fucosylated 
species, namely, the H-1 signal of the core GlcNAc at 4.622 
ppm (at 70 "C) and the N-acetyl signal of the core GlcNAc 
at 2.078 ppm (at 70 "C). The structure of glycopeptide E is 
shown in Figure 6. 

Relative Amounts of N-Glycan Structures in RiS21 Cells. 
Table IV summarizes the yields obtained for the RicR21 
N-linked glycopeptides. The amounts were calculated on the 
basis of the GlcNAc content, determined by amino acid 
analysis and the known structure(s) of each fraction. The 
relative amounts should be considered as approximate due to 
selective losses of glycopeptides during fractionation. 

DISCUSSION 
The study of lectin-resistant cell lines has proved to be 

valuable in the understanding of the biosynthetic pathway and 
the functional significance of glycosylation (Stanley, 1980; 
Briles, 1982). Previous work in this laboratory (Hughes et 
al., 1983) using indirect glycopeptide structural analysis 
suggested that the ricin-resistant BHK cell line RicR21 has 
a novel defect in N-glycan synthesis resulting in the accu- 
mulation of hybrid-type oligosaccharides. However, the 
structural information obtained was incomplete and further- 
more could only partially explain the poor ricin binding be- 
havior of these cells. Therefore, a more comprehensive analysis 
has been carried out with 500-MHz 'H NMR spectroscopy, 
and this paper presents the structures of all the major N- 
glycans of RicR21. This study shows definitively that RicR21 
synthesizes only hybrid and high-mannose N-glycans. 

The structures of the RicR21 hybrid N-glycans allow a 
number of important conclusions to be made. First, the hybrid 
structures contain only three mannose residues. This indicates 
that the processing of GlcNAc,Man,GlcNAc, by a-manno- 
sidase I1 (Tabas & Kornfeld, 1978; Harpaz & Schachter, 
1980b) to generate GlcNAclMan3GlcNAc2 (MGn) is normal 
in RicR21 cells. This mutant, therefore, is defective in the 
initiation of the complex antenna on the Manal-6 arm. The 
glycosyltransferase activity responsible for the initiation of this 
complex antenna is GlcNAc-transferase I1 (Harpaz & 
Schachter, 1980a; Oppenheimer et al., 1981). The 
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tion). Why does the RicR21 hybrid structure then contain only 
a2+3 sialic acid linkages? The total sialyltransferase activity 
in RicR21 cells is the same as that of parental BHK cells 
(Vischer & Hughes, 1981); therefore, the absence of a2-6- 
linked sialic acid residues in the hybrid N-glycans is probably 
not due to an altered a2-6 sialyltransferase level. It should 
be stressed, however, that the a2-3 and a2-6 sialyl- 
transferase levels have not been quantitated individually. The 
presence of only a2-3 sialyl residues in the hybrid may reflect 
differences in the substrate specificities of the two sialyl- 
transferases. There is some experiment support for this sug- 
gestion, as Bendiak & Cook (1983) have shown that the a2-6 
sialyltransferase from embryonic chicken liver exhibited a 
marked preference for multiantennary acceptors with terminal 
galactosyl residues; oligosaccharides bearing only one 
GalP1-4GlcNAc terminus were found to be relatively poor 
acceptors. The relative activities of the two enzymes with 
hybrid N-glycan substrates, therefore, warrants further in- 
vestigation. 

Hybrid N-glycans have been shown to accumulate in the 
presence of the glycosylation inhibitor swainsonine (Gross et 
al., 1983; Kang & Elbein, 1983; Tulsiani & Touster, 1983; 
Arumugham & Tanzer, 1983) due to the inhibition of the 
processing a-mannosidase I1 (Tulsani et al., 1982). In contrast 
to the hybrid N-glycans here, these hybrjd structures contain 
five mannose residues. Some of these hybrid structures were 
shown to be sialylated (Kang & Elbein, 1983; Tulsiani & 
Touster, 1983). Sialylated hybrid structures have also been 
found in P388D mouse macrophage-like cell glycoproteins 
(Varki & Kornfeld, 1983), as well as the glycoproteins from 
Prague C Rous sarcoma virus (Hunt & Wright, 1981) and 
avian myeloblastosis associated virus (Hunt & Wright, 1983). 
However, the sialic acid linkages in these hybrid structures 
have not been established. In the light of the current findings, 
it will be of interest to investigate the sialic acid linkages of 
these other hybrid N-glycans. A structure similar to the 
RicR21 branched hybrid (MGG) glycopeptide (Figure 6) was 
reported for the first time only very recently, being found in 
the N-glycans of human chorionic gonadotropin obtained from 
a patient with choriocarcinoma (Mizuochi et al., 1983). 

Another interesting feature of the RicR21 N-glycans is the 
predominance of the Man6GlcNAc2 species in the high- 
mannose fraction. This could represent mature high-mannose 
membrane glycoproteins and/or intermediates in the biosyn- 
thetic pathway. It is relevant to note that a recent study of 
the biosynthesis and processing of the N-glycans of secreted 
IgA from MOPC 3 15 murine plasmacytoma cells showed that 
the major oligosaccharide that accumulated intracellularly was 
also Man,GlcNAc, (Hickman et al., 1984). The accumulation 
of Man,GlcNAc, species in RicR21 is unlikely to represent 
a biosynthetic defect as the high-mannose N-glycan content 
of these cells is identical with that of normal BHK cells 
(Hughes et al., 1983). The structures of the high-mannose 
N-glycans from parental BHK cells are currently being in- 
vestigated. 

In conclusion, the characterization of the N-glycans of this 
ricin-resistant mutant clearly shows the structural basis for 
the altered ricin binding properties, and hence resistance, 
displayed by these cells. This study also shows the feasibility 
of NMR structural analysis of the N-glycans derived from 
cultured cells. 
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ABSTRACT: Human Bence Jones proteins of X type, Wh and Nei, both of which belong to subgroup 11, contain 
an asparagine-linked sugar chain. Their carbohydrate moieties were liberated as oligosaccharides by 
hydrazinolysis and labeled by reduction with NaB3H4 after N-acetylation. Structural studies of each 
oligosaccharide by sequential exoglycosidase digestion in combination with methylation analysis revealed 
that Wh X contains the mono- and disialylated oligosaccharides 

GlcNAcpl Fucal 

6 
1 1 

4 
G a l p  1 - 4 G l c N A c p I  - 2 M a n a l  i G a l a  1 -4GlcNAcpl -2Manal  

6Manpl -4GlcNAcBI -4GlcNAc 
/ 3  

NeuAc ,N2 

while Nei X contains the two acidic oligosaccharides 
G a l ~ l - - 4 G l c N A c p l -  2 M a n a l  i Gal01 -4GlcNAcBl-2Manal'  

' ~Manpl -4G lcNAcp l -4GIcNAc  NeuAclN2 

These oligosaccharides are different from the oligosaccharides found in another X-type Bence Jones protein, 
S m  A, by Chandrasekaran et al. [Chandrasekaran, E. V., Mendicino, A., Garver, F. A., & Mendicino, J. 
(1981) J. Biol. Chem. 256, 1549-15551 and Garver et al. [Garver, F. A., Chang, L. S., Kiefer, C. R., 
Mendicino, J., Chandrasekaran, E. V., Isobe, T., & Osserman, E. F. (1981) Eur. J .  Biochem. 115,643-6521. 

E a c h  of the heavy chains of human immunoglobulin G 
(IgG) contains an asparagine-linked sugar chain in its Fc 
portion (Clamp et al., 1964). Although the light chains usually 
lack carbohydrate, some light chains of human myeloma 
proteins were reported to contain sugar chains (Abel et al., 
1968; Spiegelberg et al., 1970). The structure of the aspar- 
agine-linked sugar chain in Sm A, one such carbohydrate- 
containing Bence Jones protein, was elucidated as shown in 
Chart I by Chandrasekaran et al. (1981) and Garver et al. 
(1981). By comparing the fractionation patterns of oligo- 

Chart I: Proposed Structures of Sugar Chains Found in BJ 
Protein, Sm h, by Chandrasekaran et al. (1981) and Garver 
et al. (1981) 
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NeuAcal+6Galt71+4GlcNAcBl+2Man~l 6 
:;Man D 1 + 4G1 cNAC 5 1 -4GlcNAc-Asn 

NeuAca2+6GalDl+4GlcNAc~1-2Man~l 
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saccharides released from 10 different IgG myeloma proteins 
by Bio-Gel p-4 column chromatography, we found that a 
variety of oligosaccharide patterns was obtained from these 
glycoproteins (Mizuochi et 1982). The carbohydrate- 
containing Bence Jones (BJ) proteins were reported to have 
different Sugar Contents (Abel et al., 1968; Spiegelberg et al., 
1970). In view of recent reports that indicate a functional role 
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