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ABSTRACT 

Glycoproteins synthesized in a ricin-resistant mutant of BHK cells, clone 

RICR21, were labelled by growth of the cells in radioactive D-mannose, D-gluco- 

samine, or L-fucose. Glycopeptides obtained from disrupted cells by exhaustive di- 

gestion with Pronase were fractionated into components binding to concanavalin 

A-Sepharose and nonbinding components. The binding components eluted with 

methyl a-D-mannopyranoside were separated by gel filtration on Bio-Gel P-4 into 

two main subfractions: an oligomannosidic fraction that was susceptible to Jack 

bean a-D-mannosidase and a fraction that became totally degraded only in the ad- 

ditional presence of neuraminidase, P-D-galactosidase, and N-acetyl-p-D-gluco- 

saminidase. Further analysis of the latter fraction by exoglycosidase digestion to- 

gether with consideration of the known pathways for the biosynthesis of as- 

paragine-linked sugar chains of glycoproteins was consistent with a “hybrid” struc- 

ture containing a NeuAc+Gal-tGlcNAc sequence linked to the cy-D-mannosyl- 

(1+3) residue of the core sequence, and a terminal a-D-mannosyl group linked to 

the a-(1+6) branch of the core sequence. The hybrid fraction was labelled after 

growth of the cells in radioactive L-fucose and was adsorbed to a lentil lectin- 

Sepharose column indicating the presence of core fucosylation. The novel structure 

represented about 30-35% of the total cellular glycopeptides of RICR21 cells and 

was not present in the glycopeptides of normal, ricin-sensitive BHK cells. Con- 

versely, double-branched (biantennary) complex N-glycans, a prominent con- 

stituent of BHK cell glycoproteins, were absent in RICR21 cells, and analysis of the 

nonbinding fraction obtained from concanavalin A-Sepharose indicated that tri- 

ple- and quadruple-branched (tri- and tetra-antennary), complex N-glycans present 

in normal BHK cell glycoproteins were also absent. 

INTRODUCTION 

Ricin, the toxic lectin of castor beans Ricinus communis, binds to glycopro- 

teins having carbohydrate chains containing P-D-galactosyl residueslT2. Binding to 

*Dedicated to Professor Elvin A. Kabat. 
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ceil surface glycoprot~in~ is an obligatory step in ricin cytotoxlcity. xxi several 
ricin-resistant cell lines of mammalian fibrohlasts show d greatly reduced binding oi 
the lectin at the ceil surfnw”. Furthermore. giycoproterns solubifizcd from the cells 
bind poorly to rjcin-~f~nity columns, as compared with ~~r~~~t~~l-~~i~ ~~~c~~~r(~teins 
Direct enzymic analysis of cellular extracts has provided. m uome Casey, rtn cxpla- 
nation for the change in N-glycan structure leading to ;1 reduced ability of cell SUT- 
face ~ly~oproteins to bind ricin. In the rick resistant” ” BHK cell line MC” 1-I. and 
in several ricin-resistant CHO cell lines’. the enzyme ~~-aret~llliilcosanlinyl- 
transferase I is missing. Thts enzyme’ c;ttalvzcs a kev step in the ctwsersion ~>f ;i _ 
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pentamannosyl-containing intermediate (I) to precursors of complex, sialylated N- 

glycans containing multiple repetitions of the N-acetyllactosamine [@(P-D-galac- 

topyranosyl-(1~4)-0-(2-acetamido-2-deoxy-~-D-glucopyranosyl)] residue (for 

example, see 2). 

Similar enzymic analysis of other ricin-resistant BHK cell lines, however, 

failed to show a reduction in the activity of this glycosyltransferase, although quan- 

titative alterations in the activities of several other glycosyltransferases were de- 

tected’. In an attempt to correlate these relatively minor alterations in the levels of 

enzymes responsible for normal N-glycan assembly with the ricin-binding proper- 

ties of the BHK cell mutants, we studied* the general composition of the glycopep- 

tides obtained from cellular glycoproteins of several mutant cell-lines in compari- 

son with the normal BHK cells. We showed that the glycopeptides derived from 

several mutants differed dramatically from the normal patterns, as shown by affi- 

nity chromatography on concanavalin A-Sepharose. In the present paper, we de- 

scribe, in more detail, the glycopeptides obtained from one ricin-resistant BHK cell 

line, i.e., clone RICR21. 

EXPERIMENTAL 

Radioactive precursors. - D-[2-3H]Mannose (104 Ci/mmol), L-[5,6-3H]fu- 

case (45 Ci/mmol), and 2-amino-2-deoxy-D-[ 1 -‘4C]glucose hydrochloride (39 mCi/ 

mmol) were from Amersham International, U.K. Aqueous samples (0.05-0.5 mL) 

were counted in scintillation fluid EP (10 mL, Beckman Corp.) in an Inter- 

technique scintillation counter which had a counting efficiency of -60% for 3H and 

80% for “C. 

Cells. - Baby hamster kidney cells and ricin-resistant mutants4*’ were 

grown, in monolayer culture, in Glasgow-modified Eagles medium supplemented 

with 10% fetal calf serum at 37” as previously described. Where indicated, the cells 

were labelled metabolically by growth for 2-3 days at 37” in a medium containing 

-20 mCi/mL of 3H-labelled sugars or 5 mCi/mL of 2-amino-2-deoxy-D-[‘4C]gluco- 

se. The cells were seeded into lOO-mm diameter tissue culture plates and allowed 

to attach to the plates overnight at 37”. The radioactive sugars were then added and 

the cultures grown to confluency over 2-3 days at 37”. 

Preparation of glycopeptides. - Labelled monolayer cultures were washed 
thoroughly with warm (37”) phosphate-buffered saline solution, pH 7.2 (P,-NaCl), 

scraped from the culture plates with a rubber policeman and washed at least twice 

with warm P,-NaCl. The cell pellets were suspended in %hM Tris . HCl buffer (pH 

7.5) containing 0.1~ sodium chloride, mM magnesium chloride, mM calcium 

chloride, mM manganese chloride, and 0.02% sodium azide (0.5 mL), and im- 

mediately immersed in a vigorously boiling-water bath for 5 min. After being 

cooled, the mixtures were supplemented with a Pronase solution (50 pL, 0.4% in 

the same buffer as aforementioned) and l-2 drops of toluene, and incubated at 37”. 

Additional aliquots (50 pL) of Pronase solution were added every 12 h for 2-3 



days. Finally, the mixtures were again heated at 100” tar 5 min to inactive the Pro- 

nase. and the mixtures were centrifuged at 10 OOCJg for 10 mm. Aliyuots of the clear 

supernatant solutions were removed for counting and tar chr~~~~~~t~~~r~lpi~y 

Lectirz-uj@ity rhrottlut~,gra~hv. - Columns ( i x 13, of I x I2 cm) of con- 

canavalin A-Sepharose (Pharmacia, Sweden) were washed thoroughi], with ltJm>t 

‘Tris . HCl (pH 7.5) containmg 0.1~ sodium chloride, mM magnesium chloride. mzr 

calcium chloride, mtvt rn~n~an~~~ chloride. and 0.(12’% sodium ;tzidc at room ttm- 

perature. Solutions of glycopepttde sample (tJ.14r.5 mL} ~cla’t‘ applied to the 

selected column, which was washed further with the same buffer :tt ,-.,“: ml.:‘h :rnd 

room temperature. Fractions (1 mL) were collected. Subsequcntl> the columns 

were washed successively with iOm?;t methvl (r-t>-elucopyralltwtiie and 5(i(lmal 

methyl u-u-mannopyranodde dissolved in the buffer dcscrihed esrhcr Durmp elu- 
tion with methyl a-u-rnannopyr~noside, the cluting solution v,;i\ imrnencd in ;I 
water bath kept at 60”. Alryuots (35-100 pl.) of each elutrd tractrcln Lucre removed 
for radioactive counting. Appropriate peak fractions were pc~lrti. trceze dried. 

and dissolved in water (1 --2 mid). 

Chromatography of glycopeptides on a column (1 * I? cm) 01 lentil Iecttn- 

Sepharose (Pharmacia, Sweden) was carried out, at room temperaFLue 111 the same 

buffer as that used far chromatography on concanavalin A-Sepharctse. After appli- 

cation of the solution of the ~lyc~~pept~~ie sample (1). I-iJ.5 mL). tht tlt%vv of the col- 

umn was stopped for I h to allow adsorption of glycopeptrdcs to the cc4urnn. Elu- 

tion was commenced wtth huffcr, followed by elution succcs\iceiy with 10 and 

%(JmM methyl cr-D-glucopyranoside dissolved in the same huf’fcr. Fractions ( 1 mL) 

were coliected and analyzed ax described cat-tier. 

Routinely, yields of at feast 90% of the applied radioactrcity wertz recovered 

from the lectin columns. No additional radioactivity could he elutecl fr<ml the WI- 

umns with M hydrochloric acid or I “i sodium dodecyl @hate. 

Itltr-tWi’langt2 clrrctmirro~“r~~ll~. - DEAE-Sephaccf (Pharmacia. Swcd~n) 

was washed with M acetic acid, packed into a column (1 x 31 cm). .ind wushcd 

further at 2” wtth SUmM acetic acid. Solutions of glycopeptide sample in water ((I.$ 

3 ml.) wcrc applied to the cc~lumn. and the few ot the column was <topped for I 

h to allow maximal adsorption of glycopeptides. The ccmunn n’as thashcd with 

water. and fractions (I rnI..! were collected at -4 mL!h. After cttliccti<tn tit ten frac- 

tions, the glycopeptides were cluted with a salt gradient establtshed h! mixrng ;I SOL- 

ution of 0.5hl sodium chloride-SOmM acetic acid (45 mL) intiJ SOmht acetic acid (4.5 

mL). Aliquots (,5lr500 pctl_) of fr-action\ (1 m!_,) were removed for radioacttvr 

counting. Appropriate peak fracttons wert’ pooled. frcerr drtcd. i~t~d c.iissttlt‘~d in 

water (1 ml,). 

Gel jilirullon. --- Hw-Get P-4 (200-400 mesh. RioRad Laboratories, 

Richmond, CA) was suspended in 0. I M pyrrdine-acetic actd buffer (pf-1 6) and 

packed into columns (I.11 x 77, or 1 x 30 cm). The columns uerz ua4~d cxtcn- 

sively at 2” and -5 mtih with the same buffer. Solutions of glvcopepttde samples 

(0.5 mL) were applied and eluted under the same conditions. f;r;tctJctns (usuallv 
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1 mL) were collected and aliquots (S&500 pL) were counted for radioactivity. Ap- 

propriate fractions were pooled, freeze-dried, and dissolved in water (0.5-l mL). 

In some experiments, the glycopeptide samples were supplemented with Blue 

dextran (-0.1 mg, Pharmacia, Sweden), D-[3H]mannose (10’ counts/min), or 

marker glycopeptides (103-lo4 counts/min) as indicated. The elution of Blue 

dextran was determined by measurement of the absorption at 600 nm. 

Glycosidase freatments. - Neuraminidase was obtained from CalBiochem- 

Behring Corp. Jack bean a-D-mannosidase, P-D-galactosidase, and i+acetyl-P-D- 

glucosaminidase were purified by established procedures’. One unit (U) is defined 

as the hydrolysis of 1 pmol of substrate/min. 

Glycopeptide samples dissolved in 0.1~ sodium acetate buffer (pH 5) con- 

taining 0.3mM zinc sulphate (0.4 mL) were treated with a-D-mannosidase (2.5 U/ 

mL) under toluene for 1-3 days at 37”. In other experiments, glycopeptide samples 

were incubated for 2-3 days at 37” with various mixtures of neuraminidase (0.1 U/ 

mL), P-D-galactosidase (0.16 U/mL), and N-acetyl-P-D-glucosaminidase (0.59 U/ 

mL) in 50mM sodium phosphate buffer (pH 7). The mixtures (0.7-0.9 mL) were 

freeze-dried after incubation and, in some cases, redissolved in 0.1~ sodium ace- 
tate buffer (pH 5)4).3mM zinc sulphate for treatment with cY-D-mannosidase as de- 

scribed earlier. 

Standard glycopeptides. - A glycopeptide fraction (1) was prepared” from 

the products of exhaustive proteolytic digestion of ovalbumin by ion-exchange 

chromatography. The product was purified further”-” by chromatography on 

concanavalin A-Sepharose as described earlier. The glycopeptide was bound 

tightly to the affinity column and was eluted with 500mM methyl &D-man- 

nopyranoside. Carbohydrate and amino acid analysis was consistent with the struc- 

ture14 containing five D-mannose and two 2-acetamido-2-deoxy-D-glucose per as- 

paragine residue. In addition to asparagine, relatively small amounts (<0.2 moli 

mol of asparagine) of other amino acids, especially serine and threonine, were pre- 

sent. This material was labelled by treatment with [1-“Clacetic anhydride (2-10 

mCi/mmol) as described*, and desalted by chromatography on a column (1.6 x 29 

cm) of Sephadex G-25 equilibrated with 0.1~ pyridine-acetic acid buffer (pH 6). 

The glycopeptide fraction, well separated from salts, was freeze-dried and 

dissolved in water at 10’ c.p.m./mL. Glycopeptide products synthesized7,‘5 from 

UDP-2-acetamido-2-deoxy-D-[3H]glucose with purified, bovine colostrum N- 

acetylglucosaminyltransferase I (3 and 4) were kindly provided by Dr. H. Schach- 

ter. The reaction products were separated by paper electrophoresis in 1% sodium 

tetraborate (pH 9.2) buffer and the glycopeptide fractions, located by radioactive 

scanning of the paper strips, were eluted with water, freeze-dried, and dissolved in 

water (3, 126 240 c.p.m./mL; 4, 66 000 c.p.m./mL). A glycopeptide fraction con- 

taining double-branched, complex N-glycan (2) was obtained from BHK cells 

labelled metabolically by growth in radioactive L-fucose or D-mannose, as de- 

scribed in full elsewhere’, and briefly described in the Results section. 



Fractionation of cellular glyccpeptiRw. - As shown (Fig. la). concanavalin 
A-Sepharose chromatography of ~-1 ‘FT)mannose-labelled glycopeptdrs of normal 
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F’rg 1. Separation of cellular glycopeptrdes on crmcanavahn A-Sepharox BHK cells {a anti c) or 

RICR91 cells (b and d} were labelted by growth m &her 0-l ‘H]mannosc (J and h) or I -[‘H@~cos~ Cc 

and d). and glycopcptides obtained by Pronasc treatment were fractt<)natcd on c&mm ( I x 23 cm. ;I 

and h: 1 x 12 cm, c and d) ot concdnavdlm A-Sepharose. Fdlowmg mitral clutton wsth huffcr. fractions 

(1 ml,) were rluted succssstvely wtth lOrn%f methyl ry-r,-glucopyranos~dc (rwhfG) or .‘tiKhnlci methyl U-U- 

mannopyranostde (uMM) as shown, and ahquots (0.1 ml.) of each fructwn were muntt‘d for radmcti*- 

ity The major-peak fractxms were pooled tar furthor analyst> as indicateci hv the hrmw 7’hc wmpk~ 

apphed to the columns were: (af 364) 21&i. (ht hW WO. (c) 661 h.3it. and (cl) 333 Mb c p m 
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BHK cells produced several fractions showing different affinities for the lectin. 

Fractions A and B represent glycopeptides containing complex N-glycans, whereas 

Fraction C consists of glycopeptides containing oligomannosidic or “high man- 

nose” N-glycans. Evidence for these assignments, which are fully consistent with 

the affinities of glycopeptides of known structure for concanavalin A- 

Sepharose”-‘3, are given elsewhere’ and are also documented in part in the pre- 

sent paper. Typically, fractions eluted respectively with buffer, 1OmM methyl cr-D- 

glucopyranoside, and 500mM methyl a-D-mannopyranoside contained 41, 16, and 

43% of the total radioactivity recovered from the column. By contrast, the relative 

proportions of RICR21 glycopeptides recovered by elution from concanavalin A- 

Sepharose (Fig. lb) with these eluting solutions were 21, ~3, and 74%, respec- 

tively. The most striking differences between the glycopeptides of parental BHK 

Fraction no 

Fig. 2. Chromatography of L-[“Hlmannose-labelled glycopeptldes on Bio-Gel P-4. Glycopeptlde sam- 
ples (0.5 mL) were applied to a column (1.2 x 77 cm) of Bio-Gel P-4 equilibrated with 0.1~ pyrldine 
acetate buffer, pH 6. Fractions (1 mL) were collected by elutlon with the same buffer and analyzed for 
radioactivity: (a) BHK cells glycopeptlde Fraction A (+, 29 400 c.p.m.) or Fraction B 

(--O--O--, 12 020 c.p.m.) from concanavalin A-Sepharose chromatography (see Fig. la) were applied 
to the column in separate experiments; (b) ( a) BHK cells glycopeptlde Fraction C (14 000 
c.p.m.) from concanavahn A-Sepharose, and (----) elution of [“‘C]ovalbumm glycopeptide (1. 2000 
c.p.m,) applied simultaneously; (c) RICR21 cells glycopeptide Fraction A (42 300 c.p.m.) from con- 
canavalin A-Sepharose: and (d) RICR21 cells glycopeptide Fraction C (143 210 c.p.m.) from con- 
canavalin A-Sepharose. The peak fractions indicated by the boxes were pooled for further analysis. BD 
indicates the elutlon of Blue dextran (total excluded volume of the column) and Man that of D-[“H]man- 
nose 



cell glycoproteins and RICK? 1 cells (Fq. Ia and h) were the drastically reduced 

amount of D-[-lH]manno~e-lahellcd glycopeptides cluted with Lomb meth! 1 tr-~)- 

glucopyranoside. I.?., glycopeptides containing 3 dnuhle-hralichecf. c~~mplcs ;V-glc- 

can structure (3). and sec~>ndl~ an xcumulation of glycopeptdes hincirri~ tightI\ to 

the affinity column and t’lutecl with methyl tr-I,-mannopgrllno~iile. 

complex: a relatively minor peaI\ (AI I cmergcd with the 131~ de\tran marl\t~r, 

whereas the major peak (A?) wa:, clutrd in ;I poyitinn intermcdlatc Ivtwc’en Frac- 

tions A and R of the RHK cell glycopeptdrs. In xkht~on. the loader-molecular- 

weight fraction (A.3) wax more prominent in the RI(I”‘?l glycopeptidch. ;ib com- 

pared with RHK cell components. Fractions AI. AL. and :\3 reprcscntt2ct 11. 16. 

and 33C::. respectively. ot the total radioactivitv recovered from the f3ioG;el P-J 

column. A new peak (C’1 ) appeared in the chrornato~raphy prcjflc of R1(‘“_71 
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glycopeptide Fraction C (Fig. 2d). This peak migrated immediately ahead of the 

major fraction (C2). Typically, Fraction Cl represented 3543% of the total 

radioactivity of Fraction C. 

Sialic acid-containing glycopeptides. - Ion-exchange chromatography on 
DEAE-Sephacel readily identified the sialylated components of RICR21 cell glyco- 

peptides, as shown in Fig. 3. Fractions Al and A2 (Fig. 2c) were retained on the 

column and eluted with a salt gradient. By contrast, Fraction A3 was neutral and 

was eluted unretarded from DEAE-Sephacel. After treatment with 
neuraminidase, Fractions Al and A2 were eluted from DEAE-Sephacel as neutral 

compounds in the region occupied by Fraction A3, thus showing that their negative 

charge was due largely to sialic acid (results not shown). The profiles shown in Fig. 

3a were obtained reproducibly. Thus. Fraction A2 was eluted consistently in two 

major peaks. the more acidic of which was almost co-incident with the single peak 
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Fig. 4. Effect of glycosidases on o-[‘Hlmannose-labelled glycopepttdes. Fraction C glycopeptides iso- 
lated, by concanavalin A-Sepharose chromatography, from RIC n21 ceils were puntied further by chro- 
matography on Bio-Gel P-4. The Fraction Cl of RICR21 cells (see Fig. 2) was subsequently separated 
by ion-exchange chromatography. and the major acidic component (see Fig. 3b) used for enzymic diges- 
tion. Glycopepttde fractions were treated with purified glycosidases in various combinations for several 
days at 37”, as described in the Experimental section, before applicatton separately to small columns (1 
x 30 cm) of Bio-Gel P-4. Fracttons (1 mL) collected by clution with 0 1M pyndine acetate buffer (pH 
6) were analyzed for radtoactivity: (a) Glycopeptide Fraction C2 treated vvtth cu-D-mannostdase (4395 
c.p.m. applied). (b-d) Glycopeptide Fraction Cl (15 000 c.p.m. applied) treated wtth: (b) a-D-man- 
nosidase alone; (c) a-D-mannosidase, N-acetyl-P-D-glucosaminidase, and P-D-galactostdase; and (d) a- 
D-mannostdase, N-acetyl-P-D-glucosaminidase. P-D-galactosidase. and neuraminidase. 



obtained on chromatography of Fraction Al. Prc\:iously. we hale ahoun” that the 

glycopeptide Fraction B containing double-branched h’-glycanb (hct 2). isolated 

from normal RHK cells. was separated into thn fractions b\: chrc~rn~itograpli! 01~ 

DEAE-Sephacel. These peaks emerged at salt concentrations that LLC~!-C \‘ery semi- 

lar to those required to elute RIC”I I cell Fraction< Al and .A7 ! Fig .%I]. T‘he Blili 

cell glycopeptides containing triple- and quadrupit:-hrancht~l .‘L--gl!can\ present in 

the concanavalin A-Sepharwe Fraction A (Fig. la) were cluted at a slgnificantl) 

higher salt concentration as lndicatcd in Fig. 3a. Thtw rewltr; hugest that the 

acidic glycopeptides present in RfC”21 Fraction A from concana\ Alan ,4 carr!~ slml- 

Jar proportions of sialic acid as the double-branched !\;-glycsns ol III-fK cell:, 

As shown In Fig. 31~. a major part ( --X’G ) of the RICK21 gllcopeptide Frac- 

tion Cl was also rctaincd on DEAE-Srphacrl. The minor propclrtion of neutral 

rfaciion no 
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material probably derives from contamination by Fraction C2. which was eluted to- 

tally unretarded from DEAE-Sephacel (results not shown). Other results (not 

shown) established that Fraction Cl was converted completely into a neutral 

species after treatment with neuraminidase. The major acidic component of Frac- 

tion Cl was eluted just prior to the major acidic component present in Fraction A2, 

with more minor components being eluted at higher salt concentrations. The main 

acidic fraction was isolated in a large amount for further analysis. 

Structure of RICR21 glycopeptide Fraction Cl. - Next, the susceptibility of 

glycopeptide Fraction Cl to exoglycosidase was tested by use of a D-[‘H]mannose- 

labelled preparation purified as described earlier. When the material was treated 

with a-D-mannosidase alone. -7-10% of the radioactivity was released as free D- 

mannose (Fig. 4b). The majority of the radioactive glycopeptide was eluted from 

the Bio-Gel P-4 column in a position close to the point of eludon of the untreated 

component. When the material treated with a-D-mannosidase was passed through 

a concanavalin A-Sepharose column, the radioactivity was quantitatively retained, 

and was eluted with 500mM methyl a-D-mannopyranoside. indicating that the D- 

mannose-rich sequences had remained intact (results not shown). By contrast, 

treatment of RICR21 glycopeptide Fraction C2 with a-D-mannosidase converted 

the component completely into lower-molecular-weight compounds, the major 

part (S&85%) of which was free D-mannose (Fig. 3a). Similar results were ob- 

tained for BHK glycopeptide Fraction C earlier s. showing that these fractions con- 

sisted entirely of oligomannosidic N-glycans with unsubstituted D-mannosyl end- 

groups. Treatment of RICR21 glycopeptide Cl with mixtures of either N-acetyl$- 

D-glucosaminidase plus a-D-mannosidase (results not shown), or P-D-galac- 

tosidase, N-acetyl-P-D-glucosaminidase, and a-D-mannosidase (Fig. 4c) failed to 

release more radioactivity than was obtained with a-D-mannosidase alone. How- 

ever, after treatment with a mixture of these glycosidases and including 

neuraminidase, the Cl component was converted completely into lower-molecular- 

weight material including free D-mannose (68-73% of total), as shown in Fig. 4d. 

These results suggest a basic structure for RICR21 glycopeptide Fraction Cl of a 

core sequence (Man)3(GlcNAc)z +Asn to which is attached at least one 

NeuAc+Gal-+GlcNAc sequence. The structure was unlikely to be the usual dou- 

ble-branched (biantennary) complex N-glycan, however, in view of its smaller size 

and since such a glycopeptide would have been eluted from concanavalin A- 

Sepharose with 1tlmM methyl a-D-glucopyranoside. In order to determine the 

number of NeuAc-+Gal+GlcNAc sequences present in the glycopeptide, we pre- 

pared Fraction Cl from RICR21 cells labelled metabolically with 2-amino-2-deoxy- 

D-[‘JC]glucose. 

Studies of D-[ “C]glucosamine-labelled glycopeptide Fraction Cl. - 
2-Amino-2-deoxy-D-glucose is a precursor of both 2-acetamido-2-deoxy-D-glucose 

and sialic acid units of the sugar chains of glycoproteins. The glycopeptide Fraction 

Cl was isolated by concanavalin A-Sepharose as described for D-[3H]mannose- 

labelled cells in Fig. lb, followed by Bio-Gel P-4 chromatography (see Fig. 5b). In 
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a preliminary experiment, the 2-amino-2-deoxv-I)-[ “Clglucose-lahcllecf RIC”?I i 
Fraction C was mixed with ;I u-[3H]mannose-labelled preparation ( I3 940 and 

10 X30 c.p.m.. respectively) and applied to a Bio-Gel P-4 column. Fractions Cl and 

C? were isolated and assayed for radioactivity. The ratio ot “‘<’ to ‘H in Fraction 

Cl was significantly hrgher (_?XT) than in Fraction C?, indicating a hlghcr content 

of 3-acetamido-2-denxy-D-glucose (and sialic acid) in the former traction. For en- 



N-GLYCANS OF RICIN-RESISTANT BHK CELL-LINE 227 

zymic analysis, 2-amino-2-deoxy-D-[‘4C]g1ucose-labelled Fraction Cl was purified 

further by chromatography on DEAE-Sephacel and the acidic fraction (see Fig. 

3b) treated with a mixture of neuraminidase, P-D-galactosidase and N-acetyl-P-D- 

glucosaminidase. As a control, 2-amino-2-deoxy-D-[“C]glucose-1abelled Fraction 

C2 (Fig. Sb), was treated with the enzymes similarly. The reaction products were 

separated by chromatography on Bio-Gel P-4 (Fig. 6b). As shown, the Cl glyco- 

peptide fraction was degraded extensively to lower-molecular-weight products, al- 

though some undegraded material was present being eluted between column frac- 

tions 51 and 59 (Fig. 6b). Both radioactive sialic acid and 2-acetamido-2-deoxy-D- 

glucose were released by the enzymes together with material of still high molecular 

weight eluted between column fractions 61 and 80 (Fig. 6b). This presumably rep- 

resents the end product of enzyme degradation, containing the core sequence 

(Man),(GlcNAc),Asn. The relative recoveries of radioactivity in the pooled frac- 

tions 61-80, in free sialic acid, and in free 2-acetamido-2-deoxy-D-glucose were 

5220, 1930, and 2372 c.p.m., respectively. Since the core region contains two 2- 

acetamido-2-deoxy-D-glucose units, these results suggest strongly that the Cl 

glycopeptide fraction contains one NeuAc--+Gal+GlcNAc sequence substituting 

into the core sequence. In the control experiment using glycopeptide C2, no free 

radioactive sialic acid or 2-acetamido-2-deoxy-D-glucose was released (Fig. 6b), 

showing that the latter compound was present in the core sequence as nonterminal 

residues and unavailable for enzymic hydrolysis. 

From the known pathways of N-glycan assembly’ and the presence of normal 

amounts of N-acetylglucosaminyltransferase I in RICK21 cell@, the most likely 

basic structure for the Cl glycopeptide fraction is a hybrid-type chain consisting of 

a NeuAc+Gal--+GlcNAc sequence substituting the cY-(l&3)-linked branch of a 

normal core region and unsubstituted D-mannosyl groups on the c-u-(l-+6)-linked 

branch. The failure of Jack bean a-D-mannosidase to release these residues before 

degradation of the sialylated sequence is consistent with previous results obtained 

with the sugar chains of rhodopsin’h,‘7. In rhodopsin N-glycans, a single 2- 

acetamido-2-deoxy-P-D-glucopyranosyl group is located at O-2 of the (1+3)-linked 

a-D-mannopyranosyl residue of the core region. and 3. 4. and 5 &D-man- 

nopyranosyl residues are attached to the a-( l-6)-linked cY-D-mannopyranosyl re- 

sidue of the core. From the extent of degradation of D-[“Hlmannose-labelled 

RICK21 glycopeptide Fraction Cl by mixed glycosidases (Fig. 4d), the major com- 

ponent appears to be a trimannosyl compound, indicating that the processing path- 

way catalyzed by Golgi cY-D-mannosidases’ had proceeded. However, the amount 

of D-mannose released (68-73% of total) is rather higher than the theoretical 

(66%) expected for a trimannosyl structure, and consequently some processing in- 

termediates containing additional D-mannose units may be present. 

Comparison with standard glycopeptides. - The structures proposed for 

RICR21 glycopeptide Fraction Cl are similar to those predicted from the action of 

N-acetylglucosaminyltransferase I on the pentamannosyl intermediate’,“. 

Through the generosity of Dr. H. Schachter, we obtained authentic samples of 
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Fg 7 Cochromatography of 2-amino-2-deouy-u-1 ‘~Clglucose-lahellcd glycopeptlde\ (e) horn 

RICR21 cells and 2-amino-l-dcouy-I,-[ ‘H]glucose-labelled marker glycopeptldcs 3 .md -l (--‘I --s1--l 

Glycopepttdc~ obtained from RICR2 1 cells. labelled metabolically with 2-:lmlno-‘-deo~\-1)-[“C]~luco- 

se. were fractionated on concanavahn A-Sepharo\c. Sdmplcs I 7-bi.S c p In . “‘C ) of Fr.lcrIlm C‘ (WC Fig 

I) Here mlwcd nlth either: (a) Compound 4 ( Ih 500 c p m . ‘II) t)r (hl Compound 3 1.11 .ihll L p m . 
‘H). and apphed to d Bw-Gel P-4 column treated 6s described m the legend to Frg 2 (‘14urnn fraction\ 

were analyzed tcrr radIoactIvIty (c) RICR21 glycopeptlde Frartmn Cl (h-l40 c p m ) WI\ traded %lth :I 

mixture of neurammldase and /.3-r)-galactocldase as described m the text. mixed alth compound 4 

(I6 500 c.p.m 1 ‘H), and then .rppllcd to the column The lo\ncr-moleculdr-\~~l~hl “(’ r;ld1k):ictl\lty 
comlgrated with authentic 12’~acotylneurammlc acd 
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structures analogous to those proposed (3 and 4) which had been prepared, in vitro 

by the addition, in the presence of a purified transferase, of 2-acetamido-2-deoxy- 

Dj3H]glucose from UDP-2-acetamido-2-deoxy-D-glucose to D-mannaside 

glycopeptides of defined sequence containing three or five D-mannose units. In 

order to compare the chromatographic properties of the RICR21 glycopeptide 

Fraction Cl with these biosynthetic, [3H]-labelled glycopeptides, we used RICR21 

glycopeptides labelled with 2-amino-2-deoxy-D-[14C]glucose. 

Samples of 2-amino-2-deoxy-D-[‘4C]glucose-labelled RICR21 glycopeptide 

Fraction C were mixed with the 2-amino-2-deoxy-D-[3H]glucose-labelled 

biosynthetic glycopeptides and chromatographed on Bio-Gel P-4. As shown (Fig. 

7a,b) neither biosynthetic product was eluted together with Subfraction Cl. After 

treatment of the purified Fraction Cl with a mixture of neuraminidase and P-D- 

a 

20 40 60 20 40 60 

Fraction no. 

Fig. 8. Chromatography of L-[jH]f ucose-labelled glycopeptldes on lentil-Sepharose (-Cc). 
RI@21 glycopeptide Fractions Al (a), A2 (b). A3 (c), and Cl (d) ( see Fig. 5) were applied separately 
(each -5000 c p.m.) and eluted successively with buffer, followed by 10 and 2mmM methyl a-D-gluco- 
pyranoside (arrows). Column fractions (1 mL) were analyzed for radioactivity. The separate chro- 
matographies of L-[3H]fucose-labelled Fractions A (7320 c.p.m.) and B (5000 c.p.m.), obtained by con- 
canavalin A-Sepharose chromatography of BHK glycopeptides (Fig. lc). are shown (--O--O--) in (a) 
and (b), respectively. 
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galactosidase. and cochromatography with the trimannosyl biosynthetic compound 

(4). there wus a closer correspondence of the peaks (fig 7~). but the RIC‘K21-dc- 

rived material still migratctl 4gniticantly ahcad of the bic)synthctic product. indicat- 

ing the presence of additional sugar re4ducs A\ cxpcstcd, thcrc WA rclcasc of 

radiortctibe sialic acid tram the RICK’ _ I glycopcptidc tr.i\‘tk>n hi ncuraniinkLt2 

and S-I)-galactcl~idasc. Thi\ material (Fig. 7~) reprrsentcd IT-_‘I’, art the total 

radioactivity. in rcaonahlc qrccrncnt 141th the prehrncc 01 one sl:Aic ,Icid unit in 

a structure containing thrrc ‘-acctamitlo-7-dci~~~-n-gluco~c 1311114 I‘hc thcclr~tlcal 

value would be 2Cr; 01 rclcLlscti radloactlvlty assuminp cqual Iabcll~ng 111 s~;lhc acld 

and ‘-acetamido-‘-d~ox!,-l)-~lu~o4~ umts during grrnvth ot the cells uith the 2- 

amino-3-dco~y-r>-[ ‘~‘C~pluc~sr: precursor 

BHK cells and RTC’ _ ‘{‘I cell\ were grown in mcdlum containinp I -[‘H]fucose. , 

The glycopeptldes produccd by cxhau\tivc Pronasc trcatmcnt crt disruptt‘d cells 

wcrc fractionated b) chromatography on concanavalin A-Ssphnrohe (FIN. 1c.d I. In 

the BHK ccl1 glycopeptides. the complex N-&can< pre\cnt in f+actlon~ .A and 13 

were labcllcd. whereas the ollgomannosidrc N-glyclrns prcscnt In FracIIon (’ urre 

not labelled. By contrast. Fraction C’ of the RI( -‘“Zl cellular gl>copcptidcs was 

heavily labelled (655 01 the total). In ;idditlon. an I -fucose-labullcd t-ractlon A 

was cluted unrctardcd from the column. It i\ of interttst that no r.&~rr~tt\ity ws 

cluted by IOmM methyl tr-r)-~lucopyranosi~~ m the rcgwn tlf Fracticw R of RHK 

cell glyzopcptidcs. thus confirmIng the absrnce of douhlc-branched \-plycans In 

RICK2 I cell glycopeptidt\ The location 01 I.-[“H]fuco\r klhclling III I‘raction C of 

RICKZl glycopeptidcs was contined to the hybrid Cl gI)copeptldc\. ;I\ shown h? 

Rio-Gel P-4 chromatography (FIN. 5b) Thus. the rrsults conlirm ilrc proencr of I - 

fucosc in the hybrid structurck. The biosynthetic control of c‘orc’ I -tucosyl;ltion 

elucidated in r~liro try Schschtcr and BWOC.~ ” ik al\c~ sho\\n ;I\ opcratinp 112 1’11.0 tt> 

this expenment. which further places the I -tucop~runosyl groups 111 thr: RIC”‘Zl 

glycopeptides in TV-( I -41 llnhage to the chitolxwyl sqoence cd I~CSC pl>c*~~pcp- 

tides. 

Additional cvldencc for this assignment has obtamcd by aftinit! chromatop- 

raphy of I -[‘H]fucosc-labcllcd glycoprptides on lcntll &tin-Scphm-cB<e (Fig. 8). 

Recently. the \prcific requirement\ fk)r blnding to this Iectln ha\c hccn dctcr- 
mined 1L’.2(1. The prcsencc 01’ an 1 -fuco\yl group attnchcd to tk core chltobios~l W- 
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quence of gly~opeptides is essential for high-affinity binding. In addition to L-fuco- 

se, two a-D-mannOSy residues that may be nonreducing, terminal groups or substi- 

tuted at O-2 are required. The BHK cellular glycopeptide Fraction B from con- 

canavalin A-Sepharose fulfils all of these requirements. Thus, the L-[3H]fucose 

(Fig. lc) or D-[“HI mannose-labelled (Fig. la) glycopeptide Fraction B was almost 

completely adsorbed to the lentil-lectin column and was eluted only by high con- 

centrations of a hapten (Fig. 8b). By contrast, only a small portion of the L- 

[3~]fu~ose-labelled Fraction A from BHK cell glycopeptide was tightly bound to 

the lentil-lectin column (Fig. 8a). According to Kornfeld et al.“, substitution of 

terminal cu-D-mannosyl groups at O-2 and -4 abolishes affinity for the lectin, 

whereas substitution at O-2 and -6 does not affect binding. Thus, the adsorbed 

glycopeptides probably carry triple-branched (triantennary) N-glycans with an cu-D- 

mannosyl residue bisubstituted at O-2 and -6, and the unadsorbed material repre- 

sents triple- and quadruple-branched N-glycans with a-D-mannosyf units bisubsti- 

tuted at O-2 and -4. When L-~3H]fucose-label~ed RICR21 glycopeptide Fraction Cl 

was passed through the lentil-&tin column, the majority (90-95s) of the radioac- 

tivity was bound and was eluted with hapten sugar (Fig. 8d). The heterogeneity in 

the Fraction Cl revealed by lentil lectin-Sepharose chromatography is consistent 

with the conclusions obtained from glycosidase degradation described earlier. 

Thus, a hybrid structure containing only the three cr-D-mannosyl residues of the 

core region would be expected, from the published data1’*20, to have high affinity 

for lentil lectin, whereas structures containing additional a-D-mannosyl residues 

substituting at O-3 and -6 of a core-sequence cy-D-mannosy! residue may show les- 

ser or no affinity. Unfortunately. glycopeptides of these defined structures were not 

available for direct comparison. 

Glycan structures of RICU21 glycopeptides Fraction A. - As Fig. 8 (a-c) 

shows, none of the L-[3H]fucose-labeled glycopeptides present in RICR21 Fraction 

A (Fig. 5a) had any affinity for the lentil &tin. One interpretation of these results 

for the acidic components (see Fig. 3a) of Fractions Al and A2 is that these glyco- 

peptides contain hybrid structures with two NeuAc~Gal-+GlcNAc sequences sub- 

stituting at G-2 and -4 of the core a!-D-mannosyl residue linked tv-(l-+3) to the p- 

linked D-mannosyl residue. If this interpretation is correct, it implies that the 

specific N-acetylglucosaminyltransferase IV responsible for the addition of a 2- 

acetamido-2-deoxy-D-glucosyl residue to O-4 of the a-( l-+3)-linked D-mannosyl 

residue2’ may utilize a hybrid structure formed by the action of N- 

acetyIglucosaminyitransferase I on the oligomannoside intermediate. 

Some evidence in support of the structures proposed is shown in Fig. 6a. 

2-Amino-Z-deoxy-D-[‘~C]glucose-labelled Fractions Al and A2 were prepared by 

concanavalin A-Sepharose chromatography, followed by Bio-Gel P-4 chromatog- 

raphy. The acidic glycopeptides of each fraction were isolated by elution from 

DEAE-Sephacel (see Fig. 3a), treated with neuraminidasc, ,Q-D-galactosidase, and 

N-acetyl-@-D-glucosaminidase, and rechromatographed on Bio-Gel P-4. Fig. 6a 

shows the results obtained with one of the acidic components {column fractions 31-- 



39, Fig. 3a) of Fraction A?. The material wab extensively degraded h\ ~~lvc‘o~daae . -‘ . 
action. producing free slalic acid, _ ‘-acetamid~~-2-dec~sc-v-~iLlc~~~c. ani! radioactive 

glycopeptides of lower molecular-weight than the untreated tractIon (column trac- 

tions 61-M)). The recovers of radioactivity III this fraction M’;CY I 754 c .p.m.. z~,m- 

pared with 1614 and 1463 c.p.m. in the Galic acid and .‘_-:lcct;lmicicl-‘-cier,s~-r)- 

glucose peaks, respectively. From the ratio ot counts in the thrc*c fr,iction\. it IS cai- 

culated that there arc, respccti\,clp. I.84 and 1 .tih rc\idue\ of 41;111c Gtl anal Z- 

acetamido-2-deoxy-:,-glucose units per core sequence (colum~l fractions 6_‘--80) 

containing two ?-acetamido-?-deoxy-l~-~luc~)s~l rcslducs Stncc the ~l~copt~l~liclc 

did not adsorb to concan;n,al1n or lentil-lectln columns. tilt> I iv’0 

NeuAc+Gal+CilcNAc sequences may he placed most pr~4~hl~ ;I> \uggc\ted k%;lr- 

lier. at O-2 and O-4 of the I>-mannose unit linhed tr-i l--+3) 111 the COIL% ~t~clucnce 

Similar analysis of Al glycopeptide and the second ncldic gl~zoprptidc 01 

Fraction A2 (see Fig. 3a) gave similar results (result\ not shown). Approximatei!, 

two residues of 2-acetamido-2-deoxv-r,-glucose were released. IIov,evrr, thc$e 

fractions apparently contain an excess of sialic acid, Gncc 11.5---Z 7 times as much 

radioactivity was recovered in the free sialic acid peak compared with the free .3- 

acetamido-2-deoxy-D-glucose peak. The placement of the&t, ;idditl~)naI sialic aclil 

groups in the glycopeptide htructure3 is unknown. 

CONCLUSIONS 

The present analysis of the structure of RIG”’ _I glycopeplid~~~ mu4t b,c con- 

firmed by further work. P s. j by using oligusaccharide5 to rliminatt+ thtx cl>mplica- 

tion of a peptide contribution to the chromattrgraphlc propertiea of thr fr;lctlons. 

and by other methods. Nc\erthele\s. our results arc con<istrnt with the folIowIng 

proposals. In RIC”71 cells. processing of nascent .V-gl!canc. ,tttei transfer to 

polypeptidc. proceeds normally to give ;I structure containing a pcnt;l-r)-lnannos~ I 

block (see 1). l’his structure is modified by: (a) N-acet.l~lucc-r~~lmin~ltr:tnsft‘r:lsc I. 

which is present” at normal levels in RICK?1 cells: (h) procc\hinl! hi tu-I)-rn,cn- _ - 
nosidase II to produce. as the major \peciea. a three j)-mlrnnt)\t I rt‘%idnib c‘orc: ic) 

addition of a 2-acetamido-l-dcoxy-n-glucoslvl re4due to C‘-J 01 rhr ( i-- +3)-linkcrl- 

a-n-mannosyl residue of the core sequence in a very minor tracts+-)n; (cl) elongation 

by attachment of ~galactose and sialic ;rcid to the 7-;lcet~irnrd~)--‘-~~~~~~~-I,-~lu~c,~;e 

units added by N-acctylglusos;~rnin~ltransfcr;lse I and I\‘; end (t’) ct trcx : -tucwx~ la- 

tion 

The biosynthetic reasons for the dramatic shift in .Y-giycar? structure in 

RICK21 cells, compared with normal RHK cells. remains to he c&hlished. HOW- 

ever, direct analysis of the levels of ~lycclsyltransf,-rasc~ In RiC’“‘-31 rc!caled” a re- 

duction (70%) in the activity of .Y-acetylglucosaInin\‘!tran41t’r;l Il. measured ir? 

vitro by use of model glycopeptide substrates. This transtcrasr rt~?4 cm the yroces- 

sed product of N-acetylglucosaminyltransfcrase I to start the second br,inch of the 

double-branched complex chains’. It seems unlikely that c\ur ~~.+rlit~r finding” can 
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explain the remarkable absence of normally branched, complex N-glycans in 
RR?21 cell glycoproteins. and other possibilities must be considered. One diffi- 
culty of determining glycosyltransferase activities in vitro is that any model sub- 
strate may function as an acceptor for more than one glycosyltransferase. A com- 
plete absence of a transferase activity, e.g., N-acetylglucosaminyltransferase II, 
may then be missed because of the presence of the other activities in normal 
amounts. The apparent paradox may, therefore, result from the use of an in- 
sufficiently specific enzyme assay. AIternatively, the abnormal assembly of Wgly- 
cans in RICR21 ceils may be due to the substrate specificity of N- 
a~etyl~lucosaminyltransfer~~ II. The preferred substrate, as determined in vitro’, 
is 4. Attachment of a cr-galactosyl to the terminal 2-a~etamid~-2-d~oxy-~-glucosyl 
group may limit action of the transferasez2. Therefore, even if a low activity of 
transferase II is present in RIC”21 cells, elongation of the NeuAc-+ 
Gal-+GlcNAc sequence on the Lv-(l-+3)-linked branch of the core sequence 
catalyzed by the specific glycosyltransferase that are expressed normally in RICR21 
cells’ may occur rapidly to obscure its action. 

Structures of the type proposed for RICK21 glycoproteins have not previ- 
ously been described as major features of normal cellular glycopro~eins. As de- 
scribed earlier, rhodopsin N-glycans have similar structures’“.r7 but the single 2- 
a~etamido-2-deoxy-D-giuc~se unit attached to the cY-{I--+3)-linked branch of the 
core sequence is a nonredu~ing terminal group. More recently, structures similar to 
that proposed for glycopeptide fraction Cl of RICR21 cells have been identified as 
very minor components of human chorionic gonadotropin and secretory compo- 
nents of human milk”~2”. 

Finally, the relationship of the N-glycan structures of RICR21 cell glycopro- 
teins to the poor ricin-binding properties of these cells (-10% of normal cells)4,5 
should be mentioned. Since the major part of the D-galaCtOSe-cOntaining sequence 
appears to be present in hybrid structures. it seems that ricin shows reduced affinity 
for glycoproteins carrying such carbohydrate chains, as compared with normal cel- 
lular glycoproteins containing double-, triple-, and quadruple-branched complex 
chains. In agreement with this conclusion, Baenziger and Fiete’ have shown that 
the presence of one, two, or three ~-acetylla~tosamine units in glycopeptides re- 
sults in a steep, progressive increase in the association constants for ricin, Similarly, 
Debray et a1.2 have shawn that a carbohydrate chain containing only one 
NeuAc--&al-+GlcNAc sequence inhibits ricin-induced haemagglutination less 
well (six-fold) than a structure containing two such sequences. It is possible, there- 
fore, that the altered N-glycan structure of RICR21 cellular glycoproteins is 
sufficient to reduce ricin binding and confer resistance to the cells. These general 
structural alterations may be a rather common feature of ricin-resistant cells. Pre- 
liminary analysis of two other resistant BHK cell lines, namely RICR17 and 19, but 
not others (for example RICR14 and lS>, have shown that a gly~opeptide fraction 
similar in properties to Fraction Cl of RICK21 cells is present as a major con- 
stituent. 
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