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ABSTRACT 

In order to understand glycoprotein biosynthesis and 

processing, we have studied the glycosylation and 

intracellular assembly kinetics of murine IgM. We have 

examined the carbohydrate structures of intracellular v 

membrane-bound and secreted IgMs which are expressed 

functionally only at specific stages of B-cell 

differentiation by the corresponding tumor cell lines. 

We have shown that the majority of carbohydrate 

chains on intracellular IgM contain predominantly 

ManaGIcNAc2 regardless of the developmental stage of the 

cell. The rate limiting step in the carbohydrate processing 

is the transport from the RER to the Golgi apparatus. We 

made comparisons of carbohydrate structures on secretory and 

membrane-bound u chains produced by different cell lines. 

Our results show that the carbohydrates on WEHI231 membrane

bound IgM are less processed, and the processing at indivi

dual glycosylation sites is different for IgMs produced by 

plasmacytoma (MOPCI04E) and hybridoma (MPCllxW279.2) cell 

lines. 

In addition, we also show that the glycosylation and 

processing are dramatically altered by lowering the glucose 

concentration in the cell culture medium. These results are 

xi 



a beginning for our understanding of the influence of the 

polypeptide on the final glycosylation patterns of a 

glycoprotein, and the genetic and environmental control over 

the carbohydrate processing during intracellular transport. 

The kinetic studies on IgM synthesis and maturation 

in WEHI23l as well as WEHI279.1/12 cells have led to the 

conclusion that membrane bound IgM and soluble IgM are 

segregated and processed individually even in the same cell. 

These differences appear to lead to the changes in 

carbohydrate/processing for membrane-bound and soluble IgM. 

xii 



BACKGROUND AND GENERAL RATIONALE 

Glycoproteins can be defined as macromolecules that 

contain peptide chains made by normal protein synthesis 

within the cell to which carbohydrate moieties have been 

added by post-translational events. Glycoproteins are 

ubiquitous and are found in the extra- and intra-cellular 

fluids, connective tissue and cell membranes. Most of the 

circulating proteins found in living organisms are 

glycoproteins. Indeed, albumin and pre-albumin are the only 

two non-glycoproteins out of more than 60 proteins 

identified in human serum. The carbohydrate content of 

glycoproteins can vary from a few percent to making up the 

majority of the molecular weight of the molecule. For 

example, human immunoglobulin G has 3.9% and human 

glycophorin 60% carbohydrate (Marshall 1979b). 

structure and Function of Glycoprotein Carbohydrates 

The common carbohydrate moieties occurring in glyco

proteins are constructed from only 9 different monosaccha

rides (Hood 1978). Most of these are hexoses (glucose, 

galactose, mannose) and their simple derivatives including 

amino sugars (glucosamine and galactosamine). A deoxyhexose 

(fucose), two pentoses (arabinose and xylose), and a nine 

carbon family of sugars known as the sialic acids are also 

1 
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present in glycoproteins (Hood 1978, Sharon and Lis 1981). 

More than 20 different sialic acids have been identified, 

with N-acetyl and N-glycol neuraminic acids the most common. 

In general, glycoproteins appear to contain all sugars in 

the D-form, with L-fucose and L-arabinose the exceptions 

(Marshall 1979b, Sharon and Lis 1981). The carbohydrate 

side chains are linked to the polypeptide backbone through 

the covalent bond formed between an amino acid and the 

reducing end sugar moiety. There are at least six types of 

polypeptide linkages in glycoproteins (Table 1). The major 

glycopeptide bonds are (i) N-glycosyl linkages between 

GlcNAc and asparagine, and (ii) O-glycosyl linkages which 

are formed between the anomeric carbon of one monosaccharide 

(GalNAc, Xyl, Gal or Ara) and the hydroxyl group of either 

serine, threonine, hydroxylysine or hydroxyproline (Hood 

1978, Sharon and Lis 1981). A single glycoprotein can 

contain more than one type of linkage. Recently, the low 

density lipoprotein receptor of hepatocytes has been shown 

to contain both asparagine linked and serine/threonine 

linked oligosaccharides (Cumming et ale 1983). 

with three or four free hydroxyl groups of equal 

chemical reactivity on each monosaccharide and the anomeric 

property of the glycosidic linkage, highly variable 

carbohydrate moieties are good candidates for serving as 

information carriers in biological systems. For example, 

three different pyranose rings could form .1056 isomers 
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Table 1. Types of 01 igosacchar ide linkages to po 1 ypeptide 
in glycoprot~ins. 

Sugar 

N-Acety1g1ucosamine 
Xylose 
N-Acetylgalactosamine 
Galactose 
Arabinose 

Amino acid 

Asparagine 
Serine 
Threonine or serine 
Hydroxylysine 
Hydroxyproline 

Type of linkage 

N-Glycosidic 
O-Glycosidic 
O-Glycosidic 
O-Glycosidic 
O-Glycosidic 
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compared with six possible isomers for three amino acids 

(Sharon and Lis 1981). It is generally accepted that carbo

hydrate-containing materials act as determinants in cell-to

cell and cell-to-environment interactions (Whaley, Dauwalder 

and Kephart 1972, Ashwell and Morell 1977). 

The physical, chemical and biological proper.ties of 

glycoproteins depend on the nature of the sugars present in 

the carbohydrate groups, the distribution of the 

carbohydrate moieties along the polypeptide chain and the 

structure of the carbohydrate in the macromolecules 

(Marshall 1979a). It has been suggested that the 

carbohydrate moieties of glycoproteins play two important 

roles. First, a physicochemical role involves the confor

mation of the protein moiety. Second, a biological role 

includes the notion of recognition signals brought by carbo

hydrate groups (Montreuil 1975). It has been suggested that 

the carbohydrate moiety could influence the conformation 

(folding) of a glycoprotein (Montreuil 1975, Marshall 

1979a), and prov ide for the stabi 1 i ty by protecting protein 

from intracellular proteolysis (Loh and Grainer 1979, Prives 

and Olden 1980, Green, Meiss and Rodriguez-Boulan 1981). 

The carbohydrate units may also be involved directly in the 

expression of the biological functions of glycoproteins 

(Simeral et ale 1980, Wagh and Bahl 1981). In some cases, 

glycosylation is necessary for the secretion of some pro-
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teins, but not for others (Melchers 1973, Hickman and 

Kornfeld 1978, Olden, Pratt and Yamada 1978, Plantner, Poncz 

and Kean 198(3). Some of the well defined biological 

functions which have been documented for the carbohydrate 

groups inc 1 ude determini ng human blood types (Hughes 1976, 

Sharon and Lis 1981) and lectin affinities (Hughes 1976), 

intracellular targeting of lysosomal enzymes (Hand and 

Oliver 1977, Rome et ale 1979, Fischer et ale 198(3), parti-

cipation in cell-cell adhesion Stockert, Morell and 

Scheinberg 1974, Grabel, Rosen and Martin 1979), antigen-

antibody reactions (Matsuuchi, Wims and Morrison 1981), and 

regulation of the life time of circulating asialoglycopro-

teins (Kawasaki and Ashwell 1976, Lunney and Ashwell 1976)0 

Biosynthesis and processing of Asparagine
Linked-Oligosaccharides 

The study of carbohydrate moieties on glycoproteins 

developed relatively slowly until two decades ago. It was 

not until the early sixties that the nature of the 

carbohydrate-peptide linkage in any glycoprotein was 

identified (Marshall and Neuberger 1964). Since then, a 

great dea'l of information on the structures, synthesis and 

functions of carbohydrates has been revealed from studies by 

numerous laboratories. The O-linked structures which vary 

from a single galactose residue to the compleK 

"megalosaccharide" structures of the blood group substances 
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(Kornfeld and Kornfeld 1976), are less understood in terms 

of their sites of assembly and functions. The N-linked 

glycopeptides, in contrast, form a homogeneous group of 

related structures and are widely distributed in animals, 

plants and microorganisms. Considerable progress has been 

made in understanding their synthesis and processing. 

Details are reviewed by Hubbard and Ivatt (1981). Here, we 

will brie-fly describe the process with emphasis on recent 

progress in understanding possible regulatory/control steps 

in the pathway which leads to the final oligosaccharide 

structures. 

It is now accepted that all N-linked oligosaccharides 

are derived from a common preassembled lipid-linked precur

sor. The lipid carrier "dolichol phosphate (Dol-P)" 

involves a cyclic sequence (see Figure 1, Turco and Robbins 

1978) of the addition of N-acetylglucosamine, mannose and 

glucose from their respective sugar nucleotides to dolichol 

phosphate. The final product (structure III in Figure 2, 

Hubbard and Ivatt 1981) contains three glucose, nine mannose 

and two GlcNAc residues with the glucose and the majority of 

the mannose res idues present in J. -1 i nkages (Henner, Kess ler 

and Bahl 1981). The entire assembled lipid-linked 

Glc3Man9GlcNAC2 can then be incorporated into the recipient 

polypeptide. In cells in which protein synthesis was 

decreased or abo 1 i shed, the rate of 01 igosacchar ide-l ipid 

assembly was found to be proportional to the rate of protein 



UOP~ltNAc 

,,: "' ft 
DoHo P -GIeNAc Dol-P-P...!. GleNAe .!!.GI: NAc 

UOP .!.GItNAc f a \ 
GDP- Man -------J~ 

D"-~ \. • DoI_P_p-,-., • .!L .. ""L.", 
~DoI-P:"" 
\ '---T--00IOP-GIC ---

UOP..!!..Glc 

Polypeplilb 
"- D fJ fJ a ri/!Y(lephde-N-GkNAe -G\eNAc -Mon- (Man,-Gley' 

(GlcI,~ \IGIClr 

uan~ ~Man 
~1pephj:-N ~i:r.:Ac E.GtNAc !!"Jkn!' (Man)I-D Polypeptide- N£'GicNAc !!..GkNAcE.Uan.!. IUan)z 

L.-UOP-GlcNAc, UOP-GclI. 

High Mannose Glycopeptide ~ CMP-HAHA 
o Po~da-N!!.GIcNAc.!G1cNAc!IAQII.!.M:In&

[GlcNAc-Gol-NANA)2. 

Complelt Glycopeptide 

Figure 1. schematic pathway of the biosynthesis of 
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synthesis (Hubbard and Robbins 1980). 
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The availability of 

the carrier lipid necessary for initiation of a new lipid

linked oligosaccharide chain was limited because of the 

reduced transfer of a completed chain to protein in these 

cells. During synthesis, the sugar nucleotides which 

serve as precursors to the oligosaccharide chain are synthe

sized almost exclusively in the cytoplasm (Carey, Sommers 

and Hirschberg 1980). However, the glycosylation event 

occurs co-translationally within the lumen of the rough 

endoplasmic reticulum (Bergman and Kuehl 1977, Hanover and 

Lennarz 1980, Snider and Robbins 1982). The cytoplasmic 

sugar nucleotides thus must be transported across the ER 

membrane at some point during the synthesis and accumulation 

of mature, luminal oligosaccharide-lipid. Recently, it has 

been shown that ManSGlcNAC2-lipid is assembled on the 

cytoplasmic side of the ER membrane and then translocated 

across the membrane to the luminal face (Snider and Rogers 

1984). The mechanism of transmembrane assembly of the oli

gosaccharide chain from cytoplasmic precursors is still 

unknown. A model has been proposed in which the 

transbilayer formation of chitobiosyl-lipid (Dol-P-P

NACGlc2) and its elongation to oligosaccharide-lipid is a 

coupled process that occurs in a transmembrane mUltienzyme 

complex (Hanover and Lennarz 1982). The polyisoprenoid 

lipid (dolichol) may be involved in anchoring the growing 
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glycan to the membrane-bound enzyme complex. 

The three glucose residues at the non-reducing end 

of one branch of the lipid-linked oligosaccharide are essen

tial for efficient transfer of the carbohydrate units to 

endogenous protein acceptors (Spiro, Spiro and Bhoyroo 

1979a). The glucosy1ated lipid-linked oligosaccharides have 

been shown to be more effective donors than the smaller a

glucosy1 derivatives (Turco, Stetson and Robbins 1977). 

G1ycosylation and synthesis of polypeptide are 

closely coupled in the lumen of the endoplasmic reticulum. 

The synthesis starts on a free ribosome and the nascent 

peptide carries a "signal" usually near its amino-terminal 

end (Chang, B10be1 and Model 1978). When the first 20-30 

amino acids of the signal sequence are recognized, the poly~ 

peptide can be inserted into the membrane of the rough 

endoplasmic reticulum by means of topographic catalysis (a 

polypeptide transport port or by proteinaceous pore 

(Lodish and Rothman 1979, Muller et a1'. 1982). Once in the 

lumen of the reticulum, the signal sequence is removed. The 

protein continues to elongate, and the oligosaccharide side 

chain is then transferred from the lipid intermediate to the 

asparagine residues of the growing polypeptide chain. The 

glycosy1ated polypeptide will migrate to the Golgi apparatus 

for the modification of sugars and then to the plasma mem

brane. At this stage, soluble glycoproteins are secreted 

from the cell while membrane glycoproteins probably become 
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part of the plasma membrane by the fusion of vesicle 

carriers. 

Soon after the transfer of glucose-containing oligo

saccharide from the lipid carrier to nascent polypeptide, 

the glucose residues are enzymatically cleaved from the 

protein-linked oligosaccharide. At least two separate 

enzymes appear to participate in this reaction (Grinna and 

Robbins 1979). Glucosidase 0, which may be an ~-(1,2)

glucosidase, removes the distal glucose from 

Glc3Man9GlcNAc2' Glucosidase A/B, probably an cl-(1,3)

glucosidase, can sequentially remove the glucose from 

Glc2Man9GlcNAC2 and GlclMan9GlcNAC2' Both glucosidases are 

integral membrane proteins and appear to be located on the 

cisternal surface of the rough and smooth ER. The thyroid 

glucosidase (Spiro et ale 1979a) also acts on the 

oligosaccharide-lipid donor o This enzyme not only initiates 

the processing of the oligosaccharide after the transfer to 

protein, but may also control the level of glucose

containing oligosaccharide-lipids available for protein 

glycosylation. 

After the glucose residues are removed, the 

intermediate Man9GlcNAc2 can be further processed into 

different final structures. Further processing was 

originally thought to occur in the Golgi apparatus where 

several ol.-mannosidases have been identified and partially 
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purified. However, a different endoplasmic reticulum ~

mannosidase that cleaves ~l,2) Man from Man9GlcNAc2 has 

been recently identified (Atkinson and Kabcenell 1983, 

Bischoff and Kornfeld 1983). This suggests that some 

mannose residues may be removed from glycoproteins before 

they reach the Golgi compartment. 

At least four groups of asparagine-linked 

o 1 i go sac c h a rid e s h a ve bee n c 1 ass i f i ed (N a r a s i m han 1 9 8 2) ; ( i) 

high mannose (ii) complex (iii) hybrid oligosaccharides 

containing both high mannose and complex chains and (iv) 

oligosaccharides containing repeating (Ga1~1~4GICNACfl~3) 

sequences. The first two are the most common structures 

found in glycoproteins. They share a common inner core 

region which is composed of three mannose and two N-acety1-

glucosamine residues (Figure 2). If a glycosy1ation site 

is destined to carry high mannose type carbohydrate, there 

will be a limited trimming of mannosy1 residues. The inter

mediate MangGlcNAC2 loses 6 mannose residues in two phases 

to form the Man3 core of complex glycoproteins. The first 

phase removes the four d-l,2-Man residues from protein~ 

linked MangGlcNAC2 to Man5G1cNAC2 by mannosidase IA (Tabas 

and Kornfeld 1979) or IB (Tulsiani et ale 1982). Both 

enzymes can be prepared from Golgi apparatus membranes. In 

the MangGlcNAC2 of VSV G protein and the human IgM Asn 563, 

the four J-l,2-Man residues are removed in the order B, AI' 

C, A2 (see Figure 2 ). At Asn 402 the sequence of removal 
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Figure 2. Structures of representative asparagine-linked 
oligosaccharides from glycoproteins and of a dolichol-linked 
oligosaccharide. 
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is A1 , C, A2 , B (Kornfeld, Li and Tabas 1978, Chapman and 

Kornfeld 1979a, 1979b, Cohen and Ballou 1980). The relative 

role of mannosidase IA and IB involved in the trimming is 

unknown. However, we would not be surprised to find that 

the specificity and relative rates of mannosidase IA and IB 

are involved in determining processing sequences. To com-

plete the mannosy1 trimming process, mannosidase II in the 

Go1gi complex can convert ManSGlcNAC2 to Man3G1cNAc2 as the 

second phase of trimming (Tulsiani et a1. 1982). 

During the processing from ManSG1cNAC2 to 

Man3G1cNAc2' an N-acetylglucosamine residue must be 

transferred by GlcNAc-transferase I (as shown in Figure 3) 

to the ManSGlcNAC2 intermediate. This transfer allows the 

~-D-mannosidase to cleave the two outer noncore mannose 

residues (Narasimhan, Stanley and Schachter 1977, Robbins et 

ale 1977, Harpaz and Schachter 1980). The GlcNAc-

transferase II can then add a second (~1,2)G1cNAC residue to 

the remaining terminal mannose residue. When GlcNAc

transferase I is absent, as seen in lectin-resistant mutant 

cell lines (Tabas, Schlesinger and Kornfeld 1978, Hunt 1980a 

& 1980b), there is no addition of either GlcNAc or fucose to 

the Man3GlcNAC2 core and consequently, no addition of galac

tose to GlcNAc or sialic acid to galactose, even though all 

other glycosyltransferases required for these reactions are 

present. GlcNAc-transferase I therefore controls the entire 
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elongation process. GlcNAc-transferase III has been 

recently described in several mammalian tissues (Harpaz and 

Schachter 1980, Narasimhan et ale 1980, Narasimhan 1982). 

This enzyme adds a third outer (~1,4)G1CNAC residue to the 

~-linked Man of the trimannosyl core. The GlcNAc residue is 

called a "bisecting" GlcNAc and appears to play an important 

control function in the synthesis of complex N-linked oligo

saccharides since its presence prevents removal of the last 

2 mannosyl residues and therefore controls the synthesis of 

"hybrid" oligosaccharides which contain both high mannose 

and complex structures on a single oligosaccharide chain 

(see Figure 3 ). The enzyme which catalyzes the attachment 

of a (~1,4)GICNAC residue to the Man residue in biantennary 

structures containing GlcNAc but not sialic acid or galac-

tose at the nonreducing ~ermini has been identified 

(Cummings, Trowbridge and Kornfeld 1982, Schachter et al. 

1983). This enzyme, GlcNAc-transferase IV, initiates the 

third antenna or branch. Therefore it routes the synthetic 

pathway towards triantennary, bisected triantennary and 

tetraantennary complex oligosaccharides. Mutants deficient 

in this enzyme synthesize markedly decreased amounts of tri-

and tetraantennary glycopeptides, and increased amounts of 

biantennary glycopeptides. Since highly branched complex 

oligosaccharides appear to be related to some aJ.terations 

observed in the cell surface carbohydrate composition of 

transformed cells (Atkinson and Hakimi 1981), the levels of 
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this enzyme in normal and transformed 6ell lines is of 

particular interest. 

Terminal sugars (galactose, fucose and sialic acid) 

are then added to the nonreducing termini of the 

01 igosaccharide. The presence or absence of each of these 

sugars in an oligosaccharide or variations in the nature of 

their attachment to an adjacent sugar residue, plus the 

incomplete processing of oligosaccharide chains during bio

synthesis and the post-biosynthetic degradation often cause 

structural heterogeneity in glycoproteins. The heterogeneic 

differences include number and size of oligosaccharide 

branches, and the degree of substituted terminal sugars such 

as fucose and sialic acid (Stanley and Sado 1981). The 

heterogeneity alters the function of glycoproteins (Halbeek 

et ale 1981) and provides another way for biologic 

specificity. Other modifications such as phosphorylation 

and sulfation can also take place during the processing of 

glycans. Several of the high mannose structures on 

lysosomal enzymes have been shown to contain phosphate at 

position 6 of mannose, and this residue is believed to be a 

signal for the subcellular transport of newly synthesized 

lysosomal enzymes (Varki and Kornfeld 1980). Sulfation 

occurs primarily in keratanis. It occurs at position 6 of 

GlcNAc or Gal and is found only in about 10% of oligo

saccharide chains (Roden 1981). These modificatjons add even 
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further specificity to already complicated structures on 

glycoproteins. 

Factors Determining G1ycosy1ation and 
Oligosaccharide Formation 

Factors which have been established to be the 

determinants of glycosy1ation and final oligosaccharide 

structure include the protein structure, availability and 

specificities of processing enzymes, and the glycosy1-

residues appearing in the ongoing processed oligosaccharide. 

The structure and conformation of the processed proteins is 

believed to be the important factor in determining glycosy-

1ation (Weitzman and Grennon 1979, Rosner, Grinna and 

Robbins 1980). First, the tripeptide Asn-X-Ser(Thr) in 

which X can be any amino acid is a necessary sequence for 

glycosy1ation (Aubert, Biserte and Loucheux-Lefebvre 1976, 

struck, Lennarz and Brew 1978). However, this sequence 

represents only a minimum requirement. Protein may be fully 

g1ycosy1ated at one Asn-X-Ser(Thr) site but lack 

carbohydrate at another. A (3 -turn structure in the peptide 

is often favored for the sugar chain attachment (Aubert et 

a1. 1976, Bee1ey 1977, Bush, Duben and Ra1apati 1980). In 

studies of 31 glycosy1ated residues, 30 occur in sequences 

favoring turn or loop structures, and 22 of the glycosy1ated 

asparagine residues were predicted to have a ~turn confor

mation (Bee1ey, 1977). p-turns are often associated with 

termination of helical or sheet structures at the surface of 
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globular proteins, and the surface location may be favored 

for glycosylation. The masking of turn conformations by the 

addition of carbohydrate may stablize the protein from pro

teolysis and the carbohydrate moiety itself may planted on 

the core of the glycoprotein as an "antennae" to provide 

glycan specificity. The intrinsic factors such as the 

overall tertiary structure of the protein and the 

conformational changes of the molecule as influenced by its 

microenvironment may affect the actions of glycosidases and 

glycosyltransferases, and thus determine the final struc

tures of the oligosaccharide chains. 

During the second phase of processing, two or more 

glycosyltransferases or glycosidases may compete for a 

common intermediate. The routing of the synthetic pathway 

thus can be controlled by the relative activities of the 

competing enzymes. In their recent review, Schachter et ale 

(1983) have shown that some of the processing intermediates 

are indeed at crossroads in potential processing pathways. 

For example, GlcNAc-transferase III of hen oviduct is much 

more active than mannosidase II in this tissue. Since 

action by GlcNAc-transferase III prevents further mannose 

removal, the only available paths for further elongation are 

by Gal- and Sialyl-transferases. Thus the final 

carbohydrate structures on the hen oviduct membranes are 

hybrids of high mannose and complex structures. 
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Another example of enzyme competition occurs during 

the addition of terminal sugars. Since the acceptor 

substrate specificities of the sialyl and fucosyl

transferases often overlap, both enzymes can utilize the 

same acceptor substrate but neither can use the product of 

the other transferase as an acceptor. Thus sialylation and 

fucosylation are often alternative means of chain 

termination (Beyer et ale 1979). 

Finally, the glycosyl residues themselves appearing 

in the oligosaccharides used as substrates are also 

important in determining the carbohydrate structures. They 

can influence the conformation of the polypeptide chain by 

ionic, hydrophobic or hydrogen bond type interactions of 

glycan-protein and glycan-glycan (Marshall 1979b, Montreuil 

1975). As mentioned previously in the carbohydrate 

processing section, incorporation of a key glycosyl residue 

into an oligosaccharide may convert a nonsubstrate to a 

substrate (like the GlcNAc inserted by GlcNAc-transferase I 

is essential for the action of at least five enzymes). 

Conversely, a substrate can be also converted into a nonsub

strate by inserting a key glycosyl residue. For example, 

the addition of bisecting GlcNAc by GlcNAc-transferase III 

will prevent the action of at least four enzymes (Schatcher 

et ale 1983). The three dimensional structure of the oligo

saccharide used as substrate is likely involved in this 

particular enzyme-substrate binding. Processing pathways 
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have been proposed for the synthesis of many of the struc-

tures found at the nonreducing termini of the 

oligosaccharide chains (Beyer et ale 1979, Schachter et a1. 

1983) • These results suggest that oligosaccharide biosyn-

thesis in vivo is regulated not only by the 

glycosy1transferases and glycosidases available but also by 

the order in which they act. 

System of Study 

Although there have been many studies of 

carbohydrate molecules since the early 1950's, the progress 

in elucidating the structure of oligosaccharides is still in 

a state of infancy. First, the microheterogeneity of the 

outer sugar residues poses special problems in purification 

and characterization of glycoproteins. Second, it is diffi-

cult to obtain enough material to perform detailed 

structural studies. However, some new and powerful 

techniques, such as the utilization of a series of immobi-

1ized lectin columns and high resolution proton nuclear 

magnetic resonance (NMR) spectrometry have been developed in 

the last few years. with improvements in chemical proce-

dures, the availability of a battery of endo- and exo-

glycosidases and developments in combined gas chromatography 

mass spectrometric techniques, researchers now can make more 

extensive structural analyses. In fact, some of the struc-

tures proposed earlier have had to be revised after reexami-
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nation with the newer methodology. 

In this dissertation, experiments have been designed 

to study the structures and synthesis of oligosaccharides on 

the heavy poiypeptide chain of IgM. The known functions of 

the oligosaccharides on immunoglobulins can be summarized as 

follows: (i) glycosylation is necessary for the normal 

secretion of newly made IgM, IgE and IgA (Hickman and 

Kornfeld 1978, Sidman 1981b); (ii) three out of five N

linked carbohydrate moieties on the u chain are localized in 

~-turns (Aubert et ale 1976), the attachment of sugars may 

produce poor substrate sites for proteolytic enzymes and 

reduce degradation; (iii) the structures of carbohydrate on 

the immunoglobulin heavy chain influence the strength of the 

interaction of an antibody with polymeric antigen 

(Matsuuchi, wims and Morrisqn 1981b) and specificity of the 

antibody (Matsuuchi, Sharon and Morrison 1981a); (iv) the 

carbohydrate moiety facilitates the conformational change of 

antibody upon binding of antigen (Palm 1976); (v) carbohy

drate is essential for effective complement activation, the 

binding to Fc receptors on macrophages, and rapid el imina

tion of antibody-antigen complexes from the circulation 

(Nose and Wigzell 1983). 

All immunog 1 obu 1 ins con ta i n carbohydra tes, the 

content of which varies from one class to another. Among 

these, the u polypeptide of murine IgM has a known amino 
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acid sequence and is larger and carries more numerous and 

varied carbohydrates than ~, t or light chains. Also the 

secretion of IgM is more affected by tunicamycin (inhibitor 

of glycosylation) than the secretion of IgA or IgG. 

Furthermore, at least three species of u-chain can be syn

thesized by B lymphocytes during cell differentiation; 

ui(internal)' um(membrane) and us(secreted). These chains 

differ in their cellular location, size and charge. This 

provides a suitable system for the study of carbohydrate 

structures and synthesis of closely related molecules 

existing in different environments. 

A series of differentiation stages during the 

maturation of B lymphocytes has been well identified. The 

stem cell differentiates into a pre-B cell that synthesizes 

only internal mu chains but not light chains (L). Pre-B 

cells then undergo additional changes and become small B 

lymphocytes. At this stage, light chain is expressed and 

IgM monomers (U 2 L2 ) are displayed as cell surface antigen 

receptors. Upon stimulation with antigen, the B lymphocytes 

differentiate to become plasma cells which secrete large 

quantities of pentameric IgM molecules, (U 2 L2 )SJ, held 

together by disulfide bridges between monomers and the J 

chainu It is now established that the membrane bound u 

chain is slightly larger than the secreted u chain and has 

an extra hydrophobic tail which allows for the integration 

of the IgM into the lipid bilayer of the plasma membrane 
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(Alt et ale 1980, Rogers et ale 1980). 

The Us molecules contain five oligosaccharide chains 

as seen in human and MOPC l04E IgM. The first three 

carbohydrate chains have been reported as complex and the 

last two are of high mannose type. The u polypeptide chain 

can be cleaved into several fragments by cyanogen bromide 

(Figure 4). The five oligosaccharides are attached to four 

fragments which can be separated for studies of the 

carbohydrates. 

The cell lines providing the u chains for this study 

are malignant cells derived from B cell lineage. The 

immunoglobulins produced by malignant cells have been widely 

used for research. These tumor cells synthesize homogeneous 

immunoglobulins which are indistinguishable from normal 

i mm uno g lob u 1 ins by all a va i lab 1 e c r i t e ria ( H 0 0 d 1 9 7 8) • 

Figure 5 illustrates the various stages that have been 

characterized in the development of stem cells to mature 

plasma cells and their corresponding tumor cell lines used 

in this study. Among these, hybridoma (MxW) cells that 

secrete pentameric IgM molecules composed of W279 Us chains 

are generated by the fusion of W279 cells with myeloma cell 

line MPC 11. CB 132 is a pre-B cell like tumor line. It 

was made from the fusion of murine fetal'liver cell and a 

nonproducing myeloma variant. This cell line produces 

intracellular u heavy chain but no light chain. W279 and 
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W231 lymphoma cell lines correspond to the early small 

resting B cell. Only membrane IgM is functionally expressed 

at this stage. W279.1/12 represents a clone of lymphocytes 

transformed between the two stages of nonsecreting B cells 

and plasma cells (Kehry et ale 1980, Sibley et a1. 1980). 

Dissertation Goals 

Because of the distinctive advantages of using the 

IgM system to study the structure, biosynthesis and function 

of eucaryotic glycoprotins, our laboratory has established a 

number of lymphoma, hybridoma and plasmacytoma cell lines as 

described above. Our ultimate goal is to learn about the 

mechanisms determining carbohydrate structures on proteins. 

My dissertation project was to look into the carbohydrate 

moieties on this particular glycoprotein and their changes 

during cell differentiation and environmental effects. The 

research involves studies of carbohydrate structures at 

individual glycosy1ation sites on IgMS which are expressed 

at different stages of differentiation. The chain assembly 

and polymerization of IgMs during intracellular transport 

has also been investigated. In the study of glucose depri

vation effect, I have observed a changed glycosy1ation 

pattern on the MxW hybridoma secretory u chain. Together 

with ongoing carbohydrate studies in this laboratory on the 

normal u chains secreted by MOpe 104E myeloma and hybridorna 

P700 cell lines, and altered u chains produced by a number 
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of mutant cell lines some of which appear to hyperglycosy

late IgM and others with deletions of some of the glycosyla

tion sites, we are able to compare the carbohydrate struc

tures on the, same glycoprotein produced by different cell 

lines or by the same cell under different growing conditions. 

These studies provide important clues about events occurring 

in the Golgi apparatus and let us start to understand the 

influence of the polypeptide on the carbohydrate processing, 

relationship between the glycosylation and assembly of pro

teins, and perhaps the genetic and environmental control 

over the carbohydrate processing during the intracellular 

membrane flow of a glycoprotein from synthesis to its final 

destination. The final section in this dissertation was 

involved in the kinetic study of the synthesis of membrane 

bound and soluble 19M in the cell lines which produce both 

urn and Us in the same cell. I conclude that these two highly 

related proteins are segregated and mature at different 

rates. The results imply differences in carbohydrate 

processing for membrane-bound and soluble IgM. 



METHODS AND MATERI~LS 

Cell Lines and Culture Conditions 

The cell lines used in this work are representative 

of different stages in B lymphocyte development. The 

MPCllxW279.2 (MxW) hybridoma was generated by a fusion 

between MPCll myeloma and WEHI279 lymphoma cells. MOPC l04E 

is a plasmacytoma cell line induced by the intraperitoneal 

injection of mineral oil. Both cell lines correspond to 

terminally differentiated plasma cells, actively synthesize 

and secrete immunoglobulin M into the culture media and 

contain little, if any, membrane IgM molecules (Raschke, 

Mather and Koshland 1979). They were the gift of Dr. Leroy 

Hood at The California Institute of Technology. Cell lines 

WEHI 231 (W23l) and WEHI 279.1/12 (W279.l/l2) were the gift 

of Dr. Noel Warner (Becton Dickinson Co. Monoclonal Labora

tories). W23l lymphoma cell line corresponds to the early 

small resting B cell. The cells express membrane IgM predo

minantly and do not secrete IgM (Kehry et ale 1980). 

W279.l/l2 represents a clone of lymphocytes apparently 

transformed between the two stages of a nonsecreting B cell 

and a secreting plasma cell. W279.l/l2 cells exhibit 

increased secretion of pentameric IgM and maintain membrane 

bound IgM in contrast to W279 which expresses only membrane 

bound IgM. CB 132 is a pre-B cell like tumor line. It was 

28 
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a product of the fusion of murine fetal liver cells and a 

nonproducing myeloma variant. This cell line produces 

intracellular u heavy chain but no light chain. It was a 

gift from Dr. Howard Grey at National Jewish Hospital, 

Denver, Colo. 

MOPC 104E cells were routinely passaged by the 

intraperitoneal injection of Fl generation BALB/C x DBA 

mice. All other cell lines were routinely maintained in 

stationary culture in Dulbecco's Modified Minimum Essential 

Medium (DMM, Grand Island Biological Co. Santa Clara, Ca) or 

RPMI 1640 (CB 132) supplemented with nonessential amino 

acids, 2-mercaptoethanol and either 10% (MXW, W279.l/12 and 

W231) or 15% (CB 132) heat inactivated fetal calf serum. 

Antibiotics, including penicillin and streptomycin were 

added to the medium at concentrations of 50 units/liter and 

50ug/ml, respectively. Cells were incubated in a humidified 

atmosphere containing 5% CO 2 at 37°C. 

Radiolabeling of Cells 

The radiolabeling methods used in this study can be 

divided into metabolic and external. Radioactive precursors 

which will be metabolized and incorporated into 

glycoproteins were used in the metabolic labeling studies. 

In the studies of carbohydrate moieties of the heavy chains 

of intracellular, secretory and membrane IgM, [3 H] leucine or 

[3H]mannose (New England Nuclear) were added into the tissue 
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culture media for various times. For the ionophore 

treatment, 10- 6 M monensin (CalBiochem.-Bohring Corp.) was 

added 30 mins before labeling (Strous and Lodish 1980). In 

the study of the effect of glucose deprivation, the 

hybridoma cells were incubated with various radioactive 

sugars in Dulbecco's Modified Minimum Essential Media (DMM) 

from GIBCO except that the glucose concentration was 0-1 

gm/l instead of 4 gm/l. For the pulse-chase and variable 

pulse labeling experiments performed in the investigation of 

biosynthesis kinetics of membrane and secretory IgM, cell 

pellets were suspended and incubated in cysteine-free DMM 

containing one tenth of the normal methionine concentration 

for 30 mins before labeling. For pulse labeling, aliquots 

of cells were washed twice with PBS after various periods of 

incubation with r35 S]cysteine. The washed cells and 

labeling media were then stored frozen for further analyses. 

For pulse-chase experiments, the labeled cells were washed, 

resuspended in normal medium and divided into several 

aliquots. 

External labeling used lactoperoxidase-catalyzed 

iodination (Pink and ziegler 1979). Cells (W231) were 

washed twice and suspended in PBS (pH 704) containing 20 mM 

glucose at a concentration of 1-5x107 cells/mI. Twenty ug 

of lactoperoxidase, 0.1 U glucose oxidase and 0.5-1 mCi 

NaI l25 were then added to the cells at 20 C and left for 30 

mins in a stoppered tube. Five ml precooled PBS containing 
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10-3 M PMSF were added to stop the reaction. The incubation 

medium was removed and cell pellets were washed 4 times with 

PBS containing 5 mM K1 before storing at -20°C. 

Preparation of Cellular Extracts 

To isolate intracellular 19M (from CB 132 or 

hybridoma cells), labeled cells were harvested, washed twice 

with cold PBS and lysis buffer (0.5% Triton X-l00 in 10-2 M 

Tris-HCl buffered saline, pH 7.4, 0.14 M NaCl, 1 mM phenyl

methylsulfonyl fluoride and 10- 4 M ~-mercaptoethanol). 

Cells were agitated using a vortex mixer in detergent solu-

tion on ice for 2 hr. Cell debris was then pelleted by 

centrifugation at 1800 x g at 4 C for 10 min. The superna-

tant was appl ied to a SM-2 Bio-bead (BioRad; Richmond, CA) 

column equilibrated with 10 mM phosphate buffer to remove 

the detergent. The radioactive fractions were collected for 

fur ther immunoprec ipi ta t ion. 

phase Separation of Integral Membrane Proteins 
from Soluble proteins 

For the preparation of membrane IgM, W23l cells were 

pulse labeled for 12-16 hours and incubated in unlabeled 

media for 1.5 hr. The cells were then treated for phase 

separation of integral membrane proteins as described by 

Bordier (1981). Cells were first lysed in lysis buffer 

containing 1% Triton X-114, 10 mM Tris-HCl, pH 7.4, 150 mM 

NaCl and 1 mM PMSF on ice for 2 hr. The mixture was centri-
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fuged for 10 min at 10,000 rpm at 4 C to remove nuclei. For 

the separation of integral membrane proteins from 

hydrophilic proteins, the clear supernatant was then over-

laid on a sucrose cushion (6% <w/v> sucrose, 10 mM Tris-HC1, 

• 0 

pH 7.4, 150 mM NaCl, 0.06% Triton X-114) and lncubated at 38 

C for 5 min until the solution became cloudy. The tube was 

then centrifuged at room temperature for 5 min at 300 x g. 

The detergent phase is found at the bottom of the tube after 

centrifugation. After removing the upper aqueous phase from 

the tube, Tris-HCl buffer (10 mM, pH 7.4) was added into the 

detergent phase. After dissolution of the surfactant at 4 

C, the mixture was applied to SM-2 Biobeads column to remove 

the detergent as described previously. The eluate collected 

as c~ude membrane extract was stored for further immunopre-

cipitation. 

Preparation of 19M by Protein-A Immunoprecipitation 

IgM was immunoprecipitated by adding anti-mouse IgM 

(mu chain specific, Cappel Laboratories) and incubating the 

reaction at 4 C overnight. The antigen-antibody complexes 

were then isolated by precipitation with 10% (w/v) 

staphylococcus aureus cells ("pansorbin™", CalBiochemo-

Bohring Corp.) (Kehry et ale 1980). precipitates were 

washed twice (0.01 M Tris-HC1, pH 7.4, O.14 M NaCl, 0.5% 

Triton X-100, 0.1% SOS) and the protein A bound complexes 

were eluted by boiling for 5 min in 6 M guanidine-HC1, 0.25M 
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T r is - He 1 pH 8 .2. After centrifugation, the eluate was 

removed as a solution of purified radio1abeled IgM that was 

used in further characterization experiments. 

For samples to be analyzed on the po1yacrylamide-SOS 

gels, the IgM molecules were eluted from protein A in 

Laemm1i (0.05 M Tris-HCl pH 6.8, l%<w/v> SOS, 1% glycerol, 

0.01% bromophenol blue, 0.5% ~-mercaptoethanol) or 

nonreducing (mercaptoethanol was omitted with 0.1 M 

iodoacetamide added) sample buffer. 

Reduction and Alkylation of IgM 

The IgM solution prepared as described above was 

subjected to the reducing and a1ky1ating reagents to cleave 

the disulfide bonds between heavy and light chains. The 

solution was first flushed with N2 for 5 min. 

oithiothreito1 was added to a concentration of 20 mM. The 

sample was then boiled for 2 min, sealed under N2 , and 

incubated at 37°C for 1.5 hr. The reduced heavy and light 

chains were then alky1ated by incubation with 50 mM 

iodoacetamide for 1 hr at room temperature in the dark. The 

reaction was stopped by eluting the sample through a 

desalting Bio-ge1 P4 column equilibrated with 70% formic 

acid (freshly redisti 11ed). In some cases, the eluted 

radioactive fractions were collected, diluted four fold with 

H2 0, and lyophilized giving labeled us' urn and ui chains. 

Usually the purified u chains were further fragmented by 
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cyanogen bromide in 70% formic acid. 

preparation of Cyanogen Bromide Glycopeptides of uH Chains 

Approximately 50 mg/ml of cyanogen bromide was added 

and incubated with the u chain solution in 70% formic acid 

at 4°C for 24 hr in the dark with constant stirring. The 

solution was then diluted four fold with H2 0, lyophilized 

and resuspended in 6 M guanidine HCl followed by addition of 

an equal volume of 0.2 M NH 4 HC0 3 buffer. Fragments were 

separated by gel filtration on a column of AcA 54 (LKB) (150 

x 1.5 cm) equilibrated with 3 M guanidine HCI, 0.2 M 

Fractions of 1.2 ml (40 drops) were 

usually collected, and aliquots taken for radioactivity 

determination by liquid scintillation counting. The frac

tions corresponding to individual cyanogen bromide 

glycopeptides were pooled, desalted by elution through a 

Bio-gel P4 column with 40% formic acid and lyophilized • 

. Pronase Digestion of u Chains and Glycopeptides 

The lyophilized purified u chains or their CNBr 

generated fragments CN5, CN6, CN7 and CNS were dissolved in 

1 ml of 0.1% SDS then diluted 10 fold with 0.1 M Tris-HCl 

buffer, pH S.0 containing 0.01 M CaCl 2 0 A 1% solution of 

pronase (B grade, CalBiochem-Behring Corp.) was added to the 

sample solution in a final concentration of 0.05% and 

incubated at 60°C for 24 hr. Three extra doses of pronase 
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were added during the 24 hr incubation period. Digestions 

were terminated by boiling the samples for S min. The 

pronase digests were then centrifuged to remove insoluble 

material and the supernatants were either fractionated on a 

P4 column (16~ x 1.S cm) equilibrated with ~.2 M NH 4HC0 3 (in 

the study of effects of glucose deprivation on t~e 

carbohydrate moieties of u glycopeptides) or divided into 

two portions for further assays of Con A-sepharose affinity 

and sensitivity to endo H digestion. 

Lectin Affinity Chromatography 

Glycopeptides derived from pronase digests of 

isolated u chains or fragments were further analyzed by Con 

A affinity chromatography. The samples were applied to a 

1.2 x S cm column containing 4 ml of Con A-sepharose in TBS 

(0.1S H NaCl, ~.~l M Tris-HCl pH 8.~, 1 mM CaC1 2 , 1 mM 

MgC1 2 ) at room temperature. The material was first eluted 

with TBS (twenty 1 ml fractions collected as pool I), 

followed in sequence with l~ mM J-methyl-D-glucoside in TBS 

(twenty 1 ml fractions collected as pool II) and ~.S M ~

methyl-D-mannoside in TBS (twenty 1 ml fractions collected 

as pool II!). The [3H]mannose radioactivity of each 

fraction was determined by liquid scintillation counting. 

Endo ~-N-Acetylglucosaminidase digestion 

Endo (3-N-Acetylglucosaminidase (Endo H) digestion 

was performed on either: a) the pronase digests of isolated 
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u chains and their CNBr fragments for chromatographic 

fractiona tions of the 01 igosacchar ides on g 1 ycopept ides, or 

b) the proteins purified by immunoprecipitation for gel 

electrophoretic analysis of the maturation of cell 

associated u chains. 

The pronase digests in TBS were first desalted over 

a Bio-gel P2 column (0.8 x 20 cm) equilibrated with 0.05M 

sodium citrate buffer, pH 5.5. Radioactive fractions were 

pooled and incubated with Endo H as described by Tarentino 

et ale (1978). After inactivation of the enzyme, the 

samples were adjusted to neutrality with a dilute solution 

of NaOH. The digests were then fractionated on Bio-gel P4 

column and eluted with 002 M NH 4 HC0 3" 

To analyze the acquisition time of endo H-resistance 

of cell associated u chainsj! the proteins were eluted from 

protein A immunopreciptate complexes in buffer containing 1% 

SDS, 1% r-mercaptoethanol and 100 mM Tris, pH 6.8, and 

boiled for 5 min. The samples were diluted with nine fold 

volumes of 0.1 M citrate buffer (pH 5.5) and divided into 

equal aliquots. Endo H was added to one aliquot and incu

bated for 16 hr at 37°C. Proteins in both control and 

experimental tubes were precipitated by adding an equal 

volume of 30%(w/v) TCA (trichloroacetic acid). The 

precipitates were vlashed twice with 20% TCA, once with 

ethanol:ether (1:2), once with ether and air dried. The 
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samples were then dissolved in Laemmli SOS sample buffer and 

analyzed by SOS polyacrylamide electrophoresis. 

Surface Labeling of Membrane Proteins 
Using Trinitrobenzenesulfonic Acid 

The method used is essentially that described by 

strous and Lodish (1980). Metabolically labeled W279.1/12 

cells (about 4 x 106 cells) were washed with cold PBS. The 

cells were then incubated in 600 ul PBS containing 10 mM 

TNBS (Trinitrobenzenesulfonic Acid, Sigma, st. Louis), pH 

7.8 for 30 min on ice. The medium was then removed and the 

cells were rinsed twice with cold PBS, pH 7.8. The TNBS-

derivatized cells were incubated on ice in 1.2 ml PBS con-

taining 1 mg/ml bovine serum albumin and 50 ul rabbit anti-

dinitrophenol serum (Miles-Yeda LTD.). A"fter 30 min the 

cells were again washed and lysed in 200 ul of a solution of 

1% sodium deoxycholate and 1% nonidet p-40 in ca++, Mg++ 

free PBS. The lysates were then centrifuged at 10,000 x g 

for 5 min to remove nuclei. 100ul of a 10% suspension of 

S. au reus (pansorbin™) was added to the supernatant and 

after 1 hr, the proteins were eluted from the precipitate 

complexes with SOS sample buffer and used for polyacrylamide 

gel electrophoresis. 

polyacrylamide Gel Electrophoresis 

Besides all chemical characterizations described 

above, radiolabeled proteins prepared by protein A 
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immunoprecipitation in this research were also analyzed on 

polyacrylamide SOS slab gels in either reduced or unreduced 

form. 

Proteins were eluted from the immunoprecipitate 

protein A complexes in Lammeli (13.135 M Tris-HCl, pH 6.8, 

l%<w/v> SOS, 1% glycerol, 13.131% bromophenol blue, 13.5% ~

mercaptoethanol) or nonreducing (mercaptoethanol was omitted 

with 13.1 M iodoacetamide added) sample buffer by boiling for 

5 min. Samples were centrifuged to remove insoluble 

material. The supernatants were then loaded onto slab gels. 

The gel concentration varied depending on the sample 

applied. Buffers and running conditions were according to 

the technique of Laemm1i (Laemm1i 197(3). Radioactivity was 

detected on the gels by fluorography. The gels were first 

soaked in fixing solution containing 113% (w/v) TCA, 113%(v/v) 

glacial acetic acid and 313%(v/v) methanol for 1 hr. They 

were then impregnated with En 3hance solution (New England 

Nuclear) for 1 hr. After discarding the used En 3 hance 

solution, excess cold water was added to precipitate the 

fluoroscent material inside the gel. Gels were then dried 

on a Bio-Rad slab drier under heat and vacuum. The dried 

geis were exposed to Kodak X-Omat AR X-ray film at -713°C. 

To quantitate particular gel bands in the kinetics study (in 

section III), the f1uorograms were scanned using a 

densitometer. 
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Determination of Radioactivity 

The relative radioactivity in each fraction 

collected from the gel filtration chromatographies was 

determined with small aliquots (20-100 ul) or the whole 

sample from each tube. 2 ml/vial of liquid scintillation 

cocktail (made with xylene 2900 ml, Triton X-114 960 ml, 

liquf1uor 125 ml, glacial acetic acid 100 ml) was added and 

mixed well with the sample before counting. 



RESULTS 

Studies on the Biosynthesis and Oligosaccharide 
Processing of Murine IgMs Produced by Tumor 

Lines Corresponding to Various B-cell 
Differentiation Stages 

Introduction 

The glycosylation of asparagine-linked 

oligosaccharides on membrane and secreted glycoproteins has 

been widely studied. The process includes the transfer of a 

large oligosaccharide from a lipid donor, removal of 

terminal hexoses and transfer to the Golgi apparatus where 

subsequent carbohydrate processing includes the removal of 

mannoses and addition of terminal sugars. This system 

involves a very complex set of coordinated degradative and 

synthetic enzymes which can generate a number of structures 

ranging from "high mannose" type to multiple branched 

"complex type" oligosaccharides. The mechanisms which regu-

late these events and determine the final oligosaccharide 

structure, however, are still not clear. One approach to 

this problem is to examine the glycosylation of the same 

polypeptide produced by different cell lines or by the same 

cell under varying growing conditions. 

We have examined the carbohydrate structures on 

individual glycosylation sites of murine IgM heavy chains 

which are expressed at different stages of B cell develop-

40 



41 

mente The intracellular IgM processing/assembly interme

diates have also been investigated. Finally, we compared 

the glycosylation pattern on membrane-bound and soluble 

secretory IgM. 

Our results show that the majority of carbohydrate 

chains on intracellular u chains, independent of the 

differentiation stage, remain at a very early stage of 

processing. The synthesis of the polypeptide backbone of 

IgM and assembly of U2 L2 are quite rapid. Each glycosyla

tion site on the final secreted u chain has a unique set of 

heterogeneous oligosaccharides which differ between cell 

lines. In addition, independent processing and differences 

in the amount of high mannose structures were found in urn 

and us. In summary, these results indicate that the cellu

lar glycosylating apparatus has the potential of producing a 

variety of distinct oligosaccharides on the same polypep

tide. The factors determining the processing of 

oligosaccharides include protein structure, host cell 

(available processing enzymes), transit time through the 

Golgi apparatus and the subcellular localization of pro

teins. 
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Results 

The purpose of this part of the study is to 

investigate the synthesis and structures of the asparagine 

linked oligosaccharides on subcellular, membrane bound, and 

secreted u IgM. For these studies, labeled IgM was 

immunoprecipitated by goat anti-mouse IgM (u chain specific) 

antiserum and collected with Staphylococcal protein A 

absorbent (Kessler 1975). In Figure 6, three species of u 

chains can be detected in the autoradiogram. Membrane bound 

urn has the most retarded mobility on the SDS-polyacrylamide 

gel. Hybridoma cells synthesize ui and Us chains only. 

When the hybridoma cells were incubated with 

[3 H] leucine, the fractionation pattern of cyanogen bromide 

(CNBr) generated glycopeptides from immunoprecipitated 

secretory IgM is identical to that of column purified u 

chain except fo~ smaller peptides (Figure 7). The light 

chain does not contain carbohydrate and is cleaved by CNBr 

into peptides that are smaller than the carbohydrate 

containing glycopeptides from the u chain. As shown, the 

large excluded peak represents aggregated material. The 

second largest peak designated CN6 contains two 

oligosaccharides. The following three consecutive peaks are 

CN7, CN5 and CN8, each with a single glycosylation site 

(Figures 4 & 7). Since the murine ;...chains (light chain of 

the IgMs studied here) do not contain carbohydrate (Mosmann 

and Williamson 1980), the incorporation of radioactive 
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Figure 6. SDS-PAGE of ui, us and urn chains. 
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[ 125 r] labeled urn from W231 cells and [3 5 s]rnethionine labeled 
ui and us from hybridorna cells and culture medium 
respectively were irnrnunoprecipitated and analyzed by SDS 
polyacrylamide gel electrophoresis. 



18 

16 

~ o -

6 

4 

2 

. 70 

CN6 

~ 

,\ \ ~7 ~' 

. V. I LeN' 
\ J v~ 
V \v-J~'\ 

80 90 100 110 

\ 
,,~ 

120 130 140 150 160 

44 

Figure 7. AcA 54 chromatography of [3 H] leucine labeled CNBr 
generated glycopeptides from Us produced by hybridoma cells. 
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sugars in the eluate of the immunoprecipitate is attributed 

exclusively to the heavy chain (u). 

Carbohydrate Studies of Us and ui from Hybridoma Cells 

The i3H]mannose labeled secreted and intracellular u 

chains were prepared from the culture medium and cell lysate 

of hybridoma cells respectively as described in "Materials 

and Methods". The Us and ui chains ltlere cleaved by cyanogen 

bromide into fragments (Figure 8). Only the fragments with 

attached oligosaccharide have incorporated [3H]mannose. 

Among these, the largest fragment (CN6) contains two carbo-

hydrate side chains, and CN5, CN7 and CN8 each has one 

oligosaccharide attached. 

CN8 is always underglycosylated as seen in the 

sugar-label distribution. The degree of underglycosylation 

has been directly measured: for IgM from MOPC l04E cells 

(Anderson, Samaraweera and Grimes 1983). In this case, the 

radioactivity of [3H]mannose of the CN8 i (CN8 of ui 

glycoprotein) is hardly detected. In addition, CN7i and 

CN5 i are slightly larger than the corresponding peaks of us. 

Fractions corresponding to each individual g~ycopeptide were 

pooled, desalted and lyophilized. The homogeneity of each 

glycopeptide fraction was tested by showing that rechromato-

graphy on the AcA 54 column gave a single peak. Exhaustive 

pronase-digestion was then performed on the purified 

lyophilized glycopeptides for further characterization. 
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Figure 8. AcA 54 chromatography of [ 3H]mannose labeled CNBr 
generated glycopeptides from ui and u

5 
produced by hybridoma 

cells. 
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Portions of the pronase-digest of each purified 

glycopeptide were used for the lectin affinity studies. The 

pronase digests were fractionated on a Con A sepharose 

column. The plant lectin concanavalin A has the ability to 

distinguish among three different types of structures 

(Kornfeld, Reitman and Kornfeld 1981). Complex with more 

than two outer chains (multi-branch) or completed 

biantennary structures are not bound by the lectin and will 

be excluded from the column as fraction I. The loosely 

bound partially processed biantennary complex glycopeptides 

can be eluted with 10 mM o{-methyl-D-glucoside. However, it 

requires 0.5 M ~-methyl-D-mannoside for the elution of high 

mannose structures. In Figure 9 is shown the heterogeneity 

found in pronase-digests of each purified glycosy1ation site 

from us. All glycopeptides except eN8 contain various 

amounts of the different types of carbohydrate structures. 

The affinity profile of CNS resembles that of eN7 with a 

high mannose structure as the major species, although their 

structures are not similar (see Figure 12). A large 

increase of fraction I was observed in eN6. The structures 

on the glycopeptide closest to the eOOH terminus (eN8) are 

almost all high mannose type. 

The three types of structures on each glycosylation 

site fractionated by affinity chromatography were 

quantitated by adding up the radioactivity under each peak. 

Table 2A lists the amounts of multibranched and complete 
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Figure 9. Concanavalin A Sepharose profiles of [3H]mannose 
labeled glycopeptides produced by CNBr and pronase treatment 
of secretory IgM from hybridoma cells. 
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biantennary, partially completed biantennary, and high 

mannose structures (fractions I, II, III respectively) 

determined for eN5, CNt:i, CN7 and eN8. Unl ike MOPC 1"4E Us 

as described earlier, hybridoma Us chains contain increased 

portions of high mannose structures at each glycosylation 

site. 

The Con A column elution profiles of pronase-treated 

ui glycopeptides are all similar to each other. As shown in 

Figure 1", the majority of the structures on all glycosyla

tion sites of intracellular u chain are high mannose type. 

Because of the limited amount of ui chains available and the 

poor labeling on CN8, we were not able to analyze CN8 i on 

the Con A affinity column. However, considering the exclu

sive presence of high mannose type structures in CN8 s ' it is 

logical to assume that the·structures on CN8 i belong to high 

mannose type too. 

For further analysis of the oligosaccharide sizes of 

each glycosylation site, the pronase-digests were next 

passed through a Bio-Gel P2 column equilibrated with citrate 

buffer, pH 5.5. The radioactive fractions were pooled, 

subjected to endo-~-N-acetylglucosaminidase H digestion and 

rechromatographed on the Bio-Gel P4 column. 

In Figure 11 are shown the elution profiles of 

pronase digests of Us glycopeptides before the treatment 

with endo-H. Heterogeneity of the glycopeptides was 
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observed for all glycosylation sites except CNSs The size 

distribution of the glycopeptides can be roughly divided 

into three groups, and are consistent with the fractiona-

tions on the Con A affinity column. CN6 has more complex 

structures which are excluded from the column (fractions 

7S-SS) and are resistant to endo H. CNS contains exclusively 

high mannose type structures which appear as a single peak 

(fraction 110-130) before the endo H digestion. CNS and 7 

contain more structures with intermediate sizes (fraction 

90-100) and are partially sensitive to endo H. 

Treating the glycopeptides with endo H again revealed 

the complicated heterogeneity of each glycosylation site on 

the Us chain. The endo H sensitive high mannose structures 

appear in different ratios at each glycosylation site 

(Figure 12). By comparing the elution profiles with the 

standards Mannose6NAcetylglucosaminitol and 

MannoseSNAcetylglucosaminitol prepared from ovalbumin, the 

high mannose structures present in Us are MS' M7 and M6 

species. CNS contains primarily MS and M7 species, CN6 and 

CN7 both contain MS' M7 and M6 species while CNS contains MS 

and M6 species only. These oligosaccharides have been 

reported to exist on human IgM heavy chain (Chapman and 

Kornfeld 1979a, 1979b). However, the high mannose struc-

tures occur only at the glycosylation sites on CN7 and CNS, 
~ 

and the major species are MS and M6 at Asn 402,and M6 , and 

MS at Asn S63 in the human myeloma protein. 
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Figure 12. Biogel P4 fractionation of [3 H] mannose labeled 
endo H treated glycopeptides from Us produced by hybridoma 
cells. 
The glycopeptides were produced by CNBr and pronase 
treatment as described in "Methods and Materials". 
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The column-excluded endo H resistant structures are 

also found in CNS, CNG and CN7. More than three peaks can 

be detected in this region for CNG. This indicates that 

more than one kind of complex structure is found on this 

fragment. Each fragment contains different portions of 

intermediate peaks. Among them, CNS contains a major peak 

which is found only in this particular glycosylation site. 

When the pronase digests of ui glycopeptides were 

treated with endo H, all glycopeptides showed a very similar 

elution profile on the Bio-Gel P4 column (Figure 13). A 

predominant endo H sensitive high mannose structure behaving 

as a M8 species and traces of other structures falling in 

the intermediate position were observed. This indicates 

that most oligosaccharides of the total intracellular u 

chains have undergone only the very early steps in the 

processing to mature complex carbohydrate moieties. 

The oligosaccharide structure of ui in the Golgi 

apparatus is of great interest. In order to study 

intracellular processing, the monovalent ionophore monensin 

was used to inhibit immunoglobulin secretion and accumulate 

the secretory products in the cell. Monensin binds Na+, K+, 

and protons, and perturbs vesicular traffic (Tartakoff 

1983). The r3 H]mannose labeled ui chains from monensin

treated and control groups were separately prepared from 

hybridoma cell lysates. Con A affinity analysis and endo H 
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treated glycopeptides from ui produced by hybridoma 

The glycopeptides were produced by CNBr and pronase 
treatment as described in "Methods and Materials". 
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digestion were then performed with pronase digests of the 

intact ui chains. 

The whole ui chain from the control group gives 

similar patterns for pronase glycopeptides as individual 

CNBr fragments. The major structures are high mannose type 

(Figure 14). In the monensin group, the carbohydrates on 

intracellular u chains are exclusively high mannose type. 

This observation was consistent with other investigations of 

intracellular accumulation of high mannose glycoprotein 

under monensin treatment (Ledger et ale 1983). The two 

elution profiles of endo H released structures from the P4 

column resemble each other (Figure 15), except that the 

shoulder at the position of M7 seen in the control group is 

replaced by an obvious peak at the position of M6 in the 

monensin group. This is probably due to monensin blockage 

at the stage before the addition of terminal sugars: sialic 

acid, galactose and fucose (Ledger et a1. 1983). 

Intracellular Assembly of IgM in Hybridoma Cells 

TO study the intracellular assembly of IgM, 

hybridoma cells were cultured with [35 s ]cysteine for time 

periods ranging from 10 to 90 mins. The cell 1ysates from 

the different incubations were irnmunoprecipitated with anti

u antiserum and analyzed under non-reducing conditions by 

SDS-PAGE. The bands of UL and U2 L2 can be detected in less 

than 10 mins, and are the major two bands all through the 
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Figure 14. Concanavalin A Sepharose profiles of [3H]mannose 
labeled pronase treated ui chains from hybridoma cells grown 
in control and monensin-containing media. 
A) control group, B) monensin-containing group 
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label ing course (Figure 16a). The f1uorography shows that 

the assembly of heavy and light chains into disulphide-

linked four-chain molecules is very rapid. polymerization 

does not occur until around 4"-5" mins. when small amounts 

of pentamer are observed. The [35 s ]cysteine labeled 19M 

appeared in the medium outside the cells only after a lag of 

4"-5" min (Figure 17). These data show that polymerization 

occurs shortly before or simultaneously with secretion. 

To study the time of acquisition of terminal sugars 

in 19M, the cells were cultured with [3H]fucose and 

[3 H] galactose separately. The incorporation of [3 H] fucose 

into immunoprecipitated 19M from cell lysate is barely 

detectable. [3H]Galactose was observed in U2L2 and pentamer 

b~t only in trace amounts. The [3H]mannose, in contrast, 

was incorporated primarily into UL and U2 L2 (Figure 16b). 

These observations together with the fact that high mannose 

type structures are found on the majority of intrace11uar u 

chains give clues about: the intracellular transport, 

assembly and processing of IgM. 

Carbohydrate studies of ui from Pre-B Cell 

It has been reported that pre-B cells synthesize 

internal u chain only, and light chains can not be detected 

in these cells. These immature lymphocytes do not express 

IgM monomers on their surface (Burrows, LeJeune and Kearney 

1979, Levitt and Cooper 198"). It is interesting to compare 
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Figure 16A. SDS-PAGE of cellular assembly of IgM in 
hybridoma cells. · 
Hybridoma cells were labeled with r35 s]cysteine. At the 
indicated times, aliquots of cells were taken, washed, and 
lysed. The cellular IgM was immunoprecipitated and 
analyzed on a 3%-->10% gradient SDS-PAGE under nonreducing 
conditions. 
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Figure 16B. SDS-PAGE of sugar incorporation into hybridoma 
cellular IgM. 
H¥bridoma cells werelabeled with [ 3 H]mannose or 
[ H] galactose for 60 min. Cellular IgM was 
immunoprecipitated and analyzed on a 3%-->10% gradient SDS
PAGE under nonreducing conditions. 
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Figure 17. SDS-PAGE of IgM secretion by hybridoma cells. 
The corresponding culture media of various labeling periods 
described in Figure 16A were collected separately. IgM 
molecules present in the media were irnrnunoprecipitated and 
analyzed on 10% SDS-PAGE. 
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the carbohydrate structures on the internal u chains from 

the B lymphocytes of different stages of differentiation. 

The CB 132 cells were labeled with [3H]mannose and 

subcellular ~i was prepared. The elution profiles on Con A 

affinity columns and endo H released structures on BioGel P4 

of pronase digested CB 132 ui are very similar to those of 

hybridoma ui (Figures 18&19). However, the second peak seen 

in the endo H-CB 132 glycopeptide profile runs closer to the 

M6 marker position compared with the endo H-hybridoma glyco

peptides upon elution through Biogel P-4. 

Carbohydrate studies of urn from Small B Lymphocytes 

The urn chain on the B lymphocyte surface has been 

reported have a higher molecular weight than Us chain 

secreted by plasma cells. The difference is caused by the 

presence of a hydrophobic tail which allows the integration 

of the IgM molecules into the lipid bilayer of the plasma 

membrane (Alt et alo 1980, Rogers et ale 1980). For 

example, urn from W23l cells shows slower mobility on SDS

PAGE (Figure 20). The nonionic detergent Triton X-114 was 

used to solubilize membranes and whole cells. The soluble 

material was submitted to phase separation (see Materials 

and Methods). The integral membrane proteins can be 

separated from water soluble or hydrophilic proteins. 

Figure 21 demonstrates the individual separation of urn from 

ui of [35 S]cysteine metabolically labeled and [125 I ]surface 
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Figure 18. Concanavalin A Sepharose profiles of [3H]mannose 
labeled pronase treated ui chains from hybridoma and CB 132 
cells. 
A) hybridoma uie B) CB 132 ui. 
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Figure 19. Biogel P4 fractionation of [3H]mannose labeled 
endo-H treated ui chains from hybridoma and CB 132 cells. 
(0 ___ 0) hybridoma ui' ()f---X) CB 132 ui-
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Figure 20. SDS-PAGE of membrane and secretory IgM. 

WEHI 231 cells were [ 125 r] iodinated using lactoperoxidase. 
Hybridoma cells were metabolically labeled with 
[ 3 5s]methionine. Membrane and secretory IgMs from WEHI 231 
cell lysate and hybridoma culture medium were 
immunoprecipitated and analyzed on 10% SDS-PAGE. 



67 

iodinated W23l cells. The fluorography shown in Figure 2la, 

indicates that more than 90% of the [125 I ]um was associated 

with the lower detergent phase. In Figure 2lb, the 

[35 S] labeled u chain from the lower phase migrates slower on 

SOS ge Is than u i from the upper aqueous phase. The urn used 

in the following experiments was prepared from the lower 

phase. 

Purified urn was treated with pronase and the glyco

peptides produced fractionated by Con A affinity 

chromatography (Figure 22). Compared with hybr idoma Us 

chains, urn chains of W23l cells contain more high mannose 

structures (Figure 23). Since it
l 

has been reported that urn 

lacks the carbohydrate moiety at the C terminal segment 

(Kehry et alo 1980), this comparison is made by summation of 

the fractionation ratios in CN5, 6 and 7 fragments of Us 

assuming that these sites are equally glycosylated. 
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Figure 21. Phase separation of membrane IgM in Triton X-114 
solution. 
Labeled WEHI 231 cells were lysed and submitted to phase 
separation as described in "Methods and Materials". Aqueous 
(upper) and detergent (lower) phases were separated. IgM 
m o 1 e c u 1 e s ex i s t i n g i n b o t h phases were i mm uno~ r e c i p i t a ted 
and analyzed on 10% SDS-PAGE. A) externally [ 1 Sr]iodinated 
w 231 cells. B) metabolically r35 s]cysteine labeled W 231 
cells . The intensity ratio of lower phase to upper phase 
in fluorogram A is 9.5. 
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Figure 22. Concanavalin A Sepharose profile of [3H]mannose 
labeled WEHI 231 pronase treated urn chains. 
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I u m 

Figure 23. Distribution of oligosaccharide structures on 
MOPC 104E, hybridoma us chains and WEHI 231 urn. 

Black bars and striped bars represent MOPC 104E and 
hybridoma respectively. The white bars represent W231. The 
fractionations were based on the lectin affinity bindings to 
Con A for IgM from W231 urn and MOPC 104E us, and the enzyme 
sensitivity to endo H of hybridoma u

5 
glycopeptides. 
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Discussion 

Cells producing IgM are ideal for studying the bio

synthesis, structure and function of the carbohydrate 

moieties on glycoproteins during different stages of cell 

development. Tumor cell lines derived from the B cell 

lineage synthesize homogeneous immunoglobulin molecutes and 

provide a source of material for these investigations. In 

this study, we have utilized the IgM heavy chains isolated 

from several malignant cell lines to demonstrate the 

heterogeneity of carbohydrate groups of the glycosylation 

sites on the IgM heavy chain, to study the mechanisms of 

intracellular processing and assembly of IgM, and to compare 

the carbohydrate structures of ui (internal)' Us (secreted) 

and urn (membrane) produced at three different stages of 

differentiation. 

Carbohydrates on Hybyidoma (Plasma Cell) Us Chains 

The heavy-u chain of human IgM has five distinct 

si tes of g 1 ycosy1a t ion. One 01 igosacchar ide is attached to 

the Fab-fragment, the second in the hinge region and the 

other three to the Fc-fragment (Aubert et a1. 1976). The 

first three oligosaccharides at Asn's 171, 332, and 395 are 

complex, branched structures and the last two at Asn's 402 

and 563 are high mannose type simple oligosaccharides. The 

Us chain synthesized by the mouse plasmacytoma Mope l04E 

also has five glycosylation sites, but contains complex 

sites at Asn's 171, 332, 364 and 402 and a high mannose 
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structure at Asn 563 (Anderson and Grimes 1982, Anderson, 

Atkinson and Grimes 1985). The study here, however, reveals 

a different glycosylation pattern on the Us from 

MPCllxW279.2 cells. 

The immunoprecipitation procedures along with 

fractionation of cyanogen bromide generated fragments on 

Ultragel AcA 54 allow characterization of individual glyco

sylation sites. The homogeneity of these fragments has been 

confirmed (Kehry et ale 1980, Anderson and Grimes 1982) by 

amino acid analysis of individual CNBr derived fractions. 

Among the five glycosylation sites, the one closest 

to the C-terminus on CN8 is consistently underglycosylated. 

Only about a third of the Us chains were glycosylated on CN8 

and the incorporation of [3H]mannose on this site is hardly 

detectable in ui. Incomplete glycosylation has been also 

observed in other glycoproteins (Barman 1970, Hopper and 

Mckenzie 1973, Anderson, Samaraweera and Grimes 1983). 

Determinants other than the tripeptide sequence, Asn-X

Ser/Thr, must be involved. For example, the studies with 

membranes from hen oviduct (Struck et al o 1978, Hart et ale 

1979) or yeast (Bause and Lehle 1979) revealed that a varie

ty of small peptides could be glycosylated in vitro if they 

met just two criteria: the presence of an Asn-X-Ser/Thr, and 

a block of the COOH and NH2 termini by amino acids or by 

chemical modification. The accessibility of the acceptor 

sequence was believed to playa predominant role in the 
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carbohydrate attachment. Among the five glycosylation sites 

of human Ou u chain, Asparagine residues 170, 395 and 402 

are believed to be localized in ~ turns which often occur at 

the surface of globular proteins (Aubert et ale 1976). Asn 

332, belongs to the hinge region, is near a ~ sheet struc

ture which is adopted from the N-terminal ends of the light 

and heavy chains. On the contrary, the fifth carbohydrate 

moiety linked to the Asn 563 is in the C-terminal end where 

the helical structure seems to playa major role. The 

reduced glycosy1ation on CN8 thus may be related to poor 

accessibility by the glycosylating enzymes. Alternatively, 

as the last site through the membrane, the complex folding 

protein may reduce access time for glycosylation. 

Immobilized-lectin affinity chromatography is a 

recently developed technique for fractionating and analyzing 

Asn-linked oligosaccharides (Cowan et ale 1982, cummings and 

Kornfeld 1982a, 1982b). It is rapid .. sensitive, specific 

and extremely useful in the analysis of limited amounts of 

material. Con A sepharose has been used for the 

fractionation of Asn-l inked 01 igosaccharides (Brenck1e and 

Kornfeld 1980, Kornfeld et a1. 1981). It was utilized in 

this study to define the ratio of subpopu1ations existing on 

specific glycosy1ation sites of a specific glycoprotein. 

Unlike the recent data of MOPC 104E Us chain (Anderson et 

a1. 1985), hybridoma Us contains a higher percentage of high 
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mannose structures on all glycosylation sites. However, the 

endo H-digestion profiles reveal that these structures from 

fraction III of ConA-elution include not only Man6 species 

but also large amounts of the processing intermediates Mana 

and Man7. Only a few of the known N-linked oligosaccharides 

retain Man9GlcNAC2 as the mature structure (Ito et ale 

1977). More commonly, it is processed further either to 

sma 11 er high mannose or to comp 1 ex 01 igosacchar ides which 

are found in most mature glycoproteins. Mana and 

Man7Glc~Ac2 have been found at glycosylation site Asn 402 of 

human (Chapman and Kornfeld 1979b) and MOPC l04E (Brenckle 

and Kornfeld 1980) Us chains as minor high mannose type 

structures v It is believed that they arise from the 

"processing" of the sugar chain by the variable removal of 

mannose residues. 

Taking this factor into account, Table 2A is 

recalculated by using the data from endo H-digestion 

profiles. In Table 2B, fraction I represents the fraction of 

endo H-resistant complex species which are excluded from the 

P4 column and fraction II is the summation of the 

intermediate peaks. Fraction III is counted either with or 

without the radioactivities under Man7N and ManaN peaks. 

The calculated proportions of the high mannose fraction, 

regardless of the inclusion of unprocessed structures, 

increase at glycosylation sites near the C-terminal end. 

This agrees with the recent observation that complex struc-



Table 20 Percent of hetergeneous components of CNBr generated hybridoma Us 
glycopeptides as determined by fractionation on Con A and sensitivity to Endo Ha • 

[3H]mannose label 

CNBr (A) Con A affinity (%) (B) Endo H sensitivity (%) b 
glycopeptide 

I II III I C lId III e 

eN5 17 16 67 9 (16) 48 (84) 43 (0) 

CN6 58 8 34 41 (55) 11 (14 48 (31) 

eN7 30 7 63 9 (15) 26 (47) 65 (38) 

eN8 8 -0- 92 4 (6 ) o (0) 96 (94) 

a. based on the Con A Sepharose profiles (Figure 9) and Biogel P4 
fractionations of CNBr endo H Us glycopeptides (Figure 12). 

b. parenthetic numbers are the ratios of fractions when M7N and MaN counts are 
not included in fraction III. 

c. fractions that are excluded from the BioGel P4 column. 
d. fractions that between excluded and high mannose peaks (Ma , M7 , M6 N). 
e. fractions of high mannose structures. 

"'-J 
(J'1 
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tures are generally found towards the NH 2-terminal region 

(Pollack and Atkinson 1983). In the endo H-profi le of eN5, 

we saw a specific intermediate peak (indicated by the arrow) 

which is not found in any other glycosylation site. We also 

noticed that the majority of the processed sugar structures 

on CN5 are intermediate species while those on CNG are 

mostly highly processed complex structures. This indicates 

that some regulation mechanisms are involved in determining 

the final sugar structures during processing. The glycosy

lation site on CN7 contains structures of all three classes 

with increasing amounts of high mannose compared with sites 

on CN5 and CNG. 

Meanwhile, Dr. Anderson in our laboratory has grown 

this hybridoma cell line in athymic nude mice to get 

sufficient soluble IgM for determining carbohydrate 

compositions. He mixed ascites fluid which contains high 

concentrations of IgM with trace amounts of labeled IgM from 

cultured cells incubated in the presence of [3H]mannose. 

preparation of CNBr fragments of Us from this mixture was 

carried out through gel filtrations as described (Anderson 

et ale 1985). pronase-treated CNBr peptides were also 

fractionated on the Con A-sepharose column. Carbohydrate 

composition of each individual Con A fractionated 

glycopeptide are listed in Table 3. The major carbohydrate 

structure deduced on each glycosylation site of ascites 
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Table 3. Carbohydrate compositions of Con A fractionated 
CNBr and pronase treated glycopeptides from hybridoma IgM. 

Fraction Fuc Man Gal G1cNAc % 

CN5 I 
CN5 II 11.1(1.5) 22.7(3) 11.4(1.5) 15.0 100 
CN5 III 

CN6 I 26.5(1.5) 53.8(3.1) 52.0(3) 87.0(5) 87 
CN6 II 4.2(1.5) 8.7 (3.2) 6.5(2.4) 10. 7 (4) 13 
CN6 III 

CN7 I 111.2(9) 4 ( .3) 22.4 (2) 88 
CN7 II 
CN7 III 6.7(5) 2.9(2) 12 

CN8 I 
CNS II 
CN8 III 10.2(8) 2.6 (2) 10 



· 78 

fluid IgM (Anderson, Chen and Grimes in preparation) agrees 

nicely with the peak distributions shown in endo H-digestion 

profiles of labeled IgM (Figure 12) except labeled CN5 and 

CN6 have mach higher percentages of high mannose 

oligosaccharide. The composition studies show that the 

major structure at Asn 171 is biantennary. The structures 

at Asn 332 and 364 are complex and appear to be 

triantennary. The major structure at Asn 402 appears to 

have 9 mannose and 2 N-acetylglucosamines, with a minor 

oligosaccharide having 5-6 mannoses. Finally, the struc

tures found at Asn 563 are high mannose oligosaccharides. 

In these two separate studies, although labeled CN7 contains 

structures of all three classes, the predominant major peak 

in the endo H-profile appears to be the barely processed 

intermediate (M 8/M 9 ) which is seen prevalently in all glyco

sylation sites on metabolically [3H] mannose labeled Us 

chains. Overall, IgMs-from labeled cells in culture have 

more unprocessed large high mannose structures than those 

from ascites fluid. The reason for this different 

processing in vivo versus in vitro is not clear. However, 

glycosylation changes with the same cell line in different 

cell culture conditions has also been demonstrated when 

cells are deprived of glucose (section II). 

The carbohydrate structures on IgM from hybridoma 

cells are consistent with the study of IgM from MOPC lC!14E 

(Anderson et al 1985) except for the structures at Asn 402. 



Table 4. Major oligosaccharide structures at each glycosylation site on 
MPCxW279.2 hybridoma and MOpe l04E u IgMa • 

MPCxW279.2 Hybridoma 

CNBr Glycopeptide Ascitesb 

CN5 

CN6 

CN7 

CN8 

II (100%) 

I (87%) 

III (100%) 

III (>90%) 

labeledc 

II (84%) 

I (55%) 

II (47%) ,II I (38%) 

III (94%) 

MOPC l04E 

Ascitesd 

II (80%) 

I (80%) 

I (74%) 

III (>80%) 

labelede 

II (50%) ,I (43%) 

I (79%) 

II (80%) 

III (>80%) 

a. oligosaccharide structures were classified into 3 groups: I, triantennary 
and completely processed biantennary complexes. II, partially processed 
biantennary complexes. III, high mannose structures. 
b. based on carbohydrate compositions analysis (Anderson, Chen and Grimes in 
preparation). 
c. based on endo H-digestion profiles (Table 2 in this dissertation). 
d. based on lH-NMR high resolution analysis (Anderson, Atkinson and Grimes 
1985) • 
eo based on Con A fractionation (Anderson and Grimes 1982). 

--...J 
~ 
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Table 4 summarizes the major structures at each 

glycosylation site on IgMs from both cell lines and cultured 

cells. The site at Asn 402 is the most heterogenous of all 

the glycosylation sites for IgM from 104E. However, the 

majority of the sugar on this particular site still remains 

minimally processed on hybridoma IgM. The differences 

between these two cell lines will be discussed later. 

The heterogeneity of oligosaccharides on all 

glycosylation sites can be also demonstrated in the endo H

digestion profiles. The heterogeneity in the carbohydrate 

moieties has been observed to influence antibody specificity 

of IgA (Matsuuchi, Wims and Morrison 1981), the surface 

recognition properties of CHO cells (stanley and Sado 1981) 

and the binding affinity of ligands to the hepatic lectin on 

the surface of hepatocytes (Lee et al 1983). Oligosaccha

r ides, un 1 ike po 1 ypeptides or po lynuc leotides, are synthe

sized by multiple glycosyltransferases without using a tem

pl a teo However, the microheterogenei ties of carbohydra tes 

are stable and heritable (Stanley and Sado 1981, Swiedler et 

al 1983). In the study of the subfractionation of ovalbumin 

glycopeptides (Iwase, Kato and Hotta 1981), it was observed 

that a single hen produces ovalbumin with qualitatively and 

quantitatively similar carbohydrate chains. Moreover, 

individual differences exist in ovalbumin microheterogeneity 

which follow constant patterns. It is not known what 
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factors regulate carbohydrate heterogeneity. 

It has been shown that oligosaccharide biosynthesis 

in vivo is regulated not only by the availability of glyco

sy1transferases but also by the order in which they act 

(Beyer et a1. 1979). For example, although the acceptor 

substrate specificities of the sia1y1- and 

fucosy1transferases often overlap, the sia1y1ation and 

fucosy1ation are generally alternative means of chain termi

nation in mammalian oligosaccharide synthesis. That is, if 

the sialic acid or fucose is added first, the carbohydrate 

moiety is complete and no more sugar wi 11 be incorporated. 

It thus seems likely that the formation of mu1tienzyme 

complexes by sequential glycosy1transferases controls the 

competition between enzymes (Ivatt 1981). This competition 

mechanism can explain the genetic control of the occurrence 

of heterogeneity found on glycoproteins. That is, when 

several different glycosy1transferases share the same 

acceptor specificity, many possible structures can be 

derived. 

probable 

However, some sugar structures would become more 

than others due to the formation of specific 

mu1tienzyme complexes under different conditions. 

As mentioned above, the heterogeneity distribution 

of the five glycosy1ation sites on hybridoma u chains shown 

here is roughly similar to that of Mope 104E u chains 

studied by this lab. However, discrepancies can still be 

found between these two cell lines. This indicates that 
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other than the protein structure itself, the "host cell" 

(i.e. the available processing enzymes) also affects the 

structures of oligosaccharides. Recent data have shown that 

the glycosylation pattern of a C57BL/6-derived IgA hybridoma 

antibody differs from that of the BALB/C-derived hybridoma 

antibodies of the same specificity (Matsuuchi et ale 1981). 

That is, when the identical protein is produced in different 

environments it can have glycopeptides of different composi

tion. Two well studied examples illustrate this genetic 

control of carbohydrate synthesis by different amounts of 

glycosyltransferases. First, the studies of submaxillary 

gland glycoproteins from sheep and pig show that there is 

more sialyltransferase activity than galactosyltransferase 

activity in extracts of submaxillary sheep gland, but there 

is more of the latter activity in extracts from pig glands 

(Schachter, McGuire and Roseman 1971). Thus, in the synthe

sis of sheep submaxillary mucin, sialic acid is added to the 

protein-linked N-acetylgalactosamine residue as a "complete" 

disaccharide, whereas galactose is attached to form the Galf 

1->3GalNAc disaccharide and further substitutions of sugars 

may occur in pig submaxillary mucin. Another example is the 

human A, Band 0 blood group substances in which the carbo

hydrate moieties are antigenic determinantso Individuals 

who carry the A gene possess an N

acetylgalactosaminyltransferase that attaches a GalNAc 
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residue to a precursor with blood type 0 specificity. People 

who carry the B gene possess a galactosyltransferase that 

attaches a galactose residue to the same O-specific 

precursor. When both genes are present, the individuals are 

of blood type AB (Marshall 1979b, Sharon and Lis 1981). The 

principle of controlling the carbohydrate structures by 

distinct relative activities of various glycosyltransferases 

and accessibility of oligosaccharides (Hsieh, Rosner and 

Robbins 1983) in these examples should be applicable to the 

differences in glycoproteins among species and among organs 

within a given species. Future study in this field would 

increase our knowledge about the carbohydrate changes of 

transformed cells. Perhaps the feature of organ-specific 

metastasis of some malignant cells is related to the organ

specific antigens with carbohydrate determinants which are 

synthesized by distinct sets of glycosyltransferases. 

An interesting phenomenon was observed when 

comparing the endo H digestion profiles. As described 

above, M8 and M7 are believed to be the processing 

intermediates. However, the M7 peak is not seen in the CN8 

profile. A similar situation was described for human IgM 

(Chapman and Kornfeld 1979a, 1979b). There are considerable 

amounts of M9 , M8 and M7 at Asn 402 (CN7), while only a very 

small amount of M7 species can be found at Asn 563 (CN8). 

The predominant oligosaccharides at the last glycosylation 

site on human IgM were M6 and M8 species. It has been 
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suggested that the high mannose oligosaccharide attached to 

Asn 563 is processed by a different sequence of mannose 

removal than occurs with the oligosaccharide at Asn 432 

(Chapman and Kornfeld 1979b, Cohen and Ballou 1980). It 

would be very significant and interesting to see if this 

differential processing can be extended to the synthesis of 

high mannose and complex oligosaccharides, since in 

hybridoma us' we see the M7 species only in the fragments 

that contain complex and intermediate structures. 

Another interesting point is that the IgM with 

unprocessed high mannose structures (M 8 and M7 ) can be 

secreted with other more highly processed molecules. 

previous reports (Hickman and Kornfeld 1978, Sidman 1981b) 

have shown that carbohydrate plays an important role in the 

secretion of pentamer IgM. Secretion was completely 

inhibited when cells were cultured in the presence of tuni

camycin, an antibiotic that prevents glycosylation of glyco

proteins by blocking the formation of N-acetylglucosamine

lipid intermediates. However, it also has been demonstrated 

that the addition of the terminal sugars to the heavy chain 

is not essential for polymerization of the molecules 

(Askonas and Parkhouse 1971, Corte and Parkhouse 1973). 

Since the intracellular IgM monomer deficient in galactose 

and fucose can be completely polymerized in vitro by 

providing J chain and the disulphide interchange enzyme, we 
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do not know the exact function of carbohydrates on IgM 

synthesis. Yet, some ev idence suggests that carbohydrates 

are important for subcellular transport and secretion. The 

electron microscopy of tunicamycin-treated MOPC 315 cells 

revealed marked dilations of the rough endoplasmic reticulum 

and the accumulation of IgA in the dilated rough endoplasmic 

reticulum (Hickman et al. 1977). Similarly, MOPC 21 cells 

which secrete IgG l cannot transfer molecules from rough to 

smooth membranes in the presence of 2-deoxy-D-glucose, also 

an inhibitor of glycosylation. The inhibition does not 

prevent the transfer of IgG l molecules from the smooth 

membranes to the outside of the cells (Melchers 1973). It 

seems that although glycosylation may influence the 

physiochemical properties of proteins to facilitate the 

intracellular movement, the attachment of fucose, galactose 

and/or sialic acid is not necessary for secretion. 

Carbohydrates on Hybridorna (Plasma Cell) ui Chains 

The study of intracellular u chain which is composed 

pre-us chain exclusively shows that the majority of the 

carbohydrate chains on all five g1ycosylation sites are 

still endo H sensitive high mannose (MaGlcNAc2) structures. 

It has been well documented that the intracellular u chains 

contain the "core" sugars glucosamine and mannose only. The 

penu 1 tima te ga 1 actose and the termi na 1 fucose res idues are 

added just before secretion (Melchers 1970, Anderson, 

Lafleur and Melchers 1974). In fact, IgM acquires 35-40% of 
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its total carbohydrate content shortly before or at the time 

of secretion (Melchers and Anderson 1974a). Thus, most ui 

chains undergo the first step but not the second step of 

complex carbohydrate processing until just before secretion. 

The conversion of high mannose precursors into the galactose 

containing forms (probably occurring in the Golgi apparatus) 

is the rate-limiting step in the secretion of myeloma 

protein from plasma cells. 

The high mannose structure ManSGlcNAC2 has recently 

been observed to be the predominant carbohydrate interme-

diate on the intracellular precursors of some glycoproteins. 

For example, very little processing beyond MSGlcNAC2 is 

observed in the oligosaccharides of the major envelope pro-

tein gp70 precursors isolated from cells infected with 

murine leukemia viruses (Rosner et ale 19S0). It has also 

been shown that the major high mannose type glycopeptides 

present in Chinese hamster ovary cells are M9GlcNAc2-Asn, 

MSGlcNAc2-Asn and some M6GlcNAC2-Asn (Li and Kornfeld 1979). 

Recent reports of glycoprotein synthesis in yeast (Byrd et 

• 
ale 19S2) demonstrated that Glc3Man9GlcNAC2 ' the initial 

product transferred to protein was rapidly trimmed to 

MSGlcNAc2 and then more slowly elongated to larger 

oligosaccharides. That the MSGlcNAC2 is the essential 

intermediate in oligosaccharide processing is also suggested 

in the intracellular synthesis of the glycoprotein hormone 
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chorionic gonadotropin (hcG) (Ruddon et a1. 1981). It is 

suggested that the rate limiting step in the processing for 

the N-1inked oligosaccharides of hcG subunits is an ~ 

mannosidase step. Once this step is passed, addition of 

terminal complex sugars and secretion occur rapidly. Since 
f 

the majority of the intracellular processing occurs in the 

Go1gi region and most of the identified -mannosidases are 

found in the Go1gi apparatus (Li, Tabas and Kornfeld 1978a, 

1978b, Tabas and Kornfeld 1978), we think the majority of 

the ui chains are sti 11 located in the RER even after long 

periods of incubation. An endoplasmic reticulum oi....-
mannosidase that cleaves J-l,2-1inked mannose " from 

Man9G1cNAC2 has been recently identified from several lines 

(Bischoff and Kornfeld 1983, Atkinson and Kabcene11 1983). 

This implies that the first step of trimming including 

removal of terminal glucose and some mannose residues could 

occur prior to the entry of glycoprotein in the Go1gi 

apparatus. Since we saw only one major processing 

intermediate, the data here support the hypothesis that both 

high mannose type and complex oligosaccharides are derived 

from a single lipid-linked intermediate (Li et a1. 1978a, 

1978b, Tabas and Kornfeld 1978). 

The experiments with monensin treatment were 

originally designed to get more infor~ation on the 

intracellular processing. The ionophore monensin has been 

shown to block the intracellular traffic by impairing the 
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translocation through the Golgi region (Tartakoff and 

Vassalli 1977), partially inhibiting the secretion of 

macromolecules. Fibronectrin with high mannose type instead 

of the normal primarily complex oligosaccharide was secreted 

in the presence of monensin (Ledger et ale 1983). This 

indicates that the addition of the terminal sugars such as 

sialic acid, galactose and fucose occurs in a compartment 

which is distal from the monensin sensitive portion of the 

Golgi apparatus. In fact, it was suggested that monensin 

acts on the proximal or cis cisternae and terminal sugars 

are normally added in distal or trans cisternae (Tartakoff 

and Vassalli 1979). Here, the accumulation of high mannose 

oligosaccharides on monensin-treated ui are consistent with 

these observations. Comparing the ui from control groups, 

there is slightly more M6 structure in the monensin-uio It 

is possible that monensin interferes with the removal of 

mannose residues from MaN intermediates. No other 

processing intermediates can be seen in the monensin-treated 

ui. The conclusion for these experiments is that the 

addition of the terminal sugars must be simultaneous with or 

rapidly follow the last step of Golgi-associated trimming. 

Intracellular Assembly of IgM in Hybridoma Cells 

The time course study of intracellular synthesis of 

IgM (Figure 16A) demonstrated that UL and U2 L2 are the two 

major intracellular intermediates in the cells. This agrees 
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with the earlier observations that IgM-producing myeloma 

cells utilize HL as the major precursor of the intracellular 

monomer (Parkhouse, 1971, 1973, Choi 1978). The assembly 

pathway could be 

H + L~ HL~ H2L2 

Since the majority of the lli chains are still located in the 

RER with high mannose oligosaccharides even after long term 

labeling and the UL and U2 L2 can be labeled as early as 10 

mins after adding label, it is logical to assume that the 

U2 L2 monomers are assembled in the RER. Although the two 

precursors UL and U2 L2 are always present in the cell, the 

pentamer (U 2 L2 )SJ can be detected in trace amounts only 

after 40 mins of labeling. The lag period of 40-S0 mins was 

also observed in the course of IgM secretion (Figure 17). 

We confirmed that polymerization of IgM occurs shortly 

before or s imu 1 taneous ly wi th secretion. I t has been 

observed that the synthesis of the polypeptide portion of 

i mm uno g lob u 1 i n t a k e son 1 y 2 - 4 min ute san d the ass em b 1 Y 0 f 

U2 L2 is very fast in the RER. Thus almost all of the time 

an immunoglobulin spends inside a plasma cell is apparently 

needed for its transport from the site of synthesis out of 

the cell. As previously discussed, the rate limiting step 

exists in the transport 'from RER to the Golgi apparatus 

where the high mannose oligosaccharides are further 

processed and terminal sugars are added just before 

secretion. The intracellular incorporation of [3H]galactose 
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was poor (Figure l6B) and can be barely detected only on 

pentamer (U 2L2)SJ and monomer U2L2 , whereas the major [3 H] 

mannose labeled bands are U2 L2 and UL. It seems that the 

monomer U2 L2 is the form which can be transported from RER 

to the Golgi apparatus and the sugars are processed into 

comp lex 01 igosacchar ides on the U2L2 form. Recent reports 

of intracellular processing events of membr.ane IgM (Dulis et 

ale 1982) and the human membrane HLA-A and -B antigens 

(Krangel, Orr and Strominger 1979) show that the completed 

heavy chains initially carry high mannose oligosaccharides 

and after the association with light chain ( or ~2-microglo

bulin in the latter case) about 30 mins after synthesis, the 

oligosaccharides are converted to the complex form. We do 

not know if the same mechanism can be applied to the plasma 

cell for IgM secretion. However, it clearly demonstrated 

that the assembly of heavy and light chains to form monomer 

occurs at a very early stage. The processing of 

carbohydrate chains does not take place until the molecules 

are, located in the Golgi apparatus and terminal sugars are 

added late, just prior to secretion. 

Carbohydrates on CB 132 (Pre-B Cell) ui Chains 

The pre-B cell like tumor cell line, hybridoma CB 

132 cells was made by fusing murine fetal liver cells and a 

nonproducing myeloma variant. Pre-B cells derived from stem 

cells in the fetal liver are the first identifiable members 
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of the B-cell lineage. They are rapidly dividing large 

c ell s (S t rob e r 1977) wit h 1 a rg e n u c 1 e i , a 1 m 0 s t no 

endoplasmic reticulum and very minute amounts of Golgi 

apparatus membranes. It has been reported that pre-B cells 

synthesize u heavy chains with a very short half life 

(Melchers et ale 1975) but no 1 ight chains (Burrows et ale 

1979, Levitt and Cooper 1980). Thus they do not produce 

surface bound or secreted IgM. 

Carbohydrate moieties of glycoproteins have been 

reported to play an important role in cellular differentia

tion through surface interactions (Grabel et ale 1979, 

Nakayasu et ale 1980). Significant differences in the car

bohydrate distribution of cell membranes during 

differentiation have already been observed (Muramatsu et ale 

1976, Herscovics et ale 1980). It was generally found that 

the surface glycoproteins of undifferentiated embryonal 

cells, usually fast dividing and growing cells, contain 

predominant amounts of large oligosaccharides (with an 

average molecular weight of more than 7(00) which were 

preferentially labeled with fucose but slightly with mannose 

(Muramatsu et ale 1979), whereas the typical complex type 

structures (MW. 23010-4(00) are prevalent in the 

differentiated cell surface (Etchison, Summers and 

Georgopoulos 1981). The high mannose structures are present 

in both embryonal and differentiated cells. The processing 

of carbohydrate moieties appeared to be faster in rapidly 
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dividing cells than differentiated cells. This would 

explain the observation that the highly branched complex 

oligosaccharides appear to be more abundant in transformed 

than in normal cells (ogata, Muramatsu and Kobata 1979, 

Takasaki, Ikehira and Kobata 1980). In this study with the 

ui from CB 132 cells we did see an increased amount of more 

processed intermediate M6 species compared with that of the 

ui from MPC11x279.2 plasma cells. However, there is still a 

large portion of M8 present inside the cells. 

In recent reports about the regulation of 

catabolism of IgM heavy chain in B lymphoma cells (Dulis et 

ale 1982, Swiedler et ale 1983), it was suggested that the 

covalent assembly with light chains plays an important role 

in u chain stability. In pre-B cells u chains are 

synthesized but not assembled with light chain. The free u 

chains are labile in the intracellular environment and would 

readily be degraded at this stage of development. Only 

those u chains that are disulphide-bonded to light chains 

can be subjected to terminal glycosylation events. probably 

in this particular case, due to the lack of light chains and 

rapid turn over rate of ui chains in CB 132 cells, the 

carbohydrates on ui would never get processed into final 

structures as in other embryonal glycoproteins. The ui from 

pre-B cells, however, has been subjected to early 

glycosylation and the first step of processing. 
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Carbohydrates on W231 (B Cell) urn Chains 

In order to study the carbohydrates on mernbrane

bound IgM, a number of methods have been used to isolate the 

membranes. The two-phase separation of integral membrane 

proteins was used to prepare urn in this work because it 

permits a quick and simple isolation with minimal loss of 

material. As shown in the results (Figure 21), when the 

cell-associated u chain pool was subjected to phase 

separation, u chain acquired from the lower detergent phase 

has a slower mobility than that from the upper aqueous phase 

on PAGE. More than 90% of the iodinated membrane u chain 

was recovered from the lower phase. To reduce the 

contamination of intracellular pre-urn' the labeled cells 

were chased for 1.5 hr. allowing labeled precursors to 

mature. Newly made membrane u chain, as demonstrated in 

section III, is believed to be transported to the exterior 

cellular membrane in less than 20 min. after its synthesis. 

Thus, the chas i ng procedure shou ld theoret ica 11 y e I imi na te 

any significant amount of labeled pre-urn collected with urn 

by phase separation. 

In the kinetic study of IgM synthesis and maturation 

(section III), I have shown that although urn and Us are 

closely related proteins, they could be differentiated by 

the cellular traffic system. In the same cell, they are 

segregated before the second step of carbohydrate processing 

takes place. Independent processing and structural 
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differences in the oligosaccharides on these two proteins 

are thus expected. 

Because of the limited amount of available material, 

the information we have on the carbohydrate of urn is very 

preliminary. However, the Con A affinity chromatography 

(Figure 22) did show the urn from W23l, like Us from 

hybridoma and MOPC l04E, has three fractions interacting 

with Con A. They both contain triantennary, biantennary 

complex structures and significant amounts of high mannose 

structures. Quantitation of the relative amounts of these 

structures on [3H]mannose labeled urn and Us is shown in 

Figure 23. Since urn IgM does not contain the glycosylation 

site at eNS, calculations were done for hybridoma and MOPC 

l04E on the basis of the four oligosaccharides on CNS, CNG 

and CN7. When the structure distribution patterns of urn and 

Us were compared, the urn chains from W23l cells were shown 

to have a high relative proportion of high mannose struc

tures and a lower proportion of biantennary structures. 

This agrees with the observation (Finne and Krusius 1979) 

that soluble plasma glycoproteins contain abundant fractions 

of biantennary transferrin type carbohydrate chains and very 

low amount of neutral mannose rich chains compared to the 

glycopeptides of different tissue sources, representing 

maiuly membrane bound glycoproteins. 

The high proportion of high mannose structures 
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existing in urn chains is of particular interest. I have 

shown previously that synthesis of the polypeptide backbone 

of IgM and assembly of U2 L2 in the RER are very fast. The 

rate limitiqg step of IgM secretion is the transport from 

RER to the Golgi apparatus where high mannose structures are 

further processed to complex structures. In section III, urn 

is shown to be transported from its site of synthesis 

through the Golgi apparatus to the cell surface at a much 

faster rate than the Us chain. Recent studies of 

glycosylation and transport of two viral membrane glycopro

teins (Srinivas, A10nso-Caplen and Compans 1983) had also 

shown a correlation between rate of transport and less 

extensive oligosaccharide processing. The reduced 

processing of carbohydrate on urn shown here is thus also 

probably due to its rapid transit time through the Go1gi 

apparatus where subsequent processing to complex 

oligosaccharide takes place. 

Large scale cell culture of W231 cells and 

subsequent purification of urn IgM is being done in this 

laboratory. Final analysis of the major structures at each 

glycosylation site on urn IgM will be performed by high 

resolution NMR in the near future. The detailed comparison 

of glycosylation on the soluble and membrane bound IgM 

should provide important clues about the microenvironmenta1 

effects on the oligosaccharide processing within the Golgi 

apparatus. 



Effects of Glucose Starvation on the Oligosaccharides 
of IgM Molecules Produced by MPCllxW279.2 Hybridoma Cell 

Introduction 

The biosynthesis of the asparagine-linked 

oligosaccharide units of glycoproteins is normally initiated 

by the "en bloc" transfer of Glc3Man9GlcNAC2 from a lipid 

carrier to the polypeptide (Li et ala 1978a). The 

transferred 01 igosaccharide is then subsequently processed 

to yield high mannose, complex or hybrid type 

oligosaccharides. Although the removal of glucose by gluco-

sidases begins shortly after the glycosylation step, the 

presence of this sugar in the oligosaccharide-lipid seems to 

be essential for the transfer reaction to take place (Chen 

and Lennarz 1978, Chapman, Li and Kornfeld 1979c). The 

preferential utilization of glucose3-lipid as the glycosyl 

donor by the transferases has been observed in many mammal 

cell lines. It was shown that the glucose-containing 

dolichol pyrophosphates are about 9 times more effective in 

oligosaccharide transfer to endogenous protein acceptors 

than the smaller glucose-free dolichol pyrophosphate 

oligosaccharides (Turco et ala 1977). The removal of this 

sugar by a specific thyroid glucosidase almost co~~pletely 

abolished its donor activity (Spiro et alo 1979b). 

96 
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Recently it has been found that glycosylation can be 

altered by the presence of glucose analogs such as 

fluoroglucose (Datema, Schwarz and Winkler 1980), 

deoxyglucose (Kaluza 1975), and glucosamine (Kaluza 1975, 

Pan and Elbein 1982) or by placing the cells in glucose

deprived medium (Sefton 1977, Stark and Heath 1979, Gershman 

and Robbins 1981). When the quantities of glucose in the 

medium are limited,the ktype immunoglobulin light chain of 

mouse myeloma cells and the glucose-regulated protein (GRP) 

of mouse 3T3 cells are not glycosylated (pouysse'gur and 

Yamada 1978, Stark and Heath 1979). Similarly, the 

glycoproteins of Semliki Forest virus-infected chick embryo 

cells and Vesicular Stomatitis virus-infected baby hamster 

kidney cells are abnormally glycosylated (Kaluza 1975, Turco 

1980, Turco and Pickard 1982). Finally, the glycoproteins 

of Sinbis virus-infected chick cells exist in both nong1yco

sylated and abnormally glycosylated forms (Sefton 1977). 

The effect of altered glycosylation is fairly glucose 

specific and is not due to energy depletion. As shown, only 

the addition of glucose or mannose and not galactose, 

glycol, ribose, N-acetylglucosamine or pyruvate to the incu

bation medium will restore the cells' normal ability to 

glycosylate proteins (Kaluza 1975, Stark and Heath 1979, 

Turco 1980, Gershman and Robbins 1981). 

We have cultured MPC11xW279.2 hybridoma cells in 

medium with a reduced concentration of glucose and found 
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that the heavy chains of secretory immunoglobulin M 

containing five distinct oligosaccharide chains are 

abnormally glycosylated. This interesting (consistent) 

phenomenon may provide information about controlling mecha

nisms involved in regulating processing of particular oligo

saccharides at a specific site in a glycoprotein. 

Results 

The initial experiments performed in this part of 

the research were designed to establish suitable incubation 

conditions for preparing quantitative amounts of secretory 

IgM from the suspension of MPCllxW279.2 hybrid cells. The 

cells were cultured in low glucose (0-1 gm/liter) DMM medium 

(comparing to 4 gm/liter in normal culture medium) to 

increase incorporation of radioactive sugars into 

glycoproteins. 

A time course of [3H]mannose incorporation into 

intracellular and secreted anti-u antiserum 

immunopreciptable products is shown in Figure 24. The cells 

were incubated in low glucose medium for the periods 

indicated. The cells first show a linear incorporation of 

[3H]mannose into intracellular IgM for 12 hrs. After 12 hr 

the synthesis of intracellular IgM becomes static. However, 

the amount of secretory IgM in the medium increases linearly 

for 24 hrs. For the experiments reported here, we incubated 
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Figure 24. Synthesis of cellular and secretory IgM by 
hybridoma cells in low glucose medium. 
(0---0) secreted IgM, (x---x) cell-associated IgM. 
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cells for 12 hr. unless otherwise specified. 

Us chains were prepared as described in Materials 

and Methods from low glucose culture medium after a 12 hr 

incubation. The glycoprotein was then cleaved into several 

fragments by CNBr. The chromatography of the cyanogen 

bromide peptides through Ultragel AcA 54 shows a different 

profile compared to that of Us chains from normal culture 

medium (Figure 25). Under normal culture conditions, CN6 is 

the highest [3H]mannose labeled fragment followed by CN7, 

CN5 and CN8. However, the pattern from glucose-deprived 

medium shows CN7 with the highest labeling and CN5 with very 

little label. Increased heterbgenecity of CN6 and CN7 were 

also observed. We showed that the profile shift is real by 

mixing CN6 from normal medium and CN7 from low glucose 

medium and rechromatographing on the same column. 

The preliminary result indicates that the glycosy

lation of u chain is altered in glucose-deprived cells. To 

establish this glucose effect on glycosylation but not bio

synthesis of polypeptide, the cells were cultured with [3 H]_ 

leucine in leucine-free low glucose medium. The [3 H] leucine 

labeled Us chains prepared under this condition show a 

normal CNBr-peptide profile in Figure 26. As expected, CNG 

is the largest fragment followed by CN7, CN5 and CN8. The 

Us chains secreted by normal and glucose-starved cells were 

also analyzed on l~% SDS-polyacrylamide gel (Figure 27). 

The two [35 S]methionine labeled Us chains comigrated with 
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Figure 25. AcA 54 chromatography of [3H]mannose labeled 
glycopeptides from Us produced by hybridoma cells grown in 
normal and low glucose media. 
CNBr and pronase treatment of IgM and fractionation of 
glycopeptides was described in "Methods and Materials". 
(I) --- 0) con tro 1 group, ()<---,>() low glucose group 
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Figure 26. AcA 54 chromatography of [3 H] leucine labeled 
glycopeptides from Us produced by hybridoma cells grown in 
low glucose medium. 
CNBr and pronase treatment of IgM and fractionation of 
glycopeptides was described in "Methods and Materials". 
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Figure 27. SDS-PAGE of [ 35 s]methionine labeled secretory 
IgM from hybridoma cells grown in normal and low glucose 
media. 
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each other. There is no significant difference in molecular 

weight observed although the Us chain from normal medium has 

a slightly slower electrophoretic mobility. The data 

suggest that glucose deprivation interferes with the normal 

glycosylation of u chain in the hybrid cell, whereas there 

is no significant effect on the biosynthesis of polypeptide 

backbones. 

When the cells were labeled with [3 H] fucose and [3 H] 

glucosamine individually in low glucose medium, similar 

aberrant gel filtration profiles of CNBr Us peptides were 

obser ved (F igure 28) 0 

The amounts of radioactive incorporation by CNBr 

fragments were quantitated by summing up the counts under 

each peak. Table 5 lists the percentage of [3 H]sugar incor

poration determined for CNBr glycopeptides based on the 

assumption that all of the [3 H]sugar molecules are uniformly 

labeled during the period of incubation with the radioactive 

sugars. Although CN6 contains two oligosaccharide chains, 

the incorporation of [3 H] mannose is never twice as much as 

that of CN7 or CN5 even under normal culture conditions. As 

shown in Table 5, under normal conditions CN6 with two 

glycosylation sites contains the most [3H]mannose label 

followed by CN7, CN5 and CN8 in sequence. Nearly 20% of the 

total incorporated radioactivity appears in fragment CN5. 

In the glucose deprived medium, the ratio of incorporation 
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Figure 28. AcA 54 chromatographies of [ 3 H] gl ucosamine 
[3H] fucose labeled glycopeptides from us produced 
hybridoma cells grown · in low glucose media. 
CNBr and pronase treatment of IgM and fractionation of 
glycopeptides was described in "Methods and Materials". 
A) [3H] glucosamine label B) [ 3H] fucose label. 
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Table 5. Percent of total radiolabel found in each CNBr 
fr~ction of IgM from hybridorna cells grown in normal or low 
glucose media. 

% of Total Label in All Fractions 
3H Labe 1 

Normal Media Low Glucose 

Man 1 Man 2 GlcN Fuc Man 1 Man 2 GleN Fuc 

CN5 18 19 15 35 4 7 3 2 

CN6 45 40 60 50 18 29 28 32 

CN7 26 28 14 15 48 40 54 66 

CN8 11 13 11 0 30 24 15 0 
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by each CNBr fragment has changed. CN5 has only 5% of the 

total [3H]mannose activity. CN7 becomes the highest labeled 

and CN8 also increases in the relative percentage of incor-

poration. The phenomenon that CN7 is the dominant labeled 

fragment in the low glucose medium can also be observed when 

cells are labeled with [3H]glucosamine or [3H]fucose. 

[3H]Fucose is barely detected in CN8 which presumably con

tains one oligosaccharide chain with a high mannose 

structure. 

The isolated individual CNBr generated glycopeptides 

were exhaustively digested with pronase. Each pronase-

treated CNBr fragment consists of one amino acid (or a very 

short piece of peptide) with an asparagine-attached 

oligosaccharide. The sizes of pronase treated CNBr frag

ments of Us from glucose starved cells were compared with 

those of equally treated corresponding fragments from con

trol groups by comparing the Bio-ge1 P4 chromatography 

(Figure 29) of [3H]mannose labeled glycopeptides. 

The pronase digest of labeled CN5 l (from low glucose 

medium) shows a single peak on the gel filtration profile 

which is significantly different from that of CN5 n (from 

normal medium). The former suggests that CN5 1 contains 

mainly high mannose oligosaccharide structures (see section 

I and data not shown). However, the carbohydrate of CN5 n is 

a mixture of more processed complex, hybrid and high mannose 

types. Although CN6 l has relatively lower incorporation, 
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Figure 29. Biogel P4 fractionation of [3H]mannose labeled 
glycopeptides from Us produced by hybridoma cells grown in 
normal and low glucose media. 
CNBr and pronase treatment of IgM and fractionation of 
glycopeptides was described in "Methods and Materials". 
(o--_o) contol group, ()(---)O low glucose groupo 
A) CNS B) CN6 C) CN? and D) CN8. 
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the distribution of its pronase-digest peaks is similar but 

not identical to that of CN6 n o When the filtration profiles 

of the pronase-digest of CN7 l and CN7 n were compared, the 

abnormally highly labeled CN7 l seems to contain high molecu

lar weight species and the pattern of CN7 l is similar to 

that of CN6 l despite the different proportion of the inter

mediate peaks. Finally the CN8 l and CN8 n both show a single 

peak 'having identical elution positions. 

Furthermore, the [3H]mannose labeled intracellular 

u· chain from glucose starved cells has also been isolated 
1 

and cleaved by CNBr into several fragments. The AcA 54 gel 

filtration profile of these CNBr generated peptides shows a 

similar pattern as that of Us from low glucose medium 

(Figure 30). Again, the intracellular CN5 is poorly 

labeled, and CN7 has more incorporation than CN6. When the 

AcA 54 profiles of ui and us,prepared from glucose deprived 

cells and medium individually were compared, CN6 and CN7 

were larger in molecular weight in Us than in ui chains 

(this phenomenon is opposite in the control group, see 

section I). This suggests that the 01 igosaccharide chains 

on ui' at least at CN6 and CN7 glycosylation sites, are 

smaller and would be processed to give rise to the 

corresponding larger chains on Us under low glucose culture 

condition. When the two AcA 54 profiles of [3H]mannose 

labeled CNBr generated peptides prepared individually from 
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Figure 30. AcA 54 chromatography of [ 3 H]mannose labeled 
glycopeptides from ui and us produced by hybridoma cells 
grown in low glucose media. 
CNBr and pronase treatment and fractionation of 
glycopeptides was described in "Methods and Materials". 
(~---X) us, (O---O) ui. 
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glucose starved and control group cells were superimposed 

(Figure 31), it was also observed that the corresponding ui 

low glucose peptides have a smaller molecular weight than 

their ui normal counterparts. 

The data here indicate that under glucose 

deprivation, the initial glycosylation of the polypeptide u 

chain in MPCllxW279.2 hybridoma cells has been modified and 

this leads to the aberrant secretory mature carbohydrate 

chains. 
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Figure 31. AcA 54 chromatography of [3H]mannose labeled 
glycopeptides from ui produced by hybridoma cells grown in 
normal and low glucose media. 
CNBr and pronase treatment and fractionation of 
glycopeptides was described in "Methods and Materials". 
(0 ---0) con tro 1 group, ()(---,() low glucose group. 
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Discussion 

In this part of the thesis, we have shown that 

the glycosylation and processing of a specific glycoprotein 

could be dramatically altered by varying cell culture 

conditions. 

CN 5 fragments of both intracellular and secretory 

mu chains produced by MPCII x W279.2 cells were barely 

labeled, and CN 7 instead of CN 6 became the highest labeled 

glycopeptide when cells were incubated with [3 H]sugar under 

lower glucose concentrations. The distribution of the final 

oligosaccharide structures on each Us glycopeptide also 

changed. The results imply that the initial glycosylation 

of the polypeptide u chain has been impaired and this leads 

,to the aberrant secretory mature carbohydrate chains when 

glucose is deficient in culture medium. 

The pathways involved in the biosynthesis of the 

oligosaccharide portion of asparagine-linked glycoproteins 

have been widely studied. However, little is known about 

the regulation involved in the formation o~ a particular 

oligosaccharide at a specific site in a glycoprotein. 

In low glucose medium, hybridoma cells secrete IgM 

into the medium with reduced and altered glycosylation. This 

phenomenon appears to be limited to the oligosaccharideso 

The biosynthesis of the polypeptide backbone seems not to be 

affected in the glucose-starved cell. The [3 H] leucine 

labeled Us has a normal AcA 54 gel filtration profile of 
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CNBr generated peptides compared to that of the control 

group (Figure 26, see Figure 7 in section I). Similar 

observations have been made using other systems (Kaluza 

1975, Stark and Heath 1979, Turco and Pickard 1982). 

Furthermore, glucose analogues such as 2-deoxy-D-glucose or 

D-glucosamine can only interfere with the formation of some 

viral glycoproteins but have no significant effects on the 

biosynthesis of carbohydrate-free protein (Kaluza 1975). It 

is likely that for a specific glycoprotein, cells synthesize 

the same polypeptide backbone and the only difference 

between the two forms from glucose-deprived and control 

groups is in the carbohydrate portion. 

Both forms of IgM secreted in the low glucose medium 

and normal medium are precipitable by anti-u antiserum. The 

unglycosylated form of k-type immunoglobulin light chain 

(Stark and Heath 1979) and the glucose-regulated fibroblast 

cell surface glycoprotein (Pouyssegur and Yamada 1978) 

prepared under glucose starvation conditions are also 

accessible to antibodies. These results suggested that the 

antigenicities of these glycoproteins are determined by the 

polypeptide. The deficit or aberration of carbohydrate 

could induce conformational changes of the protein and still 

leave sufficient sites exposed for polyclonal antibody 

recognition. 
\ 

Previous studies had shown that when cells were 
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placed in serum-free minimal essential medium devoid of 

glucose, there is a rapid cessation of synthesis of the 

usual Glc3Man9GlcNAC2 lipid-linked oligosaccharide (struc

ture I in Figure 32) and accumulation of a smaller species 

with the composition ManSGlcNAC2 (structure II in Figure 32) 

(Turco 1980, Gershman and Robbins 1981, Rearick, Chapman and 

Kornfeld 1981b). Smaller intermediates were also found in 

the cells cultured with glucose analogues such as fluoroglu

cose (Datema et ale 1980) and glucosamine (Stark and Heath 

1979). 

The mannose residues 1 through S in the structures 

shown in Figure 32 come directly from GDP-mannose, whereas 

the last four residues are donated by Dol-P-Man (Rearick, 

Fujimoto and Kornfeld 1981a). It has been suggested that 

there is limited availability of Dol-P-Man in glucose 

starved cells (Rearick et alo 1981a)o The reduction in 001-

P-Man level may cause the shift from structure I to struc

ture II. This change is analogous to the situation in class 

E Thy-I-negative mutant mouse lymphomas which have a block 

in the synthesis of the usual high molecular weight lipid-

1 inked 01 igosaccharide and synthesize two smaller interme

diates Glc3ManSGlcNAC2 and ManSGlcNAC2 (Trowbridge and Hyman 

1979, Chapman et ale 1979c). Although the ui pool contains 

u chains both in the rough endoplasmic reticulum and Golgi 

apparatus, in long term (12-24 hr) steady state labeling the 

ui pool in hybridoma cells is predominantly composed of 
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Figure 32. proposed structures of two alternate lipid-linked 
oligosaccharides used for glycoprotein synthesis. 
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unprocessed pre-us chains (see section I). Despite the 

different incorporation pattern of sugars, our result 

comparing the sizes of CNBr generated peptides of ui from 

glucose-starved and control group cells (Figure 31) is con

sistent with the hypothesis suggested above (Rearick et ale 

1981b). The CNBr generated fragments of ui isolated under 

glucose-deprivation condition are smaller than those from 

the control group. This indicates that the carbohydrate 

donated by lipid-linked oligosaccharide to the newly synthe

sized polypeptides in the glucose-starved cells are smaller 

than the normal intermediate which contains 2 GlcNAc, 9 Man 

and 3 glucose residues. These smaller oligosaccharides can 

then be further processed and give rise to the final larger 

complex type or high mannose sugars on the secretory u 

chain. However, the carbohydrates on the mature Us chain 

from low glucose medium are not processed the same way as 

oligosaccharides found in normal Us chains. 

Besides the unglycosylated form, the purified mature 

G protei n from VSV- infected g 1 ucose-depr i ved baby hamster 

kidney cells was found to contain altered chains due to 

carbohydrate processing of the initially transferred endo-H 

resistant smaller oligosaccharide (Turco and Pickard 1982). 

The sensitivity to J. -mannosidase of these VSV G glycopep

tides rose from 45% at 5 min of radiolabeling with 

[3H]mannose in glucose-starved cells to 82% at 20 min, 
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followed by a decline in susceptibility of the mature ~ 

protein which shows different affinity to Concanavalin-A 

Sephrose compared with the normally glycosylated form. The 

sequence of processing described for glucose-starved BHK 

cells agrees nicely with that elucidated in class E Thy-l

negative mutant mouse lymphoma cells mentioned previously. 

processing in class E mutant cells involved the removal of 3 

glucose residues and 2 mannose residues in structure II to 

give rise the core Man3GlcNAC2. The synthesis of the final 

complex type oligosaccharide is then completed by the 

addition of I or 2 more N-acetylglucosarnine residues as well 

as the addition of galactose, fucose and sialic acid resi-

dues (Kornfeld et ale 1979). From our result of the 

comparison of the Bio-gel P4 elution profiles of the pronase 

digest of Us CNBr generated fragments (Figure 29) we 

noticed that there appeared a single peak in both runs of 

CNS I and CN8 1 , and this peak coeluted with the peak of CN8 n 

which contains mainly a high mannose structure. The pronase 

digests of CN6 1 and CN7 1 , on the other hand, are composed of 

several fractions of oligosaccharides with different sizes. 

At present, we can not determine whether CNS I and CN8 1 are 

the high mannose type or the smaller transferred interme

diate ManSGlcNAC2' since these two structures would run as a 

single peak on the column. However, if the shifted incorpo

ration of radioactive sugars (Table S) into individual frag

ments is also taken into account, the phenomenon of altered 
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glycosylation and processing in glucose-starved cells should 

give information about the parameters which would determine 

the extent of glycosy1ation and processing of a particular 

oligosaccharide at a specific site in a glycoprotein. 

Little is known about how protein structure affects 

the glycosylation course during co- and posttranslational 

processing of a single glycoprotein. For N-linked 

glycoproteins, the amino acid sequence Asn-X-Ser(Thr) is 

necessary but not sufficient for glycosy1ation to occur 

(Aubertet al. 1976, Struck et ale 1978). The carbohydrate 

moiety is often situated in a turn (Aubert et ale 1976, 

Beeley 1977, Bush et ale 1980). It was postulated that the 

local environment around the glycosylation site would 

influence the actions of processing enzymes and therefore 

determine the final form of the oligosaccharide. 

In low glucose medium, the pool of UDP-glucose in 

the cell was reduced to one-third the nor.mal level (Ullrey 

and Kalckar 1979). This may lead to a fall in Glc-P-Dol 

which is the donor for the glucose transferring enzymes. 

Therefore, impaired glucose transfer to the lipid linked 

oligosaccharide could also occur. It was observed that only 

6-9% of the total lipid linked oligosaccharides had been 

glucosy1ated in the glucose-deprived BHK cells (Turco 1980). 

In the glucose-starved CHO cells, Rearick et a1. (1981) had 

barely detected the lipid linked glucosy1ated 
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oligosaccharides Man5GlcNAC2. It seems that the enzyme 

which transfers glucose from Dol-P-glucose to the lipid 

linked 0 1 igosacchar ide may prefer the Man9G I CNAC2 spec ies 

and may glucosylate Man5GlcNAC2 at a slow rate (Hunt 1980b). 

As soon as the Man5GlcNAC2 is glucosylated then transfer to 

protein can occur, probably as Glc3Man5GlcNAC2 (Trowbridge 

and Hyman 1979, Rearick et ale 1981). The transfer of an 

unglucosylated oligosaccharide had been found in two species 

of protozoan (Parodi et ale 1981, Parodi and Quesada-Allue 

1982). In mammalian cells, however, the presence of three 

glucose units in the lipid linked oligosaccharide is 

essential for the transfer reaction to take place (Chapman 

et ale 1979a, Hunt 1980a, Rearick et ale 198Ia). 

In glucose-deprived hybridoma cells, it is possible 

that the SlO\,1 rate of synthesis and the limited available 

amount of glucosylated lipid linked oligosaccharide decrease 

protein glycosylation during translation in the lumen of 

endoplasmic reticulum. presumably only a small portion of 

the whole u chain pool has carbohydrate attached before the 

amino acid chain folds itself back covering CN5 which is 

normally the first glycosylated site from N-amino terminus. 

Due to the absence of this carbohydrate the nascent polypep

tide chain may alter its subsequent normal folding leading 

to different conformations around the microenvironment of 

the following glycosylation sites on CN6, CN7 and CN8. It 

is difficult to draw any conclusion concerning the effect on 
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the glycosy1ation and processing of individual sites by the 

conforma tiona1 change. However, prev ious repor ts did show 

the glycosylation seems to affect conformation. The unglyco

sylated form of GRP (glucose regulated protein) is still 

present at the cell surface but in a different conformation 

due to the deficit in carbohydrate (Pouyssegur and Yamada 

1978). Recently Green (1982) had shown that the presence of 

an amino acid analog in the protein altering the peptide 

configuration is sufficient to prevent processing of precur

sor high mannose to complex oligosaccharides. A possible 

explanation for the single peak of CN5 1 when the pronase 

digest was eluted through the Bio-gel P4 column may be that 

due to the slow rate of synthesis of glucosy1ated lipid 

linked oligosaccharide the protein is glycosy1ated overall 

at a slower rate. Thus even when a small amount of CN5 did 

get g 1 Y cos Y 1 a ted, the N H 2 - t e r min a 1 ami no a c i d c h a inc 0 u 1 d 

already fold itself back burying the transferred 

carbohydrate before processing. This would reduce 

accessibility of the glycosylation site. 

Pollack and Atkinson (1983) had recently correlated 

the type of oligosaccharide t'1ith the position in the amino 

acid chain of glycosylation sites on about 50 glycoproteins. 

They found that complex oligosaccharides are generally 

located towards the amino terminus of the polypeptide and 

high mannose types are located further towards the carboxyl 
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terminus. Processing is more complete towards the N-

terminus. The results here indicate that this glycosylation 

pattern may not be followed under glucose deprivation condi

tions (also see discussion in section I). The basic logic 

resides in both situations may not be conflicting. We be

lieve that the folding (conformation) of the protein may be 

affected by the absence (presence) of a single oligosaccha

ride and this conformational change may cause a series of 

effects on subsequent glycosylation sites on the same pro

tein molecule. The final carbohydrate structure at a 

specific site in a glycoprotein is the result of the coordi

nation of processing enzymes and the local environment. The 

difference here may be caused by the slow synthesis rate and 

the limited available amount of the smaller lipid linked 

glucosylated oligosaccharide in glucose starved-cells. 

The data shown implicate the high sensitivity of the 

processing to cellular metabolism. As mentioned, within 

minutes of glucose deprivation, the cells cease synthesizing 

the Glc3MangGlcNAC2 species and instead make predominantly 

the Man5GlcNAC2 species (Gershman and Robbins 1981, Rearick 

et al. 1981b). It was postulated that the enzyme adding the 

6th mannose residue to the Man5GlcNAC2 is very sensitive to 

small changes in Dol-P-Man concentration which decreases at 

a much more gradual rate than the cessation of 

Glc3MangGlcNAC2 synthesis in "low glucose condition. Thus, 

the glycosylation and processing in cells could be dramati-
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cally modified due to their slightly changed growing condi

tions. The important point is that the altered glycosyla

tion patterns are very reproducible and occur regardless of 

the sugar label. This indicates that the sugar structures 

on the glycoproteins are synthesized and determined by 

certain fine mechanisms which could lead to different syn

thesis pathways under different conditions. Future study in 

this field would increase our knowledge of carbohydrate 

processing. 

We have shown the effect of glucose deprivation on 

the glycosylation of immunoglobulin heavy u chain. The data 

of abnormal structures of the final oligosaccharides and the 

smaller size of intracellular precursors are consistent with 

previous reports. possible mechanisms that cause these 

effects have been discussed. It should be mentioned here 

that normal Chinese hamster ovary cells also synthesize 

a small amount of Glc3Man5GlcNAC2 lipid-linked 

oligosaccharide (Chapman et ale 1979c). This intermediate 

can be transferred to protein under glucose starvation con

ditions (Rearick et ale 1981b). In class E mutant cells it 

can then be processed through an alterate pathway into 

complex type 01 igosaccharides (Kornfeld et aID 1979). It 

was suggested that transfer of Glc3Man5GlcNAC2 is normally a 

minor second glycosylation pathway in these cells. This 

pathway becomes "unmasked" or the cell increases the utili-
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zation of this minor pathway under certain experimental 

conditions or in the mutant cell lines (Chapman et ale 

1979d, Trowbridge and Hyman 1979). 



Kinetic Studies of the Biosynthesis and Intracellular 
Assembly of Membrane-Bound and Secretory IgM 

Introduction 

All newly made proteins synthesized in cells have 

pre-determined destinations. Some are exported out of the 

cell. Others may ultimately reside in the external cellular 

membrane or find their way to one of the intracellular 

organe lIes, such as lysosomes or mi tochondr ia (Marx 1980). 

The intracellular transport of these proteins from the endo-

plasmic reticulum to their final destinations is believed to 

follow a very simi lar sequence of membrane flow. As des-

cribed previously, normal glycoproteins, like the secretory 

proteins synthesized in pancreas and liver, are synthesized 

on membrane-bound ribosomes. The common oligosaccharide 

precursor containing two GlcNAc, 9 Man and 3 Glc residues is 

transferred to a particular Asn residue of the nascent 

polypeptide at this stage. After the first step of 

processing of the carbohydrate moieties the glycoproteins 

pass through the Golgi apparatus. A number of processing 

reactions such as removal of mannose residues and addition 

of galactose, sialic acid and fucose are believed to occur 

in the Golgi apparatus or between the Golgi complex and the 

cell surface. Although the nature and the sequence of 

maturational events which occur during the biosynthesis of 

glycoproteins appear to be quite general, the time 
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required for the maturation can be quite variable. Factors 

such as growth phase, protein structure, protein-protein 

interactions and final destinations of glycoproteins have 

been reported to influence the pathway and the time course 

of the processing route (Hubbard and Ivatt 1981). 

In their study of the synthesis of discrete membrane 

and secretory proteins in the same cell, strous and Lodish 

(1980) found that the rate of oligosaccharide processing and 

intracellular transport was about twice as fast for the vsv 

G membrane protein as for the secretory glycoprotein 

transferrin. They concluded that secretory and membrane 

glycoproteins differ markedly in the rate with which they 

are processed from their site of synthesis to the cell 

surface or exterior. Although that investigation was 

performed in a single cell line, the proteins studied are 

not related and have completely different structures for the 

polypeptide backbone. To avoid this discrepancy, we have 

used two cell lymphoma clones, WEHI231 (W23l) and 

WEHI279.l/l2 (W279.2), to study the intracellular transport 

process of two related proteins. W23l lymphoma corresponds 

to an early stage of nonsecreting B cells which have high 

levels of membrane IgM molecules and secrete negligible 

amounts of IgM molecules. W279.2 cells, however, represent 

an intermediate IgM-secreting B cell stage (see Figure 5) 0 

Both membrane and secretory IgM molecules are expressed by 

W279.2 cells. The advantage of using these cell lines is 
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that they synthesize both membrane and secretory u polypep

tides despite the fact that: (i) the relative amounts of Us 

and urn may vary depending on the development stage, and (ii) 

some of the newly made u chains could be catabolized before 

they reach the cell surface. Another B cell clone 

MPCllxW279 hybridoma which corresponds to the terminal stage 

of B cell differentiation is also studied here for the 

kinetic comparison of IgM secretion. 

It has been reported that the two species of mRNA 

coded for the u chains of the membrane bound (urn) and 

secreted (us) forms of the IgM are produced from transcripts 

of a single u gene through a developmentally regulated RNA 

splicing mechanism (Early et ala 1980). At different stages 

o f i mm uno c y ted eve lop men tid iff ere n tum RNA s pre do min ate, 

including urn mRNA during the lymphocyte stage and Us mRNA 

during the secretion stage (Alt et ala 1980). Urn and Us 

mRNAs are identical throughout the coding region up to the 

3' end of the fourth constant region (CU 4) domain, but 

differ in their C terminal coding and 3' untranslated 

segment (Rogers et ala 1980). Thus the urn and Us polypeptide 

chains from a single cell differ only in the amino acid 

sequence of their carboxy terminal regions. In the Us 

chain, there is a 20-residue hydrophilic C terminal segment 

after the CU 4 domain, and the urn chain has a 4l-residue c

terminal segment containing a hydrophobi~ sequence which 
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allows insertion of urn into the lipid bilayer membrane. 

The B cell tumor clones described above made it 

possible to study the kinetics of synthesis and maturation 

of two closely related glycoproteins with distinct destina

tions. From our kinetic data, we conclude that although urn 

and Us are closely related proteins with an extremely high 

degree of sequence homology, they can still be 

differentiated by the intracellular transport system through 

some unknown mechanism. In the same cell, they are 

processed differently and are transported with markedly 

different rates. The two proteins are segregated at sometime 

during the intracellular traffic process. 

Results 

We first set out to .measure the rate that W23l cells 

synthesize and transport m~mbrane bound IgM. Cells were 

labeled with [35 s ]cysteine for various periods. The labeled 

cell lysate and corresponding culture medium were 

immunoprecipitated and analyzed under non-reducing 

conditions on gradient polyacrylamide gels. 

Figure 33A illustrates that the major intermediates 

during IgM synthesis in W231 cells are UL and U2 L 2 as judged 

by their molecular weight. 

early as 113-213 mins after 

The two bands can be detected as 

labeling. No significant 

species can be detected in the culture medium. This con

firms that small B lymphocytes do not secrete IgM. Also 
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Figure 33. SDS-PAGE of IgM synthesis by WEHI 231 cells. 

W231 cells were labeled with [ 35 s]cysteine. Atthe 
indicated times, aliquots of cells and corresponding media 
were collected separately. IgMs were immunoprecipitated 
from cell lysates and media. A) Immunoprecipitation of cell 
lysates. 
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Figure 33. continued 
B) irnrnunoprecipitation of corresponding media. 
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shedding of 7S monomer IgM from the cell surface or cells 

during the two hour labelling course can not be detected 

(Figure 338). We do not know the exact portion of mature 

membrane bou.nd IgM in the U2 [,2 pool. However, U2 [,2 is 

evidently assembled in the cell rapidly after polypeptide 

synthesis. 

Similar experiments have been performed with MxW 

hybridoma cells. As described previously (section I), the 

assembly of U[, into U2 [,2 occurs very early (within 10 mins 

after they are synthesized) even in the cells that produce 

exclusively secretory IgM molecules (Figure 34A). The 

secretion of IgM from hybridoma cells into the medium can 

not be detected until 40-50 mins of labelling (Figure 348). 

Similar delays were also seen for the polymerization of U2[,2 

into pentamers. This indicates that polymerization occurs 

shortly before or simultaneously with secretion. 

When W279.1/12 cells which express both membrane 

bound and secreted IgM were examined, very similar time 

courses of intracellular synthesis and secretion of IgM to 

those of W231 and hybridoma cells were seen respectively 

(Figure 35). The intracellular bands, corresponding to UL 

and U2L2 , can be detected at 20 mins of labeling. However, 

the secreted IgM molecules were released only after a longer 

lag period, about 50-60 mins. The kinetics of secretion 

here is slower than that of hybridoma cells. Again, 

although the intracellular pool of u chains consisting of a 
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Figure 34. SDS-PAGE of IgM synthesis by hybridoma cells. 

Hybridoma cells were labeled with [ 35 s]cysteine. At the 
indicated times, al iquots of cells and corresponding media 
were co 1 1 e c ted separate 1 y. I g M s were i mm uno pre c i pi tate d 
from cell lysates and media. A) immunoprecipitation of 
cell lysates. 
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Figure 34. continued 

labeled 
50 6 0 90 120 

B) immunoprecipitation of corresponding media. 
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Figure 35. SDS-PAGE of IgM synthesis by W279.1/12 cells. 

W279.1/12 cells were labeled 
indicated times, aliquots of 
were collected separately. 
from cell lysates and media. 
lysates. 

with [ 35 s] cysteine. At the 
cells and corresponding media 
IgMs were immunoprecipitated 
A) immunoprecipitation of cell 
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Figure 35. continued 
B) immunoprecipitation of corresponding media. 
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mixture of um and us' they appear as forms U[, and U2 [,2 

predominantly at a very early stage of synthesis. 

When the ge 1 s were scanned through a dens i tometer, 

it was established that although the amount of IgM in the 

medium increases linearly along the labeling course, a lag 

time of 40-50 mins for hybridoma cells or 50-60 mins for 

W279.1/12 cells was required for the secretion of IgM 

(Figure 36). This is consistent with the kinetics of the 

formation of pentamer in the hybridoma cells. 

Although the kinetics of intracellular synthesis of 

IgM look alike on the gels, the densitometric scans revealed 

the discrepancy in the relative level of intracellular U2[,2 

to U[, in the two B lymphocyte clones, W23l and W279.1/l2. In 

W23l cells, the amount of U[, and U2[,2 increases individually 

~uring the incubation. However, the relative incorporation 

ratio of U2[,2 to U[, decreases from the very first time when 

they are detected on the gel. The incorporation ratio of 

U2 [,2 decreases gradually from 3.69 at 20 mins to 1040 at 90 

mins (Figure 37; theoretically, the ratio of U2L2/UL would 

be 2 if U2 L 2 and UL are present in the cell in equal 

concentrations). Since we did not detect any secreted IgM 

molecules in the culture medium, this indicates that in W231 

cells, although the U2 [,2 molecules are assembled early, 

either the rate of assembly of U2L2 declines gradually or 

U2 [,2 is rapidly degraded. In W279.1/12 cells, the U2 L2 /UL 
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Figure 36. Densitometric analysis of IgM synthesized by 
various cell lines. 
(X---)() W231 urn, 
(•---•) hybridorna us, 

(o---Q) W279.1/12 urn, 
(t---t) w279.1/12 us. 
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Figure 37. Densitometric analysis of appearance of UL and 
U

2L2 in W231 and W279.1/12 cells. 
The exposed films shown in Figure 33A and 35A were scanned 
on a microdensitometer. The relative densities of U2 L2 
and UL bands in the same fluorogram were determined on same 
scale basis. (0--- 0 ) U2 L2 , (>c---J<) UL, (0---0) U2 L2/ UL , 
and (A---A) U2L2/UL+U2 L2 o 

A) W231 B) W279.1/12 
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ratio increases from the beginning unti 1 50 ruins after the 

molecules are synthesized (Figure 37). The ratio then 

declines following a short static state. This suggests that 

W279.1/12 cells have different kinetics of intracellular 

synthesis and assembly of IgM molecules than W23l cells. It 

probably is due to the fact that both types of precursors 

for membrane bound and secreted IgM in W279.1/12 cells will 

be processed and transported into their final destinations. 

Only the membrane bound IgM molecules are functionally 

expressed although both pre-urn and pre-us are present in the 

W231 cells. 

Although we have established the lag phenomenon for 

IgM secretion, we can not make any conclusion on the rate of 

synthesis of membrane bound IgM. The endo H digestion 

experiment was designed to identify the kinetics of 

acquisition of resistance to endo H for pre-urn and pre-us in 

W279.1/l2 cells. In the [35 S ] cysteine pulse-chase 

experiment, intracellular immunoglobulin species were iso-

lated from the cells by antibody precipitation and subjected 

to endo H digestion. The fluorogram of the SDS 

polyacrylamide gel of this digest, after several chase 

periods, shows (Figure 38) the endo H sensitivity of 

cellular u chains through 60 mins of chase. Because of the 

complicated glycosylation of pre-urn (and/or urn) and pre-us 

(and/or us) chains (five oligosaccharide chains on Us and 

four on urn) and also their similar molecular weights, the 
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Figure 38. SDS-PAGE of endo H digestion of W279.1/12 
cellular u chains. 
W279.1/12 cells were pulse labeled with [3 5 s]cysteine for 
10 min, then chased for indicated periods. Cellular u 
chains were isolated and digested with endo H {+). Controls 
were incubated without endo H (-). Labeled hybridoma ui 
chains were also prepared and treated with enzyme for 
comparison. Samples were analyzed on 12% SDS-PAGE. 
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gel did not separate the cell associated u chain species. 

However, their electrophoretic mobilities before and after 

endo H treatment are definitely different and 

,distinguishable. We did not see any endo H resistant band 

during the entire chase period. The fact that the behavior 

of cellular u chains to endo H in W279.l/l2 cell is similar 

to that in hybridoma plasma cells is probably due to the 

predominant presence of pre-us in the intracellular pool of 

u chains and/or the fact that both pre-urn and urn chains are 

sensitive to endo H. Thus we still can not tell when the 

mature urn chains appear on the cell surface. 

In order to analyze the rate of appearance of newly 

made membrane bound IgM on. the cell surface, it was 

necessary to quantitate the appearance of newly synthesized 

cell surface proteins. In this experiment, the labeled 

cells were incubated with trinitrobenzenesulfonic acid 

(TNBS) which has previously been shown to selectively intro

duce a trinitrophenyl residue onto free amino acid groups of 

externally oriented proteins (Strous and Lodish 1980). This 

procedure will not derivatize cytoplasmic proteins. The 

derivatized cells could then be lysed, and the 

trinitrophenol modified exposed proteins were specifically 

immunoprecipitated with rabbit anti-DNP and fixed 

Staphylococcus aureus cells. The immunocomplexes formed 

with surface proteins were analyzed on SDS polyacrylamide 
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gel. Figure 39 shows that IgM molecules appear on the 

plasma membrane between 10-20 mins after synthesis. This 

indicates that at least a portion of the cell associated 

U2L2 appearing in the very early stage of synthesis seen in 

earlier experiments was actually mature membrane bound IgM 

molecules. 

To provide a more complete story, Ms. Patricia 

Beckman in our laboratory has also performed the time 

courses on W23l and the IgM secreting cell lines PC 700 and 

MOPC l04E. The cell surface IgM in W23l begins to appear at 

10-20 mins. Figure 36 represents the results of 

densitometric scans of u chain bands from fluorograms of all 

cell lines analyzed. Similarities are seen in the rate of 

secretion of Us IgM in the M x W Hybridoma and W279.2, and 

in the rate of cell surface appearance of um in W279.2 and 

W23l cells. Table 6 summarizes the differences in the 

appearance of IgM urn and us. We conclude that the time 

required for the newly made IgM to reach the plasma membrane 

is 10-20 mins which is much faster than the secretion of IgM 

from the same cell. 
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Figure 39. SDS-PAGE of IgM appearance in the membrane of 
W279.1/12 cells. 
Cells were labeled witp [ 35 s]cysteine for indicated 
periods. Surface proteins of the labeled cells were 
prepared and analyzed on 10% SDS-PAGE as described in 
"Methods and Materials". Secreted IgM from the medium of 2 
hr labeling was prepared as molecular weight standards. 
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, 
Table 6. Summary of the rates of appearance of membrane 
bound and soluble IgM. 

CELL LINE PRODUCT TIME(MINS) 

MOPC 1~4 E IgM SECRETED 45-5~ 

PC 7~~ IgM SECRETED 45-5~ 

HYBRIDOMA IgM SECRETED 45-5~ 

W279.1/12 IgM SECRETED 5~-6~ 

W279.1/12 IgM MEMBRANE 1~-2~ 

W231 IgM MEMBRANE 1~-2~ 
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Discussion 

In this section, we have shown that in the lymphoma 

(W?79.2) cells which functionally express both surface-bound 

and secretory IgM, the membrane IgM moves at a faster rate 

than the secreted product from their site of synthesis to 

the cell surface or exterior. In addition, the precursors 

for the secretory IgM were shown to have very short 

intracellular survival times in the lymphoma (W23l) cells 

which have high levels of membrane IgM, and secrete 

negligible amount of IgM. Our data suggest alternate 

processing pathways for 19M destined for membrane insertion 

and secretion. 

The results presented here confirm the observations 

(Sibley et ale 1980) that the cell tumor clone W279.l/l2 

corresponds to an intermediate developmental stage between 

non-secreting B lymphocyte (W23l lymphoma) and fully 

differentiated plasma cells (MPCllxW279.2 hybridoma). These 

B blast/lymphoplasmacyte cells have monomeric 8S 19M mole

cules on their surface, and secrete pentameric 19S 19M 

molecules into the culture medium. However, they produce 

decreased levels of membrane and secretory 19M when compared 

with B lymphocytes and plasma cells respectively (Figure 5). 

Furthermore, in our radioactive amino acid labeling experi

ments, 19M appeared in the culture medium after a lag period 

of 50-60 min in culture of W279.1/12 and 40-50 min for 

plasma cell s. This shows that IgM secretion in W279.l/12 
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cells is slower than that in plasma cells. Similar slow 

rates of secretion of IgM have been reported in mouse spleen 

lymphocytes (Vassalli et ale 1980) where the retardation of 

processing and assembly of secretory IgM have been observed. 

The morphological differences such as the size of 

endoplasmtc reticulum in the cell lines representing various 

stages of differentiation might be responsible for the dis

crepancy in kinetics of secretion, since the majority of the 

time an immunoglobulin spends inside the cell is apparently 

needed for its processing during the intracellular transport 

from the site of synthesis to the outside of the cell (see 

section I) .. 

W279.1/12 and W23l cell lines provide two very re

lated proteins for studying the kinetics of synthesis and 

maturation of proteins with distinct destinations in the 

same cell. Some f~atures of the heavy u chains of membrane 

bound and secretory IgM, however, complicate this study. 

First, the heavy u chains with siightly different mobilities 

are both precipitable by goat anti-mouse IgM (mu chain 

specific) antiserum. Second, the intracellular ui pools 

containing precursors for both urn and Us chains have been 

shown to be predominantly composed of pre-us chains in many 

B cell lines (Kehry et al .. 1980, Sidman 1981a). Thus deter

mining intracellular processing for exclusively pre-urn or 

pre-us is almost impossible especially in short periods of 
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pulse/chase labeling. Also, each glycosylation site on the 

u chains (five on Us and four on urn chains, Sidman 1981a) is 

heterogenous for oligosaccharide structures (Anderson and 

Grimes 1982, section I). The time required for intracellular 

transport from RER into or through the Golgi apparatus 

region, as judged by the acquisition of endo H-resistance, 

cannot be clearly defined. However, the data of our experi

ments lead to the conclusion that membrane bound and 

secreted IgM precursors are transported from the site of 

synthesis to the cell surface or exterior in separate 

vesicles and at different rates. 

In the time course studies of intracellular synthesis 

in W231, W279.1/12 and MxW hybridoma, we found that UL and 

U2L2 are detectable as early as 10-20 min after labeling and 

are the major intermediates during IgM synthesis in all 

three ce 11 1 i nes. Thi s sugges ts tha t the assemb 1 y pa thway 

within the cell for both secretory and membrane-bound IgM is 

heavy chain (H) + light chain (L)----> heavy-light chain 

intermediate (HL) ----> monomer IgM (H 2L2). In the secreting 

cells, the subunit IgMS then are polymerized into pentamer 

IgM just before or at the time of secretion (Figure 34 A & 

B). However, by comparing the densitometric scans and the 

fluorograrns, it is shown that the rate and extent of these 

intermediate assemblies might be different for each stage 

of B cell differentiation. 

It has been shown that both membrane and secretory 



148 

forms of u polypeptides are made in normal B lymphocytes or 

tumor cell lines (Early et ale 1980, Rogers et ale 1980). 

However, by the "post trans 1 a tiona 1 con tro 1" over secretory 

u, only membrane type IgMs are functionally expressed on the 

surface of small resting B cells. In contrast, highly 

differentiated IgM-secreting cells may shut off their mem

brane u expression by a pretranslational mechanism (sidman 

1981a). That is, in mature B cells, only a u chain destined 

for secretion (us) is synthesized, processed and secreted. 

Further investigation of the regulation of IgM 

protein expression during B cell differentiation has found 

that the newly synthesized heavy chains will be either 

expressed as functional IgM or degraded rapidly in the cell 

(Dulis et ale 1982, Dulis 1983). In pre-B cells, such as 

CB132 studied in section I, the absence of light chain 

synthesis prevents the assembly of u chains to monomer IgM. 

All newly synthesized u chains, although glycosylated are 

not stablized against intracellular proteolysis and are 

rapidly catabolized (Mains and Sibley 1983). When a pre-B 

cell differentiates into a resting B cell, light chain 

protein is synthesized and promotes assembly to U2 L2 

monomers. However, only a fraction of newly made urn chains 

will assemble into stable membrane IgM also, the absence of 

J chain and enzymes that catalyze disulfide bond formation 

or/and the polymerization of monomer IgM and J chain at this 
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stage preclude pentamer formation. The U2L2 form of Us chain 

is not fully assembled into pentamer. The soluble dimer is 

degraded nonspecifically in the cell. Thus, only membrane 

IgM is funct,ionally expressed. As the cell develops to a 

mature plasma cell, the ability to form pentameric IgM is 

developed and the catabolism of Us chains stops, leading to 

pentamer secretion. 

The B cell lymphoma W231 studied here corresponds to 

the nonsecreting B cell stage. It expresses membrane IgM 

exclusively. The W279.1/12 lymphoma cells, on the other 

hand, represent the intermediate IgM-secreting B cells. Both 

membrane and secretory IgM are functionally expressed at 

this stage. 

In the kinetics study, despite the continuously 

increasing amount of UL and U2 L2 in W23l cells, the relative 

incorporation ratio of U2L2/UL decreases from the very first 

time when they are detectable on the gel (U 2 L2 /UL ratio is 

3.69 at 20 min and 1.40 at 90 min). However, in W279.l/l2 

cells the ratio increases from the beginning until 50 min 

after the molecules are assembled. It then declines 

following a short static state. Furthermore, during the 

labeling period the U2 L2 /UL ratio in W279.l/12 is never 

greater than two (the theoretical point when U2L2 and UL are 

present in equal amount in the cell)e Similar phenomena 

were also observed in hybridoma cells (data not shown). As 

mentioned in the results, since no IgM molecules were 
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detected in the culture medium during the pulse course, 

these kinetic data indicate that although in W23l cells the 

U2 L2 molecules are assembled early during IgM synthesis, 

either the assembly rate declines gradually or most of them 

are rapidly catabolized. 

These data are consistent with the regulation 

mechanism of IgM expression proposed. Some interesting 

observations are specially noticed here. First, although 

both Us and urn chains are synthesized in resting as well as 

secreting B cells, Us protein was much more abundant than 

urn protein even in the small resting B cell (W231). The 

assembly kinetics of cell-associated u chain is primarily 

reflected by the behavior of Us chains in the cell. It is 

not clear yet why the ui pool is predominantly composed of 

pre-us chains under static condition (Kehry et ale 1980, 

Sidman 1981a) while the mRNA for Us is approximately four 

fold less abundant than urn mRNA at this early stage during 

B cell differentiation (Alt et al. 1980). 

The sharp decline of U2 L2 /UL ratio in W231 cell is 

consistent with the observation that approximately 80% of 

the newly synthesized u chains were rapidly degraded and 

only about 20% were expressed as stable membrane IgM in 

Daudi cells (Dulis et ale 1982). The degradation occurs at 

the U2L2 level and will be discussed later. 

Besides the ratio of U2 L2 /UL, the form of U2 L2 in 



151 

W279.l/l2 cells also increases from the very beginning until 

the time when the secretory IgM starts appearing in the 

medium. The U2 L2 then remains almost constant in the cell 

throughout the labeling course. The linear increase of 

intracellular U2L2 for first 50 mins agrees nicely with the 

50 min lag period needed for detecting IgM in the medium 

(Figure 37). This indicates that the appropriate amount of 

monomer U2L2 is a requirement to initiate the polymerization 

process which also involves the incorporation of J chain and 

the catalysis by polymerizing enzymes. A number of studies 

have been trying to clarify the polymerization reaction by 

conducting reductive depolymerization and repolymerization 

through oxidation and/or disulfide exchange. The production 

of pentamer IgM is believed to depend on the amount of 

monomer synthesized and is optimized by the precisely 

controlled excess of J chain in the cell (Corte and 

Parkhouse 1973, Wilde III and Koshland 1978, Roth, Mather 

and Koshland 1979). Furthermore, U2L2 remains almost con

stant in the cell after IgM secretion starts. The fact that 

the ratio of U2 L2 to UL was never greater than two (also 

observed in hybridoma cells) shows that the U2L2 IgM mono

mers do not accumulate intracellularly and are secreted out 

of the cell shortly after or at the same time as polymeriza

tion. W279.l/l2 cells are thus like plasma cells (Tartakoff 

and Vassalli 1977), and secrete IgM proteins continuously. 
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The rapid decline of U2L2/UL in B cell lymphoma W23l 

together with the finding of the posttranslational 

regulation of IgM expression (Choi 1978) suggest that the 

regulatory degradation of Us chains in resting B cell is at 

the level of U2 L2 • In section I, with hybridoma cells we 

have clearly demonstrated that the assembly of UL and U2L2 

occurs in the RER at a very early stage in the secretion 

process. The rate limiting step of IgM secretion exists in 

the transport from RER to the Golgi apparatus. Thus, under 

steady state condition, most ui chains remain in the RER and 

have gone through the preliminary glycosylation but not 

carbohydrate processing until just before secretion. The 

polymerization of U2 L2 into pentamer would occur shortly 

before or at the time of secretion (about 40-50 mins after u 

chain synthesized). The fact that catabolism of U2L2 in W231 

cell starts at the time when U2L2 was first detectable on 

the fluorograph argues that the Us protein is arrested at 

the RER compartment or the cis face of the Golgi apparatus 

before the terminal glycosylation events. 

This implies that the B cell can readily distinguish 

membrane bound and secretory precursors in very early stages 

of IgM synthesis. Differentiated through unknown 

mechanisms, the U2L2 form of the urn chain can be terminally 

glycosylated and transported to the cell surface while the 

same form of Us chains are degraded. 

At present we do not know the exact signals that 
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determine the fate of intermediate U2 L2 - The commitment, 

however, is believed to be made prior to entry into the 

Golgi apparatus. In Dulis's (1983) report, the covalent 

assembly of Us with J chain to (U 2 L2 )SJ was inferred as the 

regulating event which stabilizes the newly synthesized u 

chains against proteolysis in secreting B cells. Thus, in 

the absence of J chain in resting B cell, the incompletely 

assembled U2 L2 were susceptible to catabolic enzymes and 

only membrane bound IgM was expressed. The data shown here, 

however, indicate the U2 L2 forms of the Us chain were 

degraded in W23l cells and stabilized in W279.1/12 cells at 

a stage prior to disulfide linkage with J chains. Unless J 

chains will protect the subunits before the full covalent 

assembly of pentamer, other factors besides pentamerization 

should also be taken into consideration in contributing to 

the regulation of IgM expression. 

The fact that the U2 L2 forms of urn and Us can be 

differentiated in the same cell (as seen in W231 cell) is of 

intereste Both were processed to different extents with 

respective intracellular residence times. It has been shown 

that the syntheses of membrane bound and secretory IgM were 

regulated independently (Wilde III and Koshland 1978, 

Shimizu et alo 1979), and their processing biosynthetic 

intermediates were separate from the translation stage 

onwards (Sidman 1981a). The two distinct polypeptide 
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species, urn and us' thus can not be traveling in the same 

vesicle during intracellular transport routes. The 

intracellular transport of newly formed proteins from the 

endoplasmic reticulum to the Golgi apparatus and from there 

to either lysosomes or to the cell surface have been 

extensively investigated recently. Clathrin-coated (Rothman, 

Bursztyn-Pettegrew and Fine 1980, Rothman and Fine 1980) and 

noncoated (Wehland et al. 1982) vesicles are believed to 

mediate these steps by budding off from one membrane and 

fusing with another. 

In section I, we have shown that the conversion of 

high mannose precursors (in RER) into ga lactose-contai ning 

forms (in the Golgi apparatus) is the rate limiting step in 

the secretion of IgM by hybridoma cells. In fact, the 

immunoglobulin molecule spends most of the time inside the 

plasma cell moving from the site of its synthesis (RER) out 

of the cell. The IgM molecules were only released after 

about 40-50 minso The results using W279.1/12 cells again 

show that a lag period (about 50-60 mins in W279.1/12 cells) 

was required for the secretion of IgM (Figure 36). However, 

the kinetic analysis with TNBS on cell membrane proteins 

(Figure 39) shows the appearance of the newly made membrane 

bound IgM on the cell surface is much sooner than the 

release of secretory IgM by the same W279.1/12 cell. The 

[35 S]-labeled surface u chain can be detected on the fluoro

graph as early as 10-20 min after the addition of label. 
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Thus, separate mechanisms for processing and completing urn 

and Us can operate simultaneously. 

It has been demonstrated by many researchers that 

proteins destined for secretion as well as those that will 

ultimately reside in one of the intracellular or.ganelles or 

in the plasma membrane all appear to be found at an earlier 

stage of their maturation in the endoplasmic reticulum. 

There then must exist a means to achieve the specific 

"sorting" of proteins to the different organelles. Protein 

segregation has been demonstrated recently in several 

examples (Morrissey and Cohn 1978, Ledford and Davis 1983, 

Brownell, Colley and Baenziger 1984). Our kinetics results 

imply that urn and Us are segregated at some time during 

cellular processing. At this time, we do not know whether 

the two polypeptides are sy~thesized on the same ER vesicle 

or are segregated from the very beginning of protein synthe

sis. However, as discussed above, the segregation must 

occur before or at the cis cisternae of the Golgi apparatus. 

The data of strous and Lodish (1980) on the rate of 

oligosaccharide chain maturation and intracellular residence 

time indicated the difference in the rates of externaliza

tion among VSV G and transferrin arises in the RER to Golgi 

part of the intracellular pathway. The terminal sugars are 

added to the G protein within 8 min after its synthesis 

while they are added to newly made transferrin beginning 
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only at 20 min. Transferrin, thus, has a slow movement from 

.the rough ER to the Golgi apparatus and is secreted only 

about 20 min after VSV G appears on the cell surface. 

Since both urn and Us polypeptides are synthesized 

very fast in the RER, with only membrane IgM expressed 

immediately after synthesis, most intracellular Us chains 

will remain at the RER processing level for a long period. 

It is logical to conclude that the difference in the 

expression rate of functional membrane bound and secretory 

IgM is also caused in the pathway moving from RER to the 

Golgi apparatus (the transfer of secretory IgM from the 

Golgi apparatus to the cell exterior is a rapid process). 

The two proteins must be segregated, at least, beginning at 

this particular stage of the intracellular pathway. 

A model of multiple secretory pathways whereby 

different proteins do not necessarily share a common 

intracellular pathway has recently been proposed. The 

secretion kinetics of albumin was shown to be different from 

that of transferrin and J-fetoprotein by the same hepatoma 

cell (Ledford and Davis 1983). Their results were inter

preted to mean that the pathway of albumin secretion differs 

from that utilized by ~-fetoprotein and transferrin. We do 

not know if urn and Us utilize different pathways for moving 

from RER to the Golgi apparatus if they follow the same path 

but at different rates. In either case, the two proteins 

must segregate into different transport vesicles. 
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Urn and Us are encoded by two mRNAs which are 

produced from transcripts of a single u gene (Early et ale 

1980, Rogers et ale 1980). The two polypeptides differ only 

at their C terminus and possess an extremely high degree of 

sequence homology. Yet, they are still able to be 

differentiated and sorted differently in the same cell. 

Some possible signals which might be required for 

the segregation of proteins include the carbohydrate 

moieties on the u chains. Since the two proteins are 

probably segregated before the futher processing of the 

initially transferred high-mannose structure (see section 

I), the sugars are likely not the determinants as seen in 

many other carbohydrate-mediated cellular and intracellular 

recognition phenomena. Meanwhile, the urn chain has been 

shown to lack the COOH-terminal high-mannose carbohydrate 

attachment which is present in Us chains (Kehry et ale 

1980). However, it should be mentioned here that the C

terminal of Us chain is underglycosylated (section I, 

Anderson and Grimes 1982, Anderson et ale 1983). That is, 

even in the Us pool some of the polypeptides do not have 

car.bohydrate attached at their C-ends. The actual effect, 

if any, of this particular oligosaccharide chain on the 

protein is unknown. Glycosylation is probably not the 

sorting signal unless it may act indirectly through its 

influence on the protein conformation or the local environ-
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ment around protein molecules. 

Another possible recognition signal could be 

polypeptide structure. Specific structures in peptide 

chains functioning as recognition markers have been 

demonstrated in variety of proteins. For example, the 15-25 

NH 2-terminal amino acid residues (signal sequence) could 

initiate the binding of the translation complex to the RER 

membrane (Katz et ale 1977, Chang, Model and Blobel 1979). 

For glycoproteins, the tripeptide Asn-X-Ser/Thr (X can be 

any amino acid) in a ~-turn conformation is frequently a 

necessary sequence for glycosylation (Aubert et ale 1976, 

Beeley 1977, Struck et ale 1978). More recently, a basic 

NH 2-terminal hexapeptide existing in the "pro"-part of para

thyroid hormone and albumin has been considered as a 

potential signal for the intracellular sorting of these 

proteins. It is believed that the subtle molecular arrange

ment in the protein microenvironment would create some spe

cial effect such as replusion or attraction through ionic, 

hydrophobic or hydrogen bonding. Because of the distinct 

eOOH-terminus and carbohydrate attachment, the physiochemi

cal structures of urn and Us are expected to be different in 

some way. So far more detailed information on the 

structural differences between urn and Us is not available. 

However, some preliminary data have provided clues that 

their proteins have different structures. It has been shown 

that pre-urn has a more acidic isoelectric point than pre-us 
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(Kehry et ale 1980, Vassal1i et a1. 1980). The discrepancy 

in the pI values would probably introduce different 

sensitivity to intracellular random proteolysis. Further, 

the Us chain has a hydrophilic C terminal segment of 20 

residues after the Cu 4 domain which is required for Us 

secretion whereas the urn chain has a 41-residue C terminal 

sequence containing a hydrophobic segment by which the pro

tein can be anchored in the cell membrane. The cytoplasmic 

"tail" of this segment is short but very basic. These 

positively charged residues were predicted to be able to 

interact with elements of the cytoskeleton or other 

negatively charged cytoplasmic elements. Upon antigen 

binding, surface Ig molecules are cross-linked, aggregate 

into patches and become attached to submembrane actin. The 

basic tail of the urn chain then may contribute to this 

attachment and thus trigger the subsequent internalization 

of the cross~linked surface IgM (Rogers et ale 1980). In a 

certain sense, in addition to performing this function on 

the cell surface, the basic tail may perform a similar 

sorting function in the Go1gi apparatus and RER. That is, 

after urn chain was synthesized on the RER membrane, they 

could also cluster together and segregate from other mem

brane or secretory proteins into separate vesicles through 

the interaction of the basic tail with transporting 

machinery. Each vesicle could then follow its own 
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intracellular route for exocytosiso 

A third possibility for signaling may simply be 

membrane-bound vs. free proteins. Because urn is local ized 

in the ER membrane, it wil~ be incorporated more rapidly 

into a vesicle than the luminal content protein, us. 

To summarize, our kinetic study of IgM synthesis and 

maturation in W23l as well as W279,l/l2 cells have shown 

that although urn and Us are closely related proteins, they 

are still differentiated by the cellular traffic system. 

The two proteins differ markedly in intracellular survival 

time (in W23l cells) and in the rate with which they are 

processed from their site of synthesis to the cell surface 

or exterior (in W279,l/l2 cells). The segregation is be

lieved to occur before the second step of carbohydrate 

processing takes place. The sorting signals that direct 

proteins into their own respective transport vesicles are 

not yet identified. 
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