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Temporal Relationship of Translation and Glycosylation
of Immunoglobulin Heavy and Light Chains®

L. W. Bergman and W. M. Kuehl*

ABSTRACT: The initial glycosylation of MPC 11 y3;, heavy
chains occurs quantitatively in vivo when the nascent heavy
chains reach a size of approximately 38 000 daltons. Nong-
lycosylated, completed MPC 11 heavy chains cannot be gly-
cosylated in these cells. Other classes of mouse heavy chains
(i.e., u, ¢, and v1) also appear to be glycosylated as nascent
chains; nonglycosylated, completed heavy chains cannot be
glycosylated by the cell in any of these cases. In contrast,
variant MPC 11 cells synthesizing a heavy chain with a carb-
oxy-terminal deletion appear to glycosylate some heavy chains
prior to chain completion and some heavy chains after chain

In recent years, a substantial amount of work has been done
to characterize the addition of core oligosaccharides to protein.
This initial glycosylation event involves the transfer of a
large-molecular-weight oligosaccharide containing N-ace-
tylglucosamine, mannose, and glucose as a unit from a lipid
intermediate to an asparagine acceptor residue on the poly-
peptide (Waechter et al., 1973; Hsu et al., 1974; Waechter and
Lennarz, 1977). Recent evidence has suggested that soon after
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completion and release from the polysomes. Similar to the
variant MPC 11 cells, MOPC 46B cells (which synthesize a
« light chain containing an oligosaccharide attached to an as-
paragine located 28 residues from the amino terminus) gly-
cosylate the majority of light chains prior to chain completion
but also some light chains after chain completion and release
from the polysomes. In addition, it appears that, although
completed MOPC 46B light chains can be glycosylated if they
are present in a monomeric form, they cannot be glycosylated
if they are present in a covalent dimeric form.

transfer there is processing of the oligosaccharide (Robbins
et al., 1977; Tabas et al., 1978). Previously, we have shown that
the transfer of the oligosaccharide can occur while the nascent
immunoglobulin heavy chain is still bound to the ribosome, i.e.,
very soon after the acceptor residue is synthesized and inserted
into the lumen of the endoplasmic reticulum (Bergman and
Kuehl, 1977). Using various experimental systems and pro-
cedures, several laboratories have obtained results which led
them to the same conclusion (Kiely et al., 1976; Rothman and
Lodish, 1977; Sefton, 1977; Bielinska and Boime, 1978).
However, other studies have suggested that glycosylation may
occur on completed chains after their release from the ribosome
(Shubert, 1970; Buxbaum and Scharff, 1973; Eagon et al.,

© 1978 American Chemical Society
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1975; Tucker and Pestka, 1977).

Results presented in this paper indicate that the cell quan-
titatively glycosylates the MPC 11 nascent heavy chain soon
after the asparagine site becomes available; if glycosylation
does not occur while the nascent protein is still bound to the
ribosome, the site soon becomes inaccessible for the glycosyl-
ation enzymes. We have demonstrated that other classes of
mouse myeloma heavy chains also appear to be glycosylated
in vivo prior to chain completion. In contrast, it appears that,
although most MOPC 468 light chains are glycosylated in vivo
as nascent chains, these light chains can be glycosylated in vivo
as completed chains.

Materials and Methods

Cells. 45.6, a clone derived from the MPC 11 plasmacytoma
cell line (Laskov and Scharff, 1970), synthesizes glycosylated
v2p heavy (H) chains, « light (L) chains, and a « light-chain
constant-region fragment (Fcr). These products represent 12,
8, and 1%, respectively, of proteins synthesized by this clone
(Kuehl and Scharff, 1974). Clone M311 was obtained after
mutagenesis with Melphalan of the parental clone 45.6 (Bir-
shtein et al., 1974) and was characterized previously (Weitz-
man and Scharff, 1976; Weitzman et al., 1977). S107 (a, «),
MOPC 21 (v4, k), and MOPC 104E (u, A) plasmacytoma cell
lines were gifts from Dr. Matthew Scharff, Albert Einstein
College of Medicine. The cells were maintained in suspension
in Dulbecco’s modified Eagle’s medium supplemented with
15% heat-inactivated horse serum, 2 mM glutamine, and
nonessential amino acids.

The plasmacytoma tumor MOPC 46B was obtained from
Litton Bionetics under contract with the National Cancer
Institute, National Institutes of Health. The cells were grown
in ascitic form by intraperitoneal injection of Balb/c mice
which had been primed with Pristane (Potter, 1972).

Cell Labeling, Fractionation, and Nascent Chain Isolation.
The methods employed were essentially as described previously
(Bergman and Kuehl, 1977). To enrich for *“tight” mem-
brane-associated ribosomes, potassium salt buffer was added
at final concentrations of 500 mM KCl, 5.5 mM MgCl,, 60
mM Tris!-Cl (pH 7.4) to the postnuclear supernatant prior to
the isolation of microsomes (Zauderer et al., 1973).

To prepare microsomal immunoglobulin, the microsomal
pellet was solubilized with 1% NP40-pH 6.7 buffer [75 mM
NaCl-10 mM MgCl;-25 mM phosphate (pH 6.7)] and the
ribosomes were removed by centrifugation through 2.0 M
sucrose-pH 6.7 buffer at 195 000g for 16 h. The supernatant
was dialyzed extensively vs. phosphate-buffered saline (138
mM NaCl-3 mM KCI-8 mM NaH,P0412H,0-1 mM
K,;HPO,) and specifically immunoprecipitated.

For short-term pulse-label experiments, 1-3 X 107 cells were
collected by centrifugation at 500g for 5 min, washed three
times in spinner salts minus methionine, and then labeled in
2.0 mL for the appropriate time period (30 s to 2 min) with
[*3S]methionine (Amersham/Searle, 800-1200 Ci/mmol)
at an isotope concentration of 200-300 pCi/mL. The labeling
was terminated by the direct addition of an equal volume of
2% NP40 at 4 °C in a buffer comprised of 150 mM NaCl, 10
mM Tris, and 1.5 mM MgCl,. A postribosomal supernatant
was prepared by centrifugation at 160 000g for 2 h, and the
supernatant was specifically immunoprecipitated.

The isolation of nascent chains was modified in the following
manner: The 1.0 M NaCl nascent chain fraction from the
QAE-Sephadex column was diluted tenfold with 0.1% Brij

! Abbreviations used: Tris, 2-amino-2-hydroxymethyl-1,3-propanediol;
QAE, quarternary aminoethyl; PBS, phosphate-buffered saline.
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35-6 M urea~-0.1 M ammonium formate (pH 4.7) to restore
the low NaCl concentration of the QAE starting buffer and
then applied to a second QAE-Sephadex column. The column
was washed with 4 volumes of QAE starting buffer and eluted
by increasing the NaCl concentration from 0.1 to 1.0 M in the
pH 4.7 buffer. This eluted fraction from the second column was
used as the nascent chain fraction in further studies.

To prepare nonglycosylated immunoglobulin, 1-3 X 107
cells were preincubated in the presence of 10 mg/mL glu-
cosamine in 25.0 mL of Dulbecco’s modified Eagle’s medium
for 50 min at 37 °C (Bekesi and Winzler, 1969). Then the cells
were labeled in 10.0 mL with reconstituted [!4C]protein hy-
drolysate (Amersham/Searle, 54 mCi/matom of carbon) at
an isotope concentration of 15-25 uCi/mL in the presence of
glucosamine, and the immunoglobulin was isolated by im-
munoprecipitation of the detergent-lysed postnuclear super-
natant.

Antisera. Antibodies directed against v, H chainand « L
chain were prepared as described previously (Horwitz and
Scharff, 1969). Antibodies directed against: v, H chain, x L
chain (anti-MOPC21); « H chain, « L chain (anti-S107); and
against g H chain, A L chain (anti-MOPC 104E) were gifts
of Dr. M. Scharff. The immunoprecipitations were performed
in antibody excess and incubated overnight at 4 °C. The im-
munoprecipitates were collected by centrifugation through 1
M sucrose in PBS and washed once with PBS (Rhoads et al.,
1972).

Indirect immunoprecipitation utilizing SaCl (Staphylo-
coccus aureus Cowans I strain) was carried out according to
the procedure of Cullen and Schwartz (1976).

Radioactivity Measurement. Gel-filtration fractions and
crushed polyacrylamide gel samples were counted in a Triton
X-100/toluene scintillation fluor containing 10% H,O (v/v)
and counted in a Beckman LS 230 scintillation counter.

NaDodSO4-Polyacrylamide Gel Electrophoresis. The
immunoprecipitates were boiled in NaDodSO4 sample buffer
and reduced in 0.15 M 3-mercaptoethanol at 37 °C. They were
then electrophoresed in either 10 or 12.5% polyacrylamide gels
using a discontinuous NaDodSO,-Tris-glycine buffer system
essentially as described by Laemmli (1970) and Maizel (1971).
Cylindrical gels were sliced into 2-mm fractions with a Gilson
Aliquogel fractionator and counted as described above. Slab
gels were subjected to autoradiographic or photofluorographic
procedure (Bonner and Laskey, 1974; Laskey and Mills, 1975)
for visualizing the radioactive protein bands.

Densitometry. Autoradiographs and photofluorographs
were scanned using a Schoeffel Model SD3000 spectrodensi-
tometer.

Results

Nascent MPC 11 Heavy Chains Are Glycosylated Quan-
titatively Prior to Chain Completion. We have attempted to
determine if MPC 11 heavy chains are glycosylated quanti-
tatively prior to chain completion and release from the ribo-
some. Figure 1 indicates that after a 30-s or 1-min pulse-la-
beling period with [35S]methionine all completed heavy-chain
polypeptides are glycosylated; no completed heavy-chain
polypeptides comigrating with a nonglycosylated heavy-chain
marker can be detected. To provide further evidence to support
this conclusion and to determine more precisely the temporal
relationship between translation and glycosylation, we have
compared the ratio of carbohydrate to amino acid in both
completed and nascent heavy chains. The completed and
nascent heavy chains were isolated from the microsomal
fraction of cells labeled for 5 min in the presence of both
[*H]glucosamine and [3°S)methionine as described under
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FIGURE 1: Electrophoresis of pulse-labeled MPC 11 completed heavy
chains. MPC 11 cells were pulsed with [35S]methionine for 30 s (0.5), 1
min (1), or 2 min (2). Completed heavy chains were immunoprecipitated
from the postribosomal supernatant and subjected to NaDodSQO, elec-
trophoresis in 12.5% acrylamide slab gels as described under Materials
and Methods. A radioautograph of this gel is shown. Columns G and N
are glycosylated and nonglycosylated marker heavy chains, respective-
ly.
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FIGURE 2: Electrophoresis of immunoprecipitated MPC 11 completed
and nascent chains. 5-10 X 108 MPC 11 cells were collected and labeled
for 5 min with [*H]glucosamine (20 Ci/mmol; New England Nuclear)
and [3*S]methionine at isotope concentrations of 100 and 15 uCi/mL,
respectively, in the presence of medium containing all amino acids except
methionine and lacking glucose (10 mL total volume). The isolation of
completed and nascent chains was as described under Materials and
Methods: (A) completed chains; (B) nascent chains; (- - -) [3H]glucosa-
mine; (—) [3*S]methionine. The ratio of [*H]glucosamine to [*3S]me-
thionine for each fraction (marked by the arrows) was calculated and
plotted (insets).

Materials and Methods. As expected, the completed heavy
chain (Figure 2A) is homogeneous in size with a nearly con-
stant ratio of H-labeled carbohydrate to 35S-labeled amino
acid. In contrast, the nascent heavy chains (Figure 2B) are
heterogeneous in size, with a range of 38 000-55 000 daltons
for the [*H]glucosamine-labeled nascent heavy chains and a
range of 10 000-55 000 daltons for the [35S]methionine-la-
beled nascent heavy and light chains.2 When compared, the
ratios of 3H-labeled carbohydrate to 35S-labeled amino acid

2 As noted previously (Bergman and Kuehl, 1977), there is a prominent
heterogeneous peak of amino acid labeled heavy chain (fraction 25) which
migrates slightly faster than the most rapidly migrating glycosylated
nascent heavy-chain species. This nonglycosylated nascent polypeptide
may accumulate as a result of a translational block, although we have been
unable to obtain data which confirms this hypothesis.
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FIGURE 3: Effect of glucosamine inhibition on the glycosylation of
MPC-11 heavy chain. One aliquot of MPC-11 cells was incubated for 50
min in the presence of 10 mg/mL glucosamine to inhibit glycosylation.
The cells were then labeled for 5 min with '“C-labeled amino acids in the
presence of the inhibitor. Samples were removed at various intervals during
a chase in medium containing excess glucose and unlabeled amino acids
but lacking glucosamine. The samples were immunoprecipitated and
analyzed on NaDodSO,-gels as described under Materials and Methods
(three time points to left). A second aliquot of cells was incubated for 55
min in the presence of glucosamine and then transferred into medium
lacking glucosamine. Samples were removed at various intervals after
removal of the glucosamine, pulsed for 5 min with '4C-labeled amino acids,
and analyzed as described above (three time points to right). Columns G
and NG are glycosylated and nonglycosylated marker heavy chains, re-
spectively.

for the recently completed heavy chains and the glycosylated
nascent heavy chains are essentially the same. The slight de-
crease in the ratio obtained for the nascent glycosylated heavy
chain as the species approached full size is probably due to the
addition of the final methionine residue onto the growing
polypeptide chain (see Discussion). The sharp increase in the
ratio obtained for the nascent heavy chains (i.e., a ratio from
0.23 [fraction 21] to 1.49 [fraction 20]) implies that the MPC
11 heavy chains are quantitatively glycosylated as nascent
chains soon after the asparaginyl acceptor site becomes ac-
cessible and prior to release from the ribosome (see Discussion;
Bergman and Kuehl, 1977).

Nonglycosylated Completed MPC 11 Heavy Chains Cannot
Be Glycosylated. Although the experiments above demonstrate
quantitative glycosylation of nascent MPC 11 heavy chains,
we attempted to determine whether it is possible for the cell
to glycosylate completed heavy chains after release from the
ribosome. MPC 11 cells were incubated in the presence of high
levels of glucosamine for 50 min to inhibit glycosylation. The
cells were then labeled for 5 min with 14C-labeled amino acids
in the presence of glucosamine, and samples were analyzed by
immunoprecipitation and NaDodSQy4-gels at various times
during a chase period in the presence of normal media (lacking
both glucosamine and labeled amino acids). The results in
Figure 3 indicate that nonglycosylated heavy chains synthe-
sized in the presence of the glucosamine cannot be glycosylated
as completed chains during the chase in the absence of glu-
cosamine. As a control, cells were incubated in glucosamine
for 55 min and pulsed for 5 min with 14C-labeled amino acids
at various times after removal of excess glucosamine to see if
the cells had regained the ability to glycosylate newly syn-
thesized heavy chains. The results, also in Figure 3, indicate
that the cells regained the ability to synthesize the normal
glycosylated heavy chain by 20 min after the removal of glu-
cosamine. As an additional control, we have shown that MPC
11 cells can glycosylate a completed variant heavy chain after
excess glucosamine is removed from the medium (see experi-
ments on M311 variant cell line below). These results indicate
that wild-type MPC 11 heavy chains cannot be glycosylated
as completed chains postrelease from the ribosome.

Other Classes of Mouse Myeloma Heavy Chains Appear
to Be Glycosylated Prior to Chain Completion. We examined
the glycosylation of other classes of immunoglobulin heavy
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FIGURE 4: Electrophoresis of pulse-labeled MOPC 104E and MOPC 21
completed heavy chains. MOPC 104E and MOPC 21 cells were labeled
and analyzed as described in the legend to Figure 1.

chains synthesized by three mouse plasmacytoma cell lines:
MOPC 104E (i), S107 (), and MOPC 21 (). Each cell line
was tested for the presence of pulse-labeled nonglycosylated
completed heavy chains and for the ability to glycosylate
completed heavy chains after inhibition with high levels of
glucosamine. With all three cell lines, the 30-s pulse-labeled
heavy chain coelectrophoresed with the normal glycosylated
marker (i.e., no detectable nonglycosylated heavy chain was
present intracellularly). Representative results are shown for
MOPC 104E and MOPC 21 in Figure 4. Also, each class of
heavy-chain polypeptide remained nonglycosylated after its
synthesis in the presence of high levels of glucosamine and
subsequent chase in the absence of inhibitor (similar results
as those described above for the MPC 11 v2p heavy chain)
(Bergman and Kuehl, unpublished).

A Variant MPC 11 Heavy Chain Which Lacks Carboxy-
Terminal Residues Can Be Glycosylated as a Completed
Chain. M311 cells synthesize a variant heavy chain which
exists in two discrete stable forms, a 38 000-dalton nongly-
cosylated species and a 42 000-dalton glycosylated species;
when glycosylation is blocked in these cells, only the 38 000
dalton species is synthesized (Weitzman and Scharff, 1976;
Weitzman et al., 1977). In contrast to wild-type MPC 11 heavy
chains, the glycosylation of some M311 heavy chains occurs
after completion and release from the ribosome, as demon-
strated by the following experiment. M311 cells were pulsed
for 1.5 min with [33S]methionine. One aliquot was analyzed
immediately and the other aliquot chased for 25 min in the
presence of excess unlabeled methionine. After immunopre-
cipitation and analysis on NaDodSO4-gels, the ratio of non-
glycosylated heavy chain to glycosylated heavy chain decreases
from 3.5 at the end of the 1.5-min pulse to 1.9 at the end of the
25-min chase. This represents an increase in the glycosylated
form of heavy chain from 24% (at end of pulse) to 36% (at end
of chase) of the total heavy chain. The amount of radioactivity
immunoprecipitated in each aliquot did not differ significantly,
thus ruling out degradation of the nonglycosylated heavy chain.
These results are consistent with the findings of Weitzman and
Scharff (1976). Thus, glycosylation of some M311 heavy
chains has occurred in the rough endoplasmic reticulum after
release from the ribosome. This result, however, does not rule
out that some nascent M311 heavy chains may be glycosylated
prior to polypeptide chain completion.

M311 cells were tested for the ability to glycosylate a
completed heavy chain synthesized in the presence of high
levels of glucosamine. The results, seen in Figure 5, show that
nonglycosylated M311 heavy chain can be glycosylated post-
release from the ribosome during the chase period in the ab-
sence of glucosamine (appearance of the glycosylated form by
60 min into the chase). In the experiment shown, at the end of
the chase period 25% of the heavy chains were glycosylated.
Since only 30-35% of heavy chains synthesized in the absence
of glucosamine are glycosylated (see above), it appears that
the glycosylation of completed chains is almost as efficient.
Similar to the MPC 11 experiment described previously, the
M311 cells had recovered the ability to synthesize a glycosyl-
ated heavy chain by 20 min into the chase (Bergman and
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FIGURE 5: Effect of glucosamine inhibition on glycosylation of M311
heavy chain. M311 cells were incubated for 50 min in the presence of 10
mg/mL glucosamine and then labeled for 5 min with '4C-labeled amino
acids in the presence of the inhibitor. Samples were removed at various
intervals, during a chase in medium containing excess glucose and unla-
beled amino acids but lacking glucosamine. The samples were immu-
noprecipitated and analyzed on NaDodSO,-gels as described under
Materials and Methods.
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Kuehl, unpublished). This suggests that the lack of glycosyl-
ation of the wild-type MPC 11 heavy chain is a function of the
protein itself and is not due to the general metabolic poison
effect of the high levels of glucosamine or to spatial separation
of the completed polypeptide and the glycosylation en-
Zymes.

MOPC 46B Light Chain Is Glycosylated as a Nascent
Chain but Can Be Glycosylated as a Completed Chain.
MOPC 46B tumor synthesizes and secretes a 25 000-dalton
glycosylated « light chain which has a single oligosaccharide
moiety covalently linked at asparagine-28 in the variable region
(Melchers, 1973). MOPC 46B cells were pulse labeled with
[35S]methionine, and the completed light chains were immu-
noprecipitated from the postribosomal supernatant and ana-
lyzed on NaDodSO,-gels. The results indicate that approxi-
mately 85% of the light chain is glycosylated during this short
pulse time of 30 s, while only a glycosylated form of the protein
is present in cells pulsed for 2 min and subsequently chased in
the presence of excess unlabeled methionine for 20 min
(Bergman and Kuehl, unpublished). First, although this result
suggests that the cell normally glycosylates some MOPC 46B
light chains after completion and release from the ribosome,
it is not possible to rule out degradation of the nonglycosylated
chains during the chase period. Second, the finding that the
majority (85%) of the molecules is glycosylated within 30 s
implies that glycosylation of some nascent light chains occurs
prior to chain completion and release from the ribosome.

To further examine these questions, MOPC 46B cells were
pulsed for 5 min in the presence of both [*H]glucosamine and
14C-labeled amino acids. Subsequently, completed and nascent
light chains were isolated from the microsomal fraction and
then analyzed on NaDodSQ4-gels as described under Mate-
rials and Methods. The nascent chain profile, seen in Figure
6B, is heterogeneous in size distribution for both the carbo-
hydrate and amino acid labels, with a size range of approxi-
mately 12 000-25 000 daltons for each isotope. The finding
that the ratio of *H-labeled carbohydrate to '4C-labeled amino
acid obtained for the nascent chain sample increases from 0.51
(12 000 daltons) to 1.02 (25 000 daltons) as chains approach
full size indicates that individual nascent molecules may be
glycosylated at various times after the acceptor site is available.
This result for MOPC 46B light chain should be contrasted
to the result found for MPC 11 heavy chain (Figure 2), as
glycosylation appears to occur quantitatively at a precise time
in the latter case. The results in Figure 6A show that the
completed light chain, as expected, is homogeneous in size and
has a constant ratio of 3H-labeled carbohydrate to '4C-labeled
amino acid of 1.08. This ratio is slightly greater than that ob-
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FIGURE 6: Electrophoresis of immunoprecipitated MOPC 46B completed
and nascent light chains isolated from the microsomal fraction of cells
tabeled for 5 min with [H]glucosamine and '4C-labeled amino acids
(isotope concentrations of 125 uCi/mL for [*H] glucosamine and 12.5
uCi/mL for '4C-labeled amino acids). The isolation and analysis are es-
sentially as described in the legend to Figure 2: (A) completed chains; (B)
nascent chains; (—) [*H]glucosamine (- - -) '“C-labeled amino acids. The
ratio of [3H]glucosamine to '4C-labeled amino acids for each fraction
(marked by the arrows) was calculated and plotted (insets).

tained for the nascent chains that are near completion (ratio
= 1.02), consistent with the finding that a small amount of
glycosylation is taking place on completed and released light
chains (see above).

To further investigate this question, we tested the ability of
the MOPC 468 light chain to be glycosylated after its synthesis
in the presence of high levels of glucosamine. Cells were
preincubated in the presence of glucosamine for 50 min and
then pulsed for 5 min with 1“C-labeled amino acids. Samples
were taken at the end of the labeling period (7 = 0) and after
a 60-min chase in medium containing unlabeled amino acids
and excess glucose but lacking glucosamine (7 = 60). The
samples were immunoprecipitated and subjected to Na-
DodSQOy4-gel electrophoresis in the presence and absence of
reducing agent to analyze both monomer and dimeric forms
of the light chain. The results seen in Table I indicate that
completed light chains can be glycosylated postrelease from
the ribosome, as seen in the fact that the nonglycosylated form
decreased from 88% of the total light chainat 7 = 0 to 27% at
the end of the chase (7 = 60). Since the amount of light chain
immunoprecipitated at 7= 0 and 7 = 60 was the same, this
result cannot be due to selective degradation of the nongly-
cosylated light chain. At T = 60, the nonglycosylated light
chain is present only as a dimer. Moreover, the percentage of
light chain present in the nonglycosylated dimeric form did not
significantly decrease during the chase (nonglycosylated light
chain in the dimer is 30% of the total light chain at 7= € and
27% of the total at T = 60). This finding suggests that the as-
paraginyl acceptor site is accessible for glycosylation in the
light-chain monomer but is not available for glycosylation if
the nonglycosylated molecule has been assembled into a dimer.
The increase in the amount of glycosylated L chain dimer at
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TABLE 1: Effect of Glucosamine Inhibition on the Glycosylation of
MOPC 46B Light Chain.@

total light chain (100) monomer (68) dimer (32)
T7=0 NG 88 58 30
G 12 10 2

monomer {55) dimer (43)
7 =060 NG 27 0 27
G 73 55 18

4 MOPC 46B cells were incubated for 50 min in the presence of high
levels of glucosamine. At the level of glucosamine used (10-15 mg/mL
in various experiments), we were never able to inhibit glycosylation
completely. The cells were then labeled for 5 min with '*C-labeled
amino acids in the presence of the inhibitor. Samples were removed
at the end of the pulse-labeling period (7 = 0) and at the end of a
60-min chase in medium containing excess glucose and unlabeled
amino acids but lacking glucosamine (7 = 60). Cytoplasmic lysates
of the cells were immunoprecipitated and subjected to NaDodSO4-gel
electrophoresis in the presence and absence of reducing agent as de-
scribed under Materials and Methods. The autoradiograph was
scanned and the percentage of each form of light chain calculated.
In the gel system used, although it was possible to differentiate
homodimers consisting of two glycosylated molecules, from homo-
dimers consisting of two nonglycosylated molecules, these forms could
not be distinguished from a heterodimer consisting of one glycosylated
and one nonglycosylated molecule; therefore the percentage of non-
glycosylated and glycosylated light chain in these forms was calculated
using the other data in this table.

the end of the chase (18%) compared to the beginning of the
chase (2%) is due presumably to glycosylation of completed
monomeric L chain and subsequent formation of glycosylated
L chain dimers.

Discussion

Experiments were performed to determine what percentage
of nascent MPC 11 heavy chains are glvcosylated prior to re-
lease from the ribosome. In short pulse-label experiments, no
detectable nonglycosylated heavy chain is present intracellu-
larly. We have obtained the ratios of [*H]glucosamine to
[*’S]methionine for completed and nascent heavy chains iso-
lated from the microsomal fraction of MPC 11 cells. The de-
crease seen in the ratio for the nascent chain sample as the
chains approach full size is probably due to the addition of the
final methionine residue (residue 413; B. Birshtein, personal
communication) to the growing nascent molecule. The results
in Figure 2 indicate that the carbohydrate to amino acid ratios
are very similar for both completed and nascent heavy chains,
implying that the glycosylation of the nascent heavy chains is
quantitative (i.e., essentially all nascent heavy chains are re-
ceiving the oligosaccharide core prior to release from the
ribosome). The observation that the ratio obtained for the
nascent chain sample increases from 0.23 to 1.49 in a single
fraction (approximately 38 000 daltons) suggests that quan-
titative glycosylation of the nascent chain occurs soon after the
asparaginyl acceptor (approximately residue 291)3 passes
through to the lumen of the rough endoplasmic reticulum and
becomes available for glycosylation.

Rothman and Lodish (1977), using a synchronized wheat
germ cell-free synthesizing system in the presence of exogenous
pancreatic rough endoplasmic reticulum membranes, have

3 Residue 291 is the asparaginy! acceptor site in MOPC 21 heavy chain
(Milstein et al., 1975). Since v7, and v heavy chains are homologous in
sequence, we assume that the acceptor site is at or near residue 291 in MPC
11 heavy chains (Dayhoff, 1974; B. Birshtein, personal communica-
tion).
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demonstrated a precise sequence of glycosylation of nascent
chains of G protein of vesicular stomatitis virus. However, in
their studies, the observed translation times ranged from 23
to 43 min, i.e., 20 to 30 times longer than in vivo translation
times (Shapiro et al., 1966). Our results provide in vivo evi-
dence that glycosylation occurs quantitatively at a precise time
during translation and that this interval may be the only time
that transfer of the core oligosaccharide to the MPC 11 heavy
chain can occur (see below).

The question of whether glycosylation can occur on com-
pleted heavy chains after release from the ribosome was in-
vestigated by inhibiting the initial glycosylation event with high
concentrations of glucosamine. Glycosylation is inhibited as
a result of depletion of uridine nucleotide pools by trapping the
cellular uridine nucleotide in the form of UDP-N-acetylglu-
cosamine (Bekesi and Winzler, 1969). Figure 3 shows that
nonglycosylated, completed heavy chain synthesized in the
presence of the inhibitor cannot be glycosylated during a chase
period in the absence of the glucosamine, although the cells
regain the ability to glycosylate newly synthesized heavy chains
by at least 20 min into the chase. Similar experiments using
a MPC 11 variant heavy chain provide further evidence that
the lack of glycosylation of the wild-type MPC 11 heavy chain
is a function of the protein molecule itself and is not due either
to the heavy-chain molecules being spatially separated from
the glycosylation enzymes or to the general inhibitor effect of
the glucosamine. Two possibilities are suggested for the in-
ability of the cell to glycosylate completed MPC 11 heavy
chains: (1) intramolecular folding (secondary and tertiary
structure) and/or (2) intermolecular assembly (quaternary
structure). In support of the first possibility, Pless and Lennarz
{1977) reported that the core oligosaccharide can be added in
vitro only to denatured ovalbumin and RNase A but not to the
native forms of these secretory proteins. Thus, nascent chains
may be providing the asparaginyl site with little secondary or
tertiary structure, so that glycosylation can occur before the
protein folds and can no longer be glycosylated. In support of
the second possibility, our experiments with MOPC 46B cells
indicate that a completed light chain can be glycosylated if it
is in a monomeric form but cannot be glycosylated if it has been
assembled into a dimer (see below). It is of interest that crys-
tallographic studies by Davies and co-workers (Silverton et al.,
1977) have suggested that the carbohydrate moiety may play
a central role as the principal contact between the second
constant region domains of the heavy chains in intact immu-
noglobulin molecules. Therefore, the unavailability of the
glycosylation site in complete MPC 11 heavy chains may re-
flect an intermolecular assembly of the nonglycosylated heavy
chain with light chain and/or a second heavy chain. Unfor-
tunately, we cannot distinguish these two possibilities presently
because of the very rapid intramolecular folding and inter-
molecular assembly of newly synthesized heavy chains (Bi-
gelow et al., 1974; Baumal and Scharff, 1973).

Several studies, using pulse-chase amino acid labeling ex-
periments, have demonstrated an apparent increase in the size
of intracellular heavy chain during the chase period, suggesting
that the addition of core oligosaccharide may occur during a
considerable time period following polypeptide chain com-
pletion and release from the ribosome (Shubert, 1970; Bux-
baum and Scharff, 1973). Using u-, -, and ~-producing mouse
plasmacytoma cell lines, we have shown that pulse-labeled
completed heavy chains coelectrophorese with the respective
glycosylated marker heavy chain and that no detectable non-
glycosylated heavy chains are present intracellularly; this
suggests that glycosylation must occur very early, presumably
while the nascent molecule is still bound to the ribosome. It is
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noteworthy that this is true for u and « heavy chains as well
as v chains, since the former contain multiple oligosaccharide
chains per polypeptide whereas the latter contain only one
oligosaccharide per chain. Also, the nonglycosylated heavy
chains synthesized in the presence of high levels of glucosamine
are unable to be glycosylated during a chase period in the ab-
sence of the inhibitor. Therefore, it appears that glycosylation
of nascent heavy chains, and other proteins as well, is a general
mechanism for transfer of the oligosaccharide core from the
lipid intermediate to the protein during glycoprotein biosyn-
thesis. The biological need for the tight coupling of translation
and glycosylation could be that the acceptor site(s) for glyco-
sylation may soon become inaccessible for the glycosylation
enzymes either by folding of the protein molecule or assembly
into a multichain structure.

We have demonstrated that a MPC 11 variant heavy chain
{(synthesized in the M311 variant cell line) can be glycosylated
as a completed chain after release from the ribosome. The data
(see Results) indicate that in pulse-chase experiments there
is a significant increase in the amount of intracellular glyco-
sylated heavy chain during the chase. Similar results were
obtained by Weitzman and Scharff (1976). The glycosylation
of the completed M311 heavy chain is also seen in Figure 5,
in that there is the appearance of the glycosylated form of the
molecule by 60 min after synthesis of the nonglycosylated
completed heavy chain in the presence of high levels of glu-
cosamine. It is noteworthy that this variant heavy chain in-
cludes only 38 000 daitons of amino acids due to a deletion,
starting shortly after the oligosaccharide acceptor site, of the
carboxy-terminal region of the molecule (B. Birshtein, personal
communication). This carboxy-terminal deletion may account
for some of the results seen with this cell line. First, since it is
likely that the variant heavy chain is completed at approxi-
mately the same time the asparaginyl acceptor site becomes
available for glycosylation, it is not surprising that glycosyla-
tion is incomplete when the chain is completed and released
from the ribosome. Second, this deletion may affect the con-
formation of the asparaginyl acceptor site, thereby allowing
glycosylation to occur—to some extent—after release of the
protein from the ribosome. The basis for only one-third of the
M311 heavy-chain molecules being glycosylated is not
known.

Using an in vitro glycosylation system, Eagon et al. (1975)
reported the transfer of the oligosaccharide core from a doli-
chol lipid intermediate to completed MOPC 46B light chain.
Tucker and Pestka (1977) using a wheat germ synthesized
MOPC 46B precursor light chain have also shown in vitro
glycosylation (2-3% efficient) of the completed precursor light
chain. We have investigated the in vivo glycosylation of the
light chain to determine the time of addition of the oligosac-
charide to the protein. Our results indicate that the majority
of the glycosylation is a cotranslational event, occurring while
the protein is still bound to the ribosomal complex. Analysis
of the pulse-labeled completed light chain reveals that, within
30 s, 85% of the light chain is glycosylated (Bergman and
Kuehl, unpublished). Other results (see Figure 6A) demon-
strate that glucosamine is incorporated onto nascent chains,
as isolated by QAE-Sephadex chromatography, with a het-
erogeneous size distribution ranging from 12 000 to 25 000
daltons. This indicates that some nascent light chains may be
glycosylated soon after the asparaginyl acceptor site (residue
28) reaches the luminal side of the endoplasmic reticulum. The
finding that the ratio of [*H]glucosamine to '4C-labeled amino
acid increases from 0.51 for 12 000 dalton nascent chains to
1.02 for full size nascent chains (i.e., approximately 23 and
949%, respectively, of 12 000 dalton and 25 000 dalton nascent
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chains are glycosylated) indicates that the rate of nascent chain
glycosylation is much slower than for the MPC 11 heavy chain.
The reason that quantitative glycosylation of the MOPC 46B
tight chain does not occur at a precise time, as shown above for
the MPC 11 heavy chain, may be the presence of the amino-
terminal precursor sequence. Several groups have provided
evidence that the removal of the signal sequence is also a co-
translational event (Blobel and Dobberstein, 1975; Szezesna
and Boime, 1976). The binding of the signal sequence to a
proteolytic enzyme for processing may interfere with the
availability of the acceptor site (residue 28) for glycosylation,
thus slowing glycosylation so that individual nascent chains
may be glycosylated at various times after the acceptor site is
potentially available. It is not known whether or not the pre-
cursor sequence is removed before glycosylation can occur.

The findings that 15% of the light chain is nonglycosylated
after a 30-s label and the ratio of carbohydrate to amino acid
for full size nascent chain is less than that obtained for the
microsomal completed chains demonstrate that a small per-
centage of the glycosylation occurs after release of the poly-
peptide from the ribosome. We then tested the ability of
MOPC 46B light chain to be glycosylated during a chase pe-
riod after synthesis of the nonglycosylated form in the presence
of the inhibitor glucosamine. The data in Table I reveal that
the acceptor site is available for glycosylation after release from
the ribosome in that there is an increase in the amount of the
glycosylated form during the chase period. However, it is ap-
parent that the only nonglycosylated light chain present at the
end of the chase period is present in a dimeric form and that
the percentage of the light chain present as nonglycosylated
dimer did not change during the chase period. This finding
suggests that the asparaginyl acceptor site is accessible for
glycosylation if the light chain is in the monomeric form but
is inaccessbile for glycosylation if the molecule has been as-
sembled into a dimer.
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