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ABSTRACT

	

The murine plasma cell line MOPC 315 efficiently targets newly synthesized acid
hydrolases to lysosomes in spite of a marked deficiency in the level of the mannose 6-
phosphate receptor (Gabel, C ., D . Goldberg, and S . Kornfeld, 1983, Proc . Nad. Acad . Sci. USA,
80:775-779) . To better understand the routing of lysosomal enzymes in this cell line, pulse-
chase experiments were performed with [2- 3H]mannose and [ 35S]methionine followed by
immunoprecipitation of ß-glucuronidase and IgA . By 3 h of chase, essentially all of the newly
synthesized ß-glucuronidase had undergone proteolytic processing, suggesting that the mol-
ecules had reached lysosomes . At this time 30% of the pulse-labeled IgA was still intracellular .
The oligosaccharides on the intracellular IgA were of the high mannose-type, while the
secreted IgA contained processed, complex-type oligosaccharides . This indicates that the
intracellular IgA was still in the endoplasmic reticulum or an early region of the Golgi complex
when all of the ß-glucuronidase had reached lysosomes . Therefore, ß-glucuronidase and IgA
must exit from the endoplasmic reticulum or the early Golgi complex at different rates, a
finding that is inconsistent with bulk phase movement of these proteins from the endoplasmic
reticulum to the trans Golgi complex .
The addition of the ionophore monensin greatly slows the rate of IgA secretion from MOPC

315 cells and the molecules secreted have incompletely processed oligosaccharides . In
contrast, monensin only slightly delays the transport of newly synthesized ß-glucuronidase to
lysosomes and causes no significant alteration in the extent of oligosaccharide phosphorylation,
a process that appears to occur in the early (cis) Golgi complex . However, the labeled #-
glucuronidase was deficient in sialylated, phosphorylated hybrid oligosaccharides whose
biosynthesis requires the action of late stage oligosaccharide processing enzymes assumed to
be localized in the trans Golgi complex .

Lysosomal hydrolases, like membrane and secretory proteins,
are synthesized in the rough endoplasmic reticulum (ER) as
preproteins (1-4) . Following their biosynthesis the acid hy-
drolases must be sorted from other proteins present in the
lumen of the endoplasmic reticulum and delivered to lyso-
somes. The best understood mechanism for lysosomal enzyme
sorting involves the mannose 6-phosphate (Man-6-P)` recog-
nition system . Newly synthesized acid hydrolases acquire
Man-6-P residues by the following two step reaction. First, N-
acetylglucosamine-l-phosphate is transferred to the C-6 po-
sition of mannose residues present on asparagine-linked high
mannose oligosaccharides (5, 6) . The enzyme catalyzing this

Abbreviations used in this paper: Man-6-P, mannose 6-phosphate .
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reaction, UDP-N-acetylglucosamine :lysosomal enzyme N-
acetylglucosaminylphosphotransferase, is membrane-bound
and is associatedwith the Golgi apparatus (7, 8) . In the second
step, the N-acetylglucosamine residue is removed by another
Golgi-associated enzyme, N-acetylglucosaminylphospho-
glycosidase, to generate the Man-6-P monoester (9, 10) . These
phosphomonoesters mediate binding of the acid hydrolase to
a specific receptor (the Man-6-P receptor) (11-14), and the
resulting receptor-ligand complex is translocated to lysosomes
or a prelysosomal compartment where the low pH stimulates
dissociation and completes the delivery process (15) .

Although the Man-6-P receptor-mediated pathway has been
shown to be a general mechanism by which acid hydrolases
reach lysosomes, alternative pathways must also exist (16,
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17) . Of particular interest is the observation that several
murine tissue culture cell lines lack (or are deficient in) the
Man-6-P receptor and yet possess lysosomal organelles (18).
The acid hydrolases synthesized by the Man-6-P receptor-
deficient cells are phosphorylated and the oligosaccharides
remain phosphorylated after the enzymes reach lysosomes;
this contrasts to the situation in Man-6-P receptor-positive
cells where the Man-6-P recognition signal is destroyed soon
after entry ofthe enzymes into lysosomes (11, 19) . Thus, the
Man-6-P receptor-dependent and independent pathways ap-
pear to result in the formation oflysosomes possessing differ-
ent enzymatic compositions.
To learn more about the pathway utilized by Man-6-P

receptor-deficient cells for targeting acid hydrolases to lyso-
somes, we have studied the biosynthesis and processing of ß-
glucuronidase in MOPC 315 cells . These cells contain -2%
of the level of the Man-6-P receptor found in human diploid
fibroblasts and, like the receptor-negative lines, they fail to
destroy the Man-6-P recognition marker after the acid hydro-
lases arrive in the lysosomes (18) . Since these cells also syn-
thesize and secrete IgA, it was possible to study the synthesis
and targeting of two classes of soluble glycoproteins in the
same cell. The results indicate that the two proteins exit from
the endoplasmic reticulum or cis Golgi at different rates and
that monensin has a differential effect on the targeting of
these proteins .

MATERIALS AND METHODS

Pulse-labeling of Cells:

	

MOPC 315 murine myeloma cells were
obtained from Dr. Scot Hickman, Washington University . The cells were
maintained in a-minimal essential medium (MEM) containing 10% fetal calf
serum at 37°C in a 5% C02 atmosphere . For labeling with [2-'H]mannose (24
Ci/mmol from New England Nuclear, Boston, MA), cells were harvested by
centrifugation and resuspended to a final concentration of6.7 x 106 cells/ml
in glucose/bicarbonate-free a-minimal essential medium containing 20 mM
HEPES, pH 7, 10% dialyzed horse serum, and 67 yCi/ml of ['H]mannose;
when indicated, monensin was added from a concentrated ethanol stock
solution (the final ethanol concentration never exceeded 0.1 %) . The cells were
incubated in the labeling solution for20 minat 37°Candthe chasewasinitiated
bydiluting with 6 vol ofa-minimal essential medium containing 10% fetal calf
serum, 5 mM mannose, 5 mM glucose, and 20 mM HEPES, pH 7 (±
monensin) .

For experiments involving ["S]methionine (1,270 Ci/mmol from Amer-
sham Corp., Arlington Heights, IL), the cells were harvested by centrifugation,
resuspended in methionine-free Earle's minimal essential medium (MFMEM)
containing 10% dialyzed horseserum, 20 mM HEPES, pH 7, and recentrifuged .
The washed cells were resuspended in MFMEM containing 10% dialyzed horse
serum, 20 mM HEPES, pH 7, and 88,uCi/ml of["S]methionine (± monensin)
to a final concentration of 5 x 10 6 cells/ml and incubated for 20 min at 37°C .
To initiate the chase the labeling mixtures were diluted sixfold with a-minimal
essential medium containing 10% fetal calf serum, 20 mM HEPES, pH 7, and
0.1 mg/ml methionine (± monensin) .

At the end of the chase, the cells were collected by centrifugation, washed
once with cold phosphate-buffered saline (PBS), and the washed cell pellet was
rapidly frozen in a dry ice/ethanol bath . In some experiments, the chase
medium was recovered after removal of the cells by centrifugation and filtered
through a 0.2-tuM filter. The pulse-chase experiments were carried out using
sterile conditions.

Immunoprecipitation of IgA and ß-Glucuronidase :

	

The fro-
zen labeled cell pellets (containing 2 .5-10 x 10' cells) were suspended in 1 ml
of extraction buffer (20 mM HEPES, pH 7, containing 10 mM phosphate, 150
mM NaCl, 1 % Triton X-100, 0 .2 TIU/ml Trasylol, 2 .5 mM mannose 6-
phosphate) and either 5 mM mannose (in the case of ['H]mannose-labeled
cells) or 0.7 mM methionine (for ["S]methionine-labeled cells). The suspen-
sions were sonicated for 10 s on ice at 100 Ws (Biosonic, Inc . Seattle, WA) and
incubated for an additional 30 min on ice. The extracts were clarified by
centrifugation (100,000 g for 45 min) and the pellets discarded . The superna-
tants at this point were divided into two fractions; 20% was diluted with 0 .8
ml of extraction bufferand used for IgA immunoprecipitation . The remaining

80% of each supernatant was diluted with 0 .2 ml of extraction buffer and used
for ß-glucuronidase immunoprecipitation.

To preclear each fraction, 0 .05 ml of a 10% suspension of Staphylococcus
aureus cells (Pansorbin from Calbiochem-Behring Corp., San Diego, CA) was
added and incubated for 30 min on ice. The cells were removed by centrifu-
gation and the supernatants recovered. Goat anti-ß-Gucuronidase (a generous
gift of Dr. Roger Ganshow, University of Cincinnati) or goat anti-mouse IgA
(Gateway Laboratories, Chaokia, IL) was added to the appropriate fractions
and incubated for 1 .5 h at 4°C . The antigen-antibody complexes were recovered
by the addition of Pansorbin (0.025 to 0.05 ml of a 10% suspension) and
following a 30-min incubation on ice the bacteria were collected by centrifu-
gation and washed (by repeated centrifugation) five times with 10 mM phos-
phate, pH 7, 150 mM NaCl, l% Triton X-100, 0.5% deoxycholate, 0.05%
SDS, 1 mM Man-6-P, 0 .2 TIU/ml Trasylol, and once with 50 mM Tris, pH
6 .8 (1 ml/wash). The final washed bacterial pellet was disaggregated in 0 .1 ml
of 50 mM Tris, pH 6.8, l% SDS, 1 % 0-mercaptoethanol, 20% glycerol by
boiling for 3 min . The suspensions were clarified by centrifugation and the
supernatants analyzed by SDS PAGE (20) and fluorography using Enhance
(New England Nuclear, Boston, MA). When indicated, the radioactive regions
ofthe dried gel were excised, rehydrated in 0.2 ml ofH2O,and the gel solubilized
by adding 1 .3 ml of hydrogen peroxide and heating at 100°C for 2-3 h. After
cooling, 15 ml of scintillation cocktail (Scintiverse 1, Fisher Scientific Co.,
Pittsburgh, PA) were added and the radioactivity quantitated by liquid scintil-
lation counting .

Oligosaccharide Structural Analysis:

	

Following SDS PAGE and
radioautography of the ['H]mannose-labeled immunoprecipitates, the radio-
active regions of the dried gel were excised and placed in l ml of0. I M Tris,
pH 8, containing 20 mM CaC12, 0 .1 M glucose 6-phosphate, and 5 mg pronase.
The digests were incubated for 15 h at 56°C, boiled for 5 min, and clarified by
centrifugation . The solubilized'H-labeled glycopeptides wre desalted by Seph-
adex G-25 chromatography, dried by evaporation under reduced pressure,
dissolved in 2 ml of 10 mM Tris, pH 8,150 mM NaCl, I MM MgC1 2, I MM
CaC12 , 0 .02% sodium azide (TBS) and applied to Concanavalin A-Sepharose
(I ml columns equilibrated in TBS) . The columns were washed with TBS and
eluted sequentially with 10 mM a-methylglucoside in TBS and 100 mM a-
methylmannoside (56°C) in TBS (21, 22) .

The high mannose-type glycopeptides (100 mM a-methylmannoside eluates)
were desalted by Sephadex G-25 chromatography, dried under reduced pres-
sure, and digested with endo-ß-N-acetylglucosaminidase H (Endo H) as previ-
ously described (11) . At the end of the digestion, the high mannose oligosac-
charides from IgA were desalted by passage over a pasteur pipet column of
Amberlite MB3 (Sigma Chemical Co ., St. Louis, MO) and analyzed by high
performance liquid chromatography (HPLC) as described previously (23). The
Endo H digests (0 .05 ml) of ß-glucuronidase glycopeptides were diluted with 2
ml of 2 mM ammonium acetate, pH 5 .3, and applied to 5-ml columns ofQAE-
Sephadex equilibrated in 2 mM ammonium acetate. The phosphorylated
oligosaccharides were eluted using a 200 ml linear gradient of ammonium
acetate, pH 5 .3, from 2 to 350 mM (in acetate) as previously described (11).

The complex-type glycopeptides recovered from ['H]mannose-labeled IgA
after Con A-Sepharose chromatography were desalted by Sephadex G-25 chro-
matography, dried by evaporation under reduced pressure, and digested with
jack bean a-mannosidase (0.23 U), ß-N-acetylglucosaminidase (0.02 U), andß-
galactosidase (0 .014 U) as described elsewhere (24). To remove sialic acid
residues, the glycopeptides were hydrolyzed with 2 N acetic acid at 100°C for
60 min ; the hydrolysates were then dried by evaporation under reduced
pressure. The extent of['H]mannose release following exoglycosidase digestion
was assessed by passing the digests over a Bio-Gel P-4 column equilibrated in
H2O ; free mannose is included whereas glycopeptide-associated mannose is
excluded .

Subcellular Fractionation of [3H]Labeled MOPC 315
Cells :

	

I x 108 cells were pulse-labeled with [2-'H]mannose and chased for
7 h as described above ; 1 kM monensin was present during both the pulse and
the chase . The cells were collected by centrifugation, and washed once with
cold PBS, and once with 0 .25 M sucrose . The washed cells were suspended in
2 ml of 0 .25 M sucrose, lysed by 10 strokes in a Dounce homogenizer, diluted
with 2 ml of 0 .25 M sucrose, containing 10 mM acetic acid and 10 mM
triethanolamine, pH 7, and centrifuged for 10 min at 850 g . The supernatant
was layered over 30 ml of a colloidal silica/polyvinyl pyrolidone mixture
prepared as previously described (25) . The lysate was centrifuged for 2.5 h in a
VTi50 rotor at 18,000 rpm and the resulting gradient collected in 18 fractions .

After the addition of 0.2 ml of 0.25 M HEPES, pH 7, 0 .5 M NaCl, 10%
Triton X-100, 50 mM mannose, 20 mM Man-6-P, and 2 TIU/ml Trasylol,
each fraction wascentrifuged at 100,000 g for 2 h to remove the colloidal silica .
The supernatants were divided into two fractions (10% for IgA and 90% for ß-
glucuronidase) and IgA and ß-glucuronidase were immunoprecipitated as de-
scribed above . Before immunoprecipitating, 0-glucuronidase activity was mon-
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itored by assaying 0.05 ml ofeach solubilized fraction for 2 h at 37°C using p-
NOz-phenyl-0-glucuronide as previously described (18).

RESULTS

Pulse-chase Analysis of Intracellular Movements
ß-Glucuronidase is synthesized as a proenzyme (75,000

daltons) which is proteolytically processed to a smaller molec-
ular weight species (73,000 daltons) during its maturation (4,
26, 27) . Fig. 1 shows that ß-glucuronidase synthesized by
MOPC 315 cells undergoes this proteolytic conversion, as
evidenced by the increased mobility of the mature form of
the enzyme during SDS gel electrophoresis . The cleavage is
thought to occur in lysosomes (28) . Using the proteolytic
event as an indicator of entry into lysosomes, the kinetics of
ß-glucuronidase arrival in lysosomes was compared with the
secretion of IgA . MOPC 315 cells were labeled for 20 min
with [ 35S]methionine and chased for various periods of time
in the presence of an excess of unlabeled methionine. At the

FIGURE 1

	

Demonstration of /3-glucuronidase maturation in MOPC
315 cells . Cells were labeled for 20 min with [2'H]mannose and
then chased for either 10 or 270 min in the presence of an excess
of unlabeled mannose . ß-Glucuronidase was immunoprecipitated
from nonionic detergent extracts of the cells and the precipitates
analyzed by SDS gel electrophoresis and fluorography . The fluoro-
graph shows : the immunoprecipitate obtained after 10 min of chase
(lanes A and D) ; the immunoprecipitate obtained after 270 min of
chase (lanes 8 and E) ; a 1 :1 mixture of the 10- and 270-min
immunoprecipitates (lanes C and F) . Lanes D-F contain twice the
amount of radioactivity as loaded in lanes A-C . The polyacrylamide
concentration was 10% in the separating and 5% in the stacking
gel .
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end of the chase, the ß-glucuronidase and IgA were immu-
noprecipitated and analyzed by SDS PAGE. Fig . 2 shows the
radioautogram of the SDS gel . As expected, the [ 35 S]labeled
ß-glucuronidase recovered after 10 min of chase (lane A)
migrates slightly slower than that recovered after 3-4 h of
chase (lanes E and F). Because of the small difference in
molecular weight, it is difficult to discern the proportions of
the two forms at the intermediate times (lanes B-D) ; however
by 3 h of chase (lane E) only the mature form of the [ 35 S]
labeled ß-glucuronidase is detected suggesting that the major-
ity of the pulse-labeled molecules had reached lysosomes
during this time period. The amount of IgA heavy chain
(which migrates as two or three discrete bands, possibly re-
flecting the content of asparagine-linked oligosaccharides)
recovered in the immunoprecipitates decreased with increas-
ing time of chase (lanes G-L) as expected for a secretory
product.
The appropriate radioactive regions of the dried gel were

excised and the absolute amount of radioactivity determined
by liquid scintillation counting after solubilizing the gel pieces.
As shown in Fig. 3A, there is a slight decrease in the amount
of immunoprecipitable ß-glucuronidase during the 4-h chase .
This loss most likely results from secretion of some of the
newly synthesized molecules for the MOPC 315 cells do
secrete 19% of their total ß-glucuronidase activity (4) . In
contrast, the amount of immunoprecipitable IgA heavy chain
recovered from the cells stays constant during the first 30 min
of chase and then declines with a ty, of 87 min . After 3 h of
chase, 30% of the [35S]labeled IgA molecules remained intra-
cellular.
A similar pulse-chase experiment was performed in which

[2'H]mannose was used in place of [ a5S]methionine . As
observed above, during the chase the [3H]mannose-labeled #-
glucuronidase is converted to a lower molecular weight form
and the amount of immunoprecipitable IgA heavy chains
decreases (Fig. 4) . The regions of the dried gel containing the
IgA heavy chains were excised and the [ 3H]mannose-labeled
radioactivity solubilized by pronase digestion . The resulting
glycopeptides we,, e analyzed by Con A-Sepharose chromatog-

FIGURE 2

	

Pulse-chase analysis of the processing of
ß-glucuronidase and secretion of IgA by MOPC 315
cells . Cells (3 x 10' per time point) were labeled for
20 min with [ 35 S]methionine and then chased for 10
min (A and G), 30 min (J3 and H), 60 min (C and 1),
120 min (D and 1), 180 min (E and K), and 240 min
(F and 1) . ß-Glucuronidase and IgA were immuno-
precipitated from detergent extracts of the cells and
subjected to SDS PAGE using a 7.5% separating gel
and 5%stackinggel . The fluorogram ofthe gel shows
lanes A-F, the ß-glucuronidase immunoprecipitates ;
lanes G-L, the IgA immunoprecipitates. The arrows
indicate the position of the precursor and mature
forms of ß-glucuronidase .
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FIGURE 3 Quantitation of the amount of newly synthesized 0-
glucuronidase and IgA heavy chains recovered by immunoprecipi-
tation . The appropriate regions of the dried gel shown in Fig . 2 (A)
and Fig. 7 (B) were excised and the radioactivity present was
determined by liquid scintillation counting . The data show the
percent of the maximal amount of radioactivity recovered in ,l-
glucuronidase (" ) and IgA heavy chains (x) as a function of time of
chase.

raphy . At both 30 and 240 min of chase, the intracellular
forms of IgA contain predominantly high mannose-type gly-
copeptides that bind to Con A-Sepharose and elute with 0.1
M a-methylmannoside (Fig . 5, A and C) . In contrast, the IgA
heavy chains secreted into the medium contain complex-type
asparagine-linked glycopeptides that pass through the Con A-
Sepharose column or bind and elute with 10 mM a-methyl-
glucoside (Fig . 6A) . This indicates that the secreted IgA mol-
ecules migrate through the Golgi apparatus where the aspar-
agine-linked oligosaccharide processing enzymes are localized
(29) prior to exiting from the cell . Moreover, once processed,
the molecules must rapidly exit the cell since only those forms
possessing high mannose oligosaccharides are recovered intra-
cellularly.

Fig . 5 also shows the size of the intracellular high mannose
oligosaccharides recovered from the IgA heavy chains as
determined by high performance liquid chromatography anal-
ysis. Following 30 min of chase, the major species contains
nine mannose residues and there are smaller quantities of
units containing eight, seven, and six mannose residues (Fig.
5B) . However, at later times during the chase (Fig. 5D) the
predominant species contains only six mannose residues .

Effect of Monensin on IgA Secretion from MOPC
315 Cells
Monensin has previously been shown to inhibit the secre-

tion of IgA from MOPC 315 cells (30, 31) . To verify that the
ionophore has a similar effect in our system, MOPC 315 cells
were pulse-labeled with [' S S]methionine and chased in the
presence of 1 uM monensin . At various times during the
chase, the cells were solubilized and IgA recovered by im-

munoprecipitation . As expected, treatment of MOPC 315
cells with monensin decreases the amount of IgA secreted
during the period of the experiment (Fig. 7) ; quantitation of
the intracellular IgA heavy chains after SDS gel electropho-

FIGURE 4

	

Recovery of 0-glucuronidase and IgA from MOPC 315
cells pulse-labeled with [2-'Hlmannose . Following a 20-min pulse,
the cells (5 x 107 per time point) were chased for 10, 30, 60, 120,
240, and 360 min . ß-Glucuronidase and IgA were immunoprecipi-
tated and analyzed by SDS gel electrophoresis and fluorography .
The left hand lanes display the IgA immunoprecipitates (which were
fractionated using a 10% separating gel) and the right hand lanes,
the 0-glucuronidase immunoprecipitates (which were fractionated
using a 7.5% separating gel) .
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FIGURE 5 Characterization of the asparagine-linked oligosaccha-
rides present on the intracellular IgA heavy chains. The appropriate
regions of the dried gel shown in Fig. 4 were excised and the
radioactivity solubilized by pronase digestion . Aliquots of the re-
sulting glycopeptides were applied to Con A-Sepharose and the
columns were eluted with 10 mM a-methylglucoside (10 mM) and
100 mM a-methylmannoside (100 mM) ; the elution profiles of the
['H]labeled glycopeptides recovered after 30 and 240 min of chase
are shown in A and C, respectively . The glycopeptides eluted with
100 mM a-methylmannoside were desalted, digested with endo
H, and the released oligosaccharides analyzed by high performance
liquid chromatography . The profiles are shown for the oligosaccha-
rides recovered after 30 (B) and 240 min (D) of chase . The arrows
indicate the elution position of the following high mannose oligo-
saccharide standards : 9, Mannose9CIcNAc, 8, MannoseaGIcNAc, 7,
Mannose 7GIcNAc, 6, Mannose 6GIcNAc, and 5, Mannose sGIcNAc .
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FRACTION
FIGURE 6 Con A-Sepharose chromatography of [ 3 H]mannose-la-
beled IgA secreted from MCIPC 315 cells . The appropriate regions
of the dried gel shown in Fig . 8 were excised, the radioactivity
solubilized by pronase digestion, and the resulting glycopeptides
applied to Con A-Sepharose . The columns were subsequently
eluted with 10 mM a-methylglucoside (10) and 100 mM a-methyl-
mannoside (100) . The profiles are of the glycopeptides derived from
IgA secreted from control cells (A) and from cells treated with 1 1AM
monensin (8) .

resis of the immunoprecipitates (Fig. 3 B) indicates that secre-
tion occurs with a t-, of 4 h from the ionophore-treated cells .
Not only is secretion slowed but, as shown in Fig. 8, the IgA
heavy chains secreted in the presence of monensin from [2-
'H]mannose-labeled cells migrate abnormally during SDS gel
electrophoresis . The regions of the dried gel containing the
['H]mannose-labeled heavy chains were excised and the ra-
dioactivity solubilized by pronase digestion ; the resulting gly-
copeptides were fractionated by Con A-Sepharose chromatog-
raphy (21, 22) . As shown in Fig. 6A, IgA heavy chains secreted
from control cells contain mannose-labeled glycopeptides that
run through Con A-Sepharose (28% ; tri- and tetraantennary
complex-type), that bind and elute with 10 mM a-methylglu-
coside (58%; biantennary complex-type), and that bind and
elute with 0 .1 M a-methylmannoside (14% ; high mannose-
type) . The IgA heavy chains secreted from the monensin-
treated cells (Fig. 6B) contain the same three species of
glycopeptides but the percentage ofradioactivity recovered in
complex-type units is decreased (14% as tri- and tetraanten-
nary,19% as biantennary, and 67% as high mannose) .
The complex-type glycopeptides were pooled and analyed

by mixed exoglycosidase digestion to determine whether the
oligosaccharide chains secreted by the monensin-treated cells
were altered . As shown in Table I, ['H]mannose was released

FIGURE 7

	

Effect of monensin of the processing of /3-glucuronidase
and IgA . MCIPC 315 cells (2 .5 x 10'/time point) were labeled for
20 min with [35 S]methionine and chased for 30 min (A and F), 150
min (8 and G), 240 min (C and H), 330 min (D and 1), and 420 min
(E and I) ; 1 uM monensin was present during both the pulse and
chase . /3-Glucuronidase and IgA were immunoprecipitated from
detergent extracts of the cells and analyzed by SIDS gel electropho-
resis and fluorography . Lanes A-E of the fluorogram display the 0-
glucuronidase immunoprecipitates and lanes F-I the IgA immuno-
precipitates .

FIGURE 8

	

Comparison of IgA and ß-glucuronidase recovered from
control and monensin-treated MCIPC 315 cells . Cells were labeled
for 20 min with [2- 3H]mannose and then chased for either 4 or 7
h ; the monensin-treated cells were exposed to the ionophore (1
juM) during both the pulse and chase . IgA was immunoprecipitated
from the chase media and the cell extracts while ß-glucuronidase
was immunoprecipitated only from the cell extracts.

from the control glycopeptides only when these glycopeptides
were first desialylated and then treated with the combination
of ß-galactosidase, ß-N-acetylglucosaminidase, and a-man-
nosidase . z This demonstrates that each molecule contains the
' The theoretical release of radioactivity by this treatment is 50%.
This is because each glycopeptide contains four labeled residues: two
a-linked mannoses, one ß-linked mannose and one fucose . The
enzyme digestion will only release the two a-linked mannoses .
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TABLE I

Exoglycosidase Digestion of the Complex-Type Glycopeptides
Isolated from Secreted IgA

Total radioactivity
released

Monen-
Con- sin

Treatment

	

trol treated
^io ~io

minidase + ß-Galactosidase

Following Con A-Sepharose chromatography, the ['Hlmannose-labeled com-
plex-type glycopeptides isolated from the IgA secreted from control and
monensin-treated MOPC 315 cells were desalted and digested with the
indicated exoglycosidases. In some cases, the glycopeptides were pretreated
with mild acid (2N acetic acid for 1 h at 100°C) to remove sialic acid residues
prior to adding the enzymes. The amount of radioactivity released was
determined by applying the digests (sequentially) to a Bio-Gel P-4 column .

expected sequence sialic acid->galactose--~-N-acetylglucosa-
mine-mmannose. In the case of the glycopeptides from mo-
nensin-treated cells, 15-19% ['H]mannose release was ob-
served following digestion with only ß-N-acetyl_alucosamini-
dase and a-mannosidase (not shown) . The addition of ß-
galactosidase (in combination with N-acetylglucosaminidase
and a-mannosidase) resulted in a small increment in. ['H]-
mannose release (not shown) . However, desialylation and
treatment with all three exoglycosidases was needed for max-
imal ['H]mannose release. These results indicate that some,
but not all, ofthe complex-type units from monensin-treated
cells are deficient in both sialic acid and galactose residues.
Therefore, treatment ofMOPC 315 cells with 1 AM monensin
slows the rate of IgA secretion, and impairs the processing of
the asparagine-linked oligosaccharides on the molecules that
are secreted.

Effect of Monensin on ß-
Glucuronidase Processing
ß-Glucuronidase was immunoprecipitated from the same

['SS]methionine-labeled, monensin-treated MOPC 315 cell
extracts as used above for the IgA analysis . As shown in Fig .
7, monensin does not inhibit the conversion of the precursor
to mature form ofß-glucuronidase, although the time required
for complete conversion is increased relative to the control
cells (Fig . 2) . Quantitation ofthe radiolabeled 0-glucuronidase
recovered by immunoprecipitation during the chase indicates
that there is no significant loss of the hydrolase from the
ionophore-treated cells during the 7-h chase (Fig . 3B) .
To determine whether monensin affects the phosphoryla-

tion of the high mannose oligosaccharides on ß-glucuroni-
dase, MOPC 315 cells were pulse-labeled for 20 min with [2-
'H]mannose and chased for 4 or 7 h in the presence and
absence of 1 AM monensin . At the conclusion of the chase,
the ß-glucuronidase was immunoprecipitated and analyzed
by SDS gel electrophoresis. As shown in Fig . 8, the ['H]-
mannose-labeled fl-glucuronidase isolated from the control

cells at both 4 and 7 h of chase is recovered as the mature
form. ß-Glucuronidase recovered from the monensin-treated
cells contains both precursor and mature forms after 4 h of
chase and predominantly the mature form following the 7-h
chase ; these results agree with the ['SS]methionine data pre-
sented above . The regions of the dried gel containing ß-
glucuronidase were excised, and the high mannose oligosac-
charides isolated and analyzed by QAE-Sephadex chromatog-
raphy . The elution profiles are shown in Fig. 9 . The enzyme
recovered from both the control and the monensin-treated
cells contains -40% ofthe label in the form ofphosphorylated
high mannose oligosaccharides . Thus, monensin does not
inhibit the overall extent of phosphorylation of ß-glucuroni-
dase by the Golgi-associated N-acetylglucosaminylphos-
photransferase . A comparison of the profiles shows that after
4 h of chase both the control and monensin-treated ß-gluco-
ronidase contain oligosaccharides possessing phosphomon-
oesters and phosphodiesters . The monensin-treated ß-glucu-
ronidase contains a somewhat higher proportion of oligosac-
charides possessing phosphodiesters at the 4-h point (compare
9, A and B). By 7 h of chase the QAE-Sephadex profiles of
the phosphorylated oligosaccharides recovered from the con-
trol and monensin-treated 0-glucuronidase are similar in that
the primary species in both fractions corresponds to oligosac-
charides containing one or two phosphomonoesters (Fig. 9,
C and D). However, one significant difference was noted. The
profile of the control material shows two additional peaks
between fractions 25-45 that are missing in the profile of the
monensin-treated material (compare Fig . 9, C to D). These
peaks represent sialylated, phosphorylated hybrid oligosaccha-
rides (e .g ., one sialic acid and one phosphodiester or one sialic
acid and one phosphomonoester) (13) .

Thus, 1 AM monensin delays both proteolysis of newly
synthesized ß-glucuronidase precursor and the conversion of
the phosphorylated oligosaccharides from phosphodiesters to
phosphomonoesters . The extent of phosphorylation of ß-
glucuronidase is very similar in both the control and monen-
sin-treated cells, but the enzyme from the monensin-treated
cells is missing the sialylated, phosphorylated species.

Segregation of IgA and ß-Glucuronidase in the
Presence of Monensin
Although the proteolysic processing of the precursor form

of 0-glucuronidase in the presence of monensin suggests that
the newly synthesized molecules are reaching lysosomes, ad-
ditional experiments were performed to show that the intra-
cellular forms of IgA and ß-glucuronidase are actually segre-
gated in the presence of the ionophore . MOPC 315 cells were
labeled for 20 min with [2-'H]mannone and chased for 7 h in
the presence of 1 AM monensin. At the end of the chase, cell
lysates were prepared and subjected to centrifugation on a
colloidal silica gradient . As shown in Fig. 10A, ß-glucuroni-
dase activity distributes into both a light and heavy fraction
as has previously been observed (18) . In human fibroblasts
the lighter peak has been shown to contain many subcellular
organelles, including endoplasmic reticulum and Golgi vesi-
cles, whereas the denser peak is greatly enriched in lysosomal
structures (25) . The difference in the nature of lysosomal
structures between the two peaks is unknown . The distribu-
tion of total radioactivity is shown in Fig. IOB; the majority
of the radioactivity co-sediments with the lighter peak of ß-
glucuronidase activity or remains at the top ofthe gradient .
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a-Mannosidase+ß-N-Acetylglucosaminidase 5 20
+ ß-galactosidase

Mild acid hydrolysis followed by :
(a) a-Mannosidase 6 7
(b) a-Mannosidase + ß-N-Acetylglucosa- 7 15

minidase
(c) a-Mannosidase + ß-N-acetylglucosa- 44 41
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FIGURE 10 Colloidal silica density gradient centrifugation of
monensin-treated MOPC 315 cells . Following a 20-min pulse with
[2-'H]mannose and a 7-h chase (both in the presence of 1 AM
monensin), the MOPC 315 cells (1 x 108) were lysed and the
postnuclear supernatant fractionated by colloidal silica density gra-
dient centrifugation . The resulting gradient was subfractionated into
18 2-ml fractions and aliquots of each were assayed for ß-glucuron-
idase activity (A) or for radioactivity by liquid scintillation counting

ß-Glucuronidase and IgA were immunoprecipitated from
the gradient fractions to determine the distribution of the
labeled molecules. As shown in Fig. 11 A, the ['H]labeled IgA

10 20 30 40 50

	

10 20 30 40 50 60
FRACTION

FIGURE 9 QAE-Sephadex chromatography of ß-
glucuronidase high mannose oligosaccharides .
MOPC 315 cells (0 .7-1 x 10 8/time point) were la-
beled for 20 min with [2-3H]mannose and chased
for either 4 or 7 h (± 1 AM monensin) . Intracellular
ß-glucuronidase was immunoprecipitated and ana-
lyzed by SDS gel electrophoresis and fluorography .
The regions of the gel containing ß-glucuronidase
were excised, the radioactivity solubilized by pro-
nase digestion, and the resulting glycopeptides frac-
tionated on Con A-Sepharose . In all cases, >81% of
the radioactivity bound to Con A-Sepharose and
eluted with «-methylmannoside (not shown) . The
high mannose-type glycopeptides were desalted,
digested with endo H, and each digest was applied
to a QAE-Sephadex columns which was subse-
quently eluted with a linear gradient of ammonium
acetate from 2 to 350 mM (100 ml each) ; 2-ml
fractions were collected and the radioactivity deter-
mined by liquid scintillation counting . The QAE-
Sephadex profiles are of the high mannose oligosac-
charides recovered in the immunoprecipitate from :
(A) control cells, 4-h chase; (B) monensin-treated
cells, 4 h chase ; (C) control cells, 7-h chase ; (D)
monensin-treated cells, 7-h chase . The elution po-
sition of standard high mannose oligosaccharides
containing 1 phosphodiester (1 PD), 1 phosphomon-
oester (1 PM), 2 phosphodiesters (2 PD), and 2
phosphomonoesters (2 PM) are indicated . Neutral
oligosaccharides (N) do not bind to QAE-Sephadex .

FIGURE 11

	

Distribution of newly synthesized IgA and ß-glucuron-
idase in the colloidal silica gradient . The gradient fractions shown
in Fig . 10 were centrifuged for 2 h at 100,000 g to remove the
colloidal silica following the addition of Triton X-100 . Fractions 1
and 2 at the bottom of the gradient were not worked up due to
their high viscosity . ß-Glucoronidase and IgA were immunoprecip-
itated from the resulting supernatants and analyzed by SIDS gel
electrophoresis and fluorography . The fluorograms show (A) the
distribution of ['H]labeled IgA heavy chains and ; (B) the distribution
of ['H]labeled ß-glucuronidase .

molecules are predominantly recovered in fractions 12 and
13, which correspond to the lighter peak of ß-glucuronidase
activity (Fig . 10) . In contrast, the majority of the ['H]labeled
ß-glucuronidase is recovered in the denser region of the gra-
dient (Fig . 11 B). There is also [ 3H]labeled ß-glucuronidase
associated with the lighter fractions. Since the distribution
across the gradient ofß-glucuronidase (as detected by activity)
from the monensin-treated cells parallels that of untreated
MOPC 315 cells (18), these results indicate that within 7 h of
chase the radiolabeled ß-glucuronidase molecules achieve the
expected intracellular distribution . It is interesting to note that
the denser fractions from the gradient contain only the mature
form of ß-glucuronidase while the lighter fractions contain
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both the mature and precursor forms . Brown et al . (27) have
previously observed a similar separation of the two forms of
fl-glucuronidase on colloidal silica gradients. Our ability to
detect the precursor in this experiment but not from total
cells most likely results from its enrichment in the lighter
fractions.

DISCUSSION
These experiments demonstrate that IgA and fl-glucuronidase
are targeted to their respective destinations at very different
rates in MOPC 315 cells. The kinetic analysis revealed that
essentially all the newly synthesized 3-glucuronidase mole-
cules made during a 20 min pulse-labeling are processed to
mature forms within 3 h of chase . Since the proteolytic
processing is thought to occur in lysosomes (28), the data
suggest that all of the newly formed ß-glucuronidase has
arrived in lysosomes by 3 h aftersynthesis . We have previously
shown in this cell line that the phosphorylation of lysosomal
enzyme oligosaccharide units is almost complete after 1 h of
chase (18) . Since the N-acetylglucosaminylphosphotransferase
which mediates the phosphorylation appears to be localized
in the early, or cis Golgi (10, 32), we conclude that most of
the lysosomal enzymes move from the endoplasmic reticulum
to the Golgi complex by 1 h of chase . The remaining 2 h of
chase time required for complete maturation of ß-glucuroni-
dase presumably representsthe time required for translocation
ofthe molecules from the Golgi apparatus to lysosomes and
for the proteolytic processing reaction . By contrast, -30% of
the pulse-labeled IgA molecules are recovered intracellularly
after 3 h of chase and these molecules contain only high
mannose-type oligosaccharides. When the intracellular IgA
was examined in more detail, it was found that its oligosac-
charides are processed from an initial Man9GlcNAc2 species
during the chase period . This observation confirms the pre-
vious finding of Hickman et al . (31). Two enzymes have been
identified that can mediate this mannose trimming . The first
is an ía1,2-mannosidase that is localized in the endoplasmic
reticulum (33) . This enzyme appears to convert Man9 -
G1cNAc2 oligosaccharides to MangGIcNAc 2 quite efficiently,
and then slowly hydrolyzes additional mannose residues . The
other enzyme is the Golgi a 1,2-mannosidase I which also can
act on the Man9GlcNAc species but efficiently forms the
Man5GlcNAc2 oligosaccharide (34-36). This mannosidase
acts in concert with other late stage processing enzymes so
that the MansGlcNAc2 species is rapidly converted to com-
plex-type oligosaccharides . Since the intracellular IgA con-
tained very little MansGlcNAc 2 or complex-type oligosaccha-
rides, it seems likely that the mannose trimming is mediated
by the endoplasmic reticulum a-mannosidase . Based on these
data, we conclude that the intracellular IgA resides within a
region of the endoplasmic reticulum/Golgi complex that is
located proximal to the Golgi-associated enzymes which me-
diate the late-stage events in oligosaccharide processing.
Therefore, fl-glucuronidase and IgA must exit from the en-
doplasmic reticulum (or early cis Golgi complex) at different
rates.

Recently Lodish et al . (37) have demonstrated in human
hepatoma HepG2 cells that five secreted proteins leave the
rough endoplasmic reticulum at different rates . Similar find-
ings have been reported by Leford and Davis (38) and by
Fitting and Kabat for two viral membrane glycoproteins (39) .
Lodish et al . pointed out that their results are incompatible

with bulk-phase movement of the luminal contents of the
endoplasmic reticulum and suggested that there is a receptor
protein in the endoplasmic reticulum membrane that selec-
tively mediates the transport of newly synthesized proteins
from the rough endoplasmic reticulum to the Golgi complex .
These authors postulate that proteins that bind most avidly
to, the receptor are transported to the Golgi complex at the ,
fastest rates . They also point out that slow-moving proteins
need not bind to the receptor, but could be transported by
bulk-phase movement of the luminal contents . Our findings
provide additional support for the notion that proteins exit
the endoplasmic reticulum at different rates by extending the
observations to a different cell type and another class of
soluble proteins, the lysosomal enzymes .
The ionophore monensin was used to further analyze the

.*movement of IgA and fl-glucuronidase in these cells since a
number of studies have suggested that it preferentially disrupts
the mid to trans Golgi cistemae and thereby inhibits the
normal cis to trans migration of proteins through the Golgi
stacks (40-45) . The major finding was that newly synthesized
ß-glucuronidase molecules are efficiently separated from in-
tracellular IgA and targeted to lysosomes in the presence of
monensin whereas IgA secretion is markedly slowed. These
observations can be explained in two ways . The first is that
movement of these proteins to the cis Golgi may be sufficient
to allow them to be sorted. According to this interpretation,
the two proteins would exit the cis Golgi in separate vesicles
and those carrying ß-glucuronidase would go specifically to
lysosomes or to an intermediate compartment where lyso-
somes are formed . The alternate explanation is that in the
presence of monensin ß-glucuronidase is translocated more
efficiently than IgA from the cis to the trans Golgi complex
and that sorting occurs at the trans Golgi . Since Q-glucuroni-
dase normally exists the endoplasmic reticulum/early Golgi
regions more rapidly than IgA, it may also pass through the
monensin-induced block more efficiently .

In addition to the effect on the rate of protein targeting,
monensin also caused several alterations in the processing of
the oligosaccharide units ofthese two proteins . Thus, whereas
IgA secreted by control cells contains predominantly com-
pleted (sialylated) complex-type oligosaccharides, IgA secreted
by monensin-treated cells contains primarily high mannose-
type oligosaccharides and complex-type units that are defi-
cient in terminal sialic acid and galactose residues. The oli-
gosaccharides present on ß-glucuronidase from monensin-
treated cells were phosphorylated normally, but the number
of sialylated-phosphorylated hybrid species was markedly re-
duced . The assembly of the latter species requires the action
ofthe same galactosyl- and sialyltransferases that are needed
to synthesize the complex-type oligosaccharides of IgA . Since
galactosyltransferse (and presumably sialyltransferase) is lo-
calized in the trans Golgi elements (46-48) these findings are
consistent with the notion that monensin disrupts the normal
cis to trans movement of IgA and ß-glucuronidase .' In addi-
tion, the secreted IgA that contains high mannose units might
represent molecules that have bypassed the trans Golgi com-
plex. Alternatively, as suggested above, these molecules may
have slowly passed through the trans Golgi complex but not

' Since only a portion ofthe oligosaccharides of ß-glucuronidase are
sialylated-phosphorylated hybrids, we cannot determine whatpercent
of the ß-glucuronidase molecules normally pass through the trans
Golgi .
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been processed due to an inhibition ofthe processing enzymes.
This would also explain the lack of sialylated-phosphorylated
hybrid species on ß-glucuronidase. The normal phosphoryla-
tion of the ß-glucuronidase oligosaccharides in the presence
of monensin is consistent with the observation that the en-
zymes involved in the generation ofthe Man-6-P recognition
signal appear to be localized in the cis Golgi complex.
The findings of Strous and co-workers (49) on the effect of

monensin on the processing oftransferrin and VSV G protein
may be relevant to these issues . Using a hepatoma cell line,
these investigators found that monensin inhibits the secretion
of transferrin and the migration of the VSV G protein to the
cell surface . However, the intracellular transferrin had endo
H sensitive (high mannose) oligosaccharideswhereas the VSV
G protein contained endo H-resistant (complex-type) oligo-
saccharides (40) . Normally the mature form of both proteins
contains complex-type units . When the cells were examined
by immunocytochemistry, it was found that the two proteins
co-exist in the same Golgi vesicles (49). On this basis the
authors suggested that monensin may not affect the routing
of the glycoproteins, but rather the ionophore may have a
differential effect on the way newly synthesized glycoproteins
are processed by the Golgi-associated enzymes . What is un-
clear, howe

	

r, is whether the antigens detected morphologi-
y within the monensin-treated cells represent newly syn-

thesized molecules or molecules that were trapped within the
G _âi at the time of ionophore application .
While the exact mechanism by which monensin disrupts

the processing of some glycoproteins and not others remains
unresolved, it is striking that the ß-glucuronidase molecules
synthesized by MOPC 315 cells in the presence of ionophore
achieved the same intracellular distribution as in untreated
cells . Moreover, the ß-glucuronidase molecules were proc-
essed proteolytically, an event that is thought to occur in
lysosomes . Although we did not measure the lysosomal pH
within the monensin-treated MOPC 315 cells, it has been
shown that treatment of macrophages with similar iono-
phores, nigericin and X537A, results in an increase in the
intralysosomal pH (50) . The normal targeting of acid hydro-
lases to lysosomes observed in the presence of monensin
suggests that the Man-6-P receptor-deficient MOPC 315 cells
may utilize a delivery mechanism that is independent of a
low lysosomal pH. This is in sharp contrast to the Man-6-P
receptor mediated pathway for the delivery ofacid hydrolases
to lysosomes which is disrupted by treatment of cells with
agents that alter lysosomal and endosomal pH (15) .
The main purpose of this study was to learn more about

lysosomal enzyme sorting in Man-6-P receptor-deficient cells.
We utilized MOPC 315 cells since they target most of their
newly synthesized lysosomal enzymes to lysosomes and also
synthesize large amounts ofIgA, a secretory protein . However,
these cells do possess very low levels of Man-6-P receptor
activity (<2% of the activity found in human diploid fibro-
blasts). While it seems unlikely that this small amount of
Man-6-P receptor can translocate the newly synthesized ly-
sosomal enzymes, we cannot exclude some role of the Man-
6-P receptor in this cell line . Ideally these studies should be
performed with a cell line that is totally deficient in the Man-
6-P receptor but since the receptor-negative lines described
secrete 60-70% of the newly synthesized lysosomal enzymes
(18), it is not possible to selectively track a cohort ofmolecules
to lysosomes as was done in the present studies .
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