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Glycosylation plays a crucial role in glycoprotein sta-
bility and its correct folding. Murine acid sphingomyeli-
nase (ASM) is a lysosomal glycoprotein. We studied the
functional role of its individual N-linked oligosaccha-
rides needed to maintain enzymatic activity and protein
stability. Mutagenized cDNA constructs were heterolo-
gously expressed. All six potential N-glycosylation sites
were modified. Incomplete glycosylation of the most dis-
tant C-terminal site resulted in two isoforms. Oligosac-
charides at N-84, N-173, and N-611 were found to be of
minor importance for enzymatic activity. The glycosyla-
tion defect at N-333 or N-393 reduced the enzymatic
activity to 40% and at N-518 to less than 20%. These
mutations did not effect the K,, value. Glycosylation at
N-333 and N-393 mainly contributed to the enzyme sta-
bility and prevented degradation at lysosomal acidic
pPH, whereas the low residual enzymatic activity of mu-
tant ASM deficient in glycosylation at N-518 was caused
by protein misfolding. The mutant protein was also
prone to proteolysis when trapped in the endoplasmic
reticulum/cis-Golgi after brefeldin A application. Insuf-
ficiently glycosylated ASM formed a stable complex with
BiP, an immunoglobulin heavy chain-binding protein,
and thus remained in the endoplasmic reticulum. *>PO,
labeling revealed that the glycosylation mutants of ASM
were phosphorylated predominantly at mannose resi-
dues of oligosaccharides linked to N-84, N-333, and
N-393.

Acid sphingomyelinase (ASM,! E.C. 3.1.4.12) is an ubiqui-
tous lysosomal hydrolase that cleaves sphingomyelin to ceram-
ide and phosphocholine. In 1987, Quintern et al. (1) purified
human acid sphingomyelinase from urine to homogeneity. Sub-
sequent discovery of the primary structure enabled functional
expression in an eucaryotic cell culture system (2).

Deficient or reduced ASM activity causes sphingomyelin ac-
cumulation known in humans as Niemann-Pick disease sphin-
golipidosis. Depending on the amount of residual enzymatic
activity, the neurovisceral type A or the less severe visceral
type B of this autosomal recessive disease is observed (3).
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Recently, several mutations in the ASM gene of Niemann-Pick
disease patients have been reported, leading to an enzyme of no
or drastically reduced activity. Transgenic mice with a dis-
rupted ASM gene exhibit a phenotype comparable to that of
Niemann-Pick disease, type A, patients. The neurological
symptoms of these mice are accompanied by the loss of Pur-
kinje cells as revealed by histological studies (4, 5).

Besides the catabolic function of this lysosomal enzyme, in-
volvement of ASM in the ceramide-dependent signal transduc-
tion pathway has been discussed controversially (6-9). As a
lysosomal hydrolase, ASM undergoes several posttranslational
processing and targeting steps. The N-terminal signal se-
quence directs the primary translation product into the ER.
The signal sequence, which has a length of approximately 45
amino acids for human as well as murine ASM according to the
von Heijne prediction (10), is cleaved during this process. In the
ER, oligosaccharides are transferred to certain Asn residues
and further modified in the Golgi apparatus.

The oligosaccharide chains may share a variety of different
functions. They are known to contribute to the proper protein
folding and to preserve biological activity by stabilizing the
protein conformation and protecting against proteolytic degra-
dation (11-13). Furthermore, oligosaccharides are important
for correct targeting of lysosomal proteins. To that end, certain
mannose residues are phosphorylated in position 6 by a two-
step reaction in the ER and the Golgi apparatus. Such tagged
proteins bind to the mannose-6-phosphate receptor in the
trans-Golgi network and are transported by coated vesicles to
the lysosomes.

The aim of the present study was to characterize the func-
tional aspects of the individual oligosaccharides of murine
ASM. The enzyme can easily be expressed in a eucaryotic cell
system and assayed. ASM activity is particularly stable and
seems to be independent of further components. Therefore, it
represents a useful model to investigate the various functions
of glycosylation.

Since ASM is highly conserved between humans and mice,
most of the results obtained for the murine protein should be
valid also for the human enzyme (14).

EXPERIMENTAL PROCEDURES

Reagents—Tissue culture medium and reagents were purchased
from Seromed (Berlin, Germany) and Life Technologies, Inc., and the
radiochemicals were from Amersham Corp. Restriction enzymes and
G418 were obtained from Life Technologies, Inc. Nitrocellulose mem-
branes and P81 membranes used were from Schleicher & Schuell and
Whatman, respectively. Brefeldin A, kanamycin, tunicamycin, Freund’s
adjuvant, and protein A-Sepharose were purchased from Sigma. En-
doglycosidases were obtained from Boehringer Mannheim. The pRc/
CMV vector was bought from Invitrogen, and the T7 sequencing kit and
the USE site-directed mutagenesis kit were from Pharmacia Biotech
Inc. Anti-BiP antiserum was purchased from Stressgen and Cy3 conju-
gated anti-rabbit-IgG antibody from Jackson. Glycerol gelatin was ob-
tained from Merck.

Site-directed Mutagenesis—Murine ASM ¢cDNA (14) was cloned into
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the EcoRI site of pucl3 (Fig. 1). Using the unique site elimination kit,
each individual Asn codon of the six canonical N-glycosylation site
(Asn-Xaa-Ser/Thr) was converted to a Gln codon.

Multiple mutations were introduced by exchange of cDNA cassettes
using the restriction sites indicated in Fig. 1. Each mutated cDNA was
controlled by DNA sequencing (T7 sequencing kit). Wild-type and mu-
tant cDNAs were cloned into the HindlIII restriction site of the pRc/
CMV vector.

ASM Antibody—The full-length coding sequence of murine ASM
cDNA without the 5’ terminal part was cloned into the pET8c vector
(15). Expression in B121(DE3)pLysS Escherichia coli yielded a polypep-
tide representing the amino acids 100 to 627 of the murine ASM in
abundant amounts. The protein was first separated by SDS-polyacryl-
amide gel electrophoresis and eluted with a minimal volume of 0.1%
SDS, 100 mM Tris-Cl (pH 8). It was then precipitated with four volumes
of acetone and dissolved in PBS. Polyclonal anti-ASM serum was raised
in rabbits by an injection of 200 ug of recombinant protein in combina-
tion with Freund’s complete adjuvant followed by three booster injec-
tions of 100 ug of protein in Freund’s incomplete adjuvant in 2-week
intervals. Serum was obtained 5 days after final injection.

Cell Culture and Transfection—HEK293 cells were cultured in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine serum. A sus-
pension of approximately 2 X 10° cells was electroporated in culture
medium at 450 V, 250 uF in the presence of 15 pg/ml circular plasmid
DNA (pRc¢/CMV constructs) for transient or 1 ug/ml Scal linearized
plasmid DNA for stable expression (electroporator and 0.4-cm electro-
poration cuvettes by Bio-Rad). Transiently expressing cells were cul-
tured for 48 h prior to harvest. Stable expressing cells were plated after
electroporation in various dilutions on 100-mm dishes. After 24 h, the
medium was supplemented with G418 at a concentration of 450 pg/ml.
After 2 weeks of selection, individual cell clones were picked, expanded,
and tested for expression by Northern blotting and enzymatic assays of
ASM or neomycin phosphortransferase.

Metabolic Labeling and Immunoprecipitation—Transfected HEK293
cells grown to confluency in 60-mm dishes were starved in 1 ml of either
methionine-free modified Eagle’s medium or PO,-free Dulbecco’s mod-
ified Eagle’s medium for 1 h prior to pulse labeling with 150 uCi
L-[**S]methionine or 250 uCi [*?Plorthophosphoric acid for the indi-
cated periods of time. In case of the pulse-chase experiment, cells were
incubated for an additional 2 h with normal cell culture medium. After
metabolic labeling, cells were washed with PBS, harvested, and ex-
tracted in 200 ul of extraction buffer (0.1% Nonidet P-40, 2 mM phen-
ylmethylsulfonyl fluoride, 10 mm EDTA, and 20 mm Tris-Cl, pH 7.2).
For extraction of 32PO,-labeled cells, the buffer also contained 5 mm
NaF and 1 mm NagVO,. Extracts were centrifugated for 15 min at
100,000 X g and then incubated for 1 h with anti-ASM antiserum in a
1:60 dilution and subsequently treated for 1 h with 0.5 volume of
protein A-Sepharose diluted 1:10 in extraction buffer. BiP precipitation
was carried out using a monoclonal mouse anti-BiP antiserum in a
dilution of 1:200. Immunoprecipitated material was washed with three
changes of 1% Nonidet P-40, 20 mm Tris-Cl, pH 7.2. All steps were
performed at 4 °C. Immunoprecipitations from culture medium were
performed with 800 pl of medium cleared by ultracentrifugation. Im-
munoprecipitated material was resuspended (4% SDS, 10% B-mercap-
toethanol, 20% glycerol, 0.05% bromphenol blue, 0.125 M Tris-Cl, pH
6.8) and separated on a 10% SDS-polyacrylamide gel. The gel was dried
and exposed to x-ray film. The gel was analyzed by a PhosphorImager
(Molecular Dynamics) when quantitative comparison of the labeled
protein was necessary. Tunicamycin or brefeldin A was added at 10 or
2 wg/ml, respectively, to the cells 1 h prior to the labeling. Digestion
with Endo F/PNGase F was performed with the immunoprecipitated
material resuspended in 20 ul of extraction buffer for 2-3 h at 37 °C
using 0.1 unit. For Endo H digestion, the immunoprecipitated material
was resuspended in 20 ul of acidic buffer (30 mm sodium acetate, pH 5,
10 mM mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, and
0.02% SDS) and incubated for 13 h at 37 °C using 0.002 unit.

Immunofluorescence Microscopy—About 10° embryonal fibroblasts
from ASM-deficient mice (4) at passage six were suspended in cell
culture medium, electroporated at 500 uF and 450 V with 15 ug/ml
plasmid DNA, and plated as duplicate sets on 60-mm dishes for 48 h.
The cells were washed with PBS and fixed with freshly prepared ac-
etone:methanol (1:1) at room temperature for 2 min. After washing with
PBS, the fixed cells were incubated with 3% bovine serum albumin and
a 1:200 dilution of rabbit anti-ASM antiserum in PBS for 1 h. After
washing with three changes of 0.5% Triton X-100 in PBS over 10 min,
the cells were exposed to a 1:800 dilution of anti-rabbit-IgG antibody
conjugated with CY3 in 3% bovine serum albumin/PBS for another
hour. Cells were washed as described above, mounted with glycerol

Glycosylation of Murine Acid Sphingomyelinase

HPE N V N B X H E
cDNA l—“[—l
300bp,

Protein 100a

A A A A A
84 173 333393 518 611
Fic. 1. Schematic presentation of murine ASM ¢cDNA and pro-
tein. An open reading frame of 1881 base pairs (black bar) codes for a
protein of 627 amino acid residues. Position of restriction enzyme sites
(H, HindIIl; P, Pstl; E, EcoRI; N, Ncol; V, EcoRV; B, Bglll; X, Xhol)
used for cloning are indicated. Italic letters represent sites of the used
cloning vector. Signal peptide (amino acids 1-44) and saposin-like
domain (amino acids 84-164) are marked as gray boxes. Position of the
canonical N-glycosylation sites are shown by arrowheads with the
amino acid number of the respective asparagine.

gelatin and coverslips, and viewed with a microscope equipped for
epifluorescence (Zeiss). For BiP staining, a polyclonal rabbit anti-BiP
antiserum in a dilution of 1:200 was used as a first antibody.

Enzymatic Assays—Transfected HEK293 cells were washed with
PBS and harvested. To determine the ASM activity, the cells were
lysated in extraction buffer (0.1% Nonidet P-40, 20 mm Tris-Cl, pH 7.2).
Extracts were assayed as described previously (1) using “C-labeled
sphingomyelin (16) with a specific radioactivity of 8000 dpm/nmol.
Protein concentrations were determined as described previously (17)
using bovine serum albumin as reference. To determine the neomycin
phosphotransferase activity, cells were extracted in detergent-free
buffer and incubated with kanamycin and [y->’PJATP as described
previously (18). Phosphorylated proteins were removed from the phos-
phorylated kanamycin by filtration of the incubation products through
two layers of nitrocellulose membrane and two layers of P81 membrane
using a filtration manifold (19). The amount of labeled kanamycin on
the P81 membrane was quantified with a PhosphorImager (Molecular
Dynamics) and served as a relative measurement of neomycin phos-
phortransferase activity in the cell extracts.

RESULTS

N-Glycosylation Is Essential for Murine ASM Activity—The
cDNA of murine ASM (14) was cloned into the eucaryotic ex-
pression vector pRc/CMYV to characterize the glycosylation. The
minigene is under the control of the CMV promoter. Plasmid
DNA was transfected either transiently or stably in HEK293
cells. Because cDNA-derived murine ASM contains six poten-
tial N-glycosylation sites at positions N-84, N-173, N-333,
N-393, N-518, and N-611, each of these sites was eliminated by
exchanging the codons for asparagine to glutamine in the
c¢DNA using site-directed mutagenesis (AGS1 to AGS6, respec-
tively). Combinations of these mutations were obtained by ex-
changes of cDNA cassettes using the restriction sites shown in
Fig. 1. Mutant ASM cDNAs were subsequently cloned and
expressed under the same conditions as the wild type.

The importance of the N-linked oligosaccharides for the
maintenance of ASM enzymatic activity was evaluated. Ex-
tracts of lysed cells producing recombinant ASM were treated
with Endo F/PNGase F. This treatment led to a loss of the
activity compared to the control incubated without glycosi-
dases. The complete enzymatic deglycosylation was demon-
strated by immunoprecipitation after pulse labeling cells for
3 h with [>*S]methionine (Fig. 2A).

Wild-type murine ASM yielded two distinct polypeptides of
70 and 72 kDa, which were reduced in size to a single ~60-kDa
protein upon deglycosylation with Endo F/PNGase F. This di-
gestion product is completely deglycosylated because its molec-
ular mass is identical to that of the mutant ASM AGS(1-6)
with all putative N-glycosylation sites deleted.

The two distinct polypeptides visible after wild-type ASM
immunoprecipitation do not result from successive processing
steps during the pulse labeling as they proved to be time-
independent in a pulse-chase experiment (Fig. 2B). Therefore,
a variability in the use of the N-glycosylation sites must be the
reason for this mass heterogeneity.

A significant portion of ASM activity is released into the cell
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Fic. 2. Glycosylated and deglycosylated murine ASM. HEK293
cell clones overexpressing wild-type (WT) and mutant ASM (AGS(1-6))
were pulse-labeled with [**S]methionine and separated on 10% SDS-
polyacrylamide gel electrophoresis and analyzed by fluorography. In A,
cells were labeled for 3 h, and immunoprecipitated material was treated
with 0.1 units Endo F/PNGase F (EF/PF) for 2 h. In B, cells were
labeled for 1 h, followed by a chase period of 0 or 2 h prior to immuno-
precipitation. In C, cells were labeled for 5 h. Cell extract (E) and
culture medium (M) were subjected to immunoprecipitation. Proteins
isolated from the medium were fluorographed 10 times longer than
proteins from cell extracts.

culture medium upon overexpression of wild-type protein. This
activity is associated with a protein slightly larger than the
cellular form as determined by immunoprecipitation. The dif-
ference in protein mass is most likely due to a further modifi-
cation of oligosaccharides during the secretion process because
this size difference disappears for the nonglycosylated mutant
AGS(1-6) (Fig. 20).

Nonglycosylated ASM has been demonstrated to be inactive.
We, therefore, determined the enzymatic half-life of this lyso-
somal protein by the administration of tunicamycin. Tunica-
mycin inhibits N-glycosylation and consequently stops the sup-
ply of newly translated functional ASM. The decay of the
residual lysosomal enzyme activity of ASM in cell extracts
revealed a half-life of about 14 h (Fig. 3).

Each Potential N-Glycosylation Site Is Modified with Oligo-
saccharides—Wild-type ASM and glycosylation site-deficient
mutants were expressed transiently in HEK293 cells, and re-
sulting ASM proteins were immunoprecipitated after 4 h pulse
labeling with [3®S]methionine. Wild-type ASM resulted in two
protein bands of 70 and 72 kDa. The loss of every single oligo-
saccharide group of the mutated ASMs shifted the double band
by 2 kDa to a lower molecular mass. Only mutant AGS6 that
lacked the most C-terminal glycosylation site yielded a single
predominant translation product, which corresponded in mo-
lecular mass to the lower band of wild-type ASM (Fig. 4A).
These results indicated that each of the six canonical sites is in
fact glycosylated in the wild-type enzyme. A partial usage of
the sixth site (N-611) appears to cause the observed mass
heterogeneity in wild-type and in AGS1 to AGS5.

These observations were further confirmed by the investiga-
tion of a series of multiple mutated constructs with a decreas-
ing number of functional glycosylation sites. Transient expres-
sion, [*®S]methionine pulse labeling, and subsequent
immunoprecipitation yielded proteins of a stepwise decreasing
size due to the successive loss of oligosaccharide chains. Com-
plete removal of all canonical glycosylation sites resulted in a
single polypeptide of 60 kDa. This molecular mass is identical
to that obtained by treatment of wild-type ASM with PNGase
F/Endo F or by expression of wild-type ASM in HEK293 cells
in the presence of tunicamycin, a drug inhibiting N-linked
glycosylation (Fig. 4B).

To investigate the type of the oligosaccharide structure, wild-
type and mutant ASM were subjected to Endo H degradation.
Proteins were immunoprecipitated from stably overexpressing
HEK?293 cell clones after 2 h of [**S]methionine pulse labeling
and a subsequent chase period of 4 h to ensure completion of
oligosaccharide processing. In each case, Endo H digestion
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Fic. 3. Time-dependent decay of cellular ASM activity after
tunicamycin administration. Half-confluent HEK293 cells overex-
pressing ASM were subjected to 4 ug/ml tunicamycin. After various
periods of incubation, cellular proteins were extracted, and ASM activ-
ity and total extracted cell protein were determined. Control values
were obtained by analogous treatment without tunicamycin. Each data
point is based on a set of three independent experiments. The logarith-
mic scale of the specific activity shows an exponential decay of residual
cellular ASM activity with a half-life of 14 h. Bars, S.D.

resulted in a protein band of 60 kDa corresponding to the
completely deglycosylated form, which shows that biantennary
complex type oligosaccharide structures are not present in
murine ASM expressed in HEK293 cells (Fig. 40).

N-linked Oligosaccharides at N-333, N-393, and N-518 Are
Essential for Enzymatic Activity—HEK293 cells were trans-
fected with wild-type ASM and the mutant constructs AGS1 to
AGS6. Their ASM activity was assayed. Under the chosen
conditions for transfection, cell culture, and extraction, an in-
crease of ASM activity by about 0.2 umol/h per mg of total cell
protein was measured for the wild-type construct.

To compensate for variations in the transfection efficiency
between the different ASM expression constructs, the neomy-
cin phosphotransferase activity resulting from the neo-resist-
ance gene of the pR¢/CMV vector was used as a reference. The
residual activity of the various mutant ASMs relative to the
wild-type ASM are shown in Fig. 5A. Only oligosaccharides at
N-333, N-393, and N-518 seemed to be of major importance for
the enzymatic activity. Single elimination of the other sites
(constructs AGS1, AGS2, and AGS6) only slightly reduced the
activity. However, constructs AGS3 and AGS4, lacking glyco-
sylation at N-333 and N-393, respectively, exhibited only 40%
of wild-type activity, whereas construct AGS5, altered in
N-518, possessed less then 20% residual activity.

The influence of these three glycosylation sites on the enzy-
matic activity was further investigated. The K,, values of all
three mutant enzymes were that of the wild-type level of 25 um.

A characteristic loss of ASM activity in extracts from over-
expressing cells was observed after preincubation for 20 h at
pH 4.5 and 37 °C prior to the enzymatic assay. Wild-type ASM
activity was reduced to 43%, which is in good agreement with
the previously determined in vivo half-life of the enzymatic
activity of 14 h. Although the mutant enzymes AGS1, AGS2,
and AGS6 behaved in the same manner as the wild-type en-
zyme, AGS3 and AGS4 showed a severe loss and AGS5 showed
a moderate loss compared to the wild-type enzyme during this
preincubation (Fig. 5B). The low but quite stable residual ac-
tivity of AGS5 might refer to an incorrect protein folding. This
interpretation is further supported by the immunofluorescence
and brefeldin A experiments, (Figs. 7 and 8).
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Fic. 4. Individual glycosylation of murine ASM. In A and B,
HEK293 cells transiently expressing wild-type and mutant ASM were
labeled with [3*S]methionine for 4 h. In one case, cells were treated with
10 pg/ml tunicamycin (TUN) prior to and during labeling. Cellular
proteins were extracted and immunoprecipitated. In one case, precipi-
tated material was deglycosylated with 0.1 units Endo F/PNGase F for
2 h (EF/PF). The asterisk indicates a protein of approximately 80 kDa
(BiP) that coprecipitated with some incompletely glycosylated ASM
mutants. In C, HEK293 cell clones overexpressing wild-type and mu-
tant ASM were labeled with [®**S]methionine for 2 h prior to a chase
period of 4 h. Immunoprecipitated material was treated with 0.002 unit
of Endo H for 13 h or 0.1 units of Endo F/PNGase F for 3 h.

To test if this loss of activity is caused by protein degrada-
tion, HEK293 cell clones overexpressing wild-type and mutant
ASM were pulse labeled with [3®S]Imethionine. The ASM pro-
teins were immunoprecipitated from the cell extracts either
with or without previous application of the acidic preincubation
(Fig. 5, C and D). Neither the amount nor the size of wild-type
ASM appeared to be influenced by the preincubation. We con-
clude that the observed decrease in activity results from con-
formational changes. The protein amount of mutant ASM
AGS3 and AGS4, however, decreased by approximately 50%
during preincubation, indicating an elevated sensitivity to pro-
teases. The severe loss of enzymatic activity of these two mu-
tants cannot be explained exclusively by the reduction in the
protein level. Therefore, we assume an additional increase in
conformational lability.

The degree of protein degradation of mutant ASM AGS5 was
significantly higher than the concomitant loss of enzymatic
activity (see “Discussion”). The mutant ASM in which all three
crucial glycosylation sites at N-333, N-393, and N-518 are
eliminated was totally inactive, and the polypeptide was nearly
completely degraded during the described preincubation.

Elimination of Defined N-Glycosylation Sites Causes Stable
Association to BiP—In the experiment shown in Fig. 4B, a
protein of about 80 kDa was found to coprecipitate with the
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Fic. 5. Residual enzymatic activity of mutant ASM deficient in
individual glycosylation sites. In A, HEK293 cells were transfected
with ASM expression constructs and mock-transfected with pRe/CMV
vector. Activities exceeding the endogenous level were normalized by
the coexpressed neomycin phosphotransferase activity. The activities of
the mutant ASM proteins, AGS1 to AGS6 (indicated as WT' and I-6,
respectively), obtained from three independent sets of experiments are
expressed in percentages of the wild-type level. The columns represent
the relative ASM activities measured immediately after protein extrac-
tion. Bars, S.D. In B, extracts of HEK293 cells transiently expressing
wild-type and mutant ASM were assayed prior to and after incubation
at pH 4.5 and 37 °C for 20 h. The columns represent the residual
activity of the individual ASM constructs after this preincubation in
percentages of their starting values. Bars, S.D. In C, protein extracts of
HEK293 cell clones overexpressing wild-type and mutant ASMs labeled
with [**S]methionine for 3 h were subjected to a preincubation of 20 h
at pH 4.5 and 37 °C prior to immunoprecipitation. In D, quantification
of the relative loss of protein during this preincubation using a Phos-
phorImager and the ImageQuant software. Bars, S.D.

ASM in case of mutants in which at least two oligosaccharides
(AGS(4+5) and further) have been eliminated. Wild-type ASM
produced in the presence of tunicamycin also showed a stable
association to this protein. In contrast, wild-type ASM and
mutants with only one missing oligosaccharide group did not
form a complex with this protein, as shown in Fig. 4A. Ig heavy
chain binding protein (BiP, grp78) is known to assist in correct
glycoprotein folding in the ER (20, 21). Several insufficiently
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Fic. 6. Stable association of insufficient glycosylated ASM to
BiP. HEK293 cells transiently expressing mutant ASMs were labeled
with [**S]methionine for 4 h and immunoprecipitated either with anti-

ASM or anti-BiP antibodies. BiP coprecipitated with anti-ASM antibod-
ies and vice versa.

glycosylated glycoproteins have been reported to associate sta-
bly with BiP and are retained in the ER (22-25). The identity
of BiP and the protein associated with several incompletely
glycosylated ASM mutants was demonstrated by immunopre-
cipitation, as shown in Fig. 6. Labeled cell extracts of HEK293
cells transiently expressing completely deglycosylated ASM
(AGS(1-6)) were incubated with antibodies to either ASM or
BiP. Both antibodies precipitated the 60-kDa polypeptide of the
unglycosylated ASM as well as the 78-kDa protein correspond-
ing to BiP.

The important role of the glycosylation site at N-518 is fur-
ther supported by the experiment shown in Fig. 7. Wild-type
and several mutant ASMs were immunoprecipitated from the
corresponding [*°S]methionine pulse-labeled cell clones after
administration of brefeldin A. Brefeldin A is a drug known to
inhibit the vesicular transport through the Golgi apparatus
(26). Except for AGS5, all tested ASM variants were slightly
reduced in size and accumulated when trapped in ER/cis-Golgi.
Apparently, the trapped protein undergoes an intense oligosac-
charide trimming. The increase in protein amount is probably
due to the inhibited secretion because no ASM protein was
found in the cell culture medium of overexpressing cells after
brefeldin A treatment (data not shown). However, in the case of
construct AGS5, mutant protein is hardly detectable when
expression was performed in the presence of brefeldin A. This
indicated that the incorrectly folded glycoprotein is immedi-
ately degraded when retained in ER/cis-Golgi.

The stable complex of incompletely glycosylated ASM to BiP
is retained in the ER, as demonstrated by immunofluorescence
microscopy. We overcame background problems by the ubiqui-
tously expressed endogenous ASM by using embryonal fibro-
blasts of ASM-deficient mice for transient transfection (4). Im-
munofluorescence microscopy revealed the accumulation of
wild-type ASM in the lysosomes but localization of ASM
AGS(3-5) and of BiP in the ER (Fig. 8). Also AGS3 and AGS4
were found in lysosomes, but considerable amounts of AGS5
were retained in the ER.

Mannose-6-phosphate Tag for Lysosomal Targeting Is
Mainly Found on N-84, N-333, and N-393—We finally ad-
dressed the function of the individual oligosaccharides of mu-
rine ASM in lysosomal targeting. Since each mutant devoid of
a single glycosylation site showed significant amounts of intra-
cellular enzymatic activity, the targeting signal is not con-
nected to an individual oligosaccharide. HEK293 cells tran-
siently expressing the mutants AGS3 and AGS4 secreted
considerable ASM enzymatic activity into the cell culture me-
dium. We, therefore, investigated the respective double mutant
AGS(3+4). No intracellular activity was detectable, but a sig-

WT | AGS1 | AGS3 | AGS4 | AGS5 | AGS6

LI I R

kDa

;g: 'ont—

Fic. 7. Effect of brefeldin A on overexpression of ASM. HEK293
cell clones overexpressing wild-type and mutant ASM were treated with
2 pg/ml brefeldin A prior to and during pulse labeling with [**S]methi-
onine for 3 h.

nificant activity was found in the culture medium. The mutant
retained a mannose-6-phosphate tag, as demonstrated by im-
munoprecipitation of 32PO, pulse-labeled protein (Fig. 94). The
tag remaining in the mutant enzyme is either not sufficient for
recognition by the mannose-6-phosphate receptor or the ab-
sence of the intracellular activity of this mutant results from a
strongly impaired lysosomal protein stability.

To determine the distribution of phosphorylated mannose
residues to the individual oligosaccharides, HEK293 cell clones
stably expressing wild-type and mutant ASM (WT, AGS1 to
AGS6) were extracted after either [*Slmethionine or 3?PO,
pulse labeling under comparable conditions. Labeled ASM of
each extract was quantified after immunoprecipitation (Fig.
9B). Fig. 9C shows the ratio of 32PO4 to [3°S]methionine-labeled
ASM for each investigated construct deduced from two inde-
pendent sets of experiments. Compared to the wild-type, the
mutants AGS1, AGS3, and AGS4 exhibited a reduced degree of
phosphorylation. This indicated that the respective oligosac-
charides were predominant targets for tagging by mannose-6-
phosphate. Mutant AGS5 also showed an extensively reduced
phosphorylation compared to the wild type. However, since this
protein is rapidly degraded, insufficient folding and improper
molecular structure rather than the elimination of a putatively
mannose-6-phosphate tagged oligosaccharide might be the rea-
son for this poor degree of phosphorylation. Therefore, the
participation of oligosaccharide at N-518 in mannose-6-phos-
phate targeting cannot be deduced by this approach.

DISCUSSION

ASM is a heavily glycosylated lysosomal protein. We report
here on the various functional aspects of its oligosaccharides.
Murine wild-type ASM appears as a 70/72-kDa glycoprotein
with five to six N-linked oligosaccharides attached. Glycosyla-
tion site N-611, which is not conserved between murine and
human ASM and therefore should be less important, was found
to be only partially used. Elimination of all oligosaccharides led
to a 60-kDa polypeptide. Therefore, each oligosaccharide chain
contributes an apparent mass of approximately 2 kDa to the
molecular mass of the protein. A loss of oligosaccharides during
late processing steps cannot be excluded, although not ob-
served during the labeling periods of up to 4 h. Because the
cDNA-derived polypeptide without the signal peptide (amino
acids 45 to 627) yields a 63-kDa polypeptide, an additional
early proteolytic cleavage of an approximately 3-kDa peptide is
required to yield the final polypeptide core. In fact, a weak
additional protein band of 75 kDa is visible in Fig. 2B (chase, 0
h). The absence of this protein band in the other immunopre-
cipitation experiments might result from the relatively early
processing of this product during the long labeling periods. This
processing step is in agreement with the observations of Hur-
witz et al. (27). However, these authors observed an additional
57-kDa early product that did not occur in our experiments.
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Fic. 8. Subcellular localization of
wild-type and glycosylation-deficient
ASM. Embryonic fibroblasts of ASM-defi-
cient mice were transfected transiently
with ASM expression constructs (A, wild
type; B, AGS3; C, AGS4; D, AGS5; E,
AGS(3-5)). After 48 h, cells were fixed
with a methanol/acetone mixture and la-
beled with rabbit anti-ASM serum fol-
lowed by Cy3-conjugated anti-rabbit IgG.
The fibroblasts in F were labeled with
rabbit anti-BiP serum. Bar, 20 um.

WT | AGS3 | AGSs |AGS(34)
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Fic. 9. Phosphorylation of ASM N-linked oligosaccharides. In
A and B, HEK293 cell clones overexpressing wild-type and mutant ASM
were labeled either with [**S]methionine (S) or with 3*PO, (P) for 3 h,
followed by an immunoprecipitation and separation on a 10% SDS-
polyacrylamide gel electrophoresis. In C, signals of B were quantified
using a PhosphorImager and the ImageQuant software. The ratio of
32PQ,-labeled protein to the respective [*>Slmethionine-labeled protein
was calculated for wild-type (WT) and mutant ASM AGS1 to AGS6
(1-6, respectively).

Variations in the Endo H accessibility of the oligosaccharides
observed in this study and by Hurwitz et al. (27) might be due
to the different cell types chosen for expression. It has been
reported that in different tissues different oligosaccharide
structures are produced (28).

N-linked oligosaccharides are known to affect the catalytic
activity of the glycoproteins in many cases. It has frequently
been observed that the N-linked oligosaccharides of a protein

Glycosylation of Murine Acid Sphingomyelinase

do not have a profound site-specific effect (24, 29-32). How-
ever, the quantitative expression studies of mutated ASM con-
structs described here revealed only three of the six N-linked
oligosaccharides (N-333, N-393, and N-518) to be of importance
for the enzymatic activity. Similar observations have been re-
ported for human chorionic gonadotropin (33), simian virus 5
hemagglutinin neuraminidase (34), human transferrin recep-
tor (25), and others (35, 36).

Two of the crucial oligosaccharides (N-333 and N-393) were
shown to preserve the conformational stability and prevent its
proteolytic degradation. The discrepancy between the reduc-
tion of immunoprecipitable mutant ASM AGS5 (N-518) and its
enzymatic activity suggests that a significant amount of enzy-
matically inactive mutant ASM deficient in this glycosylation
site is retained in the ER and rapidly degraded (Fig. 5). This
result is also supported by the intracellular distribution of
AGS5 visualized by immunofluorescence (Fig. 8D). We con-
clude that the oligosaccharide linked at N-518 is essential for
the correct folding of the protein.

BiP (grp78) is an ER-located member of the hsp70 family
that is known to be involved in glycoprotein folding. Whereas
correctly folded and assembled proteins bind only transiently
to BiP (20, 21), improper folding leads to stable aggregation.
BiP-bound proteins are retained in the ER and degraded rap-
idly. Several examples of insufficiently glycosylated proteins
are reported to be malfolded and, therefore, stably associated
with BiP (22-25). We demonstrated by immunoprecipitation
that insufficiently glycosylated ASM mutants also coprecipi-
tated with BiP and were retained in the ER as shown by
immunofluorescence microscopy. This is particularly obvious
for mutant ASM lacking the glycosylation at N-518 (AGS5).
This suggests that the glycosylation at N-518 prohibits stable
binding to BiP. The faint BiP band in Fig. 6 might be due to the
relatively long half-life of BiP (37) and the low amount of
protein synthesized during the labeling period. Disulfide-
linked aggregates as reported for glycosylation-deficient influ-
enza virus hemagglutinin (23), human B-hexosaminidase A
(24), or several other proteins (38, 39) did not occur for the ASM
(data not shown).

Apart from their influence on protein stability and folding,
oligosaccharides of soluble lysosomal glycoproteins are also
involved in the correct targeting. Certain oligosaccharides are
phosphorylated and subsequently recognized by a Golgi-located
mannose-6-phosphate receptor. Although mannose-6-phos-
phate tagging of cathepsin D has been studied intensively (40,
41), the common features of a recognition domain responsible
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for this phosphorylation of lysosomal proteins remains to be
determined. Analysis of this phosphorylation is further compli-
cated by the finding that frequently several oligosaccharides of
a protein become tagged to a certain extent and, therefore,
contribute to the lysosomal targeting. Correspondingly, at least
three oligosaccharides of the ASM (N-84, N-333, and N-393)
were shown to be phosphorylated to a certain degree. The
determination of the distribution of mannose-6-phosphate tags
among the oligosaccharides of lysosomal proteins might con-
tribute to a better understanding of this targeting mechanism.
Because ASM is highly conserved between humans and mice, it
is likely that the respective oligosaccharides of the human ASM
have analogous functions.
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