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Carboxyl-Terminal Disulfide Bond of Acid Sphingomyelinase Is Critical for Its
Secretion and Enzymatic Function
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ABSTRACT. The human acid sphingomyelinase (ASM, EC 3.1.4.12), a lysosomal and secretory protein
coded by the sphingomyelin phosphodiesterase 1 (SMPD-1) gene, catalyzes the degradation of
sphingomyelin (SM) to ceramide and phosphorylcholine. We examined the strudturetional properties

of its carboxyl-terminus (amino acids 46829), which harbors-%/3 of all mutations discovered in the
SMPD-1 gene. We created four naturally occurring mutaAR608, R496L, G577A, and Y537H) and

five serial carboxyl-terminal deletion mutants (N620, N590, N570, N510, and N490). Transient transfection
of the His/V5-tagged wild-type and mutant recombinant ASM in Chinese hamster ovary cells showed
that all the mutants were normally expressed. Nonetheless, none of them, except the smallest deletion
mutant N620 that preserved all post-translational modifications, were found capable of secretion to the
medium. Furthermore, only the N620 conserved functional integrity (100% activity of the wild type); all
other mutants completely lost the ability to catalyze SM hydrolysis. Importantly, cell surface biotinylation
revealed that mutanAR608 transfected CHO cells and fibroblasts from a compound heterozygous
Niemann-Pick disease type B (NPD-B) patieliR608 and R441X) have defective translocation to the
plasma membrane. Furthermore, we demonstrated thaAR@8 and N590 were trapped in the
endoplasmic reticulum (ER) quality control checkpoint in contrast to the wild-type lysosomal localization.
Interestingly, while the steady-state levels of ubiquitination were minimal for the wild-type ASM, a
significant amount of Lys63-linked polyubiquitinatddR608 and N590 could be purified by S5a-affinity
chromatography, indicating an important misfolding in the carboxyl-terminal mutants. Altogether, we
provide evidence that the carboxyl-terminus of the ASM is crucial for its protein structure, which in turns
dictates the enzymatic function and secretion.

Sphingomyelinase (sphingomyelin phosphodiesterase) hy-of 5.0 and is ubiquitiously distributed in all mammalian
drolyzes sphingomyelin (SMYo form phosphocholine and tissues 8). Schissel et al.4) have shown that the same gene
ceramide {). Several enzymes catalyzing this reaction have gives rise to two different products, lysosomal ASM and
been described?]. The acidic form of sphingomyelinase, secretory ASM, presumably by differential posttranslational
ASM (EC 3.4.12), is a product of the sphingomyelin modification.

phosphodiesterase 1 (SMPD-1) gene. It works at optimal pH Deficiency of the ASM enzyme due to mutations in
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increase in cholesterol due to defects in ASM could lead to NP eecl
impairment of many other normal cellular functions. Fur-
thermore, it has been recently shown by Tabas and co- wT |
workers (2) and by our groupX3) that ASM is possibly R*‘-‘"-_m
an important key player in plasma lipoprotein metabolism

and thus modulates the susceptibility to atherogenesis. YSTH

The emerging functions for the biologically active sph- o [T R T
LU R R L R

ingolipids have therefore underscored the importance of a
better understanding of the ASM protein. It will help AR608
elucidate the mechanism of ASM functions and unveil the N620
complex pathways of sphingolipid metabolism, as well as

Hir
increase the understanding of the nature of the phenotypic soo [ R R I 10

variations in sphingolipid storage disorders or in cancers. N e e R
Human ASM was first described in the late 19604, (15)

and subsequently purified from a variety of sourcks; 17). oo R e [
However, its full-length cDNA and genomic sequences were mo

isolated and characterized only in 1992 by Schuchman etF|GURE 1: ASM sequence and mutagenesis. ASM is a relativel
al. (18)' Although the SMPD-1 gene was gloned, there Was small prdtein (629 gmino acids with gtheorétical molecular masys
very little molecular and structural information of the protein 4 79 kDa) consisting of a signal peptide (amino acidsA®) in
available. ASM is formed by 629 amino acids with a the N-terminal region (in red), a small transmembrane domain
predicted molecular mass 0f70 kDa. On the basis of (amino acids 2547) (in yellow), a saposin B region (amino acids
structure and motif prediction analyse39¢21), ASM 87—165) (in blue) that serves as an activator of various lysosomal

. . lipid-degrading enzymes, a proline-rich region (amino acids-179
belongs to the metallophosphoesterase family that InCIudele?) (as black P), followed by the metallophosphoesterase catalytic

a diverse range of PhOSphOGSteraSQS: including proteingomain (amino acids 199461) (in green). In addition, the ASM
phosphoserine phosphatases, nucleotidases, ghdRMP contains six glycosylation sites [five of which are used according

phosphodiesterases. Its predicted catalytic domain spans fronto Ferlinz et al. 26)], six disulfide bonds, and multiple highly
amino acid 199 to 461, as illustrated in Figure 1. The ASM Putative phosphorylation sites. NPD type A or B mutations

) . . . . . [summarized by Sikora et al. and Simonaro et 29, 30)] were
protein also contains a signal peptide at the N-terminal region giscovered throughout the entire protein. Interestingly, the C-

and a saposin B domain (amino acid-8l65), which appears  terminal region of the ASM harbors the second highest number of
to serve as activator in the lipid degradati@2)( The peptide mutations (29 in total), many of which lead to severe enzymatic
sequence is also spanned by Bbglycosylation sites, 10 ﬂgeDCts- Tth?SRGO%;NithigthiS f?gio?his Onetoi_the ?;]0? Dfevﬁﬂent

- : : o el mutations and is also the mutation that we have
pgtatlye phosphorylatloq sites, and six dlsulf|Qe bori8).( .. _discovered in the kindred under our investigati®d)( Glycosy-
Site-directed mutagenesis has revealed that five of these Sitegtion sites are indicated as orange vertical lines; disulfide bonds
were used 44) and mass spectrometry has confirmed the are drawn as pink horizontal lines. Five serial deletion mutants are
presence of the disulfide bonding5). A detailed crystal designed such that the entire C-terminal region (amino acids 462
structure of ASM is not yet available, but its prediction has 529) s spanned: NEZ0 has the smallest deletion and fetains all

PO posttranslational modification sites in the C-terminus. con-

beg n recently attempted on thg basis of its §|mllarlty tq purple serves all posttranslational modification sites except the sixth
acid phosphatase (1ute) by using comparative mode?i®g (  gisulfide bonding sites (C594C607). N570 lacks both the fifth
However, this prediction model shares a sequence identity (C584-C588) and sixth (C594C607) disulfide bonding sites.
of only <15% of the template, and the C-terminal region of N510 excludes the sixth glycosylation site (N520) in addition to
ASM was excluded. the loss of the two disulfide bonds. N490 retains only the 28 amino

. - . acids adjacent to the catalytic domains, missing all posttranslational
Analyses of SMPD-1 sequence in families with NPD have itication sites in the C-terminus. Point mutants (indicated as

led to the identification of over 100 NPD-A (severe vertical yellow lines) R496L, Y537H, and G577A are naturally
phenotype) and NPD-B (milder phenotype) mutatia2is occurring NPD-A mutants that are known to have severely defective

30). These mutations span all across the protein peptide€nzymatic function.AR608 is a naturally occurring NPBB

sequence. Surprisingly, the C-terminal region harbored the Mutant.

second highest number of mutations after the catalytic

domain. It also include&AR608, which represents one of

the most prevalent NPD mutation81j. Although this

C-terminal region from amino acids 49620 does not hold

a recognizable functional domain or motif, it contains some

important posttranslational modification sites (Figure 1).

Substitution or deletion of these C-terminal residues might > .

substantially alter the structure as well as affect the catalytic tlpns of ASM as well as the pathophysiology related to

ability or efficiency of SM hydrolysis. Therefore, the different SMPD-1 gene defects.

C-terminal region of ASM seems to be importan'F despite MATERIALS AND METHODS

the lack of any known functions. Nonetheless, full informa-

tion on the structure and function of ASM is still lacking in Materials. All tissue culture media and transfection

the literature. The essential features governing its catalytic reagents were from Invitrogen (Carlsbad, CA). Chinese

activity remain unknown. hamster ovarian (CHO) cells aigpodoptera frugiperda 8f
Herein, we dissected the structure and functions of the cells as well as their culture medium and transfection reagents

C-terminal region (N496N629) of ASM and demonstrated  were from Invitrogen (Carlsbad, CARercopithecus aethiops

that this region, narrowed down to the minimal 30 amino
acids (N596-N620) containing the sixth disulfide bond,
significantly contributed to the overall conformational in-
tegrity dictating its enzymatic functions and secretion. The
information in this report should prove useful for future
studies that explore the enzymology, regulation, and func-
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(COS-7) cells were from the American Type Culture
Collection (Manassas, VA). Primary skin fibroblasts were
prepared from a compound heterozygous Niemé&rick
disease type B (NPD-B) patierhR608 and R441X) as we
have previously describe®2). Precast 10% Trisglycine
gels were from Mirador DNA Design (Montreal, QC).
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soaked in chemiluminescence reagent (Pierce, Rockford, IL)
and exposed to Omat-Blue X-ray films.

For other experiments, the His/V5-tagged ASM was first
purified by metal affinity chromatography or, alternatively,
immunoprecipited with protein ASepharose and different
antibodies. In ubiquitination studies, lysis buffer containing

B-Galactosidase assay kits were from Promega (Madison,N-ethylmaleimide (NEM) and ubiquitin aldehyde (50 mM
WI). Quikchange Il site-directed mutagenesis kits and cloning HEPES, pH 7.5, 5 mM EDTA, 150 mM NacCl, 1% Triton

reagents were from Stratagene (La Jolla, CA). Mouse anti-

V5 antibodies were from Invitrogen (Carlsbad, CA), rat anti-
HA monoclonal antibodies were from Roche Applied
Sciences (Indianapolis, IN), and rabbit anti-YFP polyclonal

and mouse anti-KDEL monoclonal antibodies were a gener-

ous gift from Dr. Wada, Fukushima Medical University,

X-100, EDTA-free protease inhibitors cocktail, 10 mM NEM,
and 100 nM ubiquitin aldehyde) was used to lyse the cells
treated with epoxomicin (25 mM, Calbiochem, San Diego,
CA). Polyubiquitinated proteins were purified by S5a-affinity
chromatography as previously described (Biomol Interna-
tional, Plymouth Meeting, PA)33). After electrophoresis

Japan. Horseradish peroxidase-conjugated rabbit anti-mousand transfer, membranes were preincubated in denaturing
antibodies and PVDF were from GE Healthcare Bio-Sciences buffer (6 M guanidine hydrochloride, 20 mM Tris-HCI, pH

(Piscataway, NJ). Mouse anti-mono/polyubiquitinated pro-

7.5, 5 mMpg-mercaptoethanol, and 1 mM PMSF)fbh at

teins (clone FK2), S5a agarose, and ubiquitin aldehyde were4 °C followed by extensive PBS washing before anti-FK2

from Biomol International (Plymouth Meeting, PA). Mag-
netic beads for small-scale His-tagged protein purification
by immobilized metal affinity chromatography were from
Dynal Biotech (Brown Deer, WI). Protein A beads for
immunoprecipitation were from either Miltenyi Biotec

antibody incubation. Immunoblots were performed as de-
scribed above.

Cell Surface BiotinylationSurface proteins were bioti-
nylated with 50Qug/mL sulfosuccinimido 2-(biotinamido)-
ethyl-1,3-dithiopropionate (Pierce) for 30 min af@. The

(Auburn, CA) or GE Healthcare Bio-Sciences (Piscataway, biotinylation reaction was quenched for 10 min at@ by

NJ). 5-EndoN-acetyglucosaminidase H (endoH) and peptide-

addition d 1 M Tris-HCI (pH 7.5) to the reaction mixture

N- glycanase F (PNGase F) were from New England Biolabs to a final concentration of 20 mM. Cells were washed twice

(Ipswich, MA). FH]Sphingomyelinase scintillation proximity

with ice-cold PBS, lysed, and homogenized. Protein (200

assay kits were from GE Healthcare Bio-Sciences (Piscat-ug) was added to 3@L of streptavidin-Sepharose beads,
away, NJ). Sphingomyelin, phosphatidylcholine, and other and the mixture was incubated overnight on a platform mixer

lipids were from AvantiLipids (Alabaster, AL). All other
chemicals were from Sigma (St. Louis, MO).

Construction of Mammalian Expression Plasmids and Cell
Culture.Mammalian cell culture was maintained in DMEM
containing 5-10% fetal bovine serum, 0.1 mM nonessential
amino acids, with or without penicillin/streptomycin. CHO
or COS cells were transciently transfected with wild-type
or mutant ASM cDNAs with lipofectamine 2000 (Invitrogen,

Carlsbad, CA) according to the manufacturer’s instructions.

In some case@-galactosidase cDNA (pCMS) was cotrans-
fected to control transfection efficiency. Mutagenesis of the
pcDNAS3.1/GS wild-type ASM (Invitrogen, Carlsbad, CA)
was performed with Quickchange Il Mutagenesis kit (Strat-
agene, La Jolla, CA). The authenticity of all mutants was
confirmed by nucleotide sequencing.

Immunoblot, Immunoprecipitation, and Protein Purifica-

at 4°C. The pellet (plasma membrane; PM) was separated
on SDS-PAGGE (4-22.5%) and ASM associated with the
PM was detected with the appropriate antibody.

Sphingomyelinase Assa&SM activity was assessed by
the scintillation proximity assay. The standard 1Q0assay
mixture consisted of up to 4AL of sample (cell lysates,
conditioned medium, or immunoprecipitates) and 0.1 M
sodium acetate assay buffer, pH 5.0, with or without 0.1 M
Zn?*, and 0.625 pmol offH]biotinylated SM substrate. The
assay mixtures were incubated at 32Z for 1 h and the
reactions were stopped by the addition of streptavidin
scintillation beads. Only nonhydrolyze@H]SM could be
precipitated by the beads and detectedfbgounter, thus
the radioactivity was inversely related to the amount of SM
hydrolyzed.

Immunofluoresence Localization Studyhe sorting fate

tion. For expression study, cell lysates were harvested 24 hof the wild-type and mutant ASM was monitored by confocal

after transfection and prepared with 1% Triton X-100 lysis
buffer (150 mM NacCl, 1% Triton X-100, 50 mM Tris-HCI,
pH 8.0, with EDTA-free protease inhibitor cocktails, Roche
Applied Sciences, Indianapolis, IN). The cellular homoge-
nates were then assayed f@rgalactosidase activity for
transfection efficiency control. Conditioned medium was

microscopy. After 16-h transient transfection in the absence
or presence of anti-protease inhibitors (leupeptin and pep-
statin) or cyclohexamide, cells were washed, fixed, and
permeabilized with methanol. They were then immunostained
with mouse anti-V5 primary antibodies (Invitrogen, Carlsbad,
CA) and Alexa Fluor 546 rabbit anti-mouse secondary

collected, spun at 800 g for 15 min to pellet any contaminat- antibody (absorbance 556 nm, emission 573 nm; Invitrogen,

ing cells, and concentrated down tol mL by use of a
Centriprep 30 concentrator (Amicon, Beverly, MA). Cell

Carlsbad, CA). In colocalization studies, cells were treated
with Lysotracker for 30 min before cell harvest (Molecular

lysates or concentrated medium were mixed with bromophe- Probes, Eugene, OR) or co-immunostained with various
nol blue-containing loading buffer, boiled, and directly loaded organelle markers labeled with Oregon Green 488 goat anti-
on 10% Tris-glycine SDS-PAGE after normalization with  rabbit secondary antibody (absorbance 496 nm, emission 524
the transfection efficiency. Gels were then electrotransferred nm; Invitrogen, Carlsbad, CA). In all experimental condi-
to PVDF for immunoblotting. Blots were incubated with 5% tions, cells on each coverslip were photographed in multiple
dry milk and various primary and horseradish peroxidase- fields and appropriate negative controls were used. In
conjugated secondary antibodies. Finally, the blots were separate experiments, wild-type ASM as welAd8608 and
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Ficure 2: Protein expression of wild-type and mutant ASM in cell and in medium. After 24 h, cotransfection of pcDNA3.0/GS-SMPD-1

and pCMVbg-gal in subconfluent CHO cells grown in 10-cm dishes, 1 mL of total cell lysates was harvested ah@®is latter was

used in the immunoblot analyses to study the expression of wild-type and mutant lysosomal ASM. The total medium (15 mL) was also
harvested and concentrated with Amicon Ultra 15 (MW cutoff 30 000) down to 1 mL in volume. An aliquet }21 this latter was used

in the immunoblot analyses to study the expression of wild-type and mutant secretory ASM. The immunoblots for both lysosomal and
secretory expression were handled in parallel with identical experimental conditions as following: anti-V5 primary antibodies were used
against the recombinant ASM, while streptavidin-conjugated monoclonal rabbit anti-mouse secondary antibodies were used for subsequent
detection. The bands in the blots exposed for 1 min were quantified by use of Alphalmager, normalized by the transfection efficiency
assessed bg-galactosidase assay, and plotted for the calculation of the ratio between secretory (upper lane) and lysosomal (lower lane)
expression levels.

N590 mutants were subcloned into N-terminally YFP- or except for N620, the mutant that has the smallest deletion
HA-tagged vectors, and their localization was examined by and that preserves all post-translational modification sites.
use of polyclonal anti-YFP and monoclonal anti-HA antibod- The secretion defects in mutant ASM were also confirmed
ies, respectively34). in SR1 insect models (Supporting Information), for which
Statistics.All experiments were independently repeated we have generated wild-type and mutant ASM baculovirus
3—5 times. When applicable, results were given as meanstransfer vectors using the Gateway BaculoDirect baculovirus

+ SD (h = 3). expression system (Invitrogen, Carlsbad, CA) as detailed in
Rabah et al.38) and Bartelsen et al3@). Since the protein
RESULTS expression was normal, the lack of secreted mutant ASM

appeared to be caused by hindrance either in the transit

Mutants.In or_der to study the role of_the C-ter_minal regi_on E?;?ﬁlé?(?n;hﬁ] rgsgr? f:ﬁ; gglgﬁr(s);eclpetz):;tgztsr:sv;; during the
of ASM protein, four naturally occurring mutations and five i B

serial deletions were created as illustrated in Figure 1. The Enzymatic Actiity of Mutant ASM Was 3erely Abol-
protein expression of all nine mutants was assessed. Weished. Although all ASM mutants have normal cellular
found that all of them, including N490 with a deletion of ~€Xpression, we speculated that their enzymatic function may
139 amino acids, were properly expressed in the cells (Figurenot be preserved, at least for the largest deletion mutants
2). The SDS-PAGE analysis revealed that the His/v5- and the four naturally occurring mutants known to be inactive
tagged wild-type ASM migrated as a single band with an in patients with NiemannPick disease types A and B. As
apparent molecular mass of72 kDa, similar to the expected, the truncations in the four deletion mutants and
previously reported FLAG-ASM35). Occasionally, a minor ~ the mutations in the four naturally occurring mutants led to
faster-migrating band appeared, representing the proteasetotal inactivation of ASM (Figure 3). Importantly, instead
induced degradation product3g]. Like many lysosomal  of observing a gradual decrease in activity as increasing
proteins, the same SMPD-1 gene gives rise to both lysosomalnumbers of residues were deleted from the C-terminus, we
and secretory ASM 37). The secreted wild-type ASM  revealed that the only mutant that conserves intact ASM
characterized in this paper had a molecular mass- 06 activity was N620, the smallest deletion mutant that has only
kDa (Figure 2) and represent less than 15% of total cell ASM, 9 amino acids deleted from its C-terminal end (Figure 1).
consistent with a previous studyd)( The more rapid  Interestingly, this pattern of loss of function in the lysosomal
migration of the lysosomal ASM on SBAGE compared  mutant ASM is closely related to impaired secretion (Figure
to the secretory ASM was due both to proteolytic processing 2). Thus, it is clear that the C-terminus of ASM plays an
and to differences in oligosaccharide structure (Supporting important role in structurefunction yet to be characterized.
Information). Surprisingly, while the cellular expression of In effect, we could narrow down to the minimal region from
the mutants was comparable to that of the wild-type ASM, amino acids 590 to 620 that appear to be essential to
we observed a quasi-absence of mutant ASM in medium, safeguard the enzymatic function and protein secretion.

Normal Expression yet Defecé Secretion in ASM
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110+ - is known to be located in the lysosomal compartments, and
1009 this observation could be explained by two possibilities: (1)

> 22: The C-terminus of the ASM may be cleaved after reaching
2 70, the lysosomal compartment, as seen with other lysosomal
8 60- proteins. Thus, the V5 tag may be cleaved in mature ASM
E ol such that the anti-V5 antibodies could only detect the
S 40 unprocessed wild-type ASM that remains in the ER compart-
2 30 ments. (2) Alternatively, the overexpression system over-
20 loaded the protein biosynthesis machinery such that many

10+ == of the overexpressed ASM proteins remained unprocessed

0 = and entrapped in the ER after protein translation.

To validate our aforementioned observations and premises,

fnput | T ——— --- e we have separately subcloned the wild-type and mutant ASM
- < — into N-terminally YFP- and HA-tagged vectors. We also

L é_@ ﬁ'\‘z‘bg;\’\" Q_,g@’ NS LS suppressed protein overproduction by treating the cells with

. N . cyclohexamide. As shown in Figure 4, we consistently found
FiGure 3: ASM mutant enzymatlc aCt|V|ty. Recombinant ASM that theAR608 and N590 mutants were localized in the ER'

proteins were pulled down by magnetic immobilized metal affinity S .
chromatography. The purified enzymes were incubated Vi [ the presence or absence of protease inhibitors did not alter

biotinylated SM fa 1 h at 37°C. The enzymatic reaction was this distribution ¢4). The strong fluorescence signals also
stopped with streptavidin-coated yttrium silicate beads and counted.supported an expression (Figure 2) and half-life (Supporting
The enzymatic activity was imversely proportional to the counted |nformation) comparable to that of wild type. In contrast,
cpm. The uniformity of the input in the enzymatic activity assay nder these new experimental conditions, we could clearly
was assessed by monoclonal anti-V5 primary antibodies and : .
monoclonal rabbit anti-mouse secondary antibodies. observe the lysosomal quorescer_me In_Wlld—type ASM-
transfected cells that were colocalized with lysosomal but
not ER markers (Figure 4). This is consistent with our finding
that mutantAR608-transfected CHO cells and fibroblasts
from a compound heterozygous Niemaittick disease type
B (NPD-B) patient AR608 and R441X)32) have defective
translocation of the enzyme to the plasma membrane (PM)
(Figure 5). Our confocal and cell surface biotinylation data,
together with the results from the secretion and enzymatic
assays, strongly suggested that the C-terminal mutations led
to aberrant structural folding and important functional defects
that prevent the mutant proteins from trafficking through the

Accordingly, only theAR608 and N590 mutants were used
for all subsequent experiments.

The ASM activity was also examined in conditioned
medium, and an identical abolished activity pattern was found
in the same mutants (data not shown). Although their
functional inactivation was highly plausible, this lack of SM
hydrolysis by the secreted mutant ASM was likely to be
caused by their barely detectable levels in the medium
(Figure 2). In order to exclude the possibility of an “enzyme
secretion-recapture” mechanism that some believed to play . : ; .
a role in enzyme processing and activatial)( excess E:\?/l quality control checkpoint and their translocation to the
receptor-specific ligands mannose 6-phosphate (10 M) ( o )
were loaded onto CHO cells transfected with wild-type ASM  Ubiquitinated Mutant ASM Was Found in the Cells.
cDNA in order to compete for the receptor binding and to Proteins that fail to pass the ER are eventually eliminated
inhibit protein reuptake. Our data indicated that the blockade Py ubiquitination and proteosomal degradation. In order to
of the cell-surface mannose phosphate receptors by fregfurther examine the impact of mutations in the ASM
mannose inhibiting the reinternalization of the secreted ASM C-terminus, we studied the ubiquitination of the N590 and
did not affect the cellular wild-type ASM function (data not AR608 mutants by pull-down with S5a-agarose from total
shown). Therefore, this mechanism could not be a plausible cell lysates prepared with epocimycin and ubiquitin aldehyde.
explanation for the functional inactivation in ASM mutants. S5a is a subunit of the 19S regulator of the 26S proteosome
This result was consistent with the finding in the report by that has been shown to bind multiubiquitinylated proteins
von Figura and Weber4@), who provided evidence that ~containing chains of at least four ubiquitin moietiet5)(
secretion-recapture plays a minor role in the targeting and As predicted from their ER localization, we revealed that
maturation of newly synthesized lysosomal enzymes. Fur- while there was little steady-state ubiquitinated wild-type
thermore, recent studies confirmed that ASM, like many ASM in the cells, there was a substantial amount of high-
other lysosomal proteins, also uses mannose 6-phosphatemolecular weight polyubiquitinated mutant ASM (Figure 6).
independent targeting system to reach the lysosomal com-The ubiquitination of the mutants was concomitantly con-
partments 43). firmed by immunoprecipitation with anti-V5 followed by

ER Entrapment of Mutant ASNDefects in secretion and  immunoblotting with anti-mono/polyubiquitinated protein
functions indicated that the ASM mutants were most likely antibodies. Interestingly, we also observed an ubiquitinated
trapped in the ER quality control machinery. We examined form of ASM with an apparent molecular mass-e50 kDa.
by confocal microscopy the intracellular localization of the This band has previously been characterized in the initial
C-terminally V5-tagged wild-type and mutant recombinant molecular cloning and characterization of ASEY), even
ASM subsequent to a 16-h transient transfection in COS though its role and functionality remained elusive. Our
cells. While we found thaAR608 and N590 were trapped observation that this molecular form was highly ubiquitinated
in the ER as predicted, we also observed ER-localized and was barely detectable indicated that it was likely an
fluorescence for the wild-type ASM (data not shown). ASM alternately processed isoform (reported to constiti@%
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YFP Organelle Merge

YFP-wildtype ASM

YFP-DelR608

YFP-N590

Ficure 4: ASM mutant entrapment in the ER. COS cells grown on coverslips were transciently transfected with N-terminally YFP-tagged
wild type andAR608 and N590 mutant ASM for 10 h in the presence of leupeptini@L) and pepstatin (1@g/mL), followed by an
incubation with cyclohexamide for an additional 6 h. Cells were fixed with methanol for 10 mi@@tC and washed with immunostaining
blocking buffer for 20 min. After being labeled with rabbit anti-YFP polyclonal antibodies (1:400) and mouse anti-lamp2 (lysosomal
markers, 1:100) or anti-KDEL (ER markers, 1:100) monoclonal antibodies for 20 min, the cells were washed and further labeled with
Oregon Green 488 goat anti-rabbit and Alexa Fluor 546 anti-mouse secondary antibodies. SealObam.

of ASM product) @6) that was catalytically inactive and was in the secretion of human lysosomal protease cathepsin L.

usually degraded rapidly. Our data are consistent with the concept that the functional
integrity of a protein is governed by its tertiary and
DISCUSSION quaternary structures and not solely by an intact catalytic

The role of the C-terminus in the secretion has been domain. In ASM, the predicted catalytic site lies in the amino
described in other lysosomal proteins. For example, Chauhanacids 199-461. The activity of all truncation mutants
et al. @7) and Claveau et al.4@) have independently illustrated that the removal of a 30-minimal amino acid
demonstrated the involvement of the C-terminal amino acids region in the C-terminus (amino acids 59620) was
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Transfected CHO cells Human Fibroblasts

FicurRe 5: ASM mutationAR608 impairs the translocation of the enzyme to the plasma membrane in transfected CHO cells and NPD-B
fibroblasts. Transfected CHO cells (A) and fibroblasts from NPD-B subjects (B) were subjected to cell surface biotinylation as described
under Materials and Methods. Cells were washed twice with ice-cold PBS, lysed, and homogenized, aga2pfbtein was added to

45 ul of streptavidin-Sepharose beads and incubated overnight on a platform mixetGit Bhe PM samples or total cell lysates were
separated by SDSPAGGE. Transfected ASM in CHO cells was revealed by anti-V5 primary antibodies as described above. ASM associated
with the PM or total cell ASM in NBD-B fibroblasts was detected by polyclonal human anti-ASM antibody (Santa Cruz). ot dhirt

a4) and activin recptor type (ActRIl) associated with the PM samples were detected with appropriate antibodies and were used as controls
for protein loading. The ratios of PM-ASM to Int4 and of PM-ASM to ActRIl were quantitated by densitometric scanning. Results
shown are representative of two independent experimepts. .001 by Student’s test.

sufficient to inactivate the enzyme, implying the crucial role paired in disulfide bonds. The precise coordination and
of this C-terminal region even though it apparently does not association of both free and bonded cysteines, especially
harbor recognizable domains or motifs. when they are in close proximity, appear critical, as any
The misfolding of AR608 and N590 C-terminal ASM  disarrangement could lead not only to activation but also to
mutants was not unpredictable on the basis of the locationinactivation (as shown in Figure 3), as well as disulfide
of their deletion/truncation (Figure 7): the former has one shuffling causing intermolecular cross-links and ER retention
arginine deletion at position amino acid 608, immediately (51). Although the precise mechanism by which the C-
adjacent to the cysteine residue at position 607 that has beerterminal mutations impact the function and structure of ASM
shown to form one of the six disulfide bonds in ASKH]. has not been defined in this paper, we believe that this was
Similarly, the only difference between the inactive N590 a consequence of a significant alteration in the tertiary
mutant and active N620 mutant (which conserves 100% of conformation brought about by the absence of an important
the ASM activity) was the deletion of this same disulfide disulfide bond. Importantly, our finding that C-terminal
bond. Disulfide bonds play crucial roles in the tertiary mutations impaired the trafficking of mutant enzymes as
conformation of a proteird@). The peculiarity of the cysteine  described in the present heterologous overexpression system
residues in the ASM C-terminus was once reported by Qiu was strongly supported by our observation that a naturally
et al. 60), who activated the ASM by deleting the terminal occurring mutationAR608) associated with NPD-B (Figure
free thiol (cystein®?). They explained the observation by a 5) had defective translocation to the plasma membrane.
“cysteine switch mechanism”, which is coordinated by the  Posttranslational modifications such as glycosylation and
free cysteine along with other cysteine residues structurally phosphorylation are commonly affected when a protein is
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Ficure 6: ASM mutant ubiquitination. Wild-type and mutant ASM proteins were pulled down by either S5a-agarose (left panels) or by
anti-V5 antibodies (right panels). The precipitated samples were then revealed by anti-ubiquitin or anti-V5 antibodies. The blot on the left
(IP: S5a/ IB: Ub) was a control for the pull down of ubiquitinated proteins by S5a-agarose. The blots in the middle (IP: S5a/ IB: V5) and
on the right (IP: V5/ IB: Ub) concomitantly demonstrated the presence of increased levels of mutant ASM in ubiquinated forms.

10

Vi CIPCRL ATECAOLSAR ADSPALCREL MPDGSLBRAG SLWPRELFC Our structure-function study in ASM significantly con-
o - o tributed to the mechanistic elucidation of how specific

Neay —————— 00 mutations could affect its biological function, whether it
. F— involves the catalytic ability, affinity to cofactor, secretion,

or substrate binding. We have demonstrated here that the

C-terminus of ASM contains a 30-amino acid sequence

Human ASM ~ GT.PCRL ATLCAQLSAR ADSPALCRHL MPDGSLPEAQ SLWPRPLFC

Muwine ASM GT. PCRL ATLCAQLSAR ADSPALCRHL MPNGSLPDAN RLWSRPLLC essential for at least one of these functions. Current research
Celegon asM2 TDYKCRY TFVODIKKGR SYDESFCDHL TK. ... .. .. .. .. ... .. . .
Coegn iy . DST COMQLMCNLRMGH HNSTLYCPTE . . ... .. . has shown that defects in ASM could lead to Niemann

FIGURE 7: Amino acid sequence alignment of human ASM Pick diseases and d_istu_rbance in_Iipid/_Iipoprotein metabolis_m
C-terminus with ASM homologues from different species. Within - as well as deregulation in many signaling cascades regulating
the C-terminal 30-amino acid region of ASM (amino acids 590  apoptosis %7, 58). Therefore, a better understanding of its
620), there is a disulfide bond involving a cysteine residue at strycture will enable us to more efficiently and accurately

position 607and a 20-amino acid long hetiwop—helix pattern : : ~ :
that contains 12 nonpolar and four charged residues. The humanprechCt the severity of a SMPD-1 mutation under these

ASM shared 81% homology with the murine counterpart. Although Pathophysiological conditions and to find potential thera-
it is only 30% homologous to th€aenorhabditis eleganaSM-1 peutic strategies.
and ASM-2, its cysteine residues within this region are well

conserved, hinting the importance of the disulfide bond for the SUPPORTING INFORMATION AVAILABLE
structural conformation.

ASM wild-type and mutant glycosylation (Figure 1S),
misfolded. The wild-type ASM has 10 putative phosphory- ASM mutant secretory defects in Sf21 insect models (Figure
lation sites in the C-terminal region, but its phosphorylation 2S), ASM wild-type and mutant half-life (Figure 3S), and
status has never been demonstrated. Our preliminary dateASM mutant aberrant phosphorylation and aggregation
showed that the wild-type ASM was not phosphorylated even (Figure 4S). This material is available free of charge via the
when stimulated with PMAJ2), forskolin (63), or IBMX Internet at http://pubs.acs.org.

(54) and that its phosphorylation was solely derived from

its mannose 6-phosphate moieties (Supporting Information). REFERENCES
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