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Sphingolipids are important signaling molecules in many bio-
logical processes, but little is known regarding their physiolog-
ical roles in the mitochondrion. We focused on the biochemical
characters of a novel sphingomyelinase (SMase) and its function
in mitochondrial ceramide generation in zebrafish embryonic
cells. The cloned SMase cDNA encoded a polypeptide of 545
amino acid residues (putative molecular weight, 61,300) con-
taining a mitochondrial localization signal (MLS) and a pre-
dicted transmembrane domain. The mature endogenous
enzyme was predicted to have a molecular weight of 57,000, and
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry analysis indicated that the N-terminal amino acid
residue of the mature enzyme was Ala-36. The purified enzyme
optimally hydrolyzed [**C]sphingomyelin in the presence of 10
mMm Mg?* at pH 7.5. In HEK293 cells that overexpressed SMase
cDNA, the enzyme was localized to the mitochondrial fraction,
whereas mutant proteins lacking MLS or both the MLS and the
transmembrane domain were absent from the mitochondrial
fraction. Endogenous SMase protein co-localized with a mito-
chondrial cytostaining marker. Using a protease protection
assay, we found that SMase was distributed throughout the
intermembrane space and/or the inner membrane of the mito-
chondrion. Furthermore, the overexpression of SMase in
HEK293 cells induced ceramide generation and sphingomyelin
hydrolysis in the mitochondrial fraction. Antisense phosphoro-
thioate oligonucleotide-induced knockdown repressed ceram-
ide generation and sphingomyelin hydrolysis in the mitochon-
drial fraction in zebrafish embryonic cells. These observations
indicate that SMase catalyzes the hydrolysis of sphingomyelin
and generates ceramide in mitochondria in fish cells.

Sphingomyelinase (SMase,” sphingomyelin phosphodiester-
ase, EC 3.1.4.12) hydrolyzes sphingomyelin and produces cera-
mide and phosphocholine. Ceramide plays an important role as
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a signaling molecule in cell proliferation, apoptosis, cell cycle
arrest, differentiation, and the stress response in animal cells
(1-5). To date, three distinct classes of acid, neutral, and alka-
line SMases have been identified according to optimum pH,
cation dependence, amino acid sequence, and subcellular local-
ization (3).

The Mg>"-dependent neutral SMases have emerged as
major candidates in the mediation of ceramide-induced cell
signaling (6). Recent research has identified at least three dis-
tinct neutral SMases in human and mouse, designated as neu-
tral SMase 1, SMase 2, and SMase 3 (7-9). Neutral SMase 1 was
the first SMase identified in human and mouse. Although
mammalian enzymes exhibited Mg>"-dependent neutral
SMase activity in vitro (9), no significant biological functions in
sphingomyelin and ceramide metabolism were identified in
SMase 1-overexpressing cells (10) or neutral SMase 1 knock-
out mice (11). In zebrafish embryos, Mg®" -dependent neutral
SMase 1 produced ceramide and caused thalidomide-induced
vascular defects (12). In addition, SMase 1 was found to mediate
heat-induced ceramide generation and apoptosis (13).

The neutral SMase 2 gene SMPD3, has also been identified
based on its similarity to Bacillus cereus SMase DNA sequences
(7). This gene encodes a membrane-bound protein expressed in
the brain and liver that has two highly hydrophobic segments
near the N-terminal region, both of which are thought to func-
tion as transmembrane domains. Unlike neutral SMase 1, neu-
tral SMase 2 possesses Mg® " -dependent neutral SMase activity
in vivo in MCF-7 cells (14). When overexpressed in the conflu-
ent phase of MCEF-7 cells, mouse neutral SMase 2 was palmit-
oylated via thioester bonds and localized in the inner leaflet of
the plasma membrane (15). In MCF-7 cells stably expressing
neutral SMase 2, the enzyme inhibited cell growth and was
required for cells to undergo confluence-induced cell cycle
arrest (16). Interestingly, neutral SMase 2 was isolated as the
confluent 3Y1 cell-associated 1 gene (ccal) inrat 3Y1 cells (17).
Neutral SMase 2 has been implicated in signal transduction
events in cell growth and the cellular response to cytokines (18,
19), oxidative stress (20), and amyloid B-peptide (21).

Stoffel et al. (22) demonstrated that gene-targeted mice defi-
cient for neutral SMase 2 developed a novel form of dwarfism
and had delayed puberty as part of a hypothalamus-induced
pituitary hormone deficiency. Strikingly, positional cloning of
the recessive mutation fragilitas ossium in mice identified a
deletion in the gene that encodes neutral SMase 2, leading to
the complete loss of neutral SMase activity (23). The mutant
fragilitas ossium mice develop severe osteogenesis and denti-
nogenesis imperfecta, with no collagen defect. Thus, mouse
neutral SMase 2 is essential for late embryonic and postnatal
development.
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Mitochondria contain small amounts of a variety of sphingolip-
ids, including ceramide and sphingomyelin (24 —26), which may be
derived from the endoplasmic reticulum via intimate membrane
contacts or produced in response to apoptosis. For mitochondria
isolated from HL-60 cells, treatment with ceramide inhibited the
mitochondrial respiratory chain complex III (27). Birbes et al.
(28) found that the selective hydrolysis of a mitochondrial pool
of sphingomyelin induced apoptosis. They transfected MCE-7
cells with B. cereus SMase targeted to various subcellular
organelles, but they observed cytochrome c release and apopto-
sis induction only when the enzyme was targeted to the mito-
chondria. Ceramide activated the mitochondrial protein phos-
phatase 2A, which dephosphorylated Bcl-2 and led to apoptosis
(29). In MCE-7 cells, mitochondrial ceramide generation in
response to tumor necrosis factor-« induced Bax translocation
to mitochondria and subsequent cytochrome c release and apo-
ptosis (30). The permeability of the mitochondrial outer mem-
brane correlates directly with the level of ceramide in the mem-
brane (31). The concentration of ceramide at which significant
channel formation occurs is consistent with the level of mito-
chondrial ceramide that occurs during the induction phase of
apoptosis (31). In isolated mitochondria, ceramide can also
form membrane channels large enough to release cytochrome ¢
and other small proteins (32). Ceramide-metabolizing
enzymes, such as a bovine liver ceramide synthase (33) and
human ceramidase (34), are localized to the mitochondrion.
These observations suggest the existence of a mitochondrial
pool of sphingomyelin and the function of a sphingomyelin-
specific metabolic pathway in mitochondria. However, no
SMase has been identified in mitochondria.

We identified and examined the biochemical properties of a
novel SMase localized to the zebrafish mitochondrion. The
enzyme was cloned from a cDNA library of embryonic
zebrafish cells. It was found to regulate mitochondrial ceramide
levels.

EXPERIMENTAL PROCEDURES

Reagents—The C6-7-nitro-2-1,3-benzoxadiazol-4-yl (C6-
NBD) sphingomyelin was purchased from Matreya (Pleasant
Gap, PA). The [N-methyl-"*C]sphingomyelin (2 GBq/mmol),
L-3-phosphatidyl [N-methyl-'*C]choline, 1,2-dipalmitoyl (2.11
GBg/mmol), [1-O-octadecyl->H]lyso-platelet activating factor
(5.99 TBq/mmol), protein G-Sepharose, polyvinylidine fluoride
membrane, and ECL™ Western blotting detection kit were
purchased from GE Healthcare. Anti-actin monoclonal anti-
body, anti-FLAG M2 monoclonal antibody, anti-HSP60 mono-
clonal antibody, anti-catalase monoclonal antibody, anti-cyto-
chrome ¢ polyclonal antibody, and p3XFLAG-CMV™™-14
expression vector were purchased from Sigma. Rabbit anti-cad-
herin polyclonal antibody and goat anti-aldolase polyclonal
antibody were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-KDEL mouse monoclonal antibody and
anti-58-kDa Golgi protein mouse monoclonal antibody were
purchased from Abcam (Cambridge, MA). Cell culture
reagents, the ThermoScript RT-PCR system, Xpress™ ™ system
synthetic oligonucleotides, goat anti-rabbit and anti-mouse
IgG Alexa Fluor 488-labeled antibody, goat anti-mouse IgG
Alexa Fluor 594-labeled antibody, and MitoTracker Red were
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purchased from Invitrogen. The Premix Taq (ExTaq" ™ version
2) and PrimeSTAR™HS DNA polymerase were purchased
from Takara Biomedical (Shiga, Japan).

Cell Culture—A zebrafish embryonic (ZE) cell line was cul-
tured in Leibovitz’s L-15 medium (Invitrogen) supplemented
with 2% fetal calf serum (FCS; JRH Biosciences, Lenexa, KS) at
28.5 °C (13). Human embryonic kidney (HEK) 293 cells were
obtained from the Health Science Research Resources Bank
(Osaka, Japan). HEK293 cells were cultured in RPMI 1640
medium (Invitrogen) supplemented with 10% FCS at 37 °Cin a
humidified incubator in 5% CO.,.

Cloning of Mitochondrial Neutral SMase and Neutral SMase
2—The amino acid sequence of human neutral SMase 2 (Gen-
Bank™ accession number AJ250460) was used to search the
zebrafish EST data base of GenBank™. Zebrafish EST clones
for mitochondrial neutral SMase (GenBank™™ accession num-
bers EH455427, EH443470, and DT055903) and zebrafish
genomic sequences (GenBank™ accession numbers
EH455427, EH443470, and DT055903) for neutral SMase 2
(GenBank™" accession number NW_001512806) homologous
to human neutral SMase 2 were obtained from the National
Center for Biotechnology Information (NCBI) EST data base.
Total RNA from zebrafish ZE cells was extracted using TRIzol®
reagent (Invitrogen), according to the manufacturer’s protocol.
For first strand cDNA synthesis, 5 pug of RNA was reverse-
transcribed in a 20-ul reaction volume using the ThermoScript
RT-PCR system (Invitrogen), according to the manufacturer’s
protocol. The RT products were diluted by 10 times with dis-
tilled water and stored at —20 °C until use. PCR primers for
mitochondrial SMase and neutral SMase 2 were synthesized.
The following primers were used to amplify mitochondrial
SMase: upstream, 5'-GAGTA ACTCA GTAGG GTGTT
GAGGA CACGG-3'; downstream, 5'-AGCTG ATCAG
AGGTG GGGTT GTATT GATCT-3' (PCR product, 1820 bp).
The following primers were used to amplify neutral SMase 2:
upstream, 5'-AAGGT GAGCC AGAAA TGGTC TTGCA
CACC-3'; downstream, 5'-AAGGT GAGCCAGAAA TGGTC
TTGCA CACC-3' (PCR product, 2083 bp). PCR was carried
out in a total reaction volume of 50 pl using PrimeSTAR™HS
DNA polymerase. The reaction conditions were as follows:
96 °C for 2 min; 30 cycles of denaturation at 98 °C for 10 s,
annealing at 60 °C for 5 s, and polymerization at 72 °C for 2 min;
and a final extension at 72 °C for 5 min. The PCR products were
subcloned into the pGEM-T Easy vector, and the cloned nucle-
otide sequences were determined using a DNA sequencer (ABI
3100; Applied Biosystems, Foster City, CA) with a BigDye Ter-
minator cycle sequencing kit (Applied Biosystems).

Sequence Alignment—The proteins, including zebrafish
mitochondrial neutral SMase (AB361066), zebrafish neutral
SMase 2 (AB361067), human neutral SMase 2 (AJ250460), and
mouse neutral SMase 2 (AJ250461), were subjected to sequence
alignment using the DNASTAR program (DNASTAR, Madi-
son, WI).

Preparation of Rabbit Polyclonal Antibody against Mitochon-
drial SMase—To generate a polyclonal antibody for zebrafish
mitochondrial SMase, the recombinant protein was purified as
an antigen. The cDNA sequence of mitochondrial neutral
SMase was amplified by PCR using the sense primer 5'-CATAT
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GCCAC TGCAA GCAAT ACGCC GACCG-3' and the anti-
sense primer 5'-GGATC CTCAG TTCTG CTCTG AATCC
AGAGA-3’, each of which contained a BamHI and an NdelI site;
the amplified DNA was subcloned into the pGEM-T Easy plas-
mid vector using the TA cloning method (Promega, Madison,
WI). The cloned nucleotide sequence was confirmed by
sequencing and then subcloned into both the Ndel and BamHI
sites in the multiple cloning site of the pET-16b vector (Nova-
gen, Madison, W1) to fuse to a His tag sequence at the N termi-
nus of the mitochondrial SMase open reading frame. The con-
struct was designated pPETZMTSMase. Mitochondrial SMase
was expressed in Escherichia coli BL21(DE3)pLysE cells (Nova-
gen) transformed with pETZMTSMase. The cells were inocu-
lated to 200 ml of Luria-Bertani (LB) broth and grown over-
night at 30°C in a shaker at 200 rpm. The culture was
transferred to 2000 ml of fresh LB broth supplemented with 100
png/ml ampicillin in a 5-liter flask, and the above incubation
conditions were continued until turbidity at 600 nm reached
0.8. Isopropyl 1-thio-B-p-galactopyranoside was added to a
final concentration of 0.5 mm, and the culture was grown for a
further 4 h to induce the expression of the transgene products.
Bacterial cells were collected by centrifugation at 4000 X g for
15 min. The N-terminal His-tagged mitochondrial SMase was
purified from the bacterial extract by affinity chromatography
using a His Trap HP column (GE Healthcare), according to the
manufacturer’s protocol. The bacterial cells were suspended in
lysis buffer (50 mm Tris-HCI (pH 7.5), 10% glycerol, 1 X protein-
ase inhibitor mixture, 5 mm MgCl,, 60 mm imidazole, 0.1% Tri-
ton X-100, 1 mm EDTA, and 1 mg/ml lysozyme) by passing
through a 22-gauge needle. All subsequent procedures were
carried out at 4 °C. The supernatant was collected by centrifug-
ing the lysate at 10,000 X g for 30 min and was then dialyzed
with wash buffer (50 mMm Tris-HCI (pH 7.5), 300 mm NaCl, 60
mM imidazole, 0.1% Triton X-100, and 1 mm EDTA). The dia-
lyzed sample was loaded onto a 5-ml His Trap HP column (GE
Healthcare) that had been equilibrated in wash buffer. After
sample loading, the column was washed with 100 ml of wash
buffer, followed by a 0-100% linear gradient of elution buffer
(50 mMm Tris-HCI (pH 7.5), 300 mm NaCl, 800 mM imidazole,
0.1% Triton X-100, and 1 mm EDTA). The flow rate was 1
ml/min, and 2-ml fractions were collected. The His Trap HP
fractions with neutral SMase activity against C6-NBD-sphingo-
myelin were pooled and dialyzed with gel filtration buffer (25
mM Tris-HCl (pH 7.5), 150 mm NaCl, 5 mm MgCl,, 0.1% Triton
X-100, and 1 mMm EDTA) and then loaded onto a Sephacryl
S-100 column (HR 16/60, GE Healthcare) equilibrated in gel
filtration buffer. The column was eluted at 1 ml/min with 150
ml of gel filtration buffer. The fractions were collected into test
tubes and analyzed by SDS-PAGE. The recombinant protein
was used to immunize rabbits, and the obtained antiserum was
affinity-purified using a protein G-Sepharose column (GE
Healthcare) coupled to the same antigen.

Purification of Mitochondrial SMase from ZE Cells—To
purify endogenous mitochondrial SMase, protein G-Sepharose
coupled to rabbit anti-mitochondrial SMase antibody was used
for affinity chromatography. ZE cells (5 X 10”) were collected
and centrifuged at 1000 X g for 15 min. The cells were sus-
pended in lysis buffer (20 mm Tris-HCI (pH 7.5), 150 mm NaCl,
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1% Triton X-100, 1% Nonidet P-40, 1 mm dithiothreitol (DTT),
1 mm EDTA, 1 mm EGTA, and 1X protease inhibitor mixture)
using a Dounce homogenizer. All subsequent procedures were
carried out at 4 °C. The supernatant was collected and centri-
fuged at 10,000 X g for 30 min and loaded onto a protein
G-Sepharose column coupled to an anti-mitochondrial neutral
SMase antibody column equilibrated with lysis buffer at a flow
rate of 10 ml/h. The column was washed with 2 volumes of lysis
buffer, followed by wash buffer (20 mm Tris-HCl (pH 7.5), 300
mM NaCl, 0.1% Triton X-100, 0.1% Nonidet P-40, 1 mm EDTA,
and 1 mM EGTA). The enzyme was eluted with 5 ml of elution
buffer (20 mm Tris-HCI (pH 7.5), 800 mMm NaCl, 0.1% Triton
X-100, 1 mM EDTA, and 1 mm EGTA). Fractions (1.5 ml) were
collected in test tubes and dialyzed in 20 mm Tris-HCI (pH 7.5),
0.1% Triton X-100, and 150 mm NaCl and then subjected to
SDS-PAGE and assay of sphingomyelin hydrolyzing assay.

Protein Identification by Mass Spectrometry—N-terminal
identification of the mature enzyme was performed using
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF-MS). The protein derived from
Coomassie-stained polyacrylamide gels was digested using an
in-gel digestion procedure with Staphylococcus aureus V8 pro-
tease (Wako Pure Chemical, Osaka, Japan) according to meth-
ods described previously (35). For TOF-MS, mass measure-
ments were made after peak smoothing and internal calibration
(Autoflex III, Bruker Daltonics, Bremen, Germany). The N ter-
minus of the mature enzyme was identified based on the
deduced amino acid sequence of the cDNA.

SMase Assay—For characterization of purified enzyme,
sphingomyelin hydrolyzing activity was determined using a
radiolabeled substrate in a mixed micelle assay system, as
described previously (36). In the SMase assay, the reaction mix-
ture contained an enzyme preparation that was pH-adjusted by
the addition of the following buffers at a final concentration of
100 mM (reaction volume, 100 ul): sodium acetate (pH 4 and 5),
PIPES (pH 6 and 7), Tris (pH 7.5, 8, 8.5, and 9), 5 nmol of
[**C]sphingomyelin (100,000 dpm), 5 mm DTT, 0.1% Triton
X-100, and 5 mm MgCl,. Typically, [**C]sphingomyelin and
bovine brain sphingomyelin were placed in a glass tube and
dried under nitrogen. A mixed micelle solution was prepared by
sonicating the tube for 5 min in a bath sonicator and vortexing
for 5 min at room temperature. The mixture was incubated for
30 min at 37 °C, and the enzymatic reactions were quenched by
the addition of 0.2 ml of water and 1.5 ml of chloroform/meth-
anol (2:1, by volume). After vortexing and two-phase separation
by centrifugation, 0.2 ml of the upper aqueous phase was
removed and added to 2 ml of scintillation solution for radio-
activity counting. The reaction was linear with incubation
times of up to 3 h. The amount of enzyme added to the reaction
mixtures was chosen such that <10% of the substrate was
hydrolyzed. An appropriate blank, containing denatured
enzyme, was run with each reaction and subtracted from the
experimental samples. To examine the effects of metal ions on
the activity of the purified enzyme, aliquots of the enzyme were
incubated in SMase buffer with or without EDTA in the pres-
ence or absence of magnesium.

The phosphatidylcholine hydrolyzing activity of the purified
enzyme was measured similarly in a mixed micelle solution,
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with the [**C]sphingomyelin replaced by 10 nmol of [**C]phos-
phatidylcholine (1-3-phosphatidyl[N-methyl-'*C]choline,1,2-
dipalmitoyl) (100,000 dpm).

Hydrolyzing activity against lyso-platelet activating factor
was determined similarly, as described previously (13). The
enzyme was added to 100 ul of a mixed micelle system contain-
ing 10 nmol of [1-O-octadecyl-*H]lyso-platelet activating fac-
tor (200,000 dpm) in 100 mm Tris-HCI (pH 7.5), 5mM DTT, and
5mMm MgCl,, and the mixture was incubated at 37 °C for 30 min.
The lipids were extracted (36) and separated by TLC in a sol-
vent system consisting of chloroform, methanol, 15 mm
CaCl,, (60:35:8, v/v). To determine the monoalkylglycerol
content, we exposed the TLC plate to imaging film, and the
radioactivity of the positive spots scraped from the TLC plate
was established using liquid scintillation counting.

For the assay of neutral SMase activity in the cellular lysates,
synthesized fluorescent substrate, i.e. C6-NBD-sphingomyelin,
was used as a substrate. The cells were lysed by passing them
through a 27-gauge needle in a lysis buffer (10 mm Tris-HCI (pH
7.5),1mMEDTA, 0.1% Triton X-100, and 1 X protease inhibitor
mixture). The lysate was centrifuged at 10,000 X g for 15 min at
4 °C. The supernatant was used as an enzyme source. Superna-
tant protein (60 ug) or the mitochondrial fraction (20 ug) was
mixed in reaction buffer (100 mm Tris-HCI (pH 7.5), 10 mm
MgCl,, 5 mm DTT, 50 um C6-NBD-sphingomyelin, and 0.1%
Triton X-100) and incubated at 37 °C for 1 h. The reaction was
quenched by the addition of 900 ul of water and 2 ml of chlo-
roform/methanol (2:1, v/v), mixed well, and then centrifuged.
The lower phase was collected, and the solvent was evaporated.
Aliquots were applied to TLC plates. The solvent system
used to separate C6-NBD-ceramide and C6-NBD-sphingo-
myelin was chloroform, methanol, 12 mm MgCl, in water
(65:25:4, v/v). C6-NBD-ceramide contents were measured
with a fluorescent spectrophotometer (475 nm excitation,
525 nm emission).

Immunofluorescence and Confocal Microscopy—ZE cells
were cultured on a coverslip and then fixed with 4% paraform-
aldehyde in PBS for 15 min. After rinsing in PBS, the cells were
permeabilized with 0.1% Triton X-100 in PBS for 10 min at
room temperature. After treatment with PBS containing 3%
FCS for 15 min, the fixed cells were incubated with anti-ze-
brafish mitochondrial SMase polyclonal antibody (1:1000) and
anti-HSP60 monoclonal antibody (1:100) or anti-KDEL mono-
clonal antibody (1:250) in blocking buffer at room temperature
for 1 h. The cells were washed three times with PBS for 10 min
and incubated with goat anti-mouse IgG Alexa Fluor 488-la-
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beled antibody (1:250) and goat anti-rabbit IgG Alexa Fluor
594-labeled antibody (1:250) for 30 min. Finally, cells were
washed three times with PBS for 10 min, and the nuclei were
counterstained with To-Pro3. Confocal images were obtained
with a laser-scanning confocal microscope (LSM 510, Carl
Zeiss, Wetzlar, Germany). For mitochondrial staining with
MitoTracker Red, the cells were incubated with a mitochon-
drial fluorescent probe, MitoTracker Red CMXRos (Molecular
Probes, Eugene, OR) at a concentration of 100 nm for 15 min to
stain the mitochondria before fixation. The cells were stained
with anti-mitochondrial SMase antibody and To-Pro3. Fluo-
rescence signals were collected by single-line excitation at 648
nm (blue), 594 nm (red) and 488 nm (green). For immunocyto-
chemical observation of the zebrafish SMase with FLAG tag in
HEK?293 cells, the transfected cells were incubated with 25 nm
MitoTracker Red and fixed with 4% paraformaldehyde in PBS.
After treatment with PBS containing 3% FCS for 15 min, the
fixed cells were incubated with anti-FLAG monoclonal anti-
body (1:250) in blocking buffer at room temperature for 1 h.
The cells were washed three times with PBS for 10 min and
incubated with goat anti-mouse IgG Alexa Fluor 488-labeled
antibody (1:250) for 30 min. Finally, cells were washed three
times with PBS for 10 min, and then nuclei were counterstained
with To-Pro3. Signals for zebrafish SMase with FLAG tag
(green color image) and signals for mitochondrial marker (red
color image) were observed with a fluorescence microscope
(Edge Scientific Instruments, R400). Raw data images were
cropped in Adobe Photoshop CS3 (Adobe Systems, San Jose,
CA) for publication.

Preparation of the Mitochondrial Fraction—Adherent cells
were scraped into a subcellular fractionation lysis buffer, 20 mm
Tris-HCI (pH 7.4), 150 mMm NaCl, 250 mMm sucrose, and 1X
protease inhibitor mixture, and then homogenized for 50
strokes using a Dounce homogenizer. The lysates were centri-
fuged at 1300 X g for 15 min to remove nuclei and unbroken
cells. The supernatant was collected and centrifuged again at
5600 X g for 30 min to obtain the secondary pellet (the mito-
chondrial fraction). The supernatant fraction was centrifuged
at 100,000 X g for 1 h at 4 °C, and the supernatant was used as
the cytosolic fraction. The tertiary pellet was used as the micro-
somal fraction. After determining the protein concentration,
the mitochondrial, cytosolic, and microsomal fractions were
stored at —80 °C until use for Western blotting to measure cer-
amide and sphingomyelin content and to perform the SMase
assay against C6-NBD-sphingomyelin.

FIGURE 1. Amino acid sequence of zebrafish mitochondrial SMase and neutral SMase 2 and the phylogenetic relationship among vertebrate neutral
SMases. A, deduced amino acid sequence of zebrafish mitochondrial SMase. Amino acid positions are shown on the right. The putative MLS identified by the
SMART program is underlined. The N-terminal amino acid sequence from the purified mature enzyme, as determined by MALDI-TOF-MS, is boxed. The putative
transmembrane domain identified by the SMART program is double underlined. The putative Mg**-complexing glutamine residue (A), the asparagine residue
involved in substrate binding (#), and the catalytic base histidine residue (*) are shown. B, amino acid sequence alignment for zebrafish mitochondrial SMase,
zebrafish neutral SMase 2, human neutral SMase 2, and mouse neutral SMase 2. Proteins with significant amino acid sequence homology were identified using
a FASTA search of the GenBank™ data base. The sequences of neutral SMases were aligned using the deduced amino acid sequences of homologous proteins
from zebrafish mitochondrial SMase, zebrafish neutral SMase 2, human neutral SMase 2, and mouse neural SMase 2. The putative MLS is boxed (/). The putative
transmembrane domain is also boxed (/). C, phylogenetic tree based on the amino acid sequences of the vertebrate neutral SMases. The phylogenetic analysis
was performed using the neighbor-joining method in ClustalX. Numbers on the internal branches denote the bootstrap percentages of 1000 replicates. The
scale indicates the evolutionary distance of one amino acid substitution per site. The amino acid sequences used in the analysis were obtained from the NCBI
protein data base with the following accession numbers: B. cereus SMase (X12854); human neutral SMase 1 and SMase 2 (NM_009213 and AJ250460, respec-
tively); mouse neutral SMase 1 and SMase 2 (NM_009213 and AJ250461, respectively); zebrafish neutral SMase 1 and SMase 2 (AB196165 and AB361067,
respectively); and zebrafish mitochondrial SMase (AB361066).
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The mitochondrion of ZE cells was isolated using a density
gradient with sucrose via ultracentrifugation according to
methods described previously (37). To separate the mitochon-
drion from the lysosomes and peroxisomes by density gradient,
the mitochondrial fraction prepared according to the methods
described above was washed with subcellular fractionation lysis
buffer. The resulting pellet was suspended in 1 ml of 20 mm
Tris-HCI (pH 7.4), containing 250 muM sucrose, 25 mMm KCl, and
5 mm MgCl,. This fraction was layered above a continuous
sucrose gradient (0.8—1.6 M sucrose containing 20 mm Tris-
HCl (pH 7.4)) and centrifuged in the 28SA1 rotor of the
HIMAC ultracentrifuge (Hitachi, Ibaragi, Japan) at 82,500 X g
for 200 min at 4 °C. After ultracentrifugation, the contents of
the tube were collected from the top in 1-ml aliquots using a
Pasteur pipette. The aliquot fractions were stored at —80 °C
until use.

Marker Enzymes Assay—Subcellular fractions were charac-
terized by measuring organelle-specific marker enzyme activi-
ties. Cytochrome c oxidase activity (mitochondrial marker) was
assayed with a cytochrome c¢ reductase assay kit (Sigma) as
described previously (38). A cytochrome ¢ oxidase activity
(endoplasmic reticulum marker) was measured with the cyto-
chrome c¢ oxidase assay kit (Sigma) according to the method
reported previously (38). Acid phosphatase activity (lysosomal
marker) was measured with 15 g of protein for each fraction as
described previously (39).

Protease Protection Assay—Freshly prepared mitochondrial
fraction was incubated at 0 °C for 30 min in a reaction buffer (20
mM HEPES-NaOH (pH 7.4), 150 mMm NaCl, and 250 mM sucrose
with or without 1 mg/ml proteinase K in the presence or
absence of 0.1% Triton X-100) according to methods described
previously (40). The residual proteins were precipitated with
trichloroacetic acid and used for Western blotting.

Western Blotting—The proteins extracted from whole cells
and the mitochondrial and cytosolic fractions were separated
by SDS-PAGE and electroblotted onto a polyvinylidine fluoride
membrane according to Yabu et al. (41). Anti-mitochondrial
SMase polyclonal, anti-neutral SMase 1 polyclonal (13), anti-
cytochrome ¢ polyclonal, anti-cadherin polyclonal, anti-KDEL
monoclonal, anti-58,000 Golgi protein monoclonal, anti-cathe-
psin L polyclonal (42), anti-catalase monoclonal, anti-HSP60
monoclonal, and anti-FLAG monoclonal antibodies were used
as the primary antibody. Following the addition of the second-
ary antibody, signals were detected using an ECL™ Western
blotting detection kit according to the manufacturer’s protocol.

Construction of Mitochondrial SMase Variants—SMase
fusion constructs, alanine substitution mutants, and FLAG tag-
containing mutants were created by PCR using zebrafish mito-
chondrial sphingomyelinase cDNA, p3 X FLAG-CMV™.-14
expression vector, pET-16b vector for the recombinant protein,
or their derivatives as the templates, and appropriate combina-
tions of the forward and reverse oligonucleotide primers. All
constructs were confirmed by nucleotide sequencing.

Ceramide Measurement—Lipids in the whole cell or the
mitochondrial fraction were extracted according to Bligh and
Dyer (43), and ceramide contents were measured with E. coli
diacylglycerol kinase according to methods described previ-
ously (5). The solvent system used to separate ceramide 1-phos-
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TABLE 1
Zebrafish genes neighboring the mtSMase and the nSMase 2
Chr. indicates chromosome.

Zebrafish genes in the chromosome
containing the mtSMase and the
nSMase 2 (localization)

Human homolog
(chromosomal localization)

Chromosome 16
Myomesin family, member 3
(61.68 Mb)
LIM homeobox 3
(62.69 Mb)
SACI suppressor of actin mutations 1-like
(62.73 Mb)
Mitochondrial sphingomyelinase
(62.38 Mb)
N-Methyl-p-aspartate-associated protein 1
(62.85 Mb)
Phosphatidylserine synthase 1
(63.07 Mb)

MYOMS3, NM_152372
(Chr. 1, 24.25 Mb)
LHX3, NM_178138
(Chr. 3, 138.22 Mb)
SACMIL, NM_014016
(Chr. 3, 45.7 Mb)
ENSG00000204791
(Chr. 8, 145.177 Mb)
GRINA, NM_001009184
(Chr. 8, 145.136 Mb)
PTDSS1, NM_014754
(Chr. 8, 97.343 Mb)

Chromosome 25

1-O-Acylceramide synthase precursor

(16.85 Mb)

DNA-directed RNA polymerase II
33-kDa polypeptide

(18.56 Mb)

Ubiquinone biosynthesis protein COQ9,
mitochondrial precursor

LYPLA3, NM_012320
(Chr. 16, 66.83 Mb)
POLR2C, NM_032940

(Chr. 16, 56.05 Mb)
COQ9, NM_020312

(18.57 Mb) (Chr. 16, 56.03 Mb)
Cytokine-induced apoptosis inhibitor 1 CIAPIN1, NM_020313
(18.59 Mb) (Chr. 16, 56.02 Mb)
Protein arginine N-methyltransferase 7 PRMT7, NM_019023
(18.60 Mb) (Chr. 16, 66.90 Mb)
Neutral sphingomyelinase 2 SMPD3, NM_018667
(19.61 Mb) (Chr. 16, 66.94 Mb)
Olfactomedin 4 OLFM4, NM_006418
(19.73 Mb) (Chr. 13, 52.5 Mb)
NDRG family member 4 NDRG4, NM_022910
(19.99 Mb) (Chr. 16, 57.05 Mb)
Mps one binder kinase activator-like 2 MOB2, VSP_012298
(20.04 Mb) (Chr. 11, 1.44 Mb)

Potassium inwardly rectifying channel, KCNJ11, NM_000525
subfamily J, member 11

(20.07 Mb)

ATP-binding cassette, subfamily C (CFTR/

MRP), member 8

(Chr. 11, 17.36 Mb)
ABCCS8, NM_000352

(20.09 Mb) (Chr. 11, 17.37 Mb)
Usher syndrome 1C USH1C, NM_005709
(20.23 Mb) (Chr. 11, 17.47 Mb)

phate was chloroform/acetone/methanol/acetic acid/water
(10:4:3:2:1, v/v). Ceramide contents were measured using a
STORM 860 analyzer system (GE Healthcare).

Sphingomyelin Measurement—Lipids in whole cells and the
mitochondrial fraction were extracted according to Bligh and
Dyer (43) and developed using a solvent system consisting of
chloroform/methanol/water (60:35:8, v/v) on a plastic TLC
plate with sphingomyelin as a standard. Spots corresponding to
sphingomyelin were scraped, and the lipids were extracted
according to Bligh and Dyer (43). Inorganic phosphate in the
extract was measured using the ammonium molybdate/ascor-
bic acid method to determine sphingomyelin content (44).

Transfection of Mitochondrial SMase Gene into HEK293
Cells—HEK293 cells were cultured at a density of 5 X 10° cells
per 60-mm dish in 4 ml of RPMI 1640 medium supplemented
with 10% FCS. At ~85% confluence, each dish of cells was tran-
siently transfected with 4 ug of SMase fusion constructs, ala-
nine substitution mutants, or FLAG tag-containing mutants
using FUGENE 6 transfection reagent (Roche Applied Sci-
ence), according to the manufacturer’s protocol. At 48 h fol-
lowing transfection, the cells were washed twice in PBS and
homogenized in the lysis buffer, and neutral SMase activity
was measured.
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the manufacturer’s protocol, and
then the cells were selected in the
presence of 0.8 mg/ml geneticin
(Invitrogen). The overexpression
of wild-type mitochondrial SMase
and its alanine substitution
mutant was established in three
independent cell lines for each
construct.

Gene Knockdown of Mitochon-
drial SMase—The following phos-
phorothioate oligonucleotides were
synthesized to block the translation of
mitochondrial SMase: antisense
mitochondrial SMase, 5'-GAAAG
GAGAC TCTCT TAAAG ACATA-
3’; sense mitochondrial SMase, 5'-
TATGT CTTTA AGAGA GTCTC
CTTTC-3'. The cells were incubated
with sense or antisense mitochon-
drial SMase oligonucleotide (0-20
uM) at a concentration of 5 X 10°
cells/ml in Leibovitz’s L-15 medium
supplemented with 5% FCS for 48 h.

Statistical Analysis—The results
are expressed as the mean = S.D..
Differences among groups were
analyzed using one-way analysis of

»>@®

variance followed by Bonferroni’s
post-hoc ¢ test. Comparisons

pH

FIGURE 2. Purification and characterization of the mitochondrial SMase from a zebrafish embryonic cell
line. A, PAGE of purified enzyme. The arrowhead indicates the molecular mass of a 57-kDa protein. SDS-PAGE
(10% gel) was performed after reduction of the sample. The gel was stained with Coomassie Brilliant Blue
R-250. B, pH dependence of neutral SMase activity. The sphingomyelin hydrolyzing activity of the purified
enzyme was measured at 37 °C for 30 min at various pH values, with an estimated optimum pH of 7.5. The pH
was adjusted by the addition of the following buffers at a final concentration of 100 mm: acetate (pH 4 and 5),
PIPES (pH 6, 6.5, and 7), and Tris (pH 7.5, 8, 8.5, and 9). C, effect of Mg ions on neutral sphingomyelin
hydrolyzing activity. The basal assay mixture contained 100 mm Tris-HCl (pH 7.5), 5 mm MgCl,, 0.1% Triton
X-100, and 5 mm DTT. Effects of Mg®" ion on the activity were measured in the presence of 10 mm EDTA.
D, effect of lipids on mitochondrial SMase activity. The sphingomyelin hydrolyzing activity of the purified
enzyme was determined under standard conditions in the presence of ['*Clsphingomyelin under standard
conditions and the indicated phospholipids (50 or 100 um). The basal enzyme activity (control) was 45 * 3

between two experimental groups
were based on two-tailed t-tests.
p < 0.01 was deemed statistically
significant.

RESULTS

Cloning of Novel SMase—A
zebrafish ¢DNA homologous to
human neutral SMase 2 was iso-
lated. This SMase c¢cDNA had a

umol/mg/h.

TABLE 2
Substrate specificity of the cloned purified enzyme
Substrate Activity”
wmol/mg/h
[**C]Sphingomyelin 45 + 2.76°

0.003 = 0.0003”
0.024 + 0.0012°

[**C]Phosphatidylcholine
[*H]Lyso-PAF
“ Values are means * S.D. (n = 3).
b Activity was determined in the presence of 0.1% Triton X-100.
¢ Activity was determined in the absence of Triton X-100.

Generation of Stable HEK293 Transfectants—HEK293 cells
were cultured in RPMI 1640 medium containing 10% FCS, 5
units/ml penicillin, and 50 pg/ml streptomycin. To obtain sta-
ble transfectants, 5 X 10° HEK293 cells were transfected with 4
pg of SMase fusion constructs, alanine substitution mutants,
or FLAG tag-containing mutant vectors using FUuGENE 6
transfection reagent (Roche Applied Science), according to
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1635-bp open reading frame that

encoded a protein of 545 amino
acids with a predicted molecular weight of 61,300 (Fig. 14). The
deduced amino acid sequence of the zebrafish SMase showed
51% identity to that of the known human and mouse neutral
SMase 2 (Fig. 1B). The three amino acid residues of the putative
magnesium-binding site, the substrate-binding asparagine site,
and the histidine residue of the active site on the zebrafish
SMase (GIn-258, Asp-404, and His-529, respectively; see Refs.
43-47), which are critical for the enzymatic regulation of mam-
malian neutral SMase 2, were completely conserved (Fig. 1B).
The mammalian neutral SMase 2 had a single collagenous
domain between the membrane-anchoring domain and the
catalytic domain (7), whereas the zebrafish SMase had no col-
lagenous domain. Additionally, mouse neutral SMase 2 was
palmitoylated on four Cys residues, ie. Cys-53, Cys-54, Cys-
395, and Cys-396, creating two Cys clusters that bound to the
inner leaflet of the plasma membrane (15). The zebrafish SMase
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had no Cys cluster structure or palmitoylation, but the Cys-53
and Cys-294 residues were conserved. Based on a phylogenetic
analysis, the zebrafish SMase was classified into a cluster with
neutral SMase 2 (Fig. 1C).

The isolated SMase gene (mtSMase) was located on the
zebrafish chromosome 16 (Table 1). Based on an analysis of
gene synteny between the zebrafish and human genomes, an
ortholog of the zebrafish mtSMase was found on chromosome
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8 of the human genome. In contrast, the nSMase 2 was located
on chromosome 25 of the zebrafish genome and was ortholo-
gous to the human SMPD3 located on chromosome 16. There-
fore, the isolated zebrafish SMase is a novel SMase distinct from
the mammalian neutral SMase 2 and zebrafish neutral SMase 2
(Table 1).

We also isolated another cDNA clone that encoded neutral
zebrafish SMase 2 and possessed significant homology with the
human neutral SMase 2, SMPD3 (7). The zebrafish neutral
SMase 2 cDNA contained a predicted open reading frame
encoding a 684-amino acid protein (predicted molecular
weight, 76,000; Fig. 1B). The deduced amino acid sequence
showed 55% identity to human and mouse neutral SMase 2,
belonged to the neutral SMase 2 cluster in the phylogenetic tree
(Fig. 1C), and showed partial conservation of the putative
palmitoylation sites (Cys-53, Cys-421, and Cys-422).

When the secondary structure of SMase was predicted using
the SMART program (48), a single signal peptide sequence and
a hydrophobic transmembrane domain were identified in the
N-terminal region (Fig. 1, A and B), suggesting that the SMase
protein was membrane-bound. Based on the presence of a long
signal peptide sequence in the first 35 amino acid residues and
similarity to the mitochondrial targeting sequence, the SMase
appeared to be a mitochondrial protein.

Characterization of the Purified Novel SMase from ZE Cells—
To determine the enzymatic activity and substrate specificity of
the SMase, the active enzyme was purified from ZE cells using
antibody-affinity chromatography. SDS-PAGE of the purified
enzyme revealed a single band with an estimated molecular
weight of 57,000 (Fig. 24). The protein of excised gel sections
was reduced and S-carboxymethylated and then digested with
Staphylococcus V8 protease. MALDI-TOF-MS analysis of the
mixture of peptides detected an ion that corresponds to the
amino acid sequence AVCISTTLE (M + H) m/z 995.4
(observed), 995.14 (calculated), containing the S-carboxym-
ethylated Cys residue. Thus, the Ala-36 residue was identified
as the N-terminal amino acid of the mature enzyme (Fig. 1A4).
The protein showed high activity toward the substrate
[*C]sphingomyelin, although it showed no activity against the
phospholipid ['*C]phosphatidylcholine and [1-O-octadecyl-
*H]lyso-platelet activating factor (Table 2). The sphingomyelin
hydrolyzing activity was optimal at pH 7.5, with half-maximal
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activity at pH 6.5 (Fig. 2B); the activity was absolutely depend-
ent upon the presence of magnesium ions (Fig. 2C). Finally,
several kinds of lipids derived from the mitochondrial and other
membranes were tested for modulation of the activity of the
purified SMase. The activity against sphingomyelin was
induced 12-fold in the presence of 100 uMm cardiolipin, 6-fold in
the presence of 100 um phosphatidylserine, and 3-fold in the
presence of 100 um phosphatidylethanolamine, although the
activity was not influenced by phosphatidylcholine or phospha-
tidylinositol (Fig. 2D).

Subcellular Localization of Novel SMase—The subcellular
localization of the isolated SMase in ZE cells was examined by
centrifugal fractionation (Fig. 3, A and B). According to West-
ern blotting, the SMase was mainly detected in the mitochon-
drial fraction (Fig. 34, lane 2) when using HSP60 as a mitochon-
drion marker, aldolase as a cytosol marker, and cadherin and
neutral SMase 1 (13) as cell membrane markers, although
SMase was not detected in the cytosolic (Fig. 34, lane 3) or
microsomal fractions (Fig. 34, lane 4).

To confirm the subcellular localization of the SMase in the
mitochondrion, the cells were fractionated using sucrose den-
sity gradient ultracentrifugation (37). The separated proteins in
each fraction in the sucrose density gradient were applied to
Western blotting, and the neutral SMase was detected with
specific polyclonal antibody. When we used HSP60 and cyto-
chrome ¢ as mitochondrial markers, KDEL protein as an endo-
plasmic reticulum marker, 58K protein as a Golgi marker,
cathepsin L as a lysosomal marker, and catalase as a peroxiso-
mal marker, the neutral SMase was mainly detected in the frac-
tions 4—6 rich in the mitochondrion (Fig. 3B) but not in the
lysosomal fractions (Fig. 3B, fraction numbers 1 and 2), endo-
plasmic reticulum fractions (Fig. 3B, fraction numbers 1 and 2),
Golgi fractions (Fig. 3B, fraction numbers 1 and 2), and perox-
isomal fractions (Fig. 3B, fraction numbers 7 and 8). In addition,
higher neutral SMase activity was also detected in the fraction
numbers 4—6 rich in the mitochondrial fractions containing
cytochrome ¢ oxidase activity, but not in the endoplasmic retic-
ulum showing cytochrome c reductase activity and the lysoso-
mal fractions showing acid phosphatase activity (Fig. 3C).

The ZE cells were co-stained with the anti-SMase antibody
together with the specific mitochondrial probe MitoTracker
Red, anti-HSP60 antibody (mitochondrial marker), or anti-

FIGURE 3. Subcellular localization and distribution of SMase. A, whole lysate of ZE cells (lane 1) was fractionated into the mitochondrial fraction (lane 2),
cytosolic fraction (lane 3), and microsomal fraction (lane 4) via ultracentrifugation. These fractions were analyzed by Western blotting using antibodies against
zebrafish mitochondrial SMase, HSP60 (a mitochondrial marker), aldolase (a cytosolic marker), and neutral SMase 1 and cadherin (cell membrane markers).
B, The mitochondrial fraction was separated into eight fractions using the sucrose gradient ultracentrifugation. The separated proteins in each fraction were
subjected to Western blotting using antibodies against zebrafish mitochondrial SMase, HSP60, and cytochrome ¢ (a mitochondrial marker), KDEL protein (an
endoplasmic reticulum marker), 58-kDa protein (a Golgi marker), cathepsin L (a lysosomal marker), and catalase (peroxisomal marker), and neutral SMase
activities in each fraction were determined. The lysosomal marker, endoplasmic reticulum marker, and Golgi marker, mitochondrial marker, or peroxisomal
marker were detected in the fraction numbers 1 and 2, fraction numbers 4-6, and fraction numbers 7 and 8, respectively. C, specific activities of marker enzymes
in subcellular fractionation of ZE cells. The C6-NBD-sphingomyelin hydrolyzing activities of the SMase, mitochondrial cytochrome ¢ oxidase, endoplasmic
reticulum cytochrome c reductase, and lysosomal acid phosphatase were measured in each fraction by subcellular fractionation. Values and bars indicate the
mean = S.D. of three independent experiments. D, ZE cells were fixed and permeabilized with 0.1% Triton X-100. The cells were incubated with 100 nm
MitoTracker Red and then fixed with 4% paraformaldehyde in PBS. The cells were co-stained with anti-zebrafish SMase antibody and an antibody against either
HSP60 protein (a mitochondria marker) or KDEL protein (an endoplasmic reticulum marker) and stained with fluorescent secondary antibodies. Signals for
SMase (green colorimage) and signals for subcellular markers such as mitochondria and endoplasmic reticulum (red color image) were observed. The overlay
images indicate the SMase, and the subcellular markers were co-localized either in the sample place or adjacent to one another as described under “Experi-
mental Procedures.” Scale bar, 10 um.E, distribution of SMase in the mitochondrion. Mitochondrial fractions were obtained from a zebrafish embryonic cell line
and incubated at 0 °C for 30 min in the absence (lane 1) or presence (lanes 2-4) of proteinase K, and under swelling condition (20 mm HEPES-NaOH (pH 7.4), 10
mm sodium orthovanadate, 20 mm NaF, 250 mm sucrose, 2 mm CaCl,) (lanes 3 and 4) or in the presence (lane 4) of Triton X-100. The samples were subjected to
Western blotting with anti-mitochondrial SMase, anti-cytochrome ¢, and anti-HSP60 antibodies.
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KDEL antibody (endoplasmic retic-
ulum marker) by confocal mi-
croscopy. Immunocytochemical
localization of the SMase with that
of MitoTracker Red and that of
HSP60 showed that the SMase
exhibited major signals in the mito-
chondria (Fig. 3D). Consequently,
staining with the antibody against
endoplasmic reticulum marker, i.e.
KDEL protein, the SMase was not
localized in the endoplasmic reticu-
lum (Fig. 3D). Therefore, the SMase
was located in the mitochondria.
To establish the topology of
enzyme localization, we performed
a protease protection assay. Mito-
chondrial fractions prepared from
ZE cells were treated with protein-
ase K to digest peripheral proteins
and then subjected to Western blot-
ting with antibodies against mito-
chondrial SMase and cytochrome ¢,
as an intermembrane space marker,
or against HSP60, as a matrix
marker (40). The expressed pro-
teins, as well as the endogenous
SMase, were recovered from mito-
chondria (Fig. 3E, lane 1) but not
from the post-mitochondrial super-
natant (data not shown). The
endogenous SMase recovered from
mitochondria was unaffected by the
presence of proteinase K (Fig. 3E,
lane 2). Upon disruption of the
outer membrane, the endogenous
SMase was completely degraded
by proteinase K, whereas HSP60
protein remained undigested (Fig.
3E, lane 3). As a control, all pro-
teins were digested by proteinase
K when mitochondrial mem-
branes were solubilized in Triton
X-100 (Fig. 3E, lane 4). These
results indicate that this SMase is
bound to both the intermembrane
space and/or the inner membrane
in the mitochondrion.
Identification of the MLS with the
First 35 Residues—Based on the
structural features of zebrafish
SMase, a putative MLS was identi-
fied within the first 35 residues of
the N terminus; a putative hydro-
phobic transmembrane domain was
predicted within Ser-64 to Ala-86,
and a putative catalytic center site
was identified at His-529 (Fig. 14).
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TABLE 3 A o 25 T —O—control
Subcellular distribution of various SMase constructs in ]
HEK293-transfected cells s 1 T —/\——mock
Various SMase constructs (Fig. 4) were transiently expressed in HEK293 cells. ;&; _g. 20 1 1 widktype
Construct Distribution % >
£ A
Wild type Mitochonderial fraction 85 .. T, H529A mutant
H529A mutant Mitochondrial fraction ET 15
MLS deletion mutant Cytosolic fraction © g T
TM deletion mutant Mitochondrial fraction 3 §
MLS-TM deletion mutant Cytosolic fraction = 10- i
<)
£
a
To confirm the presence of these features, we constructed var- 5 i . :

ious SMase-FLAG fusion proteins as follows: a histidine to ala- 0 2
nine substitution at the catalytic site (H529A mutant); a dele-
tion mutant lacking the N-terminal MLS (MLS deletion
mutant); a deletion mutant lacking the transmembrane domain
(TM deletion mutant); and a deletion mutant lacking both the
MLS and the transmembrane domain (MLS-TM deletion
mutant, Fig. 44). These constructs were transiently expressed
in HEK293 cells, and the FLAG tag of the expressed proteins
was detected via Western blotting (Fig. 4B). We examined the
intracellular distribution of these mutants and the wild-type
protein in HEK293 cells via subcellular fractionation. When
expressed in HEK293 cells, the wild type, H529A mutant, and
TM mutant proteins localized correctly to the mitochondrial 0
fraction (Fig. 4C and Table 3), whereas the MLS deletion and 0
the MLS-TM deletion mutants were not detected in the mito-
chondrial fraction but were instead found in the cytosolic frac-
tion. To further clarify the protein localization, HEK293 cells
transfected with the wild type and the MLS deletion were
stained with both anti-FLAG antibody and MitoTracker Red.
The SMase with FLAG tag was co-localized with the mitochon-
drial probe, whereas the MLS deletion mutant was not co-lo-
calized with the mitochondrial probe (Fig. 4D). These findings
indicate that first 35 residues of the N-terminal sequence rep-
resent an MLS essential for localization in mitochondria. These
findings indicate that first 35 residues of the N-terminal
sequence represent an MLS essential for localization in 0
mitochondria.

Ceramide and Sphingomyelin Levels and Neutral SMase
Activity in Transient Transfectants—We used HEK293 cells
transiently transfected with the wild-type or H529A mutant
constructs to examine whether SMase is involved in ceramide
generation. When the intercellular ceramide content was

w
—_
o N
1

(nmol/mg/h)

C6-NBD-sphingomyelin
hydrolyzing activity

e
(5]
1

48
Time (h)

(@)

0.4
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Sphingomyelin content
(nomol sphingomyelin/nmol phosphate)

0 24 48 72
Time (h)

FIGURE 5. Ceramide and sphingomyelin levels in association with neutral
SMase activity in SMase transfectants. Cellular lipids were extracted at the
indicated times after transfection. The levels of ceramide (A) and sphingomy-
elin (C) were quantified using the diacylglycerol kinase assay and phosphate
measurement after TLC separation, respectively. The cells were lysed, and
C6-NBD-sphingomyelin hydrolyzing activity (B) was determined as described

measured using a diacylglycerol kinase assay, the wild-type
transfectants showed significantly higher ceramide levels than
cells transfected with the H529A mutant or mock vector; in
H529A mutants, peak ceramide levels (2-fold) occurred 48 h
after transfection (Fig. 54). At 24, 48, and 72 h post-transfec-
tion, cells harboring wild-type SMase showed higher Mg** -de-

under “Experimental Procedures.” Values and bars indicate the mean = S.D. of
three independent experiments.

pendent neutral SMase activity than cells harboring the H529A
mutant or mock vector (Fig. 5B). In wild-type transfectants, a
decrease in cellular sphingomyelin levels was accompanied by

FIGURE 4. Mitochondrial localization of SMase variants. A, schematic representation of SMase constructs. B, HEK293 cells were transiently transfected with
their constructs alone. Lane 1, control; lane 2, mock; lane 3, wild type; lane 4, H529A mutant; lane 5, MLS deletion mutant; lane 6, TM deletion mutant; lane 7,
MLS-TM deletion mutant. At 48 h after transfection, the expressed proteins were detected using anti-FLAG antibody or anti-actin via Western blotting as
described under “Experimental Procedures.” C, HEK293 cells expressing the indicated constructs were fractionated into mitochondrial (lanes 7-7) and cytosolic
(lanes 8-14) fractions, and each fraction was analyzed by Western blotting using antibodies against FLAG, SMase, cytochrome ¢, and aldolase. Lanes 7 and 8,
control; lanes 2 and 9, mock; lanes 3 and 10, wild type; lanes 4 and 11, H529A mutant; lanes 5 and 12, MLS deletion mutant; lanes 6 and 13, TM deletion mutant;
lanes 7 and 14, MLS-TM deletion mutant. D, mitochondrial localization of the wild-type construct. The HEK293 cells transfected with wild type of SMase and MLS
deletion mutant were incubated with 25 nm MitoTracker Red and fixed with 4% paraformaldehyde in PBS. The cells were co-stained with anti-FLAG antibody.
Signals for zebrafish SMase with FLAG tag (green color image) and signals for mitochondrial marker (red color image) and the overlay images (merge) were
observed as described under “Experimental Procedures.”
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FIGURE 6. Increase in neutral SMase activity with increased ceramide and decreased sphingomyelin levels in the mitochondrial fraction of SMase
transfectants. HEK293 cells were stably transfected with the wild-type or H529A mutant construct. Three wild-type and three H529A mutant lines were
established as described under “Experimental Procedures.” The expressed proteins in each group of three lines (A) were detected via Western blotting using
anti-FLAG antibody as described under “Experimental Procedures.” B, neutral SMase activity against C6-NBD-sphingomyelin in the mitochondrial fraction was
demonstrated via TLC separation and visualized by UV irradiation at 254 nm. C, increase in neutral SMase activity in wild-type cell lines. The cells were lysed, and
C6-NBD-sphingomyelin hydrolyzing activity was determined as described under “Experimental Procedures.” D, increasing ceramide content in the mitochon-
drial fraction isolated from three wild-type lines. E, decreasing sphingomyelin content in the mitochondrial fraction isolated from three wild-type lines. Cellular
lipids in the mitochondrial fraction were extracted, and the levels of ceramide and sphingomyelin were quantified using the diacylglycerol kinase assay and
phosphate measurement, respectively. Values and bars indicate the mean = S.D. of three independent experiments. Different letters denote a statistical

difference between wild-type and H529A mutant cells (p < 0.01).

an increase in cellular ceramide levels at 48 h post-transfection
(Fig. 5C). These changes in ceramide and sphingomyelin levels
in association with neutral SMase activity in SMase-overex-
pressing cells indicate a significant role for this enzyme in cer-
amide metabolism.

Ceramide and Sphingomyelin Levels and Neutral SMase
Activity in Mitochondria—To examine SMase-mediated cera-
mide metabolism in mitochondria, we established three wild-
type and three H529A mutant cell lines and confirmed that the
transfected HEK293 cells overexpressed the transgene prod-
ucts (Fig. 6A). When Mg>*-dependent neutral SMase activity
was measured in the mitochondrial fraction using C6 —7-NBD-
4-yl-sphingomyelin as a substrate, neutral SMase activity was
25 times higher in the wild-type transfectants than in the
H529A mutants (Fig. 6, Band C). In addition, the mitochondrial
ceramide content increased by 1.5-1.8 times in the wild-type
transfectants compared with the H529A mutants (Fig. 6D).
This increase in mitochondrial ceramide was accompanied by a
decrease in mitochondrial sphingomyelin (Fig. 6E). These
changes in mitochondrial ceramide and sphingomyelin levels
in association with increased enzyme activity indicate a signif-
icant role for SMase in sphingomyelin metabolism.

Effects of SMase Knockdown on ZE Cells—To confirm
whether SMase regulates ceramide generation, a phosphoro-
thioate oligonucleotide was used to repress mitochondrial

20360 JOURNAL OF BIOLOGICAL CHEMISTRY

SMase levels. Anti-mitochondrial SMase antibodies detected a
57-kDa protein band (Fig. 7A). At 48 h after antisense oligonu-
cleotide treatment, both the protein band and the activity level
of Mg>"-dependent neutral SMase in the mitochondrial frac-
tion decreased in a dose-dependent manner (Fig. 7B). Treat-
ment with 20 uMm of the antisense oligonucleotide reduced the
basal activity of Mg " -dependent neutral SMase from 1.32 to
0.34 nmol/mg/h (Fig. 7B). The antisense oligonucleotide treat-
ment repressed basal endogenous ceramide content in mito-
chondrial fractions (Fig. 7C), although it induced an increase in
the sphingomyelin content (Fig. 7D). In contrast, treatment
with control sense oligonucleotides had no effect. Thus, anti-
sense oligonucleotide-induced enzyme deficiency affected cer-
amide metabolism.

DISCUSSION

A novel mitochondrial SMase was cloned, and the active
endogenous enzyme was purified from ZE cells. The purified
enzyme showed specific activity against [**C]sphingomyelin in
the presence of 10 mm Mg®" at pH 7.5. Cytoimmunostaining
revealed that the enzyme was localized to the mitochondrion,
and subcellular fractionation indicated that the enzyme was
distributed in the mitochondrial fraction. A protease protec-
tion assay revealed that the enzyme was distributed in the inter-
membrane space and/or the inner membrane of the mitochon-
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FIGURE 7. Antisense oligonucleotides against mitochondrial SMase protein inhibit ceramide genera-
tion. ZE cells were pretreated with 0-20 um antisense or 20 um sense oligonucleotides against mitochondrial
SMase for 48 h. A, expressed proteins in oligonucleotide-treated cells were detected with anti-mitochondrial
SMase or anti-actin antibodies by Western blotting, as described under “Experimental Procedures.” B, C6-NBD-
sphingomyelin hydrolyzing activity; C, ceramide content; and D, sphingomyelin content in the mitochondrial
fractions. Values and bars indicate the mean = S.D. of three independent experiments. *, p < 0.01 versus sense

oligonucleotide-treated cells.

drion. The overexpression of wild-type and mutant proteins
showed that an MLS was required for translocation of the
enzyme to the mitochondrion. Mutants lacking this MLS were
instead directed to the cytoplasm. Cytostaining for zebrafish
SMase in ZE cells indicated that the enzyme was co-localized
with MitoTracker Red and HSP60 in the mitochondrion. The
transient and stable overexpression of mitochondrial SMase
¢DNA in HEK293 cells resulted in enhanced neutral SMase
activity and increased ceramide levels paralleled by reduced
sphingomyelin levels. Antisense oligonucleotide-induced
SMase deficiency confirmed that SMase was required for mito-
chondrial ceramide generation. Therefore, the identified
zebrafish SMase is a novel mitochondrial SMase that regulates
mitochondrial ceramide production.

The activity and substrate specificity of this novel enzyme are
similar to those of the known mammalian neutral SMase 2s (7,
16). The purified zebrafish SMase showed specific hydrolyzing
activity against sphingomyelin, producing ceramide, although
it showed no activity against phosphatidylcholine. In addition,
the enzyme regulated the metabolism of sphingomyelin and
ceramide in cells. When SMase was overexpressed in cultured
cells, we observed decreases in sphingomyelin and correspond-
ing increases in ceramide levels in the mitochondrial fraction.
Thus, the zebrafish enzyme is a typical Mg>*-dependent neu-
tral SMase that accelerates the catabolism of sphingomyelin in
the mitochondrion.

The previously purified bovine brain neutral SMase, the par-
tially purified rat brain neutral SMase, yeast Isclp, and mouse

JULY 24, 2009-VOLUME 284+NUMBER 30
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showed that the zebrafish mito-
chondrial SMase falls into a cluster
consisting of human, mouse, and
zebrafish neutral SMase 2s. Both
zebrafish mitochondrial SMase and
SMase 2 share common structural
features, such as a magnesium-
binding site, a substrate-binding
site, and an active center His residue (Fig. 1B). We found that
the mitochondrial SMase also possesses an MLS and a trans-
membrane domain as a stop-transfer sequence in the N-termi-
nal region. This MLS was also conserved in other SMase 2
enzymes, suggesting that all known SMase 2s and zebrafish
mitochondrial SMase may be mitochondrial enzymes.

In eukaryotes, the MLS has been identified in the majority of
pre-sequences cleaved by mitochondrial processing peptidases.
This signal sequence is characterized by an overall positive
charge, a predicted ability to form an amphiphilic a-helix, and
the presence of an Arg residue at the —2 or —3 position from
the cleavage site (53). Four cleavage site motifs have been iden-
tified (54) as follows: XRX | X(S/X) (R-2 motif); XRXI(Y/
X) | (S/IA/X)X (R-3 motif); XRX | (F/L/T)XX(S/T/G)XXXX
(R-10 motif); and XX | X(S/X) (R-none motif). The identified
zebrafish mitochondrial SMase was consistent with the R-3
motif (i.e. DRLI |, AV).

Hoffman et al. (7) first identified that mammalian neutral
SMase 2 was localized in the Golgi in a number of cell lines by
immunofluorescent staining. Tani and Hannun (15) reported
that mouse neutral SMase 2 was palmitoylated at four Cys res-
idues (Cys-53, Cys-54, Cys-395, and Cys-396) that were local-
ized to the inner leaflet of the cell membrane. Zebrafish neutral
SMase 2 also showed three conserved Cys residues (Cys-53,
Cys-421, and Cys-422), but zebrafish mitochondrial SMase
showed no palmitoylated Cys cluster. This work suggests that
in contrast to zebrafish mitochondrial SMase, neutral SMase 2
might be localized to the cell membrane as a result of palmitoy-

sense antisense (uM)
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lation. Further studies of the intracellular localization of SMase
2 are required to examine whether SMase 2 and mitochondrial
SMase are co-localized in the mitochondrion.

Based on an analysis of gene synteny between zebrafish and
human genomes, mtSMase is located on zebrafish chromosome
16. The ortholog of mtSMase is found on chromosome 8 of the
human genome and is expressed in human breast tumors (55).
In contrast, the nSMase 2 is located on zebrafish chromosome
25 and was orthologous to the neutral SMase 2 gene SMPD3
located on human chromosome 16. Therefore, in terms of gene
synteny, the isolated zebrafish mitochondrial SMase is distinct
from other neutral SMase 2s.

At least five SMases, ie. acidic SMase, neutral SMase 1,
SMase 2, SMase 3, and mitochondrial SMase, have been char-
acterized in mammalian and other animal cells, and all of these
enzymes were expressed in ZE cells.? Thus, ZE cells represent
an important model for characterizing the precise roles of mito-
chondrial and other types of SMases, as well as the mechanism
of ceramide signaling. Our results indicate that mitochondrial
SMase has a specific function in mitochondrial ceramide
generation.

Previous studies have demonstrated that ceramidase (34),
ceramide synthase (33), dihydroceramide synthase (56), glyco-
syltransferase (57), yeast inositol sphingolipid phospholipase C
(58), and sphingosine kinase (59) are localized to the mitochon-
drion. Therefore, a set of enzymes, including mitochondrial
SMase and other ceramide-related enzymes, may regulate
sphingolipid metabolism in the mitochondrion and regulate
cell growth and apoptosis in response to mitochondrial
functions.
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