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Sphingolipids such as ceramide are recognized as vital regu-
lators of many biological processes. Neutral sphingomyelinase 2
(nSMase2) is one of the key enzymes regulating ceramide pro-
duction. It was previously shown that the enzymatic activity of
nSMase2 was dependent on anionic phospholipids (APLs). In
this study, the structural requirements for APL-selective bind-
ing of nSMase2 were determined and characterized. Using lipid-
protein overlay assays, nSMase2 interacted specifically and
directly with several APLs, including phosphatidylserine and
phosphatidic acid. Lipid-protein binding studies of deletion
mutants identified two discrete APL binding domains in the N
terminus of nSMase2. Further, mutagenesis experiments pin-
pointed the core sequences and major cationic amino acids in
the domains that are necessary for the cooperative activation of
nSMase2 by APLs. The first domain included the first amino-
terminal hydrophobic segment and Arg-33, which were essen-
tial for nSMase2 to interact with APLs. The second binding
domain was comprised of the second hydrophobic segment and
Arg-92 and Arg-93. Moreover, mutation of one or both domains
decreased APL binding and APL-dependent catalytic activity of
nSMase2. Further, mutation of both domains in nSMase2
reduced its plasma membrane localization. Finally, these bind-
ing domains are also important for the capability of nSMase2 to
rescue the defects of yeast lacking the nSMase homologue, ISC1.
In conclusion, these data have identified the APL binding
domains of nSMase2 for the first time. The analysis of interac-
tions between nSMase2 and APLs will contribute to our under-
standing of signaling pathways mediated by sphingolipid
metabolites.

Sphingolipids such as ceramide are currently recognized as
vital regulators of many biological processes (1-4), and the lev-
els and turnover of these bioactive sphingolipids are regulated
by several enzymes. The hydrolysis of sphingomyelin (SM)? is a
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major pathway for ceramide production, and this reaction is
catalyzed by the sphingomyelinases (SMases). Currently, six
different SMases have been identified and grouped based upon
their catalytic pH optima, including an acid SMase, an alkaline
SMase and four neutral SMases (N-SMases) (5—8). Activation
of N-SMases has been implicated in various biological
responses, such as growth arrest, inflammation and aging (9,
10). Recently, considerable progress has been made regarding
the specific roles of the identified N-SMase isoforms, particu-
larly neutral sphingomyelinase 2 (nSMase2), in signal transduc-
tion and a variety of cell processes (11).

Mammalian nSMase2 was first identified in 2000 based on
similarity to bacterial SMase (6). The human nSMase2 protein
is a membrane-bound 655 amino acid protein consisting of a
C-terminal catalytic domain, two N-terminal hydrophobic seg-
ments (HSs), and a 200-residue collagen-like domain between
the Nand C termini (6). More recently, nSMase2 was also found
to be palmitoylated via thioester bonds at two major sites, one
in the N terminus and the other in the catalytic region of the
enzyme. Notably, nSMase2 palmitoylation is important for cor-
rect subcellular localization and stability of this enzyme (12). In
addition, nSMase2 was found to localize to the inner leaflet of
the plasma membrane (PM) (13).

A number of studies have implicated nSMase2 in growth
arrest, the cellular response to cytokines and oxidative stress.
Prior to the cloning of nSMase2, it was first identified as a con-
fluent cell-associated gene in rat 3Y1 cells (14) and was subse-
quently implicated in confluence-induced G,/G; cell cycle
arrest in MCF-7 breast cancer cells (15). Many studies have
reported activation of nSMase2 by tumor necrosis factor in a
variety of cell types including smooth muscle cells, HUVECs
and A549 cells, although regulation of nSMase2 appears to be
cell type dependent with protein kinase C-delta and p38 MAPK
involved in A549 cells (16, 17), and matrix metalloproteinases,
furin and integrins involved in smooth muscle cells (18). In
addition, nSMase2 was implicated in aging-associated inflam-
mation, particularly in the response to interleukin-18 (19).
Finally, in vivo studies have demonstrated that nSMase2 is
essential for late embryonic and postnatal bone development.
In particular, nSMase2 knock-out mice develop a form of

bic segment; PS, phosphatidylserine; PA, phosphatidic acid; CL, cardiolipin.
nSM2-APLB1 domain, nSMase2 APL binding type 1 domain; nSM2-APLB2
domain, nSMase2 APL binding type 2 domain; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; Pl, phospha-
tidylinositol; aa, amino acids.
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dwarfism and have delayed puberty as part of a hypothalamus-
induced pituitary hormone deficiency (20). Interestingly, a dis-
tinct mutant mouse strain (fro/fro) with inactive nSMase2
developed osteogenesis and dentinogenesis imperfecta (21).
Finally, a recent study of human cancers found mutations of
nSMase2 in human leukemias (22). Taken together, these stud-
ies reveal a multitude of roles for nSMase2 in both physiological
and pathological states. Consequently, further understanding
of nSMase2 regulation is essential.

Protein-phospholipid interactions are important for regula-
tion of both protein localization and activity and, by extension,
can have effects on cell signaling. In particular, anionic phos-
pholipids (APLs) such as phosphatidylserine (PS) and phospha-
tidic acid (PA) play important roles in these interactions (23).
PS has been implicated in a number of cell signaling pathways.
Indeed, several signature domains for PS binding have been
identified such as the C2 domain in PKC (24) and the Gla
domain in some coagulation factors (25) while other less con-
served PS binding motifs have also been identified (26). Impor-
tantly, the majority of PS binding motifs contain both positively
charged and hydrophobic amino acid residues. Another APL,
PA, has also been implicated in cell signaling. PA can be gener-
ated rapidly via hydrolysis of PC by phospholipase D or by phos-
phorylation of diacylglycerol by diacylglycerol kinases. Notably,
PA has been shown to regulate both localization and function of
several effectors (26), which include important signaling regu-
lators such as Raf-1 (27), protein kinase C epsilon (28) and
sphingosine kinase 1 (29). However, although several PA bind-
ing sequences have been identified, a signature binding motif
for PA has yet to be identified (26, 30). Thus, the identification
of PA/PS-interacting proteins as well as their binding domains
is of interest, and the information will provide further insight
into the lipid interaction and regulation of these effectors. Pre-
vious studies have shown that nSMase2 activity can be stimu-
lated by APLs (6, 31). However, as nSMase2 does not contain a
previously characterized phospholipid binding domain, it is
unclear if and where APLs interact with this enzyme.

In this study, we find that nSMase2 directly interacts with
APLs, in particular with PS and PA. In addition, we have iden-
tified two discrete APL selective binding sites in the N terminus
of nSMase2, nSM2-APLB1 (nSMase2 APL binding type 1) and
nSM2-APLB2 (nSMase2 APL binding type 2) domains. Further
mutagenesis experiments allowed us to pinpoint the major cat-
ionic amino acids in the domains that are necessary for the
cooperative activation of nSMase2 by APLs. Moreover, both
domains are important for both activity and subcellular local-
ization of nSMase2 in mammalian cells. Finally, these binding
domains are also important for the capability of nSMase2 to
rescue the defects of yeast lacking the nSMase homologue,
ISC1. Taken together, these results offer insight into the inter-
actions between nSMase2 and APLs. Moreover, these data
strongly establish the N terminus of nSMase2 as a crucial com-
ponent in regulating its activity.

EXPERIMENTAL PROCEDURES
Materials—Anti-GFP antibody and anti-V5 antibody were

purchased from Invitrogen. Goat anti-rabbit and anti-mouse
antibodies were acquired from Santa Cruz Biotechnology, Inc.
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[choline-methyl-'*C]SM was provided by the Lipidomics Core
Facility at the Medical University of South Carolina. All other
lipids were purchased from Avanti Polar Lipids. All other
reagents were purchased from Sigma unless otherwise stated.

Cell Culture and cDNA Transfection—HEK293 cells were
cultured in MEM (Invitrogen) supplemented with 10% fetal
bovine serum at 37 °C in a humidified 5% CO, incubator. Cells
were transfected using Lipofectamine 2000 (Invitrogen) or
Effectene reagent (Qiagen) according to the manufacturer’s
instruction.

Mutagenesis of nSMase2 Constructs—Using a QuikChange
site-directed mutagenesis kit (Stratagene), point and deletion
mutations were introduced into the nSMase2 vectors generated
previously (12, 31), including GFP-fused mouse nSMase2 in
a pEGFP-N2 vector (Clontech), nSMase2(aa 1-123)-GFP,
nSMase2(aa 1-52)-GFP, and nSMase2 (aa 1-123/A12-59)-
GFP, nSMase2 tagged with V5 tag at the C terminus in a pEF6
vector (Invitrogen) (12) and FLAG-tagged nSMase2 in pYES2
yeast expression vector containing a galactose-inducible pro-
moter (31). All oligonucleotides used in this study are listed in
supplemental Table S1. The PCR products and constructs were
subsequently sequenced to verify the desired mutations.

Western Blot Analysis—The HEK293 or MCEF-7 cells were
collected in lysis buffer (1X PBS, protease inhibitor mixture
(Roche)) and homogenized by brief sonication. The homoge-
nate was centrifuged for 10 min at 800 X g at 4 °C, and the
supernatant was taken for protein determination using BCA
Assay (Bio-Rad). Equal amount total proteins from each lysate
were loaded onto 4-20% gradient SDS-polyacrylamide gels,
subjected to electrophoresis, and then transferred to polyvi-
nylidene difluoride membranes. The blots were probed using
1:2000 dilution of primary (anti-GFP, FLAG, or B-actin) anti-
body followed by horseradish peroxidase labeled secondary
antibody (1:5000 dilution) (Santa Cruz Biotechnology, Inc.).
The signals were detected using Enhanced Chemiluminescence
reagents (Pierce).

Expression and Immunoprecitation of nSMase2 in Yeast—
The Saccharomyces cerevisiae strain JK9-3da/iscIA (MATa
trpl leu2-3 his4 ura3 ade2 rmel ISCI1::KanMX) (32) was used
in this study. Synthetic minimal medium, containing galactose,
and uracil dropout supplement were purchased from Clontech.
Yeast extract and peptone were from Difco. Plasmids were
transformed into yeast cells as previously described (33), and
the expression of nSMase2 was induced by incubating the cells
in synthetic complete-uracil dropout medium containing 2%
galactose overnight and then harvested. Cells were lysed by vor-
texing with glass beads in lysis buffer (20 mm Tris pH 7.4, 0.5%
Triton X-100, 1 mm EDTA, protease inhibitor mixture), and
then spun for 100,000 X g for 60 min. The supernatant was
subjected to immunoprecipitation using a FLAGIPT1-FLAG
immunoprecipitation kit according to the manufacturer’s
instruction and the nSMase-FLAG was finally eluted from
beads by adding 3XFLAG peptide solution in the presence of
0.5% Triton X-100.

Lipid-Protein Overlay Assay—Lipid-protein overlay assays
were performed as described previously (34). Briefly, equimolar
amounts of the indicated dioleoyl-lipids were spotted onto
Hybond C extra nitrocellulose membrane (GE Healthcare).
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The membranes were allowed to dry for 1 h and were then
wetted by floating on purified water. The membranes were
equilibrated in Tris-buffered saline containing 0.1% (v/v)
Tween 20 (TBS-T) for 5 min, followed by blocking with 1.5%
fatty acid free bovine serum albumin (BSA)/TBS-T (blocking
reagent) for 1 h at room temperature. Cell lysates containing
nSMase2 were diluted into blocking reagent to a final concen-
tration of 10 ug/ml. The membranes were then incubated in the
presence of the enzyme overnight at 4 °C. The protein was iden-
tified by incubating with a 1:1500 dilution of anti-GFP or FLAG
antibody, followed by incubation with secondary antibody
(1:5000 dilution). Finally, the protein was visualized using
Enhanced Chemiluminescence with exposure to Biomax MR
film (Eastman Kodak Co.). Quantitative densitometry was per-
formed using ImageQuant TL software (GE Healthcare).

Assays of Neutral Sphingomyelinase Activities—In vitro neu-
tral SMase enzymatic assays were performed as described pre-
viously with modifications (31). Briefly, cells were collected and
lysed as described above. Each reaction mixture contained 100
mwm Tris (pH 7.4), 5 mm MgCl,, 0.1% Triton X-100, 2.5 mMm
dithiothreitol, and 100 um [choline-methyl-'*C]SM. For kinet-
ics determination, 12.5 uM (0.8 mol%) to 400 uMm (25.8 mol%)
SMs were used as substrate for the activity assays. To determine
the PA or PS effects on the nSMase activity, 3.1 um (0.2 mol%)
to 25 uM (1.6 mol%) PA or 12.5 um (0.8 mol%) to 400 um (25.8
mol%) PS were included in the buffer. After incubation for 0.5 h
at 37 °C, the reaction was stopped by adding 1.5 ml of chloro-
form/methanol (2:1), followed by adding 400 ul of water.
Phases were separated by centrifugation at 2000 X g for 5 min.
By subjecting 500 ul of the upper phase to scintillation count-
ing, SMase activity was determined by quantification of the
amount of released radioactive phosphocholine.

Immunofluorescence and Confocal Microscopy—HEK293 or
MCE-7 cells were plated onto 35-mm confocal dishes (MatTek)
and transfected with V5 tagged nSMase2 vectors (1 pg/dish).
Twenty-four hours post-transfection, cells were treated and
fixed with 3.7% formaldehyde for 10 min. Following fixation,
cells were permeabilized for 5 min with 100% methanol at
—20 °C and then blocked in 2% human serum (Jackson) in PBS
for 30 min at room temperature. Cells were blocked in
2% human serum for 1 h at room temperature. Anti-giantin
(Covance) or anti-calnexin antibodies were co-incubated with
anti-V5 antibody. Incubations were performed in 2% human
serum at 1:300 dilutions for 1 h at room temperature. Following
incubation with the primary antibody, cells were washed three
times with PBS, probed with fluorescent secondary antibody for
1 h atroom temperature. Cells were viewed on a Zeiss LSM 510
Meta Confocal Microscope.

Spot Test—Yeast cells from colonies transformed with pYES2
vector containing ISC1, ISCI-K168A, nSMase2, or nSMase2
mutants, including R334/A45-48, R92A/R93A, and R33A/
R92A/R93A/A45-48 were inoculated into liquid minimum
medium without uracil containing 2% dextrose. When the cells
reached log phase, the cultures were diluted to an absorbance of
Agoo of 0.3. Three dilutions of 1:10 were performed consecu-
tively for each transformant, cells from each dilution were spot-
ted on uracil dropout minimal medium plates containing galac-
tose and raffinose as carbon source. The plates were made with
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or without hydroxyurea (10 mg/ml). Spots were checked for
growth after 3 to 4 days of incubation at 30 °C.

Statistical Methods—Results are expressed as the mean =
S.D. The mean value is calculated from a single experiment.
The data are representative of at least two independent
experiments.

RESULTS

Binding of nSMase2 to APLs—Previously, we demonstrated
that nSMase2 activity is stimulated by several APLs, especially
PS, cardiolipin (CL), and PA (31). To define the physical inter-
actions between nSMase2 and APLs, binding studies were car-
ried out using the lipid-protein overlay method (fat-blot assays)
as described previously (35). Using this approach, several phos-
pholipids, including CL, PA, phosphatidylcholine, phosphati-
dylethanolamine, phosphatidylglycerol, phosphatidylinositol,
and PS, were immobilized on a nitrocellulose membrane, and
binding was examined by incubation with cell lysates from
HEK293 cells overexpressing nSMase2-GFP protein followed
by immunostaining with anti-GFP antibody. As a control for
nonspecific binding of protein to lipids, GFP overexpressor
HEK293 cells were used (Fig. 1, A and B). It was observed that
nSMase2-GFP bound strongly to PS, CL, and PA, with modest
binding to phosphatidylglycerol and phosphatidylinositol. On
the other hand, no binding was observed to the other immobi-
lized phospholipids. The binding of nSMase2-GFP to phospho-
lipids was very prominent whereas that of GFP was hardly
detectable (Fig. 1C). Similar results were further observed when
using lyates with overexpressed FLAG-tagged nSMase?2 in the
iscIA strain of Saccharomyces cerevisiae (Fig. 1, D and E).
Because nSMase2 localizes predominantly to the PM and partly
to the Golgi and CL is predominantly a mitochondrial lipid, we
chose to focus the subsequent studies on PA and PS. To dem-
onstrate direct binding of the protein to phospholipids, we eval-
uated the ability of immunoprecipitated nSMase2 to interact
with APLs. As shown in Fig. 1F, the interaction was also
detected between APLs and immunoprecipitated nSMase2-
FLAG expressed from yeast, confirming the direct binding. In
addition, we have performed a competition experiment by add-
ing PA or PS to nSMase2-FLAG prior to overlay assay (Fig. 1G).
Interestingly, while preincubation with PS in solution specifi-
cally inhibited the PS binding, a preincubation with PA was able
to inhibit the binding signals of both PA and PS, suggesting that
more than one APL binding domain may exist. Altogether,
these results demonstrate specific interaction of nSMase2 with
its specific activating APLs.

The N-terminal Is Essential for nSMase2 Binding to APLs—
As the N terminus of nSMase2 has two HSs, this region may
also contain the APL binding domain. To test this hypothesis,
we determined the APL binding capability of the N terminus of
nSMase2 (aa 1-123)-GFP and a deletion nSMase2 mutant
(A12-123) without the HSs (Fig. 2, A and B). As shown in Fig.
2C, only the nSMase2 (aa 1-123)-GFP displayed a robust inter-
action with PA and PS. In contrast, the N-terminal deletion
(A12-123) mutant showed no detectable binding. Although the
A12-123 mutant displayed a lower level of expression (Fig. 2B),
no interaction signal detected even at a 5-fold higher concen-
tration for this mutant (supplemental Fig. 2A4). These results
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FIGURE 1. Interaction of nSMase2 with APLs. A, schematic diagram of
nSMase2-GFP in pEGFP-N2 and nSMase2-FLAG in pYES2 expression vectors.
Mouse nSMase2 was fused to GFP or FLAG tag at the C terminus. B, HEK293 cells
were transfected with pEGFP vector or an expression construct of nSMase2-GFP.
Theimmunoblot analysis of nSMase2-GFP and GFP was performed with anti-GFP
antibody as described under “Experimental Procedures.” G, lipid-protein overlay
assay showed nSMase2 binding to immobilized lipids. Equimolar amounts of
lipids were immobilized on nitrocellulose membranes and probed with HEK293
cell lysates. The lipid-protein binding was identified by immunostaining with an
anti-GFP monoclonal antibody. The following dioleoyl-lipids were immobilized
on the membrane as indicated: CL, PA, PC, PE, PG, PI, PS, D, the immunoblot
analysis of nSMase2-FLAG expressed in yeast was performed with anti-FLAG anti-
body. nSMase2-FLAG was expressed in ISCTA S. cerevisiae and detected as
described under “Experimental Procedures”. E, lipid-protein overlay assay
showed nSMase2 expressed in yeast binding to immobilized lipids. F, interac-
tions between APLs and immunoprecipitated nSMase2-FLAG. The nSMase-FLAG
expressed in the yeast was immunoprecipitated as described under “Experimen-
tal Procedures.” The same percentage of the supernatant of immunoprecipita-
tion (lane 1) or eluted nSMase2 (lane 2) was analyzed by Western blot analysis
(upper panel). Lipid-protein overlay assays were performed using eluted
nSMase2-FLAG (lower panel). G, competition overlay assays were performed.
50 um PA (middle panel) or (right panel) PS was incubated with lysates
overexpressing nSMase2-FLAG for 1 h prior to performing the overlay
assays. The lysate together with PA or PS was then added to the blot for
lipid-protein overlay assay. The lipid binding signals were detected using
an antibody against FLAG. The results are representative experiments of
at least two independent experiments.

demonstrate that the N-terminal (aa 1-123) of nSMase2 is both
necessary and sufficient for binding to APLs.

Two APL Binding Domains Exist in the N Terminus of
nSMase2—Next, we examined the binding location by separat-
ing the N-terminal of nSMase2 into two segments tagged by
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FIGURE 2. nSMase2 N-terminal domain is essential for nSMase interac-
tion with APLs. A, schematic diagram of the four mutants of nSMase2. The
nSMase2 mutants were fused to GFP at the C terminus. B, immunoblot anal-
ysis of deletion mutants of nSMase2 with anti-GFP antibody. Lane 1, GFP; lane
2, nSMase? (aa1-123)-GFP; lane 3, nSMase2(A12-123)-GFP. C, lipid-protein
overlay assay showing the binding capabilities of various nSMase2 constructs
to APLs. D, immunoblot analysis of deletion mutants of nSMase2 with anti-
GFP antibody. Lane 1, nSMase2 (aa 1-52)-GFP; lane 2, nSMase2 (aa 1-123/
A12-59)-GFP; lane 3, nSMase2 (aa 1-123)-GFP. E, lipid-protein overlay assay
showing the binding capabilities of various nSMase2 constructs to APLs.
The results are representative experiments of at least two independent
experiments.

GFP at C terminus, nSMase2 (aa 1-52)-GFP containing the 1st
HS, and nSMase2 (aa 1-123/A12-59)-GFP containing only the
2nd HS (Fig. 2, A and D). Importantly, each of the segments
showed binding capability to APLs (Fig. 2E). Interestingly,
while the 1st segment showed a higher PA-binding signal, the
2nd segment bound to PS and PA with similar intensity. Thus,
two distinct APL-binding domains exist in the N terminus of
nSMase2, with preferential interactions with PA.
Characterization of the nSM2-APLBI Domain—As there are
no significant matches between the sequence of nSMase2 and
other defined lipid-binding domains, it became important to
identify the novel APL binding domains in nSMase2. A
mutagenesis approach was applied to identify the key determi-
nants of the 1st APL binding domain in nSMase2. Therefore, a
series of GFP-tagged deletion or point mutants were made from
mutants within aa 1-59 in nSMase2 tagged by GFP at the C
terminus (Fig. 34). The mutated vectors were then transformed
and overexpressed in HEK293 cells successfully according to
the Western blot results (Fig. 3B). The PA binding signal on the
fat blot was examined by incubation with HEK293 lysates
expressing the truncated or point mutants of nSMase2 (aa
1-59)-GFP. As shown in Fig. 3, A and C, while significant bind-
ing to PA was observed using the mutant nSMase2(aa 1-52)-
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FIGURE 3. Identification of the first APL binding determinants of N termi-
nus mutants of nSMase. A, a series of GFP-tagged deletion or point mutants
were made from mutants within aa 1-59 in nSMase2 tagged by GFP at C
terminus. Schematic diagram of deletion mutants is shown in the left panel.
The APL binding signal on the fat blot was examined by incubation with
HEK293 lysates expressing the truncated or point mutants of nSMase2 (aal-
59)-GFP. B, immunoblot analysis of expression of the deletion mutants of
nSMase2 with anti-GFP antibody. C, densitometry analyses were performed
using ImageQuant TL software (GE Healthcare). The relative value of each
lipid-protein interaction signal was calculated by subtracting the background
and normalized to its western signals from the upper band (the correct sized
band). Similar results were obtained in two separate experiments.

GEFP, decreased binding was found when deleting the hydro-
phobic segment as only weak signals were detected from
nSMase2 (aa 25-52)-GFP and no binding signals from
nSMase2(aa 1-26)-GFP. Because positively charged amino acid
have been shown to be important for APL and protein interac-
tion (36), we next determined the effects of mutation of Arg-33
and/or deletion of aa 45— 48 (KRQR) on binding to APL. Inter-
estingly, a point mutation of Arg-33 to Ala was enough to elim-
inate the PA binding signal of nSMase2 (aa 1-40)-GFP. For
nSMase2 (aa 1-52)-GFP, mutation of R33A or deletion of aa
45—48 resulted in decreased PA binding. However, only the
combination of R33A and deleting aa 45—48 could abolish the
interaction, suggesting these positive charged amino acid resi-
dues are important for interaction between nSMase2 and APLs
via electrostatic interactions. Interestingly, all mutants of the
first domain showed substantially less PS binding, and muta-
tion of Arg-33 or deletion of aa 45-48 nearly abolished all
detected PS binding. Taken together, the results identify the
first domain necessary for APL binding in nSMase2, with a con-
served “FPCYWXXDRLXASXXXTXXEKRXR” motif as the
binding core sequence (supplemental Fig. S4A4).
Characterization of the nSM2-APLB2 Domain—To localize
the second APL-specific binding domain in nSMase2, a series of
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GFP-tagged deletion or point mutants were generated from
mutant nSMase2 (aa 1-123/A12-59)-GFP (which harbors the
second HS) (supplemental Fig. S1A) and overexpressed in
HEK293 cells (supplemental Fig. S1B). The lysates were further
subjected to fat-blot binding assays (supplemental Fig. S1, A
and C). Mutation of either Arg-92 or Arg-93 to Ala decreased
APL binding signals whereas mutation of Arg-99 to Ala showed
no effects on the interaction signal. Moreover, mutating both
Arg-92 and Arg-93 resulted in complete loss of the interaction
for nSMase2 (aa 1-123/A12-59)-GFP, suggesting that Arg-92
and Arg-93 are the essential amino acid residues to interact
with APLs. Further, when part of the 2nd HS was truncated
(nSMase2 (aa 68 —123)-GFP), the binding signal decreased, and
further deletion of this HS (nSMase2 (aa 82—123)-GFP) elimi-
nated interaction, proving that the 2nd HS in nSMase2 is also
essential to this APL interaction domain. Therefore, the results
define the 2nd binding domain with motif “LXLLXXXLP-
FAXXGFXXWXPXQXXR(R/K)” as the binding core, which is
capable of binding PA and PS (supplemental Fig. S4A).

Effects of PS and PA on nSMase2 Enzymatic Activity—The
identification of two distinct domains that interact with APLs
suggested more complex interactions of PA and PS with the
enzyme. Therefore, we investigated how PA and PS affect
nSMase2 enzymatic activity. The FLAG-tagged full-length
nSMase2 was overexpressed in iscI1A cells, which are deleted in
the yeast sphingomyelinase Isclp, thus, providing negligible
background of SMase activity. As shown in Fig. 4, A and B,
nSMase2 was significantly stimulated by PS and PA in a dose-
dependent manner, confirming that PA and PS can activate
nSMase2. Interestingly, PA was significantly more effective in
activating nSMase2 than PS, although the extent of activation
was more pronounced with PS.

Next, kinetic studies were undertaken to define the interde-
pendence of PS and PA, and therefore nSMase2 activity was
evaluated in the presence of various concentrations of PA and
PS. Double-reciprocal plots showed that the K, was decreased
whereas the V.. was increased at higher concentrations of PS
(Fig. 4, C and D). Similar effects was also observed using PA
with the primary effects of PA being on decreasing the K, of the
enzyme (Fig. 4, E and F). These results demonstrate that PA and
PS can activate nSMase2 by affecting both the V, . and K, of
nSMase2.

Effects of Mutations of the APL Binding Domains on Lipid
Binding Capability of Full-length nSMase2—Upon identifi-
cation of the APL binding sequence using the various
mutants, we next examined if these domains are important
to the whole nSMase2 protein. Several mutants were gener-
ated, including nSMase2(R33A/A45-48)-FLAG (nSM2-APLB1
mutant), nSMase2(R92A/R93A)-FLAG (nSM2-APLB2 mutant)
and nSMase2(R33A/R92A/R93A/A45-48)-FLAG (combined
mutant). The wild type and mutated nSMase2 were trans-
formed and expressed in iscIA cells. As shown in the fat-blot
assays (Fig. 54), mutating the key amino acids in the nSM2-
APLB1 domain or the nSM2-APLB2 domain caused a
decrease of interaction signal for PA and PS. However, when
mutating both domains, almost all the binding signals were
abolished, confirming that the identified domains are impor-
tant for the full-length nSMase2 binding to APLs. By West-
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FIGURE 4. Effects of PS and PA on nSMase2 enzymatic activity. FLAG-tagged nSMase2 was expressed in isc1A S. cerevisiae and analyzed as described under
“Experimental Procedures.” A, N-SMase activity of nNSMase2 was measured at various concentrations of PS. B, N-SMase activity of nSMase2 was measured at
various concentrations of PA. C-D, PS effects on kinetics of nSMase2 activity. Under three various PS concentrations (1.6, 3.2, and 6.5 mol%), enzymatic kinetics
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0.4, and 0.8 mol%), enzymatic kinetics for N-SMase activity were analyzed. The data are the averages of duplicates. The values are expressed as the mean = S.D.

The data are representative of at least two independent experiments.
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FIGURE 5. Effects of mutations of the APL binding domains on lipid bind-
ing capability of full-length nSMase2. A, several mutants of full-length
nSMase2 were generated, including nSMase2(R33A/A45-48)-FLAG (nSM2-
APL1T mutant), nSMase2(R92A/R93A)-FLAG (nSM2-APL2 mutant) and
nSMase2(R33A/R92A/R93A/A45-48)-FLAG (combined mutant). The wild type
and mutated nSMase2 were transformed and expressed in iscTA S. cerevisiae
cells. The APL binding signal on the fat blot was examined by incubation with
cell lysates expressing nSMase2-FLAG and its mutants. B. immunoblot analy-
sis of nSMase2 and its mutants were performed using anti-FLAG antibody.
The data are representative of at least two independent experiments.

ern blot analysis, nSMase2 and its mutant were expressed at
similar levels (Fig. 5B). These results suggest a complemen-
tary mechanism between the two APL binding domains.
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Thus, these results further prove that both domains are
essential to the interaction between nSMase2 and APLs.

Effects of Mutations of the APL Binding Domains on APL-de-
pendent Activity of nSMase2—The above studies provided spe-
cific tools to determine the roles of the two APL binding
domains in mediating activation of nSMase2 by PA and PS.
Consistent with the binding results, weaker activation was
observed among these mutants. As shown in Fig. 64, at various
concentrations of PS, a significant decrease of activity was
observed for both nSM2-APLB1 and nSM2-APLB2 mutants.
Importantly, only minimal stimulation by PS was detected
when both domains were mutated. Similarly, the activation of
nSMase2 by PA was also abolished when mutating both
domains (Fig. 6B). However, a much more pronounced
decrease of activation was observed in the nSM2-APLBI1
domain mutant than the nSM2-APLB2 domain mutant under
PA stimulation. These results demonstrate that the two APL
binding domains are essential for the APL-dependent activa-
tion of nSMase2.

APL Binding Domains Are Important for nSMase2 to Localize
at the PM—Thus far, results have indicated that binding of APL
to nSMase?2 is important for its activity, consistent with PS as an
activator of nSMase2. A previous study showed that nSMase2
locates to the PM in confluent cells (15). Thus, we wanted to
determine if the APL binding domains are also important for
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FIGURE 6. Effects of the mutations in APL binding domains of full-length
nSMase2 on enzymatic activity. The wild type and mutated nSMase2 were
transformed and expressed in iscTA cells, and the cell lysates were subjected
to N-SMase activity assay as described in “Experimental Procedures.”
A, effects of mutations in APL binding domains on PS activation of nSMase?2.
B, effects of mutations in APL binding domains on PS activation of nSMase2.
The data are the averages of duplicates. The values are expressed as the
mean = S.D. The data are representative of at least two independent experi-
ments.

the subcellular localization of nSMase2. For this, the effects of
the specific mutations on the location of nSMase2 in HEK293
cells were examined. As can be seen (Fig. 7), wild-type
V5-tagged nSMase2 localized predominantly to the PM, con-
sistent with the previous study. The nSM2-APLB2 mutant
nSMase2-(R92A/R93A)-V5 also showed a predominant PM
pattern, while mutation of nSM2-APLB1 resulted in a de-
creased PM location. However, the double APL binding
domain mutant nSMase2-(R33A/R92A/R93A/A45—-48)-V5
had a strikingly different localization, and co-localized primar-
ily with the ER marker, calreticulin. Similar results were also
observed in MCF-7 cells (data not shown). These results indi-
cate that binding of APL to nSMase2 is necessary for correct
trafficking and localization of nSMase2 to the PM. Moreover, it
is suggested that the first APL binding domain plays a more
prominent role in this process.

Mutation of the nSMase2 in APL Binding Domains Abolishes Its
Capability to Correct the Sensitivity to Hydroxyurea in isclA—
To further confirm if the APL binding domains are important
for nSMase2 function, a yeast system was further applied. It has
been recently shown that the deletion of ISCI, the budding
yeast homologue of nSMase, renders cells sensitive to the geno-
toxic agent hydroxyurea (37). To examine if the APL binding
domains are important for nSMase2 function, wild-type
nSMase2 and the APL mutants cloned under a GAL promoter
in yeast expression plasmid pYES2 were used in a spot test.
Plasmid containing ISCI, ISCI-K168A (a non-functional ISC1
mutant (38)), nSMase2 and nSMase2 mutant (R33A/R92A/
R93A/A45-48) were used. As shown in Fig. 8 (right panel),
overexpressing ISCI or wild-type nSMase2 enhanced the
growth of isc1A cells in the presence of hydroxyurea compared
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FIGURE 7. APL binding domains are important for nSMase2 to localize at
the PM. HEK293 cells were transfected with nSMase-V5 and mutants (R33A/
A45-48, R92A/R93A and R33A/A45-48/R92A/R93A) expression vectors. After
24 h, the cells were fixed and co-stained with an antibody against calreticulin
(red, upper panel) and antibody against V5 (green, middle panel) for nSMase2
signal and then subjected to confocal microscopy evaluation. The colocaliza-
tion signals were observed as yellow or orange (lower panel). The data are
representative of at least two independent experiments.
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FIGURE 8. APL binding domain mutants fail to correct the defect of iscTA
S. cerevisiae cells. nNSMase2 APL binding domain mutant of nSMase2 (R33A/
A45-48/R92A/R93A), nSMase2, ISC1, or its nonfunctional mutant /ISCT-K168A
was expressed in iscTA S. cerevisiae cells, respectively. Exponentially growing
cells were first diluted to an Agy, of 0.3, and then serially diluted and spotted
onto agar Raf/Galactose uracil minus plates with or without 10 mg/ml
hydroxyurea (HU). The plates were incubated for 3-4 days at 30 °C. This
experiment was performed two times with similar results.

with the overexpression of a nonfunctional ISCI-K168A
mutant. The overexpression of the nSMase2 (R33A/R92A/
R93A/A45-48) mutant failed to correct the defect in isc1A cell.
In addition, decreased rescue effects were also observed for
nSM-APLB1 or nSM-APLB2 mutant (supplemental Fig. S3).
These results show that the APL binding domains are impor-
tant for the nSMase2 functions.

DISCUSSION

The interactions of proteins with APLs can have implications
both for cellular localization and enzymatic activity. In this
study, we have identified the interactions between nSMase2
and APLs. We find that nSMase2 interacts strongly with PS and
PA, defining two discrete domains in the N terminus of
nSMase2 as APL selective binding sites. These domains proved
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to be both necessary and sufficient for binding of PA or PS and
were able to impart APL-dependent stimulation of activity. In
addition, the results pinpoint the major cationic amino acids
that are necessary for the cooperative activation of nSMase2 by
PA and PS. Functionally, these domains are important for the
correct subcellular localization of nSMase2 and the ability of
nSMase2 to rescue the defects of yeast deficient in the nSMase
homologue ISC1. Taken together, these results provide insight
into the regulation of nSMase2 and strong evidence that the
N-terminal region of nSMase2 functions as a crucial regulatory
domain.

Previous studies from our laboratory reported in vitro acti-
vation of nSMase2 by APLs (31). Extending these findings, the
current study focused on which APLs interact with nSMase2
and further determining how nSMase2 is activated by these
lipids. Utilizing lipid-protein overlay assays, nSMase2 was
found to interact with several APLs, including PA, PS, and CL
(Fig. 1). This is consistent with our earlier data where these
three lipids, particularly PS and CL showed the greatest activa-
tion of nSMase2 activity. It should be noted that CL is predom-
inantly localized to the mitochondria (39). However, nSMase2
does not appear to possess a mitochondrial targeting peptide
and so does not localize to mitochondria. Thus, as nSMase2
primarily localizes to the PM, Golgi, and endosomal system
(40), it is more likely that PA and PS are the primary lipids that
interact with nSMase2 in the cell. Indeed, both nSMase2 and PS
are localized on the inner leaflet of the PM (13, 41).

Analysis of the nSMase2 sequence revealed no previously
characterized APL-binding motifs, suggesting the possibility
that novel APL binding motifs may exist in nSMase2. To probe
this, studies utilizing a wide range of deletions within the
nSMase2 sequence were undertaken. Initial deletion studies
revealed that the N-terminal region between residues 12 and
123 was both necessary and sufficient for binding to PS and PA
(Fig. 2). Upon further investigation, we identified two distinct
APL-binding domains in the N-terminal region. Mutagenesis
analyses and sequence alignments revealed that the con-
served motif “FPCYWXXDRLXASXXXTXXEKRXR” is the
core sequence of the nSM2-APLB1 domain, while the motif
“LXLLXXXLPFAXXGFXXWXPXQXXR(R/K)” reflects the core
sequence of the nSM2-APLB2 domain. Of these sequences, the
amino acids Arg-33, Arg-45, and Arg-48 were crucial for lipid
binding to the first domain whereas Arg-92 and Arg-93 were crit-
ical residues in the second domain. In previous studies, the motif
“FXEXLKXXXKXR” was found in the APL-binding C2 domain in
PKC and other enzymes (42). Notably, a similar peptide sequence
“FLFGRSEIR” was found in the C terminus of Isc1p and was also
demonstrated to be important for PS binding (36). Although no
such motif was identified in nSMase2, the pattern of a hydropho-
bic segment containing phenylalanine and leucine residues which
in turn are followed by multiple basic amino acids is largely con-
served between the sequences. This provides further support that
the core sequences identified here are important for nSMase2-
APL interactions. This also suggests that for many lipid-protein
interactions, there may not always be a defined motif among all
proteins, but that the overall biochemical properties of the core
amino acid sequence are the more important factor. Thus, for PS
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and PA binding, there appear to be the three determinants of a
hydrophobic domain, Phe/Leu residues, and cationic amino acids.

It should be also noted that the binding signals may be
derived from indirect interactions through membrane-associ-
ate partner proteins of nSMase2. To examine this possibility of
indirect effects, lipid-protein binding assays were also per-
formed using nSMase2 overexpressed in the S. cerevisiae,
which is less likely to harbor an endogenous partner protein of
nSMase2. Similar binding signals were detected in both mam-
malian and yeast expression systems. The direct interactions
were further confirmed between APLs and immunoprecipi-
tated nSMase2 expressed in the yeast. Moreover, according to
the topology of nSMase2 (13), the identified domains are partly
embedded in and partly on the surface of membrane. As a
result, the key positively charged amino acid residues of these
binding domains can form electrostatic bonds with the negative
changed heads of APLs while the HSs inserts into the mem-
brane, resulting direct and specific interaction between
nSMase2 and membrane. Finally, the identified domains
required for APL binding resemble those of other PS-acting
enzymes such as PKC and phosphatidylserine decarboxylase
(42). Altogether, the above evidences support that the direct
interactions exist between nSMase2 and APLs.

The current results also suggest that the two domains are
cooperative in their binding to APLs. Within this context, the
most important information can be deduced by comparing
the full length nSMase2 with the nSMase mutants containing
one or two non-functional domains. In lipid-protein overlay
assays, while mutating the key amino acids in either the nSM2-
APLB1 or the nSM2-APLB2 domain caused a decrease of
interaction signal for PA and PS whereas mutating both
domains, almost all the binding signals were inhibited (Fig. 5).
Similarly in cells, mutation of individual APL-binding domains
resulted in moderate subcellular localization changes whereas
mutation of both domains resulted in a stronger mislocaliza-
tion of the enzyme. Finally, as the two domains have different
binding specificities to PA and PS, the effects of both PA and PS
on nSMase2 activity were determined and, interestingly, some
additive effects were observed (data not shown). Taken
together, these results suggest that there is cooperativity
between the two APL binding domains. However, the limita-
tions imposed by immunodetection of protein binding have
prevented an accurate quantitation of kinetic binding parame-
ters in this study. Notably, as nSMase2, is a hydrophobic pro-
tein, it does not lend itself to classical approaches to tease out
specific from nonspecific membrane interactions. In future, it
will be important to perform a more in-depth analysis of the
kinetic binding parameters between nSMase2 and APLs.

It is also notable that the core binding sequence of nSMase2
are highly conserved across different species (supplemental Fig.
S4A), suggesting that interactions with APLs are conserved
among mammalian nSMase2. Interestingly, a novel member of
the N-SMase family was identified in zebrafish and found to
localize to mitochondria (43). Although distinct from zebrafish
nSMase2, the mitochondrial SMase was strongly activated by
APLs. Moreover, the APL-binding motifs in nSMase2 identi-
fied here share a high degree of homology with the zebrafish
SMase. In particular, there is conservation of some of the essen-
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tial amino acid residues in thee domains such as Arg-33, Arg-
48, Arg-92, and Arg-93 (supplemental Fig. S4B). Thus, we spec-
ulate that these regions very likely are important for APL
activation of the mitochondrial SMase. Although, given its dis-
tinct localization it is likely to be a direct in vivo target of mito-
chondrial CL rather than PS. Thus, besides nSMase2, the iden-
tified motifs may clearly play roles in other N-SMase family
members and other proteins.

The enzymologic assessment of APL effects on nSMase2 sug-
gested mechanisms by which APLs can activate nSMase2.
Given the localization of the binding domains in the N terminus
and the catalytic core in the C terminus, one potential mecha-
nism would be that interaction of nSMase2 with APLs causes a
conformational change in nSMase2 resulting in an active form.
This hypothesis was supported by the effects of APL on nSMase2
kinetics showing that APLs decrease the K, of nSMase2 (Fig. 4),
thus increasing the affinity of nSMase2 for the SM substrate. How-
ever, APLs also increased the V, . of nSMase2 implying that they
can also enhance catalytic activity of the enzyme. Nevertheless,
this again suggests that the primary effects of APLs on nSMase2
conformation are to induce optimal interaction with the substrate.
This was further substantiated by the fact that mutations in the
APL binding domains decreased the capacity for APL to activate
nSMase2 (Fig. 6). Previous studies from our laboratory put for-
ward a model of APL activation of Isclp. In this tether and pull
model, the C terminus of Isc1p. has greater affinity for membranes
in the presence of PS, CL, or PG (the tether), and intramolecular
interactions with the N-terminal catalytic domain serve to “pull”
the active site to interact with lipid substrates. However, as the
domain structures of nSMase2 and Isclp are opposite (nSMase2
has N-terminal phospholipid binding and C-terminal catalytic
core whereas Isclp is the other way round), it is uncertain if the
same activation model would hold true for nSMase2. Moreover, as
the structures of both nSMase2 and Isc1p are unknown, the orien-
tation of the active site and the N-terminal phospholipid binding
sites are unclear. Thus, further investigation and, indeed, identifi-
cation of the crystal structure of nSMase2 would shed light on the
exact mechanism for APL activation of nSMase2.

In cells, nSMase2 has been observed to localize to several
organelles and a number of studies have suggested that the traf-
ficking of nSMase2 is important for nSMase2 functions. For
example, the PM localization of nSMase2 could be enhanced
upon stimulation (e.g. TNF-a, H,O,) or cell confluence (11, 15,
16, 44). A recent study also demonstrated that nSMase2 local-
ization and activity were regulated by endocytosis (45). In this
study, we have shown that, in addition to effects on enzymatic
activity, mutation of APL binding domains also seem to be
important for subcellular localization of nSMase2 (Fig. 7).
Mechanistically, the reasons for this are unclear. One possibil-
ity is that mutations in APL-nSMase2 interaction inhibit the
trafficking of nSMase2 to Golgi and PM. Alternatively, as muta-
tion of nSM2-APL binding domains decreases the proteins
capability of anchoring on the PM. It is also possible these
mutants are subjected to quick endocytosis at the PM, resulting
in decrease PM localization. Another possibility is that interac-
tion with APLs is required for correct insertion of nSMase2 into
the membrane as has been reported for other enzymes (46).
Consequently, the topology of the enzyme is altered and it is
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unable to move beyond the ER and/or Golgi owing to masking
of targeting signals. Overall, the exact mechanism for the roles
of APL binding in regulating nSMase2 trafficking warrants fur-
ther investigation.

Both PA and PS have been implicated in a large range of
cellular processes including cell growth, development, and
stress responses (26). Indeed, PA has emerged as a pivotal lipid
messenger and can be produced by both phospholipase D and
diacylglycerol kinase pathways. The identification of PA effec-
tors can provide valuable insights into the cellular roles of PA.
Interestingly, some of the known nSMase2 activators have also
been reported to generate PA. For example, H,O, has been
reported to induce nSMase2 activity in bronchial epithelial cells
(44) and has also been shown to stimulate phospholipase D
activity and generation of PA (47). Additionally, hypoxia can
increase the intracellular level of PA through the action of DGK
(48) and can also stimulate nSMase2 activity (49). A recent
study showed that PLD1 can play important roles in mediating
signaling responses to TNF-« (50). Finally, PA generation has
been reported to occur in the caveolae/lipid raft domains in
response to some stimuli (16) and N-SMase activity was also
localized to these domains (51, 52). Indeed, this was reported to
be due to nSMase2 (53). Thus, nSMase2 may be ideally local-
ized for activation in response to rapid generation of PA. Sim-
ilarly, like nSMase2, PS is also present on the cytoplasmic side
of the PM where it provides anchorage for signaling proteins.

In conclusion, the results from this study have identified two
distinct phospholipid binding domains in nSMase2. These
domains are important for both activity and subcellular local-
ization of nSMase2 and were essential for the capacity of
nSMase2 to rescue the defects of yeast deleted in the N-SMase
homologue ISC1. The identification of these domains confirms
the importance of the N terminus of nSMase2 for full enzymatic
activity, and provides further insight into the regulation of
nSMase2 at the molecular level.
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