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Lipid phosphate phosphatase
S) sits at the crossroads of sphingomyelin (SM), ceramide, diacylglycerol (DAG)
metabolism. It utilizes ceramide and phosphatidylcholine as substrates to produce SM and DAG, thereby
regulating lipid messengers which play a role in cell survival and apoptosis. There are two isoforms of the
enzyme, SMS1 and SMS2. Both SMS1 and SMS2 contain two histidines and one aspartic acid which are
evolutionary conserved within the lipid phosphate phosphatase superfamily. In this study, we systematically
mutated these amino acids using site-directed mutagenesis and found that each point mutation abolished
SMS activity without altering cellular distribution. We also explored the domains which are responsible for
cellular distribution of both enzymes. Given their role as a potential regulator of diseases, these findings,
coupled with homology modeling of SMS1 and SMS2, will be useful for drug development targeting SMS.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The de novo synthesis of SM requires the action of a serine
palmitoyl-CoA transferase (SPT), 3-ketosphinganine reductase, cer-
amide synthase, dihydroceramide desaturase, and SMS [1]. SMS is the
last enzyme for SM biosynthesis. It utilizes ceramide and PC as
substrates to produce SM and DAG [1], and its activity thus directly
influences SM, PC, and ceramide, as well as DAG levels. SMS activity
directly links to plasmamembrane structures and cell functionswhich
may well have impact on disease development [2–7]. Many studies
have indicated that SMS is located mainly in the cis-, medial-Golgi
[8,9], and plasma membranes [10-12]. There has been evidence of a
form of SMS in the trans-Golgi network [13] and at the nuclear level
[14]. In addition, SMS activity has been found in chromatin, and
chromatin-associated SMSmodifies the SMcontent [14-16]. Of the two
mammalian SMS gene isoforms, SMS1 is located on cis-, medial-Golgi,
while SMS2 is found in plasma membranes [17]. However, a recent
report showed that SMS1 localized to the trans-Golgi network [18].

Hydrophobicity analysis has postulated that both SMS1 and SMS2
contain six membrane-spanning alpha helices connected by hydro-
philic regions that would form extramembrane loops [16]. SMS1 and
SMS2 contain four highly conserved sequence motifs, designated D1,
D2, D3, and D4 (Fig. 1) [17]. Motifs D3 (C-G-D-X3-S-G-H-T) and D4 (H-
Y-T-X-D-V-X3-Y-X6-F-X2-Y-H), containing conserved amino acids HHD
myelin synthase; LPPs, lipid
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(underlined), are similar to the C2 and C3 motifs in lipid phosphate
phosphatase (LPPs) which form a catalytic triad mediating the
nucleophilic attack on the lipid phosphate ester bond [17,19] (Fig. 1).

In this study, using site-directed mutagenesis, we systematically
changed the HHD motif and found that each point mutation
completely abolished SMS activity without altering cellular distribu-
tion. These results provide a molecular basis for designing SMS
inhibitors. Furthermore, we analyzed the contribution of domains
unique to each isoform on the differential localization pattern for
SMS1 and SMS2.

2. Methods and materials

2.1. Reagents

Bovine brainL-α-phosphatidylcholine (PC) and NBD-C6-ceramide
were purchased from Sigma.

2.2. Plasmids

Expression vectors containing SMS1 (BC117782) and SMS2
(BC042899) were purchased from Open Biosystems. SMS1 and SMS2
were subcloned into pCMV-3×Flag14 (Sigma). All point mutations
were introduced using the QuikChange Site-Directed Mutagenesis Kit
(Strategene). N-terminal SAM domain deletion from SMS1 was
performed by PCR amplification of base pairs 181–1239 using a 5′
primer containing an EcoR1 cutting site and a 3′ primer containing a
BamH1 cutting site. N-terminal SAM addition to SMS2 was performed
by ligation of a PCR amplicon of base pairs 1–184 from SMS1 (using a
3′ primer containing an Xba1 cutting site) to a PCR amplicon of base
pairs 4–1095 from SMS2 (using a 5′ primer containing an Xba1 cutting
site). All constructs were verified by DNA sequencing.
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Fig. 1. Alignment of conserved regions between SMS and LPPs. Evolutionary conserved domains (D1–D4) in human SMS1 and human SMS2 are aligned with conserved domains
(C1–C3) in three human LPPs: LPP1, LPP2, and LPP3. Highlighted amino acids represent residues responsible for catalytic activity in LPPs.
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2.3. Cell culture and transfection

Hela and HEK-293 cells were grown in monolayers at 37 °C in 5%
CO2. All cells were cultured in DMEM containing 10% (v/v) FBS, 100 U/
ml penicillin and streptomycin, and 2 mM glutamine. Plasmids were
transfected using Lipofectamine 2000 (Invitrogen).

2.4. Imunoprecipitation and immunoblotting

Cells were lysed in 200 mMNaCl, 50 mM Tris (pH 7.5), 1 mM EDTA,
and 1% (v/v) protease inhibitor cocktail (Sigma). Cell debris were
cleared by centrifugation at 8200 g for 10 min. For immunoprecipita-
tion, lysates were incubated with Flag antibody conjugated Nickel
Affinity Gel (Sigma) for 2 h. The gel was then washed in lysis buffer,
bound proteins were eluted by adding SDS PAGE loading buffer. The
Fig. 2. Point mutation of individual conserved residues within D3 and D4 abolishes SMS1 a
immunoprecipitation from Hela cells transiently expressing the respective enzyme. The prot
targeted protein. Both cadherin (top) and αMannosidase II (bottom) are depicted in green, w
(S283A, H285A, H328A, H332A, S273A) exhibits aWT localization pattern.αMannosidase II is
eluted proteins were immunoblotted with an anti-Flag HRP (Sigma)
(1:2000) for 1 h. Following three washes, proteins were detected by
the chemiluminescence method (Pierce).

2.5. Immunohistochemistry

Cells were grown, transfected with plasmid, and prepared for
microscopy directly on an eight-well chamber slide (Nunc) for 48 h.
Subconfluent cells were washed three times with PBS and then fixed
in 4% formaldehyde in PBS for 10min. Cells werewashedwith PBS and
permeabilized with PBS containing 0.1% Triton X-100, washed, and
then blocked in 3% BSA in PBS for 1 h. Cells were then incubated with
anti-Flag Cy3 1:250 (Sigma) and anti-panCadherin FITC 1:250
(Abcam) or anti-Flag Cy3 1:250 and anti-αMannosidase II 1:25
(USBiological) diluted in blocking buffer. Where applicable, cells
ctivity. (A) SMS activity was performed on wild type (WT) or mutant SMS1 following
ein level of each enzyme is shown in a western blot below. (B) Wild type SMS1 is a Golgi
hile SMS1-Flag is depicted in red. TOPRO-3, a DNA dye is in blue. (C) Each SMS1 mutant
depicted in green. Flag-tagged SMS1 andmutants are depicted in red. TOPRO-3 is in blue.
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were incubated with anti-rabbit FITC 1:1000 (Vector Labs). After three
washes, TOPRO-3 (Invitrogen), diluted 1:1000 in blocking buffer, was
added to cells to stain the nuclei. Slides were mounted in VectaShield
(Vector Labs) and analyzed on a confocal microscope (Bio-Rad
Radiance 2000) using 488 nm, 543 nm, and 638 nm excitation and a
40× objective lens. Images were processed with Photoshop (Adobe).

2.6. SMS1-, SMS2-specific activity assay

Cells, transiently expressing Flag-tagged SMS1 or SMS2, were
lysed in 200 mM NaCl, 50 mM Tris (pH 7.5), 1 mM EDTA, and 1%
(v/v) protease inhibitor cocktail (Sigma). Cell debris were cleared
by centrifugation at 8200 g for 10 min. Immunoprecipitation was
performed by incubating lysate with 30 μl of an anti-Flag M2
monoclonal antibody covalently bound to agarose beads (Sigma)
for 2 h. Immune complexes were washed three times with 50 mM
Tris (pH 7.5), 5% sucrose, 1 mM EDTA. SMS1 or SMS2 activity assay
was then performed as previously described [2]. Briefly, 50 mM
Tris–HCl (pH 7.4), 25 mM KCl, C6-NBD-ceramide (0.1 μg/μl), and
phosphatidylcholine (0.01 μg/μl) was incubated with the immuno-
precipitate at 37 °C for 45 min. Lipids were extracted in chloro-
form: methanol (2:1), dried under N2 gas, and separated by thin
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layer chromatography (TLC) using Chloroform:MeOH:NH4OH
(14:6:1).

3. Results and discussion

3.1. Domains responsible for SMS activity

From ceramide and phosphatidylcholine, SMS generates SM,
and DAG as a side product. In this process the phosphomonoester
bond between phosphocholine and DAG of phosphatidylcholine
must be broken, allowing the transfer of phosphocholine to
ceramide. Due to similarities between SMS and LPPs, it has been
speculated that they share a common catalytic mechanism,
however, this concept has not been proven. Domains designated
D3 and D4 from both SMS1 and SMS2 share key sequence ho-
mologies with the active site of LPPs. Within the C2 and C3
domains of LPPs, two histidines and one aspartic acid form a
catalytic triad mediating phosphomonoester hydrolysis [17,19]
(Fig. 1).

To demonstrate that the analogous His, His, Asp (HHD) triad in
SMS1 is responsible for SMS activity, we utilized site-directed
mutagenesis to replace each amino acid with alanine and prepared
five unique SMS1mutants (S273A, S283A, H285A, H328A, and D332A)
along with WT SMS1 (Fig. 2A). In SMS1, H285 corresponds to the
Fig. 3. Point mutation of individual conserved residues within D3 and D4 abolishes SMS2 ac
mutant SMS1 following immunoprecipitation from Hela cells transiently expressing the resp
localizes to both the plasmamembrane and Golgi. Both cadherin (top) andαMannosidase II (
Each SMS1 mutant (S2227A, H229A, H272A, H276A, S217A) exhibits a WT localization patt
TOPRO-3 is in blue.
catalytic acid–base residue in LPPs [19]. H328 and D332, meanwhile,
act coordinately to mediate a nucleophilic attack on the phosphomo-
noester bond. Serine 283 is evolutionarily conserved between animal
SMSs [17] as well as within human LPPs [20]. This serine in LPPs has
been implicated in hydrogen binding to the phosphate group [20].
Serine 273 mutant served as a control, since S273 is outside of D3, and
therefore is not in the putative active site. In order to control for
expression levels, we added a Flag tag at the C terminus of each
construct. To accurately compare the specific activity of each mutant
with wild type SMS1 without noise from endogenous SMS1 and SMS2
(both are expressed in all tissues which were tested), SMS activity
assay was performed following Flag affinity immunopurification. As
indicated in Fig. 2A, SMS1-Flag (WT) and S273A have comparable
specific SMS activity, but H285A, H328A, D332A, and S283A have no
detectable activity. Therefore, each amino acid of the HHD triad in
SMS1, as well as the conserved serine 283 is necessary for SMS1
activity.

To rule out the possibility that any of these point mutations yielded
an inactive enzyme secondary to causing a global change in protein
structure, we confirmed that the subcellular localization of each
mutant remained identical to the wild type enzyme. As expected,
confocal analysis showed that SMS1-Flag (WT) are located on Golgi
complex, since it was co-localized with α Mannosidase II, a well-
known Golgi marker (Fig. 2B). There is no detectable signal on plasma
tivity with the exception of S227. (A) SMS activity was performed on wild type (WT) or
ective enzyme. The protein levels of each enzyme is shown below. (B) Wild type SMS2
bottom) are depicted in green, while SMS2-Flag is depicted in red. TOPRO-3 is in blue. (C)
ern. Cadherin is depicted in green. Flag-tagged SMS1 and mutants are depicted in red.
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membrane (Fig. 2B). This result confirmed a previous report [17].
Moreover, all mutants have a normal cellular distribution, compared
withWT (Fig. 2B and C), indicating the normal enzyme topology is still
maintained in the “dead” enzyme.

We also prepared Flag-tagged wild type SMS2 as well as mutants
analogous to those described above for SMS1 (Fig. 3). Similarly,
individual mutations of the SMS2 HHD triad all abolished SMS2
activity as opposed to wild type SMS2 and the control (S217A)
mutant (Fig. 3A). Interestingly, one difference between SMS1 and
SMS2 is that SMS1-S283A has no activity, while SMS2-S227A retains
approximately 30% of a wild type specific activity, suggesting that
although both serines are located next to HHD motifs (Fig. 1A), they
have a different impact on catalytic domain formation. It has been
suggested that S181 in LPP1, analogous to S283 in SMS1 and S227 in
SMS2, can form a hydrogen bond with the phosphate group while it
is in the active site instead of directly participating in catalysis [19].
Therefore, it is not surprising that S227A is not completely
necessary for SMS activity. There is likely a neighboring residue
within the tertiary structure of SMS2 which is functionally equi-
valent to S227.
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As shown in Fig. 3B, a portion of SMS2-Flag (WT) was located on
plasma membrane where it co-localized with cadherin (a well-known
plasma membrane marker), and a portion was found in the peri-
nuclear region where it co-localized with Golgi marker α Mannosi-
dase II. This result also confirmed a previous report [17]. Furthermore,
all mutants have an identical cellular distribution as WT (Fig. 3B and
C), suggesting that these point mutations only influenced SMS2
catalytic activity but not the enzyme topology.

So far, no experimental studies identifying the locale of an SMS
active site have been reported. In this study, we utilized site-
directed mutagenesis to elucidate the catalytic structure for both
SMS1 and SMS2. SMS activity is closely related with four important
lipids, ceramide, DAG, SM, and phosphatidylcholine, which are
involved in plasma membrane formation, signal transduction, and
lipoprotein metabolism. The catalytically inactive enzymes created
by this study will be very useful in the future studies. Potentially,
SMS is a therapeutic target for the treatment of diseases, such as
cancer and atherosclerosis, and elucidating the amino acids that
form an active site for SMS will provide a molecular basis for de-
signing the drugs.

Based on the LPP structure [18] and through homology modeling,
we have created a tertiary structure model of SMS1, which shows a
favorable distance of 4.27 Å for the interaction between H328 and
D332, as well as an 11.90 Å distance between H328 and H283 which
can accommodate the phosphate group from phosphatidylcholine
(Fig. 4). This model is also applicable to SMS2. From this model, we can
clearly see that the replacement of any one of these three amino acids
abolishes SMS1 or SMS2 activity in the cells.
Fig. 4. A favorable conformation of active site of human SMS1. The three-dimensional struct
protein (PDB entry 2IC8) and PhoN protein (PDB entry 2AKC), with known structures, were u
were conducted by using the Modeler module in the Discovery Studio software (version 1.6,
the respective distances between residues are depicted.
3.2. Analysis of a domain unique to SMS1 on subcellular localization

SMS1 is a Golgi protein which has been co-localized with the Golgi
marker Mannosidase II [17] (Fig. 2B). SMS2 on the other hand localizes
to both the plasma membrane as well as the Golgi [17] (Fig. 3B). There
are no known or predicted targeting signals in either protein.
Although the genes encoding these two isoforms are located on
distinct chromosomes, SMS1 and SMS2 are 51.5% identical in protein
sequence.

Sequence-wise, the most striking difference between the two
isoforms is that SMS1, but not SMS2 has an N-terminal Sterile Alpha
Motif (SAM) domain. We explored the possibility that this SMS1
unique sequence may play a role in the differential subcellular
localization of SMS1 and SMS2.

Truncation of 61 amino acids from the SMS1 SAM domain resulted
in a mutant with an identical distribution pattern as the wild type
enzyme (Fig. 5C). Furthermore, addition of these 61 amino acids to the
N-terminus of SMS2 did not alter localization of the protein (Fig. 5D).
This was surprising because trans-Golgi resident proteins have been
known to target to the Golgi through aggregation and subsequent
exclusion from transport vesicles. SAM, conventionally thought of as a
protein interaction domain, has also been shown to mediate homo-
oligomerization [21]. Although the results are not expected, we
conclude that the SMS1 SAM domain is neither necessary nor
sufficient for Golgi targeting of SMS. The domains, responsible to
subcellular distribution of both enzymes, should be located within the
region where SMS1 and SMS2 share the similarity. Furthermore, the
SAM domain does not influence SMS activity. As shown in Fig. 5B,
ural model of human SMS1 was built through homology modeling. Two proteins, GlpG
sed as templates. Multiple sequence alignments and construction of homology models
Accelrys Inc.). The conserved histidine 285, histidine 328, and histidine 332 along with



Fig. 5. Analysis of potentially important domains for the differential localization of SMS1 and SMS2. (A) Schematic of the Flag-tagged constructs used. SAM: Sterile Alpha Motif. TM:
transmembrane domain. (B) SMS1ΔSAM-Flag, a mutant with truncation of the first 61 amino acids from SMS1, shows no defect in SMS activity compared with WT SMS1-Flag.
Likewise, SAM-SMS2, a fusion protein comprised of the SAMdomain from SMS1 (amino acids 1–61) and the entirety of SMS2, has unaltered SMS activity compared toWT-SMS2-Flag.
The protein levels of each enzyme is shown at the bottom. (C) SMS1ΔSAM-Flag remains as a Golgi targeted protein. α Mannosidase II is depicted in green, while SMS1ΔSAM-Flag is
depicted in red. TOPRO-3 is in blue. (D) SAM-SMS2-Flag exhibits an identical localization pattern compared towild type SMS2. Cadherin is depicted in green, while SAM–SMS2-Flag is
depicted in red. TOPRO-3 is in blue.
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deletion of SAM from SMS1 or addition of SAM to SMS2 has no
appreciable impact on SMS activity. Since SMS activity is potentially
important in certain diseases, and SMS1 and SMS2 activity may have a
different impact on the process of disease development, to elucidate
these domains could provide a molecular basis for studying isoform-
specific properties for both SMS1 and SMS2. This aspect deserves
further investigation. For an unknown reason SMS1-Flag western blot
showed a doublet (Figs. 2A and 5B). The up band with correct
molecular weight of SMS1-Flag disappeared in truncated SMS1-Flag
transfected cells (Fig. 5B).
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