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(Background: Many invertebrates contain ceramide phosphoethanolamine (CPE) rather than sphingomyelin as key mem-
Results: Insect-specific CPE synthase belongs to a novel branch of CDP-alcohol phosphotransferases with unique membrane
Conclusion: CPE production is catalyzed by a CDP-ethanolamine:ceramide ethanolamine phosphotransferase in the Golgi

Significance: Identification of CPE synthase provides a novel opportunity to elucidate the biological role of an enigmatic but
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Sphingomyelin (SM) is a vital component of mammalian
membranes, providing mechanical stability and a structural
framework for plasma membrane organization. Its production
involves the transfer of phosphocholine from phosphatidylcho-
line onto ceramide, a reaction catalyzed by SM synthase in
the Golgi lumen. Drosophila lacks SM and instead synthesizes
the SM analogue ceramide phosphoethanolamine (CPE) as the
principal membrane sphingolipid. The corresponding CPE syn-
thase shares mechanistic features with enzymes mediating
phospholipid biosynthesis via the Kennedy pathway. Using a
functional cloning strategy, we here identified a CDP-ethanola-
mine:ceramide ethanolamine phosphotransferase as the enzyme
responsible for CPE production in Drosophila. CPE synthase
constitutes a new branch within the CDP-alcohol phospho-
transferase superfamily with homologues in Arthropoda (insects,
spiders, mites, scorpions), Cnidaria (Hydra, sea anemones), and
Mollusca (oysters) but not in most other animal phyla. The
enzyme resides in the Golgi complex with its active site facing
the lumen, contrary to the membrane topology of other CDP-
alcohol phosphotransferases. Our findings open up an impor-
tant new avenue to address the biological role of CPE, an enig-
matic membrane constituent of a wide variety of invertebrate
and marine organisms.
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Sphingolipids are essential components of the plasma mem-
brane. They are primarily concentrated in the exoplasmic leaf-
let, providing an important structural framework for plasma
membrane organization and function (1). As in mammals, Dro-
sophila sphingolipids are critical for developmental processes
such as embryogenesis, neurogenesis, and gametogenesis,
whereas intermediates of sphingolipid metabolism have been
associated with signal transduction cascades, cell death, and
phagocytosis (2, 3).

Nevertheless, there are some remarkable differences
between sphingolipids of Drosophila and mammals. The major
sphingoid bases in Drosophila and other dipterans are tetrade-
casphingenine (C14) and hexadecasphingenine (C16) as com-
pared with octadecasphingenine (C18) in mammals (4, 5). Also,
the fatty acids that are amino-linked to the sphingoid bases to
create ceramides are shorter in Drosophila sphingolipids in
comparison with mammals. These characteristics predict that
membranes would remain fluid even at lower temperature,
which correlates well with the requirement of lower ambient
temperatures for Drosophila survival. Moreover, Drosophila
lacks the phosphocholine-containing sphingomyelin (SM)*
found in mammalian membranes and instead synthesizes cer-
amide phosphoethanolamine (CPE) (4, 6, 7). The smaller cross-
sectional area of the phosphoethanolamine headgroup in CPE
allows a closer contact between these molecules in comparison

“The abbreviations used are: SM, sphingomyelin; SMS, sphingomyelin syn-
thase; SMSr, SMS-related; CAEP, ceramide aminoethylphosphonate; CAPT,
CDP-alcohol phosphotransferase; CCS, candidate CPE synthase(s); CDP-
Eth, CDP-ethanolamine; CEPT, choline/ethanolamine phosphotransferase;
EPT, ethanolamine phosphotransferase; Cer, ceramide; CLS, cardiolipin
synthase; CPE, ceramide phosphoethanolamine; CPES, CPE synthase; ER,
endoplasmic reticulum; NBD, 7-nitrobenz-2-oxa-1,3-diazol-4-yl; PC, phos-
phatidylcholine; PE, phosphatidylethanolamine; PIS, phosphatidylinositol
synthase; HBSS, Hanks' balanced salt solution; dSMSr, Drosophila SMSr
homologue; dCCS, Drosophila CCS homologue.

VOLUME 288+-NUMBER 16+APRIL 19,2013



A Novel Sphingolipid Synthase Unique to Invertebrates

TABLE 1

Primer pairs used in this study
ACC. No., accession number.

Protein Acc. No. Primer pairs for cloning Primer pairs for creation of dsSRNA
dCCS1 Q8T9G2 CAATAATCATGAGGCAACTATTCAGACGC/ T7-ATGAGGCAACTATTCAGACGC/
ACTATATCTTTCTTCAATGGCTCC T7-GACTAGTGGAAGATTCGCC
dCCSs2 A17Z9D9/A1Z9E0 CAATAATCATGGCGCTGCTCGCCTAC/ T7-ATGGCGCTGCTCGCCTAC/
ACGTGCGGTTTGCTCTTCGAC T7-CAGGACCCAGTGCAGCCG
dCCSs3 Q8T0S3 CAATAATCATGGGTTGCATGCGCTACTTG/ T7-ATGGGTTGCATGCGCTACTTG/
ACATGGCTTTTCAACGGTTTGATT T7-CGCCATGGTGAAACCATATA
dCCS4 CG4585 CACGGTACCATAATCATGATCGGACCCAGTTCGC/ T7-ATGATCGGACCCAGTTCGC/

CACCTCGAGACCAGTGAAATATTACTGCACGC

T7-CAGACAGGCCACGCCCAC

with SM, promoting membrane viscosity. Contrary to SM, CPE
does not interact favorably with cholesterol and fails to form
sterol-rich domains in model bilayers (8). Addressing how each
organism evolved functional membranes based on such highly
divergent membrane components is an important topic in lipid
biology.

SM biosynthesis in mammals is catalyzed by a PC:ceramide
cholinephosphotransferase (EC 2.7.8.27) or SM synthase (SMS)
(9). This enzyme catalyzes the transfer of phosphocholine from
phosphatidylcholine (PC) onto ceramide, yielding SM and dia-
cylglycerol. Mammalian cells contain two SM synthase iso-
forms, namely SMS1 responsible for bulk production of SM in
the Golgi lumen and SMS2 serving a role in regenerating SM
from ceramides liberated by sphingomyelin phosphodiesterase
on the exoplasmic surface of the plasma membrane (10, 11).
Both SMS1 and SMS2 are required for cell growth, at least in
certain types of cancer cells (12, 13). Together with a closely
related enzyme, SMSr, they form the SMS protein family (10).
Mammalian cells also produce CPE, although its concentration
in membranes is very low and its biological role is unknown.
Two CPE synthase activities have been described in mamma-
lian cells, one enriched in a microsomal fraction (presumably
ER) and the other one associated with the plasma membrane
(14-16). As PE serves as the headgroup donor for both activi-
ties, the enzyme(s) involved can be classified as PE:ceramide
ethanolamine phosphotransferases analogous to SM synthase.
We previously demonstrated that SMS2 is a bifunctional
enzyme that produces both SM and CPE (17). Thus, SMS2
likely accounts for the plasma membrane-resident CPE syn-
thase activity reported previously (14, 16). The function of
SMSr had so far been unknown, but we recently identified it to
be a monofunctional CPE synthase that resides in the ER (17,
18). SMSr thus qualifies for the microsomal CPE synthase activ-
ity first described by Malgat et al. (14).

Drosophila lacks SMS1 and SMS2 homologues, but contains
a homologue of SMSr, which we named dSMSr. Although
dSMSr possesses CPE synthase activity, its removal had no
impact on bulk production of CPE in Drosophila S2 cells (18). In
vitro enzyme assays revealed that these cells contain a second,
dSMSr-independent CPE synthase that uses CDP-ethanola-
mine rather then PE as headgroup donor in CPE biosynthesis.
This implied that the latter enzyme uses a reaction mechanism
different from the one used by SMS family members, but simi-
lar to that of the enzymes producing phosphatidyl-ethanola-
mine via the Kennedy pathway. We here set out to identify the
enzyme responsible for bulk production of CPE in Drosophila.
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EXPERIMENTAL PROCEDURES

Chemicals—Cg-7-nitro-2,1,3-benzoxadiazole (NBD)-ceramide
(NBD-Cer) was from Molecular Probes, and NBD-sphingomy-
elin (NBD-SM), NBD-phosphatidylcholine (NBD-PC), and
NBD-phosphatidylethanolamine (NBD-PE) were from Avanti
Polar Lipids. NBD-ceramide phosphoethanolamine (NBD-
CPE) was a generous gift from Philippe Devaux (Institut de
Biologie Physico-chimique, Paris, France). [2-'*C]Ethan-1-ol-
2-amine hydrochloride and CDP-['*C]ethan-1-ol-2-amino
hydrochloride were from Amersham Biosciences. All other lip-
ids and chemicals were from Sigma-Aldrich.

Antibodies—Rabbit polyclonal and mouse monoclonal
anti-V5 antibodies were from Sigma and Invitrogen, respec-
tively. The mouse monoclonal anti-GM130 antibody was from
BD Biosciences, and the rabbit polyclonal anti-calnexin anti-
body was from Santa Cruz Biotechnology. The rabbit poly-
clonal anti-dGolgin245 antibody was a generous gift from Sean
Munro (Cambridge, UK). The rabbit polyclonal anti-dGMAP
antibody was described by Kondylis et al. (19). Horseradish per-
oxidase-conjugated secondary antibodies were from PerBio,
whereas antibodies conjugated to FITC and Texas Red or Alexa
dyes were purchased from Jackson ImmunoResearch Labora-
tories or Molecular Probes, respectively. The antibody against
dSMSr was obtained as described (18).

Selection, Cloning, and Expression of dCCS Sequences—
Selection of candidate CPE synthases (CCS) from the National
Center for Biotechnology Information (NCBI) database in-
volved the following steps: 1) selection of proteins containing a
CDP-alcohol phosphatidyltransferase motif (NCBI accession
number cI00453); 4982 RefSeq proteins; 2) restriction of results
to Drosophila melanogaster; 14 RefSeq proteins; 3) restriction
of results to one isoform per gene; 8 RefSeq proteins; 4) removal
of one incomplete (CG40928) and one misannotated sequence
(CG6921); 6 RefSeq proteins; 5) removal of phosphatidylinosi-
tol synthase (PIS) (CG9245) and cardiolipin synthase (CLS)
(CG4774) proteins because their biochemical function is cer-
tain; 4 RefSeq proteins. This procedure yielded four CCS
proteins in Drosophila, namely dCCS1 (CG33116), dCCS2
(CG6016), dCCS3 (CG7149), and dCCS4 (CG4585). The open
reading frames (ORFs) of the corresponding dCSS sequences
were amplified by RT-PCR (Titan One, Roche Applied Science)
from mRNA isolated from Drosophila S2 cells (TRIzol, Invitro-
gen) using the primers listed in Table 1. PCR products were
cloned into mammalian expression vector pcDNA3.1/V5-
His-TOPO (Invitrogen), and the resulting plasmids dCCS1-V5,
dCCS2-V5, dCCS3-V5, and dCCS4-V5 were used to transfect
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HelLa cells. For expression studies in S2 cells, the cDNAs were
subcloned into the copper-inducible pMT/V5-His B (Invitro-
gen) vector using the restriction sites Kpnl and Xhol (for
dCCS1 and dCCS3) or Kpnl and Notl (for dCCS2 and dCCS4).
PE-methyltransferase-GFP plasmid was obtained as described
in Ref. 18.

Cell Culture and RNA Interference—Human HeLa cells were
grown in DMEM with 10% FCS. Transfections with dCCS1-V5,
dCCS2-V5, dCCS3-V5, and dCCS4-V5/pcDNA3.1 constructs
were performed using Lipofectamine reagent (Invitrogen) fol-
lowing the manufacturer’s instructions. Drosophila S2 cells
were grown in Schneider’s insect medium with 10% FBS (Cam-
brex) at 27 °C in a humidified atmosphere. Cells were trans-
fected with dCCS1, dCCS2, dCCS3, or dCCS4/pMT/V5-HisB
constructs using Effectene (Qiagen). Expression of recombi-
nant dCCS proteins was induced by the addition of 1 mm
CuSO, for 3 h followed by a 2-h chase in the presence of 150
pg/ml cycloheximide. RNAi on Drosophila S2 cells was per-
formed by treatment with double-stranded RNA (dsRNA) syn-
thesized by in vitro transcription of PCR products flanked by
T7 RNA polymerase binding sites (TTAATACGACTCAC-
TATAGGGAGA) using the MEGASCRIPT T7 transcription
kit (Ambion). PCR products of 753, 604, 651, and 530 bp were
amplified from dCCS1, dCCS2, dCCS3, and dCCS4 ¢cDNAs,
respectively, using primer sets listed in Table 1. dsRNAs target-
ing dSMSr and green fluorescent protein (GFP) were obtained
as described in Ref. 18, and dsRNA treatment was performed as
described in Ref. 20. On day 1, 10° cells were plated in a 35-mm
dish and incubated with 30 ug of dsSRNA in 1 ml of serum-free
medium for 1 h at room temperature followed by the addition
of 2 ml of complete medium. After 3 days, cells were either
harvested for enzyme assays and metabolic labeling or fixed for
immunofluorescence.

In Vitro Enzyme Assay—HeLa and S2 cells were lysed in ice-
cold reaction buffer (0.3 M sucrose, 15 mm KCl, 5 mm NaCl, 1
mMm EDTA, 20 mm Hepes-KOH, pH 7.0) containing freshly
added protease inhibitors by passing 20 times through a
23-gauge 3/4 needle. 200 ul of postnuclear supernatant (700 X
g 10 min, 4 °C) was combined with 200 ul of reaction buffer
containing 50 um C,-NBD-ceramide or 1 uCi of CDP-[**C]
ethanolamine and incubated for 2 h at 27 °C in the presence or
absence of 10 mMm MnCl, and 500 um CDP-ethanolamine.
Reactions were stopped by adding 1 ml of MeOH and 0.5 ml of
CHCI,, and lipids were extracted according to Bligh and Dyer
(21). The lower phase was evaporated under N,, and the reac-
tion products were analyzed by TLC using CHCl,/acetone/
MeOH/acetic acid/H,O (50/20/10/10/5, v/v/v/v/v; reactions
containing NBD-Cer) or CHCl;/MeOH/25% NH,OH (50/
25/6, v/v/v; reactions containing CDP-['*C] ethanolamine).
Fluorescent lipids were visualized on a STORM 860 image anal-
ysis system (GE Healthcare) and quantified with Quantity One
software (Bio-Rad). Radiolabeled lipids were detected by expo-
sure to BAS-MS imaging screens (Fuji Photo Film), scanned on
a Bio-Rad personal molecular imager, and quantified with
Quantity One software.

Cell Surface Enzyme Assay—This assay was performed essen-
tially as described in Ref. 17. In brief, HeLa cells transfected
with dCCS4 or empty vector were grown to 80 —90% confluence
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in a 10-cm dish. The cells were washed in HBSS and preincu-
bated with HBSS containing 1% fatty acid-free BSA at 5 °C for
30 min. To permeabilize the plasma membrane, cells were
treated with 1 ug/ml streptolysin in HBSS for 15 min at 37 °C
prior to preincubation in BSA-supplemented HBSS at 5 °C.
Next, NBD-Cer dissolved in ethanol was added to a final con-
centration of 2 uM (0.2% ethanol in the medium), and the cells
were incubated at 5 °C for 3 h in the presence or absence of 10
mM MnCl, and 500 um CDP-ethanolamine. The incubation
medium was saved, and the cells were washed by incubating
with HBSS containing 1% fatty acid-free BSA at 5 °C for 30 min.
Incubation medium and wash were combined and subjected to
lipid extraction according to Bligh and Dyer (21). Fluorescent
lipids were analyzed by TLC using CHCl,/acetone/MeOH/ace-
tic acid/H,O (50/20/10/10/5, v/v/v/v/v) and visualized as
described above.

Metabolic Labeling—S2 cells (2—5 X 10°) were labeled in 0.5
ml of complete Schneider’s insect medium with 10 nmol NBD-
Cer or with 1 uCi of [**C]ethanolamine at 27 °C for 2 h. Lipids
were extracted in CHCl;/MeOH/10 mwm acetic acid (1/4.4/0.2,
v/v/v) and then processed according to Bligh and Dyer (21).
Half of the extract was subjected to mild alkaline hydrolysis.
Lipids were analyzed by TLC in CHCl;/MeOH/25% NH,OH
(50/25/6, v/v/v; ["*Clethanolamine) or CHCl,/acetone/MeOH/
aceticacid/H,O (50/20/10/10/5, v/v/v/v/v; NBD-Cer) and visu-
alized as described above.

Microscopy and Image Analysis—Cells were fixed in 4% para-
formaldehyde/PBS and processed for immunofluorescence
after permeabilization with Triton (S2 cells) as in Ref. 22 or
saponin (HeLa cells) as in Ref. 13. Images were captured using a
confocal microscope D-eclipse C1, Nikon with 60X 1.40 NA
Plan Apo oil objective (Nikon). Images presented are confocal
sections.

RESULTS AND DISCUSSION

Drosophila Contains a Unique CPE Synthase Unrelated to
dSMSr—Drosophila S2 cell lysates incubated with fluorescent
NBD-Cer form NBD-CPE (Fig. 1A, left panel). Depletion of
CPE synthase dSMSr abolished NBD-CPE formation in S2 cell
lysates (Fig. 1B, left panel) but had no effect on NBD-CPE for-
mation in intact S2 cells (18). This indicated that S2 cells con-
tain a second, dSMSr-independent CPE synthase. We reasoned
that this second enzyme might not be detectable in cell lysates if
it would require a soluble substrate that is continuously regen-
erated in living cells. CDP-ethanolamine (CDP-Eth) is an
attractive candidate for such substrate given its role as head-
group donor in PE biosynthesis (23). Indeed, the addition of
CDP-Eth dramatically enhanced NBD-CPE formation in S2 cell
lysates when Mn>" ions were present (Fig. 14, right panel) (18).
CDP-Eth-dependent CPE synthase activity was unaffected by
dSMSr depletion (Fig. 1B, right panels). Together, these results
indicate that Drosophila S2 cells contain two distinct CPE syn-
thases, namely a PE:ceramide ethanolamine phosphotrans-
ferase corresponding to dSMSr and a CDP-Eth:ceramide Eth-
phosphotransferase of unknown identity (Fig. 24). The latter
enzyme appears unique for insect cells as the addition of CDP-
Eth and Mn®" to lysates of human HeLa cells did not enhance
NBD-CPE formation from NBD-Cer (Fig. 14, right panel). The
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FIGURE 1. Drosophila S2 cells contain a CDP-Eth-dependent CPE syn-
thase. A, TLC analysis of reaction products from lysates of Drosophila S2 cells
(left) or human Hela cells (right) incubated with NBD-Cer in the presence or
absence of CDP-Eth and MnCl, (Mn?"). B, TLC separation of reaction products
from lysates of dSMSr-depleted (dsSMSr) or mock-depleted (dsGFP) Drosoph-
ila S2 cells incubated with NBD-Cer and MnCl, in the absence (left) or pres-
ence (middle) of CDP-Eth. Right, immunoblots (WB) of dSMSr- or mock-de-
pleted Drosophila S2 cells stained with anti-dSMSr and anti-dGolgi245
antibodies.

insect-specific CPE synthase shares two important features
with ethanolamine phosphotransferases of the Kennedy path-
way, i.e. the use of CDP-Eth as headgroup donor and a require-
ment for Mn>" ions for proper catalysis (24, 25). One may
therefore anticipate that the enzymes share a certain degree of
structural similarity. This provided the starting point of a bioin-
formatics-based cloning strategy to identify the insect-specific
CPE synthase. From now on, we will refer to this enzyme as
CPES.

Selection of CPES Candidates from the Insect Database—The
reaction catalyzed by CPES is very similar to the one catalyzed
by CDP-Eth:diacylglycerol Eth-phosphotransferase (EPT; EC
2.7.8.1) during PE formation via the Kennedy pathway, except
that ceramide instead of diacylglycerol serves as acceptor of the
phosphoethanolamine headgroup (Fig. 24). EPT belongs to the
superfamily of CDP-alcohol phosphotransferases (NCBI acces-
sion number cl00453). Members of this superfamily share
the CDP-alcohol phosphotransferase (CAPT) sequence motif
D(X),DG(X),(A/Y)R(X)g_16G(X);D(X);D. In human choline/
ethanolamine phosphotransferase CEPT1, the final two aspar-
tates of this motif are essential for catalysis, whereas the
remainder of the conserved residues serves a role in substrate
affinity or steric stability (26, 27).

The CDP-alcohol phosphotransferase superfamily includes
six Drosophila proteins, with three of them showing high sim-
ilarity to CEPT (CG33116, CG6016, and CG7149), one showing
high similarity to PIS proteins (CG9245), and one showing high
similarity to CLS proteins (CG4774), whereas one does not
show similarity to any protein of known function (CG4585).
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FIGURE 2. Selection and phylogenetic analysis of candidate CPE syn-
thases. A, reaction chemistry of PE and CPE biosynthesis in mammals and
insects. See “Results and Discussion” for further details. DAG, diacylglycerol. B,
phylogenetic tree of proteins in insects, Caenorhabditis elegans, human, and
yeast containing a CAPT motif. The four candidate CPE synthases in Drosoph-
ila are marked dCCS1-4.The protein sequences were aligned with DIALIGN 2
(33) with manual editing to ensure correct alignment of the conserved pat-
tern, D(X),DG(X),(A/Y)R(X)g _,6G(X)3D(X)5D. Alignment columns with a quality
score of 4 or better were used to draw a phylogenetic tree with Protdist and
Fitch from the PHYLIP package. The tree was displayed and edited with Tree-
Illustrator (34). NCBI Gl numbers are: 1) 110750730 (translation of bases
327125-328027); 2) 158033532 (translation of bases 2339192-2338023); 3)
077475; 4) 6320059; 5) 23172318; 6) 10092647; 7) 71984834; 8) 6325370; 9)
17537129; 10) 5453906; 11) 24642243; 12) 6321915; 13) 42742307; 14)
50083289; 15) 28574275; 16) 28574587; 17) 71986977; 18) 193209951; 19)
115534720; 20) 50726996; 21) 24653393; 22) 5174415.

We considered the possibility that one of the three CEPT-re-
lated proteins might have evolved into a CPES by a change of
the acceptor substrate. This hypothesis appeared especially
attractive because CG33116 and CG7149 (46% identity) have
only one human orthologue and must therefore have originated
from a gene duplication specific to the fly lineage (Fig. 2B,
sequences 15 and 16). The protein of unknown function
(CG4585) also represents an interesting CPES candidate as its
homologues are present in insects and other arthropods, but
not in most other animal phyla (Fig. 2B, sequence 3). Hence, we
considered four CCS in Drosophila, namely three proteins from
the CEPT subfamily (dCCS1/CG33116, dCCS2/CG6016 and
dCCS3/CG7149) and one protein (dCCS4/CG4585) belonging
to a novel protein family with a phylogenetic distribution
mainly restricted to Arthropoda (Fig. 2B). These four proteins
were next subjected to a detailed functional analysis.
Subcellular Distribution of CPES Candidates—Because bulk
production of CPE in Drosophila S2 cells occurs independently
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FIGURE 3. Subcellular distribution of candidate CPE synthases A, confocal sections of Drosophila S2 cells double-transfected with V5-tagged dCCS1,dCCS2,
dCCS3, or dCCS4 and ER marker PE-methyltransferase-GFP. Cells were stained with anti-V5 antibody (top) or co-stained against the V5 epitope and Golgi marker
dGMAP (bottom). Arrows indicate nuclear envelope staining, whereas arrowheads mark immunopositive Golgi structures. B, confocal sections of human
Hela cells transfected with V5-tagged dCCS1, dCCS2, dCCS3, or dCCS4 and stained with anti-V5 and anti-calnexin (ER) or anti-GM30 (Golgi) antibodies.

Scale bars: 5 um.

of dSMSr (18), it is likely mediated by CPES. Indeed, this would
explain why mammalian cells, which lack the latter enzyme,
contain only trace amounts of CPE. Efficient CPE production in
Drosophila requires the ceramide transfer protein CERT (28),
which mediates ER-to-Golgi transport of newly synthesized
ceramides (29). This implies that CPES resides in the Golgi, so
we first mapped the subcellular distributions of the four dCCS
proteins. To this end, V5-tagged versions of these proteins were
expressed in Drosophila S2 cells and localized by immunofluo-
rescence microscopy. Both dCCS1-V5 and dCCS2-V5localized
exclusively to the ER, as evidenced by a reticular and nuclear
envelope staining that overlapped extensively with the ER
marker PE-methyltransferase (Fig. 24, top). In contrast, the
bulk of dCCS3-V5 and dCCS4-V5 was found in punctate struc-
tures containing the Golgi marker dGMAP, suggesting that
these two proteins are at least partially associated with the Golgi
(Fig. 3A, bottom). Some dCCS4-V5 was occasionally found at
the plasma membrane, which is not unusual for Golgi proteins
expressed at a high level. Localization studies in human HeLa
cells produced very similar results; dCCS1 and dCCS2 localized
exclusively to the ER, whereas dCCS3 and dCCS4 partially co-
localized with the Golgi marker GM130 (Fig. 3B). Hence, unlike
dCCS1 and dCCS2, dCCS3 and dCCS4 each meet at least one
additional characteristic of CPES.

dCCS4 Corresponds to the Elusive CPES—W e next screened
dCCS proteins for CPES activity. As a first approach, Drosoph-
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ila S2 cells were treated with dCCS-targeting dsRNAs to
deplete individual dCCS proteins, lysed, and then incubated
with NBD-Cer in the presence of CDP-Eth and Mn>" ions.
Formation of NBD-CPE was monitored by TLC. dsRNA target-
ing GFP served as control. The efficiency of depletion was ver-
ified by immunoblotting of dsRNA-treated S2 cells express-
ing individual V5-tagged dCCS proteins (Fig. 4A4). Contrary
to removal of dCCS1, dCCS2, or dCCS3, depletion of dCCS4
caused a major (~60%) reduction in CPES activity (Fig. 4B).
When incubated with CDP-['"*C]Eth in the presence of
Mn>" ions, lysates of dCCS4-depleted cells synthesized only
a minor (~25%) fraction of the radiolabeled CPE formed in
lysates of control (dsGFP-treated) cells (Fig. 4C). In addition,
loss of dCCS4 caused a substantial drop in de novo synthesis
of CPE as monitored by metabolic labeling of S2 cells with
[**C]Eth (Fig. 4D). This was accompanied by a defect in cell
growth.” Together, these results indicate that Drosophila S2
cells require dCCS4 for CDP-Eth-dependent CPE produc-
tion and growth.

To investigate whether dCCS4 is not only required, but also
directly responsible for CDP-Eth-dependent CPE formation,
we next analyzed its ability to synthesize CPE in human HeLa
cells. When added to HeLa cell lysates, NBD-Cer is converted

5 A. M. Vacaru, J. van den Dikkenberg, P. Ternes, and J. C. M. Holthuis, unpub-
lished data.
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FIGURE 4. dCCS4 is required for CDP-Eth-dependent CPE production in
Drosophila S2 cells. A, immunoblots of Drosophila S2 cells transfected
with V5-tagged dCCS1, dCCS2, dCCS3, or dCCS4 and then treated with
dsRNA targeting individual dCCS proteins (ds dCCS1-4). Cells treated
with dsRNA targeting GFP (ds GFP) served as control. Blots were stained
with anti-V5 and anti-dGolgin245 antibodies. B, lysates of Drosophila S2
cells treated with dsRNA as in A were incubated with NBD-Cer in the pres-
ence of CDP-Eth, MnCl,, and UDP-glucose. The amount of NBD-CPE
formed was determined by TLC analysis, normalized against NBD-GlcCer
levels, and then expressed as the percentage of control (ds GFP-treated
cells). Error bars: S.D., n = 3. C, lysates of Drosophila S2 cells depleted for
dCCS4 (ds dCCS4) or mock-depleted for GFP (ds GFP) were incubated with
CDP-[""Clethanolamine and then subjected to lipid extraction, TLC anal-
ysis, and autoradiography. Levels of ['*CICPE were normalized against
['*C]PE levels and expressed as the percentage of control (ds GFP-treated
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FIGURE 5. dCCS4 shows CDP-Eth:ceramide ethanolamine phosphotrans-
ferase activity. A, lysates of human Hela cells transfected with V5-tagged
dCCS4 or empty vector (EV) were incubated with NBD-Cer in the absence or
presence of CDP-Eth and MnCl, and then subjected to lipid extraction and
TLC analysis. B, lysates of Hela cells transfected with V5-tagged dCCS4 or
empty vector (EV) were incubated with NBD-Cer in the presence of CDP-
[*CJEth and MnCl,. Lipids were extracted, separated by TLC, and then ana-
lyzed for fluorescence (left) and radioactivity (right). Note that only dCCS4p-
expressing cells synthesized NBD-CPE that was labeled with "*C.

to NBD-CPE by the CPE synthase SMSr (18) and the dual spec-
ificity SM/CPE synthase SMS2 (17). The addition of CDP-Eth
has no effect on NBD-CPE formation because SMSr and SMS2
each use PE as headgroup donor. However, the addition of
CDP-Eth to lysates of HeLa cells expressing dCCS4 caused a
dramatic increase in NBD-CPE formation (Fig. 5A4). This
increase was strictly dependent on the presence of Mn>" ions.
Moreover, when incubated with NBD-Cer and CDP-[**C]Eth
simultaneously, lysates of dCCS4-expressing HeLa cells, but
not of control cells, supported formation of radiolabeled NBD-
CPE (Fig. 5B). In sum, these findings indicate that dCCS4 cor-

cells). Error bars:range, n = 2. D, Drosophila S2 cells depleted for dCCS4 (ds
dCCS4) or mock-depleted for GFP (ds GFP) were metabolically labeled for
2 hat27 °Cwith ['*Clethanolamine and then subjected to lipid extraction,
TLC analysis, and autoradiography. Levels of '*C-labeled CPE were nor-
malized against ['*C]PE levels and expressed as percentage of control (ds
GFP-treated) cells. Error bars: S.D., n = 3.
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FIGURE 6. Structure and membrane topology of CPES and related enzymes. A, alignment showing the conserved amino acid motif D(X),DG(X),(A/Y)R-
(X)5-16G(X)3sD(X)5D in the CAPT domain of various members of the CDP-alcohol phosphotransferase superfamily. Note the change in spacing between the two
halves of the motif in CLS and CPES. The conserved Ala residue in the CAPT motif of CDP-alcohol phosphotransferases is substituted by a Tyr residue in CPES
from Hydra and sea anemone (asterisk), which might have to do with the use of a phosphonate analogue of CDP-Eth as substrate in Cnidaria. Protein sequences
were aligned with T-Coffee (35) for each family separately (CEPT, PIS, CLS, CPES). The alignment was trimmed manually and displayed with prettyplot from the
EMBOSS package (36). NCBI Gl numbers or UniProtKB identifiers are 24653393, 5174415, 193209951, 6321915, and 15222885 for CEPT; 24642243, 5453906,
6325370, 17537129, and 15220618 for PIS; 23172318, 10092647, 71984834, 6320059, and 18412722 for CLS; and 077475, 110750730 (translation of bases
327125-328027), BSM6F6, 204837661 (translation of bases 20637-21278), and A7S4T3 for CPES. B, hydrophobicity plots of CPES homologues from D. mela-
nogaster (fly), Aedes aegypti (mosquito), and Bombyx mori (moth) created according to Kyte and Doolittle (37). Positions of putative transmembrane domains
(TM1-6) and the CAPT motif are indicated. C, confocal sections of HeLa cells transfected with V5-tagged dCCS4 or empty vector (EV) and stained with anti-V5
antibodies before (intact) or after saponin-mediated membrane permeabilization (perm.). Scale bar: 15 um. D, HeLa cells transfected with V5-tagged dCCS4 or
empty vector (EV) were treated with trypsin in the presence or absence of Triton X-100 and then subjected to immunoblot analysis using anti-V5 and
anti-B-actin antibodies. E, Hela cells transfected with V5-tagged dCCS4 or empty vector were incubated at 15 °C with NBD-Cer in the presence or absence of
CDP-Eth, MgCl,, and streptolysin. NBD-labeled lipids formed on the cell surface were extracted by BSA, separated by TLC, and analyzed for fluorescence.
F, schematic view of the predicted membrane topologies of CEPT (27) and CPES.

responds to the elusive CDP-Eth:ceramide ethanolamine phos-  spiders, and mites. In addition, CPES homologues are pres-
photransferase or CPES in Drosophila. ent in at least two species of Cnidaria: i.e. Hydra and sea

CPES Structure and Topology—Homologues of CPES occur  anemones. All CPES homologues contain a highly conserved
in a variety of Arthropoda, including flies, mosquitoes, bees, CAPT motif (Fig. 6A4). However, what distinguishes the
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Phylum Organism SG Enzyme Bulk lipid Ref
Vertebrata Homo sapiens B SsMS SM [38]
(man)
Nematoda o =
Caenorhabditis elegans ® SMS SM [39]
(worm)
Drosophila melanogaster % CPES CPE [2,4]
Brachycera (fruit fly)
Musca domestica ? CPE [2,40]
Diptera (house fly)
Aedes aegypti CPES/SMS  CPE/SM [41,42]
Nematocera (yellow fever mosquito)
Culex quinquefasciatus CPES/SMS CPE/SM [41,42]
(south. house mosquito)
Insecta
Bombyx mori CPES/SMS 2
Lepidoptera (domestic silkworm)
Manduca sexta ? CPE/SM [43]
(tobacco hornworm)
Metazoa Arthrophoda
i AR Apis mellifera B CPES/SMS CPE/SM  [44.45]
(honey bee)
Araneae Haplopelma schmidti CPES ?
(chinese bird spider)
Arachnida | Acari Ixodes scapularis 2 CPES/SMS 2
(black-legged tick)
Scorpiones Centruroides sculpturatus ? CPE/SM [45]
(bark scorpion)
Bivalvia .
Crassostrea gigas =
(pacific oyster) @ CPES CAEP [6:47]
Mollusca Gastropoda
several species of snails ? CAEP/CPE [30,46]
Cephalopoda
two species of octopusses ? CAEP [46]
Hydrozoa -
Hydra magnipapillata = CPES/SMS ?
Cnidaria
Nematostella vectensis CPES/SMS ?
Anthozoa (starlet sea anemone)
Anthopleura elegantissima ? CAEP [48]
(clonal anemone)
() swms (sm) () CPES (CAEP)

() CPES/SMS (CPE/SM)
() CPES (CPE)

E GS, genome sequenced

FIGURE 7. Phylogenetic distribution of SM and CPE synthases in the animal kingdom. The phylogenetic distribution of SMS and CPES homologues in
sequenced genomes correlates with the occurrence of their products SM, CPE, and CAEP (see under “Results and Discussion” for details). The phylogenetic tree

was drawn with TreeViewX according to the classification in the NCBI/GenBan

kTM

Taxonomy Browser. The presence of SMS and CPES genes was checked by a

BLAST search (blastp or tblastn) in the NCBI/GenBank genomic BLAST databases, the NCBI/GenBank nonredundant protein database, UniProtKB, and the

Silkworm Genome Database: SilkDB (B. mori).

CAPT motif in CPES from those present in CEPT, PIS, and
CLS proteins is the insertion of 7—8 additional amino acid
residues between the invariant Arg and the second invariant
Gly residue. Although no tertiary structure is available for
any of these enzymes, it is conceivable that this change in
spacing corresponds to a change in specificity for the accep-
tor substrate, namely from diacylglycerol (for CEPT, PIS,
and CLS) to ceramide (for CPES).

APRIL 19,2013 -VOLUME 288+-NUMBER 16

Apart from the CAPT motif, CPES does not display any obvi-
ous sequence similarity with other members of the CDP-alco-
hol phosphotransferase superfamily. Hydrophobicity analysis
using a combination of different methods (Octopus (Stockholm
Bioinformatics Center); TMHMM Server v. 2.0; Phobius
(Stockholm Bioinformatics Center)) predicted six membrane-
spanning « helices connected by hydrophilic regions that
would form extramembrane loops (Fig. 6B). The hydrophilic
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CAPT motif is situated between the second and third mem-
brane span. The amino and carboxyl termini of CPES are pre-
dicted to face the luminal or exoplasmic space. This would posi-
tion the CAPT motif in the Golgi lumen (Fig. 6F). When
heterologously expressed in HeLa cells, a significant portion of
dCCS4-V5 reaches the plasma membrane (Fig. 3B). According
to the model (Fig. 6F), this would result in exposure of the
C-terminal V5 epitope on the cell surface. To test this predic-
tion, HeLa cells expressing dCCS4-V5 were immunostained
with anti-V5 antibodies either before (Fig. 6C, intact) or after
fixation and permeabilization (Fig. 6C, perm.). In line with the
model, intact cells displayed a cell surface staining, whereas in
permeabilized cells, both the plasma membrane and the Golgi
were stained (Fig. 6C). Moreover, trypsinization of intact cells
caused a substantial loss of V5-tagged dCCS4 (Fig. 6D), consist-
ent with an exoplasmic orientation of the C-terminal V5
epitope. These results suggest that the active site of CPES is
facing the luminal or exoplasmic space. To verify this directly,
HeLa cells expressing dCCS4-V5 were analyzed for their ability
to catalyze CDP-Eth-dependent CPE synthesis on the cell sur-
face. For this approach, cells were incubated at 5 °C to block
endocytosis, and NBD-Cer was added to the medium, which
was supplemented with BSA to extract any newly formed NBD-
labeled lipid from the cell surface. Under these conditions, cells
synthesized NBD-SM and trace amounts of NBD-CPE because
of the plasma membrane-associated and bifunctional SM/CPE
synthase, SMS2 (17). However, the external addition of CDP-
Eth and Mn?" ions greatly stimulated NBD-CPE formation
(Fig. 6E). This stimulation was strictly dependent on dCCS4.
Permeabilization of the plasma membrane by streptolysin did
not result in any further stimulation of CDP-Eth-dependent
NBD-CPE formation (Fig. 6E). From these results, we conclude
that dCCS4/CPES catalyzes CPE production on the exoplasmic
side of the membrane, which is thus consistent with the model
depicted in Fig. 6F.

Phylogenetic Distribution of CPES and SMS Enzymes—QOur
data predict that organisms containing a CPES homologue
would produce bulk amounts of CPE, analogous to SM being an
abundant membrane component in organisms harboring SMS.
Indeed, as illustrated in Fig. 7, the presence of these enzymes in
different organisms correlates well with their membrane lipid
composition. Vertebrates and nematodes lack CPES homo-
logues but contain multiple SMS enzymes (11). Accordingly,
they have SM as their principal phosphosphingolipid and
produce only trace amounts of CPE through SMSr and SMS2
(17,18, 38, 39). Arthropods in general have CPES in addition
to SMS and therefore produce bulk amounts of both CPE and
SM (2, 4, 40-45). However, within the Arthropoda, the fly
lineage (Brachycera) has lost SMS and thus the ability to
synthesize SM. Flies therefore have CPE as their only
phosphosphingolipid.

Most Cnidaria, a phylum comprising sea anemones, corals,
jellyfish, and Hydra, contain neither SM nor CPE. Instead, these
organisms synthesize ceramide aminoethylphosphonate CAEP
(Fig. 7) (48). Mollusca (clams, oysters, snails, octopuses) con-
tain CAEP too, whereas the occurrence of CPE in addition to
CAEP is restricted to several species of sea snails (30, 46, 47).
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CAERP is structurally very similar to CPE except for phosphate
being replaced by phosphonate with a direct C-P bond con-
necting phosphonate and ethanolamine (30, 31). The nonhy-
drolyzable C-P bond would enhance stability of the lipid, espe-
cially with respect to phospholipases. It is conceivable that
CPES mediates CAEP production in Cnidaria and Mollusca.
Interestingly, the genomes of sea anemone, Hydra, and the
pacific oyster Crassostrea gigas contain CPES homologues with
Ala replaced by an aromatic amino acid (Tyr or Phe) in an
otherwise perfectly conserved CAPT motif (Fig. 6A4; data not
shown). This amino acid substitution may be linked to the need
to transfer aminoethylphosphonate instead of phosphoethano-
lamine from the donor to the acceptor substrate during CAEP
biosynthesis. Free 2-aminoethylphosphonate, a likely precursor
of CAEP, has been found in sea anemone (32), supporting this
hypothesis. Based on the currently available sequence informa-
tion, it appears likely that CPES in Mollusca catalyzes produc-
tion of both CAEP and CPE.

Concluding Remarks—In this study, we identified CPES, a
Golgi-resident enzyme responsible for bulk production of the
SM analogue CPE in Drosophila. Strikingly, CPES is unrelated
to members of the SMS family, which synthesize SM and trace
amounts of CPE in vertebrates and nematodes. Instead, CPES
shares a similar reaction mechanism with the ethanolamine
phosphotransferase that mediates PE biosynthesis via the Ken-
nedy pathway. Common features include: 1) the use of CDP-
Eth as headgroup donor in the enzymatic reaction; 2) depend-
ence on Mn>" ions for catalytic activity; and 3) the presence of
a CDP-alcohol phosphotransferase or CAPT motif. However,
apart from the CAPT motif, CPES does not share any sequence
similarity with other members of the CDP-alcohol phospho-
transferase superfamily. CPES homologues occur in Arthro-
poda (insects, spiders, mites, scorpions), Cnidaria (Hydra, sea
anemones), and Mollusca (oysters), but not in most other ani-
mal phyla (Fig. 7). Another feature that sets CPES apart from all
previously identified CDP-alcohol phosphotransferases is that
its active site appears to be situated on the exoplasmic surface of
the membrane. This implies that CPE biosynthesis in Arthro-
poda, Cnidaria, and Mollusca relies on the presence of a mem-
brane transporter involved in moving CDP-ethanolamine from
the cytosol into the Golgi lumen. Although the identity of this
transporter remains to be established, its presence in organisms
containing CPES may explain why functional expression of this
enzyme in mammalian cells is not sufficient to allow bulk pro-
duction of CPE.” Molecular cloning of the CDP-ethanolamine
transporter is the subject of ongoing studies. The present iden-
tification of CPES provides a novel opportunity to address the
biological role of CPE, an enigmatic lipid with a widespread
occurrence in the animal kingdom.

Acknowledgments— We thank our colleagues at Membrane Enzymol-
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