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Abstract SM is a fundamental component of mammalian
cell membranes that contributes to mechanical stability, sig-
naling, and sorting. Its production involves the transfer of
phosphocholine from phosphatidylcholine onto ceramide, a
reaction catalyzed by SM synthase (SMS)1 in the Golgi and
SMS2 at the plasma membrane. Mammalian cells also syn-
thesize trace amounts of the SM analog, ceramide phospho-
ethanolamine (CPE), but the physiological relevance of CPE
production is unclear. Previous work revealed that SMS2 is a
bifunctional enzyme producing both SM and CPE, whereas a
closely related enzyme, SMS-related protein (SMSr)/SAMDS,
acts as a monofunctional CPE synthase in the endoplasmic
reticulum. Using domain swapping and site-directed muta-
genesis on enzymes expressed in defined lipid environments,
we here identified structural determinants that mediate the
head group selectivity of SMS family members. Notably, a
single residue adjacent to the catalytic histidine in the third
exoplasmic loop profoundly influenced enzyme specificity,
with Glu permitting SMS-catalyzed CPE production and
Asp confining the enzyme to produce SM. An exchange of
exoplasmic residues with SMSr proved sufficient to con-
vert SMS1 into a bulk CPE synthase.lll This allowed us to
establish mammalian cells that produce CPE rather than
SM as the principal phosphosphingolipid and provide a
model of the molecular interactions that impart catalytic
specificity among SMS enzymes.—Kol, M., R. Panatala,
M. Nordmann, L. Swart, L. van Suijlekom, B. Cabukusta,
A. Hilderink, T. Grabietz, J. G. M. Mina, P. Somerharju, S.
Korneey, F. G. Tafesse, and J. C. M. Holthuis. Switching head
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SM is a major structural component of mammalian cell
membranes and one of the end-points in sphingolipid bio-
synthesis. The bulk of SM is produced in the Golgi lumen
and delivered by vesicular transport to the plasma mem-
brane, where it accumulates in the exoplasmic leaflet (1).
Owing to its unique ability to form extensive hydrogen
bonds with other membrane molecules, SM participates in
a multitude of cellular processes. SM is the preferred inter-
action partner of cholesterol and this interaction has im-
portant physiological consequences. Cell surface SM
degradation causes cholesterol to redistribute to the endo-
plasmic reticulum (ER) (2), leading to downregulation of
HMG-CoA reductase, the rate-limiting step in cholesterol
biosynthesis (3). Besides directly influencing cellular cho-
lesterol homeostasis, SM (along with cholesterol) likely
contributes to the high packing density and thickening of
the lipid bilayer of the trans Golgi and plasma membrane,
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which may influence protein sorting through hydrophobic
mismatching of membrane spans (4, 5). Specific interac-
tions between SM and membrane spans have been reported
to influence the activity of various integral membrane pro-
teins, including ion channels, receptors, and membrane
trafficking machinery (6, 7). SM also serves as receptor for
viruses and pore-forming toxins (8, 9). Moreover, the
plasma membrane pool of SM acts as a reservoir of lipid
signaling molecules, the liberation of which is catalyzed by
neutral, alkaline, or acidic SMases in response to diverse
stimuli (10). Ceramide generated by this pathway, along
with its downstream metabolites, sphingosine and sphingo-
sine-1-phosphate, are critical regulators of cell survival, pro-
liferation, and migration (11).

SM synthesis is mediated by a phosphatidylcholine
(PC):ceramide choline-phosphotransferase or SM synthase
(SMS). This enzyme catalyzes the transfer of phosphocho-
line from PC onto ceramide, yielding SM and diacylglyc-
erol (DAG). Mammals contain two SMS isoforms, namely
SMS1, primarily responsible for de novo SM synthesis in
the lumen of the trans Golgi, and SMS2, presumably serv-
ing a role in regenerating SM from ceramides liberated by
SMases on the cell surface (12-15). Studies in mice re-
vealed a role of SMS1 and SMS2 in inflammation, athero-
sclerosis, and diabetes (15-17), suggesting that these
enzymes represent relevant pharmacological targets. Be-
sides bulk amounts of SM, mammals also produce small
quantities of ceramide phosphoethanolamine (CPE), a
widespread, but poorly studied, SM analog. We and oth-
ers previously showed that SMS2 is a bifunctional en-
zyme that produces both SM and CPE on the cell surface,
whereas a closely related enzyme, SMS-related protein
(SMSr) (SAMDS), acts as a monofunctional CPE synthase
in the lumen of the ER (18-21). Interestingly, SMSr is by
far the best-conserved SMS family member, with homologs
in insects and various marine organisms that lack SM (18,
22). While the biological relevance of SMS2-mediated CPE
production remains to be established, acute disruption of
SMSr catalytic activity in cultured mammalian and insect
cells causes an accumulation of ER ceramides, leading to a
structural collapse of ER exit sites and induction of mito-
chondrial apoptosis (18, 23). These phenotypes are sup-
pressed by blocking de novo ceramide synthesis, stimulating
ER export of ceramides, or targeting SMS1 to the ER, sup-
porting a role of SMSr as a critical regulator of ER ceramide
levels. However, ubiquitous inactivation of SMSr catalytic
activity in mice primarily disrupted CPE biosynthesis in the
brain without any obvious impact on steady state ceramide
levels, cell integrity, or survival (20, 21). These contradic-
tory outcomes could be due to compensatory mechanisms
that overcome a deregulation of ER ceramides over time.
The physiological relevance of SMSr-mediated CPE pro-
duction and the consequences of its acute disruption in
mammals remain to be established.

Analogous to members of the lipid phosphate phospha-
tase (LPP) superfamily, SMS enzymes likely contain a six-
times membrane-spanning core domain with an active site
comprising a conserved catalytic triad of two His residues
and one Asp residue located in or near the second and

third exoplasmic loop (Fig. 1A) (12, 24). This strongly sug-
gests that SMS-catalyzed SM and CPE production follows
an LPP-type reaction cycle, which starts when a phospho-
lipid head group donor, PC or PE, enters a single binding
site in the enzyme. Next, the conserved His in the third
exoplasmic loop carries out a nucleophilic attack on the
lipid-phosphate ester bond, assisted by the conserved Asp.
After formation of a choline or ethanolamine phospho-His
intermediate, DAG is released and replaced by ceramide.
The conserved His near the second exoplasmic loop then
acts as a nucleophile to attack the primary hydroxyl group
of ceramide. This results in formation of SM or CPE, which
are released from the active site to allow a next round of
catalysis. While the importance of the catalytic triad resi-
dues for SMS-catalyzed SM and CPE production has been
confirmed by site-directed mutagenesis (18, 25), informa-
tion on the structural determinants that mediate head
group selectivity of SMS enzymes is lacking. As these en-
zymes use the same reaction chemistry, their specificity for
SM and/or CPE production is most likely defined by differ-
ences in the geometry of the phospholipid-binding site.
Identification of residues involved in substrate recognition
should not only help to further elucidate the reaction
mechanism of this important class of enzymes, but also fa-
cilitate the development of specific inhibitors to target the
biological role of each enzyme individually.

In this work, we use domain swapping and site-directed
mutagenesis on enzymes produced in a liposome-coupled
cell-free expression system to map structural elements re-
sponsible for head group selectivity of SMS family members.
Our data reveal that enzyme specificity is strongly influ-
enced by single residues in close proximity of the catalytic
triad. We show that exchanging a limited number of exoplas-
mic residues between SMS1 and SMSr is sufficient to con-
verta conventional SMS into a mono-specific bulk producer
of CPE. This enabled the establishment of mammalian
cells that produce CPE as their principal phosphosphingo-
lipid, thus creating an opportunity to elucidate the biologi-
cal significance of this enigmatic membrane component.

MATERIALS AND METHODS

Chemicals and reagents

Wheat germ phosphatidylinositol (PI), egg PC, and egg phos-
phatidylethanolamine (PE) were from Lipid Products UK.
D-erythro-sphingosine and 1-palmitoyl-2-{6-[ (7-nitro-2-1,3-benzoxa-
diazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphoethanolamine
(NBD-PE) were from Avanti Polar Lipids. NBD-C6-ceramide
(NBD-Cer) and NBD-C6-SM (NBD-SM) were from Molecular
Probes. NBD-C6-ceramide phosphoethanol-amine (NBD-CPE)
was generously provided by Philippe Devaux (Institut de Biologie
Physico-Chimique, Paris). WEPRO2240 wheat-germ extract was
from Cell-free Sciences, Accudenz from Accurate Chemicals, and
[1,2-14C]ethanolamine hydrochloride (100 wCi/ml, 100-115 mCi/
mmol) from BioTrend. EndoH was from New England Biolabs.

Synthesis of clickable ceramide analog

As outlined in Fig. 3A, clickable ceramide (clickCer, 1) was
synthesized by the condensation of D-erythro-sphingosine and a
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Fig. 1. The exoplasmic loops of SMSr and SMS1 harbor structural determinants of substrate selectivity. A:
Predicted membrane topology of SMSr and SMSI. Active site residues are marked in red. The positions of two
Minked glycosylation sites introduced by site-directed mutagenesis in human SMSr are indicated. SAM, ster-
ile & motif. B: Anti-V5 immunoprecipitates prepared from Hela cells transfected with V5-tagged human
SMSr, SMSerSON, or SMSr°®*™ constructs were mock-treated or treated with EndoH and then subjected to
immunoblot analysis with anti-V5 antibody. SMSr-G marks the migration of an N-glycosylated EndoH-sensitive
form of SMSr that is produced exclusively in sMsrM ™. and SMSrG284N-expressing cells. C: Sequence align-
ment of loop ¢in SMS family members from vertebrates and fruit fly. The position of a residue critical for
discriminating the phospholipid head group donors, PC and PE (Asp or Glu), is marked by an arrow. Data-
base accession numbers are: human SMSI1, BADI16809.1; chicken SMS1, ADY69193.1; frog SMSI,
NP_001008197.1; zebrafish SMS1, NP_001071082.1; human SMS2, NP_689834.1; chicken SMS2, XP_420492.1;
frog SMS2, AAH88568.1; zebrafish SMS2, zgc:100911; human SMSr, Q96LT4; chicken SMSr, XP_426501.3;
frog SMSr, Q28CJ3; zebrafish SMSr, zgc:162183; fruit fly SMSr, CG32380. D: TLC analysis of reaction products
formed when lysates of yeast strains expressing V5-tagged human SMS2 or SMS2"7' were incubated with Cq-
NBD-ceramide (NBD-Cer). EV denotes yeast lysate from strain transfected with empty vector. SMS expression
was verified by immunoblotting with anti-V5 antibody (bottom). Note that residue substitution E271D in loop ¢
converts SMS2 into a monofunctional SMS. E: TLC analysis of reaction l;products formed when lysates of yeast
strains expressing V5-tagged human SMSr, SMSrE345D, SMSI1, SMS1P* ", or SMS1/r chimera in which loop b
was swapped (SMSr'™™!, SMS1'™) were incubated with NBD-Cer. SMS expression was verified by immunoblot-
ting with anti-V5 antibody (bottom). Note that residue substitution D327E combined with swappip% loop &
against that of SMSr converts SMSI into a monofunctional CPE synthase (SMS1P#HP 61 SMS1™). Data
shown in (D) and (E) are representative of two independent experiments.

terminal acetylenic C15-fatty acid (7). The latter was prepared in
five steps starting from the condensation of Grignard reagent,
prepared from the commercially available chloride 2, and corre-
sponding decanoyl chloride. The keto-function in the intermedi-
ate ketoester 3 was completely reduced using a sequence of three
steps, namely: reduction into the alcohol 4, tosylation and final
reduction of the tosylate into the saturated fragment of 6. Simul-
taneous removal of the TMS-protecting group and hydrolysis of
the Me-ester in 6 gave click Cl5-fatty acid 7 with a yield of 22%
over five steps. Structure of clickCer (MW 519.9) was confirmed
by NMR spectroscopy ('H, "C). The synthesis of clickable analogs
of SM (clickSM) and CPE (clickCPE) will be described elsewhere
(S. Korneev and J. Holthuis, unpublished observations).
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SMS expression constructs

For expression in yeast, open reading frames (ORFs) of human
SMS enzymes were PCR amplified and cloned into the pYES2.1/
V5-His TOPO vector (Invitrogen) according to the manufactur-
er’s instructions. To create loop b swap constructs sMsr'™! and
SMS1'™, the sequences encoding Gly239-Gly278 in SMSI1 and
Gly256-Gly294 in SMSr were exchanged by two consecutive fu-
sion PCRs. Single amino acid substitutions were introduced by
site-directed mutagenesis using the megaprimer PCR method
(26). For expression in human HeLa and KBM7 cells, ORFs of
SMS enzymes were PCR amplified in-frame with a C-terminal V5-
His or HA epitope and cloned into pcDNA3.1 or retroviral expres-
sion vector pLNX2 (Clontech). For cell-free expression, ORFs of
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SMS enzymes were PCR amplified in-frame with a C-terminal V5
epitope and cloned into the wheat germ pEU-Flexi expression
vector (a kind gift of Brian G. Fox and James D. Bangs, University
of Wisconsin, Madison). All constructs were sequence verified be-
fore use.

SMS glycosylation studies

Hela cells were transfected with SMSr-V5-His, SMSr -V5-
His, or SMSr“**".V5.-His constructs using Effectene transfection
reagent (Qiagen). After 24 h, cells were washed twice with PBS
and lysed in lysis buffer [1% Triton X-100, 1 mM EDTA (pH 8.0),
150 mM NaCl, 20 mM Tris (pH 7.5)] containing 10 mM N-ethyl
maleimide and protease inhibitor cocktail (1 pg/ml aprotinin,
1 pg/ml leupeptin, 1 pg/ml pepstatin, 5 wg/ml antipain, 157 pug/ml
benzamidine). Cell lysates were centrifuged at 7,000 g for 10 min
and the supernatants were incubated with Ni*-NTA beads (Qiagen)
for 2 h at 4°C while being gently shaken. The beads were washed
with lysis buffer, resuspended in 40 pl glycoprotein denaturing
buffer (0.5% SDS, 40 mM DTT), and incubated for 10 min at
99°C. Next, 40 pl of 50 mM of sodium acetate were added and the
beads were split into two equal aliquots. After addition of 500 U of
EndoH to one aliquot, the beads were incubated at 37°C for 1 h
and subjected to SDS-PAGE and immunoblot analysis using
mouse anti-V5 antibody (Invitrogen) and HRP-conjugated goat
anti-mouse antibody (ThermoFisher).

M180N

Preparation of yeast lysates

Yeast strain IAY11 (MATa, ade2-1 trp1-1 canl-100 leu2-3,112
his3-11,15 ura3-52 ade3-A 853) was transformed with pYES2.1/SMS-
V5-His TOPO expression constructs and then grown in synthetic
medium containing 2% (w/v) galactose to early mid-logarithmic
phase. Cells were collected by centrifugation and washed in ice-
cold buffer R [15 mM KCI, 5 mM NaCl, 20 mM HEPES/KOH (pH
7.2)]. The wet cell pellet (2 g) was resuspended in a final volume
of 5 ml buffer R containing protease inhibitors (1 wg/ml aprotinin,
1 pg/ml leupeptin, 1 pg/ml pepstatin, 5 wg/ml antipain, 1 mM
benzamidine, and 1 mM PMSF). Cells were lysed by vigorous vor-
texing with 3 g glass beads at 4°C with intermittent cooling on ice.
A postnuclear supernatant was prepared by centrifugation at 700 g
for 10 min at 4°C. After addition of 0.11 vol of glycerol, lysates were
aliquoted, snap-frozen in liquid nitrogen, and stored at —80°C.

Preparation of liposomes

Phospholipid stocks were prepared in chloroform:methanol
(9:1, viv), briefly flushed with nitrogen gas, stored at —20°C in
brown glass vials, and periodically checked by TLC and iodine
staining. Phospholipid concentrations were determined as de-
scribed (27). Unilamellar liposomes were prepared from a de-
fined lipid mixture (egg PC:egg PE:wheat germ PI, 2:2:1 mol%)
using a mini-extruder (Avanti Polar Lipids). In brief, 20 wmol of
total lipid was dried under a flow of nitrogen to create a thin
film. The film was resuspended in 1 ml lipid rehydration buffer
[25 mM HEPES (pH 7.5), 100 mM NaCl] by vigorous vortexing to
create a 20 mM lipid suspension. After six freeze-thaw cycles using
liquid nitrogen and a 40°C water bath, liposomes with an average
diameter of 400 nm were obtained by extrusion of the lipid sus-
pension through a 0.4 wm track-etched polycarbonate membrane
(Whatman-Nuclepore). To obtain liposomes with an average di-
ameter of 100 nm, the 400 nm liposomes were extruded through
a 0.1 pm membrane. Liposomes with a diameter of 30-50 nm
were obtained by tip-sonication of the 100 nm liposomes on ice
until the suspension turned optically clear. The average diameter
of liposomes was confirmed by dynamic light scattering. Lipo-
some suspensions were aliquoted, snap-frozen in liquid nitrogen,
and stored at —80°C.

Cell-free expression of SMS enzymes

pEU-Flexi-SMS expression constructs were treated with pro-
teinase K to remove trace amounts of RNase, purified by phenol/
chloroform extraction, and dissolved at 1 pg/pl in water. In vitro
transcription was carried out in a 50 pl reaction volume contain-
ing 5 pg of DNA construct; 2 mM each of ATP, GTP, CTP, and
UTP; 20 units of Sp6 RNA polymerase; and 40 units of RNasin in
100 mM HEPES-KOH (pH 7.8), 25 mM Mg-acetate, 2 mM spermi-
dine, and 10 mM DTT (28). After incubation at 37°C for 4 h, the
reaction mixture was centrifuged at 3,400 g for 5 min at room
temperature. The supernatant, containing SMS mRNA, was col-
lected to set up a cell-free translation reaction. To this end, 20 ul
of mRNA-containing supernatant were used per 100 ul transla-
tion reaction containing 0.3 mM each of all 20 amino acids, 2 mM
liposomes, 40 wg/ml creatine kinase, 15 ODgyy WEPRO2240
wheat germ extract, 15 mM HEPES-KOH (pH 7.8), 50 mM potas-
sium acetate, 1.25 mM Mg-acetate, 0.2 mM spermidine, 2 mM
DTT, 0.6 mM ATP, 125 uM GTP, 8 mM creatine phosphate, and
0.0025% sodium azide. The reaction mixture was incubated for
4 h at 26°C (tube mode) or transferred to a 12 kDa MWCO dialy-
sis cup (Novagen) dipped in 5 ml reservoir buffer (same com-
position as the translation reaction, but omitting wheat germ
extract, mRNA, creatine kinase, and liposomes) and incubated
for 16 h at 26°C (dialysis mode). Translation reactions were
processed for SMS enzyme activity (see below) or subjected to
quantitative immunoblotting using mouse monoclonal anti-V5
antibody (Invitrogen Life Technologies) and known amounts
of a Vb-tagged 75 kDa reference protein purified from Escherichia
coli (MBP-CERT-His6-V5).

Density flotation

Typically, 75 ul of translation reaction were mixed with 75 pl of
80% (w/v) Accudenz prepared in gradient buffer [25 mM HEPES
(pH 7.5), 100 mM NaCl, 10% glycerol] and transferred to the bot-
tom of an 800 pl 5 x 41 mm thin-wall Ultra-Clear tube (Beckman
Coulter), carefully overlayed with 350 pl of 30% Accudenz, and
then with 100 pl of gradient buffer. Next, the samples were centri-
fuged at 100,000 gin a MLS-50 rotor (Beckman Coulter) for 4 h
at 4°C. Fractions of 60 .l were collected from the top to the bot-
tom of the gradient and processed for immunoblotting or enzyme
assays as indicated below. Gradient fractions were snap-frozen in
liquid nitrogen and stored at —80°C.

SMS activity assay with NBD-Cer

Catalytic activity of SMS enzymes expressed in yeast was ana-
lyzed as previously described (19), using either 2.5 puM NBD-Cer
(SMS1, SMS2, and mutants) or 256 uM NBD-Cer (SMSr and mu-
tants). To analyze cell-free-produced SMS enzymes for catalytic
activity, 20-200 pl of translation reaction mixture were combined
with buffer R containing protease inhibitors and 0.5 mM NEM to
a total volume of 400 pl on ice. NBD-Cer was added from a 2 mM
ethanolic stock to a final concentration of 25 wM. Enzyme reac-
tions were incubated at 37°C for 1-2 h with constant shaking. The
reaction was stopped by adding 1 ml methanol and 0.5 ml CHCl;.
Phase separation was induced by adding 0.5 ml CHCl; and 0.5 ml
of 0.45% (w/v) NaCl. The lower phase was evaporated under a
stream of nitrogen, dissolved in 25 nl CHClz:methanol (2:1), and
then spotted at 120 nl/s on NANO-ADAMANT HP-TLC plates
(Macherey-Nagel) using a CAMAG Linomat 5 TLC sampler.
The TLC was developed first in acetone, dried, and then in
CHCl3:methanol:25%NH,OH (50:25:6, v:v:v) using a CAMAG
ADC2 TLC developer. Fluorescent lipids were visualized using a
Typhoon FLA 9500 biomolecular imager (GE Healthcare Life Sci-
ences) operated in Cy2 fluorescence mode with 473 nm excita-
tion laser, BPBI filter, 50 pm pixel size, and PMT voltage setting
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of 290 V. NBD-labeled SMS reaction products were quantified us-
ing known amounts of NBD-PE as reference.

SMS activity assay with clickCer

Cellfree expression of SMS enzymes was carried out in the
presence of liposomes containing 2 mol% clickCer as above, ex-
cept that DTT and sodium azide were omitted from the transla-
tion-reaction buffer, as their presence was found to interfere with
subsequent click reactions. Control experiments showed that re-
moval of these two compounds had no adverse effect on the yield
or activity of cell-free-produced SMS enzymes. Typically, 200 pl of
translation reaction was combined with 200 pl buffer R and incu-
bated for 2 h at 37°C while shaking. Lipids were extracted as
above, transferred to Eppendorf Protein LoBind tubes, dried
down in a SpeedVac, and dissolved in 10 pnl CHCI;. Lipid extracts
were click reacted with the fluorogenic dye, 3-azido-7-hydroxycou-
marin, by addition of 64.5 pl of a freshly prepared click reaction
mix containing 0.45 mM 3-azido-7-hydroxycoumarin and 1.4 mM
Cu(I)tetra(acetonitrile) tetrafluoroborate in acetonitrile:ethanol
(3:7, viv) for 2.5 h at 45°C without shaking (29). The reaction was
quenched by addition of 150 wl methanol, dried down in a Speed-
Vagc, dissolved in CHCly:methanol (2:1, viv), and applied on a
TLC plate. The TLC was developed first in acetone and then in
CHCly:methanol:water:HAc (65:25:4:1, viviviv). Fluorescent lipids
were analyzed using a ChemiDoc XRS+ with UV-trans-illumina-
tion (detection settings for ethidium bromide, standard filter)
and Quantity One software (Bio-Rad).

Immunofluorescence microscopy

HelLa cells were seeded on glass coverslips and transfected with
pLNX2-SMS-HA constructs using Effectene transfection reagent
(Qiagen). After 24 h, cells were fixed with 4% (w/v) paraformal-
dehyde in PBS, quenched in 50 mM ammonium chloride, and
permeabilized using PBS containing 0.1% (w/v) saponin and
0.2% (w/v) BSA. Coverslips were incubated with rat anti-HA
(Roche) and mouse anti-GM130 (BD Bioscience) antibodies,
washed, and then incubated with donkey anti-rat Cy2 and donkey
anti-mouse Cy3 (Jackson ImmunoResearch). Coverslips were
counterstained with DAPI and mounted using Prolong Gold Anti-
fade reagent (Molecular Probes). Images were captured using a
DM5500 B epi-fluorescence microscope (Leica) equipped with a
PL-APO 63x (1.40 NA) oil immersion objective and a SPOT Pur-
suit camera (Leica) with filter sets for DIC, DAPI, GFP, and
mCherry (Chroma Technology Corp.).

Retroviral transduction of KBM7 cells

Human myeloid leukemia KBM7-derived SMS1-null cells (30)
stably expressing HA-tagged SMS1 or SMS1“™ were created by
retroviral transduction. To this end, low-passage human HEK293T
cells (ATCC® CRL-3216™) grown in DMEM medium (Life Tech-
nologies) supplemented with 10% FBS (Sigma) were cotrans-
fected with pLNX2-SMS-HA expression constructs and packaging
vectors (Clontech) using Lipofectamine 2000 (ThermoFisher).
The culture medium was changed 6 h post transfection. After 48 h,
supernatants were harvested, passed through a 0.45 pm filter,
and the virus-containing filtrate was used to transduce KBM7/
SMSI-null cells. The cells were grown in IMDM (ThermokFisher)
supplemented with 10% FBS and 0.8 mg/ml geneticin (G418;
ThermoFisher) for 10 days. Expression of HA-tagged SMS en-
zymes was confirmed by immunoblotting using rat monoclonal
anti-HA antibody.

Metabolic labeling

Insect S£21 cells (0.5 x 10° ) were metabohcall?r labeled in 0.5 ml
insect X-press medium (Lonza) with 1 uCi of [ [*C]ethanolamine
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at 26°C for 24 h. KBM7 cells (2 x 10%) were metabolically labeled
in 5 ml IMDM medium (Gibco) containing 10% FBS (PAA Labo-
ratories) with 1 pCi of [*Clethanolamine for 24 h at 37°C and
5% CO,. Lipids were extracted in CHCly:methanol:10 mM HAc
(5:22:1, viviv) and then processed according to Bligh and Dyer
(31). Half of the extract was subjected to mild alkaline hydrolysis
using sodium methoxide. Extracts were applied to TLC and devel-
oped in CHClg:methanol:25%NH,OH (50:25:6, v:v:v). Radiola-
beled lipids were detected by exposure to a storage phosphor
screen (Fuji Photo Film), which was scanned using a Typhoon
FLA 9500 biomolecular imager operated at phospho-imaging
mode with a 635 nm laser, IP filter, 50 wm pixel size, and PMT
setting of 600 V.

Lipid MS

KBM?7 cells grown for 48 h in IMDM medium supplemented
with 10% delipidated FBS (19) were subjected to total lipid ex-
traction according to Folch, Lees, and Sloane Stanley (32) with
15:0-SM and 17:0-CPE added as internal standards at the one-
phase stage of extraction. After evaporation of the solvent, the
lipids were dissolved in methanol/CHCI; (2:1, v:v), the phosphate
contents were determined (27), and the samples were stored

—20°C. To remove glycerolipids, the extract was taken to dryness
under a stream of nitrogen, NaOH (0.3 M final concentration)
was added, and the sample was incubated overnight at room
temperature. After neutralization with 0.3 M HCI, the lipids were
extracted as above and dissolved in 40 .l of LC-MS quality metha-
nol. CPE and SM species were separated on an Acquity ultra-
performance LC system equipped with an Acquity BEH-C18
1.0 x 150 mm column (Waters Inc.), as in Bickert et al. (20). The
column eluent was infused to a Quattro Premier mass spectrom-
eter (Waters) operated in the positive ion mode and the CPE and
SM molecular species were detected using selective reaction
monitoring. The individual species were quantified from chro-
matograms using QuanLynx (Waters Inc.) and Excel (Microsoft)
software.

RESULTS AND DISCUSSION

Mapping structural determinants of SMS substrate
selectivity

While no crystal structure of SMS enzymes has been de-
termined, protease protection experiments and a compar-
ative hydrophobicity analysis of SMS homologs predict a
six-times membrane-spanning core domain with a topology
as depicted in Fig. 1A (12, 24). This model positions the
catalytic triad of conserved His and Asp residues in or near
the second and third predicted exoplasmic loops (loops b
and ¢ Fig. 1A), hence at the side of the membrane where
SMS-catalyzed SM and CPE are thought to occur (12, 19).
To validate this model, we introduced Mlinked glycosyl-
ation sites in the first and second putative exoplasmic loop
of Vb-ta §§ed human SM%gsgl{]oops aand b; Fig. 1A), yielding
SMSr -V5 and SMSr ™" -Vb. Heterologous expression
of these constructs in HeLa cells followed by immunoblot
analysis in each case yielded a gel-shifted EndoH-sensitive
protein that was absent in SMSr-V5-expressing cells (Fig. 1B).
These results indicate that the loops connecting the first
with the second and the third with the fourth putative
membrane span of SMSr face the ER lumen, consistent
with the model presented in Fig. 1A.
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As SMS-catalyzed SM and CPE production has been re-
ported to take place in the exoplasmic leaflet of the mem-
brane (19), substrate selectivity of SMS enzymes likely
involves residues in the exoplasmic loops where interac-
tions with the polar head groups of the phospholipid do-
nors, PC and PE, are expected to occur. An alignment of
SMS sequences revealed an Asp residue immediately proxi-
mal to the catalytic His in the third exoplasmic loop (loop )
that is invariably present in mono-functional SMS, SMSI,
from diverse species (Fig. 1C). CPE-producing family mem-
bers, SMS2 and SMSr, on the other hand, contain a Glu
residue at this position. The influence of this residue on
substrate selectivity was investigated by site-directed muta-
genesis of Vb-tagged human SMS enzymes expressed in
budding yeast, an organism lacking endogenous SM and
CPE synthase activities. When lysates of yeast cells express-
ing SMS2 were incubated with the fluorescent ceramide
analog, NBD-Cer, both NBD-SM and NBD-CPE were
formed, in line with previous studies indicating that this en-
zyme possesses dual SM and CPE synthase activity (Fig. 1D)
(19). Substitution of the Glu residue in loop ¢ to Asp selec-
tively abolished SMS2-catalyzed CPE production, thus con-
verting SMS2 into a mono-functional SMS. Exchanging
Glu for Asp in loop ¢ of SMSr also blocked SMSr-mediated
CPE production (Fig. 1E). Conversely, exchanging Asp for
Glu in loop ¢ of SMS1 yielded a bifunctional enzyme with
both SM and CPE synthase activity (Fig. 1E). Thus, a Glu
residue immediately adjacent to the catalytic His in loop ¢
permits SMS-mediated CPE production, while an Asp at
this position confines the enzyme to produce only SM.

The observation that exchanging the Glu and Asp resi-
dues in loop ¢ did not cause a complete switch in head
group selectivity implied that additional residues in the
exoplasmic domains of SMS enzymes contribute to sub-
strate specificity. Sequence alignments of the first and sec-
ond exoplasmic loops did not reveal any obvious clues to
the identity of these residues. However, swapping the sec-
ond exoplasmic loop (loop b) of SMSr for that of SMS1
abolished SMSr-mediated CPE production (SMSrLbl,
Fig. 1E). Strikingly, a SMS1 chimera carrying loop b of
SMSr (SMS1'™) lost the ability to produce SM, but gained
CPE synthase activity. Moreover, an exchange of Glu for
Asp in loop ¢ of the SMS1""" chimera dramatically increased
its CPE synthase activity (Fig. 1E). These data suggest that
the Asp and Glu residues in loop ¢ along with structural
determinants in loop & mediate phospholipid head group
donor selectivity of SMS enzymes. The CPE-producing vari-
ant of SMS1, SMSlDSWE’Lbr, will henceforth be referred to as
SMS1“"",

Functional analysis of SMS enzymes in defined lipid
environments

Eukaryotic cells, from mammals to yeast, contain ATP-
fueled flippases that translocate PE and PC from the exo-
plasmic to the cytosolic leaflet of late secretory organelles
(33-36). These activities may influence SMS-mediated SM
and CPE production by limiting the amount of PC and PE
available for consumption by SMS enzymes. For instance,
the preferential synthesis of SM over CPE by SMS2 in the

plasma membrane could be due to a high PC/PE ratio in
the exoplasmic leaflet implemented by aminophospho-
lipid-specific flippases rather than determined by an intrin-
sic property of the enzyme (19). This led us to evaluate the
head group selectivity of native and engineered SMS en-
zymes in a defined lipid environment. As an approach, we
adopted a recently developed system for the cell-free pro-
duction of functional polytopic membrane proteins (28, 37).
In this system, SMS mRNA is synthesized by in vitro tran-
scription and used for cell-free translation in a wheat
germ extract (Fig. 2A). Translation was performed in the
presence of unilamellar liposomes containing equimolar
amounts of PC and PE. The liposomes are thought to cap-
ture and stabilize the nascent membrane spans of cell-free-
produced proteins, but the mechanistic principles involved
remain to be established. For cellfree expression of hu-
man SMSr, SMS1, SMS2, and SMSICPE, the corresponding
cDNAs were cloned downstream of the Sp6 promoter in
pEU Flexi-vector pFlx (28). To facilitate detection of the
cellfree-produced SMS proteins, a Vb epitope was intro-
duced at their C termini. As shown in Fig. 2B, cell-free
translation of SMS mRNA in the presence of liposomes in
each case yielded a V5-tagged protein of the expected size.
No such protein was detected when translation was per-
formed in the absence of mRNA.

To address whether cellfree-produced SMS enzymes are
incorporated into liposomes, the translation reactions were
loaded at the bottom of an Accudenz step gradient and
subjected to high-speed centrifugation. As shown in Fig. 2C,
the bulk of cellfree-produced SMS2 was recovered from
the top fractions of the density gradient, which also con-
tained the bulk of externally added liposomes. In contrast,
SMS2 produced in the absence of liposomes was mainly
found in the bottom fractions of the gradient. Adding less
than 2 mM of liposomes to the translation reaction caused
a gradual loss of SMS2 flotation (data not shown). In addi-
tion, flotation of SMS2 was best supported by liposomes
with a diameter of approximately 100 nm. Reducing the
diameter of liposomes to 30 nm or increasing it to 400 nm
in each case diminished the protein’s capacity to float (data
not shown). Thus, cell-free produced SMS enzymes appear
most efficiently incorporated into 100 nm liposomes.

Cell-free-produced SMS2 displayed dual enzymatic activ-
ity analogous to that observed for SMS2 expressed in yeast
or human cells, with a strong preference for SM synthesis
over CPE synthesis (Fig. 2D-F). Thus, even though the en-
zyme was incorporated into liposomes containing equal
amounts of the head group donors PC and PE, its specific
activity as SMS was nearly 100-fold higher than that as CPE
synthase, namely 2.0 + 0.9 E-03 s (n =b5) versus 2.3 + 1.5
E-05 s (n = 2). Omission of liposomes from the transla-
tion reaction did not affect the overall yield of SMS2, but
strongly reduced its ability to synthesize sphingolipids
(Fig. 2D). The finding that SMS2-mediated sphingolipid
production was not completely eliminated in the absence
of externally added liposomes suggested that the wheat germ
extract contained a residual pool of endogenous phospho-
lipid. Indeed, TLC analysis of the extract revealed the pres-
ence of trace amounts of PC (data not shown). From these
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Fig. 2. CellHfree expression and functional analysis of human SMS family members. A: Schematic outline of
the wheat germ-based dialysis mode for cellfree translation of SMS-V5 mRNA. Unless indicated otherwise,
translation reactions were supplemented with liposomes containing equal amounts of phospholipid head
group donors, PC and PE. B: Translation reactions with or without SMS-V5 mRNA were subjected to immu-
noblot analysis using anti-V5 antibody. Known amounts of a 75 kDa V5-tagged reference protein, pRef-V5,
were included to allow quantification of cell-free-produced SMS-V5 protein. Note that translation reactions
with SMS-V5 mRNA in each case yielded an immunoreactive protein of the expected size. C: SMS2-V5 mRNA
was translated in the absence or presence of 2 mM liposomes. Translation reactions were subjected to density
gradient fractionation and immunoblotting using anti-V5 antibody. D: SMS2-V5 mRNA was translated in
wheat germ extract in the presence of the indicated amounts of liposomes. Cell-free produced SMS2-V5 was
incubated with NBD-Cer and reaction products were analyzed by TLC. Expression of SMS2-V5 was verified by
immunoblotting using anti-V5 antibody (bottom). E: TLC analysis of reaction products formed when SMS2-
V5 produced in the presence of 2 mM liposomes was incubated with NBD-Cer for the indicated period of
time. Sensitivity of detection was increased 10-fold compared with (D) to visualize SMS2-mediated production
of NBD-CPE. Migration of an unidentified fluorescent lipid that was also present in reactions lacking SMS2 is
marked by an asterisk. F: Quantification of reaction products formed by cellfree-produced SMS2-V5 when
incubated with NBD-Cer for the indicated period of time. G: Functional analysis of cell-free-produced SMSI,
SMS1“"", and SMS2. TLC analysis of reaction products formed when the indicated SMS enzymes produced in
the presence of 2 mM liposomes were incubated with NBD-Cer. SMS expression was verified by immunoblot-
ting using anti-V5 antibody (bottom). Data shown are representative of three independent experiments.
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data, we concluded that the imbalance in SM and CPE pro- sion system offered a suitable approach for dissecting the
duction by SMS2 was due to an intrinsic property of the enzymatic characteristics of SMS family members in a con-
enzyme and that the liposome-coupled wheat germ expres- trolled lipid environment.
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SMS1“** is a mono-functional CPE synthase

As shown in Fig. 2F, cellfree expression of SMSI and
SMS1?" in the presence of liposomes containing equal
amounts of PC and PE yielded mono-functional enzymes
with SM and CPE synthase activity, respectively. Moreover,
these enzymes displayed similar specific activities (SMS1:
42+1.8E04s ' 'n=3SMSI"" 33+1.7E04s ', n=2).
These results corroborate the notion that the phospholipid
head group selectivity of SMS family members is primarily
controlled by residues in the enzyme’s second and third
exoplasmic loops (i.e., loops b and ¢, respectively). Cell-
free-produced SMSr, on the other hand, displayed hardly
any CPE synthase activity. Whether this reflects a low intrin-
sic specific activity of the enzyme or failure of the wheat
germ expression system to generate catalytically active SMSr
remains to be established.

So far, catalytic activity of cell-free-produced SMS family
members was determined by monitoring the enzymatic
conversion of the fluorescent short-chain ceramide analog,
NBD-Cer, which was added to SMS-containing proteolipo-
somes from an ethanolic stock. To exclude the possibility
that the bulky NBD-moiety of this analog interferes with
SMS substrate specificity and to provide further proof that
the cell-free-produced enzymes are correctly embedded in
the lipid bilayer, we synthesized a ceramide analog carrying
a Cl5-acyl chain with a clickable terminal alkyne group that
closely mimics natural Cl6-ceramide (clickCer, Fig. 3A).
Liposomes containing 2 mol% clickCer were used as mem-
brane protein acceptor vesicles during cell-free produc-
tion of SMS enzymes. SMS-mediated conversion of clickCer
into clickSM and clickCPE was monitored by TLC analysis
after click-reacting SMS proteoliposomes with the fluoro-
genic dye, 3-azido-7-hydroxycoumarin (Fig. 3B) (29). As
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shown‘ in Fig. 3C, this approach confirmed that SMS1 and
SMS1“"™ act as mono-functional SM and CPE synthases,
respectively.

Switching head group selectivity in mammalian
sphingolipid biosynthesis

Having demonstrated that swapping exoplasmic residues
with SMSr suffices to convert SMSI into a CPE synthase,
we next set out to generate mammalian cells producing
CPE rather than SM as bulk phosphosphingolipid. First,
we checked whether the exchange of residues necessary
for switching head group selectivity of SMS1 had any im-
pact on its subcellular distribution. As shown in Fig. 4A,
immunofluorescence microscopy of HelLa cells trans-
fected with HA-tagged versions of SMS1 and SMS1" re-
vealed that both enzymes localize to the Golgi complex,
where bulk production of SM is known to occur (14). To
exchange Golgi-resident SMSI for SMS1?", we used hu-
man myeloid leukemia KBM7-derived SMS1-null cells in
which the SMS1 gene was inactivated by insertional muta-
genesis (30). SMSI1-null cells display only residual SMS ac-
tivity (~15%) compared with control KBM7 cells (38).
This residual activity is likely due to SMS2, which is barely
expressed in lymphoid cells (13, 20). SMSI-null cells stably
expressing HA-tagged SMSI or SMS1?"" were created by
retroviral transduction and expression of the enzymes was
verified by immunoblotting (Fig. 4B). As mammalian cells
normally produce only trace amounts of CPE (18), we ana-
lyzed KBM7 and SMS1-null cells expressing SMS1 or
SMS1“" for their ability to synthesize CPE by metabolic la-
beling with [14C]ethan01amine. Labeling of Sf21 insect
cells served as control, as these cells typically produce bulk
amounts of CPE owing to an SMSr-unrelated CPE synthase

Fig. 3. Tracing catalytic activity of cellfree-produced
SMS enzymes by click chemistry. A: A clickable ce-
ramide analog, clickCer (1), was synthesized by con-
densation of D-erythro-sphingosine and a C15-fatty acid
carrying a terminal alkyne group (7). The latter was
synthesized in five steps, as detailed in the Materials
and Methods. Reagents and conditions: a, Mg, Et,O,
C;1H,9O4Cl, room temperature; b, NaBH,, methanol-

3 l 6 5 ° water), room temperature; ¢, TsCl, Et;N, DMAP, room

: temperature; d, NaBH,, DMSO, 75°C; ¢, KOH, metha-

AN & WD nol, 50°C; f; sphingosine, EDCI, HOBT, room temper-
M \/\/\/\/\/\/\?\j:ﬂ“ ature. B: Schematic outline of the click-chemistry-based

7 E SMS assay. ClickCer was incorporated as SMS substrate

1 clickCer in liposomes present during the cell-free translation of

SMS-V5 mRNA. After lipid extraction the alkyne moi-
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7-hydroxycoumarin, to yield fluorescently labeled
lipids. The scheme was adapted from (29). C: V5-
| clickCPE tagged SMSI, SMSICPL, SMS2, and SMSr were pro-
L clickSM duced cell-free in the presence of liposomes containing
 origin 2 mol% clickCer. After lipid extraction, SMS reaction
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cence detection. SMS expression was verified by
immunoblotting using anti-V5 antibody (bottom).
Data shown are representative of two independent
experiments. Boldface numbers correspond to inter-
mediates of clickCer synthesis described in Materials
and Methods.
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Fig. 4. Switching head group selectivity in mammalian sphingolipid biosynthesis. A: HeLa cells were trans-

fected with empty vector (EV), SMSI-HA, or SMSI1

-HA, fixed, and then double-labeled with antibodies

against the HA-tag (green) and Golgi marker, GM130 (red). Note that both SMS enzymes localize to the
Golgi. Scale bar, 10 wm. B: Immunoblots of KBM7-derived WT and SMSI-null cells (SMS1KO) transfected
with empty vector (EV), SMSI-HA, or SMS1”"-HA were stained with antibodies against the HA-tag and
B-actin. C: KBM7-derived WT and SMS1KO cells transfected with EV, SMS1-HA, or SMS1"E.HA were meta-
bolically labeled with ['4C]ethanolamine for 24 h and then subjected to lipid extraction, TLC analysis, and
autoradiography. In some extracts, gﬁlycerolipids were deacylated by mild alkaline hydrolysis (hydr. +) prior to
TLC analysis. Note that only SMs1¢ “expressing cells produce a radiolabeled lipid resistant to alkaline hydro-
lysis and with an Rf of CPE. Metabolic labeling of insect Sf21 cells, which produce bulk amounts of CPE,
served as control. D: SM and CPE levels in lipid extracts of KBM7-derived WT and SMS1KO cells expressing
SMSI1-HA or SMS1“"-HA were determined by LC-MS/MS and expressed as mole percent of total phostho-
lipid analyzed. E: Levels of SM and CPE species in KBM7-SMSIKO cells expressing SMS1-HA or SMS1“"*-HA
were determined as in (D). Data shown in (D) and (E) are representative of two independent experiments.

unique to insects (22). Labeling KBM7, SMSl-null, or
SMS1-null cells expressing SMS1 with ['*C]ethanolamine
for 24 h did not yield any detectable levels of radioactive
CPE. In contrast, labeled Sf21 and SMSICPF‘-eXpressing
SMS1-null cells contained substantial amounts of radioac-
tive CPE (Fig. 4C), suggesting that SMS1“" mediates bulk
production of CPE.

To assess the relative contribution of SMS1 and SMS1
to sphingolipid content at steady state, we next determined
the lipid composition of KBM7 and SMSl-null cells ex-
pressing SMSI or SMS1<™ using LC-MS/MS. As reported
previously, removal of SMSI resulted in a 6-fold drop in SM
levels (38). Expression of SMS1"* caused an ~40-fold in-
crease in CPE levels (43 + 7, n = 2), making CPE the most
abundant phosphosphingolipid in SMS1-null cells (Fig. 4D).

CPE

970 Journal of Lipid Research Volume 58, 2017

This increase concerned both short- and long-chain CPE
species, which largely overlapped with SM species syn-
thesized by SMS1-expressing cells in terms of their ce-
ramide backbone structures (Fig. 4E). No such increase in
CPE levels was observed in SMSr-overexpressing cells [ (18);
our unpublished observations). Swapping SMS19* against
SMS1 in KBM7 cells had no significant impact on the levels
of other sphingolipid (glucosylceramides, ceramides) or
phospholipid classes [PC, PE, PI, and phosphatidylserine
(PS); our unpublished observations]. Importantly, these
results indicate that SMSICPF‘, contrary to SMSr, functions
as a bona fide bulk CPE synthase. A comprehensive analysis
of the consequences of substituting CPE for SM as bulk
phosphosphingolipid on mammalian cell physiology will
be the subject of a separate study.
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Structural model of SMS substrate selectivity

In SMS-catalyzed SM/CPE production, transfer of the
PC/PE head group onto ceramide is thought to proceed
via formation of a choline/ethanolamine phospho-His in-
termediate (24). Here, we defined two critical determi-
nants of head group selectivity among SMS family members,
namely: 7) an Asp/Glu residue at the —1 position of the
catalytic His that binds the phospholipid head group in the
third exoplasmic loop, loop ¢ and ) the second exoplasmic
loop, loop &, proximal to the other catalytic His (Fig. 5A).
As outlined in the model depicted in Fig. 5B, we envision
that loop b in SMS1 and SMS2 has a spacious fold that
allows accommodation of a bulky phosphocholine head
group in the active site, presumably via hydrophobic inter-
actions with the methyl groups. A phosphoethanolamine
head group lacks this possibility of interaction with loop b,
which would explain why SMS2 preferentially synthesizes
SM over CPE even when the enzyme has direct access to
equal amounts of the phospholipid head group donors, PC
and PE. In contrast, we suggest that loop b of SMSr is more
tightly folded over the active site, thus excluding entrance
of a phosphocholine head group. This idea is supported by

our finding that exchanging loop b between SMSI1 and
SMSr abolishes SMS1-mediated SM production (Fig. 1D).
Our model also predicts that the Glu residue just upstream
of the catalytic His in loop ¢ of SMSr and SMS2 has a critical
role in stabilizing a phosphoethanolamine head group in
the active site, quite independently of the proposed loop b
interactions. Indeed, exchanging this Glu residue for Asp
blocked SMSr-mediated CPE production while exchanging
Asp for Glu at the corresponding position in SMSI1 yielded
an SMS2-like enzyme with both SM and CPE synthase activ-
ity (Fig. 1D).

To our knowledge, the only proposed structure for an
SMS enzyme is based on a human SMSI1 homology model
created by Zhang et al. (39). In their model, loop bis folded
on top of part of the active site, compatible with our model.
The model by Zhang et al. (39) also shows additional inter-
actions of Phel73 and Phel77 from loop a with the phos-
phocholine head group of a SM molecule, which are
suggested to contribute to SM binding. This leaves the al-
ternative possibility that loop & of SMSr, in the context of
an SMSI1 enzyme, blocks the interaction with the two Phe
residues, thereby abolishing SM synthesis. However, Phel73

A SMS1 SMS2 SMSr
/Gorgi lumen ™\ ( cell surface ER lumen E
active site active site active site
L—— | a—] La—

Fig. 5. Structural model of SMS head group selectiv-
ity. A: Membrane topology and structural elements
that contribute to substrate specificity of SMS enzymes.

The invariant His and Asp residues that form the cata-
Iytic triad are marked in red. Head group selectivity of
SMS enzymes is determined by a single residue adja-
cent to the catalytic His in exoplasmic loop ¢, i.e., Asp
in SMS1 (marked in green) or Glu in SMS2 and SMSr
(marked in yellow), along with structural information
in loop b (marked in blue). SAM, sterile o motif. B:
Model explaining how structural elements in loops &
and ¢ of SMS enzymes cooperate to determine head
group selectivity. See text for details.
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is conserved in SMS1, SMS2, and SMSr, whereas Phel77
only occurs in SMS1. Therefore, it is unlikely that these Phe
residues contribute to the head group selectivity of SMS
enzymes, as Phel73 is conserved in SMSr (which does not
produce SM), while Phel77 is not strictly necessary for
binding of the phosphocholine head group as SMS2 is a
good SM producer without it.

In our model, the point on the reaction coordinate at
which the head group “selectivity filter” is applied is not
defined. The way the model is drawn, for reasons of sim-
plicity, assumes the coordination/exclusion of a choline/
ethanolamine phospho-His intermediate. This would im-
ply that PC and PE are constantly probing the active site,
but that the intermediate is formed only when the appro-
priate phospholipid head group donor has entered. Al-
ternatively, exclusion already takes place at the level of
phospholipid entry, i.e., depending on the protein’s selec-
tivity, the appropriate phospholipid gains access to the ac-
tive site. The difference between the binding energies of
SMS1 to PC and PE calculated by Zhang et al. (39) (90 kJ/
mol) suggests that the latter mechanism applies. However,
photo-affinity labeling experiments with diazirine-contain-
ing phospholipid analogs (40) combined with a thorough
analysis of enzyme kinetics will be necessary to distinguish
the above two mechanisms. The latter will be a challenging
task [see, e.g., (41) ], because for a bifunctional enzyme like
SMS2, it involves systematic variation of the concentrations
of three different substrates (i.e., ceramide, PC, and PE)
when only the forward reactions are considered.

It is of interest to note that in a study on the substrate
selectivity of a SMS-related ceramide phosphoinositol
(CPI) synthase family from trypanosomes (42), the residue
at the —1 position of the catalytic His that binds the phos-
pholipid head group also has a marked effect on the vari-
ous products formed by these enzymes (CPI, CPE, SM).
The residues found at this position are more divergent
(Ser, Phe) than those in SMS enzymes (Asp, Glu), in agree-
ment with the increased divergence of the products (the
head group of CPI has a net negative charge and is bulkier
than that of SM and CPE). However, the authors did not
wish to speculate on the specific molecular interactions
that could cause the change in selectivity.

CONCLUSIONS

In this work, we defined structural elements near the ac-
tive site of SMS enzymes that impart catalytic specificity.
Residues in the second and third exoplasmic loop proximal
to the conserved catalytic triad turned out to be key deter-
minants of head group selectivity. Swapping these residues
with SMSr allowed conversion of the Golgi-resident SMS,
SMSI, into a bulk producer of CPE and the establishment
of a mammalian cell-line that synthesizes CPE rather than
SM as the dominant phosphosphingolipid. CPE normally
represents only a minor fraction of the mammalian sphin-
golipid pool, with steady state levels of ~300- to 1,500-fold
below those of SM (20). In contrast, CPE is the dominant
phosphosphingolipid in most insects, including Drosophila
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(22, 43). Unlike SM, CPE does not interact favorably with
cholesterol in spite of its hydrogen-bonding properties
(44). This may explain why insects are auxotrophic for ste-
rols and have a more relaxed structural requirement for
sterols in their membranes than mammals, which appear
highly adapted to the use of cholesterol (45, 46). Substitu-
tion of SM for CPE may therefore have a profound impact
on cholesterol homeostasis in mammalian cells. Our cur-
rent work provides an ideal basis to test this prediction.

At present, the physiological relevance of CPE biosynthe-
sis in mammals is unclear (20, 21). We previously showed
that acute disruption of SMSr-catalyzed CPE production in
cultured cells causes a deregulation of ER ceramides and
induction of mitochondrial apoptosis (18, 23). Whether
CPE acts as a signaling lipid in SMSr-mediated ceramide
homeostasis remains to be established. To address this pos-
sibility, our current efforts focus on manipulating ER-resi-
dent CPE pools by targeting active-site-engineered SMS1<E
to the ER. The establishment of SMS variants with altered
head group selectivity not only provides fresh insight into
the reaction mechanism underlying SM and CPE biosyn-
thesis, but should also facilitate the development of isoen-
zyme-specific inhibitors. Bl

The authors thank Tarja Grundstrom for technical assistance.
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