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CHAPTER 1
Introduction
Many chemical reactions that sustain the living state occur in or along the
surface of cellular membranes. These structures form highly dynamic barriers
that are essential for cell integrity and compartmentalization. They consist of a
complex mixture of different lipid species and various embedded or associated
proteins. A proper functioning of cellular membranes is critically dependent on
the composition of their lipid matrix, which is made up of glycerophospholipids,
sphingolipids and sterols. Hundreds of different lipids species can be found in
the membrane of a single cellular organelle, with differences in the polar head,
backbone and/or non-polar acyl chains giving rise to this diversity. Owing to their
collective behavior, the lipid population as a whole rather than any specific lipid
determines the physical properties of the organellar membrane. These properties
include membrane fluidity, thickness, packing density, surface charge and intrinsic
curvature. Importantly, cellular organelles display striking differences in their lipid
compositions that help shape their specialized tasks (1, 2). The plasma membrane,
for example, has high levels of tightly packed sterols and sphingolipids, making it
a rigid and thick barrier between the intracellular and external milieu. The ER, on
the other hand, is rich in unsaturated and loosely packed glycerophospholipids
to support its central task as biogenic organelle. Lipid-induced changes in the
global physical properties of membranes also provide specific cues for membrane
proteins to allow temporal and spatial control over vital cellular processes such as
cell signaling, ion homeostasis and membrane trafficking (3).
Superimposed on the organelle-specific lipid compositions within one organism,
different organisms evolved membranes based on highly divergent components.
While most glycerophospholipids and sphingolipids in mammals carry a phosphocholine headgroup, insects developed a different headgroup dominance in which
choline is largely replaced by ethanolamine (4). Plants and yeast, on the other
hand, primarily build glycerophospholipids and sphingolipids that contain phosphoinositols (5). These differences are accompanied by considerable alterations
in acyl chain compositions and distinct requirements for sterols, which are much
more strict in mammals than in other organisms. Given this variability, it is surprising that membrane proteins, which co-evolved with lipids in their host membrane,
can have close homologues across all domains of life. This is particularly striking
in view of the emerging evidence that some conserved membrane proteins rely
on highly specific lipid interactions for full activity (6, 7). Understanding the design
principles that allowed organisms to build functional membranes from different
combinations of lipids poses a challenging problem to current cell biology.
In here, we discuss the origin and some biological implications of the major
divergence in lipidomes that occurred during the evolution of mammals and
insects. First, we will introduce the principal lipid species of these organisms and
their impact on the physical properties of membranes. Next, we will focus on the
organism-specific architecture of the lipid biosynthetic pathways, with special
8
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attention paid to the enzymes responsible for the production of phosphosphingolipids. Recent identification of these enzymes not only disclosed opportunities
to “humanize” the lipidome of flies and vice versa, but also led to the discovery
of a conserved “pseudo” sphingolipid synthase with a dual role as protein sensor
of ceramides. Besides providing essential building blocks for the production of
sphinglipids, ceramides also feature as potent transducers of apoptotic cell death.
Thus, it appears that the “pseudo” sphingolipid synthase has been retained by
mammals and insects alike to protect them against the inherent danger of sphingolipid biosynthesis.
Physicochemical properties
membrane lipids

of

choline

and

ethanolamine-containing

General principles
Glycerophospholipids, the bulk components of cellular bilayers, have a glycerol
backbone with two hydrophobic acyl chains esterified at the sn-1 and sn-2
positions and a phosphorylalcohol group esterified at the sn-3 position. They are
classified based on the structure of their headgroup, which is zwitterionic (dipolar)
in the case of phosphatidylcholine (PC) and phosphatidylethanolamine (PE), or
anionic in the case of phosphatidylserine (PS) and phosphatidylinositol (PI). Each
glycerophospholipid class comprises a variety of molecular species that are
defined by the nature of the acyl chains attached to the glycerol backbone. Glycerophospholipids typically carry one cis-unsaturated acyl chain at the sn-2 position.
Sphingolipids, on the other hand, contain one saturated and one trans-unsaturated acyl chain that are covalently linked to a serine backbone. The resulting hydrophobic structure, ceramide, is decorated with a phosphocholine headgroup in the
case of sphingomyelin (SM), a phosphoethanolamine headgroup in the case of
ceramide phosphoethanolamine (CPE), or with one or more saccharides, yielding
glycosphingolipids. Both the headgroup, backbone and acyl chain composition
of lipids influence physical properties of cellular bilayers that are vital to sustain
the living state. These include membrane fluidity, thickness, surface charge and
intrinsic curvature. To illustrate this, the following sections focus on the physicochemical properties of four membrane lipids: PC, SM, PE and CPE.
Phosphatidylcholine: ideal building block for fluid and stable bilayers
PC and SM are structurally related to PE and CPE as all four lipids carry a zwitterionic headgroup, a phosphocholine or phosphoethanolamine, each with a
positive and a negative charge on the amine and phosphate, respectively (Fig.
1a). Unlike anionic lipids such as PS and PI, zwitterionic lipids have a neutral net
charge over a wide pH range, from strongly acidic to strongly alkaline. However, a
first important distinction between a phosphocholine and phosphoethanolamine
headgroup is that the former cannot form hydrogen bonds with neighboring lipids
(8). Consequently, the hydration level of a phosphocholine headgroup is higher
than that of phosphoethanolamine. In contrast, the aminoethane in phosphoethanolamine-containing lipids can form hydrogen bonds with the phosphate in
9
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adjacent lipid molecules, producing a compact and rigid headgroup network
at the bilayer surface (9). As a result, phosphocholine-containing lipids display
weaker intermolecular interactions and are less tightly packed in a bilayer than
ethanolamine-containing lipids with a similar acyl chain composition (8, 10). This
is reflected by the fact that the melting temperature or gel-to-liquid crystalline

Figure 1. Physicochemical properties of four principal zwitterionic membrane lipids. (a) Chemical
structures of the zwitterionic membrane lipids phosphatidylcholine (PC), phosphatidylethanolamine
(PE), sphingomyelin (SM) and ceramide phosphoethanolamine (CPE). (b) Physicochemical properties
of PC, PE, SM and CPE differ greatly. (c) Impact of PC, PE, SM and CPE on biophysical properties of
membrane bilayers. See text for details.
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phase transition temperature (Tm) of PC is nearly 20°C lower than that of PE with
identical acyl chains (11). PC molecules generally carry one cis-unsaturated fatty
acyl chain in the sn-2 position, which makes them fluid at physiological temperatures (12). Moreover, the three methyl groups attached to the amine in PC makes
its headgroup more voluminous than the aminoethane group in PE, an effect that
is further enhanced by its higher hydration level. This renders the cross-sectional
area occupied by the PC headgroup comparable to that of its acyl-chains (Fig.
1b). Owing to their nearly perfect cylindrical shape, PC molecules dispersed in
water self-organize spontaneously as planar bilayers, with the hydrophobic acyl
chains facing each other and the polar headgroups interfacing with the aqueous
phase. Furthermore, the N-trimethylethane group of PC is chemically inert, while
the aminoethane group of PE is more reactive (see below). All of these properties
combined may explain why PC serves as the dominant matrix lipid in mammalian
cells, amounting to ~60% of total membrane phospholipids (1).
Sphingomyelin: key determinant of membrane barrier function
It was long thought that the principal function of SM was to substitute PC as
building block of cellular bilayers. However, whereas SM and PC share an identical
headgroup, there are some fundamental differences in their physicochemical
properties. To begin with, SM contains an amide bond at position 2 and a hydroxyl
on position 3 of the sphingoid base (Fig. 1a), both of which can participate in
hydrogen bonding (13). In PC, on the other hand, the two carbonyl esters in its lipid
backbone can only act as hydrogen donors. Moreover, both the sphingoid base
and the usually long N-linked acyl chain of SM show a high degree of saturation.
Owing to its acyl chain composition, SM forms a taller, narrower cylinder than PC
(Fig. 1b). This, in turn, dramatically enhances the van der Waals attraction between
neighboring SM molecules and increases their packing density in a bilayer (14,
15). Consequently, at physiological temperatures a SM bilayer exists in a solid gel
phase with tightly packed, immobile acyl chains (16). Addition of sterols, however,
renders these membranes fluid. By interfering with a tight packing of the saturated
acyl chains, the rigid and flat steroid backbone of sterols inhibits transition of the
membrane to the solid gel state. Sterols preferentially interact with lipids carrying
saturated acyl chains. As SM often is the only fully saturated phospholipid in cell
membranes of vertebrates (except for the trans-unsaturated bond in its sphingoid
base), it serves as the preferential binding partner of cholesterol, the essential
sterol in mammals. Indeed, enzymatic breakdown of cell surface SM causes a
redistribution of cholesterol from the plasma membrane to the ER (17). Owing
to its bulky phoshocholine headgroup, SM maximally protects cholesterol from
having its relatively small hydrophilic headgroup exposed to water (18). Moreover,
hydrogen bonding between SM and cholesterol stabilizes the interaction better
than what is possible between PC and cholesterol (13). The intimate apposition
of SM and cholesterol allows cells to render their membranes impermeable to
unwanted solutes while keeping them fluid over a broad range of temperatures
(Fig. 1c). In addition to its chemically inert headgroup, it deserves mention that the
ceramide backbone of SM is chemically more robust than the DAG backbone of
11
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PC; the fatty acid amide bond but not the ester bond is resistant to mild alkaline
conditions whereas the sphingoid base is resistant to both alkaline and acidic
conditions. Hence, the preferential distribution of SM to the outer leaflet of the
plasma membrane of mammalian cells may serve to provide protection against
potentially harmful reagents from the extracellular environment (19).
Phosphatidylethanolamine: non-bilayer lipid facilitating membrane fission and
fusion
Contrary to PC and SM, PE is a cone-shaped lipid as the effective cross-sectional
area of its headgroup is smaller than that of its acyl chains (Fig. 1b,c). Hydration
of cone-shaped lipids usually results in formation of non-bilayer structures with
negative curvature like the inverted hexagonal (HII) phase (20). In this phase, the
polar headgroups of the lipids align the luminal surface of long water-filled tubes
whereas their hydrophobic acyl chains are exposed to the exterior. The tubes
stack together like pipes to minimize exposure of their hydrophobic surface to
water. The tendency of PE to promote negative curvature and self-organize into
the HII phase increases with the number of double bounds (unsaturation level) in
its acyl chains (20, 21). Thus, membranes enriched in unsaturated PE experience
curvature stress and tend to abandon the bilayer conformation (22). Curvature
stress can be relaxed by transition to the HII phase. For cells, this is an undesirable scenario as it would undermine the barrier function of their membranes.
However, PE is an essential phospholipid in eukaryotic cells, from human to yeast
(23). The lipid-packing defects created by its conical shape influence the binding
and activity of various peripheral membrane proteins and facilitate membrane
fission and fusion (24). Thus, the accumulation of mono-unsaturated PE in the
cytoplasmic leaflet of the sphingolipid/sterol-rich plasma membrane and on the
surface of endocytic and secretory vesicles is believed to keep these membranes
in a fusion-competent state (25). While the N-trimethane-containing headgroup of
SM and PC is chemically inert, the aminoethane group in PE reacts with and covalently binds the autophagy-related protein Atg8 (26). PE-mediated membrane
recruitment of Atg8 is an essential step in autophagy, a process mediating the
lysosomal turnover of cellular macromolecules and organelles. Likewise, PE is the
precursor of the ethanolamine glycerophosphate moiety that is covalently bound
to eukaryotic elongation factor 1A, an essential component in protein biosynthesis
(27).
Ceramide phosphoethanolamine: sphingomyelin analog lacking affinity for sterols
CPE is generally referred to as a SM analogue as the only difference between
the two lipids is the presence (SM) or absence (CPE) of three methyl groups in
the lipid headgroup. However, contrary to SM, CPE lacks the ability to favorably
interact with cholesterol, even when their lipid backbones share the same hydrogen-bonding capacity and saturation level (28). The rate of cholesterol desorption
to cyclodextrin was found to be nearly ten-fold higher from CPE monolayers as
compared to SM layers. In fact, in bilayers composed of cholesterol, PC and CPE,
cholesterol prefers to interact with PC rather than with CPE (18). This shows that
12
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headgroup size and properties are key determinants of sphingolipid interactions
with cholesterol. Moreover, in comparison to SM, CPE displays a substantially
increased cohesion amongst the lipid molecules in a monolayer. This suggests
that CPE undergoes stronger intermolecular interactions than SM, which is presumably facilitated by the compactness and hydrogen binding capacity of its
headgroup. In line with this, the melting temperature or gel-to-liquid crystalline
phase transition temperature (Tm) for CPE is 20°C higher than that of SM with
identical acyl chains (18). Unlike PE, CPE has a propensity to form stable bilayers
owing to its predominantly saturated acyl chain composition. However, the fluidity
of CPE bilayers is low and appears hard to control by sterols in comparison to that
of SM bilayers (Fig. 1b,c).
How do insects build stable bilayers from phosphoethanolamine-centric
lipidomes?
Mammalian cell membranes are primarily composed of the bilayer-stabilizing lipids
PC and SM (~60% of total phospholipid) along with a respectable fraction of the
non-bilayer lipid PE (~25%) (1). This mix of bulk lipids appears ideal for upholding
vital properties of membrane-bound cellular organelles. Indeed, mammalian cells
are equipped with sophisticated control mechanisms to safeguard a healthy mix
of bilayer versus non-bilayer lipids and cholesterol to prevent transition of their
membranes into a non-fluid gel or, even worse, a porous state (2). However, the
membranes of insects like the fruit fly Drosophila melanogaster comprise PE as
their bulk lipid (~60%), with PC representing only a relative minor fraction (<20%)
and CPE substituting for SM (29, 30). How do these animals manage to build stable
bilayers from such a ‘unusual’ mixture of bulk lipids in which the ratio between
bilayer and non-bilayer lipids is reversed with respect to that in mammals? Also,
considering the poor affinity for sterols and high packing density of CPE, what
mechanisms are in place to keep these membranes fluid?
While the answers to the above questions are currently not known, mass spectrometry-based profiling of whole organism lipidodomes revealed that both
glycerophospholipids and sphingolipids in Drosophila are shorter in chain length
than those found in mammals (Fig. 2) (4, 30, 31). Drosophila sphingolipids are
primarily based on a tetradecasphingenine (C14) rather than the C18 backbone
found in mammalian sphingolipids. The N-linked fatty acids are also shorter, with
arachidic acid (C22:0) being prominent in Drosophila and lignoceric acid (C24:0)
often found in mammals. Whereas the longest fatty acid found in Drosophila
glycerophospholipids was C18, mammalian glycerophospholipids can contain
up to C24, with approximately 60% of the fatty acids being unsaturated in both
organisms. The existence of shorter sphingolipids and glycerophospholipids
predict lower membrane temperatures, so that membranes would remain fluid
at lower temperatures. This correlates well with the requirement of lower ambient
temperatures for Drosophila survival (18-20°C) and may explain why, contrary
to mammals, insects are auxotrophic for sterols and have relaxed the structural
13
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requirements for sterols in their membranes (32, 33). Indeed, many types of sterols
support Drosophila development (34) and it appears that the amount of sterols
in membranes of this organism is controlled by monitoring overall biophysical
membrane properties rather than sterol concentration itself (35). This would allow
wider flexibility in the use of different dietary sterols by Drosophila and permit CPE
to substitute SM, a lipid required to efficiently retain cholesterol in mammalian
membranes.
Having shorter glycerophospholipids likely explains why Drosophila, contrary
to mammals and other organisms, can tolerate a high concentration of PE in its
membranes (Fig. 2). It has been well established that the propensity of PE to adopt
the non-bilayer HII-phase increases with temperature and acyl chain desaturation,
while it decreases with acyl chain length (36). In agreement with this concept,
the cellular response to depletion of PC in yeast involves the incorporation of
shorter and more saturated acyl chains in PE to increase its bilayer propensity (37).
Thus, mammals and insects evolved membranes based on highly divergent lipid
components, but whose collective behaviors adhere to the same basic rules to
render these membranes functional. How the various lipid and protein components interact to ensure membrane integrity and sustain vital membrane-bound

Figure 2. How insects may build stable bilayers from phosphoethanolamine-centric lipidomes.
(a) Owing to their cone-shaped geometry, PE species generally found in mammals are not suitable
for building stable bilayers. However, by incorporating shorter and more saturated acyl chains, insects
enhance the bilayer propensity of their PE species, thus making their membranes tolerant to high levels
of PE without risking their transition into a porous state. (b) Schematic representation of the different
lipid mixtures used by mammals and insects to build a stable membrane.
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processes is not known. Precise knowledge of the organism-specific architecture
of lipid biosynthetic pathways would greatly facilitate systematic approaches to
decode the underlying molecular principles and mechanisms.
Glycerophospholipid biosynthesis and early
biosynthesis are conserved from human to yeast

steps

in

sphingolipid

In most eukaryotes, PC and PE biosynthesis primary occurs via the Kennedy
pathway. To this end, choline and ethanolamine are phosphorylated, and the
resultant phosphocholine and phosphoethanolamine are converted to CDP-choline and CDP-ethanolamine, respectively. These CDP-alcohols are then conjugated with sn-1,2-DAG to produce PC and PE by CDP-choline/ethanolamine:DAG
choline/ethanolamine transferases associated with the ER. An alternative pathway
of PE biosynthesis involves decarboxylation of PS by a PS decarboxylase in mitochondria. Yeast and liver tissue of mammals use an alternative pathway to produce
PC, which involves a step-wise methylation of PE by a PE N-methyltransferase in
the ER (38). In addition to their turnover during de novo synthesis, glycerophospholipids are subject to exchange of acyl chains in reactions catalyzed by phospholipases, acyltransferases and transacylases. This acyl chain remodeling is a vital
aspect of how organisms keep membranes fluid while avoiding defects in their
barrier function (36).
The initial steps in sphingolipid biosynthesis are conserved essentially across all
eukaryotes. The first committed step is the condensation of L-serine and palmitoyl-CoA. This reaction is catalyzed by serine palmitoyltransferase, an enzyme that
is subject to exquisite regulation (39–43). The product of this reaction is reduced
to produce the sphingoid base sphinganine, which is N-acylated to yield dihydro-ceramide. N-acylation of sphinganine is catalyzed by one of several possible
ceramide synthases, each with a different acyl chain preference (44). A further
desaturation of dihydro-ceramide will yield the corresponding ceramide with a
trans double bond in the 4-position of the sphingoid base. Each of these reactions
is believed to occur on the cytosolic surface of the ER (45).
In mammalian cells, the bulk of newly synthesized ceramides is converted to SM
by a PC:ceramide cholinephosphotransferase or SM synthase in the lumen of the
trans-Golgi (Fig. 3). This enzyme catalyzes the transfer of phosphocholine from PC
onto ceramide, yielding SM and DAG (46). SM synthase thus occupies a central
position at a crossroads of sphingolipid and glycerophospholipid metabolism.
Besides its role in generating a vital membrane component of mammalian cells, the
enzyme has considerable biological potential in controlling the balance between
the pro-apoptotic lipid ceramide and the pro-survival lipid DAG. Delivery of ER
ceramides to the site of SM production requires the cytosolic ceramide transfer
protein CERT (47). Besides a ceramide transfer or START domain, CERT contains
a pleckstrin homology domain that binds to phosphatidylinositol 4-monophosphate at the trans-Golgi and a FFAT motif that is recognized by an ER-resident
15

CHAPTER 1
receptor, VAP. CERT likely operates within the narrow cytoplasmic gap at contact
sites between the ER and trans-Golgi to establish efficient ceramide transport for
SM production (2). Contrary to mammals, insects like Drosophila and many other
invertebrates lack SM but instead produce CPE. The enzyme responsible for bulk
production of CPE resides in the trans-Golgi but is unrelated to SM synthase (see
further below). Efficient CPE production in Drosophila requires CERT (48), hence
analogous to SM production in mammals (Fig. 3).
Bulk production of SM and CPE is mediated by members of distinct enzyme
families
SM synthase belongs to the lipid phosphate phosphatase superfamily
SM synthase was identified using structural information available for an analogous
enzyme that catalyzes inositol phosphorylceramide (IPC) synthesis in yeast. IPC
production requires Aur1p, a protein containing the C2 and C3 active site motifs
characteristic for members of the lipid phosphate phosphatase (LPP) superfamily
(49). Sequences encoding integral membrane proteins with active site motifs
common to Aur1p and LPPs were selected by BLAST searches from the animal
database, cloned and then analyzed for their ability to mediate SM synthesis upon
expression in yeast, an organism lacking endogenous SMS activity. This approach
uncovered two SM synthase isoforms in mammals, namely SMS1 in the trans-Golgi
and SMS2 at the plasma membrane (50). While SMS1 is primarily responsible for
de novo SM synthesis in the lumen of the trans-Golgi, SMS2 presumably serves
a role in regenerating SM from ceramides released by SMases acting on the cell
surface (Fig. 3, 4a) (51, 52). Together with a closely related ER-resident enzyme,
SM synthase-related protein SMSr (also known as SAMD8), they constitute the
SMS enzyme family (53).
SMS1 and SMS2 are required for cell growth, at least in certain types of cancer
cells (51, 52, 54). In addition, SMS1 depletion has been reported to enhance
ceramide levels and apoptosis after photodamage (55), while its contribution to
the generation of plasma membrane-associated SM is critical for Fas-clustering
and Fas-mediated apoptosis (56). Studies in mice revealed a role of SMS1 and
SMS2 in inflammation, atherosclerosis, and diabetes (57–59). Moreover, a host
of pathogens and pore-forming toxins rely on SM-rich regions in the host cell
membrane for binding and internalization (13, 60, 61). Collectively, these findings
indicate that SMS1 and SMS2 have considerable potential as pharmacological
targets.
Besides bulk amounts of SM, mammalian cells also produce CPE, although its
concentration in membranes is very low and little is known about its biological
role. Mammalian cells contain two CPE synthase activities, one associated with
the plasma membrane and the other one with the ER (62, 63). As PE serves as
headgroup donor for both activities, the enzymes involved were classified as
PE:ceramide phosphoethanolamine phosphotransferases, analogous to IPC and
16
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SM synthases. Recent work revealed that SMS2 in fact is a bifunctional enzyme
that produces both SM and CPE on the cell surface while SMSr operates as a
monofunctional CPE synthase in the lumen of the ER (Fig. 3, 4a) (64, 65). Hence,
SMSr and SMS2 likely account for the ER- and plasma membrane-associated CPE
synthase activities described previously. Experiments with SMS enzymes produced
in defined lipid environments showed that the specific activity of SMS2 as CPE
synthase is about 100-fold lower than that as SM synthase whereas the specific
activity of SMSr as CPE synthase was below that of SMS2 (66). These findings help
explain why CPE levels in mammalian cells and mouse tissues are exceedingly

Figure 3. Phosphosphingolipid biosynthetic pathways in mammals and insects. Initial steps
in phosphosphingolipid synthesis involve the formation of ceramides (Cer) from fatty acyl-CoA and
L-serine (Ser) and are catalyzed on the cytosolic surface of the ER by enzymes that are conserved
between mammals and insects. A minor portion of newly synthesized ceramide is flipped to the ER
lumen, where it is converted to ceramide phosphoethanolamine (CPE) by a conserved member of the
sphingomyelin synthase (SMS) enzyme family, SMSr. The bulk of ceramide is shuttled to the trans-Golgi
by a cytosolic ceramide transfer protein, CERT. In mammals (left), ceramide is converted into sphingomyelin (SM) by SMS1 in the trans-Golgi lumen. SMS1-derived SM reaches the cell surface by vesicular
transport. Another SMS-isoform, SMS2, is active on the cell surface as dual SM and CPE synthase. Insects
(right) lack SMS1/2 homologues but instead contain a unique CPE synthase (CPES) that catalyzes bulk
production of CPE in the trans-Golgi lumen from ceramide delivered by CERT. CPES-derived CPE
reaches the cell surface by vesicular transport.
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Figure 4. Members of the sphingomyelin synthase enzyme family. (a) Membrane topology and
reactions catalyzed by members of the sphingomyelin synthase (SMS) family. The invariant histidine (H)
and aspartate (D) residues that form the catalytic triad are marked in red. Headgroup selectivity of SMS
enzymes is determined by a single residue adjacent to the catalytic histidine (H) in the third exoplasmic
loop, namely an aspartate (D) in SMS1 (marked green) or an glutamic acid (E) in SMS2 or SMSr (marked
in yellow), along with structural information in the second exoplasmic loop. SAM, sterile alpha motif.
(b) Phylogenetic tree of SMS family members from diverse vertebrate and invertebrate organisms,
indicating that SMSr is by far the best conserved family member. (c) Sequence alignment of the third
exoplasmic loop in SMS family members from diverse vertebrate and invertebrate organisms. >>>
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low, i.e. >300-fold lower than SM (67). Combined inactivation of SMSr and SMS2
in mice significantly reduced tissue-specific CPE pools but had no obvious impact
on mouse development, fertility or life-span (67, 68). Thus, the physiological
relevance of CPE biosynthesis in mammals remains to be established.
Active-site engineering of SM synthase yields mammalian cells that produce CPE
as bulk sphingolipid
Analogous to members of the LPP superfamily, SMS enzymes have a six-times
membrane-spanning core domain with an active site comprising a conserved
catalytic triad of two histidine (His/H) residues and one asparate (Asp/D) residue
located in or near the second and third exoplasmic loop (Fig. 4a). This implies
that SMS-catalyzed SM and CPE production follows an LPP-type reaction cycle,
which starts when a phospholipid head group donor, PC or PE, enters a single
binding site in the enzyme (53). 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. As SMS1, SMS2 and
SMSr use the same reaction chemistry, their substrate selectivity likely involves
residues in the exoplasmic loops where interactions with the polar headgroups
of the phospholipid donors PC and PE are expected to occur. Indeed, domain
swapping and site-directed mutagenesis on enzymes expressed in defined
lipid environments identified residues proximal to the catalytic triad that impart
catalytic specificity among SMS family members (66). Notably, a single residue
adjacent to the catalytic His in the third exoplasmic loop profoundly influenced
enzyme specificity, with a glutamic acid (Gln/E) permitting SMS-catalyzed CPE
production and aspartic acid (Asp/D) confining the enzyme to produce SM (Fig.
4a,c). Exchange of a limited number of exoplasmic residues with ER-resident
SMSr proved sufficient to convert the Golgi-resident SM synthase SMS1 into a
bulk CPE synthase (SMS1CPE). Heterologous expression of SMS1CPE in SMS1-null
human leukemia KBM7 cells allowed the establishment of a cell line in which SM
is substituted for CPE as the principal sphingolipid (66). Unlike SM, CPE does
not interact favorably with cholesterol despite its hydrogen-bonding properties
(see above). Substitution of SM for CPE may therefore have a profound impact
on cholesterol homeostasis in mammalian cells. The SMS1CPE-expressing cell line
provides an attractive tool to test this prediction and explore the biological role of
CPE production in mammalian cells.
Two invariant active site residues, histidine (H) and aspartate (D), are marked red. The position of a single
residue critical for discriminating the phospholipid headgroup donors PC and PE, namely an aspartate
(D) in SMS1 (marked green) or an glutamic acid (E) in SMS2 or SMSr (marked yellow) is indicated by an
asterisk.
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Bulk CPE synthase in insects belongs to a unique branch of CDP-alcohol phosphotransferases
While SM is a vital membrane component of mammalian cells, Drosophila and
many other invertebrates lack SM and produce CPE as the principal membrane
sphingolipid (69). A global in vivo Drosophila RNAi screen recently identified a key
Figure 5. Bulk CPE synthase
belongs to an invertebrate-specific
branch
of
CDP-alcohol
phosphotransferases. (a) Membrane
topology
and
reactions
catalyzed by the CDP-ethanolamine
(CDP-Eth)-dependent
enzymes CPE synthase (CPES)
and PE synthase (CEPT). The
CDP-alchohol phosphotransferase (CAPT) motif, representing
the active site, is marked in red.
(b) Phylogenetic tree of CDP-alcohol
phosphotransferase
family members from diverse
vertebrate and invertebrate
organisms. Note that CPE
synthase (CPES) belongs to a
branch whose members exclusively occur in invertebrates,
hence contrary to choline/ethanolamine phosphotransferases
(CEPT), cardiolipin synthases
(CLS) and phosphatidylinositol
synthases (PIS). CEPT1: human
choline/ethanolaminephosphotransferase 1, CPT1: human
choline phosphotransferase 1,
EPT1: human ethanolaminephosphotransferase 1.
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role of CPE in glial cell-mediated ensheathment of axons. Glial knockdown of lace,
a subunit of the serine palmitoyltransferase, resulted in ensheathment defects of
peripheral nerves. A genetic dissection study combined with lipid mass spectrometry suggested that CPE levels are critical for axonal ensheathment by glia, with
CPE depletion resulting in axonal defasculation and slowed spike propagation
(70). One possibility of how CPE could exert this function is that the lipid might
be required in signal transduction pathways that control membrane synthesis
in wrapping glia. Alternatively, owing to its high packing density in membranes
(see above), CPE may help build up an efficient barrier for the electric insulation
of axons, hence analogous to the role of galactosylceramide in mammals (70).
Indeed, a Drosophila mutant with >70% reduced CPE levels due to genetic
ablation of ceramide transfer protein CERT showed increased susceptibility to
thermal stress and a significantly decreased viscosity of the plasma membrane
(48). However, further insight in the physiological role of CPE requires identification of the enzyme responsible for its bulk production in Drosophila.
Drosophila lacks SMS1 and SMS2 homologous but contains a homologue of SMSr,
named dSMSr (Fig. 4b, 6). Although dSMSr possesses CPE synthase activity, its
removal has no impact on bulk production of CPE in Drosophila S2 cells (65). This
enigma was resolved by in vitro enzyme assays, which showed that S2 cells contain
a second, dSMSr-unrelated CPE synthase (CPES) that uses CDP-ethanolamine
rather than PE as headgroup donor. Thus, CPES relies on a reaction mechanism
different from that used by SMS family members, but similar to the one used by
CDP-ethanolamine:DAG ethanolamine-phosphotransferase (CEPT) during PE
biosynthesis via the Kennedy pathway (Fig. 5a). CEPT belongs to the superfamily
of CDP-alcohol phosphotransferases whose members share a common active
site motif, the CAPT motif. BLAST searches revealed that this family contains six
members in Drosophila, with three showing high similarity to CEPT, one showing
high similarity to PI synthase (PIS), one showing high similarity to cardiolipin
synthase (CLS), and the last one showing no similarity to any protein of known
function and lacking structural homologues in mammals (Fig. 5b). RNAi-mediated
depletion of the latter protein caused a major drop in de novo CPE production in
Drosophila S2 cells. Moreover, its heterologous expression in human HeLa cells
allowed these cells to catalyze CDP-ethanolamine-dependent CPE production,
indicating that this protein corresponds to the elusive CPES in Drosophila (71).
Characterization of a CPES-deficient mutant in Drosophila is in progress.
Contrary to CEPT, PIS and CLS, CPES is unique to invertebrates, with structural
homologues in Arthropoda (insects, spiders, mites, scorpions), Cnidaria (Hydra,
sea anemones, corals, jellyfish) and Mollusca (clams, oysters, snails, octopuses)
(Fig. 5b, 6). However, most Cnidaria contain neither SM nor CPE. Instead, these
organisms produce ceramide aminoethylphosphonate CAEP (72). The latter lipid
is structurally similar to CPE, except for phosphate being replaced by phosphonate
with a direct C-P bond connecting the phosphonate and ethanolamine. The non-hydrolyzable C-P bond in CAEP would enhance membrane stability by providing
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Figure 6. Distribution of CERT, SMSr, SMS1/2 and CPES homologous in the animal kingdom.
Contrary to SMS1/2 and CPES homologues, SMSr and CERT homologues are spread throughout
the animal kingdom. Co-evolution of SMSr and CERT may reflect a need for a tight regulation of ER
ceramide levels to minimize the risk of cells killing themselves during sphingolipid biosynthesis. See
text for details.

resistance to phospholipases. As the active site of CPES homologs in Cnidaria
have an Ala residue replaced by an aromatic residue (Tyr or Phe) in an otherwise
perfectly conserved CAPT motif, it appears likely that CPES in these species is
responsible for CAEP biosynthesis (71). CPES resides in the Golgi complex with its
CAPT motif facing the Golgi lumen, hence analogous to the membrane topology
of SM synthase in mammals (Fig. 3, 5a). The Golgi localization of CPES is consistent with the fact that efficient CPE production in Drosophila requires the ceramide
transfer protein CERT, which mediates ER-to-Golgi transport of newly synthesized
ceramides (48). This implies that bulk production of CPE in Arthropoda, Cnidaria
and Mollusca relies on the presence of a membrane transporter involved in
moving CDP-ethanolamine from the cytosol into the Golgi lumen. Indeed, this
would explain why heterologous expression of CPES in mammalian cells proved
insufficient to allow bulk production of CPE (71). Identification of the CDP-ethanolamine transporter would create further opportunities to manipulate CPE levels in
both mammalian and insect cells and, hence, explore the biological relevance of
this enigmatic but wide-spread sphingolipid.
SM synthase-related protein SMSr qualifies as candidate ceramide sensor
Unlike SM synthase isoforms SMS1 and SMS2, SMSr appears to posses only a very
modest sphinglipid biosynthetic activity (65, 67). The ER localization of SMSr does
not readily explain why mammalian cells contain only trace amounts of CPE, as the
substrates for SMSr-mediated CPE production, i.e. PE and ceramides, are made in
the ER. As ceramides are produced on the cytosolic leaflet of the ER, they could be
scavenged by CERT before being able to flip across the bilayer to reach the active
site of SMSr in the ER lumen. However, inactivation of CERT in mammalian cells
did not yield higher levels of CPE (65). Removal of the N-terminal sterile alpha
22

Evolution and biological impact of phosphosphingolipid biosynthesis
motif or SAM domain of SMSr causes a redistribution of the enzyme from the ER
to the Golgi without affecting its catalytic activity. Cells expressing SMSr∆SAM
showed no increase in CPE production. This indicates that the ER does not impose
an inhibitory environment on SMSr enzymatic activity and that the low CPE levels
are unlikely due to a limited supply of ceramides to the enzyme’s active site (65).
The notion that SMSr is intrinsically unable to produce significant amounts of CPE

Figure 7. SMSr requires both its catalytic activity and N-terminal SAM domain to suppress
ceramide accumulation and mitochondrial apoptosis. (a) In the steady state situation, ceramide
produced on the cytosolic surface of the ER is efficiently transferred to the trans-Golgi by CERT. Conversion of ceramide into SM by SMS1 in the latter compartment ensures net one-way transport (metabolic
trap). (b) Disruption of SMSr catalytic activity causes an accumulation of ER ceramides and their mislocalization to mitochondria, triggering mitochondrial apoptosis. (c) Removal of the N-terminal SAM domain
does not interfere with SMSr-catalyzed CPE production but results in mislocalization of the enzyme to
the Golgi, resulting in a deregulation of ER ceramides and induction of mitochondrial apoptosis. (d)
Addition of a KKXX ER-retrieval motif to SMSr∆SAM restores SMSr-mediated CPE production in the ER
but does not prevent a deregulation of ER ceramides and induction of mitochondrial apoptosis.
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is further substantiated by the fact that bulk production of CPE in invertebrates
requires another enzyme, i.e. CPES, which uses an entirely different reaction
chemistry (71) (see above).
Considering its modest biosynthetic activity, it is striking that SMSr represents
by far the best-conserved member of the SMS family, with homologues found
throughout the animal kingdom (Fig. 4b, 6). While this implies that the enzyme
serves a fundamental biological role, genetic ablation of SMSr in mice did not
produce any obvious phenotype (67, 68). However, acute (RNAi-mediated) disruption of SMSr catalytic activity in cultured mammalian and insect cells causes a
substantial rise in ER ceramide levels, leading to a structural collapse of ER exit sites
and fragmentation of the Golgi complex (65). Subsequent work revealed that the
latter phenotypes are likely secondary to activation of a mitochondrial pathway of
apoptosis, which was due to mislocalization of ER ceramides to mitochondria (73).
Indeed, blocking de novo ceramide synthesis, stimulating ceramide export from
the ER or targeting a bacterial ceramidase to mitochondria in each case proved
sufficient to rescue SMSr-depleted cells from apoptosis. In contrast, co-depletion
of SMSr and CERT accelerated ceramide-induced apoptotic cell death. Together,
these results established ER ceramides as authentic transducers of mitochondrial
apoptosis and identified SMSr as a critical regulator of ER ceramides, at least in a
variety of cultured animal cells (65, 73).
How does SMSr control ceramide levels in the ER? A single point mutation in the
active site of the enzyme proved sufficient to induce ceramide accumulation to a
level that is 50-fold higher than can be ascribed to a block in SMSr-catalyzed CPE
production (65). This raised the possibility that SMSr-derived CPE might directly
influence the activity of ceramide-metabolizing enzymes in the ER. However,
recent experiments showed that SMSr-catalyzed CPE production, although
required, is insufficient to suppress ceramide accumulation (73). These findings
ruled out metabolic conversion as the primary mechanism by which SMSr controls
ceramides and also argued against a role of CPE as signaling molecule that
modulates ceramide-metabolizing enzymes in the ER. Instead, SMSr-mediated
ceramide homeostasis was found to be critically dependent on the enzyme’s
N-terminal SAM domain (73). While removal of SAM did not affect SMSr catalytic
activity, it abolished the ability of the enzyme to suppress ceramide accumulation
and cell death, even when SMSr∆SAM was retained in the ER (Fig. 7).
Based on these results, it was postulated that SMSr serves a primary role in monitoring ER ceramide levels to prevent untimely cell death during sphingolipid
biosynthesis. Because its active site faces to ER lumen, SMSr would only ‘sense’
ceramides that slipped through a first line of defense against ceramide-induced
cell death, i.e. molecules that escaped CERT-mediated extraction from the cytosolic
surface of the ER and that flipped to the luminal side. During CPE production, SMSr
might reach a confirmation that relays a signal, conceivably mediated through its
SAM domain, to inhibit ceramide biosynthesis, stimulate ceramide turnover, and/
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or enhance ceramide export from the ER (73). Interestingly, contrary to SMS1/2
and CPES homologues, SMSr and CERT homologues are found throughout the
animal kingdom. Co-evolution of SMSr and CERT may reflect a need for a tight
regulation of ER ceramide levels to render sphingolipid biosynthesis safe.
Thus, SMSr serves a biological role that is radically distinct from closely related
SM synthases SMS1 and SMS2, but similar to the ensemble of membrane proteins
that monitor sterol levels in the ER. In this respect, the SMS enzyme family shows
an interesting parallel with the nutrient transporter family. Besides conventional
transporters, the latter family also harbors ‘transceptors’ that serve a dual role as
nutrient sensor because their conformational change during the transport process
can trigger downstream signaling pathways (74).
Scope of the thesis
As outlined above, previous work on key enzymes responsible for bulk production
of sphingolipids in mammals and insects unexpectedly uncovered a candidate
protein sensor of ceramides: SMSr. A major challenge is to unravel the precise
mechanism by which this “pseudo” CPE synthase controls ceramide levels in
the ER and protect cells against the potential danger of sphingolipid biosynthesis. Intriguingly, catalytic activity of SMSr, although required, is not sufficient to
regulate ER ceramides and recent insights revealed that the enzyme’s N-terminal
SAM domain plays an essential role in this process. SAM domains are found in
a multitude of proteins with essential functions in a broad variety of biological
processes, including cell signaling, calcium homeostasis, synaptic scaffolding,
transcriptional repression and translational control. Although they adopt a similar
fold, SAM domains are unusually versatile in their functional properties. Besides a
role in building homo- or heteromeric protein complexes, SAM domains have also
been reported to bind RNA or lipids, even sphingolipids. The key objective of this
thesis was to further dissect the working mechanism of SMSr as ceramide sensor
by focusing on the functional properties of its N-terminal SAM domain.
SMSr is a suppressor of ceramide-induced apoptosis that requires its SAM domain
to fully exert its anti-apoptotic activity. As many negative regulators of apoptosis
are cleaved by caspases during apoptotic cell death, SMSr would qualify as a
prime target of the apoptotic machinery. In Chapter2 we experimentally verified
this prediction and demonstrate that SMSr is a novel and specific substrate of
Casp6, a non-conventional effector caspase implicated in Huntington disease. In
cells treated with staurosporine or death receptor Fas ligand, SMSr undergoes
Casp6-dependent cleavage at a conserved aspartate located between its N-terminal SAM domain and the first membrane span. These findings underscore a
primary role of SMSr as negative regulator of ceramide-mediated cell death.
In Chapter 3, we uncovered a striking structural and functional similarity between
SMSr-SAM and the SAM domain of diacylglycerol kinase DGKδ, a central regulator
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of lipid signaling at the plasma membrane. Combining native gel electrophoresis, chemical cross-linking and site-directed mutagenesis, we demonstrate
that SMSr-SAM drives self-assembly of the enzyme into ER-resident trimers and
hexamers that resemble the helical oligomers formed by DGKδ-SAM. Analogous
to the role of DGKδ-SAM, SAM-mediated oligomerization of SMSr proved critical
for its subcellular distribution. Mutations that destabilize SMSr oligomers caused
a partial redistribution of the enzyme to the Golgi. Conversely, treatment of
cells with curcumin, a drug disrupting ceramide and Ca2+ homeostasis in the ER,
stabilizes SMSr oligomers and promotes retention of the enzyme in the ER. This
work provides the first example of a polytopic membrane protein undergoing
homo-typic oligomerization via its SAM domain and indicates that self-association
of SMSr is part of the mechanism by which the enzyme is retained in the ER.
In Chapter 4, we report on the successful application of single-molecule photobleaching as approach to monitor homo-typic oligomerization of SMSr in its native
cellular environment. Using cell spreading coating agents with TIRF microscopy
allowed us to image GFP-tagged SMSr proteins as single-fluorescent spots in the
ER of intact cells and record photobleaching traces of hundreds of fluorescent
protein assemblies. In agreement with our biochemical data, this analysis shows
that the SAM domain of SMSr drives self-assembly of the enzyme in the ER and
that curcumin promotes SMSr oligomerization. Our study documents, for the
first time, that single-molecule photobleaching can be used to resolve changes
in the oligomeric state of an ER-resident membrane protein, hence establishing
a valuable complementary method to unravel the mechanism by which SMSr
mediates ceramide homeostasis in the ER.
In Chapter 5, the general implications of our findings are discussed. We consider
the possible functional relevance of Casp6-mediated cleavage of SMSr during
the execution phase of apoptosis along with approaches to experimentally verify
these. We also discuss a model explaining how SAM-mediated self-assembly of
SMSr could be part of the mechanism by which this putative ceramide sensor
executes its role as suppressor of ceramide-mediated apoptotic cell death.
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ABSTRACT
Ceramides are essential precursors of sphingolipids with a dual role as mediators
of apoptotic cell death. Previous work revealed that the ER-resident ceramide
phosphoethanolamine synthase SMSr/SAMD8 is a suppressor of ceramide-mediated apoptosis in cultured cells. Anti-apoptotic activity of SMSr not only requires a
catalytically active enzyme but also relies on the enzyme’s N-terminal sterile α-motif
or SAM domain. Here we demonstrate that SMSr itself is a target of the apoptotic
machinery. Treatment of cells with staurosporine or the death receptor ligand FasL
triggers caspase-mediated cleavage of SMSr at a conserved aspartate located
downstream of the enzyme’s SAM domain and upstream of its first membrane
span. Taking advantage of reconstitution experiments with SMSr produced in a
cell-free expression system and specific caspase-inhibitors, we show that SMSr is a
novel and specific substrate of Casp6, a non-conventional effector caspase implicated in Huntington disease. Our findings underscore a role of SMSr as negative
regulator of ceramide-induced cell death and, in view of a prominent expression
of the enzyme in brain, raise questions regarding its potential involvement in neurodegenerative disorders.
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INTRODUCTION
Apoptosis is a form of programmed cell death fundamental to organismal development and tissue homeostasis. A defective apoptotic machinery contributes
to tumor progression, autoimmune diseases and viral infections, while excessive
apoptosis can cause neurodegenerative disorders (1–4). Execution of apoptosis
is orchestrated by caspases, a specific class of proteolytic enzymes that are synthesized as inactive zymogens and then activated by either autocatalytic cleavage
or cleavage by other caspases (5). Caspase-mediated cleavage of specific target
proteins results in either activation of proteins that directly participate in the
execution phase of apoptotic cell death or inhibition of proteins that normally
promote cell survival. Caspases are categorized as initiator, executioner or inflammatory caspases, according to their distinct roles. Apoptosis can be initiated
through extrinsic or intrinsic signaling pathways. Activation of the extrinsic
pathway involves stimulation of death receptors on the cell surface by ligands
such as FasL. This results in recruitment and self-activation of the initiator caspase
Casp8, which then propagates the apoptosis signal by cleaving the downstream
executioner caspases, Casp3, Casp6 and Casp7 (6). The intrinsic pathway can be
activated by various stress stimuli (e.g. DNA damage, cytokines) and is initiated by
permeabilization of the outer mitochondrial membrane to intermembrane space
proteins like cytochrome c. The release of cytochrome c into the cytosol leads to
self-activation of the initiator caspase Casp9, which goes on to cleave and activate
Casp3 and Casp7 (6, 7).
A growing body of evidence indicates that ceramides, central intermediates of
sphingolipid metabolism, act as potent mediators of apoptotic cell death (8, 9).
Ceramides can be generated de novo by ceramide synthases in the ER (10, 11) or
through breakdown of sphingomyelin (SM) by SMases that operate in the cytosol,
in lysosomes or on the cell surface (9). Numerous studies have demonstrated that
cellular ceramide levels rise in response to various apoptotic stimuli including
staurosporine (12), tumor necrosis factor TNFα (13), death receptor ligand FasL
(14, 15) and irradiation (16) through activation of SMases, stimulation of de novo
ceramide synthesis, or both. Interventions that suppress ceramide accumulation
render cells resistant to these apoptotic stimuli, indicating that ceramides are
necessary and sufficient to trigger apoptosis (17–22). Consequently, targeting the
enzymes involved in ceramide metabolism has emerged as a new approach in
anti-cancer therapy (23, 24).
Not only the abundance of ceramides per se, but also their subcellular distribution has a major impact on cellular life-death decision making. A deregulation of
ceramide levels in the ER has frequently been linked to induction of mitochondrial
apoptosis. While some studies indicate that ceramides influence this process by
sensitizing cells to ER stress and activating apoptotic regulators of the unfolded
protein response, experiments with isolated mitochondria suggest that newly
synthesized ceramides are able to initiate the execution phase of apoptosis by
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directly promoting MOMP (25). Indeed, recent work from our lab demonstrated that targeting ER ceramides to mitochondria suffices to trigger apoptotic
cell death (Jain et al. submitted). Although some studies provide evidence that
ceramides can form pores in the outer membrane of isolated mitochondria that
are large enough to allow passage of cytochrome c (26, 27), the mechanism by
which ceramides trigger mitochondrial apoptosis remains to be established.
The bulk of newly synthesized ceramides in mammalian cells is converted to SM
by a SM synthase (SMS) in the lumen of the trans-Golgi (28). Efficient production
of SM requires the cytosolic ceramide transfer protein CERT, which mediates
non-vesicular delivery of ER ceramides to the trans-Golgi (29). Identification of the
Golgi-resident SM synthase uncovered a multiplicity of SMS-encoding genes in
the human genome (28, 30). Mammalian cells contain two SMS isoforms, namely
SMS1 in the trans-Golgi and SMS2 at the plasma membrane (30, 31). Together
with SMS-related protein SMSr (also known as SAMD8), they constitute the SMS
enzyme family (28).
SM synthases catalyze the interconversion of phosphatidylcholine (PC) and
ceramide with SM and diacylglycerol (DAG). Consequently, these enzymes occupy
a central position at the crossroads of sphingolipid and glycerophospholipid metabolism and have considerable biological potential as regulators of the balance
between the pro-apoptotic lipid ceramide and the pro-survival lipid DAG. In line
with this concept, over-expression of SMS1 protects cells from photo-dynamic
therapy and FasL-induced apoptotic cell death, whereas its depletion sensitizes
cells for the same treatments (32–34). Moreover, SMS1 has been identified as a
target of caspases in FasL-treated leukemia cells. Caspase-mediated cleavage of
SMS1 occurs downstream of Casp8 and results in the inhibition of SM biosynthesis.
The subsequent accumulation of ceramides is believed to enhance FasL-induced
activation of Casp9 and apoptotic cell death (34). Thus, SMS1 appears an attractive
therapeutic target to sensitize diseased cells for the induction of apoptosis.
SMSr is by far the best-conserved member of the SMS family, with structural
homologs found in organisms that do not synthesize SM like Drosophila (35,
36). Indeed, SMSr is not a conventional SM synthase but instead produces trace
amounts of the SM analogue ceramide phosphoethanolamine (CPE) in the lumen
of the ER (35). The enzyme is ubiquitously expressed in mammalian tissues, with a
strong expression in brain, testis, kidney and pancreas (37). We previously reported
that acute disruption of SMSr catalytic activity in cultured mammalian cells causes
a substantial rise in ER ceramides and their mislocalization to mitochondria, triggering mitochondrial apoptosis (35, 38). In addition, we found that SMSr-catalyzed
CPE production, although required, is not sufficient to suppress ceramide-induced
cell death and that SMSr-mediated ceramide homeostasis is critically dependent
on the enzyme’s N-terminal sterile alpha motif or SAM domain. Based on these
results, we postulated that SMSr serves a role in monitoring ER ceramide levels
to prevent untimely cell death during sphingolipid biosynthesis (38). Considering
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its anti-apoptotic activity, SMSr would qualify as a rational target for the apoptotic
machinery, analogous to SMS1. In the present study, we experimentally verified
this prediction.
RESULTS
SMSr undergoes caspase-mediated cleavage at Asp120 in staurosporinetreated HeLa cells
To determine whether SMSr is a target of the apoptotic machinery, HeLa cells
expressing human SMSr with a C-terminal polyHis and V5 epitope were treated
with staurosporine, lysed and then subjected to immuboblot analysis using
anti-V5 antibody. Stauroporine-induced proteolytic cleavage of SMSr, yielding
a V5-tagged fragment of ~33 kDa (Fig. 1a, b). Cleavage of SMSr was blocked
by incubating cells with the pan-caspase inhibitor z-VAD-fmk, indicating that this
process is mediated by caspases. Immunoblot analysis of staurosporine-treated
cells expressing SMSr with a N-terminal V5 tag showed that cleavage predominantly occurred at a single site down-stream of the N-terminal SAM domain, but
upstream of the first predicted membrane span (data now shown). This region
contains two predicted caspase cleavage sites, namely Asp118 and Asp120, with
the latter showing the highest probability and strongest degree of conservation
across distinct species (Fig. 1c, e). To test which of these sites is cleaved in staurosporine-treated cells, each of the corresponding aspartates was substituted for an
alanine. Replacement of either aspartate with an alanine caused a faster migration
of the protein in SDS-PAGE (Fig. 1d). Presumably, this is because proteins with a
reduced intrinsic negative charge bind more negatively charged SDS molecules,
thus effectively causing a net increase in their charge-to-mass ratio during electrophoresis. While substitution of Asp118 had no obvious impact, substitution
of Asp120 virtually abolished staurosporine-induced cleavage of SMSr (Fig. 1d).
Some residual cleavage of SMSrD120A-V5 was observed in staurosporine-treated
cells, which was abolished when both Asp118 and Asp120 were substituted. The
caspase-resistant form of SMSr, SMSrD118A/D120A-V5, is henceforth termed SMSrCR.
From these data we conclude that SMSr is a substrate of caspases that undergoes
caspase-mediated cleavage primarily at Asp120 during staurosporine-induced
apoptosis.
Casp6 cleaves SMSr in vitro
Having established that SMSr is a caspase substrate, we next set out to determine
which caspase(s) is responsible for SMSr cleavage. Caspases are synthesized as
inactive zymogens or pro-caspases that undergo proteolytic activation upon an
apoptotic stimulus. Once initiator caspases (Casp2, Casp8, Casp9, Casp10) are
activated, they create a chain reaction, activating several other so-called executioner caspases (Casp3, Casp6, Casp7). Executioner caspases, in turn, cleave hundreds
of cellular substrates to induce the morphological changes that accompany
apoptosis (5, 6). As caspases are part of proteolytic cascades characterized by
countless cleavage events, identification of specific pairs of caspases and sub37
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strates is a challenging task. To circumvent this complexity, we used a previously
established wheat germ-based system for the cell-free production of V5-tagged
human SMSr (39). In this system, mRNA encoding SMSr-V5 is translated in wheat
germ extract in the presence of unilamellar liposomes (Fig. 2a). Next, SMSr-containing proteoliposomes are incubated with active recombinant human caspases
and then subjected to immunoblotting using anti-V5 antibody. Importantly, this

Figure 1. SMSr undergoes caspase-mediated cleavage at Asp120 in staurosporine-treated HeLa
cells. (a) Domain representation of ER-resident membrane protein SMSr. Predicted membrane spans
are marked in blue and the N-terminal SAM domain in pink. The position of a conserved aspartate,
Asp120, that marks a predicted caspase cleavage site is also indicated. (b) HeLa cells transfected with
empty vector (EV) or SMSr carrying a C-terminal V5/polyHis tag (SMSr-V5) were treated with 1µg/ml
staurosporine for 6 h in the presence or absence of 20µM z-VAD-fmk, lysed and subjected to immunoprecipitation analysis using an anti-V5 antibody. Immunoprecipitates and total cell lysates were run on
a gel and immunoblotted using an anti-V5 antibody (top) or anti-PARP1 antibody (bottom), respectively.
A non-specific immunoreactive band is marked with an asterisk. (c) Cascleave, a caspase substrate
cleavage site prediction tool (54), identifies Asp120 as the primary caspase cleavage site in human
SMSr. Residue positions corresponding to the SAM domain are marked in pink and membrane spans
in blue. (d) HeLa cells transfected with V5/polyHis-tagged SMSr, SMSrD118A, SMSrD120A, or SMSrD118A,
D120A
were treated with 1µg/ml staurosporine for 6 h and analysed as described in (b). (e) Sequence
alignment of the region centered around the predicted caspase cleavage site in SMSr homologs from
various vertebrate species.
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approach takes advantage of the fact that plants are devoid of any structural and
functional homologs of animal caspases (40).
As shown in Fig. 2b, incubation of SMSr-V5 proteoliposomes with recombinant
Casp6 yielded a V5-tagged cleavage product of ~33kDa. No cleavage product
was observed when SMSr-V5 proteoliposomes were incubated with recombinant Casp2, Casp3, Casp7, Casp8, Casp9 or Casp10, or when incubations were
performed with proteoliposomes containing cell-free produced human SMS1-V5.
Proteolytic activity of recombinant Casp3, Casp6, Casp7 and Casp8 was verified

Figure 2. SMSr is a substrate of Casp6 in vitro. (a) Schematic outline of the wheat germ-based assay
for cell-free translation of SMSr-V5 mRNA. Translation reactions were supplemented with liposomes to
generate SMSr-V5-containing proteoliposomes. (b) Cell-free translation reactions with SMSr-V5 mRNA,
SMS1-V5 mRNA or no mRNA were incubated with 1 unit of active recombinant human caspase Casp2,
-3, -6, -7, -8, -9 or -10 for 2 h at 37ºC, run on a gel and then immunoblotted using an anti-V5 antibody.
Longer exposures of the highlighted areas are shown in the lower panel. (c) Total lysates of HeLa cells
were incubated with 1 unit of active recombinant human caspases for 2 h at 37ºC, run on a gel and
immunoblotted using anti-PARP1 and anti-Lamin A/C antibodies. (d) Cell-free translation reactions with
no mRNA or SMSr-V5 mRNA were incubated with 2 units of active recombinant human Casp6 for 3 h
at 37ºC in the presence of 1mM pan-caspase inhibitor z-VAD-fmk, 100µM Casp6 inhibitor z-VEID-fmk,
2.5mM Casp6 inhibitor pep419 or carrier control (DMSO). Reactions were processed as in (d).
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by testing their ability to induce cleavage of the caspase substrate PARP1 in HeLa
cell lysates. Moreover, immunoblot analysis of caspase-treated HeLa cell lysates
indicated that Lamin A/C is a specific substrate of Casp6 (Fig. 2c), in line with
previous reports (41–43). To confirm that SMSr is a substrate of Casp6, SMSr-V5
proteoliposomes were treated with Casp6 in the presence or absence of various
caspase inhibitors. Pan-caspase inhibitor zVAD-fmk and the Casp6-specific
inhibitor z-VEID-fmk in each case completely blocked Casp6-mediated cleavage
of SMSr while addition of pep419, a recently characterized allosteric inhibitor of
Casp6 (44), reduced it significantly (Fig. 2d). Together, these results indicate that
SMSr is a specific substrate of Casp6 in vitro.
SMSr is a substrate of Casp6 in vivo
We next addressed whether SMSr also represents a physiological target of
Casp6 during apoptotic cell death. To this end, we created HeLa cell lines stably
expressing V5-tagged versions of SMSr or the caspase-resistant mutant, SMSrCR.
Expression of SMSr-V5 and SMSrCR-V5 was confirmed by immunoblot analysis
(Fig. 3a). Immunofluorescence microscopy revealed that both enzymes localized
to the ER (Fig. 3b), indicating that mutations that render SMSr caspase-resistant
have no obvious impact on its subcellular distribution. Next, we analyzed the fate
of SMSr-V5 and SMSrCR-V5 during staurosporine-induced apoptosis. Treatment of
cells with staurosporine resulted in proteolytic cleavage of SMSr-V5 but not of its
caspase-resistant counterpart, SMSrCR (Fig. 3c), hence confirming that Asp118 and
Asp120 are the principal caspase cleavage sites in SMSr. We then asked whether
staurosporine-induced proteolytic cleavage of SMSr in cells is mediated by Casp6.
Addition of pan-caspase inhibitor zVAD-fmk, an effective Casp6 inhibitor (Fig.
3d), completely abolished cleavage of both SMSr and the Casp6 substrate Lamin
A/C in staurosporine-treated cells, while reducing the cleavage of PARP1 (Fig.
3d). Addition of Casp6-specific inhibitor z-VEID-fmk, on the other hand, significantly reduced cleavage of SMSr and Lamin A/C without affecting cleavage of
PARP1. No inhibition of SMSr or Lamin A/C cleavage was observed when using
the allosteric Casp6 inhibitor pep419 (Fig. 3d), suggesting that this drug is less
effective in vivo than zVAD-fmk or z-VEID-fmk. Together, these results indicate that
Casp6 contributes to cleavage of SMSr during staurosporine-induced apoptosis.
Whether Casp6 is the sole caspase responsible for cleaving SMSr in vivo remains
to be established.
Casp-mediated cleavage of SMSr does not sensitize cells towards apoptotic
stimuli
Previous work revealed that cellular ceramide levels rise concomitantly with
apoptosis induction in response to staurosporine and various other apoptotic
stimuli through activation of sphingomyelinases, stimulation of de novo ceramide
synthesis, or both (12, 20, 45). Interventions that suppress ceramide accumulation
render cells resistant to these apoptotic stimuli, suggesting that ceramides play
a central role in sensitizing cells to stress-induced apoptosis. Our present data
indicate that SMSr looses its N-terminal SAM domain due to cleavage by caspases
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in staurosporine-treated cells. As SMSr requires its SAM domain to suppress ceramide-induced cell death (38), we wondered whether caspase-mediated cleavage
of the enzyme serves to sensitize HeLa cells to staurosporine and other apoptotic
stimuli. However, stable expression of the caspase-resistant form of SMSr had no
obvious impact on the time-resolved progression of Casp9 and PARP1 cleavage in
staurosporine-treated HeLa cells, indicating that the rate of apoptosis is unaffect-

Figure 3. Casp6 contributes to staurosporine-induced cleavage of SMSr. (a) Total lysates of HeLa
cells stably transduced with empty vector (EV), SMSr-V5 or SMSrCR-V5 were subjected to immunoblot
analysis using anti-V5 and anti-calnexin antibodies. (b) Confocal sections of HeLa cells stably transduced
with empty vector (EV), SMSr-V5 or SMSrCR-V5 and immunostained using anti-V5 (red), anti-Golgi marker
TGN46 (green) and anti-calnexin (blue) antibodies. Bar, 10µm. (c) HeLa cells stably transduced with
empty vector (EV), SMSr-V5 and SMSrCR-V5 were treated with 1µg/ml staurosporine for 6 h, lysed and
subjected to immunoblot analysis using anti-V5, anti-PARP1, anti-CERT and anti-ERGIC-53 antibodies.
(d) HeLa control cells or cells stably transduced with SMSr-V5 or SMSrCR-V5 were treated with 1.5µg/ml
staurosporine for 6 h in the presence of 20µM pan-caspase inhibitor z-VAD-fmk, 4µM Casp6 inhibitor
z-VEID-fmk, 100µM Casp6 inhibitor pep419 or carrier control (DMSO). Cells were lysed and subjected
to immunoblot analysis using anti-V5, anti-PARP1 and anti-Lamin A/C antibodies.
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ed by blocking caspase-mediated SMSr cleavage (Fig. 4a).
Since SMS1 undergoes caspase-mediated cleavage in leukemia cells treated with
the death receptor ligand FasL and because this process has been reported to
contribute to FasL-induced apoptosis (34), we next tested whether SMSr is also
cleaved in FasL-treated HeLa cells. As shown in Fig. 4b, treatment with FasL
resulted in proteolytic cleavage of SMSr-V5, yielding a V5-tagged fragment of ~33
kDa. Moreover, cleavage of SMSr was blocked by treating cells with z-VAD-fmk,
indicating that this process is mediated by caspases. However, progression of
FasL-induced apoptosis was not affected by stable expression of the caspase-resistant form of SMSr. Collectively, these data suggest that caspase-mediated
cleavage of SMSr does not significantly contribute to either staurosporine- or
FasL-induced apoptosis in HeLa cells.
DISCUSSION
CPE synthase SMSr/SAMD8 is an ER-resident suppressor of ceramide-mediated
mitochondrial apoptosis that requires its N-terminal SAM domain to exert its anti-apoptotic activity. As several negative regulators of apoptosis are cleaved by
caspases during apoptosis induction, we addressed whether SMSr is a target of
the apoptotic machinery. In here, we demonstrate that SMSr is a novel and specific
substrate of the executioner caspase Casp6. We provide evidence that in HeLa
cells undergoing staurosporine or FasL-induced apoptosis, SMSr is cleaved by
Casp6 at a conserved aspartate located downstream of the SAM domain and
upstream of the enzyme’s first membrane span. While this finding is in line with
a role of SMSr as negative regulator of ceramide-induced cell death, the physiological relevance of Casp6-mediated cleavage of SMSr remains to be established.
Both staurosporine and FasL trigger a caspase-mediated release of the N-terminal
SAM domain of human SMSr in HeLa cells. Site-directed mutagenesis revealed
that cleavage primarily occurs at Asp120, a residue conserved in SMSr homologs
from human to zebrafish. In human SMSr, some residual cleavage also occurs at
Asp118. However, this residue is not conserved in the mouse homolog. Taking
advantage of human SMSr produced in a wheat-germ-based cell-free translation
system that lacks endogenous caspase-like activities (40), we were able to reconstitute proteolytic release of the enzyme’s N-terminal SAM domain upon external
addition of recombinant Casp6, but not when adding recombinant Casp2, Casp3,
Casp7, Casp8, Casp9 or Casp10. Furthermore, addition of the Casp6 inhibitor
z-VEID-fmk to staurosporine-treated HeLa cells specifically and significantly
reduced cleavage of SMSr and Lamin A/C, a well-characterized Casp6 substrate
(41). Together, these findings establish SMSr as a novel target of Casp6. Whether
Casp6 is the sole caspase responsible for cleaving SMSr during apoptotic cell
death remains to be established. Addressing this question will require further
experiments with Casp6-deficient cells.
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Casp6, along with Casp3 and Casp7, is classified as an executioner caspase.
However, its substrate specificity and activation mechanism is unique among
executioner caspases. While Casp3 and Casp7 use similar recognition sites to
cleave their targets, the recognition sites used by Casp6 share a high degree of
similarity with those of the initiator caspases Casp8 and Casp9 (46). Unlike Casp3

Figure 4. Caspase-mediated cleavage of SMSr does not significantly contribute to staurosporineor FasL-induced apoptosis (a) HeLa cells stably transduced with SMSr-V5 or SMSrCR–V5 were treated
with 1µg/ml staurosporine for the indicated time, lysed and subjected to immunoblot analysis using
anti-PARP1, anti-Casp9, anti-V5 and anti-calnexin antibodies. (b) HeLa cells transiently transfected with
SMSr-V5/polyHis were treated with 100ng/µl FasL and 18.75µM cyclohexamide for 4 h in the presence
or absence of 20µM z-VAD-fmk. Cells were solubilized with detergent and subjected to Ni2+-NTA affinity
chromatography. Eluates were immunoblotted using anti-V5 antibodies (top). Total detergent extracts
were immunoblotted using anti-PARP1 (bottom). NT, non-transfected. (c) HeLa cells stably transduced with SMSr-V5 or SMSrCR–V5 were treated with 50ng/ml FasL and 18.75µM cyclohexamide for the
indicated time, lysed and subjected to immunoblot analysis using anti-PARP1, anti-Casp9, anti-V5 and
anti-calnexin antibodies.

43

CHAPTER 2
and Casp7, Casp6 can undergo self-activation (47, 48). During apoptosis, Casp6 is
translocated to and activated in the nucleus where it cleaves various transcription
factors as well as nuclear structural proteins such as lamins, resulting in shrinkage
and fragmentation of the nucleus (41, 49). This implies that of all SMSr molecules
that populate the ER, only those that reside in the nuclear envelope and expose
their SAM-domain containing N-terminal tails in the nuclear matrix would initially
be subject to Casp6-mediated proteolysis. This may explain our finding that only a
relative minor portion of SMSr molecules is cleaved in staurosporine- or FasL-treated cells.
Unlike Casp3 and Casp7, Casp6 activity does not always contribute to apoptotic
cell death. For instance, numerous studies point at a critical role of Casp6 in the
development of neurodegenerative diseases (50). Casp6-mediated cleavage
of mutant huntingtin protein and amyloid precursor protein (APP) is critical for
the onset of Huntington’s disease (51) and Alzheimer’s disease (52), respectively. Moreover, the brains of Alzheimer’s patients have been reported to contain
2-3-fold elevated levels of active Casp6 (52). As SMSr constitutes the principal CPE
synthase in brain (37), it would be of interest to explore whether its proteolytic inactivation by Casp6 has any relevance in the pathogenesis of neurodegenerative
diseases.
SMSr belongs to the SM synthase family, which also includes the Golgi-resident
enzyme SMS1 and the plasma membrane and Golgi-resident enzyme SMS2
(28, 30). SMS1 has previously been recognized as a target of caspases during
FasL-induced apoptosis in human leukemia Jurkat cells. Contrary to SMSr, SMS1
in FasL-treated cells is cleaved at multiple sites, abolishing the enzyme’s catalytic
activity, disrupting de novo SM synthesis and resulting in an accumulation of
ceramides (34). Whereas SMS1 knockdown sensitized cells to FasL-induced
apoptosis, SMS1 overexpression had the opposite effect, suggesting that
caspase-mediated inhibition of SM production and associated ceramide accumulation is involved in the regulation of FasL-triggered cell death (34). As SMSr relies
on its N-terminal SAM domain to suppress ceramide-induced cell death (38),
we considered whether Casp6-mediated release of this domain may accelerate
apoptosis in FasL- or staurosporine-treated cells. However, we did not find any
evidence that heterologous expression of a caspase-resistant SMSr mutant influenced progression of apoptotic cell death triggered by these stimuli. While these
data suggest that caspase-mediated inactivation of SMSr is functionally unrelated
to the regulation of apoptotic cell death, we cannot rule out that overexpression
of the enzyme or the co-existence of caspase-resistant and caspase-sensitive SMSr
pools in apoptotic cells mask the effect. Therefore, our ongoing efforts are aimed
at generating cell-lines in which the proteolytic release of SMSr-SAM can be specifically induced at the level of the endogenous enzyme.
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MATERIALS AND METHODS
Chemicals and antibodies
Staurosporine (Sigma Aldrich), z-VAD-fmk (Calbiochem), z-VEID-fmk (Enzo), z-DEVD-fmk (Enzo), pep419 (calbiochem), SuperFasLigand-FLAG (Enzo), Cyclohexamide (Sigma Aldrich), Ni-NTA agarose (QIAGEN), goat polyclonal anti-V5 agarose
(Bethyl), active recombinant human caspases (BioVision), WEPRO2240 whet-germ
extract (Cell-free sciences). Wheat germ phosphatidylinositol was from Lipid
Products UK, egg phosphatidylcholine and synthetic dioleoyl-phosphatidylethanolamine were from Avanti Polar Lipids. Following antibodies were used: mouse
monoclonal anti-V5 (R960-25, 1:4000; Invitrogen), mouse monoclonal anti-PARP1
(sc8007, 1:1000; Santa Cruz), rabbit polyclonal anti-caspase-9 (6502S, 1:700,
Cell signaling), sheep polyclonal anti-TGN46 (AHP500, 1:200, AbD Serotec),
rabbit polyclonal anti-calnexin (sc11397, 1:1000; Santa Cruz), mouse monoclonal
anti-ERGIC-53 (NBP2-03381, 1:500, Novus bio), rabbit polyclonal anti-lamin A/C
(1:1000, sc-20681, Santa Cruz), goat polyclonal anti-rabbit HRP (1:4000, 31460,
Thermo), goat polyclonal anti-mouse HRP (1:4000, 31430, Thermo), donkey polyclonal anti-mouse Cy3 (715-165-150, 1:400, Jackson ImmunoResearch), donkey
polyclonal anti-rabbit Cy5 (711-175-152, 1:400, Jackson ImmunoResearch),
donkey polyclonal anti-Sheep/Goat FITC (STAR88F, 1:200, AbD Serotec).
DNA constructs
For mammalian expression of C-terminal V5/His6-tagged human SMSr, the corresponding cDNAs was PCR amplified and cloned into pcDNA3.1/V5-His TOPO
(Invitrogen) according to the manufacturer’s instructions. For cell-free expression,
ORFs of SMS1 and SMSr enzymes were PCR amplified in-frame with a C-terminal
V5 epitope and cloned into the wheat germ pEU-Flexi expression vector (kind gift
of Brian G. Fox and James D. Bangs, University of Wisconsin, Madison) (39). For
HeLa stable cell lines, ORF of SMSr with a C-terminal V5 epitope was cloned into
retroviral expression vector pLNCX2 (Clonetech). Single amino acid substitutions
were introduced by site-directed mutagenesis using the megaprimer PCR method
(53).
Cell culture and transfection
HeLa cells (ATCC-CCL2) were cultured in high-glucose DMEM supplemented
10% FBS. Cells were transfected with DNA constructs using Effectene (Qiagen)
according to instructions of the manufacturer. 24 h post-transfection, the cells
were treated with 1µg/ml staurosporine for 6 h or treated with 100ng/µl FasL and
18.75µM cyclohexamide for 4 h in the presence or absence of 20µM z-VAD-fmk.
Next, floating and adherent cells were collected and lysed in lysis buffer (1%
TritonX-100, 1mM EDTA pH 8.0, 150mM NaCl, 20mM Tris pH 7.5, 10mM N-ethyl
maleimide and protease inhibitor cocktail (1µg/ml aprotinin, 1µg/ml leupeptin,
1µg.ml pepstatin, 5µg/ml antipain, 157 µg/ml benzamidine)). Nuclei were
removed by centrifugation at 15,000 g for 10min at 4ºC. Post-nuclear supernatant
was incubated with pre-washed anti-V5 agarose beads or Ni-NTA agarose beads
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for 3h at 4ºC. Beads were washed three times with lysis buffer and eluted in SDS
sample buffer (62.5mM Tris pH 6.8, 2% SDS, 10% glycerol, 0.005% bromophenol
blue) at 95ºC for 5min. Eluates were subjected to immunoblotting.
Generation of cell-lines stably expressing SMSr-V5 and SMSrCR-V5
HeLa cells stably expressing V5-tagged SMSr and SMSrCR were created by retroviral transduction. To this end, low-passage human HEK293T cells (ATCC ®
CRL-3216™) grown in DMEM supplemented with 10% serum were co-transfected
with SMSr-V5/pLNCX2 or SMSrCR-V5/pLNCX2 and packaging vectors using Lipofectamine 2000 (Thermo Fisher). After 48 h, supernatants were harvested, passed
through a 0.45µm filter, and the virus-containing medium was used to transduce
HeLa cells. The cells were cultured in DMEM supplemented with 10% serum and
0.8mg/µl geneticin (G418). Expressions of V5-tagged proteins were confirmed
by indirect immunofluorescence and western blotting using V5 antibody. For in
vivo inhibition of Casp6-mediated SMSr cleavage, cells were treated with 1.5µg/
ml staurosporine for 6 h in the presence of 20µM z-VAD-fmk, 4µM z-VEID-fmk,
100µM pep419, 4µM z-DEVD-fmk or DMSO for 6 h. For the time course experiments of staurosporine- and FasL-induced apoptosis, cells were treated with 1µg/
ml staurosporine or 50ng/µl FasL and 18.75µM cyclohexamide for indicated times.
Floating and adherent cells were collected and lysed in lysis buffer. Nuclei were
separated by centrifugation at 15,000 g for 10min at 4ºC. Post-nuclear supernatant
was subjected to immunoblotting.
Cell-free production and caspase-mediated cleavage of SMSr
Cell-free production of SMSr-V5 in proteoliposomes was described previously
(39). Briefly, wheat germ expression vectors SMS1-V5/pEU-Flexi and SMSr-V5/
pEU-Flexi were treated with Proteinase K to remove trace amounts of RNAse,
purified by phenol/chloroform extraction and dissolved at 1 µg/µl in water. In vitro
transcription was carried out in 50µl reaction volume containing 5µg of plasmid
DNA, 2mM each of ATP, GTP, CTP and UTP, 20 units of Sp6 RNA polymerase and
40 units of RNasin in 100mM HEPES pH 7.8, 25mM Mg-acetate, 2mM sperimidine and 10mM DTT. After incubation at 37ºC for 4 h, the reaction mixture was
centrifuged at 3.400 g for 5 min at RT. The supernatant, containing SMS mRNA,
was collected to set up a cell-free translation reaction. 20µl of mRNA-containing
mixture was used for 100µl translation mixture containing 0.3mM each of all 20
amino acids, 2mM liposomes, 40µg/ml creatine kinase, 15 OD600 WEPRO2240
wheat germ extract, 15mM HEPES pH 7.8 50mM potassium acetate, 1.25mM
Mg-acetate, 0.2mM spermidine, 2mM DTT, 0.6mM ATP, 125µM GTP, 8mM creatine
phosphate and 0.0025% sodium azide. Unilamellar liposomes used in the translation reactions were prepared from a defined lipid mixture (PC/PE/PI, 2:2:1 mol%)
in 25 mM HEPES pH 7.5, 100 mM NaCl with a miniextruder (Avanti Polar Lipids).
The reaction mixtures were incubated for 4 h at 26ºC. Next, 2µl cell-free translation mixture was mixed with 10µl 2x caspase reaction buffer (1% CHAPS, 84mM
KCl, 10mM MgCl2, 100mM HEPES pH 7.4, 100mM NaCl, 20mM EDTA and 20mM
DTT), 1-2 units recombinant human caspases in the presence of z-VAD-fmk (final
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conc. 1mM), z-VEID-fmk (final conc. 100µM), pep419 (2.5mM) or DMSO in a total
volume of 20µl. Samples were incubated at 37ºC for 2 h and then subjected to
SDS-PAGE and immunoblot analysis using an anti-V5 antibody. To confirm the
activity of recombinant human caspases, HeLa cells were lysed in 0.5% CHAPS,
42mM KCl, 5mM MgCl2, 50mM HEPES pH 7.4, 50mM NaCl, 10mM EDTA. Nuclei
were removed by centrifugation at 15,000 g for 10min at 4ºC and DTT was added
to a final concentration of 10mM. 20µl of PNS (corresponding to ~600,000 cells)
was incubated with 1 unit active recombinant human caspase for 2 h at 37ºC.
Reactions were subjected to immunoblot analysis using anti-PARP1 and Lamin
A/C antibodies.
Immunofluorescence microscopy
HeLa cells stably transduced with V5-tagged SMSr expression constructs were
seeded on glass coverslips. Cells were fixed using 4% (w/v) paraformaldehyde
in PBS at RT and quenched using 25 mM NH4Cl in PBS. Cells were permeabilized
using PBS containing 0.1% (w/v) saponin and 0.2% (w/v) BSA. Coverslips were immuno-stained using mouse anti-V5, sheep anti-TGN46, rabbit anti-calnexin primary
antibodies followed by donkey anti-rabbit Cy5, donkey anti-mouse Cy3 and
donkey anti-sheep/goat FITC antibodies. Coverslips were mounted with Prolong
Gold Antifade Reagent (Thermo Fisher Scientific). Images were captured using a
confocal microscope (Olympus LSM FV1000) using a UPLSAPO 60x/NA 1.35 oil
immersion objective (Olympus) equipped with 488nm, 559nm and 635nm excitation lasers; 405/488/559/635nm dichroic mirror; 560nm and 640nm secondary
dichroic mirrors; and 705/50 barrier filter. Quantitation of Golgi-associated levels
of GFP-tagged SMSr and calnexin was performed using ImageJ software (NIH).
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CHAPTER 3
ABSTRACT
SMSr/SAMD8 is an ER-resident ceramide phosphoethanolamine synthase with
a critical role in controlling ER ceramides and suppressing ceramide-induced
apoptosis in cultured cells. SMSr-mediated ceramide homeostasis relies on
the enzyme’s catalytic activity as well as on its N-terminal sterile a-motif or SAM
domain. Here we report that SMSr-SAM is structurally and functionally related
to the SAM domain of diacylglycerol kinase DGKδ, a central regulator of lipid
signaling at the plasma membrane. Native gel electrophoresis indicates that both
SAM domains form homotypic oligomers. Chemical crosslinking studies show
that SMSr self-associates into ER-resident trimers and hexamers that resemble the
helical oligomers formed by DGKδ-SAM. Residues critical for DGKδ-SAM oligomerization are conserved in SMSr-SAM and their substitution causes a dissociation
of SMSr oligomers as well as a partial redistribution of the enzyme to the Golgi.
Conversely, treatment of cells with curcumin, a drug disrupting ceramide and
Ca2+ homeostasis in the ER, stabilizes SMSr oligomers and promotes retention
of the enzyme in the ER. Our data provide first demonstration of a multi-pass
membrane protein that undergoes homotypic oligomerization via its SAM domain
and indicate that SAM-mediated self-assembly of SMSr is required for efficient
retention of the enzyme in the ER.
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INTRODUCTION
Many proteins have a modular organization in which distinct protein domains
provide different functionalities. Sterile a-motif or SAM domains are widespread
~70 residue-long protein modules with essential roles in a broad variety of biological processes that include cell signaling, calcium homeostasis, synaptic scaffolding, transcriptional repression and translational control (1–3) . Although they adopt
a similar fold, SAM domains are unusually versatile in their functional properties.
SAM domains can self-assemble into polymers, form heterotypic complexes
with SAM domains of other proteins or bind other protein interaction modules.
For instance, the SAM domain of the transcriptional activator ETS-1 provides a
docking site for the ERK-2 MAP kinase to facilitate its phosphorylation (4). The
SAM domain of the transcriptional repressor TEL, on the other hand, functions as
a self-association motif that controls gene expression through extensive polymerization(5). Isolated TEL-SAM domains form a head-to-tail polymer with six SAM
monomers per turn. The SAM domain of diacylglycerol kinase-δ (DGKδ) forms
a polymer with an architecture similar to that of TEL-SAM (6, 7). In unstimulated
cells, DGKδ undergoes SAM-mediated self-assembly into cytosolic oligomers,
which prevents its translocation to the plasma membrane. Stimulation of cells with
epidermal growth factor results in oligomer disassembly and recruitment of DGKδ
to the plasma membrane where the enzyme controls lipid signaling by altering the
balance between the second messengers diacylglycerol (DAG) and phosphatidic
acid (6, 8).
Besides their role in building homo- and heteromeric protein complexes, SAM
domains have also been reported to bind RNA and lipids. Smaug in Drosophila
and Vts1p in budding yeast control mRNA translation by binding to stem-loop
structures in their target mRNAs via a cluster of positively charged residues in their
SAM domains (9, 10). The SAM domain of p73, a homolog of the tumor suppressor
p53, binds to membrane phospholipids (11) whereas p63, another p53 homolog,
shows interactions with the ganglioside GM1 (12). Because of their unique ability
to recognize a large variety of binding partners, SAM domains cannot be easily
categorized. This makes it necessary to analyze each SAM domain individually.
The mammalian proteome harbors two known multi-pass membrane proteins that
contain a SAM domain, namely sphingomyelin synthase SMS1 and the SMS-related protein SMSr, also known as sterile a-motif domain-containing protein SAMD8.
SMS1 is a Golgi-resident enzyme responsible for bulk production of sphingomyelin (SM), a major structural component of mammalian cell membranes and one of
the end products of sphingolipid biosynthesis (13, 14). SMS1 catalyzes the transfer
of phosphocholine from phosphatidylcholine onto ceramide in the Golgi lumen,
a reaction yielding SM and DAG (15, 16). Thus, SMS1 occupies a key position
in balancing the cellular levels of pro-apoptotic factor ceramide and mitogenic
factor DAG. SMS1 depletion enhances ceramide production and apoptotic cell
death after photodamage (17), while its contribution to the formation of plasma
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membrane-associated SM is critical for Fas-clustering and Fas-mediated apoptosis
(18). SMS1 deficiency in mice causes moderate neonatal lethality as well as loss
of fat tissue mass associated with impaired insulin secretion (19, 20). However, the
functional relevance of the enzyme’s N-terminal SAM domain is not known.
Unlike SMS1, SMSr does not function as SM synthase but produces small quantities of the SM analogue ceramide phoshoethanolamine (CPE) in the lumen of the
ER (21, 22). SMSr is the best-conserved member of the SMS enzyme family with
homologs present in organisms such as Drosophila, which does not synthesize
SM (23). While the physiological relevance of SMSr-mediated CPE production in

Figure 1. The SAM domain of SMSr lacks lipid-binding activity. (a) Photoactivatable and clickable
analogue of ceramide phosphoethanolamine, pacCPE. (b) Schematic outline of lipid photoaffinity
labeling assay. Recombinantly produced SAM domains are incubated with liposomes containing bifunctional lipid analogues and subjected to UV irradiation. Click chemistry is used to label the alkyne
group in the bifunctional lipid with N3-AlexaFluor647, allowing visualization of UV-crosslinked protein–
lipid complexes by in-gel fluorescence. (c) Recombinant GFP-fusions of the SAM domains of SMSr and
diacylglycerol kinase DGKδ were subjected to lipid photoaffinity labeling using bifunctional analogues
of ceramide (pacCer), diacylglycerol (pacDAG), CPE (pacCPE), phosphoethanolamine (pacPE), sphingomyelin (pacSM) and phosphatidylcholine (pacPC), processed for SDS-PAGE and analyzed by in-gel
fluorescence (right) then stained with Coomassie (left). The ceramide-binding domain of ceramide
transfer protein CERT (CERT-START) and a corresponding ceramide-binding mutant (CERT-STARTN504A)
served as controls.
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mammals remains to be established (22, 24), acute disruption of SMSr catalytic
activity in cultured mammalian cells causes a substantial rise in ER ceramides
and their mislocalization to mitochondria, triggering a mitochondrial pathway of
apoptosis (21, 25). Interestingly, we found that SMSr-catalyzed CPE production,
although required, is not sufficient to suppress ceramide-induced cell death and
that SMSr-mediated ceramide homeostasis is critically dependent on the N-terminal SAM domain of the enzyme. Based on these results, we postulated a primary
role of SMSr in monitoring ER ceramide levels to prevent untimely cell death
during sphingolipid biosynthesis (25).
To further dissect the mechanism by which SMSr controls ceramide levels in the ER,
we here focused on the function of the enzyme’s N-terminal SAM domain. Our data
disclose a striking structural and functional similarity between the SAM domains
of SMSr and DGKδ. We show that SMSr-SAM drives the formation of homotypic
SMSr trimers and hexamers, which resemble the helical oligomers formed by
DGKδ-SAM. Moreover, we provide evidence that SAM-mediated self-assembly
of SMSr is a critical determinant of the enzyme’s subcellular distribution, hence
analogous to the role of SAM in DGKδ.
RESULTS
SMSr-SAM lacks affinity for lipids
We previously demonstrated that SMSr is a CPE synthase that requires its N-terminal
SAM domain to control ceramide levels in the ER (25). As SAM domains have been
reported to bind lipids (11, 26, 27) including sphingolipids (12), we performed
photo-affinity labeling experiments with isolated SMSr-SAM produced in E. coli
using bifunctional lipid analogues that contain a photo-activatable diazirine and
a clickable alkyne group (Fig. 1a,b) (28). Proteins in direct contact with a bifunctional lipid can be crosslinked by UV irradiation of the diazirine group. Next, click
chemistry is used to label the alkyne group with a fluorescent reporter, allowing
visualization of the crosslinked protein-lipid complex by in-gel fluorescence. As
shown in Fig. 1c, the recombinant START domain of the ceramide transfer protein
CERT could be specifically crosslinked with bifunctional ceramide. In contrast,
recombinant SMSr-SAM was devoid of any specific lipid binding affinity when
subjected to photo-crosslinking with bifunctional analogues of ceramide (Cer),
CPE, SM, DAG, phosphatidylethanolamine (PE) or phosphatidylcholine (PC). This
led us to explore alternative functions of SMSr-SAM than lipid binding.
SMSr-SAM is structurally and functionally related to DGKδ-SAM
A BLAST search with SMSr-SAM as query yielded the SAM domain of DAG kinase
DGKδ as a hit with the lowest Expect (E) value (i.e. 3E-05) (Suppl. Table 1; Fig. 2a,b).
In addition. phylogenetic analysis revealed that SMSr-SAM is more closely related
to DGKδ-SAM than to the SAM domain of SMS1 (Fig. 2c). Isolated DGKδ-SAM has
been shown to self-assemble into helical oligomers through a head-to-tail interaction, with six SAM monomers per turn (7) (Fig. 2d). SAM-mediated oligomerization
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Figure 2. SMSr-SAM forms homo-oligomers in vitro. (a) Domain representations of SMSr, SMS1 and
diacylglycerol kinase DGKδ. SMSr and SMS1 have six predicted membrane spans, an active site facing
the exoplasmic leaflet and an N-terminal SAM domain exposed to the cytosol. DGKδ is a cytosolic
protein with an N-terminal pleckstrin homology (PH) domain and a C-terminal SAM domain. >>>
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of DGKδ controls its function as a key regulator of lipid signaling by sequestering
the enzyme in an inactive cellular location (6). Moreover, several key residues
involved in DGKδ-SAM homo-oligomerization are conserved in SMSr-SAM from
human to zebrafish, but do not occur in SMS1-SAM (Fig. 2b; residues marked by
asterisks). This suggested that SMSr-SAM and DGKδ-SAM share a similar function.
To investigate whether SMSr-SAM, like DGKδ-SAM, is able to self-associate into
oligomers, we used a method originally developed by Knight et al. (29). To this
end, SMSr-SAM and DGKδ-SAM were expressed in bacteria as fusions to a super-negatively charged GFP (scGFP) and run on a native gel (Fig. 2e). The negative
charge on GFP minimizes the chance of GFP-mediated self-assembly and ensures
that all proteins migrate to the cathode while the green fluorescence can be used
to monitor the migration of the fusion proteins in the native gel. As shown in Fig.
2f, polymeric scGFP-DGKδ-SAM displayed a major shift in migration relative to its
monomeric control, scGFP-DGKδ-SAMV52E. In comparison to scGFP-DGKδ-SAM,
scGFP-SMSr-SAM migrated even slower through the gel while a significant
portion of the protein remained in the gel well (data not shown). These results
are consistent with those reported by Knight et al. (29) and suggested that scGFP-SMSr-SAM forms stable oligomers. To verify that oligomerization is mediated
by the SAM domain, we mutated each of three conserved residues that were
previously shown to be critical for homo-oligomerization of DGKδ-SAM, yielding
SMSr-SAML62E, SMSr-SAMG63D and SMSr-SAMK66E (Fig. 2b). All three mutants
migrated faster through the gel than wild-type SMSr-SAM (Fig. 2g), indicative of a
defect in homo-oligomerization. From this we conclude that SMSr-SAM is able to
form homo-oligomers.
SMSr forms SAM-dependent oligomers in the ER
To investigate whether SMSr forms homo-oligomers in cells, we performed
co-immunoprecipitation (IP) experiments on HeLa cells co-expressing V5- and
(b) Sequence alignment of human DGKδ-SAM (Uniprot: Q16760), SMSr-SAM (Q96LT4) and SMS1-SAM
(Q86VZ5). Note that residues critical for homo-oligomerization of DGKδ-SAM (marked with an asterisk)
are largely conserved in SMSr-SAM but not in SMS1-SAM. (c) Phylogenetic analysis of SAM domains
of vertebrate homologs of DGKδ, SMSr and SMS1. Sequences were aligned using the Clustal Omega
multiple sequence alignment tool(53) and the phylogenetic tree was drawn using ClustalW2 Phylogeny.
Database accession numbers used are provided in Supplementary Table 2. (d) Space-filling model of
the DGKδ-SAM polymer (adapted with permission from Knight M.J. et al. Biochemistry 2010, 49:96679676, copyright 2010, American Chemical Society). (e) Schematic outline of a native gel assay to screen
SAM domains for their ability to form homo-oligomers. Lysates of bacteria expressing SAM domains
fused to super-negatively charged GFP (scGFP) are run on a native gel and analyzed by in-gel fluorescence. The strong negative charge of scGFP helps solubilize SAM domains and drive their migration
to the anode. (f) Bacterial lysates containing scGFP fusions of DGKδ-SAM, oligomerization mutant
DGKδ-SAMV52E or SMSr-SAM were run on a native gel and analyzed by in-gel fluorescence. Note that
SMSr-SAM, analogous to DGKδ-SAM but contrary to DGKδ-SAMV52E, displays a retarded migration indicative of protein oligomers. (g) Bacterial lysates containing scGFP fusions of SMSr-SAM, SMSr-SAML62E,
SMSr-SAMG63D or SMSr-SAMK66E were run on a native gel and analyzed by in-gel fluorescence. Note that
all SMSr-SAM point mutants display a dramatic shift in gel migration compared to wild-type SMSr-SAM,
indicative of a perturbation in protein oligomerization.
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Figure 3. SMSr forms SAM-dependent homo-oligomers in the ER. (a) Detergent extracts of HeLa
cells co-transfected with HA-tagged SMSr and V5/His6-tagged SMSr, SMSr∆SAM, SMSr-KKSA or SMSr∆SAM-KKSA were subjected to immunoprecipitation analysis using an anti-V5 antibody. Immunoprecipitates (IP) and total extracts (input) were immunoblotted (IB) using anti-V5 and anti-HA antibodies. An
asterisk denotes IgG heavy chain. (b) Detergent extracts of HeLa cells co-transfected with HA-tagged
SMS1 and V5/His6-tagged SMS1 or SMS1∆SAM were subjected to immunoprecipitation analysis using
an anti-V5 antibody. Immunoprecipitates (IP) and total extracts (input) were immunoblotted (IB) using
anti-V5 and anti-HA antibodies, as in (a). (c) HeLa cells transfected with empty vector (EV) or V5/His6tagged SMSr were solubilized using detergent in the presence or absence of 10mM N-ethyl maleimide
(NEM) and subjected to Ni2+-NTA affinity chromatography. Ni2+-NTA eluates were incubated in the
presence or absence of 100mM DTT, and immunoblotted (IB) using an anti-V5 antibody, as in (a). (d)
HeLa cells transfected with HA-tagged SMSr were treated with chemical crosslinker DSP (0-50µM, 15
min, RT), solubilized by detergent in the presence of 10mM NEM and subjected to immunoprecipitation
analysis using an anti-HA antibody. Immunoprecipitates were immunoblotted using an anti-HA >>>
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HA-tagged versions of the enzyme. Immunoblot analysis of anti-V5 immunoprecipitates revealed, besides monomeric SMSr, also higher-order enzyme complexes
that were resistant to SDS under non-reducing conditions (Fig. 3a). The migration
profiles of the SDS-resistant enzyme complexes and their cross-reactivity with both
anti-V5 and anti-HA antibodies suggested that they correspond to SMSr trimers
and hexamers (see also below). When immunoprecipitations were performed on
HeLa cells co-expressing full-length SMSr-HA and a truncated version of SMSr-V5
lacking the N-terminal SAM-domain, the anti-V5 immunoprecipitates were devoid
of SMSr-HA and only contained SMSr∆SAM monomers and dimers (Fig. 3a). Thus,
the ability of SMSr to form trimers and hexamers appeared critically dependent on
its SAM domain. We previously reported that removal of its SAM domain causes
SMSr to redistribute from the ER to the Golgi (25) (see also below). To address the
possibility that immunoprecipitation of SMSr∆SAM-V5 fails to bring down SMSr-HA
because both proteins reside in different organelles, SMSr∆SAM-V5 was retained
in the ER by adding a KKXX ER-retrieval motif to its C-terminus. As shown in Fig.
3a, anti-SMSr∆SAM-V5-KKSA immunoprecipitates were still devoid of SMSr-HA. In
contrast, co-immunoprecipitation analysis on cells co-expressing full-length and
SAM-truncated versions of SMS1 revealed that this enzyme self-associates independently of its SAM domain (Fig. 3b). Thus, consistent with its ability to self-associate in vitro, SMSr-SAM appears to drive homo-oligomerization of SMSr in the ER.
We noticed that under non-reducing conditions, SMSr monomers, trimers and
hexamers all migrate as discrete smears in the gel. Treatment of immunoprecipitates with DTT prior to gel electrophoresis dissolved most of the trimers and
hexamers, and caused the monomer to migrate as a single protein band (Fig. 3c),
indicating that the electrophoretic mobility of SMSr is strongly influenced by the
presence of both intermolecular and intramolecular disulfide bonds. To investigate
whether these disulfide bonds form before or after cell lysis, cells were lysed in the
presence of N-ethylmaleimide (NEM), a membrane permeable agent that reacts
with free thiol groups. NEM treatment recapitulated the effect of DTT addition
(Fig. 3c), indicating that the intermolecular and intramolecular disulfide bonds
in SMSr form after cell lysis, presumably due to the oxidative milieu provided by
the lysis buffer. Henceforth, NEM was included in the lysis buffer in all subsequent
experiments. To verify that SMSr also forms trimers and hexamers in intact cells,
HeLa cells expressing SMSr-HA were treated with the membrane permeable and
amine-reactive crosslinker DSP prior to immunopreciptation analysis. As shown
in Fig. 3d, DSP treatment led to the appearance of SMSr trimers and hexamers in
anti-HA immunoprecipitates. These trimers and hexamers became more abundant
at the expense of monomers when increasing amounts of crosslinker were used.
antibody. (e) Yeast cells transfected with empty vector (EV) or V5/His6-tagged SMSr were treated with
DSP as in (d), lysed and subjected to immunoblot analysis using an anti-V5 antibody. (f) HeLa cells
transfected with empty vector (EV), V5/His6-tagged SMSr or SMSr∆SAM were incubated in the presence
or absence of DSP (50µM, 15 min, RT), solubilized with detergent in the presence of 10 mM NEM and
subjected to Ni2+-NTA affinity chromatography. Ni2+-NTA eluates were immunoblotted using an anti-V5
antibody.
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SMSr trimers and hexamers could also be recovered from immunoprecipitates
of DSP-treated and SMSr-V5-expressing Saccharomyces cerevisiae, an organism
lacking endogenous SMSr homologs. Interestingly, some trimers and hexamers
were also observed when crosslinker was omitted (Fig. 3e). In contrast, immunoprecipitates prepared from DSP-treated HeLa cells expressing SMSr∆SAM-V5
contained monomers and dimers but were devoid of any trimers or hexamers
(Fig. 3f). From this we conclude that SMSr-SAM mediates self-assembly of SMSr
into trimers and hexamers in the ER. SMSr lacking its N-terminal SAM-domain, on
the other hand, appears to retain the ability to form dimers.
Isolation and functional analysis of oligomerization-defective SMSr mutants
To study the functional relevance of SMSr oligomerization in HeLa cells, we first
generated an oligomerization-defective SMSr mutant. Co-IP studies with HA- and
V5-tagged SMSr mutants carrying one of three single residue substitutions that
blocked SMSr-SAM oligomerization in vitro (Fig. 2g) revealed that none of these
proved sufficient to influence SMSr self-association in vivo (data not shown). Only
when all three single residue substitutions were combined we observed a significant reduction in the self-associating properties of SMSr, as judged by co-IP
analysis (Fig. 4a). We named this oligomerization-defective triple mutant SMSrOD.
To allow a detailed functional analysis of SMSrOD without interference from any
endogenous pool of oligomerization-competent SMSr, we created HeLa SMSr
knockout (SMSr−/−) cells using CRISPR/Cas9 technology. Contrary to wild-type
cells, SMSr−/− cells lack a 39-kDa protein that cross-reacts with a well-characterized anti-SMSr antibody (22) (Fig. 4b). Moreover, SMSr−/− cells were virtually
devoid of CPE synthase activity (Fig. 4c,d). This is consistent with previous RNAi
experiments indicating that SMSr is the principal CPE synthase in HeLa cells (21).
The residual CPE synthase activity detected in SMSr−/− cells is likely due to SMS2,
which serves as a bifunctional enzyme with both SM and CPE synthase activity
(30). Unlike HeLa cells treated with SMSr-targeting siRNAs, SMSr−/− cells lack any
signs of apoptosis (our unpublished data). Whether this is due to a compensatory
mechanism that overcomes a deregulation of ER ceramides over time remains to
be established. As shown in Fig. 4e, SMSrOD displayed a reduced ability to self-associate into hexamers and trimers and was primarily recovered as a monomer
or dimer following its immunoprecipitation from either DSP-treated wild-type or
SMSr−/− cells. These results provide complementary evidence that SAM-mediated
self-assembly is the key mechanism by which SMSr forms trimers and hexamers
in the ER.
SMSr oligomerization is dispensable for catalytic activity and vice versa
To address whether an impaired capacity to form homo-oligomers influences the
catalytic activity of SMSr, we expressed V5-tagged SMSr, SMSrOD and a catalytically dead SMSrD348E mutant in Saccharomyces cerevisiae, an organism lacking
endogenous CPE synthase activity. Next, catalytic activities of the heterologously
expressed enzymes were determined in cell lysates using a recently established
quantitative CPE synthase activity assay (31). Whereas the D348E mutation
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Figure 4. Functional analysis of oligomerization-defective SMSr mutants. (a) HeLa cells co-transfected
with V5/His6-tagged and HA-tagged SMSr or SMSrL62E/G63D/K66E (SMSrOD) were solubilized with detergent
in the presence of 10mM NEM and subjected to immunoprecipitation analysis using an anti-V5
antibody. Immunoprecipitates (IP) and total extracts (input) were immunoblotted (IB) using anti-V5 and
anti-HA antibodies. (b) Total membranes of wild-type (WT) and SMSr knockout (SMSr−/−) HeLa cells
were subjected to immunoblot analysis using anti-SMSr and anti-calnexin antibodies. (c) TLC analysis of
reaction products formed when lysates of WT and SMSr−/− HeLa cells were incubated with C6-NBD-ceramide (NBD-Cer). Note that lysates of SMSr−/− cells have a substantially reduced capacity to synthesize
NBD-CPE. (d) Ratio of quantified NBD-Cer-derived reaction products from (c). Data shown are the
means of two independent experiments. (e) WT and SMSr−/− HeLa cells transfected with HA-tagged
SMSr or SMSrOD were incubated in the presence or absence of DSP, solubilized with detergent in the
presence of 10 mM NEM and subjected to immunoprecipitation analysis using an anti-HA antibody.
Immunoprecipitates were immunoblotted using an anti-HA antibody. NT, non-transfected.
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completely abolished SMSr-mediated CPE production, there was no significant
difference between the catalytic activities of SMSr and SMSrOD, indicating that the
oligomeric state of the enzyme does not critically influence its catalytic capacity
(Fig. 5a,b). We then addressed whether disrupting catalytic activity influences
the ability of SMSr to form homo-oligomers. Although introduction of the D348E

Figure 5. SMSr oligomerization is dispensable for catalytic activity and vice versa.(a) TLC analysis of
reaction products formed when lysates of yeast cells expressing V5/His6-tagged SMSr, enzyme-dead
SMSrD348E or SMSrOD were incubated with NBD-Cer (top). SMSr expression was verified by immunoblotting using an anti-V5 antibody (bottom). EV, empty vector. (b) Specific activities of V5/His6-tagged SMSr,
SMSrOD and enzyme-dead SMSrD348E in yeast were determined by quantitative immunoblotting and TLC
analysis of reaction products formed when lysates were incubated with NBD-Cer and expressed as
mmol NBD-CPE formed per mol SMSr per second. Data shown are the mean ± S.D. of three independent experiments performed in duplicate. (c) SMSr−/− HeLa cells co-transfected with V5/His6-tagged
and HA-tagged SMSr or SMSrD348E were solubilized with detergent in the presence of 10mM NEM and
subjected to immunoprecipitation analysis using an anti-V5 antibody. Immunoprecipitates (IP) and total
extracts (input) were immunoblotted (IB) using anti-V5 and anti-HA antibodies. (d) SMSr−/− HeLa cells
were transfected with HA-tagged SMSr or SMSrD348E and incubated in the presence or absence of DSP,
solubilized with detergent in the presence of 10 mM NEM and subjected to immunoprecipation analysis
using an anti-HA antibody. Immunoprecipitates were immunoblotted using an anti-HA antibody. NT,
non-transfected.
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mutation appeared to render SMSr less stable when expressed in HeLa cells,
co-IP analysis of SMSr−/− cells co-expressing V5- and HA-tagged SMSrD348E showed
that catalytic activity per se is not a prerequisite for SMSr self-assembly (Fig. 5c).
Moreover, DSP crosslinking experiments revealed that SMSrD348E displays the same
capacity to self-assemble into hexamers and trimers as the wild-type enzyme (Fig.
5d). Collectively, these results indicate that the ability of SMSr to form homo-oligomers is dispensable for its catalytic activity and vice versa.
Curcumin promotes SMSr oligomerization
As SMSr is a critical regulator of ER ceramides (21, 25) and because ceramides
can trigger ER stress by disrupting Ca2+ homeostasis (32), we wondered whether
an acute imbalance in ER ceramide or Ca2+ levels would influence the oligomeric
state of the enzyme. Several drugs have been reported to acutely alter ceramide
and/or Ca2+ levels in the ER. For instance, curcumin stimulates de novo ceramide
biosynthesis, presumably by directly activating ceramide synthases in the ER
(33–35). Tamoxifen has been reported to increase ceramide levels by blocking glucosylceramide biosynthesis (36, 37) whereas thapsigargin is known to release Ca2+
from the ER lumen by inhibiting the sarco/endoplasmic reticulum Ca2+-ATPase,
SERCA (38). As shown in Fig. 6a, treatment of SMSr-V5-expressing HeLa cells with
curcumin led to the appearance of higher-order enzyme complexes in anti-V5 immunoprecipitates that were resistant to SDS-PAGE under reducing conditions. No
such complexes were observed in immunoprecipitates from control cells or from
cells treated with tamoxifen or thapsigargin. Curcumin treatment did not trigger
formation of higher-order complexes of calnexin, an abundant membrane-anchored chaperone of the ER. The curcumin-induced SMSr complexes co-migrated,
at least in part, with DSP-crosslinked SMSr trimers and hexamers (Fig. 6b), indicating that curcumin promotes the formation of SDS-resistant SMSr homo-oligomers.
A distinct SMSr-containing complex of approximately 110 kDa was consistently
and exclusively found in curcumin-treated cells (marked with an asterisk in Fig.
6a,b). As this curcumin-induced complex did not match the migration profiles of
SMSr dimers (~85 kDa), trimers (~125 kDa) or hexamers (~250 kDa), we anticipate
that it represents a heterologous complex comprising SMSr and another, yet-to-be
identified protein. Identification of this SMSr interaction partner is the subject of
ongoing investigations.
Curcumin-induced SMSr oligomerization is independent of fluctuations in ER
ceramide or calcium levels
As curcumin has been reported to trigger mitochondrial apoptosis (33, 35, 39),
we first examined whether its ability to promote SMSr homo-oligomerization
relies on activation of an apoptotic pathway. A time course experiment revealed
that curcumin triggers SMSr oligomerization already within one hour (Fig. 6c).
Moreover, treatment of cells with the pan-caspase inhibitor zVAD-fmk blocked
curcumin-induced PARP cleavage but did not prevent formation of SDS-resistant
SMSr oligomers (Fig. 6d). Together, these results indicate that curcumin promotes
SMSr homo-oligomerization independently of its apoptogenic activity.
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Since curcumin stimulates de novo ceramide biosynthesis, we next investigated
whether formation of SDS-resistant SMSr oligomers in curcumin-treated cells is due
to an accumulation of ceramides in the ER. We previously reported that over-expression of the ceramide transfer protein CERT rescues SMSr-depleted cells from
ceramide-induced apoptosis by stimulating ceramide export from the ER (25). As
shown in Fig. 6e, CERT over-expression did not prevent formation of SDS-resistant
SMSr oligomers in curcumin-treated cells. Moreover, blocking de novo ceramide
biosynthesis by myriocin, a pharmacological inhibitor of long chain base synthase
in the ER, had no impact on curcumin-induced SMSr oligomerization, indicating
that this process is not due to elevated ceramide levels in the ER (Fig. 6f). Besides

Figure 6. Curcumin promotes SMSr oligomerization independently of fluctuations in ER ceramide or
Ca2+ levels. (a) HeLa cells transfected with empty vector (EV) or V5/His6-tagged SMSr were treated with
vehicle control (mock), curcumin (50µM), tamoxifen (20µM) or thapsigargin (2µM) for 6 h, solubilized
with detergent in the presence of 10 mM NEM and subjected to immunoprecipation analysis using an
anti-V5 antibody. Immunoprecipitates (top) or total extracts (middle, bottom) were immunoblotted using
anti-V5 (top), anti-calnexin (middle) and anti-actin antibodies (bottom). (b) HeLa cells transfected with
V5/His6-tagged SMSr were treated with curcumin (50µM, 6h) or DSP (50µM, 15 min) and subjected to
immunoprecipation and immunoblot analysis using an anti-V5 antibody, as in (a). (c) HeLa cells transfected with empty vector (EV) or V5/His6-tagged SMSr were treated with 50µM curcumin for the indicated
time and subjected to immunoprecipation and immunoblot analysis using an anti-V5 antibody, as in
(a). (d) HeLa cells transfected with empty vector (EV) or V5/His6-tagged SMSr were treated with >>>
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deregulating ceramide levels in the ER, curcumin promotes the release of Ca2+
from the ER lumen by inhibiting SERCA (40). BAPTA-AM, a membrane permeable
Ca2+ chelator, has been reported to block some of the downstream effects
of curcumin (41, 42). However, pre-treatment of cells with BAPTA-AM did not
prevent curcumin-induced SMSr oligomerization (Fig. 6f). Moreover, addition of
thapsigargin, a specific inhibitor of SERCA, did not mimic the effect of curcumin on
SMSr oligomerization. Based on these results, we conclude that curcumin-induced
formation of SDS-resistant SMSr oligomers is unlikely due to a perturbed Ca2+ homeostasis in the ER. Curcumin has previously been reported to crosslink the cystic
fibrosis transmembrane conductance receptor into SDS-resistant oligomers (43)
and to promote dimerization of ceramide synthases (34). Thus, the appearance
of SDS-resistant SMSr oligomers in cells treated with curcumin may be due to the
crosslinking activity of this drug.
SMSr oligomerization is critical for ER localization
The subcellular distribution of DGKδ is controlled by its SAM domain, which
prevents translocation of the enzyme to the plasma membrane by mediating its
self-assembly into cytosolic oligomers (6). Removal of its N-terminal SAM domain
caused SMSr to redistribute from the ER to the Golgi complex (21) (Fig. 7a). In
contrast, removal of the N-terminal SAM domain from SMS1 did not affect its
Golgi residency (Fig. 7b). Swapping the entire N-terminal cytoplasmic tail of SMS1
against that of SMSr, on the other hand, caused the protein to be retained in the ER
(21). To investigate whether SAM-mediated homo-oligomerization of SMSr plays a
role in retaining the enzyme in the ER, we created chimeric SMS1 proteins in which
the SAM domain is swapped for SMSr-derived wild-type or oligomerization-defective SAM. We named these chimeric proteins SAMr-SMS1 and SAMrOD-SMS1,
respectively. As shown in Fig. 7b, both SAMr-SMS1 and SAMrOD-SMS1 exclusively
localized to the Golgi complex. Collectively, these results indicated that SMSr-SAM
does not mediate ER retention or, alternatively, that such an activity is obscured
by the presence of an ER export signal in the N-terminal cytoplasmic tail of SMS1
located downstream of its SAM domain. The latter scenario is supported by our
finding that addition of a C-terminal KKXX ER-retrieval sequence caused a redistribution of SMSr∆SAM from the Golgi to the ER, but failed to retain SMS1 in the
ER (Fig. 7a,b).
50µM curcumin in the presence or absence of 20µM of pan-caspase inhibitor zVAD-fmk for 6 h and then
subjected to immunoprecipation analysis using an anti-V5 antibody, as in (a). Immunoprecipitates and
total extracts were immunoblotted using anti-V5 (top) and anti-PARP1 antibodies (bottom), respectively.
FL, full length; CL, cleaved. (e) HeLa cells co-transfected with V5/His6-tagged SMSr and FLAG-tagged
CERT or empty vector (EV) were treated with 50µM curcumin for 1 h, solubilized with detergent in the
presence of 10 mM NEM and subjected to Ni2+-NTA affinity chromatography. Ni2+-NTA eluates and total
extracts were immunoblotted using anti-V5 (top) and anti-FLAG antibodies (bottom), respectively. (f)
HeLa cells transfected with empty vector (EV) or V5/His6-tagged SMSr were pre-incubated with 100nM
myriocin (1 h) or 50µM BAPTA-AM (5 min) and then treated with curcumin (50µM) or thapsigargin
(20µM) for 1 h. Next, cells were processed as in (e). A heterologous SMSr-protein complex of ~100kDa
that forms in curcumin-treated cells is marked by an asterisk in all panels.
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As alternative approach to investigate whether SAM-mediated oligomerization
is part of the mechanism by which SMSr is retained in the ER, we next analyzed
the subcellular distribution of GFP-tagged SMSr, SMSr∆SAM and SMSrOD in
HeLa SMSr−/− cells using confocal fluorescence microscopy. As shown in Fig. 8a,
GFP-SMSr primarily resides in the ER while a minor but significant pool of the
enzyme is localized in the Golgi complex. Indeed, intensity plots along a line that
crosssections the Golgi complex demonstrated partially overlapping intensity
peaks for GFP-SMSr and the Golgi marker GM130; such overlap was not observed
between intensity plots for GM130 and the ER marker calnexin (Fig. 8b). In
contrast to GFP-SMSr and in line with our previous findings, the bulk of GFP-SMSr∆SAM localized to the Golgi complex with residual amounts remaining in the ER.
GFP-SMSrOD, on the other hand, displayed a subcellular distribution intermediate
to that of GFP-SMSr and GFP-SMSr∆SAM, with sizeable portions of the enzyme
present in both ER and Golgi (Fig. 8a,b). This became even more apparent when
we quantified the relative portion of GFP-tagged enzyme that co-localized with the
Golgi marker GM130 using Manders’ co-efficient (44) (Fig. 8c). Thus, mutations
that perturb SMSr homo-oligomerization promote a redistribution of the enzyme
from the ER to the Golgi complex. Interestingly, we found that treatment of cells
with curcumin caused the opposite trend by promoting a redistribution of the
enzyme from the Golgi to the ER (Fig. 8d). Together, these results indicate that
SAM-mediated homo-oligomerization of SMSr serves a critical role in retaining
the enzyme in the ER.
DISCUSSION
Previous work revealed that SMSr, a CPE synthase with potential dual activity as
ceramide sensor, requires its N-terminal SAM domain to control ER ceramide levels
and suppress ceramide-induced mitochondrial apoptosis. In the present study,
we uncovered a striking structural and functional similarity between SMSr-SAM
and the SAM domain of the diacylglycerol kinase DGKδ. We show that SMSr-SAM,
analogous to DGKδ-SAM, drives self-assembly of the enzyme into oligomers
and that SAM-mediated oligomerization is a critical determinant of the enzyme’s
subcellular localization. Thus, our study provides the first example of a polytopic
membrane protein that undergoes homotypic oligomerization via its SAM domain
and indicates that self-association of SMSr is part of the mechanism by which the
enzyme is retained in the ER.
Complementary lines of evidence indicate that the SAM domain of SMSr mediates
self-assembly of the enzyme into oligomers. To begin with, SMSr-SAM is structurally and functionally related to the SAM domain of DGKδ, an enzyme that forms
homotypic oligomers in the cytosol via its SAM domain to control its function as
regulator of lipid signaling at the plasma membrane (8). Residues critical for oligomerization of DGKδ-SAM are conserved in SMSr-SAM and substitution of these
residues abolishes self-assembly of isolated SMSr-SAM in vitro and weakens the
formation of SMSr homotypic oligomers in vivo. Moreover, chemical crosslinking
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studies indicate that SMSr self-assembles into trimers and hexamers, thus resembling the helical oligomers formed by DGKδ-SAM, which comprise six monomers
per turn (6). SMSr expressed in budding yeast, an organism that lacks structural
homologs of SMS enzymes, forms higher-order complexes that co-migrate with
SMSr trimers and hexamers assembled in human cells, in line with the idea that
SMSr oligomerization involves self-assembly of the enzyme through its SAM
domain and does not rely on any auxiliary protein.
SAM-mediated oligomerization of DGKδ prevents translocation of the enzyme to
the plasma membrane, where its presence is required to attenuate DAG signaling
and initiate PA signaling (6, 8, 45). Substitution of key residues at the SAM oligomer
interface abolishes DGKδ oligomerization and constitutively localizes the enzyme
to the plasma membrane (6). Analogous to the role of DGKδ-SAM, SAM-mediated
oligomerization of SMSr influences its subcellular localization. While an oligomerization competent form of SMSr predominantly localizes to the ER, mutations

Figure 7. Effect of SAM removal or swapping on the subcellular distribution of SMSr and SMS1. (a)
Confocal sections of HeLa cells transfected with V5/His6-tagged SMSr, SMSr∆SAM, SAMr-KKSA, or
SMSr∆SAM-KKSA and immunostained using anti-HA (red), anti-Golgi marker TGN46 (green) and anti-calnexin antibodies (blue). Bar, 10 µm.(b) Confocal sections of HeLa cells transfected with HA-tagged
SMS1, SMS1∆SAM, SAMr-SMS1, SAMrOD-SMS1 or SMS1-KKSA and immunostained using anti-HA (red),
anti-Golgi marker GM130 (green) and anti-calnexin antibodies (blue). Bar, 10 µm.
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that destabilize SMSr oligomers cause a partial redistribution of the enzyme to
the Golgi. Conversely, treatment of cells with curcumin, a drug that stabilizes SMSr
homo-oligomers, promotes retention of the enzyme in the ER. It should be noted
that combining three point mutations that each disrupt self-assembly of SMSr-SAM
domains in vitro proved insufficient to completely abolish the formation of SMSr
trimers and hexamers in vivo. This likely explains why removal of the SAM domain
results in a more pronounced redistribution of the enzyme to the Golgi than introduction of mutations that only partially undermine SMSr homo-oligomerization.
Together, our data indicate that SAM-mediated oligomerization of SMSr serves a
critical role in retaining the enzyme in the ER. This is a remarkable finding in view
of the fact that oligomerization has been frequently identified as a prerequisite for
efficient export of membrane proteins from the ER (46–50). How oligomerization
of SMSr prevents the enzyme from entering COPII vesicles that bud from the ER
remains to be established. One possibility is that SMSr carries an ER-export signal
that is masked by its homotypic oligomerization. Alternatively, SMSr oligomers, in
contrast to monomers, interact with an ER-resident protein to actively retain them
in the ER or simply fail to enter COPII vesicles because of their size or shape.
SMSr belongs to the SMS enzyme family, which includes the Golgi-resident SM
synthase SMS1. The latter enzyme also contains an N-terminal SAM domain and
possesses the ability to self-associate. However, both SMS1 self-assembly and
its localization to the Golgi complex were completely independent of its SAM
domain. Moreover, the SMS1-SAM domain lacks the basic assembly of interface
residues that are critical for homo-oligomerization of SMSr-SAM and DGKδ-SAM.
Thus, even though SMSr and SMS1 display a substantial degree of structural similarity, their SAM domains appear to serve distinct roles. We previously showed
that swapping the entire N-terminal cytosolic tail of SMS1 for that of SMSr blocked
export of the chimera from the ER (21). In contrast, exchanging only the SAM
domain did not prevent the enzyme from reaching the Golgi. We anticipate that
the activity of SMSr-SAM as ER retention signal in the SMS1 chimera is overruled
by an ER-export signal present downstream of its SAM domain. In support of this
notion, adding a C-terminal KKXX ER-retrieval signal failed to retain SMS1 in the
ER but readily restored the ER-residency of SMSr∆SAM.
Figure 8. SMSr oligomerization is critical for ER localization. (a) Confocal sections of SMSr−/− HeLa
cells transfected with GFP-tagged SMSr, SMSr∆SAM or SMSrOD and immunostained with anti-Golgi
marker GM130 (magenta) or anti-calnexin antibodies (green). Bar, 10 µm. (b) Intensity plots along the
paths shown in (a), showing overlap between GFP or anti-calnexin (green) and anti-GM130 (magenta)
channels. (c) Manders’ correlation coefficients of fluorescence-intensity-based colocalization of GFPtagged SMSr, SMSrOD or SMSr∆SAM with the Golgi marker GM130 was calculated from confocal
scanning of complete z-stacks of cells treated as in (a). (d) Manders’ correlation coefficients of fluorescence-intensity-based colocalization of GFP-tagged SMSr or calnexin with the Golgi marker GM130 was
calculated from confocal scanning of complete z-stacks of control or curcumin-treated cells (50µM, 1 h).
For each boxplot in (c) and (d), the middle line denotes the median and the top and bottom of the box
indicate the 75th and 25th percentile. The whiskers denote the maximum and minimum values. P-values
of unpaired t-test: *P<0.05, ***P<0.001, ****P<0.0001.
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SMSr is a critical regulator of ER ceramides, at least in a variety of cultured
mammalian cell lines (21). The substantial rise in ER ceramides observed upon
acute (siRNA-mediated) depletion of SMSr is difficult to account for by loss of the
rather modest CPE-producing activity of the enzyme (21). We recently reported
that SMSr-catalyzed CPE production, although required, is not sufficient to
suppress ceramide accumulation, ruling out metabolic conversion of ceramides
as the primary mechanism by which SMSr controls ER ceramide levels (25).
Instead, we found that SMSr-mediated control over ER ceramides relies on its SAM
domain; while removal of SAM did not affect SMSr-catalyzed CPE production, it
abolished the ability of the enzyme to suppress ceramide accumulation even
when SMSr∆SAM is retained in the ER (25). This implies that SMSr-SAM, besides
trapping the enzyme in the ER, directly participates in the mechanism by which
SMSr controls ER ceramide levels. Application of bifunctional lipid analogues in
photo-affinity labeling experiments with recombinant SMSr-SAM did not reveal
any particular affinity of this domain for any of the enzyme’s lipid substrates or
products. In addition, chemical crosslinking studies showed that catalytic activity
of SMSr is dispensable for the ability of the enzyme to form homo-oligomers.
Attempts to address whether fluctuations in ER ceramide levels influence the
oligomeric state of SMSr are inconclusive. Our finding that curcumin stabilizes
SMSr homo-oligomers most likely reflects a secondary effect of this compound
as chemical crosslinker (43) rather than its ability to stimulate de novo ceramide
production in the ER (33, 34). Whether ER ceramides have an impact on SMSr
oligomerization remains to be established. Dynamic changes in the stoichiometry
of membrane proteins are hard to resolve by bulk biochemical approaches like
chemical crosslinking or co-immunoprecipitation analysis. Therefore, our ongoing
efforts focus on the application of single-molecule fluorescence microscopy
as complementary method to monitor SMSr oligomerization in intact cells (B.
Cabukusta, J. Koehlen, C. You and J. Holthuis, submitted for publication).
MATERIALS AND METHODS
Reagents
N-ethyl maleimide (NEM), dithiothreitol (DTT) and myriocin were from Sigma-Aldrich, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-amine (DOPE) and 1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphoethanolamine (NBD-PE)
from Avanti Polar Lipids, and dithiobis(succinimidyl-propionate) (DSP), mouse
monoclonal anti-HA agarose beads, C6-NBD-ceramide and N3-Alexa-Fluor647
from Thermo Fischer Scientific. Curcumin and thapsigargin were from Enzo
Life Sciences, tamoxifen and BAPTA-AM from Cayman, z-VAD-fmk from Merck
Millipore, and L-arabinose from Carl Roth. Mouse monoclonal anti-V5 agarose
beads were from Bethyl Laboratories and Ni-NTA agarose from Qiagen.
Antibodies
The following antibodies were used: mouse monoclonal anti-β-actin (cat. no.
72

ER residency of SMSr relies on SAM-mediated homo-oligomerization
A1978, 1:10,000; Sigma-Aldrich), rabbit polyclonal anti-FLAG (cat. no. 2368,
1:1000; Cell Signaling), mouse monoclonal anti-PARP-1 (sc8007, 1:1000; Santa
Cruz), rabbit polyclonal anti-calnexin (sc11397, 1:1000; Santa Cruz), mouse monoclonal anti-V5 antibody (R960-25, 1:4000; Invitrogen), rat monoclonal anti-HA
antibody (12158167001, 1:4000; Roche), rabbit polyclonal anti-HA antibody
(71-5500, 1:1000 Invitrogen), goat polyclonal anti-calnexin (sc-6465, 1:200; Santa
Cruz), rabbit anti-TGN46 (AHP1586, 1:200 AbD Serotec) and mouse monoclonal
anti-GM130 antibody (610823, 1:200; BD Biosciences). Goat anti-mouse (cat. no.
31430, 1:5,000) and goat anti-rabbit IgG conjugated to horseradish peroxidase
(31460, 1:5,000) were from Thermo Fischer Scientific. FITC-conjugated donkey
anti-sheep/goat (STAR88F, 1:200, AbD Serotec) CyTM dye-conjugated donkey antigoat, donkey anti-mouse and donkey anti-rabbit antibodies were from Jackson
ImmunoResearch Laboratories (1:200).
DNA constructs
scGFP-DGKδ-SAM, scGFP-DGKδ-SAMV52E, scGFP-SMSr-SAM and scGFP/pBAD
bacterial expression vectors were kindly provided by James Bowie, University of
California, Los Angeles, USA(29). For mammalian expression of C-terminal V5/
His6- or HA-tagged human SMSr and SMS1, the corresponding cDNAs were PCR
amplified and cloned into pcDNA3.1/V5-His TOPO (Invitrogen) according to the
manufacturer’s instructions. SAM-deficient truncation mutants SMSr∆SAM and
SMS1∆SAM were obtained by deleting the first 78 and 68 N-terminal residues,
respectively. The C-terminal sequence KKSA was added to retrieve V5/His6tagged SMSr∆SAM in the ER. The first 68 N-terminal residues of HA-tagged
SMS1 were replaced with the first 78 N-terminal residues of SMSr to generate
SAMr-SMS1-HA. Mammalian expression vector pSEMS (Covalys Biosciences)
containing monomeric eGFP (meGFP) is described in Wilmes et al.(51). To obtain
meGFP-SMSr, a cDNA encoding human SMSr was PCR amplified and inserted into
pSEMS/meGFP via XhoI and NotI restriction sites. To obtain meGFP-SMSr∆SAM,
the first 78 N-terminal amino acid residues of SMSr were removed during the
PCR reaction. A mammalian expression construct encoding FLAG-tagged CERT
was described in Tafesse et al.(25) and a yeast expression construct encoding
V5-tagged human SMSr-V5 in Kol et al.(31). Single amino acid substitutions were
introduced by site-directed mutagenesis using the megaprimer PCR method(52).
Native gel analysis
The scGFP constructs were transformed into E.coli TOP10 cells (Invitrogen) and
transformants were inoculated in 100ml LB medium containing 50µg/ml ampicillin
and grown to 0.6 OD600 with shaking at 37ºC. After addition of 0.2% L-arabinose,
the cultures were transferred to 16ºC for 12-16 h, harvested by centrifugation and
resuspended in 1ml of 20mM Tris pH 7.4, 1M NaCl, 1mM TCEP, 5mM MgCl2, 5mg/ml
lysozyme, 20µg/ml DNase I and protease inhibitor cocktail (1µg/ml aprotinin, 1µg/
ml leupeptin, 1µg/ml pepstatin, 5µg/ml antipain, 157µg/ml benzamidine) followed
by 3 rounds of freeze-thawing and 3 rounds of sonication. The lysates were centrifuged at 20,000 xg for 30min at 4ºC and the supernatant was used for native
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gel analysis. To this end, 37.5µl supernatant was mixed with 12.5µl 4x DNA/Native
sample buffer (Expedeon) and loaded onto an Any kD™ Mini-PROTEAN® TGX
Stain-Free™ Protein Gel (BIO-RAD) after normalization of samples for total GFP
fluorescence. The gel was run in 27.3 mM Tris-HCl and 192mM glycine at 4ºC and
visualized using a Typhoon FLA 9500 Biomolecular Imager (GE Healthcare) with
473nm excitation laser and BPB1 emission filter (530/30).
Lipid photoaffinity labeling
Synthesis of photoactivatable and clickable lipid (pacLipid) analogues is described
in Supplementary Information. Liposomes containing specified pacLipids were
prepared from a defined lipid mixture (DOPC/DOPE/pacLipid, 80/20/1 mol%) in
CHCl3/MeOH (9/1, v/v) using a mini-extruder (Avanti Polar Lipids). In brief, 10 µmol
of total lipid was dried in a Rotavap and the resulting lipid film was resuspended in
1 ml Buffer L (50mM Tris-HCl, pH-7.4, 50mM NaCl) by vigorous vortexing and sonication, yielding a 10 mM lipid suspension. Liposomes with an average diameter of
~100 nm were obtained by sequential extrusion of the lipid suspension through
0.4-micron, 0.2-micron and 0.1-micron track-etched polycarbonate membranes
(Whatman-Nuclepore) and stored under N2 at 4°C. Bacterially expressed
scGFP-SAM fusion proteins (see above) were purified using Ni-NTA agarose chromatography according to instructions of the manufacturer, diluted to 40 µg/ml in
Buffer L and mixed with pacLipid-containing liposomes at 1:1 (vol:vol). Samples
were incubated at 37ºC for 1 h with shaking and then subjected to UV-irradiation
using a 1000 W high-pressure mercury lamp (Oriel Photomax) equipped with a
pyrex glass filter to remove wavelengths below 350 nm at a 30cm distance from
the light source. After addition of 10µg soybean trypsin inhibitor as carrier protein,
samples were subjected to CHCl3/MeOH precipitation and the resulting protein
pellets were resuspended in PBS/1% SDS for 15 min at 70°C. Click-reactions were
performed by incubating ~20 µg of total protein per sample in 25 µl PBS/1% SDS
containing 1 mM Tris(2-carboxyethyl)phosphin (TCEP), 0.1 mM Tris[(1-benzyl-1H1,2,3-triazol-4-yl)methyl]amin) (TBTA), 1 mM CuSO4 and 80 µM N3-AlexaFluor647
for 1 h at 37°C. Next, 5x Sample Buffer (300 mM Tris, pH 6.8, 10% (w/v) SDS, 50%
(v/v) glycerol, 10% (v/v) b-mercaptoethanol and 0.025% (w/v) bromophenol blue)
was added and samples were heated to 95°C for 5 min prior to SDS-PAGE. The gel
was fixed in 40% ethanol and 10% acetic acid at RT for 1 h, subjected to in-gel fluorescence analysis using a FLA-9500 Biomolecular Imager with 635nm excitation
laser and LPR emission filter (665LP), and then stained using Coomassie Blue.
Cell transfection, chemical crosslinking and immuno-affinity chromatography
HeLa cells (ATCC-CCL2) were cultured in high-glucose DMEM supplemented
10% FBS. Cells were transfected with DNA constructs using Effectene (Qiagen)
according to instructions of the manufacturer. For crosslinking experiments, cells
were treated with 50mM DSP in PBS for 15 min at RT and quenched with 25mM
Tris pH 7.4 for 10 min prior to lysis. At 24h post-transfection, the cells were lysed in
Lysis Buffer (1% TritonX-100, 1mM EDTA pH 8.0, 150mM NaCl, 20mM Tris pH 7.5,
10mM N-ethyl maleimide and protease inhibitor cocktail). Nuclei were removed
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by centrifugation at 15,000 xg for 10 min at 4ºC and post-nuclear supernatants
were incubated with anti-HA, anti-V5 or Ni-NTA agarose beads for 3h at 4ºC.
Beads were washed extensively in Lysis Buffer and then in PBS at 4ºC. Affinity-purified proteins were eluted in 2% SDS at RT and then analysed by SDS-PAGE and
immunoblotting. Generation of a SMSr-knockout HeLa cell line using CRISPR/
Cas9 technology (HeLa SMSr−/−) was performed as described in Supplementary
Information. SMSr−/− cells were selected by immunoblotting using an affinity-purified rabbit polyclonal anti-SMSr antibody(22) and CPE synthase activity assay as
described in Vacaru et al.(21).
Yeast culture and CPE synthase activity assay
Yeast strain IAY11 (MATα ade2-1 trp1-1can 1-1000 leu2-3 112 his3–11,15 ura3-52
ade3-∆853) was transformed with pYES2.1/SMSr-V5-His TOPO expression constructs and grown in synthetic medium containing 2% (w/v) galactose to early
mid-logarithmic phase. For crosslinking experiments, cells were treated with
indicated amounts of DSP in PBS for 15 min and quenched with 25mM Tris pH
7.4 for 10 min at RT prior to lysis. Cells were collected by centrifugation and lysed
in ice-cold Buffer R (15 mM KCl, 5 mM NaCl, 20mM HEPES/KOH pH 7.2, 10 mM
NEM and protease inhibitor cocktail) by bead bashing. Nuclei were removed by
centrifugation at 700 xg for 10 min at 4ºC. Post-nuclear supernatants (PNS) were
subjected to quantitative immunoblot analysis or CPE synthase activity assay as in
Kol et al. (31).
Fluorescence microscopy
HeLa cells were seeded on glass coverslips and transfected with HA- or GFPtagged SMS constructs using Effectene. After 24 h, cells were fixed with 4% (w/v)
paraformaldehyde in PBS, quenched in 25 mM NH4 and permeabilized using PBS
containing 0.1% (w/v) saponin and 0.2% (w/v) BSA. Coverslips were immunostained
using primary and fluorophore-conjugated secondary antibodies essentially as in
Vacaru et al.(21) Coverslips were mounted using Prolong Gold Antifade Reagent
(Molecular Probes). Images were captured using a confocal microscope (Olympus
LSM FV1000) using a UPLSAPO 60x/NA 1.35 oil immersion objective (Olympus)
equipped with 488nm, 559nm and 635nm excitation lasers; 405/488/559/635nm
dichroic mirror; 560nm and 640nm secondary dichroic mirrors; and 705/50 barrier
filter. Quantitation of Golgi-associated levels of GFP-tagged SMSr and calnexin
was performed using ImageJ software (NIH). First, Golgi regions in transfected
cells were determined using anti-GM130 immunostaining. After background
subtraction, the intensity of GFP or calnexin signals within the Golgi region were
determined using Manders’ coefficient.
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Supplementary Table 1: BLAST search reveals a high level of similarity
between DGKδ-SAM and SMSr-SAM. blastp searches (http://blast.ncbi.nlm.
nih.gov) were performed in the swissprot database of human proteome. Queries
sequences used are hSMSr-SAM, Q96LT4:12-78; hDGKδ-SAM, Q16760:11451208; hSMS1-SAM, Q86VZ5:13-76.
Query: hSMSr-SAM
Accession

Description

Query
cover

E value

Ident

Accession

SAMD8

Sphingomyelin synthase-related protein 1

100%

2E-40

100%

Q96LT4.2

DGKD

Diacylglycerol kinase delta

98%

3.E-05

33%

Q16760.4

DGKH

Diacylglycerol kinase eta

98%

1.E-04

35%

Q86XP1.1

LIPB2

Liprin-beta-2

95%

0.002

38%

Q8ND30.3

CSKI1

Caskin-1

100%

0.006

36%

Q8WXD9.1

SMS1

Sphingomyelin synthase 1

68%

0.02

37%

Q86VZ5.2

BICC1

Protein bicaudal C homolog 1

79%

0.049

32%

Q9H694.2

ETV6

Transcription factor ETV6

94%

0.1

35%

P41212.1

LIPB1

Liprin-beta-1

95%

0.27

34%

Q86W92.2

BFAR

Bifunctional apoptosis regulator

100%

0.58

25%

Q9NZS9.1

Query: hDGKd-SAM
Accession

Description

Query
cover

E value

Ident

Accession

DGKD

Diacylglycerol kinase delta

100%

9.E-40

100%

Q16760.4

DGKH

Diacylglycerol kinase eta

100%

1.E-30

83%

Q86XP1.1

SHAN2

SH3 and multiple ankyrin repeat domains protein 2

95%

7.E-12

48%

Q9UPX8.3

SHAN3

SH3 and multiple ankyrin repeat domains protein 3

100%

2.E-09

39%

Q9BYB0.3

SHAN1

SH3 and multiple ankyrin repeat domains protein 1

84%

3.E-09

48%

Q9Y566.2

CNKR3

Connector enhancer of kinase suppressor of ras 3

85%

1.E-07

37%

Q6P9H4.1

CNKR2

Connector enhancer of kinase suppressor of ras 2

85%

5.E-07

37%

Q8WXI2.1

SAM15

Sterile alpha motif domain-containing protein 15

95%

9.E-07

36%

Q9P1V8.1

BICC1

Protein bicaudal C homolog 1

81%

1.E-05

37%

Q9H694.2

SAMD8

Sphingomyelin synthase-related protein 1

98%

3.E-05

33%

Q96LT4.2

Query: hSMS1-SAM
Accession

Description

Query
cover

E value

Ident

Accession

SMS1

Sphingomyelin synthase 1

100%

2E-41

100%

Q86VZ5.2

UBIP1

Upstream-binding protein 1

81%

2.E-04

33%

Q9NZI7.1

SAMD8

Sphingomyelin synthase-related protein 1

67%

2.E-04

37%

Q96LT4.2

LIPB1

Liprin-beta-1

62%

6.E-04

31%

Q86W92.2

CNKR3

Connector enhancer of kinase suppressor of ras 3

73%

0.002

27%

Q6P9H4.1

TF2L1

Transcription factor CP2-like protein 1

90%

0.003

26%

Q9NZI6.1

TFCP2

Alpha-globin transcription factor CP2

56%

0.003

31%

Q12800.2

ICAM4

Intercellular adhesion molecule 4

42%

0.007

43%

Q14773.1

CNKR2

Connector enhancer of kinase suppressor of ras 2

71%

0.008

26%

Q8WXI2.1

SPDEF

SAM pointed domain-containing Ets transcription factor

62%

0.013

27%

O95238.1
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Supplementary Table 2: Accession numbers and amino acid residues used to
create the phylogenetic tree in Figure 2c
Query

Accession

Residue #

human SMSr-SAM

NP_001167627.1

12-78

mouse SMSr-SAM

NP_080559.1

75-141

chicken SMSr-SAM

XP_426501.3

12-78

frog SMSr-SAM

NP_001016197.1

11-77

zebrafish SMSr-SAM

NP_001082939.1

12-78

human DGKδ-SAM

NP_690618.2

1141-1205

mouse DGKδ-SAM

NP_808314.2

1147-1211

chicken DGKδ-SAM

XP_422569.4

1096-1160

frog DGKδ-SAM

XP_004917921.1

1117-1181

zebrafish DGKη-SAM

XP_005168036.1

1186-1249

human SMS1-SAM

NP_671512.1

1-72

mouse SMS1-SAM

NP_659041.3

7-78

chicken SMS1-SAM

NP_989721.2

1-72

frog SMS1-SAM

NP_001008197.1

1-72

zebrafish SMS1-SAM

NP_001071082.1

1-72

82

ER residency of SMSr relies on SAM-mediated homo-oligomerization
SUPPLEMENTARY METHODS
Synthesis of photoactivatable and clickable lipid analogues
A 15 carbon-long fatty acid containing a photo-activatable diazerine and clickable
alkyne group, pacFA, was synthesized in 3 steps from commercially available
educts as described in Haberkant et al (1). Next, pacFA was coupled to D-erythro-sphingosine (Enzo Biochem) using a combination of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) and hydroxybenzotriazole (HOBT) as condensing
reagents, yielding the photo-activatable and clickable C15-ceramide analogue,
pacCer (85% overall yield). pacPC was synthesized starting from 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (Avanti Polar Lipids) and pacFA under the
action of N,N-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine
(DMAP) with satisfactory yield (39%). pacDAG was synthesied in 3 steps starting
from 1-oleoyl-sn-glycerol (Santa Cruz Biotechnology). First, the primary HO-group
was protected with the triphenylmethyl protecting group (trityl-chloride/pyridine;
92% overall yield). The glycerol obtained was coupled with the pacFA using EDCI/
DMAP activation (58% overall yield). The final deprotection step was achieved
using trifluoroacetic acid (TFAA) to generate pacDAG (28% overall yield). pacPE
was synthesied in 3 steps starting from 1-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (Avanti Polar Lipids). First, the amino-group was protected with the
tert-butoxycarbonyl protecting group (di-tert-bytuldicarbonate/triethylamine;
98% overall yield). The ethanolamine obtained was coupled with pacFA using
EDCI/DMAP activation in a good yield (52%). The final deprotection step was
achieved with TFAA to generate pacPE (35%, overall yield). pacSM was synthesized starting from sphingosylphosphorylcholine (lyso-SM d18:1, Avanti Polar
Lipids) and pacFA under the action of EDCI/HOBT (78% overall yield). pacCPE was
synthesized in a single step from pacSM using a transphosphatidylation exchange
reaction of choline fragment to ethanolamine initiated by phospholipase D Type
VII from Streptomyces sp. (Sigma Aldrich), essentially as described in Fletcher
et al (2). All synthetic compounds were purified by thin layer chromatography
to a high degree (purity >98%) and their structures were confirmed by 1H and
13C NMR and electrospray-ionisation mass spectrometry (ESI MS). The synthetis
of photoactivatable and clickable lipid analogous will be described in detail in
(S. Bockelmann, S. Korneev, J. Mina, P. Haberkant and J. Holthuis, manuscript in
preparation).
Generation of SMSr−/− cells
Generation of a CRISPR/Cas9-mediated SMSr-knockout HeLa cell line (HeLa
SMSr−/−) was performed essentially as described Mali et al. (3). Briefly, a gBlock
containing the CRISPR target sequence was designed as follows:
cacagtcagacagtgactcaGTGTCACAgctagcTTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAG83
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TATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTCAACTCTGCATTCGCCGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTggatccTGTGCACAgtcagtcacagtcagtctac
(CRISPR target sequence for SMSr is underlined).
The gBlock was digested with NheI and BamHI and ligated into the NheI/BamHI
sites of a CMV promoter-deleted pCDH-EF1-Hygro vector (re-named pCDHCMV(-); SBI; CD515B-1). HeLa cells stably transfected with doxycycline-inducible
Cas9 expression construct pCW-Cas9 (kindly provided by F.G. Tafesse, Oregon
Health and Science University, Portland, Oregon) were transfected with pCDHCMV(-)SMSr/sgRNA and cultured in media containing 7µg/ml puromycin and
250µg/ml hygromycin B (Invitrogen). Stably transfected cells were treated with
2µg/ml of doxycycline (Sigma-Aldrich) for 3-5 days. The cells were transferred to a
96-well plate at clonal dilution. Individual colonies were picked, and propagated.
SMSr−/− cells were selected by immunoblotting using an affinity-purified rabbit
polyclonal anti-SMSr antibody (4) and CPE synthase activity assay as described in
Vacaru et al. (5).
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ABSTRACT
Single-molecule photobleaching has emerged as a powerful non-invasive approach
to extract the stoichiometry of multimeric membrane proteins in their native
cellular environment. However, this method has mainly been used to determine
the subunit composition of ion channels and receptors at the plasma membrane.
In here we applied single-molecule photobleaching to analyse the oligomeric
state of an ER-resident candidate ceramide sensor protein, SMSr/SAMD8. Co-immunoprecipitation and chemical crosslinking studies previously revealed that the
N-terminal sterile alpha motif or SAM domain of SMSr drives self-assembly of the
protein into oligomers and that SMSr oligomerization is promoted by curcumin,
a drug known to perturb ER ceramide and calcium homeostasis. Application of
cell spreading surface-active coating materials in combination with total internal
reflection fluorescence (TIRF) microscopy allowed us to image GFP-tagged SMSr
proteins as single fluorescent spots in the ER of HeLa cells in which expression of
endogenous SMSr was abolished. In agreement with our biochemical data, we
find that the number of bleaching steps in SMSr-GFP-positive spots displays a
substantial drop following removal of the SAM domain. In contrast, treatment of
cells with curcumin increased the number of bleaching steps. Our results provide
a first demonstration that single-molecule photobleaching can be used to resolve
changes in the oligomeric state of an ER-resident membrane protein, hence establishing a complementary method to unravel the mechanism by which SMSr
mediates ceramide homeostasis in the ER.
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INTRODUCTION
Sphingolipids are vital structural components of cellular membranes and provide
a rich reservoir of bioactive molecules that regulate a multitude of physiological
processes (1, 2). Ceramides are essential precursors for sphingolipid production.
They are synthesized de novo by N-acylation of sphingoid bases, a reaction
catalyzed by ceramide synthases on the cytosolic surface of the ER (3, 4). In
mammals, the bulk of newly synthesized ceramides is converted to sphingomyelin
(SM) by a SM synthase (SMS) in the lumen of the trans-Golgi (5, 6). Efficient production of SM requires a cytosolic ceramide transfer protein, CERT, which mediates
delivery of ER ceramides to the trans-Golgi (7). Besides constituting the backbone
of all sphingolipids, ceramides have been implicated as potent mediators of
cellular stress pathways, cell cycle arrest and apoptotic cell death (1, 8). Indeed,
various anti-cancer regimens have been reported to cause a transient increase in
endogenous ceramide levels through de novo synthesis, leading to G0/G1 arrest
and apoptosis (9–12). Knockdown of ceramide transfer protein (CERT) sensitizes
different types of cancer cells to cytotoxic agents (13). Reciprocally, decreased
levels of endogenous ceramides by overexpression of glucosylceramide synthase
potentiates cellular multidrug resistance (14). This implies that cells need to
monitor ceramide levels closely to avoid jeopardizing their viability during sphingolipid biosynthesis. How this is accomplished remains to be established.
Identification of the Golgi-resident SM synthase uncovered a multiplicity of
SMS-encoding genes in the human genome (6, 15). The best-conserved member
of this so-called SMS family, SMSr/SAMD8, does not synthesize SM but produces
trace amounts of the SM analogue ceramide phosphoethanolamine (CPE) in the
lumen of the ER (16–18). Remarkably, acute disruption of SMSr catalytic activity
in human cancer cells induced mitochondrial apoptosis by causing a rise in ER
ceramides and their mislocalization to mitochondria (16, 19). We found that
SMSr-catalyzed CPE production, although required, was not sufficient to suppress
ceramide-induced cell death and that SMSr-mediated ceramide homeostasis is
critically dependent on the enzyme’s N-terminal sterile a-motif or SAM domain
(19). Based on these results, we postulated a primary role of SMSr in monitoring
ER ceramide levels to protect cells against the intrinsic danger of sphingolipid
biosynthesis. Uncovering the mechanism by which SMSr senses and controls ER
ceramides has become a major focus of our ongoing work.
SAM domains are wide-spread protein modules that participate in diverse
functions, ranging from mediating protein-protein interactions to lipid and RNA
binding (20, 21). BLAST searches revealed that the SAM domain of SMSr is closely
related to the SAM domain of diacylglycerol kinase delta DGKδ, a central regulator
of lipid signaling at the plasma membrane. The biological activity of DGKδ is
controlled by its SAM domain, which mediates the formation of helical polymers
that sequester the enzyme in the cytosol to prevent its mobilization to the plasma
membrane until pathway activation (22–24). Interestingly, we found that residues
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critical for homo-oligomerization of DGKδ-SAM are conserved in SMSr-SAM
and that substitution of these residues abolishes self-assembly of recombinant
SMSr-SAM in vitro and weakens the formation of SMSr homo-oligomers in vivo,
resulting in partial redistribution of the enzyme to the Golgi. Immunoprecipitation
and chemical crosslinking approaches revealed that SMSr self-assembles into
trimers and hexamers, analogous to the oligomers of DGKδ-SAM, which comprise
six monomers per turn (24). Moreover, treatment of cells with curcumin, a drug
known to deregulate ceramide and calcium levels in the ER (25, 26), promotes
formation of SMSr trimers and hexamers (Fig. 1; Cabukusta et. al.1). How curcumin
promotes SMSr homo-oligomerization and whether this process is part of the
mechanism by which SMSr mediates ceramide homeostasis in the ER are still open
questions.
A major drawback of accessing the subunit stoichiometry of membrane-bound
proteins using bulk biochemical approaches is that it requires disruption of the
membrane environment, which may abolish native protein complexes and induce
artificial protein assemblies. In addition, as these approaches rely on ensemble
measurements, they average over a large quantity so that information on the
assembly state of particular protein subpopulations is lost. With the advent of single-molecule fluorescence microscopy techniques, it has become possible to systematically analyze the oligomeric state of individual membrane-bound proteins
with minimal perturbation of the biological system (27). Notably, single-molecule
photobleaching has emerged as a valuable tool to extract the stoichiometry of
protein receptors, ion channels and transporters at the plasma membrane of
living cells (28). Provided that every subunit is tagged with a fluorescent label,

Figure 1. Curcumin promotes SAM-mediated self-assembly of SMSr into trimers and hexamers. (a)
Predicted membrane topology of the ER-resident integral membrane protein SMSr. Positions of six
membrane spans, three invariant active site residues and a cytosolic N-terminal sterile alpha motif
or SAM domain are indicated. (b) The N-terminal SAM domain mediates self-assembly of SMSr into
trimers and hexamers, a process stimulated by curcumin. (c) Immunoblot demonstrating the effect
of curcumin on SMSr self-assembly. HeLa cells were transfected with empty vector (EV) or V5-tagged
SMSr (SMSr-V5) and then incubated in the absence or presence of 50µM curcumin for 6 h. Cells were
lysed and subjected to immuno-precipitation followed by immunoblot analysis using anti-V5 antibody.
Migration of SMSr-V5 monomers, trimers and hexamers is indicated. The position of a heterologous,
curcumin-induced complex between SMSr-V5 and an unknown protein binding partner is marked by
a double asterisk. An unspecific cross-reactive band is marked by a single asterisk. Data taken from
Cabukusta et. al1.
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the number of subunits within a multimeric protein complex can be determined
by counting the discrete steps of photobleaching in the fluorescence emission
time traces of single fluorescent particles. However, few studies have extended
the application of single-molecule photobleaching to analyze membrane protein
oligomerization in internal cellular organelles and we are unaware of any reports
in which this technology has been applied to analyze protein assemblies in the ER.
In this study, we report on the application of single-molecule photobleaching to
monitor changes in the oligomeric state of SMSr. Using cell spreading surface-active coating agents in combination with TIRF microscopy allowed us to image
GFP-tagged SMSr proteins as single fluorescent spots in the ER of intact HeLa
cells and record photobleaching traces of hundreds of individual fluorescent
protein assemblies. Our analysis reveals that the N-terminal SAM domain of SMSr
drives self-assembly of the protein in ER-resident oligomers and that curcumin
promotes this process. Overall, these results open up new avenues to investigate
the mechanism by which SMSr controls ceramide levels in the ER.
RESULTS
Imaging of ER-resident meGFP-SMSr
To study the oligomeric state of the ER-resident protein SMSr by single-molecule
photobleaching analysis, we fused monomeric eGFP (meGFP) to the N-terminus
of the protein. In meGFP, the tendency of commonly used eGFP to dimerize at
high concentrations was eliminated by substituting hydrophobic residues at
the dimerization interface with positively charged residues (33). For an accurate
determination of the stoichiometry of SMSr oligomers, meGFP-tagged SMSr was
expressed from a plasmid in HeLa cells in which expression of the endogenous
protein was eliminated using CRISPR/Cas9 technology. As shown in Fig. 2, meGFPSMSr primarily localized to the ER of transfected HeLa-SMSr−/− cells. Removal of
the N-terminal SAM domain caused a redistribution of meGFP-SMSr from the ER
to the Golgi. Addition of a C-terminal KKxx motif (KKSA) proved sufficient to target
meGFP-SMSr∆SAM to the ER (Fig. 2). Together, these results are in line with our
previous finding that the SAM domain serves a critical role in retaining SMSr in the
ER (19) and that addition of an N-terminal meGFP-tag does not interfere with this
function.
Single-molecule photobleaching analysis of fluorescent membrane proteins that
reside in the ER is challenging because of the complex three-dimensional architecture of the organelle. Even at the plasma membrane, there is a chance that
distinct protein complexes lie within a single diffraction-limited spot. Since there
are stacks of ER membranes on top of each other, there is a higher chance that
multiple complexes appear as a single fluorescent spot so that the number of
bleaching steps does not provide accurate information on their assembly state.
Indeed, for cells grown on the bare glass coverslip, we could not reliably pick
individual fluorescent spots (Fig. 3b, left panel) In addition, the fluidity of the ER
bilayer (34) and dynamic rearrangements of the ER network in live cells contribute
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to a high mobility of the fluorescent proteins, whereby their movement out of the
focus plane can be easily misinterpreted as a bleaching step. To cope with these
challenges, we imaged meGFP-SMSr in chemically fixed cells. We tested gluteraldehyde, paraformaldehyde (PFA) and methanol-based fixation protocols. This
revealed that PFA fixation gave the best signal-to-noise ratio (data not shown). To
reduce the density of individual fluorescent spots, cells were seeded on coverslips
coated with the surface-active copolymer PLL-PEG-RGD. This copolymer, which
contains a poly-L-lysine backbone for binding to the glass coverslip and protein
adsorption-resistant poly-ethylene glycol side-chains, is functionalized with RGD
peptides that mediate cell adhesion through integrin receptors (Fig. 3a) (30).
With a very low fluorescence background, PLL-PEG-RGD-coated surfaces have
been applied for single molecule detection of protein complexes in the plasma
membrane (29). The PLL-PEG-RGD coating induced extensive cell spreading,
resulting in large peripheral regions with a spot density of ER-resident proteins
amenable for single-molecule photobleaching analysis (Fig. 3b, middle panel).
The increased adhesion also resulted in a flattening of the cells, which diminished
the overall background caused by out-of-focus illumination. For single molecule

Figure 2. Loss of SAM causes partial redistribution of meGFP-tagged SMSr from the ER to the Golgi.
HeLa cells transfected with meGFP-tagged SMSr, SMSr∆SAM, SMSr-KKSA or SMSr∆SAM-KKSA were
immuno-stained with an antibody against the Golgi marker GM130 and then processed for epi-fluorescence microscopy. Note that addition of C-terminal ER retrieval signal KKSA suffices to retain SMSr∆SAM
in the ER. Scale bar, 20µm.
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detections, cells were illuminated with 488-nm laser light and visualized by TIRF
microscopy (Fig. 3b, right panel). This further improved the signal-to-noise ratio
and allowed us to readily pick hundreds of individual fluorescent spots per
cell. Therefore, in all successive experiments, fluorescent spots were imaged in
PFA-fixed cells grown on PLL-PEG-RGD coated coverslips using TIRF microscopy.
Single-molecule photobleaching of ER-resident meGFP-SMSr
To determine the subunit stoichiometry of ER-resident SMSr oligomers, we
imaged peripheral regions of meGFP-SMSr-expressing cells where fluorescent
spots with optimal circularity can be readily found at a density ranging between
10 and 100 per 10 x 10 µm2 area (Fig. 4a). At these densities we could obtain
enough spots for statistical analysis, while keeping the probability low that distinct
protein complexes would lie within a diffraction-limited spot. Depending on cell

Figure 3. Optimization of imaging conditions for single-molecule microscopy of meGFP-SMSr. (a)
Schematic representation of how cell spreading induced by PLL-PEG-RGD-coated coverslips combined
with TIRF microscopy results in optimal conditions for single-molecule fluorescence imaging of ERresident meGFP-SMSr. (b) HeLa-SMSr−/− cells were seeded on untreated or PLL-PEG-RGD-coated
glass coverslips and then transfected with meGFP-tagged SMSr or SMSr∆SAM. 24 h post-transfection,
cells were fixed in 3.7% PFA/PBS for 12 min at 37ºC and then processed for epi-fluorecence or TIRF
microscopy. Scale bar, 10µm.
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morphology and meGFP-SMSr expression levels, we were able to pick 50 to 400
individual fluorescent spots per cell. Emission intensities of the fluorescent spots
were extracted from the acquired movies as described in Materials and Methods
(Supplementary Video 1). Most fluorescent spots were bleached within 5-10 sec
of illumination. Typically, the fluorescence intensities of these spots decreased in
several discrete steps, indicating photobleaching of individual GFP molecules
(Fig. 4c). Fluorescent spots that were highly mobile or that did not show any
distinct photobleaching behavior were excluded from the analysis. Intensity plots
of the selected spots revealed between one and four discrete bleaching steps,
with a typical distribution of ~45% one step, ~35% two steps, ~15% three steps
and ~4% four steps (see below). Occasionally, we also encountered spots that
bleached in five discrete steps. As these spots occurred at a very low frequency

Figure 4. Single-molecule photobleaching of ER-resident meGFP-SMSr. (a) Single frame from a TIRF
movie of a region in a HeLa-SMSr−/− cell expressing meGFP-SMSr (left) and a zoomed in area with single
fluorescent spots selected for photo-bleach analysis encircled in yellow (right). Scale bar, 5µm. (b)
Schematic illustration of an intensity plot representing the discrete photobleaching steps of a tetrameric
fluorescent protein complex. (c) Time course of fluorescence emissions of 8 fluorescent spots selected
from meGFP-SMSr-expressing HeLa-SMSr−/− cells. Note that the individual spots show between 1 and 4
discrete bleaching steps (marked by red arrows).
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(<1% of total spots; data not shown), we decided to include them in the category
of four steps (~4%).
As the distribution of bleaching steps may fluctuate with fluorescent protein expression levels, we next analyzed photobleaching traces of fluorescent spots in
three cells expressing meGFP-SMSr at different levels (Fig. 5a, b). Based on the
relative fluorescence intensities, expression levels of meGFP-SMSr in these cells
were estimated to vary one order of magnitude. While the density of fluorescent
spots between the cells differed greatly, all of the analyzed individual spots showed
a very similar distribution in bleaching steps (Fig. 5c). From this we conclude that
the assembly state of ER-resident meGFP-SMSr complexes is largely independent
of the expression level of the fluorescent protein. Thus, single-molecule photobleaching appears to be a suitable approach for imaging SMSr oligomers in the
ER.
Self-assembly of meGFP-SMSr into ER-resident oligomers is critically
dependent on its SAM domain
Co-IP and chemical crosslinking studies revealed that SMSr can self-assemble into

Figure 5. Distribution of bleaching steps is largely independent of meGFP-SMSr expression levels. (a)
Single frames from TIRF movies of three HeLa-SMSr−/− cells expressing meGFP-SMSr at different levels.
Scale bar, 5µm. (b) Fluorescence intensity plots along depicted lines for the cells shown in panel A. (c)
Distribution of bleaching steps of fluorescent spots selected from the cells shown in panel A. The total
number of spots analyzed were 31, 135 and 236 for cell 1, 2 and 3, respectively. Note that the spots of
all three cells display a very similar distribution of bleaching steps.
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trimers and hexamers, and that SMSr homo-oligomerization is mediated by the
protein’s N-terminal SAM domain. While removal of SAM completely abolished
the formation of SMSr trimers and hexamers, SMSr∆SAM retained the ability to
form homo-dimers1. To verify that the SAM domain drives homo-oligomerization
of SMSr in the ER of intact cells, we next analyzed photobleaching traces of fluorescent spots in cells expressing meGFP-SMSr and meGFP-SMSr∆SAM. Even
though removal of SAM causes a redistribution of the bulk of meGFP-SMSr to
the Golgi, cells expressing meGFP-SMSr∆SAM still contained residual amounts
of the fluorescent protein in the ER that were sufficient to allow a meaningful
comparative analysis (Fig. 6a). In two independent experiments, we counted the
bleaching steps of a total of 1221 fluorescent spots in meGFP-SMSr-expressing
cells and of 606 fluorescent spots in meGFP-SMSr∆SAM-expressing cells. In each
experiment, we found that removal of the SAM domain reduced the maximum
number of bleaching steps from four to two (Fig. 6b). In addition, the fraction of
fluorescent spots that was bleached in one step increased from ~45% to ~75%. To
verify that these changes were due to a loss of SAM and not to an overall reduction
in the ER-associated pool of the fluorescent protein, we also compared photobleaching traces of fluorescent spots between cells expressing meGFP-SMSr
and meGFP-SMSr∆SAM proteins that carry a C-terminal KKxx ER-retrieval motif
(Fig. 2). Again, we observed that SAM removal reduced the maximum number of

Figure 6. Removal of SAM reduces the number of bleaching steps in meGFP-SMSr-positive spots. (a)
Single frames from TIRF movies acquired from HeLa-SMSr−/− cells expressing meGFP-SMSr or meGFPSMSr∆SAM (top) and zoomed in areas with single fluorescent spots selected for photo-bleach analysis
encircled in yellow (bottom). Scale bar, 5µm. (b) Distribution of bleaching steps of fluorescent spots
selected from meGFP-SMSr or meGFP-SMSr∆SAM-expressing HeLa-SMSr−/− cells in two independent
experiments. In experiment #1, 300 spots from 3 meGFP-SMSr-expressing cells and 264 spots from 4
meGFP-SMSr∆SAM-expressing cells were analyzed. In experiment #2, 921 spots from 10 meGFP-SMSrexpressing cells and 342 spots from 4 meGFP-SMSr∆SAM-expressing cells were analyzed.
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Figure 7. Addition of an ER-retention motif does not affect the SAM-dependent distribution of
bleaching steps of meGFP-SMSr-positive spots. (a) Distribution of bleaching steps of fluorescent
spots from HeLa-SMSr−/− cells expressing meGFP-SMSr or meGFP-SMSr∆SAM. (b) Distribution of
bleaching steps of fluorescent spots from HeLa-SMSr−/− cells expressing meGFP-SMSr-KKSA or meGFPSMSr∆SAM-KKSA.

bleaching steps from four to two and increased the fraction of fluorescent spots
with a single bleaching step (Fig. 7). From this we conclude that SMSr self-assembles into ER-resident oligomers and that this process is critically dependent on the
protein’s N-terminal SAM domain.
Curcumin promotes meGFP-SMSr homo-oligomerization in the ER
We previously observed that curcumin, a drug known to deregulate ceramide and
calcium levels in the ER (25, 26), promotes self-assembly of SMSr into trimers and
hexamers (Fig. 1c). While this effect appears to be independent of fluctuations in
ER ceramide or calcium levels and may potentially involve a curcumin-associated
crosslinking activity (35), the underlying mechanism remains to be established.
Nevertheless, we asked whether the curcumin-mediated effect on SMSr oligomerization could be resolved by single-molecule photobleaching analysis. To this end,
we analyzed the photobleaching traces of 684 fluorescent spots in curcumin-treated meGFP-SMSr-expressing cells (50mM curcumin, 6 h) and compared these with
those of 921 fluorescent spots in meGFP-SMSr-expressing control cells. As shown
in Fig. 8, curcumin treatment nearly doubled the fraction of fluorescent spots
with three or four bleaching steps (from 19 to 36%), while causing a substantial
reduction in the fraction of fluorescent spots with a single bleaching step (from 46
to 35%). We calculated that the drug increased the average number of bleaching
steps from 1.74 to 2.12 steps per fluorescent spot. Collectively, these results complement our previous biochemical studies and indicate that curcumin promotes
formation of SMSr homo-oligomers in the ER of intact cells.
DISCUSSION
While single-molecule photobleaching technology has been widely used to
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Figure 8. Curcumin increases
the number of bleaching
steps in meGFP-SMSr-positive
spots. Distribution of bleaching
steps of fluorescent spots from
HeLa-SMSr−/− cells expressing
meGFP-SMSr and incubated in
the absence or presence of 50
µM curcumin for 6 h.

elucidate the subunit stoichiometry and dynamics of receptors and channels at
the plasma membrane, very few studies have extended its application to analyze
membrane protein oligomerization in internal cellular organelles. Here we report,
to the best of our knowledge, the first successful application of this method to
monitor changes in the oligomeric state of an ER-resident membrane protein, i.e.
the sphingomyelin synthase-related protein SMSr. TIRF microscopy of chemically
fixed cells grown on functionalized substrates and expressing meGFP-tagged
SMSr allowed us to quantitatively analyze photobleaching traces of hundreds of
individual fluorescent spots. In agreement with previous biochemical studies, our
analysis revealed that SMSr partially self-assembles into ER-resident oligomers.
Formation of SMSr oligomers proved largely independent of SMSr expression
levels but critically relied on the protein’s N-terminal SAM domain. Moreover,
treatment of cells with curcumin, a drug promoting SMSr self-assembly, significantly increased the average number of bleaching steps in meGFP-SMSr-positive
spots. Together, these results establish single-molecule photobleaching as a
valuable approach to unravel the functional implications of SAM-mediated SMSr
oligomerization in intact cells.
Recent chemical cross-linking studies revealed that SMSr proteins in cells occur as
monomers, trimers and hexamers1. However, photobleach analysis of hundreds of
individual fluorescent spots in meGFP-SMSr-expressing cells yielded a maximum
of four, occasionally five bleaching steps. While this finding was somewhat
unexpected, several factors may contribute to an underestimate of the actual
number of meGFP-SMSr molecules in each spot. To begin with, not all of the
meGFPs may be fluorescent at the start of data acquisition, for example due to
misfolding or partial maturation of the GFP. A previous study involving live cell
imaging of GFP-tagged channels expressed by RNA injection in Xenopus oocytes
estimated that approximately 20% of the expressed GFPs are in a non-fluorescent
state, resulting in a significant binomial distribution of bleaching steps (36). In the
present study, a chemical fixative was used to immobilize meGFP-positive spots
prior to photobleaching analysis, which likely caused a further reduction in the
fraction of fluorescent GFPs. In addition, meGFP-SMSr-expressing cells had to be
located under the microscope and, even though minimal laser power was used
for their detection, some bleaching may have occurred prior to data acquisition.
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There are also factors at the level of intensity plot analysis that may lead to an
underestimation of bleaching events. There is a chance that two bleaching steps
occur almost simultaneously and therefore cannot be resolved as separated steps.
It has been estimated that due to this event, 10% of channel tetramers are seen as
trimers (36). Finally, as the reliability of recorded photobleaching traces decreases
with the number of bleaching steps, those originating from hexameric protein
complexes are more likely to be rejected. Indeed, it is a generic challenge to
use single molecule photobleaching for counting multimerization states >6 (28).
Although subunit counting can be extended to ~30 in vitro by using sub-stoichiometric labeling, it heavily relies on a precise control of the labeling degree, which
is unlikely to be achieved in living cells (37, 38). For an improved subunit counting
of complexes comprising five or more subunits, the application of gentler fixation
methods, improved fluorescent labeling techniques and/or an automated analysis
of photobleaching traces (e.g. (39)) might be necessary.
In spite of these limitations, our study clearly demonstrates that single-molecule
photobleaching is a reliable method to resolve changes in the oligomeric state
of SMSr in the ER of intact cells. Thus, we observed that the maximum number of
bleaching steps in fluorescent spots of meGFP-SMSr-expressing cells is reduced
from four to two upon removal of SAM, consistent with our previous finding
that loss of this domain causes a collapse of SMSr trimers and hexamers into
monomers and dimers in chemical crosslinking and immunoprecipitation experiments1. Conversely, treatment of meGFP-SMSr-expressing cells with curcumin, a
drug enhancing self-assembly of SMSr into trimers and hexamers, increased the
number of bleaching steps. Whether SAM-mediated oligomerization of SMSr is
part of the mechanism by which this protein controls ER ceramide homeostasis
and how curcumin influences this process remains to be established. Curcumin has
been reported to stimulate de novo ceramide synthesis by triggering dimerization
and activation of ER-resident ceramide synthases (40, 41) but also perturbs Ca2+
homeostasis (25, 42, 43) and may act as a crosslinking agent (35). Future studies
should reveal whether a more specific and acute manipulation of ER ceramide
levels has any impact on SMSr oligomerization.
Contrary to bulk biochemical approaches, a key advantage of the current method
is that it allows a systematic analysis of the oligomeric state of individual ER-resident membrane proteins in their native cellular environment. A desirable but challenging prospect is to circumvent chemical fixation and resolve the dynamics of ER
membrane protein complex assembly in live cells. The creation of ER membrane
sheets that are tethered to the plasma membrane via synthetic linkers (44) may
provide a suitable starting point to achieve this goal.
MATERIALS AND METHODS
DNA constructs
Mammalian expression vector pSEMS (Covalys Biosciences) containing monomeric
eGFP (meGFP) is described in (29). To obtain meGFP-SMSr, a cDNA encoding
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human SMSr was PCR amplified and inserted into pSEMS/meGFP via XhoI and
NotI restriction sites. To obtain meGFP-SMSr∆SAM, the first 78 N-terminal amino
acid residues of SMSr were removed during the PCR reaction. Addition of a C-terminal ER retention sequence KKSA yielded the constructs meGFP-SMSr-KKSA and
meGFP-SMSr∆SAM-KKSA.
Cell culture and transfection
A HeLa SMSr-null cell-line (HeLa-SMSr−/−) was created using CRISPR/Cas9 technology as described in Cabukusta et. al1. Cells were cultured at 37ºC and 5% CO2
in phenol-red-free DMEM (Gibco) supplemented with 1mM sodium pyruvate
(Gibco), 2mM GlutaMAX (Gibco) and 10% FBS (PAA) and penicillin-streptomycin
(Gibco). 24 h prior to transfection, cells were seeded on glass coverslips coated
with poly-L-lysin-polyethylenglycol-arginine-glycine-aspartate (PLL-PEG-RGD;
(30)) as described in (29). Cells were transfected using Effectene transfection
reagent (QIAGEN) according to the manufacturer’s protocol. Where indicated,
cells were treated with 50µM curcumin (Enzo Life Sciences; 50mM stock prepared
in DMSO) or with carrier only (DMSO) during the final 6 h of transfection.
Immunofluorescence microscopy
24 h post-transfection, cells were fixed using 3.7% paraformaldehyde/PBS (pH 7.4)
for 12 min at 37ºC, washed in PBS and then quenched in 0.3 M glycine for 15 min
at RT. Cells were washed 5 times for 30 sec, 1 min, 5 min, 10 min and 15 min with
PBS and then permeabilized using PBS containing 0.1% (w/v) saponin and 0.2%
(w/v) BSA. Cells were immuno-stained with mouse anti-GM130 (BD Bioscience)
and donkey anti-mouse Cy3 antibodies (Jackson ImmunoResearch) and then
mounted in Prolong Gold Antifade Reagent (Thermo Fischer Scientific). Images
were captured at RT with a Leica DM5500 B epifluorescence microscope using
a 63X1.40 NA Plan Apo oil objective and a SPOT Pursuit camera. Fluorochromes
used were: FITC/Alexa Fluor488, λex = 488 nm and λem = 515 nm; Texas Red/
Alexa Fluor 568, λex = 568 nm and λem = 585nm. Images were processed using
ImageJ software (NIH, Bethesda, USA).
Single-molecule photobleaching analysis
HeLa-SMSr−/− cells were transfected with meGFP-SMSr constructs and then fixed,
quenched and washed in PBS as described above. Single-molecule images were
taken at RT using an inverted total internal reflection fluorescence (TIRF) microscope (Cell^TIRF, Olympus) equipped with a quad-line dichroic beam-splitter
(Di01 R405/488/561/640, Chroma), a quad band emission filter (Brightline HC
446/523/600/677-25, Semrock) and an sCMOS camera (Hamamatsu, ORCAFlash
4.0, 2048x2048 pixels). A 100x magnification objective with a numerical aperture
of 1.49 (UAPON, 100x/1.49 TIRF, Olympus) was used for time-lapse imaging during
single-molecule photobleaching experiments. meGFP was excited by a 488-nm
diode laser (Olympus) with a typical power output of 2 mW at the objective and
the emission was detected through an additional single band 525/50 bandpass
filter (Brightline HC 525/50, Semrock). Time-lapse image stacks were recorded
100

Single-molecule imaging of protein oligomers in the ER
at an acquisition rate of 30ms/frame for 500-1000 frames (~23-46 s). Regions
in meGFP-SMSr-expressing cells where the density of fluorescent spots ranged
between 10 and 100 per 10 x 10 µm2 area were selected for image analysis, using
Fiji as described previously (31). For each fluorescent spot, a square region of
interest (ROI) with 3x3 square pixels (195X195 nm2) around the peak was selected
to obtain the trace of fluorescence intensity versus time. Spots that were not completely immobilized or that did not show any distinct photobleaching behavior
were excluded from the analysis. Intensity traces of individual spots were analyzed
using a “Step Transition and State Identification (STaSI)” algorithm (32) as described
previously (31). For each of the expressed meGFP-SMSr constructs, more than 600
individual traces were analyzed and pooled in a histogram.
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Sphingomyelin (SM) is an essential component of cellular membranes that contribute to the barrier function of the plasma membrane, signalling and molecular
sorting (1–3). Ceramides are precursor of SM and they are produced de novo in the
ER (4). Ceramides are also associated with growth arrest, senescence and apoptosis
(2, 4). Thus, cells must control their ceramides to keep the balance between proliferation and growth arrest/apoptosis. The bulk of newly synthesized ceramides is
converted to SM in the Golgi by SM synthases (SMS) (5). Mammalian cells contain
two SMS isoforms, SMS1 in the Golgi and SMS2 at the plasma membrane (6). A
closely related third enzyme, sphingomyelin synthase-related protein (SMSr) is not
a conventional SM synthase but synthesizes ceramide-phosphoethanolamine (7,
8). SMSr orthologs are found in all members of the animal kingdom, even though
some do not produce SM (9). We recently suggested that SMSr is a candidate
ceramide sensor whose primary role is to monitor ER ceramide levels to protect
cells against the potential risk of apoptosis during sphingolipid biosynthesis (7,
10).
In the present thesis, we set out to investigate the role of the molecular mechanisms
by which SMSr regulates ceramide homeostasis. We found that SMSr is subjected
to caspase-mediated cleavage and as a result SMSr loses its N-terminal sterile
alpha motif or SAM domain. Our observations demonstrated that SAM mediates
homo-oligomerization of SMSr and this is critical for the enzyme’s ER localization.
Moreover, we were able to monitor changes in SMSr homo-oligomerization
in the ER by single-molecule photobleaching application, which, to best of our
knowledge, is the first report this method is applied to an ER-resident membrane
protein. Collectively, our findings have resulted in a better understanding and a
toolbox for further investigation of the candidate ceramide sensor SMSr.
SMSr is a candidate ceramide sensor that requires its SAM domain to regulate
ER ceramides and suppress apoptosis
SMSr is localized predominantly in the ER and its active site faces the extracellular
side of the membrane. SMSr catalyzes the synthesis of the SM analogue ceramide-phosphoethanolamine (CPE) and this yields to trace amounts of this lipid (7).
It is conceivable that SMSr is the responsible enzyme for the previously reported
CPE synthase activity in microsomes (11, 12). Loss of SMSr catalytic activity causes
a substantial rise in ER ceramide levels in cultured mammalian and insect cells
(7). Since SMSr consumes only little amounts of ceramides, this rise in the ER
ceramides cannot be explained by a block in CPE production. Later, this increased
ER ceramides are mislocalized to mitochondria and initiate mitochondrial
apoptosis (10). Although, it is unclear how ER ceramides end up in mitochondria,
presence of an element in the ER-mitochondria site, such as a ceramide transfer
protein, has been suggested (13). Interestingly, increased ceramides upon SMSr
knockdown causes disruption of ER exit sites and fragmentation of Golgi stacks
without affecting the functional integrity of the organelle (7). Although the link
between the two outcomes (Golgi fragmentation and mitochondrial apoptosis) of
SMSr depletion is unknown, a different study reports that exogenous addition of
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ceramides induces Golgi fragmentation independent of apoptosis (14). It would
be interesting to study the underlying mechanism of ceramide-induced Golgi
fragmentation.
Based on our previous findings, we hypothesized that SMSr is a ceramide sensor
that requires its catalytic activity to regulate ceramide homeostasis in the ER (7,
10). Blocking de novo synthesis of ceramides in SMSr-depleted cells prevents
accumulation of ceramides and apoptosis, implying that SMSr could be regulating the elements upstream of de novo ceramide production (10). Although we
found that SMSr does not co-immunoprecipitate with the main regulators of the
early ceramide metabolism (SPTLC-1 and -2; ORMDL-1, -2 and -3; CerS5; CERT;
VAP-A or PPM1L. BC, unpublished data), any of these interactions might be conditional e.g. occurring when ceramide levels are elevated. Interestingly, while the
N-terminal SAM domain of SMSr is dispensable for the enzymatic activity, its loss
results in increased ceramide levels (10). This suggests CPE is not the only critical
factor to control ceramide homeostasis and both SAM and the catalytic activity are
required.
SMSr loses its SAM domain as a result of caspase-6-mediated cleavage in
apoptotic cells
Several negative regulators of apoptosis become targets of caspase-mediate
cleavage when apoptosis is initiated. Therefore, cells would inhibit pro-survival
proteins to commit to their apoptotic fate. For instance, SMS1 is a negative
regulator of FasL-induced apoptosis and caspase-mediated cleavage of SMS1 is
responsible for the loss of SM synthase function, which contributes to the accumulation of ceramides (15). As SMSr acts as a negative regulator of ER ceramides
and mitochondrial apoptosis (10), we reasoned that it might be negatively
regulated subsequent to initiation of apoptosis. In Chapter 2, we found that SMSr
is subjected to caspase-mediated cleavage in staurosporine- and FasL-induced
apoptosis. We characterized the executioner caspase-6 as the responsible caspase
for SMSr cleavage in apoptosis. Numerous findings implicate the involvement of
caspase-6 in neurodegenerative diseases, such as Alzheimer’s and Huntington’s
diseases (16). Moreover, caspase-6 activity is found to be 2-3 fold higher in brains
of Alzheimer’s patients (17). Interestingly, we previously showed that SMSr is the
principal CPE synthase in brain (18). Therefore, increased activity of caspase-6 in
brain that causes inhibition of SMSr might be a significant event in development
of neurodegenerative diseases.
Caspase-mediated cleavage of SMSr occurs downstream of the N-terminal SAM
domain, but upstream of the first transmembrane helix. We hypothesize that by
releasing the SAM domain, cleavage at this site would abolish the ability of SMSr
to suppress ceramide-induced cell death. One possibility is that SAM is liberated
from transmembrane spans could localize in the nucleus to function as a transcription activator or suppressor, similar to SREBP in regulation of cholesterol
metabolism (19). SAM-mediated activation or repression of gene expression in
109

CHAPTER 5
nucleus could accelerate apoptotic events. Alternatively, as described in Chapter
3, loss of SAM would relocalize SMSr to the Golgi, where increased CPE synthase
activity might act as a secondary messenger. An ideal approach to understand the
biological implications of SMSr cleavage in apoptosis would be inducing SMSr
cleavage without activating apoptotic machinery. For this purpose, replacing the
caspase cleavage site with an inducible TEV cleavage site may provide a suitable
starting point (20).
SAM domain mediates homo-oligomerization of SMSr
SAM domains are known to exhibit various protein-protein interactions and usually
found in signaling proteins such as Ephrin receptor-tyrosine kinases and some
transcription factors (21–24). They are mainly reported to form homo-oligomers
or hetero-oligomers with other SAM domains (21–24). Recent findings show that
SAM domains can bind RNA (25, 26) and lipids (27–29), including sphingolipids
(30). However, we did not find any evidence that SMSr-SAM interact with lipids
involved in its catalytic cycle.
According to TMHMM transmembrane helices prediction tool (31), SMS1 and
SMSr are the only multi-span membrane protein with a reported SAM domain.
We found that the SAM domains of the diacylglycerol kinase DGKδ and SMSr
demonstrate a remarkable similarity. DGKδ is a central regulator of lipid signaling
at the plasma membrane and its biological activity is regulated by its SAM-mediated homo-oligomerization (32–34). In Chapter 3 we showed that, analogous
to DGKδ-SAM, the SAM domain of SMSr mediates formation of enzyme homo-oligomers. SMSr homo-oligomers are observed as trimers and hexamers. Our
biochemical findings in Chapter 3 and microscopy-based findings in Chapter 4
indicate that SMSr without its SAM domain forms only dimers. Interestingly, when
co-expressed, SMSr and SMSr∆SAM fail to incorporate in the same complexes.
We hypothesize that a part of SMSr besides SAM (e.g. transmembrane helices or
C-terminal tail) comprises low affinity dimerization ability that is outcompeted by
the high affinity oligomerization of SAM (Fig. 1). Thus, SAM-dependent oligomerization kinetically prevents incorporation of SMSr∆SAM into higher oligomers and
SAM-dependent and SAM-independent self-assembly of SMSr occur separately.
We found that SMS1 also self-associates. Unlike SMSr, however, SMS1 self-assemblies are not mediated in a SAM-to-SAM manner. Chemical crosslinking experiments suggest that SMS1 self-assembles as dimers and trimers but not hexamers
(BC, unpublished data); however, further experiments might be necessary to
confirm this finding. Although SMSr and SMS1 both self-assemble and contain
SAM domains, they do not assemble into the same complex (BC, unpublished
data). It would be interesting to study SMS1 self-assembly and the possible role of
the SAM domain in regulation of SMS1 catalytic activity.
SMSr localizes both in the ER and Golgi and homo-oligomerization dictates this
distribution. Strikingly, SMSr oligomerization blocks ER export, whereas weakening
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Figure 1: Model of SAM-mediated and SAM-independent self-assembly of SMSr. (a) Both the SAM
domain and the rest of the protein comprises the transmembrane helices (shown as a single unit) of SMSr
provide an interface for self-assembly. The affinity of SAM for self-assembly is higher than the affinity of
transmembrane helices. (b) A full-length SMSr protein prefers to interact with another SAM-containing
SMSr, rather than a SAM-lacking SMSr, since SAM provides higher affinity. (c) In membranes where both
full-length SMSr and SMSr∆SAM are present, full-length proteins favor each other to form high-order
oligomers and SMSr∆SAM is excluded from these oligomers due to lack of the high affinity interface
provided by SAM. On the other hand, SMSr∆SAM form homo-dimers.

of oligomerization increases the Golgi localization of the protein. Protein oligomerization is frequently characterized as a prerequisite for efficient export of protein
from the ER (35–38). SMSr oligomerization preventing ER export is the first example
of a protein oligomerization providing ER retention. How does oligomerization
prevent ER export of SMSr? One possibility is that SMSr oligomers, in contrast to
monomers, interact with an ER-resident protein to remain in the ER. Alternatively,
oligomerization masks an ER-export signal or simply SMSr oligomers fail to enter
COPII vesicles because of their size or shape. On the other hand, loss of SAM-mediated oligomerization promotes SAM-independent dimerization according to
our model in Fig. 1. As dimerization of membrane proteins in the ER are sufficient
for their ER export (37), this may be the reason why weakening of SAM-mediated
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oligomers (e.g. in the case of SMSr∆SAM) increases Golgi localization. Another
subject that remains enigmatic is the Golgi localization of SMSr.
Curcumin promotes homo-oligomerization of SMSr independent of ER
ceramides
We previously reported that retaining SMSr∆SAM in the ER is insufficient to prevent
ceramide accumulation in the ER (10), suggesting that the SAM domain must have
an alternative function in addition to ER localization. SAM-mediated homo-oligomerization of STIM1, an ER-resident calcium sensor that controls the entry of
calcium from extracellular matrix, is directly involved in sensing and responding
to changes in luminal calcium levels in the ER (39–41). Since the SAM domain of
SMSr is critical for mediating ceramide homeostasis (10), we hypothesized that the
candidate ceramide sensor SMSr must be undergoing similar oligomeric changes
in response to ceramide levels. In Chapter 3, we found that curcumin promotes
SMSr trimers and hexamers. As curcumin can trigger mitochondrial apoptosis
(42–44), increase ceramide levels by stimulating de novo ceramide biosynthesis
(45), and release Ca2+ from the ER by inhibiting the sarco/endoplasmic reticulum
Ca2+-ATPase (46); we investigated whether any of these listed consequences of
curcumin treatment promotes the formation of SMSr oligomerization. We found
that curcumin-induced SMSr homo-oligomerization is not due to apoptogenic
activity, elevated ER ceramide levels, or perturbed calcium homeostasis in the ER.
How could curcumin promote SMSr homo-oligomers? In addition to aforementioned biological effects, curcumin is reported to have various molecular targets
(such as NF-κB, mTOR and Akt) and interacts with over 30 proteins directly (47,
48). This versatility of curcumin raises the question about the molecule’s specificity for its targets. Along the same lines, previous work revealed that curcumin
crosslinks the cystic fibrosis transmembrane conductance receptor (CFTR, 49). By
suggesting it is a crosslinker, this finding further elucidates how curcumin could
have so many molecular targets. Even though we cannot exclude any downstream
effect of curcumin other than ceramide or calcium homeostasis in the ER, we
reason that the effect of curcumin on SMSr homo-oligomerization is most likely
due to its crosslinking property.
We and others showed that curcumin-induced crosslinking of SMSr and CFTR
are resistant to reducing reagents, indicating that curcumin crosslinking does not
involve disulphide bonds (49). Moreover, curcumin crosslinking does not involve
the nucleophilic amino acids lysine, arginine and histidine (49), suggesting that
curcumin must have an unconventional crosslinking chemistry. Interestingly,
unlike DSP crosslinking, curcumin treatment results in capturing of a heterologous
complex of ~110kDa comprising SMSr and another, unidentified protein. This
unidentified SMSr-binding partner might be involved in ceramide homeostasis.
While it is the focus of ongoing investigations, identification of this binding partner
should elucidate our understanding of candidate ceramide sensor SMSr.
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A method to monitor SMSr homo-oligomerization quantitatively at the
sIngle-molecule level
As the possible function of SMSr homo-oligomerization in controlling ER
ceramides is still unclear, several attempts of ours using biochemical methods have
failed to report on this. For instance, we employed DSP crosslinking to monitor
changes in SMSr oligomerization. Use of several inhibitors that cause imbalance
in ER ceramide homeostasis (including curcumin) did not result in any conclusive
change in the ratio of DSP-crosslinked SMSr oligomers with respect to monomers
(BC, unpublished data). This set of results could mean (1) SMSr homo-oligomerization is not responsive to the drug-induced manipulations of ceramides or (2)
biochemical approaches are not suitable to monitor changes in SMSr oligomeric
state. We hypothesize that the former possibility is less likely, since it is known that
the role of SMSr in controlling ceramides is conserved between Drosophila and
mammalian cells (7). Moreover, SMSr-SAM in both species mediates self-assembly
of the enzyme (Joost Holthuis and Fikadu G. Tafesse, unpublished data). This conservation of SAM-mediated self-assembly of SMSr underscores the significance of
this molecular event.
To be able to monitor changes in SMSr homo-oligomerization in Chapter 4, we
used stepwise photobleaching of single molecules in situ. TIRF microscopy of
chemically fixed cells grown on functionalized surfaces allowed us to perform
single-molecule photobleaching analysis on SMSr. To our knowledge, it is the first
time this method is applied to a membrane protein in the ER. In line with our
biochemical data in Chapter 3, we were able to show that SMSr self-assembles to
high-order oligomers as we observed up to 4 bleaching steps by single-molecule
photobleaching. Removal of SAM dropped the maximum number of observed
bleaching steps to 2, further supporting our model in Fig. 1. Furthermore, we
were able to monitor curcumin-induced changes in SMSr homo-oligomerization,
confirming that this method is applicable to study changes in SMSr oligomeric
state to unravel the biological implications of oligomerization in intact cells. Single-molecule photobleaching of curcumin-treated cells demonstrate that changes
in SMSr oligomerization can be observed already in fixed cells. Thus, it might be
worthwhile to investigate the distribution of bleaching steps in fixed cells where
ER ceramide levels are manipulated prior to fixation. However, to circumvent the
setbacks of chemical fixation and for a more accurate estimation of oligomeric
distribution, live-cell application of single-molecule photobleaching is a desirable
but challenging prospect.
Changes in the oligomeric state of SMSr linked to ceramide sensor function:
A hypothetical model
What could be the role of SAM-dependent homo-oligomerization in SMSr-mediated regulation of ER ceramides? Previously, we hypothesized a model on how
SMSr could sense and control ceramide levels in the ER (7) and based on the new
insights, here we build on this model (Fig. 2). Ceramides are synthesized on the
cytosolic surface of the ER and continuously extracted by the ceramide transfer
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Figure 2: Model of how SMSr might control ceramide homeostasis via SAM-mediated
homo-oligomerization. When ceramide levels are low (left panel), SMSr pools in the ER do not meet
sufficient amount of ceramides to influence their oligomeric state. As ceramide levels increase (right
panel), more ceramides are available in the luminal side of the ER. Conversion of ceramides to CPE by
all six subunits of a hexamers results in dissociation of the complex. Once it is in monomeric form, SMSr
is localized to the Golgi and relays a feedback mechanism to prevent accumulation of ceramides.

protein CERT. Thus, very little ceramide is able to reach to the luminal side of the
ER where the active site of SMSr is located. When ceramide levels exceed the
extraction capacity of CERT, they are flipped to the luminal side of the ER due to
their hydrophobic nature. In the luminal side, ceramides are converted to CPE by
SMSr and this catalytic reaction somehow causes a conformational change in SMSr
transmembrane helices that results to dissociation of SMSr oligomers (Fig. 2). In
its monomeric form, SMSr-SAM is free to interact with other proteins to prevent
ceramide biosynthesis and/or to stimulate ceramide degradation. Moreover, this
dissociation potentially causes re-localization of SMSr to the Golgi.
The fact that SMSr demonstrates poor CPE synthase activity might be because it
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undergoes product inhibition by CPE, which is caused by CPE remaining bound
to the active site of the enzyme. Thus, it is possible this CPE-bound form of SMSr
adopts the aforementioned conformational change that affects its oligomerization
(Fig. 2). Catalytically dead SMSr is unable to suppress ceramide accumulation (10),
whereas it is able to oligomerize as shown in Chapter 3. Therefore, lack of CPE
production constrains dissociation of oligomers, further supporting our product
inhibition hypothesis.
Concluding remarks and future perspectives
SMSr is previously characterized to control ceramide homeostasis in the ER and
suppress ceramide-induced mitochondrial apoptosis (7, 10). In this thesis, we set
out to dissect molecular mechanisms by which SMSr controls ER ceramides. While
this thesis provides a better understanding of the candidate ceramide sensor
SMSr, raises further questions, some of which are addressed in this chapter. In
apoptotic cells, SMSr loses its SAM domain, which is quintessential for suppression
of ceramide-induced mitochondrial apoptosis by SMSr. The SAM domain of SMSr
mediates enzyme homo-oligomerization that is critical for retaining the protein
in the ER. The ability of SAM to self-assemble is conserved between Drosophila
and human and the oligomerization interface of SMSr-SAM is conserved through
the animal kingdom. This conservation implies that homo-oligomerization must
have biological implications. By using the state-of-the-art microscopy technique
reported here for monitoring SMSr homo-oligomerization, future studies might
focus on revealing the link between SMSr-mediated ceramide homeostasis and
homo-oligomerization of SMSr.
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Sfingomyeline is een essentieel onderdeel van de celmembraan in zoogdieren
en draagt bij aan dienst barrièrefunctie. Sfingomyeline wordt gevormd uit fosfatidylcholine en ceramide. Ceramiden zijn de voorlopers van alle sfingolipiden
en worden in verband gebracht met het remmen van celgroei en de geprogrammeerde dood van cellen (apoptose). Om apoptose te voorkomen, moeten cellen
daarom de hoeveelheid van ceramide nauwkeurig onder controle houden.
Het grootste deel van nieuw gevormde ceramiden wordt door sfingomyeline
synthase (SMS) in het Golgi-systeem omgezet naar sfingomyeline. SMS enzymen
zijn polytopische membraaneiwitten met zes transmembrane helices. Zoogdieren
bevatten twee isovormen van SMS, namelijk SMS1 in het Golgiapparaat en SMS2
op de plasmamembraan. Verder bestaat er een nauw gerelateerd derde enzym,
genaamd sfingomyeline synthase-gerelateerd proteïne (SMSr). SMSr is geen
sfingomyeline synthase, maar produceert het sfingomyeline-analoog ceramide
fosfoethanolamine, een lipidesoort die in de cellen van zoogdieren >300 maal
minder vaak voorkomt dan sfingomyeline. Deze drie enzymen samen vormen in
zoogdieren de SMS enzymfamilie.
Vergeleken met SMS1 en SMS2 heeft SMSr een lage enzymatische activiteit, maar
SMSr is veruit het sterkst geconserveerd enzym van de SMS familie in verschillende
organismen. Homologen van SMSr zijn gevonden in organismen van Hydradae tot
Hominidiae. Wanneer de katalytische activiteit van SMSr abrupt wordt verstoord
in gekweekte cellen van zoogdieren en insecten veroorzaakt een sterke stijging
van de ceramideniveaus in het ER. Deze gestegen ceramidewaarden leiden tot
het uiteenvallen van de “ER exit sites”, fragmentatie van het Golgiapparaat en
apoptose via de mitochondriale signaleringsroute. De mitochondriale signaleringsroute van apoptose wordt geïnduceerd doordat ceramiden getransporteerd
worden van het ER naar de mitochondria. Apoptose van cellen die SMSr missen,
kan worden voorkomen door de de novo vorming van ceramide te blokkeren of
door de export van ceramide vanuit het ER naar het Golgiapparaat te stimuleren.
Uit bovenstaande is die werkhypothese ontstaan dat een van de functies van SMSr
het controleren van ceramiden in het ER is en hiermee cellen beschermt tegen
celdood. SMSr wordt daarom gezien als een kandidaatsensor van ceramiden.
De homeostase van ceramiden is niet alleen afhankelijk van de katalytische activiteit van SMSr, maar ook van het N-terminale SAM-domein van SMSr. Als het
SAM-domein wordt verwijderd, wordt de katalytische activiteit niet beïnvloed,
maar het enzym kan de opeenhoping van ceramiden en daarmee celdood niet
meer onderdrukken. SAM-domeinen worden in veel verschillende eiwitten, die
betrokken zijn bij een breed scala aan biologische processen gevonden, zoals
celsignalering, calciumhomeostase, transcriptie en translatie. Hoewel SAM-domeinen structureel gezien veel overeenkomsten vertonen, zijn de functionele eigenschappen divers. Zo zijn SAM-domeinen betrokken bij het bouwen van homoen heteromere eiwitcomplexen, maar is ook gerapporteerd dat de domeinen
kunnen binden aan RNA, lipiden en zelfs sfingolipiden. In dit proefschrift wordt
verder onderzocht hoe SMSr als ceramidesensor werkt, waarbij de aandacht ligt
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op de functionele eigenschappen van het N-terminale SAM-domein.
In Hoofdstuk 1 worden de biologische gevolgen beschreven van de grote verschillen, die gedurende de evolutie zijn opgetreden, in het lipidoom van insecten
en zoogdieren. De belangrijkste lipidensoorten van deze organismen worden
geïntroduceerd en het effect dat deze lipiden hebben op de fysische eigenschappen van membranen. Daarnaast wordt per organisme de architectuur van de biosynthese van lipiden beschreven met een nadruk op de enzymen die verantwoordelijk zijn voor de productie van fosfosfingolipiden. Evolutionaire analyses van
deze enzymen tonen dat SMSr het best geconserveerde sfingomyeline synthase
is, waarmee het belang van dit “pseudo”sfingolipide synthase nog eens wordt
benadrukt.
Veel eiwitten die celdood remmen, worden tijdens apoptose geknipt door
caspases. Hypothetisch gezien zou SMSr daarom ook in aanmerking komen als
belangrijk doelwit van caspases. In Hoofdstuk 2 wordt deze hypothese getest en
wordt aangetoond dat SMSr inderdaad een nieuw en specifiek substraat is van
caspase-6, een caspase betrokken bij de ziekte van Alzheimer en de ziekte van
Huntington. Wanneer cellen worden behandeld met het anti-kankermedicijn staurosporine of met de dood-receptor ligand FasL, wordt SMSr op een caspase-6-afhankelijke manier geknipt ter plaatse van een geconserveerd asparaginezuur
gelokaliseerd tussen het N-terminale SAM-domein en de eerste transmembraan
helix van SMSr. Deze bevindingen benadrukken de rol van SMSr als remmer van
door ceramide-gemedieerde celdood.
In Hoofdstuk 3 wordt de ontdekking beschreven van een opvallende structurele
en functionele overeenkomst tussen het SAM-domein van SMSr en dat van diacylglycerol kinase DGKδ, een kinase dat een centrale rol speelt in de signalering
van lipiden op het plasmamembraan. In dit hoofdstuk wordt aangetoond dat het
SAM domein de vorming van SMSr-trimeren en -hexameren in het ER bevordert.
Mutaties die SMSr oligomeren destabiliseren, veroorzaken een gedeeltelijke
herverdeling van het enzym naar het Golgi-systeem. Omgekeerd stabiliseert
curcumine, een medicijn dat de homeostase van ceramide en calcium in het
ER verstoort, SMSr oligomeren en houdt het enzym daarmee in het ER. Deze
experimenten zijn het eerste voorbeeld van een polytopisch membraaneiwit dat
homo-oligomerisatie ondergaat via het eigen SAM-domein. Homo-oligomerisatie
is een van de mechanismen waarmee SMSr in het ER wordt gehouden.
In Hoofdstuk 4 wordt de succesvolle toepassing beschreven van “single-molecule
photobleaching” als manier om homotypische oligomerisatie van het SMSr eiwit
in zijn natuurlijke omgeving aan te kunnen tonen. Door SMSr, gelabeld met GFP,
eerst in beeld te brengen als individuele en fluorescerende puncta in het ER
van intacte cellen, is het vervolgen mogelijk om door photobleaching van deze
eiwitten te volgen en daarmee de status van de oligomerisatie. In overeenkomst
met de eerder beschreven biochemische resultaten, toont deze analyse dat het
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SAM-domein van SMSr de vorming van oligomeren in het ER veroorzaakt en dat
curcumine oligomerisatie van SMSr verder stimuleert. Hiermee wordt voor het
eerst aangetoond dat de techniek van single-molecule photobleaching gebruikt
kan worden om veranderingen in de status van oligomerisatie van een ER-membraaneiwit te beoordelen. Daarmee is de techniek een waardevolle aanvulling om
het mechanisme te ontrafelen hoe SMSr de homeostase van ceramide in het ER
beïnvloedt.
In Hoofdstuk 5 worden de consequenties van de gevonden resultaten beschreven.
Zo wordt de mogelijke functionele relevantie van het knippen van SMSr door
caspase-6 tijdens apoptose bediscussieerd. Tot slot wordt een model voorgesteld
waarin zelfassemblage van de kandidaat ceramide sensor SMSr via het SAM-domein onderdeel uitmaakt van het mechanisme waardoor SMSr apoptose kan
remmen.
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Sphingomyelin ist eine wesentliche Komponente von Säugetierzellen, die
zur der Barrierefunktion der Plasmamembran beiträgt. Sphingomyelin wird
aus Phosphatidylcholin und Ceramid synthetisiert. Ceramide sind Vorläufer
aller Sphingolipide und sie werden mit Wachstumsarrest, Seneszenz und den
programmierten Zelltod in Verbindung gebracht. Somit müssen Zellen ihre
Ceramidmengen steuern, um den Zelltod zu verhindern. Der Großteil der neu
synthetisierten Ceramide werden durch Sphingomyelin Synthasen (SMS) in
dem Golgi zu Sphingomyelin umgewandelt. Säugerzellen enthalten zwei SMSIsoformen, SMS1 im Golgi und SMS2 an der Plasmamembran. Ein nahverwandtes
drittes Enzym, Sphingomyelin Synthase-verwandtes Protein (SMSr) ist kein
Sphingomyelin Synthase, aber produziert das Sphingomyelin-analoge Ceramid
Phosphoethanolamin, eine Lipidspezies gefunden in Konzentrationen >300-fach
niedriger als SM in Säugerzellen. Zusammen bilden drei Enzyme, die SäugetierSMS Enzymfamilie.
Obwohl SMSr eine niedrige Enzymaktivität im Vergleich zu SMS1 und SMS2
hat, ist es bei weitem das am besten konservierte Mitglied der SMS-Familie, mit
Homologen von Hydra zum Menschen. Akute Stöhrung der katalytische Aktivität von
SMSr in kultivierten Säugetier- und Insektenzellen verursacht einen wesentlichen
Anstieg in Ceramidlevelen im ER, führt zu einem strukturellen Zusammenbruch
von ER Austrittsstellen , zur Fragmentierung des Golgi-Apparats und zum
mitochondrialen Weg der Apoptose, wobei letztere wegen Fehllokalisation von
Ceramiden aus dem ER zu den Mitochondrien ausgelöst wird. Blockieren von
de novo Ceramidsynthese oder Indizierung von Ceramidexport aus dem ER ist
ausreichend um SMSr-defiziente Zellen vor der Apoptose zu retten. Gemeinsam
identifizieren diese Ergebnisse SMSr als einen möglichen Ceramidsensor, dessen
primäre Aufgabe es ist ER-Ceramidlevel zu überwachen, um Zellen gegen das
potentielle Risiko von Zelltod zu schützen.
Neben der katalytische Aktivität von SMSr, ist die Ceramidhomöostase abhängig
von der SAM-Domäne von SMSr. Während die Entfernung der SAM-Domäne
keinen Effekt auf die katalytische Aktivität von SMSr hat, hebt die Entfernung die
Funktion des Enzymes auf, nämlich die Ceramidakkumulation und den Zelltod
zu unterdrücken. SAM-Domänen sind vorhanden in einer Vielzahl von Proteinen
mit essentiellen Funktionen. Obwohl sie eine ähnliche Struktur besitzen, haben
SAM-Domänen eine Bandbreite an Funktionen, wie beispielsweise die Bildung
von Homo- oder Heterooligomären und die Interaktion mit RNA oder Lipiden, wie
Sphingolipide. Die Zielsetzung der Arbeit ist es den Arbeitsmechanismus von SMSr
als Ceramidsensor, durch die Fokussierung auf die funktionellen Eigenschaften
der N-terminalen SAM-Domäne, besser zu verstehen.
Kaptiel 1 dieser Arbeit befasst sich mit den biologischen Auswirkungen der
großen Divergenz in Lipidomes, die während der Evolution von Säugetieren
und Insekten aufgetreten sind. Wir stellten die wichtigsten Lipidarten dieser
Organismen und deren Auswirkungen auf die physikalischen Eigenschaften
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von Membranen vor. Darüber hinaus konzentrieren wir uns auf die Organismusspezifische Architektur der Lipid-Biosynthese, mit besonderem Augenmerk auf
die Enzyme, die verantwortlich für die Produktion von Phosphosphingolipiden
sind. Eine evolutionäre Analyse zeigt, dass SMSr die am besten konservierte
Sphingomyelinsynthase ist, was die mögliche Signifikanz dieser „pseudo“
Sphingolipidsynthase unterstreicht.
Da viele negative Regulatoren der Apoptose während des apoptotischen Zelltods
durch Caspasen geschnitten werden, würde sich SMSr als ein Ziel der apoptotischen
Maschinerie eignen. In Kapitel 2 haben wir die Vermutung bestätigt, dass SMSr ein
neues und spezifisches Ziel der Caspase-6 ist, einer nicht-konventionellen EffektorCaspase, die mit der Alzheimer-Huntington-Krankheit in Verbindung steht. In
Zellen, die mit dem Anti-Krebsmedikament Staurosporin oder dem TodesrezeptorLiganden FasL behandelt werden, wird SMSr am konservierten Aspartat, welches
zwischen der N-terminalen SAM-Domäne und der ersten Membranespanne liegt,
Caspase-6-abhängig geschnitten. Diese Erkenntnisse unterstreichen die primäre
Rolle von SMSr als negativen Regulator von Ceramide-induziertem Zelltod.
In Kapitel 3 deckten wir die bemerkenswerte strukturelle und funktionelle
Gemeinsamkeit auf zwischen der SMSr-SAM-Domäne und der SAM-Domäne von
Diacylglycerolkinase DGKδ, einem zentralem Regulator der Signalübertragung
von Lipiden an der Plasmamembrane. Wir zeigen, dass SMSr-SAM die
Selbstassemblierung des Enzymes in Richtung ER-ständige Trimere und Hexamere
steuert. Mutationen, die die SMSr-Oligomerisierung destabilisieren, verursachen
eine teilweise Verteilung des Enzymes in den Golgi-Apparat. Im Gegensatz
dazu führt eine Behandlung der Zellen mit Curcumin, einer Chemikalie, die die
Homöostase von Ceramiden und Ca2+ im ER stört, zu einer Stabilisierung von SMSrOligomeren und unterstützt ein Verbleiben des Enzymes im ER. Diese Arbeit liefert
das erste Beispiel eines polytopischem Membraneproteins, das durch seine SAMDomäne homo-oligomerisiert. und deutet darauf hin, dass Selbstassoziierung von
SMSr ein Teil des Mechanismus ist, bei dem das Enzym in ER bleibt.
In Kapitel 4, präsentieren wir eine erfolgreiche Anwendung von EinzelmolekülFoto-Bleichung (Single-molecule photobleaching) als Anwendung um homotopische Oligomerisierung von SMSr in der natürlichen zellularen Umgebung
zu beobachten. Durch das Abbilden von GFP-verknüpften SMSr-Proteinen als
einzelne Fluoreszenzpunkte im ER von intakten Zellen, war es uns möglich FotoBleichung von Proteinkomplexen festzustellen um dadurch den oligomerischen
Status zu überprüfen. Im Einverständnis mit unseren biochemischen Daten
zeigt diese Analyse, dass die SAM-Domäne von SMSr die Selbstassemblierung
steuert und dass Curcumi eine SMSr-Oligomeriserung begünstigt. Unsere
Studie dokumentiert zum ersten Mal, dass Einzelmolekül-Foto-Bleichung genutzt
werden kann, um Änderungen des oligomeren Status eines ER-ständigen
Membranproteins zu identifizieren und somit etabliert sich die EinzelmolekülFoto-Bleichung als komplementäre Methode um den Mechanismus zu entwirren,
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bei dem SMSr die Ceramidhomöostasis im ER vermittelt.
In Kapitel 5 diskutieren wir die generellen Auswirkungen unserer Ergebnisse.
Wir berücksichtigen die möglichen funktionellen Relevanzen des Caspase6-vermittelten Scheidens von SMSr während der Ausführung der Apoptose.
Außerdem diskutieren wir ein Model, welches erklärt wie SAM-vermittelte
Selbstassemblierung ein Teil des Mechanismus sein könnte, bei dem dieser
mögliche Ceramidsensor seine Rolle als Unterdrücker des Ceramid-induziertem
Zelltods ausführt.
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Sfingomiyelin memeli hücrelerinin plazma zarının bariyer fonksiyonuna katkıda
bulunan hayati bir bileşenidir. Sfingomyelin, fosfatidilkolin ve ‘seramid’den sentezlenir. Seramidler tüm sfingolipitlerin öncü maddesi olmakla birlikte hücre büyümesinin duraklaması, hücre yaşlanması ve programlanmış hücre ölümü (apoptoz) ile
bağlantılıdır. Bu nedenle, hücrelerin, ölümü engellemek için seramid seviyelerini
sıkıca kontrol etmeleri gerekir. Yeni sentezlenmiş seramidlerin çoğunluğu Golgi
aygıtında sfingomiyelin sentaz (SMS) tarafından sfingomiyeline dönüştürülür.
Memeli hücreleri iki SMS izoformu ihtiva eder: Golgi aparatındaki SMS1 ve hücre
zarındaki SMS2. Üçüncü ve benzer bir enzim olan sfingomiyelin-sentaz-benzeri protein (SMSr) sfingomiyelin değil, bir sfingomiyelin türevi olan ve memeli
hücrelerinde sfingomiyeline nazaran en az 300 kat daha nadir bulunan seramid
fosfoetanolamin lipidini sentezler. Birlikte bu üç enzim, memeli hayvanlara ait SMS
enzim ailesi oluştururlar.
SMSr, SMS1 ve SMS2’ye kıyasla çok daha düşük bir enzimatik aktiviteye sahip
olmasına rağmen; hidradan yuvarlak solucanlara, deniz mercanından insanlara,
SMS enzim ailesinin hayvanlar alemi içerisinde en iyi korunmuş üyesidir. Kültürde
yetiştirilen memeli ve böcek hücrelerinde SMSr katalitik aktivitesinin aksaması,
endoplazmik retikulumda seramid seviyelerinin artmasına, buna binaen endoplazmik retikulum çıkış noktalarının çöküşüne, Golgi aygıtının dağılmasına ve mitokondriyel apoptoza sebebiyet verir. Yeni seramidlerin sentezinin bloke edilmesi
veya seramidlerin endoplazmik retikulumdan ihracatının tetiklenmesi, hücreleri
SMSr noksanlığından sonuçlanan programlanmış hücre ölümünden kurtarmak
için yeterlidir. Bu bulgular, SMSr’yi başlıca görevi hücreleri potansiyel ölüm riskine
karşı korumak için endoplazmik retikulum seramid seviyelerini kontrol eden bir
aday seramid sensörü olarak belirler.
SMSr katalitik aktivitesinin yanı sıra, seramid seviyelerinin SMSr tarafından kontrolü
enzimin SAM (steril alfa-motif) bölgesini gerektirir. SAM bölgesinin delesyonu
(çıkarılması) SMSr enzimatik aktivitesini etkilemez iken, proteinin seramid birikimini ve hücre ölümünü engelleyici kabiliyetini ortadan kaldırır. Bir çok proteinin
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temel parçası olarak bulunan SAM bölgeleri, hücre sinyal iletimi, kalsiyum
dengesi, sinaptik yapı iskelesi, transkripsiyonel represyon ve translasyonel kontrol
gibi çeşitli biyolojik faaliyetlerde görev alırlar. SAM bölgeleri, moleküler mimari
olarak çok benzer bir yapı benimsemelerine rağmen, işlevsel olarak alışılmadık
bir çok yönlülük gösterirler. Homomerik ve heteromerik protein kompleksi oluşturabilmenin yanı sıra, SAM bölgelerinin RNA veya lipitlere, hatta sfingolipitlere
bağlanabilme kabiliyetleri bildirilmiştir. Bu tezin temel amacı SAM bölgesinin
fonksiyonel özelliklerine odaklanarak seramid sensörü SMSr’nin çalışma mekanizmasını incelemektir.
Bu tezin 1. Bölüm’ü memeliler ve böceklerin evrimi sırasında meydana gelen lipidomlarında (lipit içeriklerinde) meydana gelen büyük farklılıkların biyolojik etkileri
anlatılır. İlk olarak, bu organizmaların temel lipit türlerini ve bunların hücre zarlarının
fiziksel özellikleri üzerindeki etkilerini anlatılır. Buna müteakiben, organizmalara
özgü lipit biyosentez yollarının mimarisine, özellikle fosfo-sfingolipit üretiminden
sorumlu enzimlere odaklanır. Bu enzimlerin hayvanlar alemi içerisindeki analizi,
SMSr’nin sfingomiyelin sentazların en iyi korunmuş üyesi olduğunu bir kez daha
ortaya koyar.
Programlanmış hücre ölümünü bastıran bir çok protein, programlanmış hücre
ölümü sırasında apoptoz mekanizması tarafından devre dışı bırakılır. Bu tezin 2.
Bölüm’ü SMSr’yi yeni bir kaspaz-6 substratı olduğunu deneysel olarak kanıtlar.
Kaspaz-6 alışılagelmemiş bir efektör kaspaz olup, Alzheimer ve Huntington hastalıklarında rol alır. Anti-kanser ilacı staurosporin ya da ölüm reseptör ligandı FasL
ile muamele edilmiş hücrelerde SMSr, SAM ve ilk transmembrane heliks arasında
kaspaz-6 tarafından bölünmeye uğrar. Bu bulgular, seramid-aracılı hücre ölümünün
negatif düzenleyicisi olarak SMSr’nin birincil rolünü vurgulamaktadır.
3. Bölüm, SMSr-SAM bölgesi ve hücre zarında lipit sinyallerinin merkezi bir düzenleyicisi olan DGKδ (diasilgliserol kinaz delta)’nın SAM bölgesi arasındaki
çarpıcı yapısal ve işlevsel bir benzerliği gösterir. SAM, endoplazmik retikulumda
SMSr trimer ve heksamerlerinin oluşmasını sağlar. SMSr oligomerlerini destabilize
eden mutasyonlar, enzimin kısmi olarak Golgi aygıtına dağılmasına neden olur.
Buna karşılık, hücrelerin kürkümin (endoplazmik retikulumda kalsiyum ve seramid
dengelerini bozan bir ilaç) ile muamelesi, SMSr oligomerilerini stabilize eder
ve SMSr’nin endoplazmik retikulumda kalmasını teşvik eder. Özetle bu bölüm,
SAM aracılığıyla homo-oligomerize olan politopik bir transmembran proteinin ilk
örneğini gösterir.
4. Bölüm, SMSr’nin homo-oligomerizasyonunu hücresel ortamında gözlemlemek
için tek-molekül florışıldama bozulması (single-molecule photobleaching) tekniğinin başarılı bir uygulamasını ihtiva eder. Hücrelerin endoplazmik retikulumlarında
GFP (yeşil floresan protein) ile etiketlenmiş SMSr proteinlerinin tekil floresan
moleküller olarak görüntülenerek florışıldama bozulması izlerinin takibi, protein
komplekslerinin oligomerik durumlarını bildirir. 3. Bölüm’deki bulgularla mutabık
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olarak, bu analiz yöntemi, SAM bölgesinin endoplazmik retikulumda SMSr homo-oligomerleri oluşturduğunu ve kürküminin SMSr homo-oligomerizasyonunu
teşvik ettiğini gösterir. Bu, tek-molekül florışıldama bozulması tekniğinin endoplazmik retikulumda yer alan bir proteinin oligomerik değişimlerini gözetlemek için
kullanılmasının ilk örneğidir.
Son olarak, 5. Bölüm, bu tezde anlatılan bulguların genel etkilerini anlatır. SMSr’nin
programlanmış hücre ölümünün infaz safhasında kaspaz-6 tarafından bölünmesinin muhtemel rolünü tartışır. Ayrıca, SMSr homo-oligomerizasyonunun, bu aday
seramid sensörünün seramid birkimini engelleyici mekanizmasının nasıl bir parçası
olduğuna dair bir model ortaya sürer.
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