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Béatrice Vallée1 and Howard Riezman*

Department of Biochemistry, Sciences II, University of Geneva, Geneva,
Switzerland

Ceramide plays a crucial role as a basic building block of

sphingolipids, but also as a signalling molecule mediating

the fate of the cell. Although Lac1p and Lag1p have been

shown recently to be involved in acyl-CoA-dependent

ceramide synthesis, ceramide synthase is still poorly char-

acterized. In this study, we expressed tagged versions of

Lac1p and Lag1p and purified them to near homogeneity.

They copurified with ceramide synthase activity, giving

unequivocal evidence that they are subunits of the en-

zyme. In purified form, the acyl-CoA dependence, fatty

acyl-CoA chain length specificity, and Fumonisin B1/

Australifungin sensitivity of the ceramide synthase were

the same as in cells, showing that these are properties of

the enzyme and do not depend upon the membrane

environment or other factors. SDS–PAGE analysis of pur-

ified ceramide synthase revealed the presence of a novel

subunit of the enzyme, Lip1p. Lip1p is a single-span ER

membrane protein that is required for ceramide synthesis

in vivo and in vitro. The Lip1p regions required for

ceramide synthesis are localized within the ER membrane

or lumen.
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Introduction

Recently, sphingolipids and their precursors have attracted

great attention because these compounds have been shown

to play roles in cell signalling, heat stress response, calcium

homeostasis, and have been implicated in the formation of

specialized membrane microdomains. Sphingolipids also

function in membrane trafficking, influencing the intracellu-

lar targeting of glycosylphosphatidylinositol-anchored pro-

teins and regulating the internalization step of endocytosis

(Dickson, 1998; Dickson and Lester, 2002; Merrill, 2002;

Futerman and Hannun, 2004). Although our knowledge of

sphingolipid metabolism, in particular in yeast, has increased

greatly over the past years (Dickson and Lester, 1999, 2002;

Funato et al, 2002; Figure 1), many important questions

remain to be answered concerning the regulation of their

synthesis and its response to environmental cues. To address

these issues, it is necessary to characterize the sphingolipid

biosynthetic machinery as well as the enzymes that modify

them.

Among sphingolipid precursors, ceramide is a central

molecule. Structurally critical for cell growth, ceramide also

mediates different cellular events, such as apoptosis, growth

arrest, endocytosis and stress response (Perry and Hannun,

1998; Hannun and Luberto, 2000; Hannun and Obeid, 2002;

Acharya et al, 2003). Moreover, the balance between sphin-

goid bases (DHS/PHS/sphingosine), their phosphorylated

counterparts and ceramide seems to control cell fate

(Merrill, 2002; Spiegel and Milstien, 2002). The term ‘sphin-

golipid rheostat’ has been used to describe this critical

balance (Cuvillier et al, 1996; Mandala et al, 1998; Maceyka

et al, 2002; Kobayashi and Nagiec, 2003). It is vital to our

understanding of these signalling events to characterize the

enzymes that convert sphingoid bases into ceramide.

Ceramide is synthesized mainly from the reaction of a fatty

acyl-CoA with a sphingoid base by an acyl-CoA-dependent

ceramide synthase (Morell and Radin, 1970; Akanuma and

Kishimoto, 1979). In yeast, C26 fatty acyl-CoA is the major

acyl chain donor (Smith and Lester, 1974; Lester and

Dickson, 1993; Lester et al, 1993; Oh et al, 1997), while in

animal cells various acyl chain lengths are used (Morell and

Radin, 1970). However, the origin of the fatty acyl chain

length specificity is unknown. In addition to acyl-CoA-depen-

dent ceramide synthesis, YPC1 and YDC1 have been shown to

encode for a minor acyl-CoA-independent ceramide synthase

activity due to their reverse ceramidase action (Mao et al,

2000a, b). CoA-dependent ceramide synthase activity is spe-

cifically inhibited by Fumonisin B1. Two genes, LAG1 and

LAC1, have been shown to be required for ceramide synthase

activity in Saccharomyces cerevisiae (Guillas et al, 2001;

Schorling et al, 2001). Lag1p and Lac1p are homologous

multispanning transmembrane proteins of the endoplasmic

reticulum (ER). Homologs have been found in a wide variety

of eukaryotes (Jiang et al, 1998; Brandwagt et al, 2000).

Mutant lag1D lac1D cells have reduced sphingolipid levels

due to a loss of the Fumonisin B1-sensitive and acyl-CoA-

dependent ceramide synthase reaction. This activity was

characterized using crude microsomal membranes (Guillas

et al, 2001; Schorling et al, 2001).

Here, we have purified the ceramide synthase and show

that it has the same properties as in membranes. These data

provide direct and definitive evidence that Lag1p and Lac1p

are subunits of the acyl-CoA-dependent ceramide synthase.

Moreover, we have identified another essential component of

the ceramide synthase, Lip1p, which forms a heteromeric

complex with Lac1p and Lag1p. Lip1p is required for cer-

amide synthesis in vivo and in vitro. Like Lac1p and Lag1p, it
Received: 30 June 2004; accepted: 29 December 2004; published
online: 3 February 2005

*Corresponding author. Department of Biochemistry, Sciences II,
University of Geneva, 30 quai Ernert Ansermet, 1211 Geneva 4,
Switzerland. Tel.: þ 41 22 379 6469; Fax: þ 41 22 379 6465;
E-mail: howard.riezman@biochem.unige.ch
1Present address: CBM, CNRS, Rue Charles Sadron, 45071 Orleans
Cedex 2, France

The EMBO Journal (2005) 24, 730–741 | & 2005 European Molecular Biology Organization | All Rights Reserved 0261-4189/05

www.embojournal.org

The EMBO Journal VOL 24 | NO 4 | 2005 &2005 European Molecular Biology Organization

 

EMBO
 

THE

EMBO
JOURNAL

THE

EMBO
JOURNAL

730



is localized to the ER. It is also an integral membrane protein,

with one transmembrane domain. Its short N-terminal part is

cytoplasmic and not required for ceramide synthesis.

Results

Purified Lac1p and Lag1p show ceramide synthase

activity

Lac1p and Lag1p are integral membrane proteins with six to

eight predicted transmembrane domains. We tagged Lac1p

and Lag1p at their N-termini to preserve their ER retention

signals. The resulting fusion proteins are functional, because

they restored growth and sphingolipid synthesis to the

lac1Dlag1D strain (data not shown). We used different epi-

tope-tagged versions of the proteins: Flag, c-myc, double GST-

Flag or HA epitopes. We found the same results whichever

epitope was used. We show the data obtained with the Flag-

tagged proteins, unless specified otherwise.

We assayed different detergents (25 mM CHAPS, 1%

decylmaltoside, 1% digitonin, 1% dodecylmaltoside, 1%

octylglycoside, 1% Triton X-100) and 2 M urea to assess

their solubilization ability towards Lac1p and Lag1p.

Decylmaltoside, digitonin, dodecylmaltoside and Triton

X-100 showed the best solubilization efficiency (data not

shown). Triton X-100 and digitonin were chosen to test

ceramide synthase activity of the proteins purified by Flag

pulldown of microsomes solubilized with either 1% Triton

X-100 or 1% digitonin. Digitonin was the more suitable

detergent, because it preserved the ceramide synthase activ-

ity of the purified proteins in contrast to Triton X-100

(Figure 2A). Therefore, the enzymatic activity of ceramide

synthase was characterized with proteins purified in the

presence of digitonin.

Microsomal membranes were solubilized by incubation

with the nonionic detergent digitonin. After high-speed cen-

trifugation, the supernatant, corresponding to solubilized

membranes, was recovered and incubated with anti-Flag

antibody-coupled beads. Proteins bound to the beads were

then eluted with a buffer containing the Flag peptide. The

immunoisolation step was very effective for purification of

ceramide synthase, because it resulted in about a 3500-fold

enrichment of the specific activity (Table I). The purification

procedure was efficient because we could obtain 68% yield of

ceramide synthase activity from the detergent-treated mem-

branes.

Characterization of ceramide synthase activity

A mixture of [4,5-3H]D-erythro-dihydrosphingosine

([3H]DHS)/DHS was dried under a stream of nitrogen and

the residue was resuspended in BSA solution to prevent

spontaneous reaction of the activated fatty acyl-CoA with

DHS. Membrane extracts or eluates containing purified Lag1p

and Lac1p were added to this mixture, followed by C26 fatty

acyl-CoA to initiate the ceramide synthase reaction.

The time course of ceramide formation by purified Lac1p

and Lag1p was virtually linear for the first 30 min, and then

reached a plateau (Figure 2B, upper panel). The activity was

proportional to the amount of enzyme to at least 50 ng

(Figure 2B, lower panel), was acyl-CoA-dependent

(Figure 2C, left panel) and showed strong specificity for

very-long-chain fatty acyl-CoA with an apparent Km of

B3mM for C26 FA-CoA, and B30mM for C20 FA-CoA

(Figure 2C). This is in agreement with previous data showing

that the major ceramide species in yeast carries a C26 fatty

acid moiety (Smith and Lester, 1974; Lester and Dickson,

1993; Oh et al, 1997) and that microsomal fractions had

higher activity towards long-chain rather than short-chain

acyl-CoA (Guillas et al, 2003). Purified ceramide synthase

was highly sensitive to Fumonisin B1 (KiE400 mM) and

Australifungin (KiE15 mM) (data not shown), potent inhibi-

tors of ceramide synthase activity (Wang et al, 1991; Mandala

et al, 1995; Wu et al, 1995).

Characterization of the ceramide synthase complex

Protein patterns of the purified Flag-Lac1p were analyzed by

SDS–PAGE. The elution fraction displayed four bands visible

by silver staining, two major bands at Mr 48 000 and 28 000,

and two minor bands at Mr B70 000 (A) and Mr B40 000 (B)

(Figure 3A, lane 2, digitonin). Protein patterns of purified

Flag-Lag1p were similar (data not shown). Band (A) was

nonspecific as it also appeared in isolations performed on

cells without Flag-tagged proteins (Figure 3A, lane 1, digito-

nin and Triton X-100). Band (B) was identified by mass

spectrometry as a degradation product of Lac1p. The major

band at Mr 48 000 corresponded to Lac1p. The other major

band at Mr 28 000 was co-immunoprecipitated specifically

with Lac1p upon digitonin solubilization, but not when we

used Triton X-100 as a detergent (Figure 3A, lane 2, digitonin

and Triton X-100). The loss of this specific partner coincided

with the loss of ceramide synthase activity (Figures 2A and

3A). Quantitation of protein bands after silver staining

allowed us to detect at least 10 ng of a standard protein,

BSA. No other bands than the ones seen in the ceramide

synthase preparation (Figure 3A) could be detected while

visualizing as much as 170 ng of Lac1p and 200 ng of Lip1p,

suggesting that, apart from the shown contaminant (Band A),

the enzyme is greater than 95% pure. To ascertain whether

proteins escaped detection by silver staining, we used Sypro
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Ruby as an alternative, as well as purification from 35S-

labelled cells, visualizing the radioactivity by a phosphori-

mager. No other bands than the ones observed by silver

staining appeared (data not shown).

The new partner (Mr 28 000) was termed Lip1p, standing

for Lag1p/Lac1p interacting protein. Lip1p was identified by

mass spectrometry as Ymr298wp. The function of this protein

had not previously been identified, although its interaction
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Figure 2 Enzymatic characterization of purified ceramide synthase. Microsomal membranes were solubilized with either digitonin or Triton
X-100, and Flag-Lac1p-containing protein complexes were purified by immunoisolation and eluted from the beads. Ceramide synthase activity
was measured. (A) Lanes 1, 2: membranes were solubilized with 1% digitonin, lanes 3, 4: membranes were solubilized with 1% Triton X-100.
Lane (1) corresponds to experiments with strain RH 5665 and lane (2) to strain RH 5666. (B) Time course (upper panel) and protein
concentration dependence (lower panel) of ceramide synthase activity. (C) Fatty acyl-CoA concentration and CoA dependence of ceramide
synthase activity. C26 fatty acid substrates are shown in the left panel and C20 fatty acyl-CoA in the right panel.

Table I Purification of the ceramide synthase

Fraction Protein Ceramide synthase activity Yield Enrichment

mg/ml nmol/mg of protein/min Percentage Fold

Digitonin-treated membranesa 5.6 6.1 100 1
Solubilized membranesb 4.6 6.0 80 0.98
Elution of anti-Flag M2 affinity beads 5.4�10�3c 20 678 68 3420

Ceramide synthase was purified from membranes as described in Materials and methods. Data are the average of five sets of experiments. Each
time similar results were found.
aMembranes resuspended in the presence of 1% digitonin prior to incubation.
bSupernatant after centrifugation (100 000 g for 1 h) of the digitonin-treated membranes.
cProtein concentrations were estimated by densitometric comparison of silver-stained proteins of the fraction with stained calibration bands of
bovine serum albumin of known concentrations in SDS–PAGE.
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with Lac1p and Lag1p had already been suggested from

systematic two-hybrid studies (Ito et al, 2001). The predicted

molecular mass of Lip1p is 17 kDa, but its sequence contains

many prolines, and the protein has a predicted acidic pI,

which could explain the higher apparent molecular mass

(B28 kDa). Furthermore, it is possible that Lip1p is modified

by O-linked glycosylation, but this has not been tested. One

transmembrane domain is predicted near to the amino-term-

inal end of the protein by different programs (HMMTOP,

SOSUI, TMHMM, TMpred and TopPred2). No strong homo-

logs in animals or plants were found using sequence align-

ments (Clustal W protein alignment), but were found in other

fungi (Figure 4).

In order to provide additional evidence for Lac1p/Lag1p/

Lip1p interaction, we used the pESC plasmid co-expressing

two proteins, one Flag tagged and the other c-myc tagged, and

carried out co-immunoprecipitation experiments. Immuno-

precipitations were performed against the Flag-tagged ver-

sions of the different proteins, and beads were eluted with

Flag peptide. Immunoprecipitation efficiency was checked

by Western blotting of the eluates against Flag epitope

(Figure 3B, upper panel). Eluates were then tested for

c-myc-tagged partners by Western blotting (Figure 3B, lower

panel). We could confirm that Lag1p interacts with Lac1p and

Lip1p, that Lac1p interacts with Lag1p and Lip1, that Lip1p

interacts with Lac1p and Lag1p (Figure 3B), and that Lip1p

interacts with itself (data not shown) when membranes

were solubilized by digitonin. These interactions were lost

if membranes were solubilized by Triton X-100 (Figure 3B).

Using a similar approach, we confirmed the interaction

between the three partners, Lac1p, Lag1p and Lip1p, by

Flag immunoprecipitation, and anti-c-myc and anti-HA

Western blotting in a strain expressing Flag-Lip1p, c-myc-

Lag1p and HA-Lac1p (Figure 3C).

Next, we determined the apparent molecular mass of

ceramide synthase in a strain expressing Flag-Lac1p and

Lip1p, but not Lag1p, by glycerol gradient centrifugation.

Eluates from a Flag pulldown were separated by centrifuga-

tion on glycerol gradients containing 1% digitonin, fractions

were collected and analyzed by Western blotting. Flag-Lac1p

was found in fractions 4–8, peaking in fraction 6 (Figure 5A).

We analyzed the fractions by silver staining (Figure 5B). The

protein pattern was similar to the one observed in Figure 3A

(lane 2 digitonin). The nonspecific band (A) did not cofrac-

tionate exactly with the ceramide synthase, whereas band (B)

(degradation product of Lac1p) and Lip1p exhibited the same

distribution as Lac1p. The glycerol gradient fractions were

also tested for ceramide synthase activity, which cofractio-

nated with the Lac1p peak (data not shown). Similar results

were obtained with strains expressing Lag1p and Lac1p, or

either of the two individually always giving a complex of

apparent mass of approximately 250–260 kDa. The complex

is large enough to accommodate two of the homologous large

subunits and two Lip1p included in a digitonin micelle of 73–

86 kDa (aggregation number 60–70, Calbiochem catalog).

Lip1p is an integral membrane protein, localized

to the ER

Analysis of the sequence of Lip1p predicted one transmem-

brane domain (Figure 4). To investigate the nature of its

membrane association, we treated cell lysates with different

reagents able to extract proteins from the membranes, and

then centrifuged the samples at 100 000 g for 1 h. The pre-

sence of proteins in the supernatant (S) and pellet (P) was

determined by Western blotting. The Lip1p pattern was

similar to the one of Lac1p, and Wbp1p (an integral ER

protein taken as a control) (Figure 6A). Lip1p was found in
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Figure 3 Ceramide synthase complex. (A) Eluates after immuno-
isolation from a strain RH5665 (1) or RH5668 (2) were separated
by SDS–PAGE. Membranes were solubilized with 1% digitonin
(first two lanes) or with 1% Triton X-100 (last two lanes). (B)
Strains co-expressing Flag-tagged and c-myc tagged proteins.
Immunoprecipitation against the Flag-tagged protein was per-
formed and the eluate was submitted to Western blotting against
Flag epitope (upper panel) and against c-myc epitope (lower panel).
(1) Assay performed with strain RH5665, (2) strain RH5666, (3)
strain RH6047, (4) strain RH6067. Membranes were solubilized
with 1% digitonin (first four lanes) or with 1% Triton X-100 (last
four lanes). (C) Flag immunoprecipitation of digitonin-solubilized
membranes of a strain expressing HA-Lac1p, c-myc-Lag1p and Flag-
Lip1p (RH6344, lane 2) was performed. Western blotting against
Flag, c-myc and HA epitopes. Lane (1) corresponds to the control
experiment, performed with strain RH6345.
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the membrane pellet (Figure 6A, last two columns). When

the lysates were treated with either 1% Triton X-100 or 1%

SDS, Lip1p was partially released into the soluble fraction.

When lysates were treated with either 1 M NaCl or 0.1 M

Na2CO3 (pH 11.5), Lip1p remained in the pellet fraction.

These results show that Lip1p, like Lac1p, behaves like an

integral membrane protein.

Lac1p and Lag1p and ceramide synthase activity have been

shown to be localized to the ER (Barz and Walter, 1999;

Funato and Riezman, 2001). We verified that Lip1p is also

localized to the ER by subcellular fractionation using sucrose

gradient centrifugation followed by Western blotting. Lip1p

and Lac1p both appeared in fractions 7–9, which were

enriched in the ER marker Wbp1p, whereas Emp47p, a

Golgi marker, was present in fractions 3–6 (Figure 6B). We

further verified the ER localization of the different proteins

by indirect immunofluorescence microscopy against their

Flag tag. Flag-Lip1p colocalized with Kar2p, an ER marker

(Figure 6C, upper panel). Flag-Lip1p and Flag-Lac1p had a

characteristic ER staining, that is, a ring around the nucleus.

However, when compared to the Kar2p pattern, the staining

was more perinuclear and less in the peripheral ER. Such a

perinuclear staining was also observed for Lcb1p, a protein

involved in the first step of sphingolipid metabolism (Yasuda

et al, 2003). Some dots were also present in the cytoplasm,

but they were not experimentally significant as they could

also be found in the cells carrying an empty plasmid and

visualized under the same conditions (Figure 6C, lower

panel). Lip1p staining in the perinuclear ER seemed to be

concentrated in specific areas of the nuclear envelope/ER that

are not enriched for Kar2p, but this could be an effect of its

overproduction. Additional evidence will be required to

determine if the ceramide synthase is found in specialized

ER microdomains.

Lip1p is required for ceramide synthase activity

Our experiments described above suggest that Lip1p is re-

quired for ceramide synthase activity because its loss from

the complex coincides with a loss of activity (Figures 2A and

3). To definitively address if Lip1p is essential for the cer-

amide synthase activity, we created lip1D mutant cells. In a

systematic high-throughput study, deletion of LIP1 was found

to be lethal (Winzeler et al, 1999; Uetz et al, 2000). However,

as the lag1Dlac1D double mutant grows extremely slowly, we

suspected that the same could be true for lip1D mutant, and

that this slow growth had been missed. We disrupted one of

the alleles of LIP1 gene in a diploid strain, sporulated the

heterozygous diploids and dissected tetrads. After short

growth periods of 2–3 days, there was a 2/0 segregation

pattern, indicating that the two lip1D strains were either

inviable or grew very slowly (Figure 7A, left panel).

However, after more than 1 week, we obtained lip1D mutant

colonies (Figure 7A, middle panel) whose growth was very

Figure 4 Multiple alignment of LIP1 with fungal homologs. The alignment includes the deduced protein sequence of S. cerevisiae LIP1
(YMR298w), S. bayanus predicated ORF19386, S. mikatae predicated ORF17550, S. paradoxus predicated ORF17966 and Asbia gossypii
predicated NP_986338. The alignment was generated using the T-coffee (Notredame et al, 2000) and ESPript (Gouet et al, 1999) programs.
Black boxes indicate identical residues, black borders show similar amino acids. The predicted transmembrane domain is underlined. The
beginning of the truncated Lip1p (DNT-Lip1p) is labelled by a star.

97.4
116.3

200

66.2

45

31

21.5

Lac1p
B

Lip1p

A

Fraction no.

Fraction no.

65 74 10 121121 983

65 74 10 12 13112 983

A

B

Figure 5 Glycerol gradient centrifugation of the ceramide synthase
complex. Eluate from Flag immunoisolation of digitonin-solubilized
membranes of the strain RH5668 was separated by glycerol gradient
centrifugation and fractions were collected from the top of the tube.
(A) Western blotting against the Flag tag of Lac1p. (B) Silver
staining.
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slow even after colonies were restreaked onto rich medium

plate (Figure 7A, right panel).

Previously, we developed a quick and easy test to assess

if a strain is likely to be deficient in ceramide synthesis

(Schorling et al, 2001). Cells are streaked on a plate contain-

ing aureobasidin A, an inhibitor of inositolphosphorylcera-

mide (IPC) synthesis, known to be highly toxic (Endo et al,

1997; Nagiec et al, 1997). If cells are deficient in ceramide

synthesis, they are resistant to aureobasidin A, as they cannot

accumulate ceramide. Wild-type (WT) cells were sensitive to

aureobasidin A, but lip1D strains grew on plates containing

aureobasidin A, as did the double lac1Dlag1D mutant, sug-

gesting strongly that Lip1p is involved in ceramide synthesis

(Figure 7B).

Next, we measured ceramide synthase activity by perform-

ing in vivo labellings on the lip1D strain. Strains were labelled

with [3H]-myo inositol and their lipids were analyzed by TLC.

A lip1D strain had a pattern similar to the one of lac1Dlag1D

strain (Figure 8A). The complex sphingolipids were absent

(see quantification; Figure 8A, lower panel) and lyso-PI

accumulated. Moreover, an extra product (*) was observed

as for lac1Dlag1D strain. This spot has been found and

identified in extracts from the lac1Dlag1D strain as a PI

with a very-long-chain fatty acid (Guillas et al, 2001). We

also labelled cells with [3H]DHS and analyzed ceramide

production by TLC. Mutant lip1D cells were defective in

synthesis of ceramide from DHS (Figure 8B). These results

show that LIP1 is required for ceramide synthesis in vivo.

However, in vivo labellings would still be consistent with an

indirect role of Lip1p in ceramide synthesis, including pre-

paration or delivery of one of the substrates to the enzyme or

biogenesis of the complex. To address this point, we assayed

ceramide synthesis using Flag–Lac1p complexes purified

from a lip1D strain. Complexes isolated from this strain

were not able to synthesize ceramide (Figure 8C), even

though Lac1p and Lag1p were expressed, could interact

together and were purified by immunoisolation (data not

shown).

The N-terminal part of Lip1p is cytoplasmic

and not required for sphingolipid synthesis

Lip1p is an integral membrane protein (Figure 6A) predicted

to have one transmembrane domain close to its N-terminus.

Due to the distribution of negative and positive charges

surrounding the transmembrane domain (Goder et al,

2004), we predicted that the N-terminus would be cytoplas-

mic (Figure 4). To assess Lip1p topology, we performed a

protease protection assay. Lip1p as well as Lac1p were tagged

with a Flag epitope at their N-terminus, and Lip1p was also

tagged with a Flag epitope at its C-terminus. Microsomal

membranes were incubated with or without Triton X-100 in

the presence or absence of proteinase K. Kar2p, an ER

lumenal protein, was used to check the integrity of the ER

membrane. In the absence of Triton X-100, the N-termini of

Lip1p and Lac1p were sensitive to proteinase K, whereas the

C-terminus of Lip1p was preserved (Figure 9A). Kar2p was

unaffected, showing that the ER had remained intact. In the

presence of Triton X-100, both Lip1p-Flag and Kar2p were

degraded (Figure 9A). These results show that the N-termi-

nus of Lip1p is cytoplasmic and its C-terminus is lumenal.

Next, we deleted the first 14 amino acids of Lip1p, com-

prising most of its cytoplasmic domain. A few charged amino

acids were kept prior to the transmembrane domain to

preserve its integration into the membrane (Figure 4). The

localization of the truncated protein by indirect immuno-

fluoresence microscopy was the same as the tagged WT

protein (Figure 9B), showing that the N-terminal part of

Lip1p is not required for its correct localization. Next, we

checked sphingolipid composition of the Lip1p-DNT strain by

[3H]DHS labelling in vivo. The lipid pattern was very similar

to that of a WT strain (Figure 9C). Therefore, the cytoplasmic

N-terminal part of Lip1p is not necessary for ceramide

synthesis. These results suggest that the functional domain

of Lip1p is most likely located in the lumen of the ER or in its

transmembrane domain.

Discussion

In recent years, sphingolipids have attracted the attention of

many researchers and striking advances in the field have

87
  α-Flag-Lac1p

 α-Flag-Lip1p

 α-Wbp1p

10542 6

 α-Emp47p

 α-Kar2p  α-Flag-Lip1p Merge

 α-Flag-Lac1p  α-Flag-Lip1p Background

Wbp1
S PS P S SP P

1M 
NaCl

1% 
TX

1% 
SDS

S P

0.1M 
Na2CO3 Buffer

Flag-Lip1

Flag-Lac1

3 9

A

B

C

Figure 6 Lip1p is an integral ER membrane protein. The strains
used were RH 5666 and RH 6068. (A) Cell lysates were treated with
different chemical reagents as indicated, centrifuged, and pellet (P)
and soluble (S) fractions were analyzed by Western blotting. (B)
Cell homogenates were separated on sucrose density gradients.
Fractions were collected from the top of the tube and analyzed by
Western blotting. Wbp1p is a marker of the ER, Emp47p of the Golgi
apparatus. (C) Colocalization of Kar2p and Lip1p by indirect
immunofluorescence (upper panels), additional merged images
with DAPI (middle panels). Immunofluorescence of Flag-Lac1p
and Flag-Lip1p (lower panels).
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been made. While most of the enzymes involved in this

biosynthetic pathway have been identified genetically, only

serine palmitoyltransferase from Chinese hamster ovary cells

and from Sphingomonas paucimobilis (Hanada et al, 2000;

Ikushiro et al, 2004) and yeast 3-ketosphinganine reductase

expressed in Escherichia coli (Beeler et al, 1998) have been

purified. All the other enzymes of this pathway, in particular

the integral membrane enzymes, have not yet been purified

and fully characterized, most likely due to technical difficul-

ties. As most of the molecules of this pathway are not only

biosynthetic intermediates, but also signalling molecules,

characterization of these enzymes is crucial for our under-

standing of cell physiology.

Using tagged versions of Lac1p and Lag1p, we purified an

active ceramide synthase complex to near homogeneity with

more than a 3400-fold increase in specific activity starting

from a detergent-treated microsomal fraction (Table I). The

fold purification from whole cells is much greater, but very

difficult to determine exactly, because of the difficulty in

measuring the enzyme activity quantitatively in crude ex-

tracts. The activity of the purified ceramide synthase was

similar to the ceramide synthesis activity detected in intact

cells or isolated microsomal membranes (Morell and Radin,

1970; Akanuma and Kishimoto, 1979; Wu et al, 1995; Guillas

et al, 2003; Kobayashi and Nagiec, 2003). Purified yeast

ceramide synthase activity was CoA dependent, preferred

very-long-chain fatty acyl-CoA, which is consistent with the

acyl-CoA specificity of the activity characterized in cells or

membranes (Guillas et al, 2003; Kobayashi and Nagiec, 2003)

and shows that this specificity does not depend upon the

membrane environment. This is consistent with the fact the

human homologs of Lag1p expressed in yeast show ceramide

synthase activity with slightly different preferences for fatty

acid length (Guillas et al, 2003).

After SDS–PAGE and silver-staining analysis, the active

purified ceramide synthase containing Lac1p and Lag1p

displayed an additional protein, Lip1p, which was shown to

be essential for ceramide synthase activity in vivo and in vitro

(Figures 2A, 3A, and 8). Lip1p can be found in complexes

with both Lac1p and Lag1p, and with itself (Figure 3B and C).

These results show that the ceramide synthase consists of

Lac1p, and/or Lag1p, and Lip1p. Lip1p, corresponds to

Ymr298wp, a protein of previously unknown function. LIP1

has numerous homologs among fungi, but no obvious homo-

logs were found in mammals (Figure 4). However, as the

open reading frame is quite short (450 bp), it may not have

been properly annotated, in particular if a mammalian ortho-

log contains several introns. Since human homologs of LAC1

and LAG1 have been recently isolated and can complement

the lac1 and lag1 mutations (Venkataraman et al, 2002;

Guillas et al, 2003; Riebeling et al, 2003), it would be

surprising if no functional homologs of Lip1p were found.

To definitively determine if Lip1p is required for ceramide

synthase activity, we created a deletion mutant. The lip1D
strain behaved almost identically to the lag1Dlac1D deletion

strain. Lip1p is necessary for ceramide synthase activity, but

its precise role is not known. Several hypotheses can be

raised: Lip1p could be necessary for stability of the ceramide

Figure 7 Growth of the lip1D strain. (A) Tetrads were dissected from a heterozygous lip1D diploid. Left panel: tetrads after 3 days. Middle
panel: two tetrads after 10 days. Right panel: growth on rich medium after re-streaking these two tetrads. (B) Aureobasidin A (final
concentration E5mg/ml, right) or ethanol (left) was spread onto YPD agar plates. These strains were streaked on the plates and incubated at
241C. RH4838, RH5308, RH6013, RH6016, RH5994, RH5995.
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synthase or for an upstream step in ceramide synthesis.

These are both unlikely because Lac1p and Lag1p were

copurified from a strain lacking Lip1p (data not shown),

but the complex was inactive (Figure 8). Lip1p could be a

regulatory subunit of the ceramide synthase complex or be

required for the enzymatic activity of the ceramide synthase

complex. If the latter were the case, this would suggest that

the ceramide synthase reaction requires a component in the

ER lumen or within the membrane.

To get the first idea about the subunit stoichiometry of

purified ceramide synthase complex, we estimated its mole-

cular mass by glycerol gradient centrifugation. The ceramide

synthase complex that we have purified could be mixtures of

Lag1p–Lac1p heteromers with at least two Lip1p or Lag1p or

Lac1p homodimers with at least two Lip1p. The different

complexes could have different enzymatic characteristics,

such as slightly different specificities for chain length or

hydroxylation rate of the fatty acyl-CoAs or for the sphingoid

bases (C16 versus C18). It has been suggested that LAG1

proteins function in substrate recognition (Guillas et al, 2003)

and several mammalian homologs of Lag1p exist, making

them ideal candidates to explain the wide variety of fatty acid

chains that are incorporated into ceramide in animal cells.

Like Lac1p and Lag1p, Lip1p is localized to the ER where

the synthesis of ceramide occurs (Funato and Riezman,

2001). Ceramide synthase has been proposed to have its

active site on the cytoplasmic surface of the ER membrane

(Hirschberg et al, 1993) because its activity is protease

sensitive in isolated microsomal membranes. Now that we

have shown that Lag1p, Lac1p and Lip1p comprise the

ceramide synthase, these results must be reinterpreted.

Lag1p and Lac1p span the ER membrane multiple times

and their susceptibility to protease digestion cannot be

taken as an indication of the topology of the active site. To

synthesize ceramide from exogenous sphingoid bases, these

have to be phosphorylated by Lcb4p and dephosphorylated

by Lcb3p, sphingoid base kinase and phosphatase, respec-

tively (Funato et al, 2003). Lcb4p is a peripheral membrane

protein mainly found on the ER membrane (Funato et al,

2003) and Lcb3p is an integral ER membrane protein (Mao

et al, 1999) whose active site has been shown to be in the

lumen of the ER (Kihara et al, 2003). Therefore, after the

phosphorylation/dephosphorylation cycle, the sphingoid

bases should be found in the lumen of the ER. On the other

hand, the 3-ketosphinganine reductase that generates dihy-

droshingosine seems to have its active site localized to the

cytoplasmic face of the ER (Kihara and Igarashi, 2004),

suggesting that one of the substrates, dihydrosphingosine,

can be made available from either side of the ER membrane.

Lip1p is an integral membrane protein with one predicted

transmembrane domain. We found that its short, highly

charged N-terminus is cytoplasmic and dispensible for cer-

amide synthase activity. These data suggest that the func-

tional region of Lip1p is localized in the lumen of the ER, or in

its transmembrane domain. Lac1p and Lag1p initially at-

tracted interest because of significant sequence similarity
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Figure 8 Labellings of Lip1D mutant. (A) Cells (strains RH4838, RH5308 and RH 6013) were labelled with [3H]myo inositol, lipids were
analyzed on TLC and detected using a phosphorimager. Radioactivity in sphingolipids was quantified, and the relative amount of each species
was determined as a percentage of the amount in WT cells. PI, phosphatidylinositol; IPC/C: inositolphosphorylceramide C; MIPC: mannose
inositolphosphorylceramide; M(IP)2C: mannose di(inositolphosphoryl)ceramide; * indicates a spot that migrates identically to that previously
identified as a C26 fatty acid containing PI. (B) The same cells were labelled with [3H]DHS and lipids were analyzed as above. Radioactivity in
sphingolipids was quantified as in (A). (C) Ceramide synthesis activity of eluates from a Flag immunoisolation of digitonin-solubilized
membranes from strains RH5666 and RH6075.
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with TRAM (translocating chain associating membrane pro-

tein), a mammalian protein thought to be involved in protein

translocation across the ER membrane (Barz and Walter,

1999). Even if they do not share functional homologies,

these proteins could share common structural features.

Based on TRAM characteristics, we speculate that ceramide

synthase complex would form a ‘channel’ across the ER

membrane and this may permit the enzyme active site to

accept dihydrosphingosine from either side of the membrane.

Predictions (Jazwinski and Conzelmann, 2002) and our pre-

liminary evidence (N Yahara and H Riezman) suggest that the

conserved Lag domain, presumably containing the active site,

is indeed mostly embedded in the membrane. Given the

multiple spanning membrane structure of ceramide synthase,

only a high-resolution structure is likely to resolve these

important topology questions.

Materials and methods

Yeast strains, media and reagents
The strains and plasmids used in this study are listed in Tables II
and III. To construct deletion strains, entire open reading frames
were deleted and replaced with the designated genes. Deletions
were confirmed by PCR.

Yeast strains were grown in rich medium (20 g/l glucose, 20 g/l
peptone and 10 g/l yeast extract with adenine, uracil and tryptophan
at 40 mg/l) at 241C.
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Figure 9 Lip1p topology. (A) Microsomal membranes from strains RH6068, RH5666 or RH6348 were incubated with or without Triton X-100 in
the presence or absence of Proteinase K. The samples were analyzed by Western blotting to reveal the Flag tag and Kar2p. (B) Flag-Lip1p-DNT
(RH6069) was visualized by indirect immunofluorescence. (C) Cells (strains RH4838, RH5309, RH6013 and RH6069) were labelled with
[3H]DHS and analyzed as in Figure 8.

Table II Plasmids used in this study

Plasmid number Plasmids Inserts Source

372 pEG(KT) None Deschenes
1118 pESC-URA3 None Dieter Oesterhelt
1119 pSTS30a LAG1 (N-term. c-myc tagged) Dieter Oesterhelt
1120 pSTS30 LAG1 and LAC1 (N-term. c-myc and Flag tagged, resp.) Dieter Oesterhelt
1121 pSTS30b LAC1 (N-term. Flag tagged) Dieter Oesterhelt
1285 pWB94 LAC1 (N-term. HA tagged) This study
1479 pEG(KT)-(GST-Flag-Lac1p) LAC1 (N-term. GST and Flag tagged) Barz and Walter (1999)
1548 pSTS30c LAG1 (N-term. Flag tagged) This study
1551 pESC(Flag-Lip1p) LIP1 (N-term. Flag tagged) This study
1552 pESC(Flag-DNT-Lip1p) LIP1 (N-term. Flag tagged) without the first 14 amino acids This study
1559 pESC(c-mycLag1p/Flag-Lip1p) LAG1 and LIP1 (N-term. c-myc and Flag tagged, resp.) This study
1560 pESC(c-mycLip1p/Flag-Lac1p) LIP1 and LAC1 (N-term. c-myc and Flag tagged, resp.) This study
1700 pESC(Lip1p-Flag) LIP1 (C-term. Flag tagged) This study
1701 pESC(c-mycLip1p/Flag-Lip1p) LIP1 and LIP1 (N-term. c-myc and Flag tagged) This study
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Protein concentration was determined using the detergent
compatible Bio-Rad protein assay kit. [3H]DHS was from Anawa
Trading SA or American Radiolabeled Chemical Inc. (ARC, St Louis,
MO). DHS, Fumonisin B1, C20:0 fatty acyl-CoA, C26:0 fatty acid,
Flag beads, Flag antibody and Flag peptide were from Sigma. HA rat
antibody was purchased from Roche. Digitonin was from Acros, and
high-purity digitonin from Calbiochem. Australifungin was a gift
from Merck.

Purification of Lac1p, Lag1p and Lip1p
Cells were grown in rich medium, washed twice and resuspended at
200 OD/ml in TNE buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl,
5 mM EDTA, 1 mM PMSF, 1 mg/ml protease inhibitor mixture). Cells
were disrupted with glass beads, and the cell debris and glass beads
were removed by centrifugation at 1000 g for 10 min at 41C. The
supernatant was then centrifuged at 100 000 g for 1 h at 41C. The
pellet corresponding to microsomal membranes was resuspended in
TNE, the appropriate volume of a 10� stock solution of detergent
(Triton X-100 or digitonin (Acros)) was then added to a final
concentration of detergent of 1%. Microsomal membranes were
solubilized for 1 h at 41C with a rotating movement. The
unsolubilized membranes were removed by centrifugation at
100 000 g for 1 h at 41C. Immunoprecipitation using the HA epitope
was performed using rat antibody and protein G beads for 2–4 h at
41C with a rocking movement. The immunoprecipitated beads were
then washed three times with TNE/1% digitonin or Triton X-100,
and eluted with sample buffer. Immunoprecipitation using the Flag
epitope was performed using Flag beads at 41C for 2–4 h with
rocking. The immunoprecipitated beads were then washed three
times with TNE/1% digitonin or Triton X-100, and eluted with a
2 mg/ml solution of Flag peptide in TNE/1% digitonin or Triton X-
100 on ice for 20–30 min. In the case of double-tagged protein (GST-
Flag), the eluate from the Flag beads was further incubated with
glutathione beads at 41C for 3–5 h with rocking. The beads were
washed three times with TNE/1% digitonin or Triton X-100, and
eluted with a solution of 20 mM reduced glutathione in TNE (pH
9.4)/1% digitonin or Triton X-100 on ice for 30 min.

In vitro ceramide synthesis assay
The enzyme was purified as described above, but the beads were
washed three times with TNE and twice with B88 (20 mM HEPES,
pH 6.8, 150 mM KAc, 5 mM MgAc, 250 mM sorbitol). In case of HA-
tagged proteins, the assay was performed directly on the beads. For
the Flag-tagged version, the immunoprecipitated beads were eluted
with 2 mg/ml of Flag peptide in B88 and detergent.

For the assay, 5ml of a mixture of [3H]DHS/DHS (1/4, 20 mM) in
ethanol was dried under a stream of nitrogen, the residue was

resuspended in 5ml of a 40 mM solution of BSA. Eluates or beads in
B88 were added to this mixture, followed by C26 fatty acyl-CoA.
The final volume of the reaction was 100ml, with a 2mM final
concentration of BSA, 1 mM final concentration for [3H]DHS/DHS
and 0.5mM for C26 fatty acyl-CoA, unless specified otherwise. The
samples were incubated at 241C for 30 min, and the reaction was
stopped by adding 600ml of chloroform/methanol (1/1, v/v). The
lipids were extracted by n-butanol/water partitioning as previously
described (Schorling et al, 2001), and analyzed by TLC using the
solvent system I, chloroform/acetic acid (9/1, v/v). The TLC plates
were visualized and quantified by using tritium-sensitive screens
and a Cyclone phosphorimager (Packard, Meriden, CT). The
radioactivity extracted from enzyme-negative controls was regarded
as the background level and subtracted. On each TLC, a known
amount of [3H]DHS was loaded, and used as a standard.

Glycerol gradient
In all, 200ml of proteins were loaded onto a glycerol gradient. A
4 ml-step gradient from 15% (v/v) to 40% (v/v) glycerol in
TNEþ 1% digitonin (Calbiochem) or Triton X-100 was prepared
and centrifuged at 200 000 g in a SW60 rotor (Beckman) for 6 h at
41C. Fractions of 250ml were collected from the top. The sample
buffer was added, and fractions were analyzed either by Western
blotting or by silver staining (according to either Mann or Blum
protocols (Blum et al, 1987; Shevchenko et al, 1996)).

In vivo lipid labelling
In vivo lipid labellings were performed as previously described
(Zanolari et al, 2000). Sphingolipids were extracted by chloroform/
methanol (1/1) in presence of glass beads and then by butanol/
water. For ceramide analysis, lipids were extracted first by ethanol/
diethylether/pyridine/4.2 N ammonium hydroxide (15/5/1/0.018),
and then by butanol/water partitioning. Lipids were analyzed on
TLC using solvent system II, chloroform/methanol/0.25% KCl (55/
45/10) for sphingolipid labelled with [3H]myo-inositol, solvent
system III, chloroform/methanol/4.2 N ammonium hydroxide (9/7/
2) for sphingolipid labelled with [3H]DHS, and solvent system IV,
chloroform/methanol/acetic acid (190/9/1) for ceramide.

Protein extraction and subcellular fractionation
To characterize the nature of membrane association of proteins,
cells were grown in rich medium, washed and resuspended in TNE
buffer. Cells were disrupted with glass beads, and the cell debris
and glass beads were removed by centrifugation at 720 g for 5 min at
41C. One volume of TNE buffer containing 2 M NaCl, 2% Triton
X-100, 2% SDS, or 200 mM Na2CO3 (pH 11.5) was added to the
supernatants. The mixture was incubated on ice for 30 min and

Table III Strains used in this study

Strain Genotype Source

RH4838 Mat a his3 leu2 ura3 trp1 bar1 AUR1H3HAHHIS3 Lab strain
RH5308 Mat a his3 leu2 ura3 trp1 bar1 AUR1H3HAHHIS3 lac1HLEU2 lag1HTRP1 Schorling et al (2001)
RH5660 Strain RH5308 transformed with the plasmid no. 1285 (HA-LAC1) This study
RH5664 Strain RH5308 transformed with the plasmid no. 1479 (GST-Flag-LAC1) This study
RH5665 Strain RH4838 transformed with the plasmid no. 1118 (Vector control) This study
RH5666 Strain RH5308 transformed with the plasmid no. 1120 (c-myc-LAG1, Flag-LAC1) This study
RH5668 Strain RH5308 transformed with the plasmid no. 1121 (Flag-LAC1) This study
RH5994 Mat alpha leu2 ura3 trp1 bar1 lip1HHIS3 This study
RH5995 Mat a leu2 ura3 trp1 his3 lys2 ade2 bar1 This study
RH6013 Mat alpha leu2 ura3 trp1 bar1 lip1HHIS3 This study
RH6016 Mat alpha leu2 ura3 trp1 his3 lys2 bar1 This study
RH6044 Strain RH5308 transformed with the plasmid no. 1548 (Flag-LAG1) This study
RH6046 Strain RH5308 transformed with the plasmid no. 1559 (c-myc-LAG1, Flag-LIP1) This study
RH6047 Strain RH5308 transformed with the plasmid no. 1560 (c-myc-LIP1, Flag-LAC1) This study
RH6067 Strain RH6013 transformed with the plasmid no. 1559 (c-myc-LAG1, Flag-LIP1) This study
RH6068 Strain RH6013 transformed with the plasmid no. 1551 (Flag-LIP1) This study
RH6069 Strain RH6013 transformed with the plasmid no. 1552 (Flag-LIP1-DNT) This study
RH6075 Strain RH6013 transformed with the plasmid no. 1120 (c-myc-LAG1, Flag-LAC1) This study
RH6344 Strain RH2881 transformed with the plasmids no. 1285 and no. 1559 (HA-LAC1, c-myc-LAG1, Flag-LIP1) This study
RH6345 Strain RH2881 transformed with the plasmids no. 1285 and no. 1118 (HA-LAC1, vector control) This study
RH6348 Strain RH 6013 transformed with the plasmid no. 1700 (LIP1-Flag) This study
RH6349 Strain RH 6013 transformed with the plasmid no. 1701 (c-myc-LIP1, Flag-LIP1) This study

Ceramide synthase complex in yeast
B Vallée and H Riezman

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 4 | 2005 739



centrifuged at 100 000 g for 1 h at 41C. The resulting pellet and
supernatant fractions were subjected to SDS–PAGE and then
analyzed by Western blotting using a rabbit polyclonal antibody
against Wbp1p, or a mouse mAb M2 against Flag. Subcellular
fractionation was performed as described (Funato et al, 2003).
Samples were subjected to SDS–PAGE, followed by Western blotting
using a mouse Ab against Flag epitope, a rabbit polyclonal Ab
against Wbp1p or Emp47p.

Indirect immunofluorescence microscopy
Indirect immunofluorescence on whole fixed yeast cells was
performed as described (Beck et al, 1999). A mouse Ab against
Flag followed by an indocarbocyanine, Cy-3-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA) and a rabbit polyclonal Ab against Kar2 (kindly provided by
R Schekman) followed by a fluorescein isothiocyanate donkey anti-
rabbit IgG (Jackson ImmunoResearch Laboratories) were used.
DNA was stained with 40,6-diamidino-2-phenylindole (DAPI; Sigma)
at a concentration of 1 mg/ml. Cells were visualized with a Axiophot
2 microscope (� 100).

Protease protection assay
Spheroplasts prepared as described above were lysed by Dounce
homogenization in B88. The 3000 g supernatant was centrifuged at
10 000 g and then at 100 000 g for 1 h. The pellet was washed with

B88 and centrifuged at 100 000 g twice more. Finally, the microsome
pellet was resuspended at a concentration of 4000 OD/ml. The
protein concentration was determined using BioRad protein assay
kit. In all, 80mg of proteins were incubated with or without 0.1% of
Triton X-100 in the presence or absence of proteinase K (final
concentration, 30mg/ml) on ice for 30 min. The reaction was
stopped by addition of PMSF (final concentration, 2 mM). The
samples were subjected to SDS–PAGE, followed by Western blotting
using a mouse Ab against Flag epitope, a rabbit polyclonal Ab
against Kar2p.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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