
sphingolipids, and plants can make of three classes of 
sphingolipids (3–6).

Sphingolipids and their biosynthetic precursors, long-
chain base (LCB) and ceramide, have structural as well as 
signal functions; their synthesis and turnover thus must be 
precisely controlled (7). The rate-limiting step of the path-
way is under control of serine palmitoyltransferase (SPT), 
an endoplasmic reticulum (ER)-localized protein complex 
that catalyzes the condensation of palmitoyl-CoA with ser-
ine to yield keto-dihydrosphingosine, a LCB (8). SPT activ-
ity is negatively regulated by the Orm proteins, conserved 
integral ER membrane proteins that form a protein com-
plex together with the phosphoinositide phosphatase, Sac1 
(5, 9, 10). Orm proteins are subject to phosphorylation 
and this relieves their inhibition of SPT activity (9). The 
kinases that phosphorylate the Orm proteins integrate mul-
tiple signals to maintain sphingolipid homeostasis, includ-
ing heat, ER stress, and nutritional availability via the target 
of rapamycin (TOR) signaling network (11–15).

After reduction of the 3-keto-dihydrosphingosine to di-
hydrosphingosine (DHS) and its further hydroxylation to 
phytosphingosine (PHS), DHS or PHS are converted to 
ceramide by ceramide synthase (CerS), which catalyzes 
the formation of an amide bond between the LCB and a 
C26 very long-chain fatty acid (16, 17). CerS activity is reg-
ulated by direct phosphorylation of the catalytic subunits, 
Lac1 and Lag1, through TORC1, TORC2, and casein ki-
nase 2 (see Fig. 1 for an overview of the pathway and the 
nomenclature of the intermediates) (15, 18–20).

Ceramide is then converted in the Golgi to inositol 
phosphorylceramide (IPC), mannosylinositol phosphoryl-
ceramide (MIPC), and mannosyl-diinositol phosphorylce-
ramide [M(IP)2C] and these complex sphingolipids are 
transported by vesicular carriers to the plasma membrane, 
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Sphingolipids are greatly enriched in the plasma mem-
brane of eukaryotic cells and they have been implicated in 
the formation of lateral membrane domains important for 
the spatial segregations of proteins during their transport 
to the plasma membrane (1, 2). Whereas animal cells pro-
duce sphingolipids in which the ceramide anchor con-
tains a hydrophilic head group composed of choline or 
carbohydrate moieties, fungi synthesize inositol-containing 
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phosphatidylinositol (PtdIns) (32, 33). These isotope-based 
assays were then replaced by assays using fluorescently la-
beled lipids. Fluorescently labeled LCBs or fluorescently 
labeled ceramide have been employed to measure ce-
ramide and IPC synthase activity in vitro (34–36). More 
recently, the development of lipid mass spectrometry has 
allowed the use of odd-chain lipids as tracers for in vitro 
assays (37, 38).

Here we describe a rapid mass spectrometry-based 
method to determine the flux of LCBs through the sphin-
golipid pathway in vivo. Using nonnatural odd-chain 
length C17-DHS or C17-PHS as tracers, we show that C17-
LCBs are efficiently taken up, incorporated into ceramide, 
and further converted to complex sphingolipids, IPC and 
MIPC, in vivo. These results indicate that C17-LCBs can be 
used as a tool to decipher the complex regulation of this 
pathway in vivo.

MATERIALS AND METHODS

Yeast strains and growth conditions
Yeast strains and their genotypes are listed in supplementary 

Table 1. Strains were cultivated in YPD-rich medium [1% Bacto 
yeast extract, 2% Bacto peptone (USBiological, Swampscott, MA)] 
or SD synthetic medium [0.67% yeast nitrogen base without 

where they constitute an abundant lipid class of the extra-
cellular leaflet (3, 21–23).

In addition to the biosynthetic pathway, LCBs, ceramide, 
and complex sphingolipids are subject to a catabolic path-
way. LCBs are phosphorylated and then cleaved by the 
sphingosine-1-phosphate lyase, Dpl1, to ethanolamine phos-
phate and a fatty aldehyde (24). Ceramide, on the other 
hand, is degraded through alkaline ceramidases, Ydc1 and 
Ypc1 (25, 26). Complex sphingolipids are degraded by an 
inositol phosphosphingolipid phospholipase C, Isc1 (27). 
The activity of components of the degradative branch, 
Ydc1, Ypc1, and Isc1, are controlled by the TORC1-Sch9  
nutrient signaling pathway (28). Importantly, the tran-
sient intermediates of the pathway, LCB, LCB phosphate, 
and ceramide, not only act as biosynthetic precursors 
but also have important signaling functions in stress  
response (29).

To decipher the regulation of key enzymes in the sphin-
golipid pathway, rapid and reliable determination of their 
activity and of steady-state levels of intermediates of the 
pathway is required. For many years radiolabeled substrates, 
[3H]labeled LCBs or [14C]labeled acyl-CoAs, followed by 
separation of the substrates by thin layer chromatography 
were used to determine CerS activity in vitro (30, 31). IPC 
synthase activity, on the other hand, was monitored using 
radiolabeled N-acetylsphinganine (C2-Cer) or radiolabeled 

Fig. 1. Overview of the sphingolipid biosynthetic pathway. A: Outline of the sphingolipid pathway, important intermediates are boxed, 
enzymes are italicized, and mutants used in this study are indicated in bold. Drugs that inhibit key steps of the pathway are shown. B: Ce-
ramide structure and nomenclature. The positions of hydroxyl groups on ceramide are indicated and the nomenclature of the correspond-
ing ceramide species is listed in the table.
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these tracers into ceramide was monitored. Cells incu-
bated with C17-PHS ranging from 2.5 to 80 �M displayed 
an almost linear increase in the formation of the fully hy-
droxylated C17-phytoceramide (43:0;4; Cer-C). Levels of 
the triple hydroxylated ceramide species (43:0;3; Cer-B) 
started to increase only when cells were treated with the 
highest concentration of C17-PHS (80 �M), suggesting 
that ceramide hydroxylation becomes rate limiting at very 
high rates of ceramide formation (Fig. 3B).

Incubation of cells with C17-DHS, on the other hand, 
revealed a steady concentration-dependent increase of 
C17-phytoceramide. C17-DHS, however, was also incorpo-
rated into dihydroceramide (Cer-B’), albeit with lower ef-
ficiency (Fig. 3C). These data indicate that C17-DHS was 
efficiently hydroxylated to C17-PHS and then incorporated 
into Cer-C and/or that the C17-DHS containing Cer-B’ 
was efficiently hydroxylated to Cer-C (43). Overall, how-
ever, addition of C17-PHS yielded about two times more 
C17-ceramide than was obtained by the addition of C17-
DHS. These differences might be explained by differences 
in the efficiency of uptake or the incorporation of these 
two LCB species into ceramide.

C17-PHS to monitor ceramide synthesis
To test whether the conversion of C17-PHS to C17-phy-

toceramide could be used to monitor ceramide synthesis 
in vivo, we first examined the concentration-dependent 
conversion of the C17 tracer in cells that have reduced 
CerS activity. Cells that have defects in acyl-chain elonga-
tion due to a deletion of one component of the elongase 
complex, Elo3, accumulate very-long-chain fatty acids with 
C24 and C22 instead of the normal C26 carbon atoms. At 
the same time, elo3� mutant cells also accumulate high 
levels of endogenous PHS, presumably because the C24/
C22-CoA acyl chains are not as good as the normal C26-CoA 
as substrates for ceramide synthesis (44). Consistent with 
this notion, elo3� mutant cells did not show incorporation 
of C17-PHS into a C26-containing ceramide (Fig. 4A). In-
stead, they incorporated the C17 tracer into C24-containing 
ceramide (41:0;4), albeit at lower rates than wild-type cells 
(Fig. 4B). Note that the levels of C24-phytoceramide in 
both the wild-type and the elo3� mutant are more than  
10-fold lower compared with the C26-ceramide levels ob-
served in wild-type cells, suggesting that C24-CoA is poorly 
incorporated into ceramide.

To assess the role of the sphingolipid �-hydroxylase, 
Scs7, in the conversion of the triple hydroxylated ceramide 
species (ceramide-B) to the quadruple hydroxylated spe-
cies (Cer-C), we examined the incorporation of the C17-
LCB tracer in scs7� mutant cells (43). Wild-type cells 
efficiently converted C17-PHS into Cer-C (Fig. 4A) and 
showed only low levels of ceramide-B; scs7� mutant cells 
accumulated high levels of ceramide-B and could not con-
vert ceramide-B to Cer-C (Fig. 4C).

CerS is composed of two redundant subunits, Lag1 and 
Lac1, and also contains a nonredundant component, Lip1 
(16, 17, 45). Examination of C17-LCB tracer incorporation 
into ceramide in a lag1� lac1� double mutant revealed 
greatly diminished levels of both ceramide-B and Cer-C 

amino acids (USBiological, Salem, MA), 0.73 g/l amino acids] 
containing 2% glucose. Double-mutant strains were generated by 
crossing of single mutants and by gene disruption using PCR de-
letion cassettes and a marker rescue strategy (39). For all lipid 
tracer experiments, cells were cultivated in YPD at 30°C.

Lipid extraction and analysis by mass spectrometry
Lipids were extracted from 20 OD units of cells with CHCl3 

and methanol (17:1 by volume). C17-DHS (1 nmol), PtdIns 
17:0/20:4 (0.6 nmol; Avanti Polar Lipids, Alabaster, AL), or C20-
ceramide (d18:1/20, 2 nmol; Sigma-Aldrich, St. Louis, MO) were 
used as internal standards (23). LCBs were analyzed in the posi-
tive ion mode and ceramide and complex sphingolipids in the 
negative ion mode on a Bruker Esquire HCT ion trap mass spec-
trometer using electrospray ionization at a flow rate of 180 ml/h 
and a capillary tension of 250 V. Ion fragmentation was induced 
by argon gas collision at a pressure of 8 mbar. [M+H]+ ions of 
PHS and [M-H]� ions of ceramide were quantified relative to 
internal standards.

For the analysis of complex sphingolipids, lipids were ex-
tracted using 95% ethanol, water, diethyl ether, pyridine, and 
4.2 N ammonium hydroxide in a ratio of 15:15:5:1:0,18 by vol-
ume as described (40, 41). The statistical significance of the data 
was analyzed by a multiple t-test (GraphPad Prism, La Jolla, CA).

RESULTS AND DISCUSSION

To examine whether C17-LCBs could be used to moni-
tor the activity of the sphingolipid pathway in yeast, cells 
were first incubated with the odd-chain length lipid tracer 
for 1 h and lipids were then analyzed by mass spectrom-
etry. In mock-treated cells, the phytoceramide of m/z  
710.5 [ceramide-C (Cer-C); 44:0;4 (sum of carbon chain 
length:number of double bonds;number of hydroxyl 
groups)] was the most abundant ceramide. Cells that were 
incubated with C17-PHS (10 �M), on the other hand, dis-
played an additional peak at m/z 696.5, expected for a C17-
ceramide (43:0;4) (Fig. 2). Fragmentation of the putative 
C17-containing ceramide yielded a set of negatively charged 
daughter ions (m/z 411.3 and m/z 365.3) that are diagnostic 
for C26-fatty acid-containing yeast ceramide. Fragmentation 
in the positive mode, on the other hand, yielded product 
ions (m/z 286, m/z 268, and m/z 250) that are characteristic 
for LCBs, indicating that C17-PHS was indeed incorporated 
into a C17-ceramide (42) (supplementary Fig. 1).

C17-PHS is rapidly converted to ceramide
To determine the optimal time of incubation of cells 

with the C17 tracer, cells were incubated with C17-PHS for 
increasing periods of time, and the appearance of C17-
ceramide was quantified by mass spectrometry. This analy-
sis revealed that the C17 tracer is converted to C17-ceramide 
within minutes of incubation and that C17-ceramide levels 
reached a steady-state already after about 30 min of incu-
bation (Fig. 3A). The emergence of constant C17-ceramide 
levels is likely due to the fact that the C17-ceramide that is 
produced is efficiently consumed again and converted to 
more complex sphingolipids, see below.

To examine the concentration-dependence of this con-
version, cells were incubated with increasing concentrations 
of either C17-DHS or C17-PHS and the incorporation of 
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that confers resistance to FB1 (26) (Fig. 4E). On the 
other hand, treatment of cells with aureobasidin A, which 
blocks the conversion of ceramide to IPC resulted in ac-
cumulation of both types of ceramide, those formed from 
the endogenous PHS pool as well as ceramide formed by 

(Fig. 4D). Inhibition of CerS with the mycotoxin, fumoni-
sin B1 (FB1), resulted in decreased levels of newly formed 
C17-containing ceramide (Cer-C), as well as a dramatic drop 
in C18-ceramide. These experiments were performed in a 
yor1� mutant, which is deficient in a multidrug transporter 

Fig. 2. Mass spectra of ceramide species formed from C17-PHS. Lipid profiles of cells incubated with C17-PHS (A) compared with mock-
treated cells (B). Cells were incubated with 25 �M C17-PHS for 60 min; lipids were extracted and analyzed by mass spectrometry. Relevant 
lipid species are indicated (PHC, phytoceramide; PC, phosphatidylcholine; PE, phosphatidylethanolamine).
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50 �M C17-PHS resulted in a time-dependent appearance 
of the tracer in both IPC-C and MIPC-C, and the reaction 
reached an apparent steady-state after about 60 min (Fig. 
5A, B). A higher concentration of the C17 tracer was used 
in these experiments to increase the yield of downstream 
products of the pathway and hence improve the signal-to-
noise ratio for their detection and quantification. Incorpo-
ration of C17-PHS in the complex sphingolipids was 
concentration dependent, but did not affect the steady-
state levels of the endogenous C18-PHS-derived pool of 
natural IPC and MIPC (Fig. 5C–F). Synthesis of IPC and 
MIPC from C17-PHS, however, was sensitive to aureobasi-
din A (Fig. 5G, H).

To analyze the turnover of these lipids, cells were pulsed 
with C17-PHS; the tracer was then washed out and cells 
were allowed to grow for various periods of time and C17-
containing IPC-C and MIPC were quantified. The results 
of this analysis indicate that these C17-containing complex 
sphingolipids are extremely stable because no appreciable 
decrease in their levels was observed over a 52 h period. 
These lipids are thus as stable as the natural sphingolipids 
that were quantified in parallel (supplementary Fig. 2). 
Taken together, these data indicate that C17-PHS can be 
used as a tool not only to study the regulation of ceramide 
synthesis, but also to follow the flux of ceramide through 
the subsequent steps of the pathway and the turnover of 
the mature lipids.

Orm mutants affect ceramide and IPC levels, but not 
their synthesis

To test directly whether defects in the homeostatic regu-
lation of the sphingolipid pathway would be detectable 
with the use of the C17-PHS tracer, we monitored ce-
ramide and complex sphingolipid synthesis in mutants 
lacking the Orm proteins. These conserved integral mem-
brane proteins of the ER have previously been shown to 
regulate LCB synthesis (5, 9–15, 19, 20).

In budding yeast, Orm mutant cells accumulate high 
steady-state levels of LCB, ceramides, and IPC (9, 10). The 
increased ceramide levels have been attributed to an in-
creased flux of LCB through the pathway (9). Following 
radiolabeling with serine or DHS, a more recent study ob-
served a decrease in IPC production in the Orm mutant, 
which was attributed to either a decrease in IPC synthase 
activity or a reduced transport of ceramide from the ER to 
the Golgi apparatus, where ceramide is converted to IPC 
(15). Consistent with the first work, we found that mutant 
cells lacking both Orm proteins displayed elevated steady-
state levels of natural C18-containing ceramides and  
IPC-C (9) (Fig. 6A). However, incorporation of the C17-PHS 
tracer into Cer-C and IPC-C was not significantly affected 
in orm1� orm2� mutant cells when the concentration of 
the tracer was kept low (10 �M), indicating that the flux of 
LCB through the pathway is not increased (Fig. 6B). Re-
markably, at higher concentrations of C17-PHS (25 and  
50 �M), wild-type cells displayed a significant increase in Cer-
C synthesis. Orm mutant cells, on the other hand, did not 
respond to these increased levels of C17-PHS (supplemen-
tary Fig. 3A). A similar dose-dependent increase was also 

the incorporation of the exogenously added C17 tracer 
(Fig. 4F). Thus, the dual monitoring of the incorporation 
of natural PHS and the C17 tracer allows discrimination 
between the differences in ceramide synthesis that are due 
to defects in the uptake of the tracer and those that are 
due to reduced incorporation of the LCB into ceramide, 
i.e., the activity of the CerS.

C17-PHS to monitor complex sphingolipid synthesis
To monitor steps downstream of ceramide synthesis, we 

followed the incorporation of the C17 tracer into complex 
sphingolipids, IPC and MIPC. Incubation of cells with 

Fig. 3. Kinetics of the conversion of C17-LCB into ceramide. 
Graphs show the time-dependent (A) and concentration-dependent 
(B) conversion of C17-PHS into ceramide and the concentration-
dependent (C) conversion of C17-DHS into phytoceramide  
[C17-PHC] and dihydroceramide [C17-DHC]. A: Cells were incu-
bated with 10 �M of C17-PHS for the indicated period of time, 
lipids were extracted, and C17-ceramide was quantified by mass 
spectrometry using C20-ceramide as standard. B, C: Cells were in-
cubated with the indicated concentration of C17-PHS and C17-
DHS, respectively, for 30 min and ceramide species were quantified 
(n.d.; not detectable). Values represent mean ± SD of three inde-
pendent determinations.
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Fig. 4. C17-PHS-dependent formation of ceramide is affected in sphingolipid mutants and is sensitive to 
FB1. A, B: A defect in the synthesis of the C26 fatty acid due to a mutation in the elongase component, Elo3, 
affects Cer-C production. WT and elo3� mutant cells were incubated with the indicated concentration of 
C17-PHS for 30 min and levels of Cer-C with either 43 (A) or 41 carbon atoms (B) were determined. Levels 
of ceramide containing a full-length C26 fatty acid are undetectable (n.d.) in elo3� mutant cells, but the 
mutant and WT cells synthesize low levels of ceramide containing a C24 fatty acid. C: Lack of the sphingo-
lipid �-hydroxylase, Scs7, results in elevated levels of ceramide-B. WT and scs7� mutant cells were incubated 
with the indicated concentration of C17-PHS for 30 min and its incorporation into ceramide-B was deter-
mined. D: Synthesis of phytoceramide-B and -C requires the CerS subunits, Lac1 and Lag1. WT and lag1� 
lac1� double mutant cells were incubated with C17-PHS (50 �M, 30 min) and its incorporation into ce-
ramide-B and -C was determined. E: Inhibition of CerS by FB1 reduces the conversion of C17-PHS to Cer-C. 
Cells lacking the multidrug transporter, Yor1, were treated with FB1 (100 �M) overnight, C17-PHS was 
added (10 �M) during 30 min, and both the naturally produced and C17-PHS-derived ceramides were quan-
tified. F: Addition of the IPC synthase inhibitor, aureobasidin A (AbA), results in increased levels of both 
natural and C17-PHS-derived ceramide. WT cells were treated with aureobasidin A (0.1 �g/ml) for 30 min, 
C17-PHS (50 �M) was added for 30 min, and ceramide was quantified. Values represent mean ± SD of three 
independent determinations. Asterisks denote statistical significance (*P < 0.05; **P< 0.001; ***P < 0.0001).

observed for IPC-C synthesis (supplementary Fig. 3B). 
Again, the Orm mutant did not respond to the elevated 
levels of LCB that were provided. One possible explanation 
for this apparent lack of substrate-dependent increase  

in ceramide and IPC synthesis of Orm mutant cells is  
the fact that these cells already have greatly elevated 
steady-state levels of both LCBs and ceramide. High con-
centrations of exogenously added PHS (20–40 �M) inhibit 
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Fig. 5. Incorporation of C17-PHS into complex sphingolipids, IPC and MIPC. Graphs show the time- and 
concentration-dependent incorporation of C17-PHS into IPC (A, C) and MIPC (B, D). The addition of the 
C17-PHS tracer does not affect levels of C18-PHS-derived natural IPC-C and MIPC. Levels of natural com-
plex sphingolipids, IPC-C (E) and MIPC (F), were determined in cells incubated with the indicated concen-
tration of C17-PHS for 30 min. IPC and MIPC levels were decreased upon addition of aureobasidin A (AbA). 
G, H: Cells were incubated with aureobasidin A (0.1 �g/ml) for 30 min, C17-PHS was added (50 �M) for 
45 min before lipids were extracted and IPC (G) and MIPC (H) levels were quantified. Values represent mean ±  
SD of three independent determinations. Asterisks denote statistical significance (*P < 0.05; **P < 0.001; 
***P < 0.0001).
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Fig. 6. Orm proteins affect ceramide and IPC levels but not their rate of synthesis. A: Steady-state levels of 
natural ceramide and IPC are elevated in Orm double mutant cells. Cer-C and IPC-C levels were quantified in 
the same samples as shown in (B). B: Lack of Orm function does not affect ceramide and IPC synthesis. WT 
and orm1� orm2� double mutant cells were incubated with C17-PHS (10 �M) for 30 min and incorporation of 
the tracer into ceramide and IPC-C was quantified. C: Levels of PtdIns are not affected in cells lacking Orm. 
PtdIns levels were quantified using PtdIns (17:0/20:4) as nonnatural internal standard. D: Lack of Orm func-
tion does not significantly affect IPC synthesis. Cells were incubated with the soluble C2-ceramide analog (5, 
10, and 25 �M) for 30 min and its incorporation into IPC-C was quantified. E, F: Lack of Orm function does 
not affect ceramide and IPC synthesis in myriocin-treated cells. WT and Orm mutant cells were preincubated 
with myriocin (1 �g/ml) for 1.5 h and C17-PHS (10 �M) was then added for 30 min before natural (E) and 
newly synthesized (F) ceramides and IPC-C were quantified. Values represent mean ± SD of at least three 
independent determinations. Asterisks denote statistical significance (*P < 0.05; **P < 0.001; ***P < 0.0001).

cell cycle progression (46). With their elevated levels 
of intracellular PHS and ceramide, Orm mutant cells 
might be hypersensitive to this PHS-mediated cell cycle 
arrest.

Levels of PtdIns, a cosubstrate for the synthesis of IPC by 
Aur1, were not affected in the Orm mutant (Fig. 6C). To 
further confirm that elevated levels of ceramide in the 
Orm mutant cells were not due to decreased IPC synthase 
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negative genetic interactions with each other (50). Alter-
natively, Orm proteins may affect the localization, expres-
sion, and/or activity of Lcb4, the major LCB kinase in 
yeast. Reduced activity of Lcb4 would, on one hand, result 
in reduced degradation of LCBs and thereby increase the 
half-life of its internal pool. On the other hand, Lcb4 activ-
ity affects phosphorylation of exogenously added PHS, a 
prerequisite for its incorporation into ceramides (51).

Taken together, the data provided here establish proof 
of principle that C17-PHS can serve as a useful tool to 
monitor the activity of multiple enzymes in the sphingolipid 
pathway in vivo, to monitor the flux of substrates through 
the pathway, and to decipher the regulation of key en-
zymes within the pathway. As exemplified by the analysis of 
the Orm mutant, the use of this odd-chain length precur-
sor has the added advantage that both steady-state levels of 
the normally produced C18-containing lipids as well as the 
time-dependent production of newly formed C17-containing 
intermediates of the sphingolipid pathway can be moni-
tored simultaneously.

The authors thank members of the laboratory for their support, 
A. Conzelmann for helpful discussions, and Stéphanie Cottier 
for comments on the manuscript.
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