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Abstract Sphingolipid biosynthesis and breakdown in yeast
share many homologies in their pathways with higher eukary-
otes (Dickson, R. C. 1998. Sphingolipid functions in Sac-
charomyces cerevisiae: comparison to mammals. Annu. Rev.
Biochem. 67: 27-48). In mammals, ceramide can be generated
through hydrolysis of sphingomyelin catalyzed by sphingomy-
elinase (SMase). To date, as many as five SMases have been
identified molecularly, separated into three main groups:
acid, alkaline, and neutral SMases (nSMases) (Marchesini, N.,
and Y. Hannun. 2004. Acid and neutral sphingomyelinases:
roles and mechanisms of regulation. Biochem. Cell Biol. 82:
27-44). nSMase in mammals is represented by its homolog,
inositol phosphosphingolipase C, codified by ISCI in Sac
charomyces cerevisiae (Sc) and Cryptococcus neoformans (Cn) and
by CSS1 (Can’t Stop Synthesizing cell wall) in Schizosaccha-
romyces pombe (Sp). Yeasts do not have sphingomyelin but
instead have inositol phosphosphingolipids, which may func-
tion as orthologs of mammalian sphingomyelin.fiff In this
review, we will describe findings related to the function of
ISC1, its localization, mechanisms, and its roles in cell re-
sponse to different types of stresses. These studies serve
as a foundation for the elucidation of the properties and
functions of the extended family of nSMases.—Matmati, N.
and Y. A. Hannun. ISCI (inositol phosphosphingolipid-
phospholipase C), the yeast homologue of neutral sphingo-
myelinases. J. Lipid Res. 2008. 49: 922-928.

Supplementary key words ceramide ¢ sphingomyelinase * yeast

Ceramide has emerged as a highly studied bioactive
and second-messenger lipid, with proposed roles in reg-
ulation of cell growth, cell death, senescence, and various
stress responses (1, 2).

A large number of enzymes are involved in regulating
the levels of ceramide. To identify crucial enzymes that
participate in the biochemical pathways leading to ceramide
accumulation, many laboratories have focused on dissect-
ing the biochemical pathways, and these studies have shown
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that ceramide can be produced in at least two distinct ways:
the first is through the de novo pathway, which commences
by the condensation of L-serine and palmitoyl-CoA, and the
second by hydrolysis of complex lipids, especially sphingo-
myelin (3). The budding yeast, Saccharomyces cerevisiae (Sc), a
fast-growing and genetically modifiable eukaryote, has been
used extensively in elucidation of biochemical pathways of
sphingolipid metabolism and functions of bioactive sphin-
golipids. In this review, we summarize findings about the
enzyme that catalyzes the hydrolysis of yeast complex lipids
to produce ceramide, ISCI in Sc. We will also review other
homologs of ISCI in Schizosaccharomyces pombe (Sp), and the
pathogen Cryptococcus neoformans (Cn), and then discuss
implications for mammalian studies.

Yeast and mammals share many similarities in sphin-
golipid metabolism (4), and these include the first two
steps in the de novo pathway: synthesis of 3-ketodihydro-
sphingosine catalyzed by Lcblp and Lcb2p in yeast, and
by Sptlclp and Sptlc2p in mammals. Lcblp and Sptlclp
share 33% homology in their sequence, whereas Lcb2p
and Sptlc2p have 48% sequence homology. These en-
zymes were first identified in yeast and later in mouse and
human. The second step, characterized by the formation
of dihydrosphingosine (sphinganine), is catalyzed by the
reductase Tsc10p in yeast and by its homolog (26% amino
acid identity) Fvtlp in human. Following these very sim-
ilar steps between yeast and mammals, differences in the
pathways between the two species begin to be distin-
guished. Dihydrosphingosine is hydroxylated by Sur2p in
yeast to produce phytosphingosine, which is then acylated
by the action of the ‘ceramide’ synthases, Lagl and Lacl.
In mammals, dihydrosphingosine is directly acylated to
dihydroceramide formed by the addition of C16-C24 al-
kyl chains fatty acid through the action of enzymes with
high homology to Laglp/Laclp, the six Lass’s/CerSs (4).
In mammals, dihydroceramide can be converted to cer-
amide by the introduction of a double bond between C4
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and C) on the sphingoid base; this reaction is catalyzed
by dihydroceramide desaturase. From phytoceramide, yeast
synthesizes the following complex sphingolipids: inositol
phosphorylceramide (IPC) by adding inositol phosphate,
and then mannosylinositol phosphorylceramide (MIPC)
and mannosyldiinositol phosphorylceramide (M(IP)oC) by
further additions. Mammals synthesize many complex
sphingolipids, such us sphingomyelin, by transferring phos-
phocholine from phosphatidylcholine to ceramide, ga-
lactosylceramide, by adding galactose to ceramide, and
glucosylceramide, by adding glucose. Sphingosine is formed
by the deacylation of ceramide through the action of sev-
eral ceramidases, and ceramide phosphate is formed by
phosphorylation of ceramide by ceramide kinase (Fig. 1).

Breakdown of the complex sphingolipids of yeast, IPC,
MIPC, and M(IP)sC, occurs by the action of a phospho-
lipase C-type reaction to produce ceramide. In mammals,
breakdown of sphingomyelin is catalyzed by one of sev-
eral sphingomyelinases (SMases) distinguished by their
pH optima (5). This review will focus on the yeast ISCI
as a representative member of the recently appreciated
family of neutral SMases (nSMases).

S¢ NEUTRAL SPHINGOMYELINASE: ISCI

An early study discovered that yeasts contain enzymatic
activity capable of hydrolyzing mammalian sphingomyelin
at neutral pH, although Sc does not contain this lipid (6).
Subsequently, the enzymatic hydrolysis of inositol phos-

phosphingolipids (IPSs) in budding yeast was described
in a study using [*H] inositol-labeled sphingolipids, which
led to the detection of a membrane-associated phospho-
lipase C-type activity that produced ceramide from IPC,
MIPC, and (M(IP),C). These studies suggested the
existence of an enzyme that acts on yeast complex
sphingolipids, as well as on sphingomyelin (7). Then,
the ISCI(YEROI9w) gene was discovered as codifying for
inositol phosphosphingolipase C-type based on distant
homology to bacterial-secreted SMases (8). Overexpres-
sion of the enzyme resulted in increased levels of yeast
phytoceramides, whereas knockout resulted in accumula-
tion of yeast complex sphingolipids. Activity of Isclp was
reconstituted in lipid-detergent mixed micelles and was
found to depend on the presence of Mg?* with an op-
timum pH of 7.5; activity was very low at acidic or alka-
line pH (8). Moreover, the enzyme was found to act on
exogenously supplied mammalian sphingomyelin. Since
then, an important body of work has been produced by
several laboratories to elucidate the biological roles and
functions of Isclp.

Sequence, structure, and mechanism of Isclp

nSMase sequence analysis from Bacillus ceureus and
Staphylococcus aureus, helped the identification of Isclp as
a homolog in yeast (9) and nSMasel and nSMase2 as ho-
mologs in mammals (10). These enzymes are considered
members of a single enzymatic family (11). Comparing
the protein sequences between Isclp in S¢, nSMase2 in
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Fig. 1. Sphingolipid metabolic pathways in yeast and mammals. Enzymes are in blue, sphingomyelinase
(SMase) and ISCI are in red. The big red arrows represent the phospholipase-C reactions catalyzed by ISCI

in yeast and by SMase in mammals.
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Fig. 2. Alignment of the entire protein sequences from Saccharomyces cerevisiae (Sc), Candida albicans,
Schizosaccharomyces pombe (Sp), and Cryptococcus neoformans (Cn), and nSMase2. Identical conserved residues are
shown in green, identical residues (conserved only in 2, 3, or 4 species) are in yellow, and similar residues are
in blue. Sequences for Isclp, S¢; Csslp, Sp; and neutral SMase2 (nSMase2), human are from https://
www.proteome.com. Sequences for Isclp in Cn and Candida albicans are from NCBI ABF47139 (27) and XP
711695 (28), respectively. Aligned with biology WorkBench version 3.2, at http://workbench.sdsc.edu.
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human, Csslp in Sp, and Isclp in Cn, 44 residues are
conserved, and these residues include D163 and K168,
and E100, D234, and H390, which have been identified
as essential for Isclp activity (Fig. 2).

Early studies disclosed that Isc1p activity required anionic
phospholipids as cofactors. To elucidate the structural re-
quirements for anionic phospholipid-selective binding of
Isclp, site-directed mutagenesis and deletions of a por-
tion of the gene were performed (12). Phosphatidylserine
(PS), cardiolipin (CL), and phosphatidylglycerol (PG) were
found to activate Isclp (8) and to bind to it, whereas other
zwitterionic phospholipids were without effect. This study
showed that the C terminus of Isclp interacted with the
anionic phospholipids PS, CL, and PG, and this domain of
the enzyme was found to share sequence similarity to other
proteins, such as protein kinase C and PS decarboxylase,
especially in regions thought to interact with PS. These
studies led to the proposal of a “tether-and-pull” model,
whereby the C terminus of Isclp associates with the mem-
brane in the presence of PS, CL, and PG (the tether), and as
a result, the N-terminal catalytic domain is “pulled” to the
membrane to interact with the lipid substrates (Fig. 3). To
identify Isclp-specific domains and amino acid residues
required for catalysis, individual mutations of conserved
amino acid residues were made to identify those that played
a crucial role in activity (13). The mutagenesis of three
highly conserved amino acids, E100, D232, and H390, in the
catalytic domain completely abrogated ISC1 activity. These
residues are also present in bacterial SMases and human
neutral SMases (nSMases) 1 and 2, as well as in the distally
related DNasel, suggesting similar mechanisms of hydro-
lysis (14).

Inspection of the sequence of ISCI revealed a short
segment that is conserved in the entire family, the P Loop-
Like domain. The substitution of D163 and K168 to alanine
in this domain resulted in a complete abrogation of Isclp
activity. Additionally, the study showed that G162A, G167A,
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and S169A are required for Isclp catalytic efficiency. Most
of the amino acid residues, E100, G162, D163, K168, D234,
and H390 involved in catalytic activity were found con-
served between Se¢, Cn, Candida albicans (Ca), and Sp and
mammalian homolog nSMase2, demonstrating an evolu-
tionary conservation of Isclp sequence (Fig. 2).

Functions of ISCI as revealed from deletion studies

Deletion of the ISCI gene caused complete loss of
phospholipase C (PLC) activity for all IPSs (IPC, MIPC,
and M(IP),C), indicating that ISCI is probably the only
gene encoding IPS-PLC activities. In addition to the loss
of PLC activity, the ISCI gene deletion was characterized
by several phenotypes. One study reported that lacking
the ISCI gene rendered cells less tolerant to high con-
centrations of salt (NaCl and LiCl) (15). Although the
biochemical role of Isclp in ion tolerance remains un-
known, the same report described a depressed expres-
sion of ENAI1, an ATPase involved in ion transport.

Further studies showed that the ISCI-deleted (iscIA)
strain had a slow growth phenotype compared with wild-
type under normal growth conditions (16). During log-
arithmic growth, yeast cells utilize dextrose to produce
ethanol, by fermentation; this phase is also known as the
prediauxic phase. When the cells have used all the dex-
trose present in the media to make ethanol, they switch
carbon source and start to utilize the ethanol available in
the media to produce COs. This respiration phase is also
known as the postdiauxic phase (Fig. 4). A major finding
of this study was that Isclp localized in the endoplasmic
reticulum (ER) during the prediauxic phase and in the
mitochondria during the postdiauxic phase (8). A sub-
stantial growth defect of iscIA strains when grown on a
nonfermentable carbon source (NFCS) such us glycerol
was described in a subsequent study (17).

Both sets of results, Isclp localization in the ER pre-
diauxic and mitochondria postdiauxic and the growth

ey
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Fig. 3. Model for Isclp access to substrates (S) on the membrane. The C terminus of Isc1p tethers the protein
to the membrane, and the N terminus is pulled closer to the membrane that contains the substrate. Repro-
duced from (12) with permission from JBC. PS, phosphatidylserine; CL, cardiolipin; PG, phosphatidylglycerol.
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Fig. 4. Growth phases in the budding yeast, Sc. Yeast growth on
fermentable carbon sources (such as dextrose) is distinguished by
four phases. When cells are inoculated into a fresh medium, they
initially undergo a lag in growth, known as the lag phase. After
the lag phase, yeast cells start a logarithmic growth phase in which
the cells use dextrose as a carbon source to produce ethanol. This
is the phase of fermentation, also known as the prediauxic phase.
When dextrose becomes rare in the media, the cells start utilizing the
ethanol available in the media (produced during the fermentation
growth) to produce carbon dioxide; this is respiration. This second
phase of growth is commonly known as the postdiauxic phase. A
stationary phase follows the postdiauxic phase; during this phase,
yeast cells do not divide, and thus the growth reaches a plateau.

defect on an NFCS, suggested a critical role of Isclp in
mitochondrial metabolism and/or in the regulation of
pre/post-diauxic shift. Moreover, the same study de-
scribed in vitro experiments that defined a role for the
mitochondrial lipids PG and CL, formed as down-
stream products of Pgslp, the phosphatidylglycerol-
phosphate synthase in the activation of Isclp. The data
suggested that PG and CL function as upstream regulators
of Isclp (17). Subsequent work linked Isclp to sphingo-
lipid metabolism in mitochondria in budding yeast (18).
An important finding was the determination of Isclp
localization in mitochondria to the outer mitochondrial
membrane as an integral membrane protein. In this study,
yeast mitochondria were found to be highly enriched in
very long chain a-hydroxylated phyto-ceramides. Mutants
missing Isclp had an altered mitochondrial lipid profile
with lower content of a-hydroxylated phytoceramide
compared with wild-type. Nevertheless, it remains unclear
where or how Isclp interacts with complex sphingolip-
ids in this organelle. In addition to the sublocalization of
Isclp and the lipid profile changes due to Isclp presence
or loss, mitochondrial function was studied in the isciA4
mutant. It was found that the mutant was more sensitive
to hydrogen peroxide and ethidium bromide. This sug-
gested a defect in mitochondria, implicating sphingolip-
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ids as possible regulators of this organelle’s performance,
especially in the postdiauxic phase.

Other studies investigated involvement of Isclp in stress
responses, especially heat stress. It was found that fol-
lowing heat stress, Isclp mediated production of long-
and very long chain dihydroceramide species distinct
from the de novo pathway (19). Microarray data in this
investigation revealed the role of Isclp in transcriptional
regulation during heat stress (20). Several genes impli-
cated in mating, meiosis, sporulation, osmotic stress, and
fermentation were found to be misregulated in the iscl4
strain. This tied in to the phenotypes found previously
in the iscIA strain, such as slow growth, high salt sensi-
tivity, and growth defect on NFCSs. Interestingly, a recent
report described Isclp as a downstream target of Slmlp
and Slm2p, two proteins involved in binding to phos-
phatidylinositol 4,5 bisphosphate and Torc2p (21). It was
found that loss of SIm1p and SIm2p function resulted in
defects of sphingolipid biosynthesis, specifically decreased
IPC levels in the SlmlIts/Sim24 mutant. Deletion of the
ISC1 gene from this mutant to obtain SlmIts/Sim2A4/isc1A
restored the levels of IPC to those in the wild type. These
data indicated that hyperactivation of Isclp is implicated
in the loss of function of Slm1 and Slm2.

A genome screen for methyl methanesulfonate (MMS)-
sensitive mutants showed that the iscI4 mutant was
sensitive to this genotoxic agent (22). Cross sensitivity of
MMS-sensitive mutants to hydroxyurea, a ribonucleotide
reductase inhibitor, was evaluated, and iscI4 was found
to be sensitive to this drug as well.

A very recent work found that Isclp played a key role
in oxidative stress resistance and chronological lifespan
(23). The study showed that Isclp regulated cellular re-
dox homeostasis through modulation of iron levels. Loss
of ISCI rendered cells hypersensitive to HoOo compared
with the wild-type cells. An investigation of the transcrip-
tome was also undertaken, and the results showed that
the lack of ISCI led to an increase of mRNA levels of
72 genes, and a decrease of 142 genes. Several of these
genes were related to iron metabolism, and further study
revealed an increase in iron levels of 50% in the expo-
nential phase. The increase was higher during the post-
diauxic phase. Another interesting finding of this work
was the observation that isc/4 mutants had a premature
aging phenotype: viability in aged iscI4 was 100 times
less than in the wild type.

Taken together, these results show that Isc1p plays crucial
roles in very important cell processes, including growth, cell
division, sporulation, ion protection, heat shock response,
genotoxic protection, oxidative stress response, and aging.

ISCI1 IN OTHER YEASTS

Cn nSMase:ISC1

ISC1 was cloned from the fungal pathogen Crn and was
shown to metabolize fungal inositol sphingolipids (24).
Loss of IPC and PLC activity in the Cn iscIA strain in-
creased the survival of immunocompetent mice infected
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with a strain lacking ISCI compared with those infected
with the wild-type strain. This result suggested that Isclp
enhances Cn survival in macrophages and that it is criti-
cal for controlling the dissemination of the pathogen to
the brain. Another characteristic found during the inves-
tigation was the hyperencapsulation of the isc/4 mutant
strain. The capsule of Cn prevents a host pathogen an-
tigenic response and limits inflammation by inhibiting
leukocyte migration. Because the microbes in the phago-
lysosome are exposed to low pH and reactive oxygen
species (ROS), the investigators examined the sensitiv-
ity of iscI4 to low pH and ROS. The mutant was found
to be sensitive to both acidic pH and exposure to ROS,
and the combination of the two was lethal.

Localization of Isclp in Cr remains unknown, and no
information is available on regulators of Isclp. More stud-
ies need to be done in this organism to reveal the func-
tion, regulation, and localization of ISCI and its potential
role in gene regulation in Cn, as well as investigating the
intriguing role of Isclp in the virulence of Cn. The Cn
data suggest investigating the role of Isclp in the viru-
lence of another pathogenic yeast, Ca. The amino acid
sequence of Ca Isclp shares the same conserved se-
quences as the Cn. Finding an inhibitor of Isclp may be
useful in combating pathogenic yeasts.

Sp nSMase: CSS1

Preliminary studies identified four temperature-sensitive
lethal mutants in a visual screen, where a nonvital dye,
phloxin B, distributed unevenly within the mutant cells
(25). Further studies by the same group focused on one
of the mutants, named c¢ssI-2. Results showed that ¢ss1-2
lost the capability to coordinate glycan polymer synthe-
sis with cell growth at nonpermissive temperatures; thus,
cells continued to produce cell wall material even when
it was not needed (26). CSSI was cloned and found to
share sequence homology (28%) (Fig. 2) to ISCI and to
nSMases. CSSI was deleted, and it was found that in this
yeast, ¢ssI4 was not viable. Csslp was tagged with 13-myc
at its C terminus and was found to localize at the plasma
membrane. The ability of Csslp to hydrolyze IPC was
assayed by overexpressing the CSSI gene in budding
yeast that lacked the ISCI gene, iscI4, and it was shown
that CSS1 hydrolyzed IPC to the same level as the wild-type
cells containing ISCI. Thus, Csslp is a homolog of Isclp,
and the two genes have similar biochemical patterns but
appear to be distinct in their localization and biologi-
cal roles.

FUTURE DIRECTIONS

Investigations reviewed in this paper demonstrate a key
function of Isclp and related enzymes in the hydrolysis of
complex sphingolipids to produce the bioactive ceramide
(dihydro-and phyto-ceramides) with a tremendous impact
on a large array of cellular functions. These findings make
Isclp a target for many experimental studies to answer

important questions about this enzyme, its localization,
mechanisms of activation, and function of its substrates
and products. Detailed structural studies to define the
domains involved in both activity and in localization would
be very useful. Biochemical studies should determine
whether Isclp has one preferred substrate among IPC,
MIPC, or M(IP)sC. It would also be interesting to find out
how is this enzyme is involved in drug resistance. The role
in the diauxic shift remains a very intriguing and fasci-
nating question, specifically, what is the role of Isclp in
the signaling pathways that drive gene expression and
metabolic adaptation in the postdiauxic phase? Revealing
the molecular and biochemical roles of Isclp in yeast
sphingolipid metabolism would certainly help investiga-
tors in the field understand how these molecules mech-
anistically govern important functions of the cell. The
homology of Isclp to nSMasel and nSMase2, the mam-
malian members of the nSMase family, gives a great ad-
vantage in elucidating new roles of these enzymes in cell
regulatory mechanisms. Studies and discoveries in yeast
will be in the vanguard in providing insightful knowl-
edge in the far more complex sphingolipid metabolism
in mammalian cells. B
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