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AC Acid ceramidase
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AKT Serine/threonine protein kinase PKB
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Cdks Cyclin dependent kinases
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INTRODUCTION

l.1. SPHINGOLIPIDS

Sphingolipids (SLs) as well as phospholipids are the major components of
eukaryotic plasma membrane. They were first considered only to play a structural
role, however, it is now known that they are also involved in controlling cellular
processes such as proliferation, growth, migration, differentiation, senescence and
apoptosis!. The family of bioactive sphingolipids includes mainly, ceramide (Cer),
sphingomyelin  (SM), ceramide-1-phosphate (C1P), sphingosine (So) and
sphingosine-1-phosphate (S1P) among others. Chemically, SLs are composed of a
polar head group and two nonpolar tails: the long-chain amino alcohol and the N-
acyl moiety attached through an amide bond. The C4-C5 unsaturated core long
chain base is sphingosine (So), while the saturated counterpart is sphinganine
(Sa). The head groups range from a simple hydrogen (for So, Sa and (DH)Cer) to
more complex species such phosphocholine (for SM) or the glycans of

glycosphingolipids2. Some examples of polar heads are shown in Figure 1.

A. Lipid backbone B. Headgroups

Sphingoid base - H (Ceramide)
(D-erythro-sphingosine, d18:1) oH o~ TeadOwP  _ phosphate (Sphingosine-1-phosphate, S1P;
/\/\/\/\/\/\/W Ceramide-1-phosphate, Cer1P)
- Fatty acid (1-O-Acylceramide)
NH - Phosphocholine (Sphingomyelin)
\/\/\/\/\/\/\/Y - Other (P-inositol, P-ethanolamine)
0 - Glucose (and higher glycan derivatives)
N-palmitoylsphingosine - Galactose (and higher glycan derivatives)
Ceramide (Cer) (d18:1/16:0)

C. Glycosphingolipid headgroup examples

| GM1a
[ 1 GM2
I I GM3
GalNAc | I Lactosylceramide (LacCer)
OH_.OH OH_.OH

NHAC&/

;I Glucosylceramide (GlcCer)

NeubAc

HO
AcHN oH

Figure 1. Basic structures of sphingolipid backbones and head groups. A) An example of Cer including names
of the components; B) common head groups for mammalian sphingolipids; C) an example of a complex
glycosphingolipid, ganglioside GM1a, and the names of the components. Modified fromz.
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1.1.1 Sphingolipid metabolism

Cer is considered to be the central core of sphingolipid metabolism. As shown in

Figure 2, Cer can be generated by two major mechanisms:

a) The de novo pathway, which is an anabolic pathway beginning with the
condensation of serine and palmitoyl-CoA to form 3-ketosphinganine (or 3-
ketodihydrosphingosine), a reaction that is catalyzed by serine palmitoyltransferase
(SPT)%. Then, reduction of 3-ketosphinganine to Sa and acylation of Sa to
dihydroceramide (DHCer) subsequently follow. The latter reaction is catalyzed by
DHCer/Cer synthase (also known as Lass or CerS). Up to date, six different CerS
have been identified. These enzymes show distinct preferences for the different
fatty acyl-CoA substrates and therefore, they generate distinct ceramide species.
The different (dihydro)ceramides may localize to distinct cell compartments and

may intervene in the regulation of different cell functions.

The last step of the de novo pathway includes desaturation of dihydroceramide
through introduction of a trans-4,5 double bond to yield ceramide. In turn, ceramide
can be acted upon by different biosynthetic enzymes, such as glycosyltransferases
to form glycosphingolipids such as cerebrosides or gangliosides, or can
incorporate a phosphocholine head group from phosphatidylcholine (PC) to form
SM through the action of SM synthases (SMS)>. Importantly, SMS has been
implicated in cell regulation and transformation through its ability to modulate the
levels of ceramide and diacylglycerol, two essential bioactive lipidsé. In addition,
ceramide can be directly phosphorylated by ceramide kinase (CerK) to form C1P
(Figure 2), which is a key regulator of cell homeostasis and has been implicated in

the inflammatory response’?.

b) The catabolic pathway involves sphingomyelinase (SMase) activation to form
ceramide directly (Figure 2). SMase catalyzes the conversion of SM to Cer and
phosphocholine. Mammalian cells utilize three distinct forms of SMases that can be

discriminated in vitro by their pH optima as: acid, neutral and alkaline SMases.
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Both, acid SMase (aSMase) and neutral SMase (nSMase) are known to be
involved in signal transduction, whereas alkaline SMase is mainly responsible for

digestion of dietary SM in the intestine®.

Moreover, in the catabolic pathway Cer is also formed from complex
glycosphingolipids, which are degraded by specific hydrolases. This mainly leads
to formation of glucosylceramide or galactosylceramide'. Then specific f-
glycosidases and galactosidases produce ceramide by cleavage of their sugar

moieties.

Kinase

-~
Phosphatase

W CCiNvuo P on
Glucosylceramlde

Ceramidase || Ceramide synthase
Glucosylceramide S1P Lyase
synthase

Ceramide

/\/O 2-trans hexadecenal
+
H .

Dihydroceramide —— » _ o phosphoethanolamine

Desaturase Y
lTCeramide OH Kinase
synthase
Sphinganine Phosphatase

T Ceramide-1-phosphate
Reductase

SM synthase SMase
3-Ketosphinganine H NO
T Serine Sphingomyelin A O-P-OH

Palmitoyltransferase H OH

Complex sphingolipids Sphingosine Sphingosine-1phosphate

Serine + Palmitoyl CoA

Figure 2. Formation of bioactive sphingolipids in mammalian cells. Modified from 3

Another important pathway that can control ceramide levels in cells is the So
salvage pathway, in which So is recycled to ceramide through the action of CerS.

Once generated, Cer can be also catabolized to So by the action of the specific
ceramidases (CDases), and So, in turn, can be readily phosphorylated to S1P™".
Two sphingosine kinases (SphK1 and SphK2) differing in function and subcellular

location have so far been identified in mammalian cells'?
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Furthermore, S1P can be dephosphorylated by specific phosphatases to
regenerate So, which can be either recycled through the salvage pathway, or can

be irreversibly cleaved by sphingosine phosphate lyase (SPL)? (Figure 2).

I.1.2 Compartmentalization and transport of sphingolipids

Sphingolipid biosynthesis and turnover are complex processes that involve not only
the production of bioactive compounds, but also the correct balancing between de
novo and recycling routes and the trafficking of compounds to the appropriate
intracellular and extracellular destinations’. Most enzymes of sphingolipid
metabolism show specific but multiple subcellular localizations, which coupled with
the poor solubility of some sphingolipids in cells, establish distinct functional
responses depending on the site of the generation and transport of the bioactive

sphingolipidM.

The initial steps of de novo synthesis of sphingolipids occur in the endoplasmic
reticulum (ER) and in mitochondria associated membranes (MAMs), while
synthesis of more complex SL metabolites like SM and GlcCer takes place in the
Golgi apparatus (Figure 3). Cer formed in the ER has two known specific transport
pathways from the ER to the Golgi: a) through the action of the transfer protein
CERT, which is required for SM synthesis but not for GlcCer synthesis'®, or b)
vesicle transport, which is needed for Cer delivery for GlcCer synthesis (Figure 3).
Afterwards, transfer of GlcCer from the cytosolic surface of the Golgi to the luminal
side for the synthesis of complex glycosphingolipids (GSL) requires the action of
the transport protein FAPP2'31° (Figure 3).

Subsequently, SM and complex GSL are transported to the plasma membrane via
vesicular trafficking. Once in the plasma membrane, SM can be metabolized to
Cer, either by aSMase on the outer leaflet of the membrane or by nSMase, which

resides in the inner leaflet of the bilayer'” (Figure 3).
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[ \

SM

Secreted | Lipoprotein |
SMase
Cer Sip
Acid Secreted Sph
Cl CDase
Neutral SMase M Pl b Secreted SK
CDase Core— % ‘ asma membrane
S%] \ ) g GSL
8 a5 v

-« Neutral Cer
A{ o SMase /
SIP
Endocytic

SM / vesicle /)
' (SM
ﬁiﬁ@ L N
¥ ysosome T
. Acid

Sph*<—= Cer

Nucleus

Figure 3. Sphingolipid compartmentalization and transport. The salvage pathway is shown by the
dashed arrows. Modified from 13.

From the plasma membrane, SLs may be recirculated through the endosomal
pathway. Once inside the cells, SM and GlcCer are metabolized to Cer in the
lysosomal compartment by aSMase and glucosidases, and Cer is then hydrolyzed
by acid CDase to form So. Due to its ionizable positive charge So is able to leave
the lysosome and is sufficiently soluble to move across the cytosol reaching the

ER, where it is available for recycling®.
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l.2. SPHINGOSINE-1-PHOSPHATE

|.2.1 Biophysical properties of S1P

Since S1P possesses a lipidic nature, it must exert its regulatory role essentially at
the membrane level, as is the case of ceramides and other related lipids. However,
because of its amphiphilic nature, S1P also gives rise to stable dispersions in
water. Consequently, as with any other soluble amphiphile in the presence of
membranes, S1P will exist in equilibrium between the aqueous and membranous

compartments?.

|.2.2 Biological functions of S1P

S1P has important roles in regulation of cell migration, differentiation, survival and
other complex physiological processes'. S1P signaling plays diverse roles in
physiology, generally enhancing cell survival in response to stressful conditions,
promoting vascular maturation and vascular permeability by fostering homotypic
and heterotypic cell-cell interactions, and regulating lymphocyte egress from the
thymus and peripheral lymphoid organszo. S1P carries out its function acting as

both an extracellular receptor ligand and an intracellular second messenger.

1.2.2.1 S1P as a receptor ligand

S1P functions primarily by activating a subgroup of the endothelial differentiation
gene (EDG) family of G-protein coupled cell surface receptors now referred to as
S1P1.s. They bind to S1P with high affinity and also to dihydro-S1P with similar or
slightly lower affinity?".

In mammals, S1P4, S1P, and S1P3, are expressed ubiquitously, whereas S1P4,
and S1Ps are restricted to lymphoid tissues and brain respectively. The biological

effects of S1P receptor signaling involve several pathways.
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Upon binding of S1P to S1P receptors, S1P activates downstream signaling
pathways (Figure 4), leading to a variety of cellular responses including mitogen-
activated protein kinase (MAPK), c-Jun N terminal kinase (JNK), extracellular
signal regulated kinase (ERK), phosphoinositide 3-kinase (PI3K), phospholipase C,

phospholipase D and other downstream mediators®*2.

1.2.2.2 S1P as an intracellular signaling molecule

A variety of studies performed in organisms lacking identifiable S1P receptors have
shown that disrupting S1P metabolism can result in marked changes in cell
migration, Ca*? mobilization, stress responses, endocytosis, tissue homeostasis,
infectivity, viability and reproduction® (Figure 4). These effects could be explained

by the direct interaction of S1P with intracellular targets.

/ Receptor agonist \

Migration
Cell proliferation
Actin cytoskeletal rearrangement
Adherents junction assembly Conversion of sphingolipids to
glycerophospholipids
Mitogenesis

Intermediate of sphingolipid
metabolism

Vascular maturation

Lymphocyte traffic
k Neural development / i
Intracellular messenger
Inhibition of apoptosis
Intracellular Ca?* increase

Mitogenesis

Figure 4. S1P biological functions. Modified from*’'

However, since most cellular responses elicited by intracellular S1P resemble
those induced through S1P receptors, it has been suspected that intracellular S1P
might be released into the extracellular space to then bind to a S1P receptor in an
autocrine or paracrine manner. Indeed, the so-called “inside-out signaling” has
been observed in PDGF-induced cell motility?*. Thus, the possible intracellular
signaling has remained a controversial issue, due to a lack of information regarding

intracellular target molecules.
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1.2.2.3 S1P and the sphingolipid rheostat

Unlike Cer and So, S1P promotes cell growth and inhibits apoptosis. The
antagonistic effects of these metabolites are regulated by enzymes that
interconvert Cer, So, and S1P?®. Thus, conversion of Cer and So to S1P
simultaneously removes pro-apoptotic signals and creates a survival signal, and
vice versa. This led to the proposal of a “sphingolipid rheostat” as a critical factor
determining cell fate”® (Figure 5). According to this hypothesis, it is not the absolute
levels but the relative amounts of these antagonistic metabolites that determines
cell fate. In agreement, it has been shown that increased S1P protects against Cer-
induced apoptosis, and depletion of S1P enhances Cer-induced apoptosis?’. Cells
overexpressing acid ceramidase are protected from tumor necrosis factor-a (TNF-

a)-induced apoptosis, presumably by shunting Cer to S1P?.

| Ceramide ot Sphingosiné IE— /SQ —» Degradation
R — products
g >PP
® Pro-apoptotic e Anti-apoptotic
e Anti-mitogenic e Mitogenic
e S1 P1_5 ||gand
\

/

Figure 5. The sphingolipid rheostat. Modified from'®

The intracellular levels of S1P are regulated trough the balance between its
synthesis by So kinases and its degradation by S1P phosphatases or S1P lyase
(SPL).
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1.3 SPHINGOSINE PHOSPHATE LYASE

The enzyme SPL irreversibly degrades S1P by cleaving the long chain base
between C2 and C3. This reaction results in the formation of a C16-aldehyde and

ethanolamine phosphate and depletion of intracellular S1P.

1.3.1 Structure, expression and cellular localization of SPL

The human SPL gene, sphingosine phosphate lyase 1 (SGPL1), located on
chromosome 10921, encodes a protein of 568 amino acids with a predicted
molecular mass of 63.5 kDa?°. Human SPL displays 84% amino acid identity and
91% similarity to the mouse ortholog®. This enzyme is located primarily in the
endoplasmic reticulum as a membrane protein with the catalytic and pyridoxal
phosphate binding domains facing the cytosol thereby facilitating the availability of
the substrate to the active site. Furthermore, there is only one transmembrane

segment close to the N-terminus, which faces the ER lummen®".

Several conserved amino acid residues have been mapped to the C-terminal
domain of human SPL, including a 20 amino-acid stretch spanning positions 344—
364, which contains predicted cofactor binding lysine residues at position K353 and
K359. Site-directed mutagenesis of human SPL revealed the importance of two
conserved cysteine residues at positions C218 and C317, which are required for

proper enzymatic activity®.

Interestingly, recombinant SPL lacking the transmembrane domain and the ER
luminal sequence was fully active in vitro when expressed in bacteria®.
Conversely, a mutagenesis study conducted on the yeast ortholog Dpl1p revealed
the important role of the N-terminal domain®. In this study, the luminal domain of
Dpl1p appears to be required to maintain protein stability, and a Dpl1p NA57
mutant lacking the entire luminal domain was completely inactive when evaluated

using an in vivo complementation assay in yeast.
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Dpl1p has been shown to form higher order complexes that are required for its in
vivo function. Polar amino acid residues in the transmembrane domain of Dpl1p

play an important role in protein oligomerization33.

More recently Bourquin et al.>* have succeeded in crystallizing the SPL homologue
proteins encoded by Dpllp (Saccharomyces cerevisiae) and StSPL
(Symbiobacterium thermophilum) genes, as well as in characterizing these proteins
both structurally and functionally. They demonstrated that truncation of luminal
domain in mutant Dpl1p A 1-57 reduces only partially the SPL activity34. Moreover,
in this work the authors also propose a mechanism of S1P cleavage by SPL,
identifying Y482 as a critical residue for activity. However, further analysis is

required to understand completely the reaction mechanism of SPL.

[.3.2 Tissue distribution of SPL

SPL is expressed in many mammalian tissues to variable degrees. In mice and
rats, SPL activity and expression is highest in the small intestine, colon, thymus,
and spleen, whereas moderate expression is observed in liver, kidney, lung,
stomach and testis. SPL expression is lowest in the heart, skeletal muscle and
brain, with the exception of the olfactory mucosal epithelium, where the enzyme is

highly enriched®®>3¢,

SPL expression is low in lymphocytes and absent in erythrocytes and platelets,

P33 SPL is expressed in some

which are major sources of plasma S1
inflammatory cells, but its activity in macrophages, monocytes, dendritic cells and
neutrophils has not been characterized to date. SPL expression seems to be high
in tissues characterized by rapid cell turnover. This is exemplified by the
pronounced expression and activity of SPL in intestinal epithelial cells, which are
renewed every 12 hours®®. Another example is the high SPL expression in the
olfactory mucosa, a unique neuronal tissue that is subject to high rates of

apoptosis due to inhaled toxic-induced cell damage35.
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In addition, the high expression of SPL in the thymus might be required to maintain
low tissue S1P levels compared to the surrounding plasma. The S1P concentration
gradient between thymus and the plasma enables T cell egress from thymus into

the circulation®.

[.3.3 SPL and human disease

The involvement of S1P in diverse essential cellular processes necessitates
precise control and regulation of its intracellular and extracellular levels. The
importance of SPL in modulating the levels of S1P, other sphingolipid
intermediates and cell fate is likely to contribute to tissue homeostasis and its
dysregulation could contribute to the pathophysiology of disease. In support of this
notion, genetically modified mice lacking SPL expression in all tissues demonstrate
stunted growth and early mortality with defects reported in the kidney, bone and
vasculature*®, as well as myeloid cell hyperplasia, and significant lesions in the
lung, heart and urinary tract*’. The potential role of SPL in specific disease states

is described below.

1.3.3.1 SPL in cell growth and cancer

Sphingolipids regulate various aspects of cell growth, proliferation, and cell
death®?. Ceramide generation is considered to be a key mechanism by which
chemotherapeutic agents induce apoptosis in cancer cells. On the other hand, S1P
promotes cell growth, migration, tumor angiogenesis, invasion and metastasis.
Consistent with its key roles in the regulation of cancer growth and therapy, genetic
changes acquired by malignant cells that result in either a reduction in ceramide
generation and/or an accentuation of S1P generation are implicated in the
development of resistance to drug-induced apoptosis and escape from cell death®.
SPL has the ability to shift the balance towards cell death by attenuating the

proliferative S1P signal.
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A potential role of SPL in regulating cell fate and stress responses has been
investigated in several model systems. For example, an insertional mutagenesis
study revealed that mutations in the Dictyostelium sglA gene, which encodes SPL,
confers resistance to the anticancer drug cisplatin®*. Conversely, overexpression of

SPL enhanced the sensitivity of Dictyostelium cells to the drug®.

Enforced expression of SPL in malignant and non-transformed human cells
sensitizes these cells to platinum-based chemotherapy drugs (cisplatin and
carboplatin), daunorubicin and etoposide®**®*”. The ability of SPL to potentiate cell
death requires the actions of p53 and p38 MAPK signaling pathways. Conversely,
knockdown of endogenous SPL expression in HEK293 cells by siRNA results in

diminished apoptosis in etoposide treated cells*®.

Furthermore, elevation in Sgp/7T mRNA levels has been associated with testicular
degeneration caused by increased apoptosis due to leptin deficiency in mice®®.
Conversely, SPL deficiency can also lead to cell death, as evidenced by increased
apoptosis observed in the reproductive organs of Drosophila Sply null mutant*.
The sphingolipid metabolite responsible for this effect is unknown, although these
tissues show a profound accumulation of long-chain bases including A4,6-
sphingadienes, which are found to promote apoptosis in Drosophila cell lines®.
Interestingly, it has been proposed that accumulation of intracellular S1P above a
certain threshold can also induce apoptosis. Cerebellar granule neurons isolated
from SPL-deficient mice showed a similar elevation in the intracellular S1P levels
upon treatment with either sphingosine or exogenous S1P. However, only S1P

addition to the cells induces apoptosis®’.

Consistent with a role for S1P in various processes associated with
tumorigenesis*?, SPL expression and activity are downregulated during intestinal
tumor development in the ApcMin/+ mouse model of intestinal tumorigenesis, as
well as in human colon cancer specimen compared with normal adjacent tissues>°.
In agreement with these findings, administration of a monoclonal S1P antibody
substantially reduced tumor progression and angiogenesis in murine xenograft and

allograft models®.
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SGPL1 is among a set of genes downregulated in metastatic tumor tissues
compared to primary tumors from the same patients®>. Additionally, Colié et al>
have found that the lack of SPL leads to upregulation of the antiapoptotic proteins
Bcl-2 and Bcl-xL and consequently protects against apoptosis induced by
chemotherapeutic agents. Moreover, SPL-deficient cells isolated from sgpl/1-/-
mouse embryos showed an increase in cell growth rate in culture, colony formation
in soft agar, and tumor progression in nude mice compared with cells isolated from

wild-type embryos®.

Conversely, upregulation of SPL expression has been observed in ovarian cancer.
SGPL1 was also identified in a group of genes whose expression is upregulated in

ovarian tumors that were resistant to chemotherapy®°.

These findings suggest that SPL may act as tumor suppressor and may be
involved in cancer surveillance pathways. Presumably SPL would act by
preventing intracellular S1P accumulation, whereas loss of SPL expression or

activity might promote tumorigenesis through activation of S1P-mediated signaling.

1.3.3.2 SPL in immunological disorders

S1P levels in the blood and lymph are high (0.1-1.0 uM) compared with those in
most tissues, which maintain baseline levels in the range of 0.5 to 75 pmoI/mgz.
This difference establishes an S1P concentration gradient between circulatory
fluids (lymph and blood) and lymphoid organs®®, which is tightly maintained by SPL
activity in the tissues. This S1P gradient is essential for lymphocyte egress from
lymphoid organs. Inhibition of SPL activity by the food colorant
tetrahydroxybutylimidazole (THI) or by reducing hematopoietic cell SPL expression
through RNA interference-mediated knockdown prevents lymphocyte egress from
thymus and secondary lymphoid organs®. Inhibition of SPL by THI raised the
bioavailable S1P levels ~100-1000-fold in thymus and secondary lymphoid organs
without altering plasma S1P levels, thereby causing a disruption of the S1P

gradient.
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The critical role of SPL in lymphocyte trafficking was recently confirmed in a study
showing that genetically modified mice lacking Sgp/1 expression exhibit
lymphopenia, with sequestration of mature T cells in the thymus and lymph
nodes*'. Furthermore, humanized knock-in mice lacking murine Sgp/1 expression

but harboring one or two alleles of human Sgpl/71 also exhibited immune defects.

Replacement of the human SPL gene in the Sgp/1 null background resulted in SPL
expression at 10-20% of normal mouse SPL levels, yet failed to restore normal T-
cell development and trafficking. These data suggest that immune functions
including lymphocyte trafficking are exquisitely sensitive to alterations in SPL

activity*'.

Apart from its role in lymphocyte trafficking, S1P signaling plays a role in
proliferation, survival and differentiation of lymphocytes. S1P treatment enhances
the survival of B and T cells, inhibits both homoeostatic proliferation and T-cell

receptor-induced proliferation of T cells, and inhibits cytokine production®.

Importantly, it has recently been demonstrated that genetic ablation of Sgp/7 in
mice hampers B and T cell development in addition to lymphocyte egress‘”. Sgpl1
knockout (Sgpl/7-/-) and humanized knock-in mice harboring one human allele
(Sgpl1H/-) mice showed severe hypocellularity and increased apoptosis of
lymphocytes within the thymic cortex, as well as a paucity of T-cells in the splenic
periarteriolar lymphoid sheaths and paracortical areas of lymph nodes. SPL
deficiency also caused the vacuolization of thymic epithelial and stromal cells

required for T- cell selection and maturation®’.

These studies suggest that dysregulation of the S1P/ SPL axis could be important
in mediating multiple aspects of some autoimmune and inflammatory diseases like
multiple sclerosis, type | diabetes, atopic dermatitis and, on the other hand, may

serve as target for therapeutic intervention®.
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Moreover, SPL represents a novel target for cancer therapy and
immunosuppression in transplantation and autoimmunity. In this context, the
discovery and characterization of new S1PL inhibitors is of interest, since it may

finally lead to the development of new drugs to treat immune diseases.

1.3.4 SPL activity assays

The measurement of SPL activity was originally described using a radioactive
assay in which conversion of a radiolabeled substrate to a long-chain aldehyde that

retained the label was monitored.

The most accepted radiometric method for SPL activity involves the use of [4,5-
3H]dihydrosphingosine phosphate®'. SPL is solubilized in Triton X-100, which does
not interfere with enzyme activity. The reaction mixture also contains pyridoxal 5 -
phosphate cofactor, as well as phosphatase inhibitors. Radiolabeled products are
separated by TLC and the regions of interest are scraped into scintillation vials and
the radioactivity is counted. The drawback of this assay system is the necessity of
using radioactive materials, the time required to develop the autoradiograms, and

the lack of commercial sources of high quality substrate.

More recently, Bandhuvula et al.’” have developed a fluorescence-based method
to measure SPL activity, which uses 7-nitrobenz-2-oxa-1,3-diazole-sphingosine 1-
phosphate (NBD-S1P) (Figure 6) as a substrate, leading to the production of
phosphoethanolamine and NBD-hexadecenal, which is detected by HPLC coupled

to a fluorescence detector®”.

Another method relies on a substrate containing a boron dipyrromethene difluoride
(BODIPY) group (Figure 6). Advantages associated with the BODIPY fluorophore
include better photochemical stability, high fluorescence intensity and insensitivity®
to polarity and pH of the environment. In both cases, the fluorophore is attached to
the omega carbon atom of the long chain base to avoid steric hindrance that could
interfere with the SPL reaction®. Finally, Berdyshev et al.®® have developed a
simple and highly sensitive protocol for SPL activity determination based on

(E)-2-hexadecenal quantitation as a semicarbazone derivative by LC/MS.
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) BODIPY-S1P
o] N-0 NBD-S1P

Figure 6. Chemical structures of the reported SPL substrates NBD-S1P and BODIPY-S1P.

[.3.5 SPL inhibitors

Modulation of SPL activity through the use of small molecule inhibitors appears to
hold promise for therapeutic purposes, particularly for immunomodulation in the
treatment of autoimmune disorders and for transplantation, as well as for
enhancement of wound healing and protection of normal tissues from various
insults such as radiation, hypoxia and ischemia. Different pharmacological

categories of SPL inhibitors have been described.

1.3.5.1 Substrate and cofactor analogs

The substrate analogs include 1-desoxydihydrosphingosine-1-phosphonate, the
2D,3L- isomer of DHS1P and 2-vinyldihydrosphingosine-1-phosphate®’ (Figure 7).
These compounds have been shown to inhibit SPL activity, but generally they are
not appropriate for in vivo use due to lack of specificity and high toxicity®®. The
second group of SPL inhibitors includes pyridoxal 5'-phosphate analogs or
compounds that inhibit the binding of the cofactor. An example is the compound
deoxypyridoxine (DOP), which inhibits the activity of SPL and other pyridoxal 5'-
phosphate dependent enzymes. Interestingly, DOP is also known to induce
lymphopenia, presumably by reducing the S1P gradient. SPL activity is profoundly
inhibited in the thymus of DOP-treated mice, an effect which can be overcome by

treatment with excess cofactor coincident with restoration of SPL activity®°.

Since DOP inhibition is not specific for SPL and affects the activity of many other
enzymes including those involved in DNA synthesis, long-term exposure is
associated with considerable toxicity?®. Additionally, SPL activity is also inhibited by
divalent metal ions such as Ca®" and Zn®*, and by semicarbazide, cyanide, and

bisulfite®".
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1.3.5.2 THI and analogs

It was discovered that THI (Figure 7), a component of caramel food coloring, also
produces lymphopenia through inhibition of lymphocyte trafficking, but in the latter
case the effect appears to be due to inhibition of SPL, which results in attenuation
of the S1P gradient®. This observation revealed the potential of SPL to serve as a
therapeutic target for immune modulation. Oral administration of THI results in
reduced tissue SPL activity and elevated levels of tissue and circulating S1P;
however, the drug does not inhibit SPL in vitro. It has been suggested that may
require metabolism to an active state or may be dependent on the formation of a

higher-order complex*%4°.

THI derivatives have been synthesized and screened for their ability to induce
lymphopenia in mice®®. Several modifications were made to THI in the core
heterocycle, in the side chain and in the position 2 of the imidazole ring. In the
latter case, the o,a-difluoro analog exhibited remarkable ability to deplete
lymphocyte levels but was highly toxic due to HF poisoning. Adding another
heterocycle in this position depleted lymphocyte levels®. Those compounds,
however, have not been tested in vitro and their mechanism of action remains

unknown.

1.3.5.3 FTY720

The S1P receptor agonist FTY720 (Figure 7) is a modest inhibitor of SPL activity
both in vivo and in vitro®®. FTY720 has shown promise in preventing rejection with
both standard and reduced cyclosporine exposure. However, the results of large
multicenter clinical trials with FTY720 in renal transplant patients have been
disappointing. Phase Il clinical trial studies not only failed to show an advantage of
FTY720 over standard immunosuppressive drugs but also demonstrated lower
creatine clearance and increased risk of macular edema® . FTY720 was

associated with higher incidence of bradycardia and respiratory disorders®®.
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1.3.5.4 LX2931

Despite the number of small molecules reported to inhibit SPL, none is specific and
non-cytotoxic. However, Lexicon Pharmaceutical, Inc., The Woodlands, Texas, has
developed an orally-deliverable small molecule inhibitor of SPL, which has
completed Phase | clinical trial for the treatment of rheumatoid arthritis. Preclinical
studies with LX2931 showed a consistent reduction in circulating lymphocyte
counts in multiple species. In addition, LX2931 reduced joint inflammation and
prevented arthritic destruction of joints in mouse and rat models of arthritis®""
These findings strongly suggest that SPL inhibitors could be a powerful addition to

the arsenal of immunomodulatory therapy for autoimmune diseases.

HO OH

THI (2-acetyl-4-(1R,2S,3R 4-tetrahydroxybutyl)
-imidazole)

o OH (CH2)7CH;

NH,
FTY720 phosphate

0 OH
HO-P
HO (CH2)14CH3
HoN
1-desoxysphinganine-1-phosphonate
Q OH

HO O (CH2)14CHy
2-vinylsphinganine 1-phosphate

Figure 7. Chemical structure of known SPL inhibitors

Thus, a need remains for additional approaches to modulating S1P-mediated

effects on the immune system with therapeutic purposes.
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|.4 CERAMIDE
|.4.1 Biophysical properties

Chemically, ceramides (Cers), also named N-acylsphingosines, are the result of
the N-acylation of sphingosine with fatty acids, which can vary in chain length (16-
24 carbon atoms typically in humans). According with the current convention about
the nomenclature of Cers, the fatty acyl chain length is usually presented as a
prefix, such as C16-Cer for N-palmitoylsphingosine. Since both, the sphingoid base
and fatty acid can be unsaturated, there is another clearer nomenclature that
provides information about both chains; for example, d18:1/16:0 for N-

palmitoylsphingosine’?.

Natural Cers are highly hydrophobic and essentially insoluble in aqueous medium.
When studies require the delivery of ceramides, the water-insolubility problem is
bypassed using detergents, liposomes, organic solvents or short chain analogs (C2
to C8-Cer)">. Despite that, when a short chain ceramide is added to cells, the fatty
acid is removed and replaced with a long chain fatty acid through cellular
metabolism, resulting in the production of small quantities of long chain ceramide.
It is important to point out that the use of these short chain analogs is only
informative, because most of the Cer remains as short chain Cer, displaying

different biophysical and probably physiological properties’.
|.4.2 Biological effects of ceramide.

Diverse studies have demonstrated that ceramide is implicated in the regulation of
apoptosis, cell growth arrest, diabetes, insulin resistance, inflammation,
neurodegenerative disorders, and atherosclerosis’. The topology of ceramide
generation is crucial for determination of its functions as a bioregulatory molecule,
with compartmentalization being essential for separation of signaling and metabolic
pools within cells’®. Therefore, Cer generation at the plasma membrane exerts
distinct and specific functions including aggregation of the Fas receptor, and
effects on protein kinase C (PKC), but not other effects mediated by endogenous

t””. The proposed molecular

ceramides such as apoptosis, or cell cycle arres
mechanisms and intracellular targets involved in ceramide biological functions will

be addressed later.
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|.5 CERAMIDASES *

CDases are ubiquitous amidohydrolases that catalyze the cleavage of Cers into So
and fatty acids. According to their optimum pH, CDases are classified in three
groups, acid, neutral and alkaline. Five human CDases that are encoded by five
distinct genes have already been cloned: acid ceramidase (AC) or ASAH1, a
neutral ceramidase (NC) or ASAHZ2, and three alkaline ceramidases, ACER1,
ACER2 and ACER3 or ASAH3, ASAH3L and PHCA respectively3. Table 1
summarizes information about protein sequences, chromosomal locations, tissue

distributions, and cellular localizations of the human CDases.

AC and NC are ubiquitously expressed and are found in lysosomes and plasma
membrane, respectively78. By contrast, ACER1 is exclusively expressed in the ER
of skin cells’®. ACER2 is localized to the Golgi complex and, although it is
expressed in all tissues®, it is particularly abundant in placenta, which also
contains high levels of the ACERS3 alkaline enzyme. ACER3 was in fact the first
alkaline ceramidase to be cloned in mammalian cells’®. ACERS3 is localized to both
the ER and the Golgi, and it hydrolyzes dihydroceramides and phytoceramides
containing unsaturated acyl chains. An interesting feature of the three alkaline
CDases is their activation by Ca®" ions. CDases have also been identified in

bacteria and yeast®'®?.

1.5.1 Role of ceramidases in regulating cellular responses

[.5.1.1 Neutral ceramidase

1.8 showed that

NC is mainly expressed in cell membrane; thus, Tani et a
overexpression of the mouse NC fails to alter the levels of ceramides, So, and S1P
in CHOP cells, unless ceramides are released from sphingomyelin in the plasma
membrane or in fetal bovine serum, suggesting that NC may be responsible for the
generation of So and S1P by controlling the hydrolysis of ceramides in the plasma
membrane and the extracellular space. It is unclear whether an increased

generation of So and S1P by hNC has any effects on cell survival or apoptosis.

*Parts of this section are included in the review: Gangoiti P, Camacho L, Arana L, Ouro A, Granado MH,
Brizuela L, Casas J,Fabrias G, Abad JL, Delgado A, Gomez-Mufioz A. Control of metabolism and signaling of
simple bioactive sphingolipids: Implications in disease. Prog Lipid Res. 2010 , 49, 316-34. A copy of the review
is included in the Annexes section
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Table 1

Cellular pH Substrate

Protein| Gene |Chr | AA e )
localization | optimum | specificity

Tissue distribution

Ubiquitous
Highly expressed in
kidney, lung, heart and
AC | ASAH1 | 8 |395| Lysosome | 4.5 | “°2CT0 brain
Low expression in
spleen, skeletal
muscle and testes.
Ubiquitous
High levels in kidney,
liver and heart.
NC | ASAH2 | 10 | 782 ngf)rrgie 7.0 C14 Cer Medium in brain, and
lung. Low levels in
spleen, skeletal
muscle and testes.
Highly expressed in
skin.
ACER1 | ASAH3 | 19 | 264 ER 8.5 C24:1 Cer |No detectable
expression in other
tissues.
Ubiquitous
ACER2 | ASAH3L| 9 |275 Golgi 9.0 C14 Cer [Highest levels in
placenta.
C20:1 Cer |Ubiquitous.
ACER3 | PHCA 11 | 267 | ER/Golgi 9.5 (DHCer, [Highest levels in
PHCer) |placenta
Table 1. Human CDases. Chr, Chromosome; AA, number of amino acid. Modified from *’

Moreover, Kono et al.®

showed that knockout of the mouse NC impairs the
catabolism of ceramides in the intestine, leading to an increase in ceramides but a
decrease in So in this tissue, suggesting that the mouse NC plays an important
role in the catabolism of dietary sphingolipids and regulation of ceramide and So in
the intestinal tract. Interestingly, inactivation of the NC gene does not cause
obvious abnormalities or major alterations in total ceramide in tissues other than

the intestinal tract.

1.5.1.2 Alkaline ceramidase 1

ACER1 is mainly expressed in the skin. ACER1 appears to have anti-proliferating
and pro-differentiating roles in epidermal keratinocytes by controlling the

generation of So and/or S1P.
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Lipid analysis demonstrated that ACER1 overexpression increases the levels of
both sphingosine and S1P with a concomitant decrease in very long-chain
ceramides (D-e-C24- ceramide and D-e-C24:1-ceramide) in human epidermal

keratinocytes whereas its knockdown has opposing effects’®.

[.5.1.3 Alkaline ceramidase 2

ACER2 has dual roles. Its activation or upregulation promotes cell proliferation and
survival by generating S1P while So is not aberrantly elevated by its action. On the
other hand, ACER2 action may induce cell growth arrest and apoptosis by
generating high cellular levels of So, whose anti-proliferative and pro-apoptotic
effects may exceed the mitogenic and anti-apoptotic role of S1P. Therefore, the
role of this ceramidase in cellular responses may be both cell type specific and
stimulus dependent8?,

In a recent article, Mao et al.** demonstrated that ACER2 is responsible for the
cytotoxicity of dihydrosphingosine produced in treatments with the synthetic
retinoid N-(4-hydroxyphenyl)retinamide in tumor cells. The authors showed that
this drug, an inhibitor of dihydroceramide desaturase (DHCD), increases the
expression of ACER2, which catalyzes the hydrolysis of dihydroceramides, to
generate dihydrosphingosine, and that ACER2 upregulation plays a key role in
mediating the N-(4-hydroxyphenyl) retinamide-induced generation of DHS as well

as the cytotoxicity of N-(4-hydroxyphenyl)retinamide in tumor cells.

[.5.1.4 Alkaline ceramidase 3

ACERS3 catalyzes the hydrolysis of both unsaturated long-chain dihydroceramides
and phytoceramides with a similar efficiency to the hydrolysis of unsaturated long-
chain ceramides, suggesting that it has a role in regulating the generation of DHSo
and PHSo and their phosphates, in addition to So and its phosphate®®. ACER3 is
highly and ubiquitously expressed. In contrast, its endogenous substrates are
scarce in most tissues. This inverse correlation between the enzyme and its
substrates may suggest that ACER3 may act as a house-keeping enzyme
responsible for the catabolism of a specific group of ceramides to generate basal

levels of So, DHSo, or PHSo and their phosphates in cells and tissues®.

24



INTRODUCTION

[.5.2 Acid ceramidase

Acid ceramidase (AC) (N-acylsphingosine deacylase, EC 3.5.1.23) was originally
identified in rat brain homogenates by Gatt in 1963%", but the first substantial
purification of the enzyme did not occur until 1995, when the protein was isolated
from human urine and the full length 2,312 bp ASAH7 gene was identified and

confirmed by DNA sequencinggs.

AC is synthesized as a 55 kDa precursor polypeptide that is self cleaved in the
lysosome to form the mature heterodimeric enzyme, composed of 2 subunits: a 13
kDa o subunit and a 40 kDa f subunit. The latter possesses 5 to 6 N-linked

oligosaccharide chains, in contrast to the a subunit, which is not glycosylated®®.

Hydrolysis of ceramide with the purified active human enzyme occurred mostly at
an acid pH in in vitro experiments (about 4.5). Interestingly, it was shown that the
purified recombinant enzyme also synthesizes Cer from So and free fatty acids at
an optimal pH of about 6.0%°. The synthesis of ceramide by AC is named ‘reverse’
ceramidase activity and suggests that AC plays a crucial role in controlling Cer and

So levels.

In 2002 Li et al. generated a complete knockout mouse model and obtained F1
heterozygous mice. However, genotype analysis of the mice and embryos from
heterozygous (+/-) intercrosses revealed that homozygous (-/-) mice had an
embryonic lethal phenotype and that the embryos died before E8.5%". Interestingly,
the progressive lipid storage and lamellar-like structures similar to Farber bodies

were observed in several organs of +/- animals.

[.5.2.1 AC and human diseases
[.5.2.1.1 Farber Disease

A genetic deficiency in AC activity causes an accumulation of sphingolipids in
lysosomes, leading to the lysosomal storage disorder Farber disease (FD), a very
rare autosomal recessive disorder. To date a total of 17 different mutations in the

AC gene have been found in FD patients.
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The distinct clinical presentation of individual FD patients is likely due to the
specific mutations inherited in the AC gene. In most cases the disease is detected
early in life with typical symptoms including deformed joints, subcutaneous
nodules, progressive hoarseness and early death. FD is diagnosed by the
demonstration of reduced AC activity, abnormally high ceramide levels in cultured
cells, biopsy samples or urine, and the presence of Farber bodies, “comma
shaped” curvilinear tubular structures, by electron microscope analysis®. Although
there is no treatment for Farber disease beyond palliative care, future therapy of

this severe disorder can be envisioned using gene transfer approaches®%*.

[.5.2.1.2 AC and cancer

Abnormal expression of endogenous AC has been reported in several human
cancers; for example in prostate cancers and melanomas. Furthermore, several
studies have suggested that the inhibition of AC activity may serve cell apoptosis in

response to various stressful stimuli®.

Increasing evidence points to important roles of ceramidases, specially AC, in the

outcome and progression of cancer, and the response of tumors to therapy

(reviewed in 929%°%)

99-104

. AC is overexpressed in several cancer cell lines and cancer
tissues , Which appears to contribute to decrease the levels of ceramide and
increase those of S1P, thereby resulting in resistance to cell death and
enhancement of cell proliferation. In most cases, AC inhibition induced apoptosis.
Multiple reports confirm the relationship between AC activity and radio or
chemotherapy resistance, as well as the interest of AC inhibitors as anticancer

drugs, either alone or in combination with other therapies.

High levels of AC expression were found in a radiation resistant glioblastoma cell
line when exposed to gamma-radiation, and sensitivity to radiation was achieved
by treatment with N-oleoylethanolamine (NOE) (see below), which significantly
increased ceramide levels, caspase activation and apoptosis'®. Cells
overexpressing AC show enhanced survival to TRAIL-induced caspase-
independent cell death'®. Also head and neck squamous cell cancer (SCC) cell
lines with low, medium, or high levels of AC revealed an inverse correlation

between the levels of AC and their response to exogenous C6-ceramide.
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Furthermore, over-expression of AC in SCC-1 cells increased resistance to Fas-
induced cell killing, an action that was overridden by silencing the AC gene.
Compound LCL204 (see below) also sensitized head and neck SCC cell lines to
Fas-induced apoptosis both in vitro and in a xenograft model in vivo®®. The chicken
anemia viral protein apoptin promotes apoptosis in many human cancers and
transformed cell lines, by increased ceramide accumulation, enhanced aSMase
expression and AC down-regulation®. AC is also involved in hepatocarcinogenesis
and therefore, inhibitors of this enzyme activity may arise as a promising strategy

to treat liver cancer.

1.5.2.1.3 AC and other complex diseases

In addition to cancer and FD, AC may play a role in the pathology of other
important complex diseases. For example, is has been shown that AC activity and
protein levels are significantly increased in Alzheimer’s disease'®. Recently He et
al.'®® demonstrated that both aSM and AC expression are increased, resulting in
decreased SM and increased Cer levels. Another article reports that aSM and S1P
levels are significantly correlated with the levels of amyloid beta (Ap) peptide and
hyperphosphorylated tau protein; it has been postulated that abnormalities in the
two proteins can have an impact in Alzheimer's disease'®. Furthermore, an
imbalance between aSMase and AC results in high ceramide levels in the
respiratory tract of a cystic fibrosis murine model, which provokes pulmonary
inflammation, respiratory epithelial cell death and high susceptibility to severe

infections by Pseudomonas aeruginosa'"*""?.

Another study reported that ceramide accumulation inhibits Akt/protein kinase B, a
central regulator of glucose uptake and anabolic metabolism, leading to insulin
resistance’'®. Moreover, overexpression of AC blocks the free fatty acid dependent
inhibition of insulin signaling"'*. Recently, Samad et al."'®> demonstrated that when
aSM and AC levels are elevated, SM and Cer levels decreased, but S1P levels are

increased in adipose tissues of genetically obese (ob/ob) mice.
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Together, these reports suggest that sphingolipid metabolism, particularly Cer and
S1P and enzymes regulating their metabolism play important roles in obesity and

later insulin-resistant type 2 diabetes.

These overall studies suggest that ceramide and its regulating enzyme AC can be

putative targets for treating and/or preventing obesity and type 2 diabetes.

[.5.3 AC inhibitors

Based on the important role(s) of ceramide and sphingosine-1-phosphate in
regulating cell growth, these sphingolipids have become important targets in
cancer therapy''®. Moreover, since AC is one of the key enzymes regulating
sphingolipid metabolism, several of these recent therapies have been focused on
this enzyme, based on the fact that inhibitors of AC activity may lead to increased

ceramide levels and stimulate apoptotic cell death.

1.5.3.1 NOE

Amongst the AC inhibitors, N-oleoylethanolamine (NOE) has been commonly used
as pharmacological tool (Figure 8). However, its weak potency and poor selectivity
preclude it from any therapeutic use. In addition, caution must be taken when using

this compound, as its specificity versus other enzymes has not been studied.

In this regard, it has been reported that both acid and alkaline CDases are inhibited
by NOE in keratinocytes''”. Furthermore, NOE also inhibits glucosylation of
naturally occurring ceramides in CHP-100 neuroepithelioma cells at non-toxic
concentrations, which is accompanied by enhanced accumulation of ceramides

and induction of apoptosis.
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1.5.3.2 NOE analogues

Our group has developed several NOE analogues, some of which have been
identified as AC inhibitors. Compounds Z- and E-tb, Z-and E-c7, Z-and E-tbph, C16
c7, tbph and tb, S16¢c7 have shown to be AC inhibitors when tested in vitro''®
(Figure 9).

However, only pivaloylamides E-tb and C16-tb, the octanoylamide E-c7 and the p-
tert-butylbenzamide C16-tbph caused a significant decrease of fluorescence from
the substrate in intact FD fibroblasts expressing functional AC. The E-tb and E-c7

ICsp values in intact cells were 13.5 and 15.7 uM, respectively.

The compounds E-tb and SC16-tb were investigated further. Kinetic analysis
revealed that AC inhibition by these compounds is competitive towards the
substrate, with Ki values of 34 and 94 uM, respectively. Compound E-tb seemed to
induce an increment in apoptosis when incubated at 50 uM in A549 cells.

Additionally, none of the compounds inhibited the neutral ceramidase"®.
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Figure 9. NOE analogues. Modified from "7

1.5.3.2 Compound B13 and analogues

Besides NOE and its analogues, compound B13 ((1R,2R)-2-(N-
tetradecanoylamino)-1-(4-nitrophenyl)-1,3-propanediol) is another important AC
inhibitor" 912" (Figure 8). It suppresses AC activity quite efficiently without altering
the activity of the neutral and alkaline CDases. B13 induces ceramide
accumulation and causes cell death in SW403 human adenocarcinoma''?,
melanoma'?’, and prostate LNCaP and PC3 cells'?'. Furthermore, B13 prevented
tumor growth in vivo'"® and sensitized prostate tumors to radiation induced

apoptosis'?'.

Because B13 is a neutral lipophylic molecule and thus it may not efficiently reach
and accumulate in the acid compartment where AC is present, its chemical
structure was modified to improve its cell targeting properties'?'?%, This endeavor
afforded three families of analogs (Figure 8) with different target organelles:
lysosomothropic alkylamine analogs (i.e. LCL204), mitochondriotropic cationic
analogs (i.e. LCL85) and a number of neutral analogs with no compartmental

preferences (i.e. LCL15).

Amongst the lysosomothropic analogs, LCL204 ((1R,2R)-2-N-(tetradecylamino)-1-
(4'-nitrophenyl)-1,3-propandiol) specifically targeted the lysosomes, induced

124

apoptosis in prostate cancer cells " , and enhanced apoptin cytotoxicity in prostate

cancer'?® and Fas-induced apoptosis of head and neck squamous cancer cells®.
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Interestingly, LCL204 was also used in an independent laboratory with the name of
(AD2646)'%. In that study, the compound was able to dose-and time-dependently
decrease the viability of Jurkat leukemia cells, which was accompanied by an
accumulation of endogenous ceramide, caspase activation and triggering of
mitochondrial apoptotic events'®. However, LCL204 (or AD2646) also caused
induction of lysosomal destabilization and rapid cathepsin-dependent degradation

of AC, which suggested a lack of tumor specificity.

A similar effect has also been reported for desipramine’®’, which down-regulates
AC by stimulating its cathepsin B/L-dependent proteolytic degradation, as well as
for other amphiphilic agents (chlorpromazine, chloroquine) but not other

lysosomotropic agents (ammonium chloride, bafilomycin A1).

Synthesis of a novel generation of lysosomotropic inhibitors of AC deprived of the
lysosomal destabilization and AC proteolytic degradation properties of LCL204 has
been reported'®. This class of inhibitors exhibits a w-aminoacyl group and a
combination of structural elements of B13 and LCL204 (or AD2646).

Amongst the new hybrids, the analog LCL464 ((1R,2R)-2-N-(12'-N,N-dimethyl-
aminododecanoyl amino)-1-(4"-nitrophenyl)-1,3-propandiol) inhibited AC activity
both in vitro and in cells, but it did not induce lysosomal destabilization or
degradation of AC. Furthermore, it showed increased caspase-dependent

apoptotic cell death in a wide range of different cancer cell lines'®.

1.5.4 Methods to determine ceramidase activity

Several methods have been developed to evaluate CDase activity both in vitro and
in situ. The most common procedures are summarized in Table 2. The first assays
were based on the hydrolysis of [*H]- or ["C]-labeled ceramides and subsequent
determination of the amount of radioactivity present in the reaction product
(released fatty acids). However, this method required separation of ceramide from
the fatty acids by thin layer chromatography (TLC) prior to quantification of the

radioactive product'®.
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To avoid the use of radioactive substrates, a number of fluorescent ceramide
analogues were designed. In these substrates, the fluorophore is bound to the e