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Abstract

The majority of enzymes in the sphingolipid
(SL) biosynthetic pathway have been identi-
fied over the past couple of decades. Despite
significant work, and despite their crucial and
central roles in SL synthesis, significant infor-
mation is still lacking concerning the enzymes
that catalyze the N-acylation of sphingoid
long chain bases, namely the ceramide syn-
thases (CerS), a family of six mammalian
genes originally named longevity assurance
(Lass) genes. Each of these six endoplasmic
reticulum (ER) membrane-bound enzymes
utilizes a relatively restricted sub-set of fatty
acyl-CoAs for N-acylation, but are far more
promiscuous about the use of long chain
bases. The reason that mammals and other
species have multiple CerS, generating a spe-
cific subset of ceramides, is not yet known, but
implies an important role for ceramides con-
taining specific fatty acids in cell physiology.
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In this brief chapter, we will stroll down the
CerS lane and discuss what is known, and
what is not known, about this important
enzyme family.
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Abbreviations

CerS (dihydro)ceramide synthases
CK2 casein kinase 2

ER endoplasmic reticulum

FB1 fumonisin B1

FTY720 fingolimod
FTY720-P FTY720 phosphate

HEK human embryonic kidney

IMPs integral membrane proteins

Lass longevity assurance

LCB long chain base

miRs micro-RNAs

S1P sphingosine 1-phosphate

SLs sphingolipids

SPT serine palmitoyl transferase

TLC TRAM-Lag-CLN8

TMD transmembrane domain

TRAM translocating chain-associating
membrane

YFP yellow fluorescent protein
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Table 4.1 Phylogeny of CerS

Phvlogeny? Name Amino Protein Acyl-CoA Main mRNA tissue
viogeny acidseq.  size (kD) specificity distribution®
Brain, Skeletal muscle, Lymph nodes,
Cers1 337 39.5 c18 i
CerS2 380 449 C22-C24 Bone marrow, Intestine, Kidney, Liver
CerS3 383 46.2 C26 and higher Prostate, Skin, Testis
CerS4 394 46.4 C18-C20 Heart, Leukocytes, Liver, Skin
Heart, Liver, Skeletal muscle, Testis,
Cerss 392 457 c16 P
CerS6 384 44.9 C14-Ci16 Intestine, Lymph nodes, Spleen, Kidney

CerS phylogeny and primary structure characteristics are shown along with the fatty acyl-CoAs that they each utilize
for ceramides synthesis. The four mouse tissues displaying highest mRNA levels for each specific CerS are indicated.
The data is based on Refs. “Tidhar and Futerman (2013) and *Laviad et al. (2008)

4.1 A Stroll Through the CerS
Sequence,

from N- to C-Terminus

Ceramide, the backbone of all sphingolipids
(SLs), is a bioactive second messenger, regulat-
ing many vital biological processes (Hannun and
Obeid 2018). Ceramide can be produced by two
pathways, either by the hydrolysis of complex
SLs such as sphingomyelin (SM) (Clarke et al.
2006), or by de novo synthesis. The latter begins
with the condensation of palmitoyl-CoA and ser-
ine by serine palmitoyl transferase (SPT), form-
ing 3-ketosphinganine, which by subsequent
reduction generates sphinganine via
3-ketosphinganine reductase. This step is
followed by the N-acylation of sphinganine via
sphinganine N-acyl transferase, also known as
(dihydro)ceramide synthase (CerS), to form
dihydroceramide. Dihydroceramide is converted
to ceramide via dihydroceramide desaturase,
which forms a trans double bond at the 4-5
position. Ceramide is the structural unit of all
SLs, and is further used for the synthesis of more
complex SLs, by addition of different head
groups. The formation of ceramide takes place on
the cytosolic leaflet of the endoplasmic reticulum
(ER) (Futerman and Riezman 2005).

In mammals, (dihydro)ceramides are synthe-
sized by a family of six CerS, transmembrane
proteins located in the ER, with each using fatty
acyl-CoAs of defined chain length for ceramide
synthesis (Pewzner-Jung et al. 2006) (Table 4.1).
Despite their crucial roles in SL synthesis, the

three-dimensional structure of CerS is not avail-
able, likely due to difficulties in purifying and
crystallizing multi-membrane-spanning pro-
teins, which require extraction from the ER
membrane in such a way that they retain their
enzymatic activity (Lewinson et al. 2008),
which is a notoriously difficult proposition. As a
result, current information about their mem-
brane topology, substrate binding sites and
modes of substrate selectivity is currently
inadequate.

Although no 3D structures are currently avail-
able, in silico studies, such as use of software to
predict the number and topology of transmem-
brane domains (TMDs), suggest six TMDs
(Fig. 4.1a). In a study using 19 different programs
(Tidhar et al. 2018), an amino acid residue was
considered part of a TMD if at least 10 of the 19
prediction programs identified it as such. Previous
data suggested the N- and C- termini of CerS
reside on opposite sides of the ER membrane
(Mizutani et al. 2005; Laviad et al. 2012), and
current data is consistent with the notion that the
fourth TMD is unlikely to completely cross the
ER membrane (Tidhar et al. 2018) (Fig. 4.1b).
Importantly, the majority of the programs gave
similar predictions for the first two and last two
TMDs although there was little consensus regard-
ing the intermediate TMDs which are likely to
contain the active site.

In this chapter, we will walk through the CerS
sequence and discuss structural and molecular
features of the CerS, strolling from the N- to the
C-terminus.
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Fig. 4.1 CerS domains and putative topology. (a)
Schematic representation of human CerS1-6 including the
location of three main domains and TMDs. Residues were
considered part of a TMD if the majority of the TMD

The CerS N-Terminus Faces
the ER Lumen and Contains
a Glycosylation Site

4.1.1

Sequence alignment of the N-termini of the
human CerS (Fig. 4.2a) reveals high similarity
between CerS2-6 (~50-70%) with substantial
identity (~40-50%) (Fig. 4.2b). CerS1, however,
shows no similarity to the other five CerS and
cannot be aligned with the other CerS in this
region (Fig. 4.2a). This is not surprising since
phylogeny analysis has shown CerS1 to be in a
separate lineage compared to CerS2-6, which
forms a separate branch (Pewzner-Jung et al.
2006) (Table 4.1).

A conserved N-glycosylation motif (NXT,
NXS) is found in CerS2 and CerS4-CerS6 (Fig.
4.2a). CerS2, CerS5 and CerS6 have been shown

prediction programs (>10/19) predict a TMD. (b) Putative
topology of the Hox-like containing CerS (i.e. Cer2-6).
Red brackets indicate the area where TMD prediction
programs are in significant disagreement. Hexagons
indicate glycosylation site

experimentally to be modified by N-glycosylation
at Asn-19, Asn-26 and Asn-18, respectively
(Mizutani et al. 2005). It was recently shown that,
in contrast to CerS3, which is not modified by
N-glycosylation,  CerS4  also  undergoes
N-glycosylation at Asn-19 (Tidhar et al. 2018).
Since the initial enzymatic steps of N-glycosylation
are facilitated by enzymes restricted to the lumen
of the ER (Breitling and Aebi 2013), it was
inferred that the N-termini of CerS2, and CerS4-6
are located in the ER lumen (Mizutani et al. 2005;
Tidhar et al. 2018) (Fig. 4.1b). Due to the high
similarity between the CerS in the N-terminal
region, with the exception of CerS1, (Fig. 4.2a) it
is reasonable to assume that the N-terminus of all
of the mammalian CerS reside in the ER lumen.
Interestingly, N-glycosylation is not essential for
the ceramide synthesis activity of CerS; indeed,
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CerS1 MAAAGPAAGPTGPEPMPSYAQLVQRGWGSALAAARG
CerS2 MLOTLYDYFWWERLWLPV ;LTWADLE DR-DGRVYAK
CerS3 MFWTFKEWFWLERFWLPPT IKWSDLEDH-DGLVFVK
Cer54 MLSSFNEWFWOQDRFWLPPNVTWTELEDR-DGRVYPH
CerS5 MATAAQGPLSLLWGWLWSERFWLPENVSWADLEGPADGYGYPR
CerS6 L&AGILAWEF&I:H?VTEAP&KNTE?%T—WQ

B CerS2 | CerS3 CerS4 CerS5 CerSé Identity
———- 50 553 43.6 395 CerS2
- 52.6 38.1 34.2 CerS3
— 46.2 39.5 CerS4
——- 38.5 CerS5
=== CerS6

Fig. 4.2 Sequence similarity of the N-termini of CerS.
(a) A comparison of the N-termini of human CerS1-6 by
ClustalW multiple alignments. Asterisks (x) indicate
identity in CerS2-6. Circles (°) indicate similarity

CerS5 activity increases upon de-glycosylation
in vitro and a possible role for N-glycosylation in
protein folding was suggested (Tidhar et al. 2018).

4.1.2 The First TMD Targets CerS
tothe ER

Integral membrane proteins (IMPs) such as CerS
are normally inserted into the ER membrane by
one of two parallel pathways. The classical
co-translational pathway involves targeting by
the signal recognition particle followed by
membrane insertion through an ER-bound
translocon (Rapoport et al. 2004). In rare cases,
IMP TMDs are post-translationally inserted into
the membrane (Borgese and Fasana 2011).

Since the CerS sequence does not encode a
classical signal peptide, we recently studied its
mode of insertion into the ER membrane.
Chimeric proteins were constructed, composed
of the N-terminal sequence of CerS5 fused to
yellow fluorescent protein (YFP). We examined
two CerS5 sequences, the first including the
N-terminus lumenal portion (residues 1-43) and
the second consisting of the N-terminus including
the first putative TMD (residues 1-66) (Fig. 4.3a).

between CerS2-6. Arrowheads indicate the conserved
glycosylation sites. (b) Percent identity (light grey) and
similarity (dark grey) of human CerS2-6 in the N-terminal
region analyzed using EMBOSS Needle

The expression of these constructs clearly showed
that the first TMD of CerS5 is essential for inser-
tion of the protein into the ER membrane
(Fig. 4.3b). These results were further verified by
examining glycosylation of the chimera,
confirming that the N-terminus of CerS5(-69-
YFP chimera indeed resides in the ER lumen
(Fig. 4.3c). Since the CerS5"*-YFP chimera
failed to co-localize in the ER, along with the fact
that expression of a partial CerS sequence was
sufficient for targeting of the chimera to the ER,
we suggest CerS are inserted into the ER mem-
brane co-translationally via the first TMD.

4.1.3 A Conserved, Enigmatic
Homeobox-Like Domain

Approximately two decades ago, the first
ceramide synthases, Lagl and Lacl, were
described in yeast (Guillas et al. 2001). The
mammalian homolog, wuogl/, now known as
CerS1, complemented the lethality of a
lagIAlaclA double deletion in yeast (Jiang et al.
1998) due to its ability to recover ceramide
synthase activity (Venkataraman et al. 2002). An
extensive database search revealed that a large
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Fig. 4.3 The first TMD is necessary for CerS transloca-
tion to the ER membrane. (a) The location of residues 1,
43 and 66 in CerS5 are indicated along with the glycosyl-
ation site, based on the putative topology designated in
Fig. 4.1b. (b) Localization of 43 or 66 residues from the
N-terminus of CerS5 conjugated to YFP (green) in human
embryonic kidney (HEK) cells. ER tracker was used as

subset of lagl homologs in higher organisms
contain a Hox-like domain (Venkataraman and
Futerman 2002), including all mammalian CerS,
with the exception of CerS1. The Hox-like
domain is conserved in insects and vertebrates,
and in mammals is located after the first TMD in
a loop which is predicted to face the cytosol
(Venkataraman and Futerman 2002) (Fig.4.1b).
The Hox-like domain is homologous to the
classic Hox domain derived from homeobox pro-

control (red). Scale bar 20 pm. (c) Cell lysates from HEK
cells overexpressing the indicated CerS5-YFP construct
were incubated with or without endoH prior to Western
blotting using an anti-YFP antibody. Molecular weight
markers are indicated. Tubulin was used as a loading
control

teins, sequence specific transcription factors
important in development (Gehring 1994). These
60-amino-acid long domains are involved in
sequence specific recognition and DNA-binding.

Although it has been proposed that the Hox-
like domain of CerS may be involved in transcrip-
tional regulation directly linked to ceramide
levels, or to rates of ceramide synthesis, there is
only one study that supports this suggestion.
Schlank, a Drosophila CerS ortholog, downregu-
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lates gene expression of /ip3 and magro by bind-
ing to their promotor regions via the Hox-like
domain (Sociale et al. 2018). In the same study it
was also shown that CerS2 alters the expression
of lip3, however no other mammalian CerS were
examined. Since the Hox-like domain of CerS2 is
the longest of all the Hox-like domains (Fig. 4.1a)
and is closest to that of homeobox proteins which
act as transcription factors, it will be crucial to
study whether other CerS can alter transcription.
Additionally, it will be necessary to demonstrate a
direct interaction of the CerS with the promotors.
The 3D structures of the Hox-like domain of
mouse CerS5 and CerS6 have been solved (2CQX
and 1X2M, respectively) as part of a larger study
of Hox domain structures.

The majority of the Hox-like domain is not
required for CerS activity, since upon its deletion
in CerS5 and CerS6, there was no alteration in
CerS activity assayed in vitro. However, a con-
served motif of 12 amino acid residues that flanks
the end of the Hox-like domain is essential for
activity (Mesika et al. 2007). More specifically,
two positively charged residues within this
12-residue motif, Lys-134 and Lys-140 in CerSS5,
are essential for CerS activity. Site-directed
mutagenesis of either residue to Ala resulted in
50% loss of activity, whereas mutation of both
lead to complete loss of activity. This region is
conserved across species, and this therefore
suggests an as yet unknown and critical role of
the Hox-like domain in CerS structure-function.
That being said, even though CerS1 and its yeast
homologs, Lagl and Lacl, lack this domain, they
still have CerS activity. Many unresolved
questions remain regarding the role of this
domain in regulating either CerS activity or in
regulating other cellular processes.

4.1.4 TheTLC Domain Contains
the Active Site
and Determines Substrate
Specificity

All CerS share a common domain, namely the
TRAM-Lag-CLN8 (TLC) domain, a region of
~200 residues also found in other protein families

including the translocating chain-associating
membrane (TRAM) protein, and CLNS, a protein
that is mutated in the human genetic disease,
neuronal ceroid lipofuscinoses (Winter and
Ponting 2002). However, when carefully
examining the TLC domain sequence in CerS,
significant differences from that of TRAM and
CLN8 become apparent, which suggests that a
new classification may be required.

4.1.4.1 The Lag1p Motif May Contain
the N-Acylation Site

A key example of this distinction is found when
examining the Laglp domain, a stretch of 52
amino acids residues within the TLC domain
(Fig. 4.1), and a highly conserved region shared
only by the CerS homologs (Jiang et al. 1998).
Critical and conserved residues within the Laglp
motif, including two adjacent histidine residues,
have been identified as essential for the activity
of mouse and human CerS, as well as the yeast
homolog, Lagl (Kageyama-Yahara and Riezman
2006; Spassieva et al. 2006). Although no direct
evidence has yet been obtained to support this
suggestion, it is generally assumed that these
highly conserved histidine residues are involved
in catalysis and/or substrate binding (Winter and
Ponting 2002). A number of studies demonstrated
that de novo ceramide formation occurs on the
cytosolic leaflet of the ER membrane (Mandon
et al. 1992; Hirschberg et al. 1993) (Fig. 4.1b),
although these studies, performed before
molecular identification of the CerS and using
techniques such as proteolytic cleavage of
microsomes, cannot be taken as definitive proof
that the active site residues of the CerS are located
near to the cytosolic leaflet of the ER membrane.

4.1.4.2 Long Chain Base Specificity

Ceramides consist of a sphingoid long chain base
(LCB) to which a fatty acid is linked by an amide
bond at C-2. The LCB contains two chiral carbon
atoms (carbons 2 and 3). Natural SLs occur in the
D-erythro (2S, 3R) configuration, but three
additional stereoisomers exist, L-erythro (2R, 3S)
(the enantiomer of D-erythro-), D-threo (2R, 3R)
and L-threo (25, 3S). In a study which evaluated
the stereospecificity of CerS by in vitro analysis
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in subcellular fractions as well as in cultured
cells, it was shown that the L-erythro enantiomers
of sphinganine do not act as substrates for the
CerS, even though the diastereoisomer, L-threo
sphinganine, = was  rapidly = metabolized
(Venkataraman and Futerman 2001).

SPT, the first enzyme in the SL biosynthesis
pathway, determines the chain length of the LCBs.
Various LCBs occur in SLs, although for many
years the most abundant species in most tissues,
d18:1, was considered the main LCB in most tis-
sues. With rapid advances in lipidomics, it is now
apparent that there is much more variety in the
structure of LCBs than previously appreciated.
For instance, in human plasma, d16-LCBs com-
prise as much as 15% of total circulating sphin-
goid bases and have been suggested as potential
biomarkers for type 2 diabetes (Hornemann et al.
2009; Othman et al. 2012). A study to test the
LCB specificity of the CerS isoforms indicated
that while CerS2, CerS4, CerS5 and CerS6 all uti-
lize d18-sphinganine more readily than d16-sphin-
ganine, CerS1 displays higher activity towards
d16-sphinganine (Russo et al. 2013). The role of
d16-ceramides remains unknown. In general,
most SL researchers have largely overlooked the
role of non-canonical LCBs, but recent work sug-
gests that more studies should be focused on these
non-canonical LCBs, not least a systematic analy-
sis of the specificity of the CerS towards LCB
variants, so as to determine how their incorpora-
tion into ceramides and complex SLs is
regulated.

4.1.4.3 Acyl-CoA Specificity Is

Determined by the Last Loop

of the TLC Domain
The first mammalian CerS was identified when
the CerS1 gene (uogl) was over-expressed in
cultured cells, resulting in an increase in C18-
ceramide synthesis and in Cl18-ceramide (and
C18-SL) levels (Venkataraman et al. 2002).
Later, it was demonstrated that overexpression of
each CerS led to an increase in a specific subset
of ceramides containing a unique fatty acid
composition (Table 4.1). Thus, CerS1 uses mostly
C18 acyl-CoA (C18-CoA) (Venkataraman et al.
2002), CerS4 wuses C18- and C20-CoAs

(Riebeling et al. 2003), CerS5 and CerS6 use
mostly C16-CoA (Mizutani et al. 2005; Lahiri
and Futerman 2005), CerS3 uses very-long chain
acyl-CoAs (C26 and higher) (Mizutani et al.
2006); CerS2 can utilize a wider range of fatty
acyl-CoAs, from C20 to C24 (Laviad et al. 2008).
In order to investigate CerS acyl-CoA specificity,
chimeric proteins, which combined sequences
from CerS2 and CerSS5, were generated (Tidhar
et al. 2012). A chimeric CerS5/2 protein
containing the first 158 residues and the last 83
residues of CerS2 displayed specificity toward
C16-CoA similar to that of CerS5. Likewise, a
chimeric CerS2/5 protein containing the first 150
residues and the last 79 residues of CerS5
displayed specificity toward C22-CoA similar to
that of CerS2. These and additional results
demonstrate that a 150-residue region within the
TLC domain is sufficient for determining
CerS acyl-CoA specificity.

More recently, the region involved in deter-
mining specificity was narrowed-down signifi-
cantly to an 11-amino acid sequence in a loop
putatively located between the last two TMDs of
the CerS (Tidhar et al. 2018). The specificity of a
chimeric protein based on the backbone of CerS5
(which produces C16-ceramide), but containing
11 residues from CerS2 (which synthesizes C22—
C24-ceramides), was altered such that it gener-
ated C22—-C24 ceramides. Moreover, chimeric
CerS4 proteins with either CerS2 or CerS5
sequences in the same region, displayed a signifi-
cant elevation in activity towards C24:1-CoA and
C16-CoA respectively. Structurally, it was sug-
gested that this short loop may restrict the move-
ment of adjacent transmembrane domains, which
may cause a conformational change in the mem-
brane. Further examination of this loop indicated
that the loop in CerS5 and CerS6 consists of 15
and 16 residues, in CerS1 and CerS4, 21 and 20
residues respectively, and in CerS2 and CerS3,
only 11 and 9 residues (Fig. 4.1a). Hence, CerS
that utilize the longest acyl-CoAs have the short-
est number of residues in this loop. This finding
led to the hypothesis that CerS which utilize
shorter acyl-CoAs may have a longer and more
flexible loop, permitting transmembrane flexibil-
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ity and proximity, which constricts them to using
shorter length acyl-CoAs (Tidhar et al. 2018).

4.1.4.4 CerS2 Contains a ST1P Receptor-
Like Motif

A sphingosine 1-phosphate (S1P) receptor-like
motif has been identified within the TLC domain
of CerS2. S1P, a bioactive SL, binds this motif
and thus regulates the activity of CerS2. S1P can
therefore be classified as a low affinity, non-
competitive inhibitor of CerS2. Two charged
residues (Arg-230 and Arg-325 in both human
and mouse CerS2) were reported to regulate this
inhibition (Laviad et al. 2008), perhaps suggesting
an important interplay between two SLs that
could be relevant to the regulation of SL
metabolism, and relevant to the opposing
functions that these lipids play in signaling
pathways such as cell proliferation, migration,
and survival.

4.1.5 The CerS C-Terminus Faces
the Cytosol and Contains
Phosphorylation Sites

The sequence of CerS1 indicates that there are
several putative phosphorylation sites, and when
tested in vivo, CerS1 was phosphorylated by
protein kinase C (Sridevi et al. 2009).
Furthermore, in an additional study, CerS2-6
were phosphorylated at the C-terminus (Sassa
et al. 2016). Most of the phosphorylated residues
were part of a consensus motif for phosphoryla-
tion by casein kinase 2 (CK2), and treatment of
cells with the CK2-specific inhibitor, CX-4945,
lowered the phosphorylation levels of CerS2, 4,
5, and 6. Phosphorylation of CerS2 was espe-
cially important for its catalytic activity, acting
mainly by increasing its V,,,.. Dephosphorylation
of endogenous CerS in the mouse brain led to
reduced activity toward the CerS2 substrates,
C22:0/C24:0-CoAs. This suggests that the phos-
phorylation of CerS may be a key regulatory
point in the control of the distribution and levels
of SLs of various acyl-chain lengths. Interestingly,
no potential phosphorylation sites were predicted
in the C-terminal region of CerS1. Since CK2 is

located in the cytoplasm (Ahmad et al. 2008),
these findings are consistent with an earlier report
suggesting that the C-terminus of CerS6 faces the
cytosol (Mizutani et al. 2005) (Fig. 4.1b).

4.2  CerS Regulation

In addition to using different length acyl-CoAs
as substrates, CerS differ in their tissue distribu-
tion, which presumably regulates the formation
of ceramides and complex SLs with defined acyl
chain lengths in these different tissues. CerS
mRNA distribution in mouse tissues shows sig-
nificant variability (Laviad et al. 2008)
(Table 4.1). Unfortunately, high quality antibod-
ies against CerS are for the most part not com-
mercially available, and therefore systematic
studies of CerS protein distribution have not
been performed. Such studies are critical because
there is little correlation between CerS mRNA
levels and the SL distribution within specific tis-
sues, as shown over 10 years ago (Laviad et al.
2008). qPCR analysis demonstrated that CerS2
mRNA was found at the highest level of all CerS
and has the broadest tissue distribution. CerS2
displays wide acyl-CoA specificity, showing no
activity using C16:0-CoA and very low activity
using C18:0, rather using longer acyl-chain-
CoAs (C20-C24) for ceramide synthesis.
Although CerS2 mRNA levels are high, this
does not always correspond to CerS2 activity
levels, suggesting post translational regulation of
CerS. This regulation remains poorly under-
stood, although since the study in 2008, various
modes of post-translational regulation of CerS
activity have been demonstrated experimentally,
such as phosphorylation, glycosylation, and
homo- and hetero-dimerization. While glycosyl-
ation and phosphorylation have been shown to
take place at the N- and C-termini of the various
CerS (see Sects. 4.1.1 and 4.1.5), there is no
empiric data defining the localization of the
dimerization sites or inhibition sites of CerS
(with the exception of S1P inhibition of CerS2,
see Sect. 4.1.4.4). Below, we summarize what is
currently known about the mechanisms of CerS
regulation.
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4.2.1 CerS Dimerization

It has been proposed that CerS exist as hetero-
complexes and can form both homo- and het-
erodimers. Upon over-expression of CerS2 with
either CerS5 or CerS6, dimers are formed and
CerS2 activity is up-regulated (Laviad et al.
2012). Moreover, it was shown that both CerS2
and CerS5 activity was inhibited when
co-expressed with a catalytically-inactive CerS5,
implying that activity of one member of a
heterodimer depends upon, and can be modulated
by the activity of the other members. This
supports a potentially rapid and reversible mode
of regulation of ceramide synthesis. To further
examine this, the activity of each CerS was
assayed upon co-expression with other CerS
(Table 4.2). CerS1 and CerS2 activities were
up-regulated by CerS4-6 while CerS3 activity
was unaffected upon co-expression of other
CerS. CerS4 activity was upregulated by CerS2-3.
When co-expressing CerS5 with CerS6, an
elevation in activity was observed. However,
since CerS5 and CerS6 utilize the same acyl-
CoA, it is not possible to distinguish between
their activities. While CerS5 activity was not
influenced by other CerS, CerS6 was up-regulated
upon co-expression with CerS3 and CerS4. These

results indicate that most CerS can be regulated
by dimerization.

Of all the mammalian CerS, CerS2 activity
is the most significantly up-regulated. Based on
in vitro studies, CerS2 is less active enzymati-
cally, requiring a longer reaction time and more
protein to obtain similar levels of enzymatic
activity to the other CerS (as discussed in
(Tidhar et al. 2018)). This is somewhat surpris-
ing, since C22-C24:1-SLs are found at high
levels in many tissues, even though enzyme
activity, at least when assayed in vitro, is much
lower than the other CerS. We suggest that
CerS2 might be rapidly regulated by dimeriza-
tion in vivo to up-regulate its activity. Thus, in
cases where large quantities of C22-C24:1-
ceramides are required, dimerization could play
an important role in the activation of CerS2 and
the generation of very-long-chain SLs. Studies
are currently ongoing to determine dimeriza-
tion sites and to determine whether formation
of higher complexes, such as trimers,
quatromers and even complexes of higher
orders, may also exist. In fact, IMPs, which
span the membrane multiple times, are often
organized in functional complexes and form
homo- or hetero-oligomeric assemblies (Cymer
and Schneider 2012).

Table 4.2 Dimerization affects enzymatic activity of CerS1-6

CerS 1 2 3 4 5 6
1(C18) = 1.4+1.0 48+28 8.5+ 0.3%** 93+13%k* g1 ]***
2 (C24:1) 0.8+0.8 = 5.1+4.7 8+2* 11.8 £ 8.7*** 16.3 £9.1%**
3(C26) 0.7+0.2 0.9+0.7 = 0.7+0.7 1+0.6 0.9+0.3
4 (C20) 1.2+0.8 5.5+3.3% 9.8+7.9* = 6.1+7.0 6.9+6.4
5 (C16) 1.1+1.2 04+04 1.8+1.1 1.2+1.6 = 22+0.5

6 (C16) 1.2+0.8 1.9+0.7 3.5+0.5* 3+0.7* 3.2+0.3* =

CerS activity was assayed using the indicated acyl-CoA for each of the human CerS upon co-expression with other
CerS. Data is represented as fold-change compared to the activity of the monomeric CerS + SD. %, p < 0.05; s,

p <0.001
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4.2.2 CerS Inhibition

Over the years, a variety of inhibitors of the CerS
have been described (Table 4.3). The first
inhibitor identified, Fumonisin B1 (FB1), was
initially described in 1988 (Bezuidenhout et al.
1988) after two decades of research aimed to
explain the high incidence of esophageal cancer
in certain villages in South Africa (Merrill et al.
1996). Fumonisins are a class of mycotoxins
produced by fungi that are common contaminants
of maize (Zea mays), sorghum and related grains
throughout the world. FB1, the most prevalent
species, was shown to act as a natural, potent
competitive inhibitor of the CerS enzymes,
inhibiting the N-acylation of both sphinganine
and sphingosine (Wang et al. 1991; Merrill et al.
1993). Inhibition of ceramide biosynthesis by
FB1 differentially affects the relative formation
of different SLs downstream to ceramide
production (Merrill et al. 1993) and causes
sphinganine to accumulate (Wang et al. 1991),
thus increasing the formation of sphinganine
I-phosphate and cleavage of the sphingoid base
backbone to fatty aldehydes and ethanolamine
l-phosphate (Smith and Merrill 1995). FBI, as
well as its hydrolyzed form, HFB1, can act as
LCB substrates and be N-acylated by different
CerS to form acylated metabolites of various

Table 4.3 CersS inhibitors

chain lengths (Humpf et al. 1998; Seiferlein et al.
2007). Interestingly, HFB1 acts as a better sub-
strate  of  CerS compared to  the
non-hydrolyzed form (Harrer et al. 2013). This
might be due to the lack of the tricarboxylic acid
moieties in HFB 1, which may allow better access
to the active site. Surprisingly, the acylation of
HFB1 does not detoxify hydrolyzed fumonisins
(Seiferlein et al. 2007). Moreover, the acylated
FB1 is significantly more cytotoxic than the non-
acylated precursor, suggesting an important
contribution to the cytotoxicity of FB1 (Harrer
et al. 2013).

The sphingosine analog, FTY720, is a multi-
target inhibitor, affecting the activity of S1P lyase
(Bandhuvula et al. 2005), cytosolic phospholipase
A2 (Payne et al. 2007) as well as CerS (Lahiri
et al. 2009). It acts as an uncompetitive inhibitor
towards the sphinganine substrate of CerS,
suggesting there may be two sphinganine binding
sites that act allosterically with respect to one
another, or that CerS dimers interact allosteri-
cally (Lahiri et al. 2009). In vivo, FTY720 is rap-
idly phosphorylated by sphingosine kinase 2
(Billich et al. 2003; Kharel et al. 2005) to form
FTY720 phosphate (FTY720-P), an analog of
S1P. FTY720-P binds the S1P receptor (Mandala
et al. 2002; Brinkmann et al. 2002) and induces a
variety of occurrences including T-lymphocyte

Name Chemical Structure CerS inhibited Mode of inhibition Acylated References
formula by CerS
FB1 Cy4HsoNO; s CerS1-6 Competitive + Wangn(;ggl)
Merrill (1993)
Noncompetitive toward
W CerS1, CerS2, CerS4, acyl-CoA and -
L 2
FTY720 CishsaNO, B N OH CerS5 uncompetitive inhibition ahiri (2009)
toward LCB
. s Cingolani
Jaspme B CygH3;NO, Mﬁc:/\/\/\/\/\/\ CerS1-2, CerS4-6 Competitive + (2%17)
cCl.
X j. N/A
PO53 CygH,,CI,NO, c °DV\MTA Cers1 Non competitive / Turner (2018)
Y OH
NH,
¢
S1P CygH3sNOSP NVVV\/VV‘}:‘"*Z:" CerS2 Non competitive N/A Laviad (2008)

A list of known CerS inhibitors including their chemical formula, structure, inhibition mode as well as their ability to
be acylated by CerS. FB1, fumonisin B1; FTY720, Fingolimod; S1P, sphingosinel-phosphate
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migration (Zhang and Schluesener 2007; Kihara
and Igarashi 2008). While S1P only inhibits the
activity of CerS2, FTY720 inhibits most CerS.

A variety of ceramide species are implicated
in numerous pathologies including cystic fibrosis
(Grassmé et al. 2013), cardiovascular pathologies
(Yu et al. 2015; Laaksonen et al. 2016), cancer
(Saddoughi and Ogretmen 2013; Jensen et al.
2014) and epilepsy (Mosbech et al. 2014), hence,
a number of laboratories are attempting to
identify inhibitors of individual CerS. Recently, a
non-phosphorylatable analog of FTY720 was
characterized (Turner et al. 2018). Unlike
FTY720, PO53 selectively downregulated CerS1
activity resulting in a reduction of C18-ceramide
levels in cultured cells and mouse skeletal
muscle, making it the first potent, isoform-
selective CerS inhibitor. Although CerS1 is
highly expressed in the brain (Table 4.1), P0O53
failed to show any effect on brain ceramide levels
in mice, presumably due to its inability to cross
the brain blood barrier, or possibly due to a lower
rate of SL turnover in the brain.

An additional sphinganine analog, Jaspine B,
a cyclic anhydrophytosphingosine naturally
found in marine sponges, also acts as a significant
inhibitor of all CerS studied (Cingolani et al.
2017). This inhibition results in the accumulation
of free LCBs and alteration of the cellular
lipidome. Interestingly, Jaspine B was shown to
induce bulk cellular vacuolation and cell death in
a non-apoptotic and non-autophagic manner.
This vacuolation process was shown to occur in
additional cancer cell models, suggesting the
generality of this effect.

4.2.3 Transcriptional Regulation
of CerS

As discussed above, mRNA levels do not always
correspond to levels of CerS activity (Laviad
et al. 2008), and moreover, little is known about
the regulation of mRNA levels in vivo. In a
preliminary study, we examined the role of
micro-RNAs (miRs) on CerS expression. miRs
are small non-coding RNAs that bind to target

mRNAs and act as gene repressors, regulating
expression in cells and tissues. miR-124, which is
known to have a significant impact on neuronal
differentiation (Maiorano and Mallamaci 2010),
as well as being a tumor-suppressor (Izzotti et al.
2009), was predicted to target CerS2 by homology
to a 3’-untranslated region. Indeed, when
expressing miR-124 in HEK cells, down-
regulation of CerS2 mRNA and protein levels
was observed (Fig. 4.4a, b). This effect was
specific to CerS2 and was not observed with any
of the other CerS. The specificity of miR-124
suggests CerS2 has a unique site which allows
this negative regulation.

Since most mammalian miRs silence their tar-
get genes by preventing translation rather than
altering transcript levels, it is somewhat surprising
that mRNA levels of CerS2 were altered, which
may imply a possible mechanism of silencing by
destabilization of the CerS2 mRNA via cleavage
of the poly-A tail, which targets the mRNA for
degradation. miR-124 is crucial for cell fate in
differentiation to either neuronal or glial cells
(Maiorano and Mallamaci 2010) and CerS2
expression is negatively correlated to miR-124
expression in these two cell types (Becker et al.
2008), reinforcing our finding and the importance
of this regulation in vivo. Unexpectedly, despite
the reduction in mRNA levels, CerS2 in vitro
enzymatic activity was elevated twofold
subsequent to miR-124 regulation (Fig. 4.4c).
miR-124 is known to downregulate the activity of
sphingosine kinase 1 (Xia et al. 2012), the key
enzyme in S1P synthesis, and S1P has been
shown to inhibit CerS2 (Sect. 4.1.4.4). The broad
tissue distribution of CerS2, along with studies
from CerS2 null mice (Ben-David et al. 2011;
Silva et al. 2012; Park et al. 2013), suggest that
CerS2 requires tight regulation, and maintenance
of its activity might be crucial for cell viability.

4.3 Summary and Conclusions

CerS are essential enzymes in the SL biosyn-
thetic pathway. Studying SLs, their metabolism,
and their biological and physiological signifi-
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Fig. 4.4 CerS2 is regulated by miR-124. (a) CerS2
mRNA levels in HEK cells transfected with miR-124 or a
vector control. The results were normalized to TBP levels.
Values are means + SD n = 4. %, p < 0.001. (b) CerS2
expression was ascertained by Western blotting using an

cance is crucial for answering key questions
regarding many pathologies. However, studies
examining the structural features of CerS are few
and far between. In this chapter, we have docu-
mented what is known about CerS structure and
function, and have attempted to compile a global
picture of the known domains, motifs, topology
as well as regulating mechanisms of the CerS
enzymes. Although different CerS act on distinct
substrates, they all share the same enzymatic
activity and exhibit high sequence similarity as
well as shared domains. This implies structural
similarity within this enzyme family. Resolving
the three-dimensional structure of the CerS
enzymes is imperative in order to develop a more
thorough understanding of CerS activity and reg-
ulation. Recent studies have made it clear that a
substantial and basic understanding of the CerS
enzymatic properties is key to cracking the
enigma of the significance of ceramides and other
SLs in metabolism and pathology.
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anti-CerS2 antibody. An anti-tubulin antibody was used as
a loading control. (¢) In vitro assay of CerS2 activity in
HEK cells transfected with miR-124 or an empty vector.
Values are means + SD n = 3. %, p < 0.05
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