|BC EDITORS’ PICK HIGHLIGHT

The long and the short of ceramides

DOI 10.1074/joc H118.003522
Binks W. Wattenberg'

From the Department of Biochemistry and Molecular Biology, Virginia Commonwealth University School of Medicine, Richmond,

Virginia 23298
Edited by Dennis R. Voelker

The sphingolipid ceramide is not only a precursor of more
complex sphingolipids, but also a potent signaling molecule.
Specific ceramide species have distinct cellular functions, and
each ceramide synthase therefore has particular roles in cells
and organisms. Tidhar and colleagues, utilizing two ceramide
synthases differing widely in fatty acid specificity, have identi-
fied a short amino acid sequence that is critical for this specific-
ity. This work represents a crucial first step in the understanding
of both the enzymology and the biology driving the diverse func-
tions of ceramide.

Lipid biochemists often introduce their work by citing the
enormous diversity of lipid species, 40,000 or more, that are
found in eukaryotic cells. This metric begs two questions: How
is this diversity generated, and what functions are served by it?
Answering the second question depends on understanding the
first. Tidhar et al. (1) have now addressed how molecular diver-
sity is generated for ceramide, a bioactive sphingolipid class
that encompasses almost 200 different molecular species.
Their work significantly advances our understanding of how
ceramide synthases, ceramide-producing enzymes that are
embedded in the membrane of the endoplasmic reticulum (ER),
generate a spectrum of ceramide species.

It has now become apparent that the biological activities of
ceramides depend on their molecular species. Traditionally, cer-
amide was broadly characterized as a pro-apoptotic cellular
lipid. Indeed, in many cases, it has been well established that
elevated ceramide levels trigger apoptosis (2). However, recent
findings have prompted a more nuanced view. For example, in
cells derived from squamous cell carcinoma, C16-ceramide was
reported to be anti-apoptotic and C18-ceramide pro-apoptotic
(3), whereas in other settings, C16-ceramide is pro-apoptotic
(4, 5). Similarly, very-long-chain ceramides induce mitochondrial
dysfunction and cell death in cardiomyocytes, whereas long-chain
(C16 and C18) ceramides do not (6). In addition, specific ceramide
molecular species have critical functions in differentiated tissues
such as the skin and brain (reviewed in Ref. 7). In light of the
diverse and indispensable roles of ceramides in many organisms,
the work by Tidhar ez al. (1) unraveling the molecular mechanism
underlying ceramide synthase specificity for different acyl-CoAs
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represents an important milestone toward elucidating and
manipulating ceramide activities in the cell.

Sphingolipids such as ceramide comprise a metabolically
interrelated group of lipids built on the sphingosine backbone,
and their de novo biosynthetic pathway is relatively straightfor-
ward. The initiating step is the condensation of serine and the
16-carbon fatty acid palmitate (conjugated to CoA) to produce
3-ketodihydrosphingosine, which is then reduced to dihy-
drosphingosine (also known as sphinganine). At this point, the
ceramide synthases N-acylate dihydrosphingosine, utilizing
acyl-CoAs of varying chain lengths. The resultant dihydrocer-
amides are then converted to ceramides by a desaturase that
introduces a 4,5-trans-double bond into the sphingosine back-
bone. Ceramide synthases can also acylate sphingosine to pro-
duce ceramide by a salvage pathway.

Mammals have six ceramide synthases (CerS1-6),> each
exhibiting a preference for the chain length of the fatty acyl-
CoA substrate and producing a distinct ceramide species. For
example, CerS5 strongly prefers palmitoyl-CoA, a 16-carbon
fatty acyl-CoA, and thus predominantly produces C16-cer-
amide. In contrast, CerS2 favors long-chain fatty acyl-CoAs and
produces ceramides incorporating 22—24-carbon fatty acids.
Because no crystal structure of any ceramide synthase is
available, and their topology is ambiguous, Tidhar ez al. (1)
set out to define sequences in the ceramide synthases that
determine fatty acid preferences by exploiting the differen-
tial specificity between CerS2 and CerS5.

Using chimeras of CerS2 and CerS5, the authors had previ-
ously identified a 150-residue region that dictated this specific-
ity (8). This region contains several membrane-anchoring
domains and hydrophilic loops. The challenge was to identify
the specific site(s) defining substrate specificity within this rel-
atively large segment of the protein. They identified two ancient
frameshifts in the nucleotide sequences. These sequences
encode two short amino acid segments, one in putative trans-
membrane segment 2 and the other in a hydrophilic loop, pre-
sumably in the lumen, between the final two putative trans-
membrane segments. Considering the hydrophobic nature of
the fatty acyl-CoA substrate, the transmembrane segment
seemed the more likely determining sequence. However, intro-
ducing the CerS2 sequence at that site into the CerS5 backbone
did not result in any change in substrate preference.

The authors therefore tested the role of the hydrophilic loop,
predicted to be in the lumen of the ER and close to the C ter-

2The abbreviations used are: CerS, ceramide synthase; ER, endoplasmic
reticulum.
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Figure 1. An 11-residue segment in ceramide synthases determines substrate (and product) specificity. When 11 amino acids in a loop located between
the last two putative transmembrane domains from CerS2 replace the corresponding residues in CerS5, the chimeric protein Cer552°°-309—¢r52 produces
C22-ceramide (a typical CerS2 product) instead of the C16-ceramide that CerS5 normally produces.

minus of the protein. When an 11-amino acid-long sequence
derived from CerS2 (which uses C22-24 fatty acyl-CoAs as
substrates) was inserted into the backbone of CerS5 (which uses
C16 fatty acyl-CoA as substrate) at that site, the overexpressed
enzyme had CerS2-like activity, efficiently using C22 fatty acyl-
CoA asasubstrate (Fig. 1). These results demonstrated that this
hydrophilic loop is a critical component of substrate specificity
of CerS2 and CerS5. For the first time, there is now a structural
correlate to the substrate specificity, and therefore biological
impact, of individual ceramide synthases. Another important
advance reported by the authors, using an endogenous glyco-
sylation site, is that there is an odd number of transmembrane
segments, most probably five, with additional membrane-
anchoring domains that do not traverse the membrane.

This study represents an important step in the detailed
understanding of the structural enzymology behind substrate
selection in the ceramide synthases, but significant work
remains to be done. Clearly, a high-resolution molecular struc-
ture of a ceramide synthase will be required for a complete
understanding of the substrate selectivity in this enzyme family.
The recent acceleration in the determination of membrane
protein structures suggests that determining the structure of a
ceramide synthase may soon be within reach. For example, the
structural features determining fatty acyl-CoA selectivity of a
membrane-embedded protein acyltransferase were recently
revealed by X-ray crystallography (9).

Layered on the selectivity encoded within the ceramide syn-
thase proteins are the cellular conditions that determine the
levels and delivery mechanisms of the fatty acyl-CoAs, which
also dictate the levels of the ceramide molecular species. An
intriguing recent observation is that an acyl-CoA carrier pro-
tein can stimulate CerS2 and CerS3 activities, and the levels of
this carrier protein can have a critical impact on the generation
of very-long-chain ceramides (10).

We are just beginning to understand the individual roles of
the six mammalian ceramide synthases and to define the pre-
cise activities of the distinct ceramide molecular species that
they produce. Determining how ceramides exert their effects
has been a thorny problem. Ceramides profoundly affect the
physical properties of membrane lipids and thereby impact
membrane protein function and membrane permeability.
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Moreover, ceramides can directly bind to and affect the func-
tion of some proteins. Elucidating ceramide activities and dis-
covering small molecules that can modulate those functions in
therapeutic settings will require the ability to precisely manip-
ulate the molecular species produced. The work of Tidhar et al.
(1) provides a significant advance in this direction.
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