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Abstract

Sphingolipids (SL) are a class of chemically
diverse lipids that have important structural
and physiological functions in eukaryotic
cells. SL entail a long chain base (LCB) as
the common structural element, which is typi-
cally formed by the condensation of L-serine
and long chain acyl-CoA. This condensation is
the first and the rate-limiting step in the de
novo SL synthesis and catalyzed by the
enzyme serine palmitoyltransferase (SPT).
Although palmitoyl-CoA is the preferred sub-
strate, SPT can also metabolize other acyl-
CoAs, thereby forming a variety of LCBs,
which differ in structures and functions. The
mammalian SPT enzyme is composed of three
core subunits: SPTLC1, SPTLC2, and
SPTLC3. Whereas SPTLC1 and SPTLC2 are
ubiquitously expressed, SPTLC3 expression is
restricted to a few specific tissues. The
SPTLC1 subunit is essential and can associate
with either SPTLC2 or SPTLC3 to form an
active enzyme. Depending on the stoichiome-
try of the SPTLC2 and SPTLC3 subunits, the
spectrum of SPT products varies. While

SPTLC1 and SPTLC2 primarily form C18

and C20 LCBs, the combination of SPTLC1
and SPTLC3 produces a broader spectrum of
LCBs. Genetic and population based studies
have shown that SPTLC3 expression and func-
tion are associated with an altered plasma SL
profile and an increased risk for cardio-
metabolic diseases. Animal and in vitro studies
showed that SPTLC3 might be involved in
hepatic and cardiac pathology and could be a
therapeutic target for these conditions.

Here we present an overview of the current
data on the role of SPTLC3 in normal and
pathological conditions.
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4.1 The Serine
Palmitoyltransferase and Long
Chain Base Synthesis

Sphingolipids (SL) are an essential class of lipids
and found in some prokaryotes (Bacteroides,
Sphingomonads) and all eukaryotes [1]. Structur-
ally, SL are defined by the presence of long chain
amino-hydroxy alkanes also called long chain
bases (LCB). The LCB formation is the first and
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rate-limiting step in the de novo SL synthesis and
catalyzed by the serine palmitoyltransferase
(SPT). Typically, SPT condenses an activated
fatty acid with L-serine in a PLP dependent reac-
tion. LCBs can vary in the number of carbons,
hydroxylation as well as in their saturation state
[2]. Some LCB structures are specific to certain
species [3]. Most variations in the LCB spectrum
arise due to the broad and variable substrate spec-
ificity of the SPT enzyme although some LCB
modifications are also introduced downstream of
SPT. SPT metabolizes acyl-CoA’s of variable
structure and length, and the formation of odd
and even numbered LCBs as well as methyl-
branched structures was reported across species
[3]. The 18-carbon dihydroxy amino alkene,
sphingosine (SO, d18:1) is the most abundant
LCB in mammals including humans. However,
plants and yeast generally contain the saturated
trihydroxy derivate, phytosphingosine (PhytoSO,
t18:0), whereas shorter LCBs (C14 and C16) are
commonly found in insects (Drosophila) while
C. elegans forms iso-branched C17 LCBs
[4, 5]. Under conditions of serine deficiency,
SPT can also metabolize L-alanine and glycine
as alternative substrates, which results in the for-
mation of a non-canonical and neurotoxic class of
1-deoxysphingolipids [6].

SPT belongs to the family of pyridoxal
5-phosphate (PLP)-dependent a-oxoamine
synthases (POAS) similar to the 5-amino
levulinic acid synthase that is involved in heme
metabolism. In contrast to other members of this
family, which are mostly soluble cytosolic
proteins, SPT is an integral membrane protein
and located at the outer membrane of the endo-
plasmic reticulum (ER) [7, 8]. In mammals, the
SPT core subunits are encoded by the three genes
SPTLC1, SPTLC2, and SPTLC3. A minimally
functional SPT enzyme consists of the SPTLC1
subunit in conjunction with either SPTLC2 or
SPTLC3 [9]. Accessory subunits (ORMDL3,
ssSPTa, ssSPTb) that modulate activity and sub-
strate specificity have been identified in yeasts
and eukaryotes (Fig. 4.1). In response to cellular
SL levels, a conserved family of integral ER
membrane proteins (ORMDL1-3) controls SPT
activity and SL de novo synthesis [10]. Budding

yeast encodes for two isoforms (Orm1 and
Orm2), while mammals express three ORM
orthologues (ORMDL1-3). The two accessory
small proteins, ssSPTa and ssSPTb are specific
to mammals and reported to regulate the synthesis
of C18 and C20 LCBs [9, 11]. Here, ssSTPa
promotes the use of palmitoyl-CoA forming C18

LCBs, while the presence of ssSPTb enhances the
activity with stearoyl-CoA forming a C20 LCB.
The expression of ssSPTb appears to be specific
to neuronal tissue and a pathologically increased
synthesis of C20 LCBs due to a gain-of-function
mutation in the ssSPTb gene causes
neurodegeneration and macular defects in mouse
models [12].

In contrast, SPTLC3 appears to form a rather
large spectrum of non-canonical LCBs in
mammals especially in humans. SPTLC3 was
cloned more than a decade ago [13] but despite
a significant association with different metabolic
traits in several genome-wide studies, its physio-
logical function remains largely unknown. How-
ever, recent reports shed new light on its function
and relevance.

4.2 Evolution of SPT and Structure

As an essential metabolic enzyme, SPT has
evolved from simpler to more complex forms of
life. This relates to gene copy numbers, structural
heterogeneity of the enzyme as well as function.
The bacterial SPT from Sphingomonas
paucimobilis is a soluble homodimer and tran-
scribed from a single gene [14], whereas in
yeast (S. cerevisiae), SPT is a heteromeric and
membrane bound enzyme that is encoded by the
two genes LCB1 and LCB2 [1]. Arabidopsis
encodes for a homologue of SPTLC1 and for
two homologues of SPTLC2 (AtLCB2a and
AtLCB2b) [15]. AtLCB2a/b are 405 amino acid
long proteins that share 95% identity and appear
to be ubiquitously expressed and functionally
redundant in Arabidopsis [16]. A third, SPTLC2
related but truncated coding sequence
(At3g48790) is present in tandem with AtLCB2a.
This truncated form is likely the result of a gene
duplication event and lacks 140 residues of the
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Fig. 4.1 SPTLC1-SPTLC2 and SPTLC1-SPTLC3 pro-
tein structure: Overlay of SPTLC1-SPTLC2 and an
SPTLC1-SPTLC3 based dimer. The SPTLC1-SPTLC3
structure was modeled in silico using the recently
published cryo EM structure of the SPT complex
[7, 8]. Closely located to the residues Met-28 and Tyr-27
is a helical domain. The charge distribution of this helix
differs considerably between SPTLC2 and SPTLC3.
Residues Tyr-27 and Glu-485 in SPTLC2 and His-477 in
SPTLC3 (upper right) can be assumed to form a gate to the

long chain base binding site. At physiological pH, Glu-48
in SPTLC2 is negatively charged and the gate is expected
to be open due to a repulsion between the hydrophobic
Tyr-27 and Glu-485. In contrast, Tyr-27 and the neutral
His-477 of SPTLC3 build hydrogen bonds and form a
closer gate. At acidic conditions, the repulsion of the
then positively charged His-477 and Tyr-27 is expected
to bring SPTLC3 into a more open conformation com-
pared to physiological pH. Further differences are to be
found in the charge distribution over the entire helix
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N-terminus. However, the gene product was not
yet detected at protein level.

Human SPTLC3 is also slightly shorter in
length than SPTLC2 (552 vs. 562 amino acids,
respectively) and shares about 68% overall iden-
tity with SPTLC2. The two subunits are rather
conserved in their central regions and than at their
N- and C-terminal ends [13].

Both SPTLC2 and SPTLC3 bear a conserved
PLP binding motif with a central Lysine residue
that is absent in SPTLC1. This lysine is essential
for the transferase reaction, as PLP forms a
Schiff’s base with the amino acid substrate, creat-
ing an external aldimine (Fig. 4.1). Therefore,
SPTLC2 and 3 are considered to be the catalyti-
cally active subunits, whereas SPTLC1 appears to
be important for protein stability, membrane
insertion, and serves as a focal point to control
enzyme activity.

The cryo EM structure of the human SPT
complex (SPTLC1, SPTLC2, ORMDL3, and
ssSPTa) was published recently in two indepen-
dent studies [7, 8]. The structures provide a good
insight into the mechanisms of substrate recogni-
tion, catalytic activity, and enzyme regulation.
They show that SPTLC1 and 2 are both involved
in the recognition of the acyl-CoA head group,
whereas the acyl-tail is mostly stabilized by
residues from SPTLC2. The amino acid environ-
ment around the acyl-CoA binding pocket is
important for activity, as mutations of these
SPTLC2 residues either decrease or completely
block enzyme activity [8]. In addition, a single
amino acid residue from ssSPTa (Met28) appears
to participate in the acyl chain coordination
[8]. The large hydrophobic methionine protrudes
into the acyl binding pocket of SPTLC2, acting as
a plug that defines the possible length of the acyl
chain that can be accommodated within the
pocket [8]. The corresponding amino acid in the
human subunit ssSPTb is Val25 which leaves

more room in the acyl binding pocket. Conse-
quently, it was demonstrated that the exchange
of Met28 to valine increases the affinity of SPT
enzyme towards the bigger stearoyl-CoA [8, 17,
18].

Based on the published structure data we
generated an in silico model of an SPTLC1-
SPTLC3 dimer (Fig. 4.1). In comparison, the
SPTLC1-SPTLC3 dimer showed a different con-
figuration of the substrate binding pocket that
likely allows more variability in the biding of
different acyl-CoA structures. The biggest
differences was seen at the interface to ssSPTa,
in close vicinity to the residues ssSPTaMet28 and
Tyr27 (Fig. 4.1 lower left). The structural changes
around Met28 can be expected to influence the
substrate binding properties of the enzyme. A not
yet solved aspect is the role of the flexible protein
termini that could not be resolved in the recently
published structures [7, 8]. They may interact
with lipids or other proteins influencing substrate
binding and product spectrum.

4.3 Role of SPTLC3 in Sphingolipid
Metabolism

The two subunits SPTLC1 and SPTLC2 are
expressed ubiquitously and the relative mRNA
levels vary little between tissues. In contrast,
SPTLC3 is specifically expressed in certain
tissues and mRNA levels between these tissues
vary significantly. SPTLC3 shows moderate
expression in liver, significant expression in
skin, and very high expression levels in placenta
and trophoblasts [13]. The cellular and physiolog-
ical reasons for this tissue specificity are not yet
understood, but it is reasonable that SPTLC3
expression is highest in those tissues that benefit
most from a broad LCB spectrum. This might
explain the significantly high expression in skin,

Fig. 4.1 (continued) (upper right). The residue Lys-488
of SPTLC2 is replaced by Glu-480 in SPTLC3, reversing
the charge in this area. The residue Asn-490 of SPTLC2 is
replaced by Lys-482 in SPTLC3, introducing a positive
charge at the very beginning of the helix. Models were

generated by the SWISS-MODEL server using the
automated mode and selecting the model with 100% cov-
erage and the best global model quality estimate (GMQE)
and qualitative model energy analysis (QMEAN) [48–52]
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which has a highly complex arrangement of SL
and derivatives that contribute to the hydrophobic
barrier that prevents the body from transdermal
water loss. However, SPTLC3 expression in
human placenta and trophoblast cells are many-
fold higher than in skin [13] but it is currently not
clear whether such a broad spectrum of SLs is of
funtional importance for the placenta. Unfortu-
nately, SPTLC3 knockout (KO) models that
could address these questions are not yet
available.

In Arabidopsis, the deletion of either AtLCB2a
or AtLCB2b is well tolerated with no observable
consequences on plant growth [16]. Both forms
appear to generate similar LCB profiles and can
complement LCB auxotrophy in SPT deficient
yeast cells [16]. However, the mammalian
SPTLC2 and SPTLC3 subunits appear to diverge
functionally. The earliest indications to functional
divergence between the two enzymes came from
the fact that in vitro activity of SPTLC3 but not of
SPTLC2 is inhibited in the presence of Triton-X-
100 (0.2%) [12]. This detergent sensitivity is
unlikely a result of the disruption of SPTLC1-
SPTLC3 interaction, which is efficiently
maintained even at higher detergent
concentrations (0.5%) [9]. The effect is likely
related to non-covalent structural modification of
the enzyme as the activity of the soluble SPT
from S. paucimobilis is also inhibited by the
detergent [13], perhaps through interference
with the acyl-CoA binding site.

Unlike human SPTLC2 and Arabidopsis
AtLCB2a/b, SPTLC3 only partially rescues
LCB auxotrophy in LCB1/LCB2 deficient yeast
cells [11]. In animals, systemic SPTLC2 defi-
ciency is lethal, whereas SPTLC3 deficient
models have not yet been reported. A conditional
KO of SPTLC2 in cardiomyocytes causes cardiac
dysfunction, myopathy, and fibrosis in mice
[19]. In response, SPTLC3 expression is induced
in KO cells but this does not compensate for the
SPTLC2 deficiency [19]. These differences
between the two subunits could be attributed to
different activities. Whereas the combination of
SPTLC1/SPTLC2 and ssSPTa preferentially
metabolizes palmitoyl-CoA (Fig. 4.2a, c), the
combinations of SPTLC1/SPTLC3 showed a

broader affinity for fatty acids of variable length
(Fig. 4.2b, c). The length of the metabolized acyl-
CoA’s ranges from myristic (C14) to stearic acid
(C18), including acyl-CoA’s with even and odd
carbon chains. The human SPTLC3 is effectively
metabolizing penta (C15)- and heptadecanoic
(C17) acid to generate odd chain 17- and
19-carbon LCBs but has poor activity with
nonadecanoic (C19) acid. The presence of the
ssSPTb subunit shifts this pattern and increases
activity of both SPTLC2 and SPTLC3 towards
stearoyl-CoA forming C20 LCBs although the
capacity to form these LCBs is still higher for
SPTLC3 [9]. In addition, human SPTLC3 also
forms an anteiso branched omega-3-methyl
LCB (meC18SO) which uses anteiso-methyl-pal-
mitate as a substrate. Branched chain fatty acids
(BCFAs) are formed from branched chain amino
acids (BCAA) such as Ile, Leu, and Val. In fact,
stable isotope tracing showed that primarily Ile
contributes to the formation of both, odd chain
C17SO and branched meC18SO. Anteiso-methyl-
palmitate is generated from the intermediate pre-
cursor molecule, 2-methyl-butyryl-CoA, whereas
pentadecanoic (C15) acid is formed by the elon-
gation of propionyl-CoA, an end-product of the
BCAA catabolic pathway. Interestingly, BCAA
were shown to be significantly elevated in meta-
bolic diseases such as T2DM [20] suggesting that
also C17SO and meC18SO levels might be
increased in these conditions.

Interestingly, the formation of meC18SO
seems to be specific to humans as meC18SO is
present in human plasma and in purified human
lipoproteins but was absent in the plasma of mice
[9]. However, it is not clear whether this is
because of intrinsic differences in the activity of
human and mouse SPTLC3 or differences in the
substrate availability [21]. The availability of rel-
evant fatty acid substrates such as pentadecanoic
acid and anteiso-methyl-palmitate is a significant
factor determining the overall LCB spectrum in
SPTLC3 expressing cells.

The physiological function of SPTLC3
derived SLs is currently not known. SLs with
different LCB and N-acyl profiles might affect
the biophysical properties of membranes. It has
been shown that the length of the LCB in
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ceramides is inversely associated with the amount
needed to induce lateral segregation in vitro
[22]. In these experiments, the LCB chain length
had a stronger effect on segregation than the
N-linked acyl chain. In addition, phosphorylated
atypical LCBs might alter sphingosine-1-
phoshphate (S1P) and S1P-receptor (S1PR)
mediated signaling pathways. For example, it
was reported that S1PR activation is S1P-alkyl

chain length dependent [23]. Additionally,
C20S1P was recently shown to diminish signaling
from SP1R2 [24].

4.4 SPTLC3 in Metabolic Diseases

SNPs in SPTLC3 have been significantly
associated with several lipid traits in genome-

Fig. 4.2 SPT subunit
composition and the
resulting LCB product
spectrum: (a) SPTLC1 + 2
and (b) SPTLC1 + 3 based
SPT enzyme. The
specificity of each subunit
combination is shown
through the inset-overlap
(c). Colors in the insert
correspond to the protein
subunit in the structures
above. The
SPTLC1 + SPTLC2 based
enzyme generates primarily
C18 (d18:0) and to a lesser
extend C20 (d20:0) based
LCBs. In contrast, the
SPTLC3 subunit (top right
and large-brown inset
below) forms a broader
range of LCBs in the range
of C16–C20. The synthesis
of C16, C17, and the omega-
3-methyl sphingosine is
exclusive to the SPTLC3
subunit, whereas the
activity of the SPTLC2 and
3 overlaps concerning the
formation of C18 and C20

LCBs. In combination with
SPTLC2, the small subunit
ssSPTa (blue protein top
left/blue square inset)
increases C18 LCB
synthesis, whereas ssSPTb
increases the formation of
C20 LCBs (purple top right
for both subunits).
ORMDL3 interacts with
SPTLC1 and thereby
controls enzyme activity
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wide association studies (GWAS) and repeatedly
reported as significant influencers of circulating
SL levels [25–31]. Sphingolipids, ceramides, and
sphingomyelins are independent markers for car-
diovascular disease [32] and plasma ceramides
were shown to be relevant biomarkers to assess
the severity of cardiovascular dysfunction
[33, 34]. Tabassum et al. showed that SNP
rs364585 in the SPTLC3 locus was associated
with reduced plasma ceramides and a decreased
risk for intracerebral hemorrhage [29]. Animal
studies have shown that the SPTLC3 dependent
ceramides formation is increased in the heart of
mice on high fat diet (HFD). The addition of
C16SA (d16:0) but not of C18SA (d18:0) was
toxic to cultured cardiomyocytes in vitro and
linked to a non-apoptotic pathway [35].

SNPs in the SPTLC3 locus also appear to be
associated with changes in other lipids classes in
liver and plasma. Mirkow et al. showed that the
SNP rs168622 was associated with an elevated
SPTLC3 expression and increased hepatic lipid
content [36], whereas other studies linked SNPs
in SPTLC3 with altered plasma LDL-C levels
[25, 28, 31]. This association with plasma choles-
terol could emanate from an intimate intertwining
of the SL and cholesterol metabolism,
co-transport in plasma, and their alliance in
establishing functional eukaryotic membrane
microdomains. Sphingomyelin and ceramide
levels regulate cholesterol synthesis by
modulating SREBP activation and HMG-CoA
reductase activity [37]. Similarly, sphingomyelin
sequestration of cholesterol within cellular
membranes could set off futile cycles of synthesis
and unloading.

However, given the fact that SPTLC3
generated SL account for a relatively small frac-
tion of total SL in human plasma, these strong
associations are rather surprising.

Metabolically, it was shown that SPTLC3
expression is influenced by a variety of factors.
Shah et al. [38] reported a significant increase in
SPTLC3 expression in epididymal adipose
tissues of mice on HFD with a modest decrease
in SPTLC2 expression. Others reported induction
of hepatic SPTLC3 expression in mice on HFD
[39–41]. SPTLC3 expression was also associated

with insulin resistance in adipose [38] hepatic
tissues [39, 41] and upregulated in steatotic livers
of mice supplemented with homocysteine
[42]. This points to the fact that steatosis,
irrespective of its nature, induces the expression
of SPTLC3. In addition, SPTLC3 expression
appears to be related to plasminogen activator
inhibitor 1 (PAI1) as PAI1 deficiency decreased
SPTLC3 expression in mice on HFD [38]. Simi-
larly, cannabinoid receptor 1 (CB1R) antagonists
were reported to decrease hepatic SPTLC3
expression and improve insulin sensitivity in
mice on HFD [39]. Polyunsaturated fatty acids
and sulforaphane also reduced SPTLC3 expres-
sion, prevented from steatosis, and improved
insulin sensitivity [41, 42]. Inhibition of SL syn-
thesis by myriocin or siRNA mediated
downregulation of SPTLC3 levels appears to
induce similar response in vitro indicating that
SPTLC3 could be a therapeutic target in meta-
bolic conditions.

The association of SPTLC3 with cardio-
metabolic conditions in animal models is further
supported by a recent clinical study including
20302 ethnically Chinese Singaporean
participants and a long-term follow-up of
11 years. Lipidomics analysis showed a signifi-
cant correlation of C16SO based sphingolipids
with obesity and diabetes [43]. Unfortunately,
the authors did not include C17SO and meC18SO
based SL in their analysis but speculate on altered
SPTLC3 function in response to metabolic
conditions. It will be important to see whether
obesity and insulin resistance correlate with
increased hepatic SPTLC3 expression in humans
as it was shown for mice.

The evidence that SPTLC3 related SNPs are
determining tissue or plasma SL levels and also
involvement in cardio-metabolic conditions is
strong, but information on how these associations
translate to enzymatic function and pathology is
missing.

4.5 SPTLC3 in Other Diseases

Several mutations in SPTLC1 and SPTLC2 cause
the rare peripheral neuropathy HSAN1 [6]. The
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HSAN1 mutations shift the substrate preference
of SPT towards L-alanine and glycine, leading to
the formation of an atypical class of neurotoxic
1-deoxySL [6]. Plasma 1-deoxySLs are also
increased under conditions of serine deficiency
and in this context involved in the course of the
rare retinopathy (macular telangiectasia type 2)
and cancer [44, 45]. However, this alternative
activity with L-alanine and glycine seems to be
specific for SPTLC2 and was not yet reported for
SPTLC3.

Recently, another group of mutations in
SPTLC1 was associated with early onset of
amyotrophic lateral sclerosis (ALS) [46]. In con-
trast to the SPT-HSAN1 mutations, the SPT-ALS
mutations cluster in exon 2 of SPTLC1 and result
in a pathologically increased SL formation.

So far, no mutations in SPTLC3 have been
associated with either HSAN1 or ALS. However,
Gonzaga-Jauregui et al. reported a male patient
(30 years) with a SPTLC3p.W150R variant,
which was predicted to be loss of function muta-
tion. This SPTLC3 variant was associated with a
sensory neuropathy, deformation, and atrophy of
the extremities and some bulbar involvement
[47]. The authors showed that suppressing
SPTLC3 expression in zebrafish causes defects
in axons of motor neurons. Expression of human
wild type SPTLC3 but not of the SPTLC3 p.
W150R variant suppressed these defects
[47]. Structurally, the mutation is replacing a
hydrophobic residue (W150) with a positively
charged arginine that might impair the binding
of the hydrophobic substrate (Fig. 4.1, lower
right). This indicates that SPTLC3 activity is
also relevant to neuronal developmental and
might contribute to C20 LCB formation in neuro-
nal tissue, in particular as C20 LCB synthesis by
SPTLC3 is greatly enhanced in presence of
ssSPTb [9].

Taken together, it appears that SPTLC3
expression is involved in the generation of cell/
tissue specific SL profiles. SPTLC3 activity might
be modulated genetically but also by substrate
availability and the presence of other components
of the SPT complex. However, the mechanistic
details of how SPTLC3 generated SLs affect

metabolism, membrane integrity, and cell signal-
ing need to be addressed in future work.
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