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G protein-coupled receptors (GPCRs) constitute the largest and most diverse protein family in mammals
and are involved in information transfer across cellular membranes. GPCRs are known to regulate
multiple physiological functions and therefore represent major drug targets in all clinical areas. The fact
that GPCRs are integral membrane proteins raises the possibility of their interaction with functionally
important membrane lipids such as sphingolipids. Sphingolipids are essential membrane components
and are recognized as diverse and dynamic regulators of a multitude of cellular processes. Interaction
Keywords: with sphingolipids could lead to modulation of GPCR structure and function. In this review, we highlight
GPCR the role of sphingolipids in the function of GPCRs with specific examples. A comprehensive under-
Membrane lipids standing of molecular events involved in GPCR-lipid interaction would provide better insight into GPCR
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function in health and disease.

© 2015 Elsevier B.V. All rights reserved.

1. G protein-coupled receptors

The G protein-coupled receptor (GPCR) superfamily constitutes
the largest and most diverse protein family in mammals. GPCRs
are typically seven transmembrane domain proteins and are in-
volved in information transfer across cellular membranes (Chat-
topadhyay, 2014; Katritch et al., 2013; Pierce et al., 2002; Ro-
senbaum et al., 2009; Venkatakrishnan et al., 2013). GPCRs reg-
ulate multiple physiological processes upon stimulation by a
variety of endogenous and exogenous ligands. GPCRs therefore
have emerged as major drug targets in all clinical areas (Ellis,
2004; Heilker et al., 2009; Insel et al., 2007; Jacoby et al., 2006). It
is estimated that ~50% of clinically prescribed drugs act as either
agonists or antagonists of GPCRs and 25 of the 100 top selling
drugs are believed to target GPCRs (Schlyer and Horuk, 2006;
Thomsen et al., 2005).

Since GPCRs are integral membrane proteins, a significant
portion of the protein is embedded in the membrane. This gives
rise to the important and physiologically relevant possibility of
membrane lipids modulating the structure and function of GPCRs

Abbreviations: 5-HT; 5 receptors, serotonin;, receptors; 8-OH-DPAT, 8-hydroxy-2
(di-N-propylamino)tetralin; CCK receptor, cholecystokinin receptor; ER, en-
doplasmic reticulum; FB;, fumonisin B;; GM1, monosialotetrahexosylganglioside;
GPCR, G protein-coupled receptor; GQ1b, tetrasialoganglioside; PDMP, ( + )-threo-
1-phenyl-2-decanoylamino-3-morpholino-1-propanol; SBD, sphingolipid binding
domain; SM, sphingomyelin; SMase, sphingomyelinase; SPT, serine palmitoyl
transferase
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(reviewed in Burger et al. (2000), Chattopadhyay (2014), Jafurulla
and Chattopadhyay (2013), Oates and Watts (2011), Paila and
Chattopadhyay (2010), Pucadyil and Chattopadhyay (2006)).

2. Sphingolipids in biological membranes
2.1. Structure and biosynthesis of sphingolipids

Sphingolipids are ubiquitous constituents of eukaryotic cell
membranes and constitute ~10-20% of membrane lipids (Hol-
thuis et al., 2001). Sphingolipids are abundant in the plasma
membrane relative to intracellular membranes. They are essential
components of cell membranes and are recognized as diverse and
dynamic regulators of a multitude of cellular processes. Sphingo-
lipid biosynthesis is initiated by condensation of L-serine with
palmitoyl CoA, which is catalyzed by the enzyme serine palmitoyl
transferase (SPT) (see Fig. 1) at the cytoplasmic face of the en-
doplasmic reticulum (ER). Sphinganine thus formed is the basic
building block of sphingolipids. This is followed by biosynthesis of
ceramide (by acylation of sphinganine or sphingosine) by cer-
amide synthase (N-acetyltransferase). Sphingolipids exhibit en-
ormous diversity in their structure with a variety of fatty acids (of
varying acyl chain length, degree of saturation, and degree of hy-
droxylation) that can be attached to the sphingoid base and the
polar headgroup linked to ceramide (Fantini and Barrantes, 2009;
see Fig. 2).

Sphingolipids are classified as phosphosphingolipids or glyco-
sphingolipids based on the headgroup attached to ceramide. Upon
subsequent translocation to Golgi apparatus from ER by both
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vesicular and non-vesicular transport (Baier and Barrantes, 2007;
Fukasawa et al,, 1999; Hanada et al., 2003), ceramide is either
converted to sphingomyelin (SM) by SM synthase on the lumenal
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Fig. 1. Biosynthetic pathway of sphingolipids and commonly used inhibitors of
sphingolipid biosynthesis. The role of sphingolipids in various cellular processes
has been explored utilizing inhibitors that target enzymes catalyzing specific steps
in the biosynthetic pathway. Representative enzymes that are targeted and specific
inhibitors that act on these enzymes are shown. Fumonisin B; (FB;) is a naturally
occurring mycotoxin and is produced by several Fusarium species. FB; is structu-
rally similar to sphinganine and sphingosine, which are intermediates in sphin-
golipid metabolism and are converted (by acylation) to ceramide by the enzyme
ceramide synthase (N-acetyltransferase). FB; competitively inhibits the reaction
catalyzed by ceramide synthase, thereby inhibiting the synthesis of ceramide and
other complex sphingolipids. PDMP, on the other hand, is a synthetic analog of
ceramide and is a competitive inhibitor of glucosylceramide synthase, the first
enzyme in the biosynthesis of glycosphingolipids. See Sections 2 and 3 for more
details.

H, OH
NV\MAWOH
H,N H
Sphinganine
H OH

face of the Golgi apparatus, or to glucosylceramide by gluco-
sylceramide synthase, on the cytosolic surface of the Golgi com-
plex. Glucosylceramide is further converted to more complex
glycosphingolipids upon translocation into the Golgi lumen (van
Meer and Lisman, 2002). Sphingomyelin is the major sphingolipid
in eukaryotes which has a phosphatidylcholine headgroup and is
regarded as a reservoir for bioactive second messengers such as
ceramide and sphingosine-1-phosphate (Bartke and Hannun,
2009). Sphingomyelin is also the most abundant sphingolipid in
the nervous system and constitutes ~25% of total lipids in the
myelin sheath (Soriano et al., 2005). A variety of monosaccharides
linked by glycosidic bonds could form the headgroup in glyco-
sphingolipids. They constitute up to ~5% of the total plasma
membrane lipids and are found to be concentrated in neuronal
membranes (~30% of total lipids) (Fukasawa et al., 2000; Hoekstra
and Kok, 1992).

2.2. Organization and function of sphingolipids in biological
membranes

The distribution of sphingolipids in the bilayer appears to be
heterogeneous, and it has been postulated that sphingolipids
coalesce with cholesterol to form ordered lipid platforms (do-
mains) that segregate from the bulk membrane (Brown, 1998;
Masserini and Ravasi, 2001; Ramstedt and Slotte, 2006), although
this view has been recently questioned (Frisz et al., 2013a, 2013b;
Kraft, 2013). Interestingly, the organization of sphingolipid do-
mains was observed to be more dependent on cortical actin cy-
toskeleton than cellular cholesterol content (Frisz et al., 2013a,
2013b; Kraft, 2013).

Sphingolipids have been implicated in several cellular functions
such as regulation of cell growth, differentiation, and neoplastic
transformation through participation in cell-cell communication,
and possible interaction with receptors and signaling systems
(Hannun and Obeid, 2008). Sialic acid-containing glyco-
sphingolipids (gangliosides) have been specifically implicated in
major neural functions including memory formation, synaptic
transmission, brain development, neuritogenesis and aging (Son-
nino and Chigorno, 2000). In addition, sphingolipids have been
shown to be important for caveolar endocytosis, protein sorting,
receptor-mediated uptake of transferrin and in the functioning of
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Fig. 2. Chemical structures of intermediates and inhibitors of sphingolipid biosynthesis. Sphinganine, sphingosine and ceramide are biosynthetic intermediates of sphin-
golipids. Sphinganine and sphingosine are converted to ceramide by the enzyme ceramide synthase. FB; and PDMP are competitive inhibitors of ceramide synthase and
glucosylceramide synthase, respectively. See Fig. 1 and Sections 2 and 3 for more details.
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ion channels and GPCRs (Slotte, 2013). Importantly, impaired
catabolism of sphingolipids has been reported to result in several
metabolic disorders such as Niemann-Pick disease type A and B
(accumulation of sphingomyelin), Tay-Sachs disease, Sandhoff
disease, Fabry disease, Gaucher disease and Krabbe disease (ac-
cumulation of glycosphingolipids) (reviewed in Kolter and
Sandhoff (2006)). Further, sphingolipids have been shown to act as
receptors for several intracellular pathogens, thereby playing an
important role in infection, and are known to modulate host im-
mune response (Hanada, 2005; Slotte, 2013). In this review, we
provide an overview of the role of membrane sphingolipids in
GPCR function with special emphasis on serotonin receptors. Ser-
otonin receptors are important members of the GPCR family and
are implicated in cognitive and behavioral functions (Hoyer et al.,
2002; Pucadyil et al., 2005).

3. Regulation of function of GPCRs by sphingolipids

Due to the availability of purified enzymes that hydrolyze
specific sphingolipids (e.g., sphingomyelinase) and inhibitors for
enzymes involved in the sphingolipid biosynthesis (e.g., myriocin,
fumonisin B; (FB;), PDMP, NB-DN]J), it has been possible to study in
detail the role of sphingolipids in various cellular processes.
Commonly used sphingolipid metabolic inhibitors include myr-
iocin that inhibits serine palmitoyl transferase (SPT) (the enzyme
that catalyzes the first step in sphingolipid biosynthesis), FB; that
inhibits ceramide synthase, and glycosphingolipid synthesis in-
hibitors such as PDMP (( £ )-threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol) and NB-DNJ (N-butyldeoxynojirimycin).
Some of these metabolic pathways and inhibitors are shown in
Figs. 1 and 2.

3.1. Effect of metabolic depletion of sphingolipids

Fumonisins are biosynthetic inhibitors of cellular sphingolipids.
Fumonisins are mycotoxins produced by Fusarium species and are
known to be ubiquitous contaminants of corn and other grain
products (Stockmann-Juvala and Savolainen, 2008). FB; is the
most abundant among the family of fumonisins. FB; is structurally
similar to sphingoid bases (sphinganine and sphingosine) that are
intermediates in sphingolipid metabolism (see Fig. 2), and is
known to reduce cellular sphingolipid content by inhibiting the
enzyme ceramide synthase (see Fig. 1). The role of sphingolipids in
the function of serotonin;, (5-HT;4) receptors was monitored by
treating cells stably expressing the receptor with FB; and mon-
itoring ligand binding, signaling and expression of the receptor
(Paila et al., 2010). Treatment with FB; resulted in concentration-
dependent reduction in membrane sphingomyelin content with
concomitant reduction in specific agonist (8-OH-DPAT) binding to
the serotonin;, receptor (Fig. 3a). In addition, the G-protein cou-
pling and downstream (cAMP) signaling of the serotonin; re-
ceptor were significantly reduced upon depletion of sphingolipids
(Paila et al., 2010). Importantly, the specific agonist binding to the
receptor was found to be reversed upon replenishment of cellular
sphingolipid content to control levels (Fig. 3b). There was no sig-
nificant change in receptor expression levels and overall mem-
brane order under these conditions. These results suggest specific
requirement of sphingolipids in the function of serotonin;a
receptors.

In addition, the metabolic depletion of sphingolipids in tem-
perature-sensitive variant cell lines (for SPT enzyme) stably ex-
pressing the cholecystokinin (CCK) receptor resulted in a change in
the receptor conformation (Harikumar et al., 2005). Interestingly,
sphingolipid depletion did not exhibit any significant effect on li-
gand binding and signaling of the receptor. However, the receptor
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Fig. 3. Effect of FB; on sphingomyelin content and ligand binding to the human
serotonini, receptor. (a) Sphingomyelin content (cyan bars) and specific
[>H]8-OH-DPAT binding to the serotonin;, receptor (mustard color bars) in mem-
branes isolated from CHO cells stably expressing the serotonin,, receptor, treated
with increasing concentrations of FB;. Both sphingomyelin content and specific
[>H]8-OH-DPAT binding to the serotonin;, receptor show progressive reduction
with increasing FB; concentration. Data taken from Paila et al. (2010). (b) Specific
[®H]8-OH-DPAT binding to the serotonin;s receptor upon replenishment of
sphingolipids. Sphingolipids were replenished in FB;-treated cells using sphingo-
sine, a biosynthetic intermediate which is converted to ceramide by ceramide
synthase. Replenishment of sphingolipid content in FB,-treated cells restores
specific ligand binding to the serotonin;, receptor. Adapted and modified from
Paila et al. (2010). See Section 3.1 and Paila et al. (2010) for more details.

internalization and trafficking were affected upon sphingolipid
depletion which was found to be reversed upon replenishment of
cellular sphingolipid content (Harikumar et al., 2005). In another
study, metabolic depletion of sphingolipids using FB; was shown
to significantly reduce maximum agonist (serotonin) binding to
serotonin; receptors. However, no effect was found on the affinity
of agonist binding to the receptor (Fig. 4a) and receptor expression
level (Sjogren and Svenningsson, 2007). Taken together, these
studies highlight the importance of sphingolipids in the function
of GPCRs.

3.2. Glycosphingolipids in the function of GPCRs

As mentioned above, FB; inhibits ceramide synthase activity
and would therefore result in reduction in levels of all down-
stream sphingolipids. In order to delineate the role of individual
groups of higher sphingolipid species such as glycosphingolipids
in the function of GPCRs, specific inhibitors of glucosylceramide
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Fig. 4. Effect of metabolic depletion of sphingolipids using FB; or PDMP on ligand
binding to the serotonin, receptor. Saturation binding analysis of specific [*H]5-HT
binding to serotonin; receptors stably expressed in HeLa cells, treated with (4) or in
the absence of (m, control) FB; or PDMP, are shown in panels (a) and (b), respec-
tively. The treatment with inhibitors and saturation binding measurements were
carried out in intact cells. A significant reduction in the maximum specific [*H]5-HT
binding sites (Bmax) Was observed upon treatment with FB; or PDMP. Adapted and
modified from Sjogren and Svenningsson (2007), with permission from John Wiley
and Sons (#3594730938408). See Sections 3.1, 3.2 and Sjogren and Svenningsson
(2007) for more details.

synthase such as PDMP have been utilized. PDMP is a structural
analog of ceramide and therefore competitively inhibits gluco-
sylceramide synthase activity and modulates cellular glyco-
sphingolipid levels (Inokuchi and Radin, 1987; see Fig. 1). In order
to explore the role of glycosphingolipids in the function of
serotonin; receptors, cells stably expressing the receptor were
treated with PDMP. This resulted in a significant reduction in
maximum agonist (serotonin) binding to serotonin; receptors,
with no effect on agonist binding affinity and receptor expression
levels (Sjogren and Svenningsson, 2007; Fig. 4b).

In an independent study, metabolic depletion of glyco-
sphingolipids using PDMP was shown to impair the specific ago-
nist (8-OH-DPAT) binding of the serotonin, receptor (Fig. 5a) with
no significant effect on G-protein coupling to the receptor (Singh
et al., 2012). Interestingly, this effect on ligand binding was found
to be reversible upon replenishment of sphingolipids (Fig. 5a). The
reduction in specific ligand binding under these conditions was
primarily attributed to a reduction in total receptor binding sites
with no effect on ligand binding affinity (Fig. 5b). Importantly, this
was accompanied by downregulation of the serotonin,, receptor
expression level (Fig. 5¢).

Gangliosides are a class of glycosphingolipids with one or more

sialic acid (N-acetylneuraminic acid, NANA) groups attached to
sugar moieties and are found at higher levels in brain especially in
the cerebral cortex (Rapport, 1981). As mentioned above, gang-
liosides have been specifically implicated in major neural func-
tions including memory formation, synaptic transmission, brain
development, neuritogenesis and aging (Sonnino and Chigorno,
2000). It was found that sub-chronic treatment with GM1
(monosialotetrahexosylganglioside) in vivo selectively modulated
ligand binding to serotonin, receptors in dorsal cerebral cortex
with no significant effect on dopamine receptors in striatum
(Agnati et al., 1983). Interestingly, addition of tetrasialoganglioside
(GQ1b) was shown to increase the potency of serotonin, receptors
expressed in NCB-20 cell lines of neural origin. With either ex-
ternal addition of GQ1b or by increasing the synthesis of poly-
sialogangliosides in NCB-20 cells, a 10-fold increase in cAMP levels
(adenylate cyclase activity) by serotonin receptors was observed
(Dawson and Berry-Kravis, 1984). In addition, GM1 has been
shown to promote delta-opioid receptor coupling with Gs and
attenuate the inhibitory opioid effect, thereby specifically inducing
excitatory opioid responses in both neuronal and non-neuronal
cell lines expressing the receptor. The effect of GM1 on the re-
ceptor was shown to be due to allosteric modulation of the re-
ceptor conformation from G; to Gs mode of coupling (Wu et al.,
1998). This was supported by studies on dorsal-root ganglion
membranes treated with cholera toxin-B (which specifically binds
GM1) that showed selective blocking of excitatory opioid re-
sponses (Crain and Shen, 1998). It was further shown that the
efficacy of opioid agonists in eliciting excitatory effects was
markedly increased with addition of GM1 to dorsal-root ganglion
membranes with no other ganglioside showing similar effects
(Crain and Shen, 1998). Taken together, these reports bring out the
requirement of glycosphingolipids in GPCR function.

3.3. Role of sphingomyelin in GPCR function

As mentioned above, the major sphingolipid in mammals is
sphingomyelin. It is also the most abundant sphingolipid in the
nervous system and constitutes ~25% of total lipids in the myelin
sheath (Soriano et al., 2005). A relatively easy way to understand
the role of a specific lipid would be by using enzymes acting on
that lipid, modifying it to another species. Along the same lines,
the role of sphingomyelin in the serotonin; receptor function was
studied utilizing sphingomyelinase (SMase) (Singh and Chatto-
padhyay, 2012). SMase is an enzyme that specifically catalyzes the
hydrolysis of sphingomyelin into ceramide and phosphorylcholine
(Goiii and Alonso, 2002). With the reduction in sphingomyelin
content upon treatment with sphingomyelinase, the specific ago-
nist binding to the serotonin;, receptor was found to decrease
with no significant change in overall membrane order (Singh and
Chattopadhyay, 2012). In case of human delta opioid receptors,
G-protein coupling to the receptor bound to specific agonist (ac-
tive form of the receptor) was found to increase significantly in
presence of high level of sphingomyelin (Alves et al., 2005).

3.4. Sphingolipid binding domain (SBD)

In the context of several GPCRs showing dependence on
sphingolipids for their function, it is important to explore whether
GPCRs have specific sphingolipid binding sites. It is interesting to
note that in several important membrane proteins such as HIV-1
gp120, Alzheimer's beta amyloid peptide and the prion protein, a
common sphingolipid binding domain (SBD) has been identified
(Fantini, 2003; Fantini and Barrantes, 2009; Fantini and Yahi, 2011;
Mahfoud et al.,, 2002). As mentioned above, work from our la-
boratory has demonstrated the role of sphingolipids in the func-
tion of the serotonin;s receptor (Jafurulla and Chattopadhyay,
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2013; Jafurulla et al., 2008; Paila et al., 2010; Singh and Chatto-
padhyay, 2012; Singh et al,, 2012). To explore whether the ob-
served sensitivity of the serotonin;, receptor toward sphingolipids
is due to SBD motif(s), we examined the presence of SBD motif in
the serotonin;s receptor by applying an algorithm (Fantini et al.,
2006) based on the systematic presence of key amino acids
(Chattopadhyay et al., 2012). Our results showed that a putative
SBD motif (LNKWTLGQVTC) is present in the human serotonin;
receptor with the characteristic combination of basic (Lys-101),
aromatic (Trp-102) and turn-inducing (Gly-105) residues (Fantini
and Barrantes, 2009; Snook et al., 2006). Interestingly, this motif
was found to be an inherent feature of the serotonin;, receptor
and conserved over natural evolution across various phyla (Chat-
topadhyay et al., 2012).

4. Conclusion and future perspectives

GPCRs are known to regulate multiple physiological processes
and represent major drug targets in all clinical areas. GPCRs are in-
tegral membrane proteins with several membrane spanning do-
mains and interaction with membrane lipids is a crucial determinant
in their structure and function. In spite of extensive characterization

of the pharmacological and signaling features of GPCRs, the role of
sphingolipids in regulating their function remains a relatively less
explored area. Further understanding of molecular details in this
area could be achieved from mutational analysis of residues involved
in specific interaction of sphingolipids with GPCRs. A better insight
into GPCR function would be achieved with such understanding of
molecular details in GPCR-sphingolipid interaction, thereby en-
abling us to develop better therapeutic strategies for diseases in-
volving malfunctioning GPCRs.
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