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Structure-inspired design of a sphingolipid mimic sphingosine-1-
phosphate receptor agonist from a naturally occurring 
sphingomyelin synthase inhibitor  
Mahadeva M. M. Swamy, ‡a Yuta Murai, ‡a,b Yusuke Ohno,c Keisuke Jojima,c Akio Kihara,c Susumu 
Mitsutake,a Yasuyuki Igarashi,a Jian Yu,d Min Yao,d Yoshiko Suga,a Masaki Anetai,a and     
Kenji Monde*a,b 

Ginkgolic acid obtained as sphingomyelin synthase inhibitor from 
plant extract library inspired the concept of sphingolipid mimic. 
Ginkgolic acid derived N-acyl anilines and ginkgolic acid 2-
phosphate (GA2P) mimics ceramide and sphingosine 1-phosphate 
(S1P) respectively in structure and function. GA2P induced 
phosphorylation of ERK and internalization of S1P receptor 1 
(S1P1), indicated potent agonist activity. Docking study revealed 
that GA2P adopts similar binding pose to the bound ligand ML5, 
which is a strong antagonist of S1P1.  

Discovering enzyme inhibitors and agonists is a fundamental 
strategy to develop low molecular-weight drugs and biological 
tools, which significantly advances life science. Protein 
structure-based drug design in silico using structural 
information from solution-state NMR1 and X-ray 
crystallography2 often results in finding novel drug candidates 
that have a substantially different scaffold from the original 
substrate. However, in the case of membrane proteins, such as 
a membrane receptor and enzyme, synthetic inhibitors and 
agonists designed from original substrates are often more 
efficient because of difficulty with NMR and X-ray methods. 
This conventional method is not necessarily complimentary 
even though it is possible to discover partially active inhibitors. 
Therefore, we initially regarded naturally occurring inhibitors 
as mimics of the original substrate and developed novel 
chemical tools with new functions, such as agonist activity, by 
addition of chemical modifications. In this study, we focused 
on the membrane protein sphingomyelin synthase (SMS) 
whose substrate is ceramide and product is sphingomyelin. 

Sphingomyelin is a major phospholipid component of the cell 
membrane and accounts for 85% of the total sphingolipid in 
humans. Additionally, the sphingomyelin-to-ceramide ratio has 
an important role in the maintenance of plasma membrane 
fluidity, regulation of micro-domain structure, and signal 
transduction. SMS is a membrane enzyme that catalyzes the 
synthesis of sphingomyelin from ceramide and has two 
isozymes, SMS1 and SMS2. SMS knockout mice have 
decreased levels of plasma inflammatory cytokines3 and are 
resistant to high-fat diet-induced obesity,4 insulin resistance,5 
Alzheimer's disease,6 and tumorigenesis.7 Therefore, SMS 
inhibition is a novel therapeutic approach for these diseases. In 
this communication, we repot isolation of ginkgolic acid (15:1) 
as the first naturally occurring SMS inhibitor from terrestrial 
plant extracts. Ginkgolic acid is an amphipathic compound 
composed of a hydrophilic head group from the salicylic acid 
part and a common hydrophobic tail group from the 
hydrocarbon chain and has similar physical properties to 
sphingosine (Figure 1). Because of its structure, we 
hypothesize that ginkgolic acid is a sphingolipid mimic and 
chemically modified its structure. As a sphingosine related 
compound, sphingosine-1-phosphate (S1P) is a mono-
phosphorylated sphingosine and a well-known lipid mediator 
of sphingolipids that interacts with S1P receptor 1 (S1P1) to 
regulate the vascular and immune systems.8 We also repot the 
agonist activity of ginkgolic acid 2-phosphate (GA2P), which 
was chemically prepared by the phosphorylation of ginkgolic 
acid, was examined to understand chemical mimics and create 
novel chemical tools (Figure 1). 
   To discover sphingolipid mimics, we screened a natural 
product extracts library constructed from 650 plants grown 
wildly or cultivated in Hokkaido, including local medicinal 
plants, for cell-based inhibition of sphingomyelin synthase 
(SMS). A methanol extract of Ginkgo biloba had higher 
inhibition activity against SMS, and bioassay-guided 
fractionation of the G. biloba methanol extract resulted in 
isolation of ginkgolic acid (1, 15:1) as the active compound 
(Figure 2).  
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Ginkgolic acid had relatively moderate inhibition of SMSs 
compared with that of previously synthesized inhibitors9 with 
IC5O of 1.5 µM on both SMS1 and SMS2 (see supporting 
information (SI) for more details). Ginkgolic acid was reported 
to inhibit protein SUMOylation,10 suppress the development of 
pancreatic cancer,11 protect against Aβ-induced synaptic 
dysfunction in the hippocampus,12 and inhibit cell proliferation 
and migration of lung cancer cells.13 Ginkgolic acid is a natural 
salicylic acid with a long alkyl or alkenyl substituent at the 
ortho position to the carboxyl group, and sphingosine is an 
unsaturated 18-carbon amino alcohol. Both compounds have 
hydrophilic and hydrophobic parts in the molecule, and 
ginkgolic acid structurally resembles sphingosine (Figure 1). 

   To elucidate the relationship between the structure of 
ginkgolic acid and its inhibition of SMS, we examined ginkgolic 
acid derivatives on SMSs in a SAR study. Ginkgolic acid 
derivatives (2-5) were prepared from 6-hydroxy salicylic acid 
starting material by modifying previously reported methods 
(Figure 2),14 and used for SMS1 and SMS2 inhibition assays 
(Figure 2, see SI). Ginkgolic acid (15:0) 2 with a saturated 
hydrophobic side chain did not have significantly different SMS 
inhibitory activity compared with that of 1.  

Figure 2. Structure-activity relationship study on ginkgolic acid 
derivatives toward inhibition of SMS. Each concentration number 
indicates IC 50 value for SMS1 as (1) and SMS2 as (2), respectively. The 
IC50 values were measured by cell-based assay system: SMS expressing 
cell lysates (20 mM Tris-buffer, 100 mL) and compounds were 
incubated for 3 hours at 37°C, then fluorescent lipids were extracted 
from lysates by the Bligh-Dyer method, and directly applied to HPLC 
(see SI). 

 
 
Compound 3, which had a reduced chain length from C15 to 
C8, had less potent SMS inhibition. Methyl esters of ginkgolic 
acid (15:1), 4 and 5, were inactive derivatives. Therefore, the 
carboxylic acid group and long hydrophobic chain of ginkgolic 
acid are essential moieties for inhibition of SMSs (Figure 2).  
   To extend the mimic function of this naturally occurring 
inhibitor, we chemically modified the structure of ginkgolic 
acid. In terms of structural similarity, the 1-hydroxy and 2-
amino groups in sphingosine corresponded to the 2-hydoxy 
and 1-carboxyl groups respectively, of the salicylic acid portion 
in ginkgolic acid (Figure 1). Both molecules have long 
hydrophobic hydrocarbon chains near the hydrophilic parts 
with and without a double bond. Specifically, the carboxyl 
group in ginkgolic acid replaces the amino group in 
sphingosine. These aniline-type sphingosine mimics with C-15 
(6) and C-8 (7) hydrocarbon chains were synthesized in three 
steps starting from commercially available 3-bromo-2-nitro-
anisole (see SI). 
   To discover potent and selective inhibitors, ceramide mimics 
were synthesized by further acylation with variety of 
carboxylic acids. Selective acylation of the 1-amino group was 
problematic because of additional acylation of the phenolic 
hydroxyl group in 6. Therefore, an O-methyl derivative of 6 
was designated as a starting material and lead to N-acylation 
and O-demethylation. Twenty ceramide mimic ginkgolic acid 
derivatives were synthesized with two different hydrocarbon 
chain lengths by using various carboxylic acids. Table 1 shows 
the results of the SMS inhibition assay with these compounds 
(Table 1, see SI). Potent inhibition by these compounds for 
SMSs suggested that the modified molecules were ceramide 
mimics. Various acylation of the amino-modified mimic 
resulted in significant and selective inhibition of SMS2. Entry 7 
and 10 in Table 1 had an IC50 of 5 µM and 2 µM, respectively, 
with 8–15 fold selectivity. The derivatives with a moderate 
hydrophobic alkyl chain might be required to accommodate 
the binding pocket of SMS1. 
   Mimic was applied to sphingosine-1-phosphate (S1P), which 
is the most significant lipid mediator of sphingolipids. 
Sphingosine-1-phosphate (S1P) receptors constitute a family of 
five related G protein-coupled receptors (GPCRs) named S1P1-
S1P5, which are involved in pleiotropic physiological processes,  
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Figure 1. Ginkoglic acid, isolated from Ginkgo biloba, inspires sphingo-mimic and its derivatives behave as a lipid mediator. 
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Table 1. Inhibition activity of ceramide mimics toward sphingomyelin 
synthase 1 and 2. IC50 values were measured by cell-based assay 
system: SMS expressing cell lysates (20 mM Tris-buffer, 100 mL) and 
compounds were incubated for 3 hours at 37°C, then fluorescent lipids 
were extracted from lysates by the Bligh-Dyer method, and directly 
applied to HPLC (see SI). 

 
and S1P1 is critical in the vascular and immune systems.8 
Fingolimod (FTY720), derived from naturally occurring 
myriocin produced by Mycelia sterilia, is a novel blockbuster 
drug used to treat relapsing-remitting multiple sclerosis.15 
FTY720 is a prodrug whose active monophosphate (FTY720-P) 
is metabolized from FTY720 in vivo and acts as a functional 
antagonist of S1P receptors.16   
   To examine S1P mimic function of the ginkgolic acid skeleton, 
ginkgolic acid 2-phosphate (GA2P) was prepared by chemical 
phosphorylation of 2 as a mimic of S1P. We investigated the 
signalling activities of S1P1 by measuring the downstream 
signalling phosphorylation of extracellular signal-regulated 
kinase (ERK) and internalization of S1P1 using immunoblotting 
and indirect immunofluorescence microscopy.17 The 
phosphorylation levels of the ERK upon treatment with various 
concentrations of S1P, ginkgolic acid (15:0), and ginkgolic acid 
2-phosphate were measured. Ginkgolic acid 2-phosphate 
induced ERK phosphorylation in a dose dependent manner,  

 
Figure 3 (a) S1P1-CHO cells were incubated for 12 h with F-12 medium 
containing charcoal-treated FBS, and for another 12 h with F-12 
medium. The cells were then stimulated with the indicated 
concentrations of S1P, ginkgolic acid (15:0) and GA2P respectively. 
Total cell lysates were separated by SDS-PAGE, followed by 
immunoblotting with anti-phosphorylated ERK (upper panel) and anti-
ERK (lower panel) antibodies. (b) S1P1-CHO cells were incubated for 12 
h with F-12 medium containing charcoal treated FBS, and for another 
12 h with F-12 medium. After a 1 h treatment with 10 µg/mL 
cycloheximide to inhibit protein synthesis, the cells were stimulated 
for 10 min with 10 µM S1P, ginkgolic acid (15:0) and GA2P respectively. 
After washing cells, Cells were stained with anti-FLAG M2 antibodies 
and Alexa Fluor 488 goat anti-mouse IgG (H+L) conjugated antibody 
(red arrows indicate the internalization of S1P1).  
 
but application of ginkgolic acid (15:0) did not result in ERK 
phosphorylation (Figure 3a). In addition, internalization of 
FLAG-tagged S1P1 was observed by 10 µM ginkgolic acid 2- 
phosphate treatment (Figure 3b).  These results suggest that 
ginkgolic acid 2-phosphate interacted with S1P1 as an S1P 
agonist. Previously, Nizet et al. predicted that ginkgolic acid 
(15:0) stimulates S1P1 using an in silico docking model.18 
However, our results indicated that naked ginkgolic acid 
without the phosphate group did not stimulate S1P1 (Figure 3). 
Furthermore, to confirm the direct interaction of GA2P to S1P1, 
[32P]S1P binding assay has been carried out, which proved 
GA2P was a competitive agonist (Figure S3). 
   The interaction between ginkgolic acid 2-phosphate and S1P1 
by docking simulations was confirmed by Autodock vina with 
flexible/fixed side chains. The docking result indicated that 
ginkgolic acid 2-phosphate adopts a similar binding manner to 
the bound ligand ML5, which was co-crystalized as a strong 

Entry R4 R5 IC50 (µM): SMS1 IC50 (µM): SMS2

3

4

1

2

5

6

7

8

9

10

Me

Me

Me

Me

Me

C8H17

C8H17

C8H17

C8H17

C8H17

C9H19

C9H19

O

NO2

O

NO2

S N
O O

S N
O O

Cl

Cl

S NO2

S NO2

30

30

>100

>100 >100

15 5

15

5

70 20

5 3

7 10

40

>100 35

7

2

HO
HN

O

R5

R4



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

antagonist of S1P1.19 The phosphate group, which is crucial for 
the binding interaction, is close to that of ML5 and surrounded 
by hydrophilic side chains as shown in Figure 4. The 
hydrophobic tail part of ginkgolic acid  

 
Figure 4. Docking result of GA2P. The protein structure of S1P1 (PDB 
code 3V2Y) is shown in ribbon model and the residues surrounding the 
binding site are shown in line model. GA2P and ML5 (bound ligand in 
3V2Y) are represented in stick model. Carbon atoms are highlighted in 
yellow (GA2P) and cyan (ML5). Oxygen, nitrogen and phosphate atoms 
are shown in red, blue and orange, respectively. GA2P binds to the 
binding pocket with binding affinity of -8.1 kcal/mol. The aliphatic C-15 
tail fills the hydrophobic pocket, and the head group interacts with 
S1P1 residues Lys34, Tyr39, Asn101 and Arg120 in hydrogen-bond 
distance. 
 
2-phosphate adopts a similar binding conformation as ML5 
and is located at the hydrophobic region of the binding site. In 
the ML5-S1P1, Lys34 forms a hydrogen bond with the 
phosphate group but remains far away from that of ginkgolic 
acid 2-phosphate. 
   
   In conclusion, we identified ginkgolic acid (15:1) as a novel 
naturally occurring inhibitor of SMSs by screening a plant 
extracts library. There was structural similarity between this 
naturally occurring SMS inhibitor and sphingolipid, which 
suggests that the inhibitor was a mimic of the original 
molecule. Modified ceramide mimic derivatives were prepared 
to selectively inhibit SMS2, which is valuable to understand 
SMS biology. Analysis of S1P ginkgolic acid 2-phosphate mimic 
activity on the S1P receptor supported this “sphingo-mimic” 
concept. Several natural products that have a hydrophilic core 
and hydrophobic hydrocarbon side chain have been 
characterized such as cardols, urushiols, and gentisides.20 Our 
study implied that the physiological activities of these 
compounds work through lipid-related systems. 
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