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Supplementary Fig. 1. Production of synaptamide from DHA in cortical neuron cultures.  

When DIV1 cortical neuron cultures were incubated with the mixture of 12C- and uniformly labeled 

13C22-DHA for 1 h, the production of 12C- and 13C22-synaptamide was detected in the positive (a) 

and negative ion (b) ESI mass spectra.  Data represent at least three independent experiments. 

  



2 
 

 

 

Supplementary Fig. 2. Time course of cAMP production in response to synaptamide in 

cortical neurons and NSCs.   Synaptamide at 10 nM time-dependently increased cAMP 

production in cultured cortical neurons and NSCs.  The cAMP production reached a plateau in 10-

15 min.  Each data point is presented as mean ± s.e.m. of biological triplicates, representing two 

independent experiments.  
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Supplementary Fig. 3. Effects of synaptamide, DHA and OA on neurite growth, cAMP 

production and CREB activation in cortical neurons. Synaptamide (Syn) dose-dependently 

increased neurite growth (a). DIV1 neurons were treated with synaptamide for 48 h.  cAMP 

production (b) and CREB phosphorylation (c) were increased after treating DIV3 neurons with 

synaptamide for 10 min.  Similarly, increased CRE transcriptional activity was also observed when 

DIV2 cortical neurons were transfected with the CRE reporter plasmid for 24 h and treated with 

synaptamide for additional 18 h (d).  Data are presented as means ± s.e.m. of biological triplicates, 

representing three independent experiments.  *p<0.05, **p<0.01 in comparison with control 

(unpaired Student t-test).  Scale bar: 20 µm. 
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Supplementary Fig. 4. cAMP-dependent neurogenesis induced by synaptamide. Synaptamide-

induced neurogenic differentiation and cAMP production in NSCs were abolished by SQ22,536.  

To evaluate neurogenic differentiation, NSCs were treated with 10 nM synaptamide from 6 h after 

seeding for 3 days, and DIV3 NSCs were stimulated with synaptamide for 10 min to measure 

cAMP production.  Data are presented as means ± s.e.m. of biological triplicates, representing three 

independent experiments. ##p<0.01, *p<0.05, **p<0.01, vs. corresponding control (unpaired 

Student t-test).   ¶, relative to control. 
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Supplementary Fig. 5.  Neurite growth promoted by synaptamide analogues.  Synaptamide, 

biotinylated synaptamide analogue (G1)  and biotinylated synaptamide analogue (G1*)  containing 

a crosslinkable primary amine group G1* at 10 nM increased cortical neurite outgrowth to an extent 

comparable to synaptamide treated on DIV1 for 48 h. Data are means ± s.e.m. of biological 

triplicates, representing three independent experiments. ***p<0.001 vs. control (unpaired Student t-

test). 
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Supplementary Fig. 6.  Expression of full length mouse GPR110 (mGPR110) verified by 

Western blot analysis and mass spectrometry.  mGPR110-HA expressed in HEK293 cells and 

immunopurified (IP) using HA antibody was detected at ~130 (band 1) and ~100 kD (band 2) by 

both HA and N-terminal targeting GPR110 antibodies (a).  Mass spectrometric analysis of these 

bands confirmed that both are full-length GPR110 based on the detected tryptic peptides 

highlighted in red (b).  The peptide sequence highlighted in blue corresponds to the epitope 

sequence for the N-terminal targeting GPR110 antibody used in this study.  This antibody did not 
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detect the C-terminal fragment at ~37 kD, the GPS autocleavage product of GPR110.   M: 

Molecular weight marker. Data represent two independent experimnents.  
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Supplementary Fig. 7.  Expression of full length human GPR110 verified by Western blot 

analysis and mass spectrometry.  a, Western blot analysis of hGPR110-HA. HA-tagged GPR110 
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was overexpressed in HEK293 cells and immunoprecipitated with anti-HA antibody. The 

immunopurified human GPR110-HA (hGPR110-HA) was detected at ~130 kD (band 1) and ~110 

kD (band 2). After deglycosylation using PNGase F, a major band at ~100 kD (band 3) was 

observed. b-d, Mass spectrometric detection of full-length hGPR110 (gi/61743940). N- and C-

terminal peptides as well as transmembrane (TM) peptides were identified by MS in all of the three 

bands indicated. The N-linked deglycosylation by PNase F accompanies deamidation of the 

asparagine residue to aspartic acid, although non-enzymatic deamination can also occur. Five 

additional N-terminal peptides (highlighted in blue), along with deamidation of N368, N389, N410, 

N423, and N512 were identified from the deglycosylated sample (d), in comparison to the case 

without treating with the deglycosylation enzyme (b and c). The data suggests that these asparagine 

residues are most likely the N-linked glycosylation sites of hGPR110. The peptides identified by 

MS are underlined, and the predicted N-linked glycosylation sites (N-!P-S/T) are highlighted in red 

in the primary structure of hGPR110.  As observed with mGPR110, the G1 binding to hGPR110 

was displaced by synaptamide (e), indicating that synaptamide binds to hGPR110.   Data represent 

two independent experimnents.  
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Supplementary Fig. 8.   Verification of GPR110 interaction with Gαs by co-

immunoprecipitation.  GPR110 interaction with Gαs was verified by co-immunoprecipitation of 

overexpressed mGPR110-HA with endogenous Gαs using Gαs antibody (a).  GPR110-HA and 

GFP-Gαs co-overexpressed in HEK cells were also co-immunoprecipitated using HA or GFP 

antibody, further confirming the association of GPR110 and Gαs (b). Data represent two 

independent experimnents. 
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a.  

 

 

 

 

 

b.  

 

Supplementary Fig. 9. N-terminal targeting GPR110 antibody detecting endogenous GPR110 

and blocking synaptamide-induced cAMP production in cortical neurons and neural stem 

cells (NSCs).  The N-terminal targeting GPR110 antibody detects the expression of GPR110 from 

the lysate of NSCs and cortical neurons at ~100 kD. Data represent three independent 

experimnents.  Enrichment of GPR110 was indicated after immunopurification with the same 

GPR110 antibody (a).  The GPR110 antibody (closed circle) dose-dependently blocked the cAMP 

production induced by 10 nM synaptamide while control IgG (open triangle) did not affect 
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synaptamide-induced cAMP prodcution (b).  Each data point in b is presented as mean ± s.e.m. of 

biological triplicates, representing two independent experiments. 

 

  

Supplementary Fig. 10.   Binding of bodipy-synaptamide to hGPR110-HA.  The direct 

interaction between bodipy-synaptamide, a fluorescent group-labeled synaptamide, and hGPR110-

HA immunopurified in PBS containing 0.5% Triton X-100 from HEK cells was assessed by 

microscale thermophoresis. Under this condition, the apparent Kd was found to be ~20 nM, most 

likely right-shifted as the bodipy-synaptamide concentration (20 nM) used in this assay was above 

the low nM Kd expected from the cAMP production (EC50 = 2-5 nM).  Nevertheless, the data 

confirmed the binding between GPR110 and bodipy-synaptamide.  No binding was observed when 

hGPR110-HA was thermally denatured by heating at 60 oC for 30 min.  Data represent two 

independent experimnents.   
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Supplementary Fig. 11. Synaptamide is a specific ligand to GPR110.  Only synaptamide (1 µM)  

and N-terminal targeting GPR110 antibody (0.4 μg/mL) among various fatty acyl ethanolamides (1 

µM, pretreatment for 30 min) abolished the fluorescent endocytic receptor puncta formed after 

bodipy-synaptamide (100 nM) treatment for 30 min.  Syn,  synaptamide; n3, omega-3; n6, omega-

6; DPEA, N-docosapentaenoylethanolamine; OEA, N-oleoylethanolamine; AEA, N-

arachidonylethanolamine; PEA, N-palmitoylethanolamine.  Representative data from five 

independent experimnents are presented.   

Bodipy‐Syn                     Syn+ Bodipy‐Syn                          n‐3                                          n‐6              

AEA+Bodipy‐Syn              OEA+Bodipy‐Syn              PEA+Bodipy‐Syn          Anti‐GPR110+Bodipy‐Syn 

DPEA+Bodipy‐Syn  
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Supplementary Fig. 12.  Induction of cAMP production and neurite growth specifically by 

synaptamide. a. Only synaptamide among various fatty acyl ethanolamides significantly increased 

cAMP at concentrations up to 1 µM.  For cAMP production, DIV3 cortical neurons or NSCs were 

stimulated with fatty acyl ethanolamides for 10 min.   b. Representative photomicrographs of MAP-

2 positive neurons were obtained after treating DIV1 cortical cultures with 10 nM N-

acylethanolamines for 48 h, showing induction of neurite outgrowth only by synaptamide. Data are 

a. 

b. 
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presented as means ± s.e.m. of biological triplicates, representing three independent experiments. 

**p<0.01 vs. control (unpaired Student t-test). ¶, relative to control.   

 

 

 

Supplementary Fig. 13. Synaptamide-induced cAMP production and neurogenic 

differentiation blocked by pretreatment with anti-GPR110 antibody. Mouse NSC cells were 

pretreated with 0.4 μg/mL N-terminal targeting GPR110 antibody for 30 min under a non-

permeable condition at 6 h after seeding and subsequently treated with 10 nM synaptamide for 3 

days for the evaluation of neurogenic differentiation. Similarly, cAMP production was evaluated 

after stimulating DIV3 NSCs with synaptamide for 10 min after pretreatment with GPR110 

antibody for 30 min.  Synaptamide-induced neurogenic differentiation (a, b) and cAMP production 

(c) were completely blocked by the treatment with GPR110 antibody. Data are presented as means 

± s.e.m. of biological triplicates, representing three independent experiments. *p<0.05, **p<0.01 

vs. control (unpaired Student t-test). Scale bar: 20 µm. 
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Supplementary Fig. 14.  Prevention of synaptamide-induced cAMP production by GPR110 

antibody.  A549 cells were transfected with empty vector (M45) or HA-tagged mouse GPR110 

(mGPR110-HA). After 24 h, cells were treated with 0.4 μg/mL N-terminal targeting GPR110 

antibody or control IgG for 30 min followed by 10 nM synaptamide for 10 min. Although the 

increase in cAMP in mGPR110-transfected A549 cells is relatively small in response to 10 nM 

synaptamide, the increase is still abrogated by anti-GPR110. Data are presented as means ± s.e.m. 

of biological triplicates, representing three independent experiments. *p<0.05, **p<0.01 vs. control 

(unpaired Student t-test).  
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Supplementary Fig. 15.  In situ hybridization detecting gpr110 overexpression and silencing. 

HEK293 cells were co-transfected with mGPR110-HA and GPR110 shRNAs (sh1 and sh2) or 

scrambled RNA (Sc).  Cells were hybridized with the gpr110 RNAscope probe. The overexpressed 

gpr110 signal detected by in situ hybridization is shown in brown. GPR110 shRNA expression 

prevented gpr110 expression while scrambled control RNA (Sc) showed no effects. Quatitative 

data are presented as means ± s.e.m. for biological triplicate, representing three independent 

experiments. ***p<0.001 vs. control (unpaired Student t-test).  
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Supplementary Fig. 16.  Representative micrographs showing no synaptamide effect on 

neurite outgrowth in cortical neurons from GPR110 KO mice. The DIV1 cortical neurons 

obtainbed from GPR110 WT and KO P0 animals were treated with 10 nM synaptamide for 48 h. 

Synaptamide (Syn) increased neurite growth in WT but not in KO neurons. Representive 

micrographs are presented from three independent experiments.  
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Supplementary Fig. 17.  Western blot analysis showing significant decreases in synapsin1, 

PSD95 and Homer1 proteins in the KO brain.  The cortical expression of synapsin1, PSD95 and 

homer1 in P10 KO brains was significantly lower compared to WT.  Data are presented as means ± 

s.e.m. of biological triplicates, representing two independent experiments. *p<0.05 vs. control 

(unpaired Student t-test). 
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Supplementary Fig. 18.  Acquisition trials for Morris water maze.  The performance of  WT 

and GPR110 KO mice improved at a similar rate during the training sessions across 4 days.   Both 

the escape time and the distance to platform is comparable between the two groups (p>0.05, Two 

way repeated measures ANOVA).   Data are expressed as means ± s.e.m. with the animal numbers 

as indicated in the figure legend. 
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Supplementary Fig. 19.  Chemical synthesis of (4Z,7Z,10Z,13Z,16Z,19Z)-N-(2-(5-

((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)ethyl)docosa-

4,7,10,13,16,19-hexaenamide (G1).    
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Supplementary Fig. 20.  Preparation of (4Z,7Z,10Z,13Z,16Z,19Z)-N-(7-amino-4-(5-

((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)heptyl)docosa-

4,7,10,13,16,19-hexaenamide (G1*). 

(1) 5-Oxononanedioic acid  

(2) 4-Methoxybenzyl 4-oxoheptane-1,7-diyldicarbamate 

(3) Bis(4-methoxybenzyl) (4-aminoheptane-1,7-diyl)dicarbamate 

(4) Bis(4-methoxybenzyl) (4-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-

4yl)pentanamido) heptane-1,7-diyl)dicarbamate 

(5) N-(1,7-diaminoheptan-4-yl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanamide 

(6) (4Z,7Z,10Z,13Z,16Z,19Z)-N-(7-amino-4-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamido)heptyl)docosa-4,7,10,13,16,19-hexaenamide (6, G1*). 
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Supplementary Fig. 21.  Preparation of 10-(5-((2-((4Z,7Z,10Z,13Z,16Z,19Z)-docosa-

4,7,10,13,16,19-hexaenamido)ethyl)amino)-5-oxopentyl)-5,5-difluoro-1,3,7,9-tetramethyl-5H-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (Bodipy-synaptamide). 

1. 5-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-

yl)pentanoic acid 

2. Bodipy-synaptamide 
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Supplementary Fig. 22.  Uncropped  western blots 
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Supplementary Table 1. Unique GPR110 peptides identified from fetal brain after affinity 

purification, SDSPAGE, in-gel digestion and mass spectrometric analysis 
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Supplementary Table 2.  Unique peptides of mGPR110 (gi/17512539) overexpressed in HEK 
 
cells identified from ~ 100 kD band (band 2 in supplementary Fig. 6) by mass spectrometry 
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Supplementary Table 3. Unique peptides of mGPR110 (gi/17512539) overexpressed in HEK 

cells identified from ~130 kD band (band 1 in supplementary Fig. 6) by mass spectrometry 

 

 

 

 

 

  



39 
 

Supplementary Table 4.  Unique hGPR110 (gi/61743940) peptides identified by mass 

spectrometry from ~ 130 kD band  (band 1 in supplementary Fig. 7) 
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Supplementary Table 5.  Unique hGPR110 (gi/61743940) peptides identified by mass 

spectrometry from ~ 110 kD band  (band 2 in supplementary Fig. 7)  
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Supplementary Table 6. Unique hGPR110 (gi/61743940) peptides identified by mass 

spectrometry from ~ 100 kD band  (band 3 in supplementary Fig. 7)  

 

 

 

 

 

 


