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Supplementary Information 1 
 

Supplementary Figures 

 
 

 

Figure 1S.  Alignment of predicted amino acid sequences for the P2X receptor subfamily. 

The predicted amino acid sequences for AcP2X and AcP2Xb were aligned with P2X4 like receptors, 

see materials and methods section 2.3 (the main text and above). The names and accession numbers 

for sequences used are: Aplysia-1 AcP2X, NP_001191558.1; Aplysia-2 AcP2Xb, 

NP_001191559.1; Daphnia pulex, EFX89098.1; Nematostella vectensis, XP_032239188.1; Homo 

sapiens, HumanP2X4, NP_002551.2. The exon/intron boundaries, as well as protein motifs, are 

based on the genomic or predicted protein sequence of AcP2X unless otherwise noted. The key for 

marked critical motifs or amino acid residues is as follows: -  Transmembrane region; ● N-

glycosylation site; ♦ PKC phosphorylation site; ■ CK2 phosphorylation site; ◊□○ Present only in 

AcP2X  with the same designation as filled in symbols; ▼ Present only in AcP2Xb (PKC 

phosphorylation site); ▲ Conserved cysteines (red); *** Predicted ATP binding site (green); 

***** Predicted trafficking motif; ┌  Exon/Intron Boundaries (blue) 



 

Figure 2S. Genomic organization of P2X4 receptors. The genomic organization of selected P2X 

genes (same sequences and accession numbers used as in Fig. 1S, see also supplement 2) Human 

P2X4 and mouse P2X4 have 12 coding exons. Aplysia P2X receptor genes have 11 coding exons 

in which the 9 and 10 exons compared to vertebrates are fused, still generating a conserved 

exon/intron boundary. The asterisks indicate two contigs in the Aplysia genome assembly.   All 

the exon/introns boundaries conserved and have compatible gene size. The two other invertebrate 

P2X-like receptor sequences from Daphnia and Nematostella only have 8 coding exons with 4 

exons being fused, however, the exon/intron boundaries of those present in their genomes are still 

conserved. The exons are color-coded with the appropriate protein domain as well as critical amino 

acids being indicated. 

 

  

 



 

Fig. 3S. The hypothetical 3D-structure of P2X receptors for Aplysia californica and Lymnaea 

stagnalis.  A and B. 3D modeling for P2X receptors of A. californica and L. stagnalis with an 

open state (model PDB: 5svk), see details in1. Alternative models of P2X receptors were generated 

using PyMol (The PyMol Molecular Graphics System, Version 1.8.6.0 Schrödinger, LLC) and 

Phyre2 software1-4.  
 

  

 



Fig. 4S. Examples of differentially expressed genes between F-cluster and Bag cells (RNA-seq). 

TPM - transcripts per million. See text for details. 

 
 

  

 



Fig. 5S. Examples of differentially expressed genes associated with bioenergetics. RNA-seq data 

for F-cluster, Bag cells and the entire central nervous system (CNS). TPM - transcripts per million. 

See text for details. 
 

  

 



 

 

Fig. 6S. Expressions of selected neuropeptides in F-cluster and bag cells (RNA-seq data). 

TPM - transcripts per million. See text for details. 
 

  
 



Fig 7S.  Illustrative Examples of differentially expressed genes between F-cluster (green) and 

Bag cells (blue), RNA-seq data. TPM - transcripts per million. Of note, transcripts encoding 

interleukin 17-like and egg-laying hormones are the most abundant secretory products in F-cluster 

and bag cells, respectively. See text for details. 
 

 

 

 

 

 

 

 

 

 

  

 



Supplementary information 2 
 

Supplementary Methods & Sequences Descriptions 

1. Animals  

 Aplysia californica (60 – 100 g) were obtained from the National Resource for Aplysia at 

the University of Miami. Animals were anesthetized by injection of 60% (volume/body weight) 

isotonic MgCl2 (337 mM) prior to the removal of the CNS.  The ganglia were then pinned to a 

sylgard dish in artificial seawater (ASW: 460 mM NaCl, 10 mM KCl, 55 mM MgCl2, 11 mM 

CaCl2, 10 mM HEPES, pH=7.6) and the cells were exposed by the mechanical removal of the 

overlying sheath with fine forceps. 

 

2. Molecular methods  

2.1 Cloning of Aplysia AcP2X4 receptors  

 The original sequences were obtained from Aplysia RNA-seq profiling5-8. Details for RNA 

extraction and cDNA library construction have been described5-7,9.   

Both 5’ and 3’ RACE were performed to obtain the full-length coding sequence. Full-

length CDS sequence for AcP2X (GenBank# NP_001191558.1) was obtained using terminal 

primers: 5’-ATGGCTCCACCACAAGTCATGAAG-3’ and 5’-

AAGCATCAAGGTGCGGCTCCTCCATCAC-3’. Amplified PCR product was cloned into 

pCR4-TOPO (Cat#K4575-01, LifeTechnologies). Four clones were isolated and sequenced 

together with a splice variant, AcP2Xb (GenBank# NP_001191559.1), and the full-length CDS for 

this isoform also cloned and sequenced. Since there appears to be only one P2X gene in the Aplysia 

genome (GCF_000002075.1), we will designate the predicted protein as AcP2X.  

 

2.2 Probe generation 

 The original sequences were obtained from Aplysia RNA-seq profiling5-8. We used the 

same protocols for whole-mount in situ hybridization as reported elsewhere10,11 We previously 

described for whole-mount in situ hybridization elsewhere10,11 with a specific probe for the 

validated AcP2X  localization. The two isoforms of AcP2X vary by a 147 base deletion/insertion 

and would not be distinguishable by in situ.  The antisense probe was generated by digestion of 

the AcP2X plasmid with Not I (Cat#R0189s, New England Biolabs Inc.)  then transcribed with T3 

polymerase from the DIG RNA Labeling Kit (Cat#11175025910, Roche Diagnostics). The control 

sense probe was produced by the same protocol but used Pme1 (Cat# R0560s, New England 

Biolabs Inc.) for digestion and T7 polymerase for transcription. 

 Expression of AcP2X was investigated in central ganglia of 8 experimental and 2 control 

CNS preparations; additional controls were reported elsewhere5,11. Control in situ hybridization 

experiments with full length ‘sense’ probes revealed no specific or selective staining in the CNS 

under identical conditions and labeling protocols.  Images were acquired with a Nikon Coolpix 

4500 digital camera mounted on an upright Nikon Optiphot-2 microscope.   

 

2.3. RNA and Oocyte preparation 

 RNA was transcribed from full-length cDNAs of AcP2X and AcP2Xb subunits using the T7 

mMessage in vitro transcription kit (Ambion). The amount of purified, transcribed RNA was 

estimated on a Bioanalyzer (Agilent). Surgically removed stage V and VI oocytes from Xenopus 

laevis were injected with a total of 50ng transcribed RNA (46nL total volume) and incubated at 



17C for three-five days in ND96 medium (96mM NaCl, 2mM KCl, 1mM MgCl2, 1.8mM CaCl2, 

and 5 mM HEPES, pH=7.4) supplemented with 2.5 mM sodium pyruvate, 100 units/mL 

penicillin(Sigma), 100 g/mL streptomycin(Sigma), and 5% horse serum(Sigma) 

 

3. Sequence analysis and phylogeny  

Sequences were obtained through BLAST search across both Metazoans and non-metazoan 

groups and aligned using the MUSCLE or ClustalX ver. 2.1 programs with default parameters. 

Protein domains and motifs were obtained from Prosite12 and SMART13 databases. A maximum 

likelihood (ML) tree with the best-fit model (LG+G) was constructed using MEGA X14 and 10,000 

iterations.  

Expression levels of transcripts were calculated using the normalization method for RNA-

seq called Transcripts Per Million (TPM) as described in materials and methods. The projects used 

in this analysis are the following (Table 1S, below): 

  



 

 

Table 1S. RNA-seq samples for Aplysia californica 

SRA study SRP001185 (Development) SRA Run 

Early Cleavage 

 

SRX268443 

Gastrulation SRX268442 

3 Day SRX268440 

4 Day early trochophora SRX268437 

9 Day veliger SRX268438 

12 Day hatching veliger SRX268439 

  
 

BioProject PRJNA77701 (Tissue)  
Chemoreceptive tissue SRX109676 

Heart SRX109675 

Hepatopancreas SRX109682 

Gills SRX109674 

Salivary Glands SRX109678 

CNS SRX109680 

Muscle SRX109681 

Other digestive parts SRX109679 

Ovotestis SRX109677 

Hermaphroditic glands and other reproductive 

organs SRX109683 

 

  



4. The topology of predicted AcP2X4-1 and AcP2X4-2 

 

4.1 Secondary Structure 

The deduced amino acid sequence for AcP2X and AcP2Xb contains two predicted 

transmembrane regions (TM1 and TM2), a large extracellular loop, and the N and C termini in the 

cytoplasmic face15 supplement (Fig.1S, below).  Both isoforms contain the ten conserved cysteine 

residues proposed to form sulfhydryl bonds16. Also present in both subunits is the K-X-K-G motif 

on the N-terminal shown to be critical for ATP binding17,18. 

Both AcP2X and AcP2Xb contain five N-glycosylation sites fond mainly in the putative 

extracellular loop region, AcP2X contains an additional site in the extracellular loop. Secondary 

motifs were determined with Prosite12. Both predicted isoforms contain seven putative Protein 

kinase C (PKC) phosphorylation sites; each contains one site with a different location due to the 

splice region. Of the PKC sites, both Aplysia subunits contain the critical site involved in 

desensitization along with the conserved positively charged amino acid residues also involved in 

desensitization17,18. AcP2X and AcP2Xb contain four Casein kinase II phosphorylation (CK2) sites, 

with AcP2X having an additional two sites in its extracellular loop.  

 

4.2 Genomic Structure 

 The genomic organization of Human P2X4, NP_002551.2; Mouse P2X4, NP_035156.2, 

Aplysia californica P2X4-1, NP_001191558.1; Capitella capitata, ELU13670.1; Daphnia pulex, 

EFX89098.1; and Nematostella vectensis, XP_032239188.1 are compared. Human P2X4 and 

mouse P2X4 have 12 coding exons. Aplysia P2X receptor genes all have 11 coding exons in which 

the 9 and 10 exons compared to vertebrates are fused; however, they still generate a conserved 

exon/intron boundary. The asterisks indicate two contigs in the Aplysia genome assembly.   All 

the exon/introns boundaries conserved and have compatible gene size. The two other invertebrate 

P2X-like receptor sequences from Daphnia and Nematostella only have 8 coding exons with 4 

exons being fused. However, the exon/intron boundaries of those present in their genomes are still 

conserved. The exons are color-coded with the appropriate protein domain as well as critical amino 

acids being indicated. 
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