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Abstract 
 

Title: Transcriptomic and proteomic identification of signaling molecules involved 

in egg activation in the sea star, Patiria miniata 

Author: Lauren Shea Bates 

Major Advisor: Eric Guisbert, Ph.D. 

 During egg activation in all species, the critical mechanism to restart the zygote 

metabolism and prevent polyspermy is an intracellular Ca2+ increase. The signaling 

molecules, including the receptors on the sperm and egg, leading to the Ca2+ rise are not 

fully known. In the sea star, Patiria miniata, SFK1, SFK3, and PLCγ are known signaling 

molecules who are responsible for causing the internal Ca2+ rise from the endoplasmic 

reticulum. These three proteins share common features including signaling through SH2 

domains and their activity is controlled by tyrosine phosphorylation. Using transcriptomics 

and phospho-proteomics to search for more molecules with these same features in P. 

miniata mature and fertilized eggs, I identified more potential signaling molecules 

involved in the egg activation pathway. The most promising candidate signaling molecule 

being a Vav2 protein, which has both an SH2 domain and is phosphorylated upon 

fertilization, as identified in both the P. miniata mature egg transcriptome and in fertilized 

egg samples from tyrosine phosphorylation immunoprecipitations. The findings in this 

dissertation provide several databases for future researchers to select candidate molecules 

to test their function in egg activation. The more knowledge gained of the molecular 

components of the egg activation pathway will lead to novel contraception methods and 

infertility testing and treatments.  
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Chapter 1 

Introduction 

 Fertilization is the process of sperm and egg fusing to produce a zygote that 

begins embryonic development. While the physiology of fertilization and the 

development of the embryo are well understood, the molecules necessary for 

sperm-egg fusion and egg activation are not fully described in any species. The 

understanding of the physiology of egg activation has led to diagnostic tests and 

treatments for infertility as well as multiple options for contraception. However, the 

National Institutes of Health reports that the problem is unidentifiable in one-third 

of infertile couples 

(https://www.nichd.nih.gov/health/topics/infertility/conditioninfo/common). 

Furthermore, many contraceptive options, which range from physical barriers to 

hormone-regulating drugs, are only available for women. Learning more about the 

fundamental pathways for this process could lead to the development of more 

targeted testing and/or treatments for both women and men.   

The universal mechanism of egg activation across species includes an 

internal Ca2+ release from the endoplasmic reticulum in the form of a single wave 

(sea urchins, sea stars, frogs) or a series of oscillations (ascidians, mammals), 

which is necessary for the permanent block to polyspermy and re-initiation of the 

cell cycle (Leguia & Wessel, 2007; Runft et al., 2002; Stein et al., 2020; Stricker, 

1999). The upstream molecules necessary for generating this Ca2+ release are 

poorly understood.  Several studies provide evidence that a phospholipase C (PLC) 
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isozyme is needed to generate inositol triphosphate (IP3) by hydrolyzing plasma 

membrane-bound phosphatidylinositol 4,5 bisphosphate (PIP2) (Parrington et al., 

2019; Parrington et al., 2007; Runft et al., 2002; Stein et al., 2020). In echinoderm, 

ascidians, and frog eggs, PLCγ is the isozyme responsible for the Ca2+ release to 

activate the egg. This was first demonstrated in the sea star, Patiria miniata, when 

PLCγ was identified and SH2 domain fusion proteins were microinjected into the 

eggs and Ca2+ release was blocked after sperm addition (Carroll et al., 1997; Runft 

et al., 2004). Similar experiments also determined that PLCγ was necessary to 

generate the Ca2+ wave in ascidian, sea urchin and frog eggs (Carroll et al., 1999; 

Runft and Jaffe, 2000; Sato et al., 2000; Shearer et al., 1999). Because PLCγ is 

endogenous to the eggs, these findings support the theory that egg activation is due 

to a receptor-ligand interaction between egg and sperm, but the 

receptor(s)/ligand(s) involved in activating the Ca2+ pathway have yet to be 

identified.  

 In mammals, the PLC isozyme necessary for egg activation is a sperm-

supplied PLCζ. When PLCζ was microinjected into mouse eggs, Ca2+ oscillations 

were produced similar to those at fertilization (Saunders et al., 2002). Additionally, 

when PLCζ was depleted from sperm extracts and those extracts were 

microinjected into mouse eggs, Ca2+ release was not observed. Experiments in 

humans have shown that sperm lacking PLCζ or non-functional mutations in PLCζ 

caused infertility after intracytoplasmic sperm injection (Heytens et al., 2009; 

Kashir et al., 2012; Nomikos et al., 2011). Recently, two studies using CRISPR/Cas 
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technology to produce PLCζ knockout mice reported that males were able to 

produce offspring, but with significantly reduced litters (Hachem et al., 2017; 

Nozawa et al., 2018). Furthermore, when sperm lacking functional PLCζ were 

microinjected into mouse eggs, no Ca2+ release was observed; however, when the 

sperm were used for in vitro fertilization, delayed and abnormal Ca2+ oscillations 

were observed (Nozawa et al., 2018; Satouh & Ikawa, 2018). These findings 

support PLCζ as a necessary sperm factor for normal fertilization but suggests that 

another mechanism endogenous to the egg plays an additional necessary, but 

perhaps minor role for normal, healthy fertilization.  

 Information is limited regarding the molecules upstream from PLC that 

contribute to the egg activation pathway, including which cell surface molecules of 

the sperm and egg are involved. In echinoderms and frogs, it has been well-

established that upstream of PLCγ, Src family kinase(s) are necessary for Ca2+ 

release (Giusti et al., 1999; Giusti et al., 1999; Giusti et al., 2000). Several sperm 

and egg membrane proteins have been identified, including sperm ADAMs (a 

disintegrin and metalloprotease) and IZUMO; and egg CD9 (a tetraspanin), GPI-

anchored proteins, and integrins (Evans, 2012). The first sperm-egg surface binding 

partners were identified as Izumo1 and Juno, respectively, in mice when a domain 

of Izumo1 was used as a probe in a expression cloning approach with a mouse 

oocyte cDNA library (Bianchi et al., 2014). Furthermore, this study showed female 

Juno-/- mice were unable to produce any litters with males of proven fertility 

(Bianchi et al., 2014). Additionally, there is evidence to support that Izumo1 
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organizes and stabilizes complexes with other proteins on the sperm surface 

through its N terminal domain which is crucial for membrane fusion (Georgadaki et 

al., 2016; Kato et al., 2016). While these surface proteins are important for sperm-

egg binding and fusion, their connection to the pathway initiating Ca2+ release is 

undetermined.  A timeline of the discoveries of these major events in fertilization is 

shown in Figure 1. 
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Figure 1. A brief timeline of the major discoveries that led to the establishment of the egg activation pathway accepted 

today (Abassi et al., 2000; Bianchi et al., 2014; Carroll et al., 1997; Giusti et al., 1999; Giusti et al., 2000; Just, 1919; Lillie, 

1913; Loeb, 1899; Mazia, 1937; Moser, 1939; Ridgway et al., 1977; Steinhardt & Epel, 1974; Vacquier & Moy, 1977). 
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There are several reasons that little is known about the molecular 

interactions critical for egg activation. It would be ideal to work with mammalian 

model systems, like mice or non-human primates, because they are most closely 

related to humans and most mammalian genomes have been sequenced and 

annotated. However, the amount of eggs produced per fertility cycle is low, for 

example mice produce only 8-12 oocytes per fertility cycle, making it difficult to 

obtain large quantities of eggs for large-scale proteomics and biochemical 

experiments (Wright & Bianchi, 2016). Additionally, not only is it more difficult to 

obtain a large number of human eggs, but many ethical guidelines tightly regulate 

the use of human tissue for research making these basic studies impractical to 

perform with human eggs. The next vertebrate model system that has been 

historically useful for fertilization studies is the frog.  Xenopus eggs have also been 

extremely important in understanding the regulation of the proteins involved in 

controlling the cell cycle (Wiseman et al., 2018). These eggs are large in diameter, 

which is ideal for microscopic work, like microinjection and for monitoring of 

early developmental stages. However, it is difficult to fertilize Xenopus eggs that 

have been matured in vitro, leading a variety of problems (Miyamoto et al., 2015). 

Additionally, vertebrate model systems come with many regulations regarding their 

use for research purposes. Since echinoderms are invertebrates there are less 

regulations for use in research. Furthermore, sea stars and sea urchins produce 

millions of naturally synchronized sperm and eggs that are easily attainable and 

amenable to in vitro fertilization (Wessel et al., 2010). While these animals have 
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been used for years to study fertilization, they are not common model organisms 

used to study other biological processes, thus resources like commercially available 

species-specific antibodies are not available, which restricts progress in this field. 

Today, the sequencing and mass spectrometry technologies have advanced, thus 

paving the way for progression of research using less common model systems. 

Despite advances in these research technologies, one major hurdle to the study of 

fertilization with any model system is that eggs express and store mRNAs and 

protein that do not function until later stages of development making it difficult to 

narrow down the proteins necessary at the moment of egg activation.  

 It is important to overcome these hurdles and make progress in identifying 

the molecules controlling egg activation so that safer, more effective contraceptives 

can be developed for men and women, as well as, for development of targeted and 

specific infertility tests and treatments.  

 To advance our knowledge of proteins playing a pivotal role in Ca2+ release 

at egg activation, I have performed studies using the sea star, Patiria miniata, to 

generate a database of target proteins for investigation of their role in this pathway. 

In P. miniata, there is evidence that two Src family kinases (SFKs) function 

upstream of PLCγ and are necessary to generate the internal Ca2+ release at 

fertilization (Figure 2). In the first study, I produced the first mature egg 

transcriptome consisting of 96, 723 transcripts which is available for use in the 

National Center for Biotechnology (NCBI) data repository (BioProject 

PRNJA398668). This transcriptome provides us with a list of all the possible 
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Figure 2. Egg activation pathway in P. miniata. After a sperm penetrates through the egg jelly (EJ) and vitelline layer (VL) 

surround the egg, the sperm interacts with the egg on its plasma membrane (PM), directly or indirectly activating a series of 

SFKs leading to the direct or indirect activation of PLCγ which generates an internal Ca2+ rise from the endoplasmic reticulum 

(ER). The Ca2+ rise results in the permanent block to polyspermy and the re-initiation of the cell cycle. Unknown in this 

pathway, as denoted by the “?” are the upstream activators, including receptors on the sperm and egg, and how the know 
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proteins downstream interact – directly or indirectly, etc. The common traits shared among the known proteins in this pathway 

include their activity being controlled by tyrosine phosphorylation and they signal through their SH2 domains.  
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proteins in the mature egg that could be necessary for egg activation. To further 

narrow down which of these possible proteins function in egg activation, I 

developed strategies that took advantage of the commonalities shared among the 

known proteins involved in egg activation in P. miniata: 1) the SFKs and PLCγ all 

have SH2 domains; and 2) the activity of the SFKs and PLCγ is regulated through 

tyrosine phosphorylation (Figure 2). In the second study, I annotated all 96,723 

transcripts with the NCBI Conserved Domain Database, producing a mature egg 

conserved domain database allowing for researchers in our lab to quickly search for 

transcripts that match protein domains of interest using R scripts I developed. From 

this database, I identified all transcripts coding for an SH2 domain, which included 

82 transcripts. In the third study, I developed a method for identifying tyrosine 

phosphorylated proteins with mass spectrometry in P. miniata eggs and identified 

new potential signaling proteins in fertilized eggs.  One of most interest candidates 

is a Vav2-like protein that has an SH2 domain and is activated by tyrosine 

phosphorylation in other signaling pathways. The final study addressed if any of 

these SH2 domain containing potential proteins and/or proteins identified in the 

tyrosine phosphorylation proteomic study bound to the SH2 domains of PLCγ 

through affinity interactions combined with mass spectrometry. The experiments of 

this dissertation contributed two major databases for use to researchers in the 

fertilization field, in addition to identifying a new protein in the fertilized egg that 

has great potential to function during egg activation. 

 



 

11 
 

Chapter 2 

Identification of SH2 domain containing transcripts in the Patiria miniata 

mature egg transcriptome 

While Patiria miniata is a robust model for studying the biochemical 

aspects of fertilization, resources like an annotated genome, transcriptome, or 

proteome are not available, making it difficult to identify proteins en masse that 

may be functioning during fertilization. Since the 1960s, it has been well-

established that immature oocytes of all metazoans are transcriptionally quiescent 

and harbor mRNAs that are translated after fertilization to allow for rapid 

development (Davidson et al., 1982; Epel, 1967; Piccioni et al., 2005; Susor et al., 

2015; Tadros & Lipshitz, 2005). The genome is not highly active until the 2-cell 

stage (Li et al., 2013). Because the oocytes retain this mRNA, a sequencing 

database of all the mRNA in the egg (egg transcriptome) would be a useful tool in 

the search for important molecules needed during egg activation and later 

developmental processes.  

In this study, the first transcriptome of mature P. miniata eggs has been 

sequenced, NCBI BioProject PRJNA398668 (Bates et al., 2019). Although post-

transcriptional changes during maturation do not appear to be necessary for 

fertilization of sea stars, the transcriptome of mature (post germinal vesicle 

breakdown) P. miniata eggs was developed in an effort to capture any post-

transcriptional changes that have yet to be detected, and to avoid confusion 

between follicle cell transcripts and those of the egg.  
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To begin searching the transcriptome for proteins involved in egg 

activation, the initial focus was to identify transcripts that share an important 

signaling domain with the three known proteins (SFK3, SFK1, and PLCγ) in egg 

activation– the Src Homology 2 domain (Carroll et al., 1997; Giusti et al., 1999; 

Giusti et al., 1999; Giusti et al., 2000; Runft et al., 2004). Src Homology 2 (SH2) 

domains bind phosphorylated tyrosine residues in specific peptide sequences on 

interacting proteins and play important roles in signal transduction in pathways 

involving tyrosine phosphorylation (Kaneko et al., 2018;  Liu et al., 2012; Liu et 

al., 2006).  

 Two strategies were used to search for transcripts coding for SH2 domains: 

the “classic” method and the “novel” method, which was developed in this study. 

The classic method involves finding the longest or best open reading frame (ORFs) 

for each transcript using a set of software programs including ORFfinder and 

Transdecoder, and aligning the ORFs against a protein database to find 

homologous proteins (Carruthers et al., 2018; Hennebert et al., 2015; Lopez-

Maestre et al., 2016). The “novel” method that I developed translated the 

transcriptome in all six frames and then searched the NCBI Conserved Domain 

Database (CDD) resulting an in silico proteome. The transcripts that contained SH2 

domains were then searched against the nr and Swissprot databases to identify 

homologous proteins or to potentially identify new proteins. 

Through the combined analyses of both methods, 82 transcripts were 

identified that coded for SH2 domains, and 33 were specific to the novel method. 
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Transcripts specific to the CDD search were validated using RT-PCR followed by 

Sanger sequencing. This study narrowed the number of potential SH2 domain-

containing proteins involved in the phospho-tyrosine signaling pathway of egg 

activation from the original 96,723 to a more manageable 82, as well as contributed 

a new analysis pipeline for annotation of de novo assembled transcriptomes.  

Methods  

 

Starfish eggs and RNA preparation 

Patiria miniata were collected by Marinus Scientific, LLC in Long Beach, CA 

and maintained in a refrigerated aquaculture system at the Florida Institute of 

Technology in Melbourne, FL. Ovaries were collected through the dorsal 

epidermis of the sea star ray using a 3mm sample corer, and fine curved forceps. 

The ovary was minced in filtered natural seawater (FNSW) using surgical scissors 

and the released oocytes were poured through 210 μm mesh to remove follicle 

cells and debris. These oocytes were washed 3 times in FNSW and after the final 

wash, concentrated to a 10% solution, which is 1 ml of gravity settled oocytes  per 

10 mls of seawater (Wessel et al., 2010). The washed immature oocytes (≥ 90% 

with germinal vesicle intact) were aliquoted into 1ml samples, briefly microfuged, 

seawater removed, flash-frozen in liquid nitrogen (N2), and stored at -70˚C. 

Mature egg samples were produced through incubation with 1μM 1-

methyladenine (1-MA) for 40 minutes to 1 hour at 16°C. Maturation was 

complete when the breakdown of the germinal vesicle was observed under a 

brightfield microscope in ≥90% of the eggs.  
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Once mature, the oocytes were aliquoted into 1 ml samples of 10% eggs. For the 

unfertilized samples, the seawater was removed from these aliquots, and the eggs 

were frozen in LN2 and stored at -70˚C. Total RNA from the immature oocyte and 

egg samples was purified using the Thermo Scientific™ Gene JET purification kit 

following the Mammalian Cultured Cells Total RNA Purification protocol. The 

RNA samples were ≥ 2 µg in 50 µl with A260/280 ranging from 2.00-2.02. 

Library preparation for Transcriptome sequencing 

Library preparation, sequencing, and assembly were performed by Novogene 

Co., LTD. For library preparation, NEBNext® Ultra™ RNA Library Prep Kit for 

Illumina ® (NEB, USA) was used to create sequencing libraries from 1.5 µg of 

total RNA per sample following the manufacturer’s protocol and index codes were 

added to the sequences in each sample. The adaptor sequences for RNA from the 

kit were as follows:  

RNA 5’ adaptor - 5' 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCT;  

RNA3’ adaptor - 

3’GATCGGAAGAGCACACGTCTGAACTCCAGTCACATCACGATCTCGTA

TGCCGTCTTCTGCTTG. The PCR products generated were purified using 

AMPure XP system and library quality was assessed on an Agilent Bioanalyzer 

2100 system.  
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Clustering of the index-coded samples was performed with a cBot Cluster 

Generation System using HiSeq PE Cluster Kit cBot-HS (Illumina) following 

manufacturer’s instructions. The clusters were sequenced on an Illumina HiSeq 

platform and paired-end reads were generated.  

 

Quality assessment and Transcriptome Assembly 

The raw reads in fastq format were processed through Novogene in-house 

Perl scripts to remove reads containing adaptors, reads containing >10% poly-N, 

and low-quality reads (when base quality score, Q20, was <20 for > 50% of the 

read). Additionally, Q20 (percentages of bases whose correct base recognition rates 

are > 99% in total bases, Phred score = >20), Q30 (percentages of bases whose 

correct base recognition rates are >99.9% in total bases, Phred score = >30) , GC 

content, and sequence level duplication were calculated and downstream analysis 

was performed on clean data with high quality.  

Transcriptome assembly was performed by first combining the left files 

(read 1 files) into one left.fq and the right files (read 2 files) were pooled into one 

right.fq file. These two files were assembled into the transcriptome using Trinity 

version r20140413p1 (Grabherr et al., 2011) with min_kmer_cov set to 2 and all 

other parameters set to default. Next, Corset version 1.05 (Davidson & Oshlack, 

2014) was used to perform hierarchical clustering to remove redundancy with 

parameter set to -m 10. Finally, the longest transcripts of each cluster were selected 

as unigenes and assembled into one unigene.fa file.  
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TSA submission to NCBI 

The 105,191 transcripts in the unigene.fa were submitted to the National Center 

for Biotechnology Information’s (NCBI) Transcriptome Shotgun Assembly (TSA) 

database according to the TSA submission guidelines. NCBI’s contamination 

screen found 8,468 contaminating sequences and 226 sequences to be trimmed. 

After removing contaminating sequences and trimming, the final TSA record 

submitted contains 96,723 sequences in the Bates_Pmin_unigene_edits5.fa file. 

The master TSA record is GGEY00000000.2 (SRA run accessions SRR6054712, 

SRR8926376, and SRR8926377) under BioProject PRJNA398668.  

 

Transcriptome Annotation Method 1 

To identify whether P. miniata mature egg transcripts had any homology to 

known proteins containing SH2 domains, a list of proteins was generated from the 

literature and SH2.org (ref). The accession numbers corresponding to these proteins 

were put into NCBI’s tBLASTn software one-by-one to search against the 

transcriptome by choosing BioProject PRJNA398668 as the TSA database. The 

best matching transcript was determined by first considering if the match was 

≥50% query coverage, ≥30% identity, and an e value ≤0.00001; however, because 

the entire transcript was searched against the protein of interest rather than the open 

reading frame, we had to consider lower scores and used the graphic summary of 

the results page to help determine if the best matching sequence was all assembled 

on one transcript or if it was possibly split onto another transcript(s).  
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The resulting identified transcript(s) was further analyzed by ORFinder to 

identify the open reading frames (ORFs). We determined if its longest or another 

ORF matched best to the protein of interest by searching the ORF sequence against 

the nr and Swissprot databases using BLASTp. A homologous transcript was 

identified when it had ≥50% query coverage, ≥30% identity, and an e value 

≤0.00001 against the protein of interest. The amino acid sequences of the 

transcript’s ORF and the protein of interest were put through the NCBI’s 

Conserved Domain Database CD search to view the domains and further identify if 

all the domains of the protein of interest were part of the ORF of the transcript and 

if they were in the same arrangement.  

 

Transcriptome Annotation Method 2 

 To identify P. miniata mature egg transcripts that code for an SH2 domain, 

the transcriptome was first six-frame translated using CLC Workbench going from 

96,723 transcripts to 580,338 transcripts. Using an R script, the six-frame translated 

transcriptome was split into files containing 4000 sequences each. These files were 

uploaded one at a time to the NCBI’s Batch CD Search tool to search against the 

Conserved Domain Database (CDD) using the default settings. Using R scripts, the 

results were combined to create P. miniata mature egg CD database and any 

transcript with a hit for “SH2” was selected for and placed into a separate file. The 

transcript corresponding to a SH2 domain hit was put into ORFinder to find the 

open reading frames. The longest or best ORF was searched against the nr and 
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Swissprot database using NCBI’s BLASTp software to identify a homologous 

protein. Figure 3 shows diagrams the workflows of the two annotation methods. 
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Figure 3. Workflow of the two annotation methods used to search the P. 

miniata mature egg transcriptome for SH2 domain containing transcripts.  
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RT-PCR 

Primers were designed using NCBI’s Primer-BLAST software to amplify 

the entire ORF of transcripts of interest (see Appendix A for primer sequences) and 

primers were prepared by Eurofins Genomics, LLC. Total RNA from mature egg 

samples was purified using the Thermo Scientific™ Gene JET purification kit 

following the Mammalian Cultured Cells Total RNA Purification protocol. The 

RNA samples were ≥ 2 µg in 50 µl with A260/280 ranging from 2.00-2.02. RT-PCR 

was performed using a One Taq® One Step RT-PCR kit (New England Biolabs, 

Inc., USA) following manufacturer’s protocol with annealing temperatures 

suggested by Eurofins Genomics. PCR products were analyzed on 0.8% agarose 

gels containing 100µg/ml Ethidium bromide in TAE buffer. Gels were imaged 

using a BioRad Laboratories, Inc. Chemidoc XRS+ system using the trans-UV 

setting. PCR products were also sent to Eurofins Genomics, LLC. for Sanger 

sequencing (see Appendix B for sequencing results).  
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Results 

The P. miniata mature egg transcriptome was assembled de novo because 

the existing Patiria miniata genome is not annotated, and thus alignment of the 

transcriptome to the genome is not informative. In order to get the most 

comprehensive annotation, two methods were applied to annotate the P. miniata 

mature egg transcriptome and identify any SH2 domain coding transcripts (Figure 

3). The classic annotation method for de novo assembled transcriptomes involves 

finding the longest open reading frame (ORF) for each transcript using an ORF 

prediction software such as ORFfinder followed by searching the ORFs against the 

nr and Swissprot protein databases to identify homologous proteins.  

The second strategy is a novel method developed for this study. An in silico 

proteome was developed by translating the mature egg transcriptome in all six 

frames and searching the complete database against the NCBI Conserved Domain 

Database (CDD) (Lu et al., 2020; Marchler-Bauer & Bryant, 2004). Using a custom 

R script, transcripts containing SH2 domains were identified and developed as a 

searchable database. The identified novel SH2 domains were searched against the 

non-redundant (nr) and Swissprot protein databases using NCBI’s blastP software 

to identify homologous proteins or to determine if the transcript may represent a 

novel sequence.  

 To identify SH2 domain containing transcripts using the classic annotation 

method, 111 human SH2 domain-containing proteins were searched for in the 

transcriptome (Liu et al., 2011, 2012). The criteria to determine a protein match 
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was ≥50% query coverage, ≥30% identity, e value ≤0.00001, and all domains of the 

homologous protein must be present. The classic method identified 49 transcripts 

that met the criteria.  

 The default NCBI CDD search criteria were used for the novel annotation 

method and the transcripts containing SH2 domains were searched against the nr 

and Swissprot protein databases using the same matching criteria as for the classic 

annotation method. The novel annotation method identified the 49 transcripts that 

were also found using the classic annotation method, along with 33 additional 

transcripts for a total of 82 transcripts that contain SH2 domains (Table 1).  Table 2 

displays three different categories of transcripts were noted using the novel method: 

1) Transcripts that matched to a known protein; 2) Transcripts with a different 

domain arrangement than the closest known matching protein; and 3) Transcripts 

that did not match to a known protein. Table 3 displays the breakdown of the 

transcripts identified in the SH2 domain annotation (e.g., how many were on the 

longest ORF, how many transcripts gave the same protein ID, etc). 
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Table 1. SH2 domain containing transcripts identified and the homologous protein matches. The homologous protein 

matches met the following criteria unless otherwise noted ≥50% query coverage, ≥30% identity, e value ≤0.00001. The “+” or  

“-“ following the transcript ID indicates the frame of the SH2 domain.  

 

 

Protein Functional Category 

 

Homolgous Nr or 

Uniprot protein 

ID 

 

 

P. miniata transcript 

 

Query 

Cover 

 

Percent 

Identity 

 

E 

value 

Adaptors 

adapter molecule Crk-like 

(CRK) 

XP_022099500.1 GGEY02028530.1_-2 94% 80.89% 0 

GGEY02028531.1_-2 

cytoplasmic protein NCK2-like 

isoform X3 

(NCK2) 

XP_022098621.1 GGEY02027870.1_+1 100% 85.79% 0 

GRB2-related adaptor protein 2-

like isoform X2 

(GRAP2) 

XP_022080390.1 GGEY02021954.1_-2 100% 79.38% 7e-150 

GGEY02002088.1_-1 99% 77.12% 4e-59 

growth factor receptor-bound 

protein 14-like isoform X2 

(GRB14) 

XP_022096619.1 GGEY02070764.1_+3 100% 84.42% 0 

GGEY02070765.1_+2 

GGEY02070766.1_+1 
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growth factor receptor-bound 

protein 2-like isoform X1 (GRB2) 

XP_022107052.1 GGEY02025092.1_+3 99% 69.59% 2e-101 

GGEY02025093.1_+3 99% 70.05% 4e-102 

growth factor receptor-bound 

protein 2-like isoform X2 (GRB2) 

XP_022080350.1 GGEY02086015.1_+2 100% 84.05% 2e-143 

phosphatidylinositol 3-kinase 

regulatory subunit alpha-like 

isoform X1 

(PIK3R1) 

XP_022087778.1 GGEY02075311.1_+2 100% 88.62% 0 

SH2 domain-containing adapter 

protein F-like isoform X4 (SHF) 

XP_022104660.1 GGEY02080172.1_+1 100% 82.57% 0 

GGEY02083465.1_+1 97% 82.59% 2e-173 

SH2 domain-containing protein 

3C-like isoform X2 

(SH2D3C) 

XP_022100995.1 GGEY02012666.1_+3 100% 83.58% 0 

GGEY02012669.1_+2 100% 88.27% 0 

GGEY02012670.1_+3 

SH2 domain-containing protein 4B 

(SH2D4B) 

XP_022087420.1 GGEY02081351.1_-2 100% 82.80% 0 

SH2B adapter protein 1-like 

isoform X1 

(SH2B1) 

XP_022096203.1 GGEY02082959.1_+1 100% 80.08% 0 

SH3 domain-binding protein 2 XP_022086558.1 GGEY02088955.1_+2 96% 57.97% 1e-44 



 

25 
 

(SH3BP2) GGEY02088956.1_+2 

SHC-transforming protein 3 

(SHC3) 

*ID chosen based on best matching 

domains 

Q61120.2 GGEY02058980.1_+2 93% 39.18% 3e-101 

 

Signal-transducing adaptor protein 

2 

(STAP2) 

Q9UGK3.2 GGEY02055296.1_-2 68% 22.85% 7e-11 

GGEY02057341.1_-2 67% 22.85% 5e-11 

Kinases 

C-terminal Src kinase 

(Csk) 

AAS01044.1 GGEY02090463.1_-1 97% 100% 0 

cytoplasmic tyrosine-protein 

kinase BMX-like 

(BMX) 

XP_022084812.1 GGEY02057172.1_-3 100% 78.13% 0 

GGEY02057402.1_-2 

myosin-IIIb-like isoform X2 XP_022097396.1 GGEY02055549.1_+1 100% 87.44% 0 

Src family kinase 

(SRC) 

AAS01047.1 GGEY02062432.1_-2 100% 99.29% 0 

Src family tyrosine kinase 

(YES1) 

AAS01045.1 GGEY02029025.1_+2 100% 99.81% 0 
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tyrosine-protein kinase ABL1-like 

isoform X3 

(ABL1) 

XP_022106292.1 GGEY02034428.1_+2 100% 90.71% 0 

Tyrosine-protein kinase Src42A 

(Src42A) 

Q9V9J3.1 GGEY02051612.1_+1 47% 60.81% 0 

tyrosine-protein kinase CSK-like 

(CSK) 

XP_022100836.1 GGEY02022650.1_-2 99% 80.25% 0 

tyrosine-protein kinase Fer-like 

isoform X2 

(FER) 

XP_022100486.1 GGEY02018068.1_-2 96% 76.65% 0 

tyrosine-protein kinase HTK16-

like 

(HTK16) 

XP_022088083.1 GGEY02054522.1_-1 98% 89.80% 0 

GGEY02063425.1_-2 100% 86.98%  0 

tyrosine-protein kinase JAK2-like 

(JAK2) 

XP_022109093.1 GGEY02037849.1_-3 100% 74.05% 0 

GGEY02060004.1_-3 

tyrosine-protein kinase SRK2-like 

(YES1) 

XP_022088016.1 GGEY02081616.1_-1 100% 80.00% 0 

GGEY02052567.1_-1 

GGEY02003261.1_-1 

GGEY02085268.1_-1 
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GGEY02074216.1_-1 

tyrosine-protein kinase SYK-like 

(SYK) 

XP_022100262.1 GGEY02068414.1_+3 100% 88.18% 0 

Phosphatases 

tyrosine-protein phosphatase non-

receptor type 11-like isoform X3 

(PTPN11) 

XP_022100586.1 GGEY02082444.1_+3 78% 93.27% 0 

tensin-2-like isoform X9 

(TSN2) 

XP_022079400.1 GGEY02081501.1_-3 99% 79.11% 0 

phosphatidylinositol 3,4,5-

trisphosphate 5-phosphatase 2B-

like isoform X1 

 

* Only SH2 domain matches to ID 

from both nr and uniprot matches 

XP_022093863.1 GGEY02031697.1_-3 96% 76.01% 4e-165 

Other 

beta-chimaerin-like isoform X2 

(CHN2) 

XP_022094840.1 GGEY02007747.1_+3 100% 85.46% 0 

GGEY02007748.1_+1 

Transforming protein cbl 

(CBL) 

P23092.1 GGEY02094567.1_-2 89% 64.17% 3e-115 
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E3 ubiquitin-protein ligase CBL-

like isoform X3 

(CBLC) 

XP_022109070.1 GGEY02068257.1_-2 100% 86.41% 0 

extensin-like isoform X1 (EXT1) 

+ 

B-cell linker protein (BLNK) 

 

XP_022101579.1 

 

GGEY02003111.1_-1 

95% 

 

     42% 

65.64% 

 

  34.62% 

5e-92 

 

  4e-15 

filaggrin-like isoform X2 (FLG) XP_022093373.1 GGEY02010334.1_+3 100% 89.52% 4e-140 

VAV2-like isoform X3 (VAV2) XP_022099138.1 GGEY02076094.1_+3 

GGEY02076095.1_-2 

99% 74.42% 0 

phospholipase C-gamma (PLCG1) AAR85355.1 GGEY02080031.1_+2 100% 99.68% 0 

ras and Rab interactor 2-like 

isoform X1 

(RIN2) 

XP_022091301.1 GGEY02058477.1_+1 99% 71.90% 0 

ras GTPase-activating protein 1-

like 

(RASA1) 

XP_022105967.1 GGEY02030271.1_-2 99% 87.23% 0 

signal transducer and activator of 

transcription 5A-like isoform X3 

(STAT5A) 

XP_022086666.1 GGEY02084791.1_-1 100% 89.63% 0 
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suppressor of cytokine signaling 2-

like 

(SOCS2) 

XP_022103312.1 GGEY02051721.1_+2 100% 78.26% 2e-140 

suppressor of cytokine signaling 5-

like 

(SOCS5) 

XP_022093145.1 GGEY02000762.1_+3 100% 95.16% 5e-129 

GGEY02000763.1_+3 

Suppressor of cytokine signaling 6 

(SOCS6)  

Q5RCM6.1 GGEY02062844.1_-2 51% 58.64% 5e-57 

 

transcription elongation factor 

SPT6-like 

(SUPT6H) 

XP_022093194.1 GGEY02051522.1_-1 100% 89.12% 0 

uncharacterized protein 

LOC110983703  

 

XP_022098870.1 

 

 

GGEY02085023.1_+2 100% 

 

     

70.55% 

 

   

2e-150 

 

   

GGEY02085024.1_+2 

GGEY02081986.1_+1 

GGEY02080104.1_+3 

GGEY02042805.1_+1 

uncharacterized protein 

LOC110991054 

+ 

XP_022111846.1 

 

O14512.2 

GGEY02008063.1_+1 

 

 

100% 

 

      66% 

93.41% 

 

  58.38% 

3e-175 

 

  7e-67 
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SOCS-7 (SOCS7)  

 

cation channel sperm-associated 

protein 2-like isoform X1 

(CATSPER1) 

 

*SH2 domain that is not on cation 

channel match 

 

XP_022105643.1 GGEY02034955.1_-2 100% 85.21% 0 

uncharacterized protein 

LOC110984176 isoform X2 

XP_022099764.1 GGEY02012625.1_-1 100% 95.30% 6e-95 

No ID – SH2 superfamily only  GGEY02041449.1_-3    

No ID – SH2 superfamily only  GGEY02044078.1_-3    

No ID – SH2 superfamily only  GGEY02025565.1_-3    

No ID – SH2 superfamily only  GGEY02064150.1_+1    
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Table 2. Classes of transcripts identified using both annotation strategies.  

Classes of Transcripts Found 

1) Transcript matched to known protein GGEY02029025.1_+2 matched to AAS01045.1; Src family 

tyrosine kinase [Patiria miniata] 

 

GGEY02062432.1_-2 matched to AAS01047.1; Src family 

kinase [Patiria miniata] 

2) Transcript had more or less domains than protein 

match 

More Domains: GGEY02003111.1_-1 matched to 

XP_022101581.1; Extensin-like isoform X3 [Acanthaster 

planci] 

 

Less Domains: GGEY02080031.1_+2 and 

GGEY02080032.1_-3 matched to AAR85355.1; 

phospholipase C-gamma [Patiria miniata 

3) Transcript did not match to known protein GGEY02085024.1_+2 matched to XP_022098870.1; 

uncharacterized protein LOC110983703SH2 (SH2+WW) 
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Table 3. Summary of SH2 domain annotation. 

 

 

 

 

 

 

 

 

Total number of transcripts 96, 723 

Total number of transcripts after 6-

frame translation 

580, 338 

Total number of SH2 domain hits in 

CDD Batch Search 

82 

Total number of transcripts with SH2 

domains found on an ORF 

54 

Total number of transcripts with SH2 

domain found on longest ORF 

48 

Total number of transcripts with SH2 

domain NOT on longest ORF 

4 

Total number of transcripts with SH2 

domain NOT found on ORF 

4 

Total number of SH2 domain found on 

run-off ORF 

12 

Total number of different transcripts 

giving same BLASTp result 

17 

Total number of transcripts with SH2 

domain found in CDD search that had no 

similarity found in BLASTp search 

3 
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Transcripts fell into the first category when the ORF met the criteria of the 

blastP search, and all domains of the identified homologue were present, which 

represented the 49 transcripts found using both methods (e.g., SFK1, Figure 4). 

When a transcript met the blastP search criteria but did not contain the same 

domains and/or domain arrangement as the matching protein, it was placed into 

category 2. Transcripts in category 2 could either be assembly errors, as in the case 

of PLCγ (Figure 5), or they could represent new sequences, as for the Extensin-like 

sequence (Figure 6). Finally, transcripts that coded for an SH2 domain but did not 

match any homologous protein in the databases were placed into category 3. These 

could be assembly errors or represent new protein or RNA sequences (e.g., 

SH2/WW, Figure 7). 
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A.  

 

B. 
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Figure 4. Category 1 transcript, SFK1, represents transcript that meets all the criteria for a match to a homologous 

protein. A)  The Patiria miniata known SFK1 protein sequence (AAS01045.1) was used to identify the homologous transcript 

in our P. miniata mature egg transcriptome using NCBI’s tblastn software. The homologous transcript to AAS01045.1 was 

GGEY02029025.1. B) The longest ORF of GGEY02029025.1 was put into the NCBI CDD and compared to the domains of 

AAS01045.1. GGEY02029025.1 contains the same domains as AAS01045.1. 
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To determine whether the transcripts in these categories were assembly 

errors or real sequences, primers were designed to amplify the full- length ORFs 

containing the SH2 domain of the select transcripts and RT-PCR was performed 

using RNA from new mature P. miniata eggs. The resulting PCR products were 

visualized on an agarose gel and sequenced to confirm both nucleotide length and 

order (Figure 8).  

 The transcripts selected for RT-PCR in category 1 were SFK1 and SFK3. 

Since these proteins are known to be involved in egg activation, they would also 

serve as positive controls for the assembly quality of the transcriptome. The 

transcripts selected to represent category 2 were PLCγ and Extensin-like; and the 

transcript representing category 3 was SH2/WW. Lanes 2 and 5 show clean bands 

representing SFK3 (1759 base pairs) and SFK1 (1619 base pairs), respectively. 

Both of these RT-PCR products were further confirmed with sequencing (S2).  

PLCγ is the category 2 transcript whose sequence appeared to be assembled 

across two transcripts (Figure 5). All protein domains were encoded in transcript 

GGEY02080031.1 except for two domains which was contained in transcript 

GGEY02080032.1. The RNA sequences corresponding to the longest ORFs of 

GGEY02080031.1 and GGEY02080032.1 were combined to make one sequence 

and primers were designed to amplify the entire combined sequence. The resulting 

RT-PCR product in lane 7 shows one large, distinct band at ~3754 base pairs, 

which was the predicted size for the combined sequence. When the RT-PCR 

product was sequenced, it was confirmed that the predicted full-length PLCγ 



 

37 
 

sequence was amplified (S2) and matched to the known sequence of P. miniata 

PLCγ (AAR85355.1). These results indicate that errors in transcriptome assembly 

can cause false positives of newly identified sequences during annotation.  
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A.  

B.  
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Figure 5. Category 2 transcript, PLCγ, represents transcript that has less domains than homologous protein and has an 

assembly error. The Patiria miniata known PLCγ protein sequence (AAR85355.1) was used to identify the homologous 

transcript in our P. miniata mature egg transcriptome using NCBI’s tblastn software. A) The homologous transcript to 

AAR85355.1 was assembled onto separate transcripts – GGEY02080031.1 and GGEY02080032.1 – as indicated by the black 

arrows highlighting the regions matching to PLCγ in red. B) The longest ORFs of GGEY02080031.1 and GGEY02080032.1 

were put into the NCBI CDD and compared to the domains of AAR85355.1. GGEY02080031.1 contains all the domains of 

AAR85355.1 except the PI-PLC and C2 domains, which are on GGEY02080032.1. 
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The second transcript amplified in category 2 was the Extensin-like 

transcript, which contained more domains than the homologous Extensin-like 

protein (XP_022101581.1, Figure 6A and B). Of note, the open reading frame 

coding for the SH2 domain (frame -1) did not contain the longest ORF. The longest 

ORF was on frame -3. When the amino acids sequences of the ORFs of these two 

frames were put into CD search and the domain arrangements were compared to 

the those of XP_022101581.1, the longest ORF on frame -3 only matched to the 

SAM domain of XP_022101581.1, while the ORF on the -1 frame matched to the 

PHA03247 and SH2 superfamily domains of XP_022101581.1. To determine if 

frame -1 that coded for the SH2 domain was assembled correctly, primers were 

designed to amplify the entire ORF on the -1 frame. Lane 3 of the agarose gel in 

Figure 8 shows the RT-PCR product of the extensin-like transcript is a single, sharp 

band at the correct predicted size of ~832 base pairs. The sequence order was 

further confirmed with sequencing (S2). At this stage, we can confirm that the 

assembly of this transcript is correct and not an error such as a chimerism or local 

misassembly (Hsieh et al., 2019); however, we are not able to determine which 

ORF is correct and analysis at the protein level is necessary to determine the 

protein coded for by this transcript.  
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A.  
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B.  

Figure 6. Category 2 transcript, Extensin/BLNK-like, represents transcript that has more domains than the homologous 

protein. The frame of the Extensin/B cell linker protein (BLNK)-like transcript (GGEY02003111.1) that matched was found to 
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code for an SH2 domain through the CDD search and was BLAST-ed against the nr and Swissprot protein databases to identify 

a homologous protein. A) The best matches were identified from the nr database and were an Extensin-like protein and a B cell 

linker protein-like (BLNK). B) The frame of GGEY02003111.1 that coded for the SH2 domain (frame -1) did not contain the 

longest ORF - the longest ORF was on frame -3. When the domains coded for by the the ORF on frame -1 were compared to the 

protein domains of the Extensin-like (XP_022101581.1) and the BLNK-like (XP_033632845.1) homologous proteins, only the 

SH2 protein matched as a homologous domain. Because the domains do not match perfectly, and it does not seem like the 

transcript was assembled into fragments, it is possible this transcript represents a new protein.  
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The transcript representing category 3 was SH2/WW (Figure 7). Figure 7B 

shows the domain comparison of the SH2/WW transcript to the top homologous 

proteins from the blastp search of both the nr and Swissprot databases. The only 

domain similar to the best matching proteins is the SH2 domain, and the best 

matching homologous proteins did not meet the criteria for determining a match 

(Figure 7A), thus this transcript was thought to represent a new sequence. Primers 

were designed to amplify the longest ORF of the SH2/WW transcript 

(GGEY02085024.1) and the RT-PCR product is represented in lane 4 of the 

agarose gel in Figure 8. The RT-PCR produced a single band at ~1001 base pairs, 

which was the predicted fragment size. The sequence of the RT-PCR product was 

further confirmed with sequencing (S2). 
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A.  
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B.  

Figure 7. Category 3 transcript, SH2/WW, represents transcript that did not match to a known protein. The ORF of 

the SH2/WW transcript (GGEY02085024.1) was blasted against the nr and Swissprot protein databases to identify a 

homologous protein. A) The best match in the nr database was to an uncharacterized protein and the best scoring protein 

from the Swissprot database was SRK4, but the scores were not high enough to be a match. B) The protein domains of the 

best nr and Swissprot hits and GGEY02085024.1 were compared using NCBI’s CDD. GGEY02085024.1 is very different 

from SRK4 and is only similar in the SH2 domain to the uncharacterized protein. 
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Figure 8. 0.8% agarose gel displaying RT-PCR products of the selected transcripts. A transcript(s) from each of the three 

categories was selected for RT-PCR to confirm the transcript assembly. Lanes 1 and 6 are the molecular weight ladders (1 kB 

DNA Ladder, New England BioLabs, Inc.). The remaining lanes display the RT-PCR products of SFK3 (lane 2, 1759 base 

pairs), Extensin/BLNK-like (lane 3, 832 base pairs), SH2/WW (lane 4, 1001 base pairs), SFK1 (lane 5, 1619 base pairs), and 

PLCγ (lane 6, 3754 base pairs).
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Discussion 

I. Development of novel de novo transcriptome annotation strategy 

 There are two major contributions from this project: 1) a novel annotation 

method for de novo transcriptomes and 2) the identity of potential SH2 coding 

transcripts in the P. miniata mature egg. In annotation of the P. miniata egg, the 

CDD search identified 33 transcripts coding for SH2 domains that include 

transcripts with assembly errors and new transcripts that were missed using the 

classic annotation strategy.  

Many researchers working with de novo transcriptomes are interested in 

identifying transcripts that are homologous to well-characterized proteins to 

identify proteins that are present in that cell at that point in time.  The classic 

annotation strategy is to identify the longest ORFs (using software like 

Transdecoder), as they most likely represent the protein coding sequence, and align 

these ORFs to well-annotated protein databases (using software like BLASTp 

against the NCBI nr and Swissprot databases) (Carruthers et al., 2018; Moreno-

Santillán et al., 2019; Thunders et al., 2017). While this strategy does identify many 

transcripts, it is limited in its ability to detect assembly errors and transcripts coding 

for new proteins.  

The novel annotation method developed here offers more breadth for the 

annotation of de novo assembled transcriptomes because it searches all six frames 

of translation for each transcript against the NCBI CDD database. Searching 

initially for a specific domain, rather than the entire protein, provides the possibility 
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of identifying assembly errors and/or transcripts that code for novel proteins. The 

Annocript pipeline also searches the CDD database; however, its purpose is to 

identify long non-coding RNAs, not new proteins (Ceschin et al., 2020; Musacchia 

et al., 2017). This study is the first time that the CDD database has been utilized to 

identify new transcripts.  

 

II. New transcripts identified using the novel annotation method 

a. Extensin/BLNK-like  

 The Extensin/BLNK-like transcript potentially represents a new protein 

(Fig. 4). This transcript did not show complete homology to the domains of either 

Extensin or the BLNK proteins, nor did it show evidence of an assembly error, 

such as a fragmentation. Furthermore, the entire 832 base pair sequence was 

successfully amplified using primers designed against the complete ORF (Fig. 5), 

leading to the conclusion that this is a real transcript in the P. miniata egg.  

Extensins are a family of hydroxyproline rich glycoproteins that reside in 

the cell walls of plants, lack formed domains, but have certain motifs, and play 

major roles in plant development and defense (Liu et al., 2016). The extensin-like 

protein, XP_022101579.1, that matched to the P. miniata transcript did not 

resemble typical extensin proteins because it contained several domains. In addition 

to the SH2 domain, the extensin-like protein match contains a PHA03247 domain 

identified as a UL36 tegument protein domain in the Herpes simplex 1 virus 

family, which is essential for release of viral DNA, capsid transport, 
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deubiquitinating activity, and secondary envelopment (Kelly et al., 2009). 

Additionally, a SAM superfamily domain resides at the N-terminus of this 

extensin-like protein, which is a helical protein involved in protein interactions in 

bacteria and eukaryotes (Kim & Bowie, 2003).  

The B cell linker protein (BLNK) match (XP_033632845.1) contains only 

the SH2 domain, which is typical for this protein. BLNK is a cytoplasmic adaptor 

protein that is an essential part of the signalosome in B cell receptor activation - 

which includes protein tyrosine kinases Lyn, Syk, and Btk, and BLNK, PLCγ2, 

PI3K -  and is necessary for pre-B cell to pro-B cell transition and B cell apoptosis 

(Lee et al., 2020).  

When reviewing the multiple sequence alignment of the Extensin-like 

protein, the BLNK-like protein, and the P. miniata transcript, the homology is 

mostly in the SH2 domain.  In contrast, the N-terminal sequence is unique and does 

not share high homology to either protein identity. While the sequence was 

validated with RT-PCR and Sanger sequencing, the protein product of this 

transcript has yet to be identified in the P. miniata mature egg and if present, the 

function of this protein will need to be assessed. Based on the homologous protein 

function and domain analysis, it is likely this transcript codes for a protein that acts 

as an adaptor or membrane linker involved in tyrosine signaling.  

 b. SH2/WW 

 The initial characterization of this transcript suggested a possible assembly 

error, as it represents a fragment of a larger transcript. However, amplification of 
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the entire ORF coding for this transcript by RT-PCR using isolated egg mRNA 

demonstrated that it was not an assembly error but was indeed a real sequence. 

Figure 5 lane 4 displays a sharp single band at the expected size of 1001 base pairs.  

 WW domains are small domains of  ~40 amino acids and contain two 

conserved tryptophan (W) residues separated by ~28-30 amino acids (Salah et al., 

2012). WW domains function in many signaling pathways binding to phospho-

serine or phospho-threonine on interacting proteins (Lu et al., 1999). This would be 

the first identification of a protein containing only a WW and SH2 domain. This 

protein could, perhaps, be an important adaptor to bridge and simultaneously 

transduce a signal for tyrosine and serine/threonine phosphorylation signaling 

pathways that are necessary for egg activation. However, before this theory can be 

tested, it is imperative to determine if there is a protein product for this transcript in 

the mature egg.  

   

III. Comparison of SH2 domain containing transcripts found in sea star egg 

transcriptome to SH2 domain-containing proteins involved in T cell receptor 

activation signaling 

The second major contribution of this research is the identity of potential 

SH2 domain coding transcripts in the P. miniata mature egg. SH2 domains are 

responsible for binding to phosphorylated tyrosine residues on interacting proteins 

and play a major role in transducing signaling in pathways controlled by tyrosine 

phosphorylation. The three proteins known to be involved in sea star egg activation 
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all signal via SH2 domain. Therefore, identifying transcripts with SH2 domain 

coding potential, should provide more protein targets for investigation into a role in 

egg activation. Initially, there were 82 transcripts in total found that code for SH2 

domains. Transcripts that had the same ORF coding for the same SH2 domain 

containing protein were counted as one identity, which brought the total number of 

unique SH2 domain coding ORFs in the mature starfish egg to 54. 

 The signaling pathway leading to Ca2+ release in the sea star egg has long 

been modeled after the pathway leading to internal Ca2+ release during T cell 

activation. When a T cell receptor (TCR) engages with a peptide in a major 

histocompatibility complex (pMHC) on an antigen presenting cell (APC), the 

immunoreceptor tyrosine based activation motifs (ITAMs) on the TCR are 

phosphorylated by two Src family kinases, Lck and Fyn (Huse & Kuriyan, 2002; 

Hwang et al., 2020; Joseph et al., 2014; Smith-Garvin & Koretzky, 2009). The 

phosphorylated ITAMs recruit and activate the tyrosine kinase, ζ-chain associated 

protein of 70 kDa (ZAP-70). ZAP-70 promotes the formation of protein 

microclusters, which are hubs for signaling complexes to form which are important 

for propagation of signaling pathways necessary for TCR activation (Joseph et al., 

2014). One of these is the pathway to intracellular Ca2+ release from the 

endoplasmic reticulum.  

 The microcluster promoting intracellular Ca2+ release consists of a 

collection of adaptor proteins, kinases, and guanine nucleotide exchange factors 

(GEFs), including: Linker for Activation of T cells (LAT), SH2 domain containing 
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leukocyte protein of 76 kDa (SLP-76), Vav1, Itk, c-Cbl, PLCγ1, Grb2, and Grb2 

related adaptor protein (GADS) (Huse, 2009; Hwang et al., 2020; Joseph et al., 

2014; Smith-Garvin & Koretzky, 2009). Through the formation of this 

microcluster, PLCγ1 is phosphorylated and activated, which enables it to cleave 

phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylgycerol (DAG) and inositol 

1,4,5-triphosphate (IP3). IP3 binds to the IP3 receptor on the endoplasmic reticulum 

initiating Ca2+ release. The increase in Ca2+ leads to processes in cytotoxic T cells 

like, increased motility and lysis of infected target cells; and processes in helper T 

cells (Th) like, cytokine production and differentiation of naïve T cells into Th1, 

Th2, or Th17 cells (Joseph et al., 2014).  

 Of the proteins involved in the microcluster, ten of them signal through SH2 

domains, including: Lck, Fyn, ZAP-70, SLP-76, Itk, PLCγ1, Grb2, GADS, Vav1, 

and c-Cbl. Because the pathway to Ca2+ release in egg activation is similar to that 

in T cell activation, I wanted to identify if any transcripts with SH2 domains in the 

sea star egg transcriptome had homology to the T cell activation proteins with SH2 

domains. In the sea star egg, the homologous proteins identified were Grb2, PLCγ, 

and Cbl. Although the protein tyrosine kinases did not match exactly, there were 

tyrosine kinases identified in the egg transcriptome, including: SFK1 and SFK3, 

which we know are required for Ca2+ release at egg activation, in addition to Crk, 

Syk, Yes, JAK2, HTK16, Fer, Csk, Src42A, Abl, myosinIIIb, and BMX.  

 The novel annotation method identified 33 more transcripts than the 

traditional method. While this data greatly narrowed down targets to use in 
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functional studies, because the egg houses mRNAs for later developmental 

processes, it is imperative to determine which transcripts have a protein product in 

the mature egg before functional studies are performed.  

 The major outcomes from this analysis include a searchable transcriptome 

library for proteomics data, the identity of assembly errors in the mature egg 

transcriptome, and the development of a library of SH2 domain targets for use in 

future proteomic studies. The accidental observation of the fragmented PLCγ 

protein illuminated these errors, which will improve the alignment of proteomics 

data to the transcriptome, primarily for investigating hits that may have low identity 

scores so that matches below a certain threshold will not be immediately 

eliminated. The SH2 domain analysis has also provided exciting new information 

in regard to potential new proteins that could be functioning in the egg, whether at 

the moment of fertilization or in a latter developmental process.  
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Chapter 3 

Development of a Method for Identification of Tyrosine 

Phosphorylated Proteins at Fertilization 

Protein phosphorylation is the most commonly experimentally-observed 

post-translational modification  (Veenstra, 2019). Serine is the most frequently 

phosphorylated amino acid residue (86.4%), followed by threonine (11.8%), and 

tyrosine (1.8%) (Ardito et al., 2017; Veenstra, 2019). Despite phospho-tyrosine 

comprising a small percentage of detected phosphorylation, it is tightly controlled 

and plays a significant role in regulating many cellular processes, including 

proliferation, motility, differentiation, metabolism, and the cell cycle (Lemmon & 

Schlessinger, 2010; Machida et al., 2003). Abnormal regulation of tyrosine 

phosphorylation can lead to the development of many diseases, including cancer 

(Singh et al., 2017).  

To gain more a comprehensive understanding of the tyrosine 

phosphorylation dynamics in cells, researchers have employed different phosphor-

tyrosine-enrichment strategies combined with mass spectrometry. For example, in 

2007, Chen et al. used phosphotyrosine immunoprecipitation coupled with isotope-

coded affinity tags (ICAT) and LC-MS/MS to identify 3 new proteins that are part 

of EGFR signaling in human epidermal carcinoma cells (A431 line) (Chen et al., 

2007). In 2013, McKinley et al. used phospho-peptide enrichment with LC-MS/MS 
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to define the global tyrosine phospho-proteome in human colon adrenocarcinoma 

cells followed by using the tyrosine phosphorylation states of these proteins to 

determine biomarkers for response to dasatinib (a Src family tyrosine kinase 

selective inhibitor) treatment (McKinley et al., 2013). In 2015, Wu et al. used 

Stable Isotope Labelling of Amino acids in Cell culture (SILAC) and tyrosine 

phospho-peptide enrichment with LC-MS/MS to discover that  more aggressive 

triple negative breast cancers cells had different tyrosine phosphorylation profiles 

than less aggressive cells, suggesting the potential for different therapies necessary 

to treat this cancer (Wu et al., 2015).  

Phosphoproteomics is not just a tool for somatic cell studies. Several 

investigators have implemented global phospho-proteomic approaches to detect 

protein phosphorylation changes during egg activation in different species. In sea 

urchins, 2D gel analysis accompanied by mass spectrometry detected an increase in 

global  phosphorylation from unfertilized eggs (UF) to eggs 2 minutes after 

fertilization (F2) (Roux et al., 2006, 2008).  A more recent study in sea urchins 

employed high performance liquid chromatography with phospho-enrichment using 

titanium dioxide (TiO2) (Guo et al., 2015; Thingholm & Larsen, 2016) followed by 

mass spectrometry of proteins from UF, F2, and F5 egg samples. This allowed for 

detection of increased phosphorylation after fertilization, and mapping of the sites 

of phosphorylation, with mostly serine and threonine sites detected (Guo et al., 

2015).  Similar strategies were applied using eggs from Drosophila and Xenopus, 
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all detecting increased phosphorylation after fertilization (Krauchunas et al., 2013; 

Kronja et al., 2014; Presler et al., 2017).  

One key factor missing in these prior egg activation studies is that 

enrichment for tyrosine phosphorylated proteins was not employed. Because 

tyrosine phosphorylation represents such a small percentage of total protein 

phosphorylation in a cell, it is easily missed when enrichment strategies for this 

phosphorylated residue are not used, presenting the possibility that key signaling 

molecules were not detected in these previous studies (Smith et al., 2007; Veenstra, 

2019). The activity of phospholipase Cγ (PLCγ) and src-family kinases (SFKs) is 

controlled by tyrosine phosphorylation in somatic cells, and the homologous 

proteins involved in Ca2+ release at fertilization in sea stars signal through SH2 

domains; therefore, it is likely there are more proteins changing in their tyrosine 

phosphorylated state at fertilization.  

In this study, three different methods were analyzed for the ability to detect 

and identify tyrosine phosphorylated proteins in Patiria miniata eggs at fertilization 

(Figure 9 shows a diagram comparing the three methods). Development of a novel 

method was necessary because eggs are a special type of cell that have evolved 

with a decreased protein to lipid ratio compared to somatic cells, making it a little 

more difficult to enrich for the phosphoproteins (Prowse et al., 2008). Having a 

reliable method for the identification of these tyrosine phosphorylated proteins will 

allow for us to examine mechanisms of signal transduction that are necessary for 

egg activation and the initiation of embryonic development. 
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Methods 

Below (Figure 9) is a diagram briefly describing the three different methods used.  

 

Figure 9. Diagram outlining the three methods used to identify tyrosine 

phosphorylated proteins at fertilization.  

 

Preparation of sperm and egg samples 

 

Sea star oocytes were collected by poking a hole in the dorsal arm of the sea 

star, pulling out the ovary, and placing the ovary in artificial sea water (Wessel et 

al., 2010). Next, the oocytes were minced with surgical scissors and poured through 

210 μm mesh to remove debris and the oocytes were washed three times in ASW. 

After the final wash, they were concentrated to a 10% solution. The oocytes were 
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made fertilization competent (mature) through incubation with 1μM 1-

methyladenine (1-MA) for 40 minutes to 1 hour at 16°C. Maturation was complete 

when the breakdown of the germinal vesicle was observed under a light 

microscope. When 90% of oocytes were mature, they were either saved as 

unfertilized samples or used to prepare fertilized samples. To save, 1 ml aliquots of 

the 10% egg solution were added to 1.5 ml microfuge tubes, they were briefly 

centrifuged, the supernatants were removed, the eggs were frozen in liquid N2 and 

stored at -70°C. 

Fertilized eggs were prepared by removing the seawater from 1 ml aliquots 

of 10% mature eggs in 1.5 ml microfuge tubes and replacing it with 1 ml of a 

1:5000 dilution of sperm in ASW. Eggs and sperm were gently resuspended and 

were allowed to interact for various time periods. Before the time allowance was 

complete, the fertilized eggs were briefly centrifuged, supernatants were removed, 

and the eggs were frozen in liquid N2 at the appropriate time point then stored at -

70°C. Fertilization was recognized by the elevation of the fertilization envelope. 

Sperm were collected by poking a hole in the dorsal arm of the sea star, 

pulling out the testis, placing it in a 1.5 ml microfuge tube, and storing the sample 

at 4°C or on ice until needed. Fresh sperm were collected each day for the 

experiments (Wessel et al., 2010). To activate the sperm for fertilization, a 1:5000 

dilution of sperm was made in seawater, the sample was inverted 5 times, then the 

entire sample was immediately added to the mature eggs. 
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SDS-PAGE  

A Bio-Rad Mini-PROTEAN Tetra cell electrophoresis system was used for 

SDS-PAGE. Assembly of gels and buffers were performed following the 

manufacturer’s protocol. The Resolving gel (5%) contained the following: 5.7 ml 

MilliQ water, 1.7 ml 30% Acrylamide/Bis solution (19:1 from BioRad 

Laboratories, Inc.), 2.5 ml Resolving gel buffer (1.5M Tris, pH 8.8), 0.1 ml 10% 

SDS, 50µl 10% ammonium persulfate (freshly prepared) added just before use, and 

5 µl tetramethylethylenediamine (TEMED) from Bio-Rad Laboratories, Inc. added 

just before use. The Stacking buffer (10%) contained the following: 4.1 ml MilliQ 

water, 3.3 ml 30% Acrylamide/Bis solution (19:1 from BioRad Laboratories, Inc), 

2.5 ml Stacking gel buffer (0.5M Tris, pH 6.8), 0.1 ml 10% SDS, 50µl 10% 

ammonium persulfate (freshly prepared in MilliQ water) added just before use, and 

10 µl tetramethylethylenediamine (TEMED) from Bio-Rad Laboratories, Inc. 

added just before use. A Bio-Rad Laboratories, Inc. Precision Plus Protein™ All 

Blue Prestained Protein Standard was used for each SDS-PAGE. The running 

buffer contained Protein Gel Running buffer: 25 mM Tris base, 192 mM glycine, 

0.1% SDS. All samples were prepared by adding an equivalent volume of 2X 

Laemmli sample buffer (125 mM tris, pH 6.8, 4% SDS, 20% glycerol, <2 mg 

(small pinch) Bromophenol Blue, 10 % β-mercaptoethanol (added just before use)) 

and heated at 95°C for 5 minutes.  
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Silver staining 

 

The Pierce™ Silver Stain for Mass Spectrometry (#24600) was used to 

silver stain gels following the manufacturer’s protocol. The gels were imaged using 

a ChemiDoc™MP Imaging System under the Silver Stain settings. 

 

Western blotting 

Mini Trans-Blot® Cell western transfer system from Bio-Rad Laboratories 

was used for western blotting and the transfer was assembled following the 

manufacturer’s instructions. The transfer buffer was prepared as follows: dissolve 

15 g glycine, 3 g Tris base in approximately 600 ml MilliQ water; adjust pH to 8.8; 

add 1g SDS (after adjusting pH, NOT before); add 250 ml Methanol; then bring 

final volume to 1 L. The transfers were run for 1000 mA h with the a stir bar 

stirring. The formula for determining the mA settings is as follows: 1000 mA / 

number of h = mA to set on power supply. Following the transfer, the blots were 

blocked in blotto (5% non-fat dry milk in TST) for 1 hour at room temperature. 

TST was prepared as follows: dissolve 2.42 g Tris + 8 g NaCl in 800 ml water; 

adjust pH to 7.6 with 11 N HCl; add 1 ml Tween-20; and bring final volume to 1 L 

with MilliQ water. After blocking, the blots were incubated with the primary 

antibody overnight at 4°C or for 1 hour at room temperature. The Cell Signaling 

Phospho-Tyrosine Mouse mAb (P-Tyr-100) #9411 was diluted 1:1000 in blotto for 

western blotting. After incubation with the primary antibody, the blots were washed 
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three times in TST (10 minutes per wash) at room temperature. The blots were 

incubated with the secondary antibody (Cell Signaling Technology® Anti-mouse 

IgG, HRP-linked Antibody #7076S) diluted 1:10000 in blotto for 1 hour at room 

temperature. Following incubation with the secondary antibody, the blots were 

washed three times in TST (10 minutes per wash) at room temperature. The blots 

were developed for 5 minutes at room temperature using Clarity™ Western 

Enhanced Chemiluminescence substrate from Bio-Rad Laboratories, Inc following 

the manufacturer’s instructions. The blots were imaged using a ChemiDoc™MP 

Imaging System with Chemi-Hi Sensitivity or Hi Resolution exposure settings and 

taking an image every 60 seconds for 10 min (10 images). 

 

Immunoprecipitation with Protein G beads 

The conjugation of antibody to the beads was performed following the Bio-

Rad Protein G Magnetic SureBeads™ protocol. The volume of beads used for the 

pre-clearing and immunoprecipitation was 100µl. 

Samples were removed from -70°C freezer and 1 ml of ice-cold RIPA 

buffer (50mM HEPES, pH 7.5; 150mM NaCl; 1mM EDTA; 1mM EGTA; 10mM 

NaF; 10mM Na3VO4; 1% Triton X-100; 0.1% SDS; 0.5% sodium deoxycholate; 

Protease Inhibitor Cocktail III (1:200)) was added via a 27g needle immediately to 

the samples. The samples were lysed by needle aspiration until homogenous (~10 

times), then were left incubating on ice for 20 minutes to solubilize. Next, the 
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samples were centrifuged at 12,000 rpm at 4°C for 20 minutes and the supernatants 

(soluble proteins) were transferred to new tubes on ice. A Bio-Rad protein assay 

was performed on the samples following the manufacturer’s protocol, absorbance 

was read at 595 nm on a SpectraMax® i3 spectrophotometer, then samples were 

equilibrated. Next, 100µl of Bio-Rad Protein G Magnetic SureBeads™ not coupled 

to an antibody were added to the lysates and the samples were rocked at 4°C for 1 

hour to remove non-specific interacting proteins. The pre-cleared lysates were 

transferred to a new tube on ice and 100µl of Bio-Rad Protein G Magnetic 

SureBeads™ containing 10µg of Cell Signaling Phospho-Tyrosine Mouse mAb (P-

Tyr-100) #9411 were added to the pre-cleared lysates. The immunoprecipitation 

was carried out for 2.5 hours at 4°C with constant rocking. Next, 20µl aliquots of 

the unbound supernatants were saved, the remaining supernatants were removed, 

and the beads with the bound proteins were washed three times with ice-cold 

PBS/0.1% Tween 20. After the final wash, the bound proteins were eluted for mass 

spectrometry analysis by adding 20µl of 20 mM glycine, pH 2.0 and incubating 

with the beads for 5 minutes at room temperature. The eluates were transferred to a 

new vial and 2 µl of PBS, pH 7.4 was added, and the eluates were flash frozen in 

liquid N2 and stored at -80°C. To visualize the bound proteins on a gel and western 

blot, an equal volume of 2X Laemmli Sample Buffer (BioRad #1610737EDU) was 

added to the bound proteins still on beads, eluates, supernatant, etc., they were 

heated at 95°C for 5 minutes, then loaded into a gel. 
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Alternatively, for mass spectrometry, bound proteins on the beads were 

flash frozen in liquid N2 or bands of separated proteins were excised and sent to 

external companies to be analyzed by mass spectrometry.  

 

Immunoprecipitation with Invitrogen™Dynabeads™M-270 Epoxy magnetic beads 

The day before the immunoprecipitation 10 mg of 

Invitrogen™Dynabeads™M-270 Epoxy magnetic beads were weighed out into 

microfuge tubes for each sample (5-10 µg of antibody / 1 mg beads). Next, 1 ml of 

0.1M Sodium phosphate, pH 7.4 was added, the beads were vortexed for 30 

seconds, and the speed was reduced to half max on the vortex and the samples were 

left shaking for 15 minutes. The beads were next placed in a magnetic tube rack, 

the buffer removed, fresh 1 ml of 0.1M sodium phosphate was added, the beads 

were vortexed again for 30 seconds, and the buffer was again discarded. Next, the 

solution containing the antibody was added, which included: 67 µl of Cell 

Signaling P-Tyr-100 (9411S) + 66µl of 0.1M sodium phosphate + 67 µl of 3M 

ammonium sulfate (important to add this solution last). The tubes containing the 

beads and antibody solution were placed in a 30°C incubator on a rotator overnight. 

The following day, the tubes were placed on a magnetic tube rack, the supernatants 

were removed, and the beads with conjugated antibody were washed sequentially 

with 1 ml of 0.1 M sodium phosphate, 1 ml of 100 mM glycine HCl (fast wash), 1 

ml of 10 mM Tris, and 1 ml of freshly prepared 100 mM triethylamine (fast wash). 

Next, the beads were washed 4 times with PBS (Fisher Sci Cat. No. ICN2810305), 
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followed by a 15 minutes wash with 0.5% Triton X-100 in PBS, and a final wash 

with PBS. The beads were stored in PBS/0.02% NaN3 at 4°C until needed.  

Samples were removed from -70°C freezer and 1 ml of ice-cold RIPA 

buffer (50mM HEPES, pH 7.5; 150mM NaCl; 1mM EDTA; 1mM EGTA; 10mM 

NaF; 10mM Na3VO4; 1% Triton X-100; 0.1% SDS; 0.5% sodium deoxycholate; 

Protease Inhibitor Cocktail III (1:200)) was added via a 27g needle immediately to 

the samples. Enough samples were removed from the freezer (~25 samples each) to 

make 500 mg of protein. The samples were lysed by needle aspiration until 

homogenous (~10 times), then were left incubating on ice for 20 minutes to 

solubilize. Next, the samples were centrifuged at 12,000 rpm at 4°C for 20 minutes 

and the supernatants (soluble proteins) were transferred to new tubes on ice. A Bio-

Rad protein assay was performed on the samples following the manufacturer’s 

protocol, absorbance was read at 595 nm on a SpectraMax® i3 spectrophotometer, 

then samples were equilibrated to 500 mg. The beads with conjugated antibody 

were placed on the magnetic tube rack, supernatant was removed, and they were 

washed 3 times in RIPA buffer. After the last wash they were resuspended in 50µl 

of RIPA buffer and added to the equilibrated lysates. The beads incubated with the 

lysates for 4 hours at 4°C. After the incubation, the samples were placed on a 

magnetic tube rack, the supernatants were discarded, and the beads were washed 

six times in RIPA buffer, transferring to new microfuge tubes after the first and 

fourth washes. After the sixth wash, 500µl of 0.5N NH4OH, 0.5mM EDTA were 

added to the beads, and the samples were constantly shaken on a vortex at half 
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speed for 20 minutes at room temperature. Next, the samples were placed on a 

magnetic tube rack and the eluates were transferred to new tubes and snap frozen in 

liquid N2.  

 

Mass spectrometry  

Method 1: Samples from immunoprecipitation with proteins still bound to 

the antibody on Protein G beads frozen in liquid N2 were sent to MSBioworks, 

LLC for mass spectrometry analysis where half of each sample was loaded onto a 

10% Bis-Tris NuPAGE (Invitrogen) in an MES buffer system. The samples were 

run just long enough that the mobility region could be seen. The mobility region 

was excised and processed by in-gel trypsin digestion with a ProGest robot 

(Digilab) using the following protocol: washing with 25 mM ammonium 

bicarbonate, followed by washing with acetonitrile, reducing with 10 mM 

dithiothreitol at 60°C, followed by alkylating with 50mM iodoacetamide at room 

temperature, digesting with trypsin (Promega) at 37°C for 4 hours, and finally 

quenching the digestion with formic acid. The supernatant was analyzed directly 

without further processing.  

Half of each supernatant was analyzed by nano LC-MS/MS on a Waters 

NanoAcquity HPLC system combined with a ThermoFisher Q Exactive mass 

spectrometer. The peptides were eluted from a trapping column over a 75µm 

analytical column at 350 nL/min – both columns were packed with Luna C18 resin 
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(Phenomenex). The mass spectrometer was run in data-dependent mode and the 

orbitrap was operated at 70,000 FWHM and 17,500 FWHM for MS and MS/MS, 

respectively. The fifteen most abundant ions were selected for MS/MS.  

The mass spectrometry data was processed with the following settings: 

enzyme – trypsin/P; Database = P. miniata mature egg transcriptome; Fixed 

modification = carbamidomethyl (C); Variable modification = oxidation (M), 

acetyl (N-term), Pyro-Glu (N-term), deamidation (N/Q), Phospho (STY); mass 

values = monoisotopic; peptide mass tolerance = 10 ppm; and max missed 

cleavages = 2. The Mascot DAT files were parsed into Scaffold (Proteome 

Software) for validation, filtering, and to create a non-redundant list per sample. 

The data were filtered using 1% protein and peptide FDR and requiring at least two 

unique peptides per protein.  

Method 2: Following immunoprecipitation of a F1 sample with anti-

phosphotyrosine on Protein G beads, 100 µl of 2X Laemmli Sample Buffer 

(BioRad #1610737EDU) was added to the proteins bound to the beads and 

incubated at 95°C for 5 minutes. The sample was loaded into two lanes of a BioRad 

10% Mini-PROTEAN® TGX™ Precast gel (4561034S) (~45µl per lane) and run at 

110 V until dye front reached the end of the gel. The gel was stained using the 

following procedure: washed three times at 5 minutes with LC/MS grade water 

(Fisher Cat. No. W64), added 200 ml of fixing solution (HPLC grade 50% 

methanol (Fisher A456-4), 7% sequence grade acetic acid (Fisher BP1185-500) in 

LC/MS water) and incubated for 15 minutes while gently rocking, rinsed three 
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times at 5 minutes with LC/MS grade water, added 20 ml of Coomassie Stain Gel 

Code Blue (Thermo 24590) and incubated for 1 hour with gentle rocking, and 

finally rinsed three times at 5 minutes with LC/MS grade water. Using a clean 

scalpel, bands of interest were excised from the gel, cut into cubes (~1mm3) and put 

into microfuge tubes. The tubes containing the gel pieces were sent to the UF Mass 

Spectrometry Research and Education center where the remaining procedure and 

analysis occurred. 

The gel pieces were washed three times by adding 100µl of LC/MS grade 

water and vortexing for 5 minutes during each wash. The gel pieces were destained 

with 1:1 v/v LC-MS grade methanol:50 mM ammonium bicarbonate (Fisher Cat. 

No. BP2413500) for 20 minutes. The destain was discarded and the gel pieces were 

dehydrated with 100µl v/v acetonitrile (Fisher Cat. No. A-955-4):50 mM 

ammonium bicarbonate for 10 minutes. The supernatant was discarded and the gel 

pieces were further dehydrated with 100µl of 100% acetonitrile for 5 minutes. The 

supernatant was discarded and the samples were placed in a Speedvac for 10 

minutes with no heat.  

The gel pieces were rehydrated with 100 µl of 25 mM Dithiothreitol 

(Pierce™ No Weigh™ Format, A39255) in 100mM ammonium bicarbonate. The 

gel pieces were incubated in this solution for 30 minutes at 56°C. The tubes were 

cooled to room temperature and the supernatant was discarded. Next, 100µl of 55 

mM iodoacetamide (Pierce™ Single Use, A39271) in 100 mM ammonium 

bicarbonate and the samples were incubated in the dark for 30 minutes at room 
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temperature. The supernatants were discarded and the samples were washed three 

times with 100 µl of 50 mM ammonium bicarbonate by mixing briefly and 

discarding the supernatants. After the final wash, the gel pieces were dehydrated 

with 150 µl 1:1 acetonitrile:50 mM ammonium bicarbonate for 5 minutes. The 

supernatant was discarded and 100µl of 100% acetonitrile were added, incubated 

for 5 minutes, and the supernatant was again discarded. The samples were dried in 

a Speedvac with no heat for 10 minutes.  

The gel pieces were rehydrated with 40 µl of 12.5 ng/µl of trypsin (Promega 

sequencing grade modified trypsin, #V5111) and incubated at room temperature for 

10 minutes. Next, 80µl of 0.01% Protease MAX™ surfactant (Promega 

#V2072):50 mM ammonium bicarbonate solution was added and the samples were 

incubated for 50°C for 1 hour. Next, the samples were centrifuged at 12,000 rpm 

for 10 minutes followed by adding 2.5 µl of LC/MS grade trifluoroacetic acid 

(Fisher A116-05AMP) and incubating for 10 minutes at room temperature. Finally, 

the solutions were carefully transferred (ensuring no clumps of gel pieces were 

included) to Waters HPLC vials for mass spectrometry analysis.  

The samples were analyzed by nano LC-MS/MS on a Waters NanoAcquity 

HPLC system combined with a ThermoFisher Q Exactive mass spectrometer. The 

peptides were eluted from a trapping column over a 75µm analytical column at 350 

nL/min – both columns were packed with Luna C18 resin (Phenomenex). The mass 

spectrometer was run in data-dependent mode and the orbitrap was operated at 

70,000 FWHM and 17,500 FWHM for MS and MS/MS, respectively.  
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The mass spectrometry data was processed with the following settings: 

enzyme – trypsin/P; Database = P. miniata mature egg transcriptome; Fixed 

modification = carbamidomethyl (C); Variable modification = deamidation (N/Q), 

oxidation (M),  Phospho (ST), and Phospho(Y); mass values = monoisotopic; 

protein mass = unrestricted; peptide mass tolerance = 10 ppm; and max missed 

cleavages = 1. The Mascot DAT files were analyzed using the Mascot database 

search against the P. miniata mature egg transcriptome. The data were filtered 

using 1% protein and peptide FDR and requiring at least two unique peptides per 

protein.  

Method 3: The frozen protein eluates from the immunoprecipitation on the 

DynaBeads were sent to the UF Mass Spectrometry and Education Center to be 

processed and analyzed by mass spectrometry. The samples were first run through 

a clean-up gel (Criterion TRIS-HCl Precast gel – BioRad 345-0014) just long 

enough to see the band. The excised gel bands were processed and analyzed by 

mass spectrometry using the same procedures as in method 2.  

Bioinformatics 

All mass spectrometry data was provided to us with a list of P. miniata 

mature egg transcripts that matched to peptide sequences in the analysis. These 

transcripts were put into NCBI’s BlastX software to identify homologous proteins. 

The criteria to establish a matching protein was ≥50% query coverage, ≥30% 

identity, and an e value ≤0.00001. Additionally, domains were compared using 

CDD database on select proteins. 
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Results  

 Before any samples were analyzed on the mass spectrometer, we wanted to 

ensure our immunoprecipitation strategy was working as expected and determine 

the best time point after fertilization to use to detect tyrosine phosphorylated 

proteins. In Figure 10, results from immunoprecipitations with the anti-phospho-

tyrosine antibody and its non-specific IgG isotype are shown. The purpose of these 

experiments was to ensure that tyrosine phosphorylated proteins only bound to the 

anti-phospho-tyrosine antibody. Figure 10A is an image of a western blot that was 

probed for tyrosine phosphorylation showing the proteins bound to the anti-

phospho-tyrosine or non-specific IgG antibodies in UF or F1 samples. Most of the 

tyrosine phosphorylated proteins bound to the anti-phospho-tyrosine antibody with 

one band detected in the IgG samples. This band is most likely the heavy chain of 

the antibody that was eluted with the bound proteins and was detected by the 

secondary goat-anti-mouse HRP antibody. Figure 10B shows a silver stain image 

of the same samples to show that proteins are binding to the non-specific IgG 

antibody, but they are not tyrosine phosphorylated, further emphasizing the anti-

phospho-tyrosine antibody chosen for these experiments is specific to tyrosine 

phosphorylated proteins. 
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Figure 10. Specificity of the anti-phosphotyrosine antibody. Cell Signaling mouse p-Tyr-100 (#9411) (anti-pY) or its non-

specific IgG isotype (IgG) (Mouse G3A1 mAb IgG1 Isotype control, #5415) were used in immunoprecipitations with 

unfertilized (UF) or eggs 1 minute after fertilization (F1). A) Western blot probed for tyrosine phosphorylated proteins in 

immunoprecipitations from UF and F1 samples with anti-pY or IgG. The same anti-pY antibody was used to probe the blot as in 

immunoprecipitations (Cell Sig. #9411) at 1:1000 concentration. B) Silver stain of proteins bound to the anti-pY or IgG 

antibody after immunoprecipitations in UF or F1 samples. 

A. B. 
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In Figure 11, a time series of samples before and after fertilization were 

evaluated for tyrosine phosphorylation in whole cell lysates (A) and after 

immunoprecipitations (B). In Figure 11A, the tyrosine phosphorylation signal 

increases after fertilization in the several bands above 100 kDa. However, after the 

tyrosine phosphorylated proteins in these lysates were enriched with anti-phospho-

tyrosine antibodies (Figure 11B), we see many more bands below the 100kDa mark 

contain tyrosine phosphorylated proteins what were not seen in the whole cell 

lysates. These results emphasize how much more abundant the other cellular 

proteins are than the tyrosine phosphorylated proteins and it is important to 

concentrate these low abundance proteins to best analyze them. Additionally, the 

tyrosine phosphorylation signal increased after fertilization as early as 1 minute 

(F1), but more significantly at 2.5 minutes (F2.5). The F1 and F2.5 time points 

were chosen to represent the fertilized egg samples in the mass spectrometry 

analyses.  

 

 

 

 

 



 

74 
 

 

Figure 11. Changes in tyrosine phosphorylation over time in immature (IO), mature/unfertilized (UF), and fertilized 

samples at different minutes after sperm addition. A) Samples of IO, UF, and F eggs were lysed in our version of RIPA 

buffer and 20µg of protein from each lysate was loaded into the corresponding lane of a 10% SDS-PAGE gel. The proteins were 

transferred to a western blot which was subsequently probed for tyrosine phosphorylation using Cell Signaling p-Tyr-100 

antibody (#9411) at a concentration of 1:1000. The blot was then probed with Goat anti-Mouse secondary antibody, treated with 

Clarity Western ECL (BioRad #1705060) and imaged with a BioRad ChemiDocXRS using the high-sensitivity 

chemiluminescence setting taking a image every 60 seconds for 10 minutes. The resulting image is 4 minute image. B) The 

lysates from the same samples were used for immunoprecipitation experiments to enrich for the tyrosine phosphorylated 

B.  A.  
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proteins. Briefly, 2 mg/ml of pre-cleared lysate was incubated with 10µg of Cell Signaling p-Tyr-100 antibody (#9411) 

overnight (?). The unbound proteins were removed with several washes and 20 µl of 2X BioRad sample buffer was added 

directly to the beads to elute the bound proteins. The eluates were loaded onto a 10% SDS-PAGE gel, then the proteins were 

transferred to a western blot. The blot was then probed with Goat anti-Mouse secondary antibody, treated with Clarity Western 

ECL (BioRad #1705060) and imaged with a BioRad ChemiDocXRS using the high-sensitivity chemiluminescence setting 

taking an image every 60 seconds for 10 minutes. The image displayed is from 4 minutes.  
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In method 1, there were 79 proteins detected in the F1 sample, 14 of which 

were specific to the fertilized egg compared to the unfertilized egg (UF). In the F1 

sample from method 2, the combined number of proteins detected in the eight gel 

bands analyzed was 328 (Figure 12). The F1 time point was the only sample 

analyzed on the mass spectrometer using the gel separation method. Finally, in 

method 3, 180 proteins were detected in the F2.5 sample, 67 of which were unique 

to the fertilized egg sample. Table 4 displays the transcripts found in these 

fertilized egg samples along with their corresponding homologous protein. Because 

the most proteins were found in F2.5 of method 3, the proteins in methods 1 and 2 

were compared to those in F2.5. There were additional proteins found in the F1 

samples from methods 1 and 2 that were not found in F2.5.  
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Figure 12. Method 2 F1 sample separated by SDS-PAGE and individual bands analyzed by mass spectrometry. A) The 

bound proteins were prepared for SDS-PAGE by adding 100µl of 2X Laemmli sample buffer, followed by heating for 5 minutes 

at 95°C, and 10 µl of this denatured sample was run on a SDS-PAGE gel followed by transfer to western blot to check for 

tyrosine phosphorylation. The blot was probed with Cell Signaling anti-phosphotyrosine antibody (9411S) at a concentration of 

1:1000 for 1 hour at 4°C followed by incubation with goat anti-rabbit secondary antibody at a concentration of 1:10,000 for 1 

hour at room temperature. The blot was imaged following addition of Clarity Western ECL substrate from BioRad and 

autoexposed using the BioRad Chemidoc imaging system. B) The 90 µl leftover to run on the SDS-PAGE gel and extracted for 
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mass spectrometry analysis could not be loaded into one well (max 50µl per well), so it was split between two wells and 45µl 

were added to each. The resulting proteins were stained with BioRad Coomassie stain. C) The bands were extracted as indicated 

by the red boxes and labeled as L1-L7. The bands of the same molecular weight were combined from the two lanes.  
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Table 4. Proteins identified in the fertilized (F) samples from the three methods.  

Method 3_F2.5 Specific Proteins Method 2_F1 

Specific 

Proteins 

Method 

1_F1 

Specific 

Proteins 

Score Transcript  nr Protein ID Band Score Spectral 

Count  

439 GGEY02080032.

1 

AAR85355.1 phospholipase C-gamma [Patiria miniata]   
 

  

387 GGEY02080031.

1 

AAR85355.1 phospholipase C-gamma [Patiria miniata] L1 21 2 

345  GGEY02079062.

1 

XP_022099138.

1 

guanine nucleotide exchange factor VAV2-like 

isoform X3 [Acanthaster planci] 

  
 

  

308 GGEY02076094.

1 

XP_022099138.

1 

guanine nucleotide exchange factor VAV2-like 

isoform X3 [Acanthaster planci] 

  
 

  

273 GGEY02047672.

1 

XP_022110204.

1 

ATP-binding cassette sub-family F member 3-

like [Acanthaster planci] 

  
 

  

216 GGEY02056051.

1 

AMR68935.1 vitellogenin 2 [Patiria miniata] L5 871   

205 GGEY02047671.

1 

XP_022085108.

1 

LOW QUALITY PROTEIN: ATP-binding 

cassette sub-family F member 1-like 

[Acanthaster planci] 

  
 

  

199 GGEY02065791.

1 

XP_022105701.

1 

protein SCAF11-like isoform X3 [Acanthaster 

planci] 

L6 22   

171 GGEY02026185.

1 

XP_022080780.

1 

T-complex protein 1 subunit eta-like isoform X1 

[Acanthaster planci] 

  
 

  



 

81 
 

122 GGEY02054391.

1 

XP_022096202.

1 

ATP synthase subunit alpha, mitochondrial-like 

[Acanthaster planci] 

L5 56   

119 GGEY02052520.

1 

ACM80366.1 vasa [Patiria miniata] L5 41   

111 GGEY02084229.

1 

XP_022105334.

1 

constitutive coactivator of PPAR-gamma-like 

protein 1 homolog isoform X2 [Acanthaster 

planci] 

  
 

  

106 GGEY02060399.

1 

XP_033627737.

1 

eukaryotic translation initiation factor 3 subunit 

C-like [Asterias rubens] 

  
 

  

92 GGEY02019531.

1 

XP_022082091.

1 

T-complex protein 1 subunit theta-like isoform 

X1 [Acanthaster planci] 

L5 45   

86 GGEY02052512.

1 

AAS68511.1 eukaryotic translation initiation factor 5A 

[Branchiostoma belcheri] 

L5 84   

83 GGEY02058561.

1 

XP_022111017.

1 

ubiquitin-associated protein 2-like isoform X2 

[Acanthaster planci] 

  
 

  

79 GGEY02086118.

1 

XP_022091226.

1 

T-complex protein 1 subunit alpha-like 

[Acanthaster planci] 

  
 

  

79 GGEY02054366.

1 

XP_022098497.

1 

neurogenic locus notch homolog protein 1-like 

[Acanthaster planci] 

  
 

  

73 GGEY02031411.

1 

XP_022104650.

1 

heterogeneous nuclear ribonucleoprotein K-like 

isoform X2 [Acanthaster planci] 

L5 37   

72 GGEY02069284.

1 

XP_022088415.

1 

WD repeat-containing protein 37-like isoform 

X2 [Acanthaster planci] 

  
 

  

72 GGEY02069722.

1 

XP_022089647.

1 

trifunctional enzyme subunit beta, 

mitochondrial-like [Acanthaster planci] 

L6 23   
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70 GGEY02067676.

1 

XP_022108756.

1 

ATP-dependent RNA helicase DDX1-like 

isoform X1 [Acanthaster planci] 

  
 

  

65 GGEY02044996.

1 

XP_033640227.

1 

40S ribosomal protein S8-like [Asterias rubens] L5 109 53 

64 GGEY02056737.

1 

XP_022085982.

1 

malate dehydrogenase, cytoplasmic-like 

[Acanthaster planci] 

  
 

  

64 GGEY02035805.

1 

XP_022094779.

1 

eukaryotic translation initiation factor 1A, X-

chromosomal-like [Acanthaster planci] 

  
 

  

63 GGEY02058382.

1 

XP_022105779.

1 

zinc finger RNA-binding protein-like isoform X1 

[Acanthaster planci] 

  
 

  

62 GGEY02047964.

1 

XP_022097531.

1 

small nuclear ribonucleoprotein-associated 

protein B'-like [Acanthaster planci] 

  
 

  

60 GGEY02010408.

1 

no similarity 

found 

 
  

 
  

56 GGEY02047407.

1 

XP_022109354.

1 

hypoxia up-regulated protein 1-like [Acanthaster 

planci] 

  
 

  

56 GGEY02023643.

1 

WP_130531016.

1 

MULTISPECIES: DUF1972 domain-containing 

protein [unclassified Pseudoxanthomonas] 

  
 

  

55 GGEY02041265.

1 

XP_022088505.

1 

isocitrate dehydrogenase [NADP], 

mitochondrial-like [Acanthaster planci] 

L5 91   

55 GGEY02081993.

1 

XP_022107146.

1 

CAD protein-like isoform X4 [Acanthaster 

planci] 

L8 33   

54 GGEY02064414.

1 

XP_033627658.

1 

T-complex protein 1 subunit zeta-like [Asterias 

rubens] 

  
 

  

52 GGEY02080108.

1 

XP_022105718.

1 

DNA topoisomerase 3-beta-1-like [Acanthaster 

planci] 
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51 GGEY02058560.

1 

XP_022079318.

1 

proliferation-associated protein 2G4-like 

[Acanthaster planci] 

  
 

  

49 GGEY02063467.

1 

Q7M4G7.2 RecName: Full=Histone H2B [Patiria 

pectinifera] 

  
 

  

45 GGEY02045290.

1 

XP_022093324.

1 

elongation factor Tu, mitochondrial-like 

[Acanthaster planci] 

L5 24   

43 GGEY02094387.

1 

KAF1658903.1 Histone H2A [Eudyptes robustus]   
 

  

42 GGEY02054715.

1 

XP_022082837.

1 

protein arginine N-methyltransferase 1-like 

isoform X1 [Acanthaster planci] 

  
 

  

40 GGEY02020580.

1 

XP_022100851.

1 

translocon-associated protein subunit beta-like 

[Acanthaster planci] 

  
 

  

38 GGEY02062950.

1 

 
chromodomain-helicase-DNA-binding protein 5-

like isoform X1 [Acanthaster planci] 

  
 

  

36 GGEY02017737.

1 

XP_022081089.

1 

uncharacterized protein LOC110974066 

[Acanthaster planci] 

L5 86   

  
XP_033647668.

1 

complement C1q tumor necrosis factor-related 

protein 4-like [Asterias rubens] 

  
 

  

36 GGEY02038790.

1 

BAA11477.1 cdc2 [Patiria pectinifera]   
 

  

  
XP_033644052.

1 

cyclin-dependent kinase 1-like [Asterias rubens]   
 

  

35 GGEY02023705.

1 

XP_022092543.

1 

eukaryotic translation initiation factor 2 subunit 

1-like [Acanthaster planci] 

  
 

  

34 GGEY02029025.

1 

AAS01045.1 Src family tyrosine kinase (SFK1) [Patiria 

miniata] 

  
 

  



 

84 
 

30 GGEY02057122.

1 

no similarity 

found 

 
L4 22   

  
XP_022101913.

1 

armadillo repeat-containing protein 4-like 

[Acanthaster planci] 

  
 

  

27 GGEY02067859.

1 

WP_141950832.

1 

glycosyltransferase [Methylorubrum populi]   
 

  

27 GGEY02045369.

1 

XP_022093735.

1 

RNA-binding motif protein, X chromosome-like 

isoform X2 [Acanthaster planci] 

  
 

  

26 GGEY02076095.

1 

XP_022099139.

1 

guanine nucleotide exchange factor VAV2-like 

isoform X4 [Acanthaster planci] 

  
 

  

26 GGEY02032656.

1 

XP_022103062.

1 

60S ribosomal protein L31-like [Acanthaster 

planci] 

L5 48 13 

24 GGEY02077480.

1 

XP_022108881.

1 

coronin-1A-like [Acanthaster planci] L8 45   

23 GGEY02081365.

1 

XP_022079971.

1 

glycylpeptide N-tetradecanoyltransferase 2-like 

[Acanthaster planci] 

  
 

  

22 GGEY02030075.

1 

XP_022081240.

1 

UPF0568 protein C14orf166 homolog isoform 

X1 [Acanthaster planci] 

  
 

  

22 GGEY02042009.

1 

XP_022111423.

1 

SWI/SNF-related matrix-associated actin-

dependent regulator of chromatin subfamily A 

member 5-like isoform X1 [Acanthaster planci] 

  
 

  

18 GGEY02047852.

1 

no similarity 

found 

 
  

 
  

17 GGEY02062708.

1 

XP_022110428.

1 

coatomer subunit delta-like isoform X1 

[Acanthaster planci] 
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17 GGEY02045521.

1 

NBW32337.1 NAD(P) transhydrogenase subunit alpha 

[Cytophagia bacterium] 

  
 

  

16 GGEY02077841.

1 

no similarity 

found 

 
  

 
  

  
XP_022087201.

1 

nardilysin-like [Acanthaster planci]   
 

  

15 GGEY02024697.

1 

no similarity 

found 

 
  

 
  

  
XP_022087124.

1 

solute carrier family 40 member 1-like 

[Acanthaster planci] 

  
 

  

77 GGEY02021999.

1 

XP_022103724.

1 

cob(I)yrinic acid a,c-diamide 

adenosyltransferase, mitochondrial-like isoform 

X1 [Acanthaster planci] 

  
 

  

32 GGEY02046759.

1 

XP_022084308.

1 

eukaryotic translation initiation factor 3 subunit 

G-A-like [Acanthaster planci] 

  
 

  

31 GGEY02058312.

1 

XP_022087913.

1 

transcription factor BTF3 homolog 4-like 

[Acanthaster planci] 

  
 

  

30 GGEY02080125.

1 

XP_022085219.

1 

guanine nucleotide-binding protein-like 1 

[Acanthaster planci] 
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During method development, an indicator of a successful mass 

spectrometry experiment was the detection of SFK3, SFK1, and PLCγ because 

several studies have shown these proteins to be phosphorylated post-fertilization 

and necessary for egg activation (Carroll et al., 1997; Giusti et al., 1999; Giusti et 

al., 2000; Runft et al., 2004).  Additionally, the Mascot scores obtained in methods 

2 and 3, as well as the spectral count obtained in method 1 were used to evaluate 

the identified proteins. The Mascot score is a probability score based on the 

matching of mass values to peptide sequences with the matching event occurring at 

random at a frequency of  <5% , thus a Mascot score of 70 is a significant result 

(p<0.05) (Perkins et al., 1999). A spectral count is the number of mass spectra 

matched to peptides from a protein which gives a relative value of protein 

abundance, especially for label-free quantitation studies (Choi et al., 2008). 

PLCγ was detected in all three samples with a Mascot score of 439 and 387 

(the PLCγ sequence was assembled across two transcripts as discussed in Ch. 2) in 

method 3, a Mascot score of 21 in method 2, and a spectral count of 2 in method 1. 

A Mascot score of <70 means the result is not a significant match; however, this is 

measure of data quality indicating there were not enough masses matching to the 

protein to be significant, but the protein identified is still the best match because the 

masses identified are specific to that protein’s amino acid sequence (Perkins et al., 

1999). Therefore, because method 3 produced a PLCγ identification with a 

significant Mascot score, method 3 is the best strategy   for detecting this protein. 

The spectral count from method 1 denotes there were either two masses that 
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identified to PLCγ  or that a mass matching to PLCγ was only detected twice. In 

either scenario, method 1 also did not produce the best result for PLCγ. It also 

indicates the spectral count was not the best measure of data quality compared to 

the Mascot score, which is reasonable since it is meant  for use in quantitative 

experiments and our experiments were qualitative (Choi et al., 2008). SFK1 was 

the only SFK detected in these experiments and was only detected in method 3 with 

a Mascot score of 34. This score indicates it was not a significant result and that the 

sample preparation is not ideal for detecting this protein. Furthermore, of the 67 

proteins unique to the F2.5 sample of method 3, 8 were homologous to known 

signaling proteins including PLCγ and SFK1.  
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Discussion 

 This chapter determined the necessary parameters for the successful 

identification of tyrosine phosphorylated proteins from the eggs of the sea star 

Patiria miniata. Three methods were evaluated to determine which was best for 

identifying tyrosine phosphorylated proteins at fertilization. Method 3 produced the 

best conditions for identifying tyrosine phosphorylated proteins based on the 

identification of peptide sequences matching to both transcripts of PLCγ with 

Mascot scores of 439 and 387, respectively. Furthermore, this was the only method 

of the three that identified a SFK, SFK1, although with a Mascot score of 34 which 

is not significant. Because there is so much evidence that SFK1 is phosphorylated 

in fertilized eggs and is required for Ca2+ release, we take this score as an indication 

that improvement can be made to method 3 to better capture this protein, and 

SFK3. When the SFKs are detected with significant Mascot scores, we can be 

confident we have the best conditions to identify any other important signaling 

molecules that are tyrosine phosphorylated at fertilization.  

What led to the success of method 3 was a combination of covalently 

attaching the probe antibody to the bead matrix and increasing the amount of 

starting protein. We used the Invitrogen™Dynabeads™M-270 Epoxy magnetic 

beads in which the epoxy residue on the bead surface covalently binds to the 

primary amino or sulfhydryl groups on the protein you wish to use as the probe. 

This concept can be viewed in Figure 13 as the UF and F2.5 eluted proteins in lanes 

3 and 4 did not have large bands at ~50 and 25 kDa indicating the antibody heavy 



 

89 
 

and light chains did not elute with the bound proteins, unlike the elutions in Figures 

9 and 10 when Protein G beads were used which do not covalently bind the 

antibody. Covalently attaching the probe to the support matrix prevents elution of 

the bait/probe protein with the bound, unknown proteins which prevents masking 

of the lower abundance bound proteins from detection by the mass spectrometer 

(Yakubu et al., 2019).  
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Figure 13. Method 3 F2.5 sample analyzed by mass spectrometry. Lanes 1 and 2 represent what was left bound to the beads 

after the elution step of method 3 in UF and F2.5 samples, respectively. Of note to mention is that sample buffer was added 

directly to the beads following removal of the eluted proteins, with no washing steps performed in between. Lanes 3 and 4 

represent 20% of the bound proteins in the 500µl eluates of the UF and F2.5 samples, respectively. The most notable feature of 

lanes 3 and 4 is the absence of the heavy (~50kDa) and light (~25kDa) chains of the anti-phosphotyrosine antibody in the 

eluates, meaning the antibody did not elute from the dynabeads along with the bound protein. The bands with the heavy and 
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light chain of the antibody are highlight with red arrows and can be seen in rows 1 and 2. The blot was imaged following 

addition of Clarity Western ECL substrate from BioRad and autoexposed using the BioRad Chemidoc imaging system. 
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When initially searching literature for strategies to identify tyrosine 

phosphorylated proteins, the studies assessed were in cancer and immune cells, 

which have the advantage of receptors all over the cell surface being activated by 

their ligands and quickly amplifying and producing a signal that can be detected 

with a lower amount of starting protein (e.g. 2 mg/ml) (Chen et al., 2007; 

McKinley et al., 2013; Wu et al., 2015). During fertilization, only one sperm 

activates a receptor or cluster or receptors on one area of the egg surface, which 

lowers the signal of these low abundance phosphorylated proteins in eggs 

compared to the signal in somatic cells. This could be a reason why, in addition to 

not enriching for tyrosine phosphorylation, the Guo et al., 2015 phospho-proteomic 

study in sea urchin eggs did not detect the known critical tyrosine phosphorylated – 

SFKs and PLCγ - proteins necessary for Ca2+ release (Guo et al., 2015). When the 

amount of starting protein increased to 500 mg, combined with the retaining the 

covalently bound antibody, two of these three proteins were detected in our 

strategy.  

More improvements are necessary to detect SFK1 and SFK3 at significant 

Mascot scores (>70). When we performed the immunoprecipitation in method 3, 

we eluted the bound proteins from the beads, ran the eluted proteins on a clean-up 

gel to remove the buffer, and extracted the bound proteins from the gel followed by 

processing the sample for analysis on the mass spectrometer (trypsin digesting, 

alkylating, etc). After consulting with the Mass Spectrometry Education and 
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Research Center in the Department of Chemistry at the University of Florida about 

the results, we know the Invitrogen™Dynabeads™M-270 Epoxy magnetic beads 

procedure has been improved and the bound proteins can be trypsin digested 

directly on the beads, then further processed for mass spectrometry, eliminating the 

elution and gel clean-up steps where much sample loss can occur. With this new 

procedure, it may not be necessary to use 500mg of starting protein, which limits 

the number of replicates that could be performed due to so many sea stars being 

used to obtain enough eggs to generate that amount of protein.  

 Because PLCγ was identified in all three methods and SFK1 was only 

identified in the last method, it leads to the theory that there is more tyrosine 

phosphorylated PLCγ than SFK1 and more tyrosine phosphorylated SFK1 than 

SFK3 in the fertilized egg at the 2.5 minute time point. To support this hypothesis, 

in a previous study, the activity of SFK1 was found to peak at 60 seconds and hold 

until at least 120 seconds after fertilization, while the activity of SFK3 starts at 10 

seconds after fertilization, peaks at 30 seconds, then is significantly decreased at 60 

and 120 seconds after fertilization (O’Neill et al., 2004). The phosphorylated forms 

of SFK1 and SFK3 coincided with the peak activity of the total protein (O’Neill et 

al., 2004). PLCγ is strongly phosphorylated at 2.5 minutes post fertilization; 

however, the amount of phosphorylated PLCγ versus the SFKs has not been 

determined (Runft et al., 2004). If the same result is obtained in replicate samples, 

it could suggest the SFKs are necessary for initial activation of the pathway, but 

PLCγ is involved in activation and amplification. To truly assess the levels of these 
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phosphorylated proteins quantitatively, it would be best to have isotopically labeled 

protein standards spiked into the sample to compare against the wild-type protein, 

in addition to performing phospho-site analysis.  
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Chapter 4 

Identification of potential signaling proteins involved in egg 

activation 

 

 Egg activation in Patiria miniata is a response to an IP3-mediated Ca2+ 

release via a signaling cascade involving Src family kinases (SFK1 and SFK3) and 

PLCγ. The upstream molecules that initiate this cascade are still unknown. The 

SFKs and PLCγ involved in this pathway share common features such as signaling 

through SH2 domains and they are phosphorylated at fertilization (Giusti et al. 

1999; Giusti et al., 1999; Runft et al., 2004; Townley et al., 2009). Progress has 

been hampered in this pathway due to lack of species-specific antibodiesfor 

immunoprecipitationsfrom whole cell lysates. However, recent advances in mass 

spectrometry and DNA sequencing are expected to allow us to surpass this hurdle 

and finally identify more proteins involved in egg activation.  

As reviewed in Ch. 3, phospho-proteomics has been applied to identify new 

signaling proteins in many cell types including cancer cells, immune cells, as well 

as eggs of different species (Chen et al., 2007; Guo et al., 2015; McKinley et al., 

2013; Presler et al., 2017). Despite the detection of phosphorylated proteins in 

eggs, the detection of phosphorylated tyrosine residues was limited due to lack of 

phospho-tyrosine enrichment (Guo et al., 2015).  With the development of the P. 
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miniata mature egg transcriptome (Bates et al., 2019), peptide sequences from mass 

spectrometry experiments can be matched back to a species-specific sequence 

library. Furthermore, the procedure for identifying tyrosine phosphorylated proteins 

in P. miniata eggs through mass spectrometry is being described in this study (see 

Ch. 3). Using these technologies, new signaling proteins have been identified in 

unfertilized (UF) eggs and in eggs 2.5 minutes after fertilization (F2.5) that could 

potentially be involved in egg activation.   

 

Methods 

Preparation of sperm and egg samples 

Sea star oocytes were collected by poking a hole in the dorsal arm of the sea 

star, pulling out the ovary, and placing the ovary in artificial sea water (Wessel et 

al., 2010). Next, the oocytes were minced with surgical scissors and poured through 

210 μm mesh to remove debris and the oocytes were washed three times in ASW. 

After the final wash, they were concentrated to a 10% solution. The oocytes were 

made fertilization competent (mature) through incubation with 1μM 1-

methyladenine (1-MA) for 40 minutes to 1 hour at 16°C. Maturation was complete 

when the breakdown of the germinal vesicle was observed under a light 

microscope. When 90% of oocytes were mature, they were either saved as 

unfertilized samples or used to prepare fertilized samples. To save, 1 ml aliquots of 

the 10% egg solution were added to 1.5 ml microfuge tubes, they were briefly 
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centrifuged, the supernatants were removed, the eggs were frozen in liquid N2 and 

stored at -70°C. 

Fertilized eggs were prepared by removing the seawater from 1 ml aliquots 

of 10% mature eggs in 1.5 ml microfuge tubes and replacing it with 1 ml of a 

1:5000 dilution of sperm in ASW. Eggs and sperm were gently resuspended and 

were allowed to interact for various time periods. Before the time allowance was 

complete, the fertilized eggs were briefly centrifuged, supernatants were removed, 

and the eggs were frozen in liquid N2 at the appropriate time point then stored at -

70°C. Fertilization was recognized by the elevation of the fertilization envelope. 

Sperm were collected by poking a hole in the dorsal arm of the sea star, pulling 

out the testis, placing it in a 1.5 ml microfuge tube, and storing the sample at 4°C or 

on ice until needed. Fresh sperm were collected each day for the experiments 

(Wessel et al., 2010). To activate the sperm for fertilization, a 1:5000 dilution of 

sperm was made in seawater, the sample was inverted 5 times, then the entire 

sample was immediately added to the mature eggs. 

 

Immunoprecipitation with Invitrogen™Dynabeads™M-270 Epoxy magnetic beads 

The day before the immunoprecipitation 10 mg of 

Invitrogen™Dynabeads™M-270 Epoxy magnetic beads were weighed out into 

microfuge tubes for each sample (5-10 µg of antibody / 1 mg beads). Next, 1 ml of 

0.1M Sodium phosphate, pH 7.4 was added, the beads were vortexed for 30 



 

98 
 

seconds, and the speed was reduced to half max on the vortex and the samples were 

left shaking for 15 minutes. The beads were next placed in a magnetic tube rack, 

the buffer removed, fresh 1 ml of 0.1M sodium phosphate was added, the beads 

were vortexed again for 30 seconds, and the buffer was again discarded. Next, the 

solution containing the antibody was added, which included: 67 µl of Cell 

Signaling P-Tyr-100 (9411S) + 66µl of 0.1M sodium phosphate + 67 µl of 3M 

ammonium sulfate (important to add this solution last). The tubes containing the 

beads and antibody solution were placed in a 30°C incubator on a rotator overnight. 

The following day, the tubes were placed on a magnetic tube rack, the supernatants 

were removed, and the beads with conjugated antibody were washed sequentially 

with 1 ml of 0.1 M sodium phosphate, 1 ml of 100 mM glycine HCl (fast wash), 1 

ml of 10 mM Tris, and 1 ml of freshly prepared 100 mM triethylamine (fast wash). 

Next, the beads were washed 4 times with PBS (Fisher Sci Cat. No. ICN2810305), 

followed by a 15 minutes wash with 0.5% Triton X-100 in PBS, and a final wash 

with PBS. The beads were stored in PBS/0.02% NaN3 at 4°C until needed.  

Samples were removed from -70°C freezer and 1 ml of ice-cold RIPA buffer 

(50mM HEPES, pH 7.5; 150mM NaCl; 1mM EDTA; 1mM EGTA; 10mM NaF; 

10mM Na3VO4; 1% Triton X-100; 0.1% SDS; 0.5% sodium deoxycholate; 

Protease Inhibitor Cocktail III (1:200)) was added via a 27g needle immediately to 

the samples. Enough samples were removed from the freezer (~25 samples each) to 

make 500 mg of protein. The samples were lysed by needle aspiration until 

homogenous (~10 times), then were left incubating on ice for 20 minutes to 
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solubilize. Next, the samples were centrifuged at 12,000 rpm at 4°C for 20 minutes 

and the supernatants (soluble proteins) were transferred to new tubes on ice. A Bio-

Rad protein assay was performed on the samples following the manufacturer’s 

protocol, absorbance was read at 595 nm on a SpectraMax® i3 spectrophotometer, 

then samples were equilibrated to 500 mg. The beads with conjugated antibody 

were placed on the magnetic tube rack, supernatant was removed, and they were 

washed 3 times in RIPA buffer. After the last wash they were resuspended in 50µl 

of RIPA buffer and added to the equilibrated lysates. The beads incubated with the 

lysates for 4 hours at 4°C. After the incubation, the samples were placed on a 

magnetic tube rack, the supernatants were discarded, and the beads were washed 

six times in RIPA buffer, transferring to new microfuge tubes after the first and 

fourth washes. After the sixth wash, 500µl of 0.5N NH4OH, 0.5mM EDTA were 

added to the beads, and the samples were constantly shaken on a vortex at half 

speed for 20 minutes at room temperature. Next, the samples were placed on a 

magnetic tube rack and the eluates were transferred to new tubes and snap frozen in 

liquid N2.  

Mass spectrometry 

The frozen protein eluates were sent to the UF Mass Spectrometry and 

Education Center to be processed and analyzed by mass spectrometry. The samples 

were first run through a clean-up gel (Criterion TRIS-HCl Precast gel – BioRad 

345-0014) just long enough to see the band. The gel was stained using the 

following procedure: washed three times at 5 minutes with LC/MS grade water 
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(Fisher Cat. No. W64), added 200 ml of fixing solution (HPLC grade 50% 

methanol (Fisher A456-4), 7% sequence grade acetic acid (Fisher BP1185-500) in 

LC/MS water) and incubated for 15 minutes while gently rocking, rinsed three 

times at 5 minutes with LC/MS grade water, added 20 ml of Coomassie Stain Gel 

Code Blue (Thermo 24590) and incubated for 1 hour with gentle rocking, and 

finally rinsed three times at 5 minutes with LC/MS grade water. Using a clean 

scalpel, bands of interest were excised from the gel, cut into cubes (~1mm3) and put 

into microfuge tubes.  

The gel pieces were washed three times by adding 100µl of LC/MS grade 

water and vortexing for 5 minutes during each wash. The gel pieces were destained 

with 1:1 v/v LC-MS grade methanol:50 mM ammonium bicarbonate (Fisher Cat. 

No. BP2413500) for 20 minutes. The destain was discarded and the gel pieces were 

dehydrated with 100µl v/v acetonitrile (Fisher Cat. No. A-955-4):50 mM 

ammonium bicarbonate for 10 minutes. The supernatant was discarded and the gel 

pieces were further dehydrated with 100µl of 100% acetonitrile for 5 minutes. The 

supernatant was discarded and the samples were placed in a Speedvac for 10 

minutes with no heat.  

The gel pieces were rehydrated with 100 µl of 25 mM Dithiothreitol 

(Pierce™ No Weigh™ Format, A39255) in 100mM ammonium bicarbonate. The 

gel pieces were incubated in this solution for 30 minutes at 56°C. The tubes were 

cooled to room temperature and the supernatant was discarded. Next, 100µl of 55 

mM iodoacetamide (Pierce™ Single Use, A39271) in 100 mM ammonium 
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bicarbonate and the samples were incubated in the dark for 30 minutes at room 

temperature. The supernatants were discarded and the samples were washed three 

times with 100 µl of 50 mM ammonium bicarbonate by mixing briefly and 

discarding the supernatants. After the final wash, the gel pieces were dehydrated 

with 150 µl 1:1 acetonitrile:50 mM ammonium bicarbonate for 5 minutes. The 

supernatant was discarded and 100µl of 100% acetonitrile were added, incubated 

for 5 minutes, and the supernatant was again discarded. The samples were dried in 

a Speedvac with no heat for 10 minutes.  

The gel pieces were rehydrated with 40 µl of 12.5 ng/µl of trypsin (Promega 

sequencing grade modified trypsin, #V5111) and incubated at room temperature for 

10 minutes. Next, 80µl of 0.01% Protease MAX™ surfactant (Promega 

#V2072):50 mM ammonium bicarbonate solution was added and the samples were 

incubated for 50°C for 1 hour. Next, the samples were centrifuged at 12,000 rpm 

for 10 minutes followed by adding 2.5 µl of LC/MS grade trifluoroacetic acid 

(Fisher A116-05AMP) and incubating for 10 minutes at room temperature. Finally, 

the solutions were carefully transferred (ensuring no clumps of gel pieces were 

included) to Waters HPLC vials for mass spectrometry analysis.  

The samples were analyzed by nano LC-MS/MS on a Waters NanoAcquity 

HPLC system combined with a ThermoFisher Q Exactive mass spectrometer. The 

peptides were eluted from a trapping column over a 75µm analytical column at 350 

nL/min – both columns were packed with Luna C18 resin (Phenomenex). The mass 
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spectrometer was run in data-dependent mode and the orbitrap was operated at 

70,000 FWHM and 17,500 FWHM for MS and MS/MS, respectively.  

 

The mass spectrometry data was processed with the following settings: 

enzyme – trypsin/P; Database = P. miniata mature egg transcriptome; Fixed 

modification = carbamidomethyl (C); Variable modification = deamidation (N/Q), 

oxidation (M),  Phospho (ST), and Phospho(Y); mass values = monoisotopic; 

protein mass = unrestricted; peptide mass tolerance = 10 ppm; and max missed 

cleavages = 1. The Mascot DAT files were analyzed using the Mascot database 

search against the P. miniata mature egg transcriptome. The data were filtered 

using 1% protein and peptide FDR and requiring at least two unique peptides per 

protein.  

 

Bioinformatics 

All mass spectrometry data was provided to us with a list of P. miniata 

mature egg transcripts that matched to peptide sequences in the analysis. These 

transcripts were put into NCBI’s BlastX software to identify homologous proteins. 

The criteria to establish a matching protein was ≥50% query coverage, ≥30% 

identity, and an e value ≤0.00001. Additionally, domains were compared using 

CDD database on select proteins. 
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Results 

 To identify signaling proteins in the egg activation pathway, tyrosine 

phosphorylated proteins were immunoprecipitated from UF and F2.5 eggs and 

identified using mass spectrometry. The comparison was focused on signaling 

proteins identified in these two samples to identify signaling proteins that are 

regulated during early fertilization events.  

 Between the two samples, 116 proteins were shared, 19 were specific to the 

UF time point, and 62 were specific to the F2.5 time point (Figure 14).  Among 

those specific to the F2.5 sample were PLCγ and SFK1, which are known to be 

necessary for egg activation and are controlled by tyrosine phosphorylation 

(Kinsey, 2014). The presence of SFK1 and PLCγ validates the sample preparation, 

and indicates the methodology is able to identify tyrosine phosphorylated proteins 

that are involved in this signaling pathway.  
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Figure 14. Venn diagram comparing the number of shared proteins between 

UF and F2.5 and the number of proteins unique to each sample.  

 

 

Table 5 lists the signaling proteins specific to the F2.5 and UF samples. In 

addition to PLCγ and SFK1, proteins that function in other signaling pathways 

were identified, such as: Vav2, WD-repeat containing protein 37, proliferation 

associated protein 2G4, and guanine nucleotide-binding protein 1 (Fukumoto et al., 

2014; Ko et al., 2015; Rodríguez-Fdez & Bustelo, 2019; van Nocker & Ludwig, 

2003). The D(2) dopamine receptor and multiple epidermal growth factor-like 

domains protein 6 were signaling proteins that were found only in the UF sample 

(Hu et al., 2018; Kotowski et al., 2011). The complete list of proteins specific to 
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F2.5 and UF samples, as well as the proteins shared between them can be found in 

Appendix C. 
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Table 5. Signaling proteins identified in F2.5 and UF samples from phospho-tyrosine immunoprecipitation. 

F2.5 Specific Signaling Proteins   
Matching nr protein 

Mascot 

Score 

Transcript identified Accession number  

Protein name 

Percent 

Identity 

Query 

cover 

439 GGEY02080032.1 AAR85355.1 phospholipase C-

gamma [Patiria miniata] 

99.36% 100% 

387 GGEY02080031.1 AAR85355.1 phospholipase C-

gamma [Patiria miniata] 

99.68% 100% 

345  GGEY02079062.1 XP_022099138.1 guanine nucleotide 

exchange factor VAV2-like 

isoform X3 [Acanthaster 

planci] 

76.47% 99% 

308 GGEY02076094.1 XP_022099138.1 guanine nucleotide 

exchange factor VAV2-like 

isoform X3 [Acanthaster 

planci] 

74.42% 99% 

72 GGEY02069284.1 XP_022088415.1 WD repeat-containing 

protein 37-like isoform X2 

[Acanthaster planci] 

95.89% 100% 

51 GGEY02058560.1 XP_022079318.1 proliferation-associated 

protein 2G4-like 

[Acanthaster planci] 

82.52% 74% 

36 GGEY02038790.1 BAA11477.1 cdc2 [Patiria pectinifera] 98.01% 98% 

    XP_033644052.1 cyclin-dependent kinase 

1-like [Asterias rubens] 

92.18% 100% 
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34 GGEY02029025.1 AAS01045.1 Src family tyrosine 

kinase (SFK1) [Patiria 

miniata] 

99.81% 100% 

26 GGEY02076095.1 XP_022099139.1 guanine nucleotide 

exchange factor VAV2-like 

isoform X4 [Acanthaster 

planci] 

66.18% 96% 

30 GGEY02080125.1 XP_022085219.1 guanine nucleotide-

binding protein-like 1 

[Acanthaster planci] 

88.89% 99% 

UF Specific Signaling Proteins   
Matching nr protein 

Mascot 

score 

Transcript identified  

Accession number 

 

Protein name 

Percent 

Identity 

Query 

cover 

36 GGEY02012810.1 XP_022097700.1 D(2) dopamine receptor-like 

[Acanthaster planci] 

94.89% 100% 

29 GGEY02074718.1 XP_022084647.1 multiple epidermal growth 

factor-like domains protein 6 

[Acanthaster planci] 

78.23% 100% 

 



 

108 
 

The most promising of the identified signaling molecules is Vav2, a 

guanine-nucleotide exchange factor involved in growth factor signaling pathways 

(Marcoux & Vuori, 2003), with scores of 345, 308, and 26 from the three 

transcripts contributing to its amino acid sequence – of which the first two scores 

are similarly high to the PLCγ scores. The amino acid sequence of Vav2 is divided 

between three transcripts - GGEY02076095.1, GGEY02079062.1, and 

GGEY02076094.1. When a multiple sequence alignment was performed of the 

amino acid sequences from the open reading frames (ORFs) of the transcripts 

(Figure 15) against the amino acid sequence of XP_022099138.1 (guanine 

nucleotide exchange factor VAV2-like isoform X3 [Acanthaster planci]), it is 

evident that GGEY02079062.1, and GGEY02076094.1 coded for the same ORF 

until near the C terminus, where GGEY02077062.1 stops and GGEY02076094.1 

continues a little further (Figure 15). Finally, GGEY02076094.1 stops near the end 

of the C-terminus of the matching peptide, then GGEY02076095.1 picks up and 

finishes the C terminal sequence (Figure 15). The evidence supporting these three 

sequences are actually one sequence is further supported by the peptide sequences 

identified by the mass spectrometer spanning all three transcripts (Figure 15). It is 

possible the transcripts for the full-length Vav2-like protein in P. miniata mature 

eggs contained an assembly error, similar to the transcript sequence of PLCγ 

mentioned in Chapter 2, and the three individual sequences should be one. To 

confirm this, RT-PCR should be performed followed by Sanger sequencing of the 
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PCR product to amplify the entire open reading frame of the combined three 

sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

110 
 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      MTGGKVLENLAHLTEMEAWRICAGWLVQCGALPPTHKSTWANAQVFDLAQTLRDGVVLCQ 60 

GGEY02079062.1      --------------MEEAWKICAGWLIQCGALPPTHKTTWESAQVFDLAQTLRDGVVLCQ 46 

GGEY02076094.1      --------------MEEAWKICAGWLIQCGALPPTHKTTWESAQVFDLAQTLRDGVVLCQ 46 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      LLNHLSPGAVDLTRDICLRPQMSQFLCLKNIRTFLQACSRVFCLRSQELFDPDGLFDVTD 120 

GGEY02079062.1      LLNHLNPGAVDLTRDICLRPQMSQFLCIKNIRTFLQACSRVFGLRSEDLFEPNGLFDVTD 106 

GGEY02076094.1      LLNHLNPGAVDLTRDICLRPQMSQFLCIKNIRTFLQACSRVFGLRSEDLFEPNGLFDVTD 106 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      FGQVIYTLSKLSQSPLAAARGVQAFVVDYEDEQAYDEDIYKNLEDLADEHDLANEGDIYD 180 

GGEY02079062.1      FGQVIYTLSKLSQSPLAAAQGVQAFAVNFEDQQTYDEDIYKNLEDLADEHDLANEGDIYD 166 

GGEY02076094.1      FGQVIYTLSKLSQSPLAAAQGVQAFAVNFEDQQTYDEDIYKNLEDLADEHDLANEGDIYD 166 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      TVEGEEDSIYDDLVSLRKQKSQFQQSQHSYSHSHISEPEQPKKDKRQYCIEEIVETEKKY 240 

GGEY02079062.1      TVEGEEDSIYDDLVSLRKQKSQFQPPQFPLQS-NLA-EPEPKKDKRQYCIEEIVETEKKY 224 
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GGEY02076094.1      TVEGEEDSIYDDLVSLRKQKSQFQPPQFPLQS-NLA-EPEPKKDKRQYCIEEIVETEKKY 224 

                                                                                 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      VDALYMLINGFKKPLSHNIPPKTIKDIFLNMDELHSGHCLFNSDLGSSQNSSRPHRNRPS 300 

GGEY02079062.1      VDALYMLINGFKNQLVHTIPPKVLDSIFLNLEELHRGHCEFNADLSSTQN-SRPHRTRTN 283 

GGEY02076094.1      VDALYMLINGFKNQLVHTIPPKVLDSIFLNLEELHRGHCEFNADLSSTQN-SRPHRTRTN 283 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      MTISDVFLKHREIFLLYGFYCSNLVPAQDTVDDILKDPTARQKIEECEFRANKNKFRLRD 360 

GGEY02079062.1      MTISEVFLKHHKIFLQYGYYCSNLMSAQEAVDEVLKDSTARQTIETCEYHANNSKFKLRD 343 

GGEY02076094.1      MTISEVFLKHHKIFLQYGYYCSNLMSAQEAVDEVLKDSTARQTIETCEYHANNSKFKLRD 343 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      LLSVPMQRCMKYHLLLRELIKHTDKSHPEKAELEKALDIMQDVCLYVNEVKRDNEIMQNN 420 

GGEY02079062.1      LLSVPMQRCMKYHLLLRELIKYTDKTHAEKKELEKALEIMQDICLYVNEVKRDNEIMQTI 403 

GGEY02076094.1      LLSVPMQRCMKYHLLLRELIKYTDKTHAEKKELEKALEIMQDICLYVNEVKRDNEIMQTI 403 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 
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XP_022099138.1      KDIEKSMVNYRGPNVNEHGRLQNDGELKLKMTGNTKKSVTSSTQKYCFLFDKVLIVCNKG 480 

GGEY02079062.1      RDIRKSMVNYQGGNLNQYGRLQNDGELKVKMPANTKKGVMTSTQKYCFLFDKVIIVCNKG 463 

GGEY02076094.1      RDIRKSMVNYQGGNLNQYGRLQNDGELKVKMPANTKKGVMTSTQKYCFLFDKVIIVCNKG 463 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      GKGQESHEYCTTIDLEKYKIEDNLPKGKSGKWNWCFWLTPVNNNNNDDVF-PVEIYCKTE 539 

GGEY02079062.1      GKGQESHEYSQTIELKKYKVENNLPKGKSGKWNWCFCLTPYKNNNNEQREPNFELYCKTQ 523 

GGEY02076094.1      GKGQESHEYSQTIELKKYKVENNLPKGKSGKWNWCFCLTPYKNNNNEQREPNFELYCKTQ 523 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      DMMLKWVESIRLAQDNINPVPSSQHKYEYTSFREPTYCKVCEKLLRGLFYQGYKCTACSI 599 

GGEY02079062.1      DQMDKWVDSITLAKDNIVPMPNSEHKYEYVSFKDPTYCQECQKLLRGQFFQGYKCQVCNI 583 

GGEY02076094.1      DQMDKWVDSITLAKDNIVPMPNSEHKYEYVSFKDPTYCQECQKLLRGQFFQGYKCQVCNI 583 

                                                                                 

 

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      NAHKECLNSEKIQHCTAARRISRQPQGVQVVRAVKVYPGTPRPPPGVKPLLFERNDLIEV 659 

GGEY02079062.1      NVHKECLNKETVQHCQ-------QRQGSQVVKAIKKYQGIPRPPPGANPLVFEWNELIEI 636 

GGEY02076094.1      NVHKECLNKETVQHCQ-------QRQGSQVVKAIKKYQGIPRPPPGANPLVFEWNELIEI 636 
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GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      LDKDDPKWWKGRSTRTYEQGLFPADYVVPQRQSTSSHPRPNYEMTVPQGSPSHIRQNPSS 719 

GGEY02079062.1      LNKEDPKWWKGRSTQTYEQGFFPAEHVVPQRQSQAAGH---------------------- 674 

GGEY02076094.1      LNKEDPKWWKGRSTQTYEQGFFPAEHVQRPNYEVTVPTG-----ISSHRSPHHDKRSSSP 691 

                                                                                

GGEY02076095.1      ------------------------------------------------------------ 0 

XP_022099138.1      SSRNLLDTRWYVGKMDRHVAIEQLKDKQDSCYLVRDSVKESEFQTHAISIKHDNQVKHIK 779 

GGEY02079062.1      ------------------------------------------------------------ 674 

GGEY02076094.1      NPGTILDSQWYVGKMDRVTAIDQLKEKPDSCYLVRDSVKESEHQTHAISIKHEQQVKHIK 751 

                                                                                 

 

GGEY02076095.1      -------------------------MHYSKNSLRDVFNGLHSTLKIPLRESSTVQAAS-Q 34 

XP_022099138.1      VLYYLGKYGLVDKDSCDFDTLPDLIMHYSQNSLRDVFNGLDSTLKIPLRERTGHANSVSQ 839 

GGEY02079062.1      ------------------------------------------------------------ 674 

GGEY02076094.1      V----------------------------------------------------------- 752 

                                                                                 

 

GGEY02076095.1      VPVPVQGKAVAKPEHNGPSGRENPKPKRYTVIGTARALFPFTARESGELPLQKGDRVDII 94 

XP_022099138.1      RNGPSTND--SPVSRQRPSPAPEQKVKRYTVIGTARALFPFTARESGELPLQKGDHVDII 897 
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GGEY02079062.1      ------------------------------------------------------------ 674 

GGEY02076094.1      ------------------------------------------------------------ 752 

                                                                                 

 

GGEY02076095.1      SKAGQNRGWWKGAVGGRIGYFPYTYVEEDENAALP 129 

XP_022099138.1      SKAGESRGWWKGAVGGRIGYFPLQYVEEEE----- 927 

GGEY02079062.1      ----------------------------------- 674 

GGEY02076094.1      ----------------------------------- 752 

                                                        

Figure 15. Multiple sequence alignment from CLUSTAL O(1.2.4) of the P. miniata Vav2 sequences and the homologous 

guanine nucleotide exchange factor VAV2-like isoform X3 (XP_022099138.1 - Acanthaster planci]. The yellow highlights 

are the portions of the respective amino acid sequences that were detected during mass spectrometry. The green highlight is 

denoting the SH2 domain of Vav2, with the red lights being the sequence interacting with the phosphorylated tyrosine residue 

on another protein. 
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The mass spectrometry analysis of the anti-phospho-tyrosine 

immunoprecipitations of the UF and F2.5 samples were performed in only one 

replicate. To confirm the results of these mass spectrometry experiments, at least 

two more replicates of each sample type should be completed; however, because it 

required so many starfish to get enough eggs to produce a protein sample of 

500mg, it would be difficult to perform more replicates. A complimentary approach 

would be to design antibodies against proteins of interest and detect these proteins, 

like Vav2, in whole cell lysates from these samples.  

  

Discussion 

I. Comparison of phospho-proteomics studies in eggs from other 

animals 

Several studies have been conducted in sea urchins to identify the 

phosphorylation changes between unfertilized and fertilized eggs. In 2008, 2D gels 

of unfertilized and fertilized egg proteins were stained with a phosphorylation 

specific stain and the corresponding proteins from the stained spots were extracted 

and subjected to mass spectrometry analysis for protein identification (Roux et al., 

2008). In total, ~600 phosphorylated proteins were detected in the UF and F2 time 

points. When these proteins were identified, some were known to play roles during 

egg activation, such as in ion exchange, cell maintenance, metabolism, and protein 

synthesis; however, PLCγ nor the SFKs were found, which are essential for Ca2+ 
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release in sea urchins, as in sea stars (Roux et al., 2008).  In another phospho-

proteomic study using sea urchin, total phosphorylation enrichment (not phospho-

tyrosine enrichment) was performed prior to mass spectrometry analysis resulting 

in >2000 phospho-proteins identified between three time points: UF, F2, and F5 

(Guo et al., 2015). The sites of phosphorylation were also detected on these 

proteins, with mostly serine and threonine residues identified; however, a key cell 

cycle control protein – MAPK – was identified, which is active when T191/Y193 

are phosphorylated in the activation loop during maturation, but when egg 

activation occurs, MAPK is dephosphorylated to allow re-entry into the cell cycle 

(Carroll et al., 2000; Kumano et al., 2001; Zhang et al., 2006). In agreement with 

this phenomenon, these researchers did identify decreasing active site 

phosphorylation of MAPK as the eggs progressed from unfertilized to 2 minutes 

and 5 minutes post-fertilization. Of the phosphorylated proteins identified in the 

Guo et al., 2015 study, PLCγ and the SKFs were not included. 

In Xenopus, Presler et al., 2017 performed a global phosphorylation study 

of eggs before and after egg activation using TiO2-coated beads for phospho-

enrichment followed by phospho-site analysis (Presler et al., 2017). Post 

fertilization, the study showed significant decrease of S/T phosphorylation sites in 

cell cycle proteins, including MAPK, and proteins involved in spindle and nuclear 

pore functions. In contrast, an increase in S/T phosphorylation was seen in proteins 

involved in the calcium wave, cortical actin rearrangement, and exocytosis events. 

In the egg activation pathway of Xenopus, an SFK and PLCγ are necessary to 



 

117 
 

generate IP3 and stimulate the internal Ca2+ release; however, the SFK and PLCγ 

were not identified in this study nor were any tyrosine phosphorylated sites (Runft 

et al., 2002).   

In comparison to the aforementioned studies, MAPK was not detected in 

the UF or F2.5 samples. It is possible that after fertilization, much of the MAPK 

was dephosphorylated by the F2.5 time point and was not able to be detected; 

however, that does not explain why it was not detected in the UF eggs. MAPK is a 

S/T kinase and is activated by phosphorylation on  T191/Y193. The tyrosine 

phosphorylation site could have been masked by how the protein is folded or due to 

its interaction in signaling complexes which prevented its detection. Additionally, it 

could be that the procedure was not sufficient for detecting MAPK, as in the case 

of SFK1 and SFK3, and with improvements it could be detected. Despite not 

finding MAPK, we did identify Cdk1 in the F2.5 sample which is part of the cyclin 

B/Cdk1 complex controlling cell cycle progression into metaphase (Kishimoto, 

2003). After fertilization, the decrease in MAPK activity is followed by 

dephosphorylation of cdc25, which is the phosphatase responsible for de-

phosphorylating Cdk1 on T14 and Y15, activating it (Kishimoto, 2003). When 

cdc25 is inactive, Cdk1 is phosphorylated on T14 and Y15 by Wee1 kinase, 

deactivating Cdk1 and allowing cell cycle progression. Detecting the inactive, 

phosphorylated form of Cdk1 in our samples is a strong indicator of successful 

fertilization.  
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Another key feature of the data in the present study compared to the other 

phospho-proteomic studies is the identification of PLCγ and SFK1 in the F2.5 

sample. Based on the data from these studies, we can conclude that tyrosine 

phosphorylation enrichment is essential for identifying these key egg activation 

proteins with mass spectrometry. This is a significant finding for future studies 

using mass spectrometry to identify egg signaling molecules. Furthermore, this 

current study demonstrates that a greater amount of starting protein (500 mg of 

total protein in this study vs. 2 mg/ml of protein used in Guo et al., 2015) is 

necessary to concentrate these low abundance tyrosine phosphorylated proteins in 

eggs so that they can be identified in the mass spectrometer.  

 

II. Identification of Vav2 and other potential signaling molecules in 

egg activation 

 Egg activation in sea stars and sea urchins has similarities to activation of 

both B and T cells because both pathways involve activation by another cell type, 

and both involve tyrosine phosphorylation signaling (Van Der Merwe & Dushek, 

2011). Identification of Vav2 RNA in the transcriptome and protein in the F2.5 

sample was exciting because, in addition to having high Mascot scores like PLCγ, 

the Vav proteins are also known to be involved in T and B cell signaling 

(Tybulewicz, 2005). In T cell activation signaling, when SLP-76 is phosphorylated 

by ZAP-70, it recruits Vav1 through its SH2 domain and other molecules to form a 

signaling complex (Gorlentla & Zhong, 2012). Once Vav1 is activated, it activates 
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Rac1 to promote actin reorganization (Gorlentla & Zhong, 2012; Huse, 2009). 

Similarly, at fertilization there is a larger reorganization of the actin cytoskeleton, 

which appears to be necessary for sperm incorporation (Santella et al., 2015, 2018). 

In B cell signaling, upon B cell receptor activation, Vav2 becomes activated and is 

part of a signaling complex that includes Lyn (a Src family kinase), Syk (a tyrosine 

kinase), PLCγ2, BLNK (an adaptor protein - which was part of a transcript 

identified in Ch. 2 Fig. 4), Btk (a tyrosine kinase), and Grb2 (Li et al., 2019; Wen et 

al., 2019).  Vav2 acts on Rac1 which eventually leads to transcription of cell 

survival genes, and it activates cdc42 which leads to B cell proliferation (Wen et 

al., 2019). Therefore, both the B cell and T cell may provide models for 

understanding how egg activation occurs during fertilization, so identification of 

RNAs and proteins from these model pathways presents interesting targets for 

investigation.  

Vav proteins are guanine nucleotide exchange factors (GEFs) acting on the 

Rho family of GTPases and can be activated on any number of tyrosine residues 

within different domains (Bustelo, 2014; Rodríguez-Fdez & Bustelo, 2019). While 

Vav1 seems specific to T cells, Vav2 plays a stimulatory role in several other cell 

pathways, including: B cell activation for antibody production, insulin secretion 

from the pancreas, and nitric oxide induced relaxation of smooth muscles in blood 

vessels (Rodríguez-Fdez & Bustelo, 2019; Sauzeau et al., 2010; Veluthakal et al., 

2015).. Vav proteins can also induce receptor-mediated endocytosis. For example, 

for axonal repulsion to occur in neurons, the Eph family tyrosine kinase receptor 
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(Eph) bound to the ephrin ligand on an interacting cell must be endocytosed 

(Cowan et al., 2005). When the Eph-ephrin binding occurs, Vav2 is localized to the 

intracellular domain of EphA4 where it is activated and is thought to activate Rac 

which is known to be necessary for ephrin-Eph endocytosis (Cowan et al., 2005).  

Another interesting finding in addition to Vav2 is the presence of a 

dopamine 2-like (D2-like) receptor in the UF sample. The D2-like receptor is 

known to be endocytosed and targeted for degradation upon activation in neurons 

(Thompson & Whistler, 2011). Additionally, Vav2 has recently been shown to be 

necessary for dopamine transporter trafficking when loss of Vav2 produced 

increased accumulation of dopamine transporter in the plasma membrane of 

neurons (Zhu et al., 2015). The D2 receptor was not found in the F2.5 sample, thus 

is it possible it plays a role in fertilization, but gets endocytosed and degraded after 

egg activation and/or sperm-egg fusion? Does Vav2 contribute to the endocytosis 

of this receptor? 

To determine the function of any of these proteins in egg activation, more 

experiments are necessary. Antibodies designed against P. miniata Vav2 could be 

microinjected into the eggs to determine the effect of Vav2 inhibition on Ca2+ 

release after sperm addition (Mehlmann et al., 2019). If Ca2+ release still occurred, 

Vav2 could be implicated in cell cycle progression which could be determined by 

monitoring MAPK dephosphorylation and DNA synthesis in response to Vav2 

inhibition (Carroll et al., 2000). Vav2 could also be involved in cortical granule 

exocytosis and the polyspermy block which could be determined by identifying 



 

121 
 

fertilization envelope elevation.  Binding partners to Vav2 could be determined 

through immunoprecipitation with an anti-Vav2 antibody to determine the complex 

it interacts with, followed by affinity interactions using fusion proteins or yeast 

two-hybrid assays using individual Vav2 domains to determine which proteins 

identified in the immunoprecipitations bind to the particular domains of Vav2. 

III. Conclusion 

This study represents the first attempt at establishing a global tyrosine 

phospho-proteome in P. miniata eggs. PLCγ and SFK1 were identified in the F2.5 

sample, but not the UF sample, increasing confidence in the sample preparation and 

predicting the identification of other potential signaling proteins. Vav2 is the most 

promising target to move forward with to confirm its identity and function in egg 

activation. While several potential signaling molecules were identified, with 

refinement of this procedure to include elimination of the gel clean-up step and 

digest directly from the beads (as mentioned in Ch. 3), as well as, establishing a 

membrane protein extraction step, more proteins potentially involved in egg 

activation can be discovered. 
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Chapter 5 

Protein Interactions with the tandem SH2 domains of PLCγ 

 

 Phospholipase Cγ (PLCγ) is necessary to stimulate Ca2+ release from the 

endoplasmic reticulum in several signaling pathways (Chattopadhyay et al., 1999; 

Cocco et al., 2015; Schmidt et al., 2004). PLCγ was first shown to be important for 

Ca2+ release during egg activation when GST-fusion protein constructs of bovine and 

human tandem PLCγSH2 domains were microinjected into sea star eggs and delayed 

Ca2+ release after sperm binding (Carroll et al., 1997). This delay was specific to 

functional tandem SH2 domains because neither bovine N-terminal and C-terminal 

SH2 domains alone, nor human non-functional (arginine to lysine substitution) 

tandem SH2 domains delayed Ca2+ release (Carroll et al., 1997). Subsequent affinity 

interaction experiments with the bovine GST- PLCγSH2SH2 construct identified a 

Src family kinase (SFK) as a binding partnerfor the SH2 domains; furthermore  the 

SFK possessed kinase activity and was required for initiating Ca2+ release (Giusti et 

al., 1999; Giusti et al., 1999). It was also shown that the SFK is activated upstream 

of PLCγ and that sequential activation of these proteins is required for Ca2+ release 

(Giusti et al., 2000). 

 Multiple SFKs (named AmSFK1, AmSFK2, AmSFK3, and AmCSK) were 

later identified in P. miniata eggs via cDNA screening, and the presence of the 

cognate proteins was confirmed using antibodies specific to each P. miniata protein 

(O’Neill et al., 2004). When GST-SH2 fusion proteins derived from AmSFK1 or 
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AmSFK3 were microinjected into sea star eggs, Ca2+ release was delayed at 

fertilization. Kinase assays of cell lysates at multiple time points after fertilization 

showed that kinase activity of SFK3 increased at 20 seconds after fertilization as 

compared to SFK1, which did not show an increase in kinase activity until 60 seconds 

(O’Neill et al., 2004). Thus, the mechanism for the signaling pathway leading to Ca2+ 

release proposes that SFK3 is activated first, followed by direct or indirect activation 

of SFK1, and then direct or indirect activation of PLCγ. In 2004, the cDNA for  P. 

miniata-specific PLCγ protein was cloned and P. miniata-specific antibodies were 

used to confirm the presence of the protein in eggs (Runft et al., 2004). A functional 

P. miniata GST-tagged PLCγ tandem SH2 domain fusion protein was shown to delay 

Ca2+ release and a SFK was shown to associate with this fusion protein in affinity 

interactions (Runft et al., 2004), confirming the results initially obtained using bovine 

PLC fusion protein constructs (Carroll et al., 1997).  

 Gaps in our knowledge of this signaling pathway still remain, including the 

identity of the complete set of proteins pulled down in affinity interactions using the 

P. miniata tandem PLCSH2 domains and whether SFK1 and SFK3 pull down PLCγ 

in reciprocal affinity interactions.  
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Methods 

Preparation of sperm and egg samples 

 

Sea star oocytes were collected by poking a hole in the dorsal arm of the sea 

star, pulling out the ovary, and placing the ovary in artificial sea water (Wessel et al., 

2010). Next, the oocytes were minced with surgical scissors and poured through 210 

μm mesh to remove debris and the oocytes were washed three times in ASW. After 

the final wash, they were concentrated to a 10% solution. The oocytes were made 

fertilization competent (mature) through incubation with 1μM 1-methyladenine (1-

MA) for 40 minutes to 1 hour at 16°C. Maturation was complete when the breakdown 

of the germinal vesicle was observed under a light microscope. When 90% of oocytes 

were mature, they were either saved as unfertilized samples or used to prepare 

fertilized samples. To save, 1 ml aliquots of the 10% egg solution were added to 1.5 

ml microfuge tubes, they were briefly centrifuged, the supernatants were removed, 

the eggs were frozen in liquid N2 and stored at -70°C. 

Fertilized eggs were prepared by removing the seawater from 1 ml aliquots 

of 10% mature eggs in 1.5 ml microfuge tubes and replacing it with 1 ml of a 1:5000 

dilution of sperm in ASW. Eggs and sperm were gently resuspended and allowed to 

interact for various time periods. After incubation, the fertilized eggs were briefly 

centrifuged, supernatants were removed, and the eggs were frozen in liquid N2 at the 

appropriate time point then stored at -70°C. Fertilization was confirmed by the 

elevation of the fertilization envelope. 
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Sperm were collected by poking a hole in the dorsal arm of the sea star, 

pulling out the testis, placing it in a 1.5 ml microfuge tube, and storing the sample at 

4°C or on ice until needed. Fresh sperm were collected each day for the experiments 

(Wessel et al., 2010). To activate the sperm for fertilization, a 1:5000 dilution of 

sperm was made in seawater, the sample was inverted 5 times, then the entire sample 

was immediately added to the mature eggs. 

 

Fusion protein constructs and site-directed mutagenesis of PLCγSH2 domain 

The GST-PLCγSH2SH2 wild-type fusion protein was produced as described by 

Runft et al. 2004. To produce the R->K mutations in the FLVR sequences of the SH2 

domains, New England BioLabs®, Inc Q5® Site Directed Mutagenesis Kit 

(#E0554S) following the manufacturer’s protocols for mutagenesis. First, the N-

terminal mutant was produced, and this mutant was used as the template to add the 

C-terminal mutation. Primers were designed using NEBaseChanger™. N-terminal 

primers were as follows: forward = 5’ 

TTTCCTGGCCaaaGAGAGCGAAACTTTCAAG and reverse = 5’-

GTGCCGTCGCCCTTCTGG. C-terminal primers were as follows: forward = 

5’GTTCCTGGTCaaaAAGAGAGAGCAGG and reverse = 5’-

GAGCCATCCTGGTGGACT. The NEBaseChanger recommended annealing 

temperatures for used for PCR. Following the mutagenesis PCR, the E. coli cells 

supplied with the kit were used for transformation and aliquots were plated on Luria 

– Bertani broth (LB) / ampicillin (100µg/ml) plates. The mutations were confirmed 
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when plasmids isolated from 3 ml overnight cultures grown in LB-ampicillin 

(100µg/ml) were sequenced by Eurofins Genomics, LLC using 5’ 

GGCAAGCCACGTTTGGTG as the sequencing primer. The plasmids from these 

cultures were prepared using the IBI Scientific High Speed Mini Plasmid Kit 

(#IB47101) following the manufacturer’s protocol. After confirmation of the 

mutated plasmids sequences, the plasmids were transformed into BL21(DE3)pLysS 

cells (Promega Corporation) following the manufacturer’s protocol.  

 

Fusion protein expression and purification 

Overnight 3 ml cultures of individual colonies of BL21(DE3)pLysS containing the 

appropriate plasmids were grown in LB-ampicillin (100μg/ml) broth at 37°C 

constantly shaking at 220 rpm. The next day, the cultures were poured into 100 ml 

of LB-ampicillin (100μg/ml) broth and grown for 30 minutes at 37°C constantly 

shaking at 200 rpm. Isopropyl-beta-D-thiogalactoside (IPTG) was added to the 100 

ml cultures to a final concentration of 100 µM to induce expression of the GST fusion 

protein. The induced cultures were grown for 3 hours at 37˚C with constant shaking 

at 200 rpm. Next, the cultures were centrifuged at 4500 rpm for 15 min at 4˚C. The 

supernatants were decanted and 10 ml of ice-cold 0.2% Triton X-100/PBS was added 

to the pellets. The pellets were resuspended on ice by pipetting until homogenous, 

then sonicated 30 second intervals (with 30 second rests in between) at 2 microns of 

amplitude for 6 minutes on ice. The sonicated samples were centrifuged at 4500 rpm 

for 20 min at 4˚C. The supernatants were transferred to new tubes and 1 ml of 50% 



 

127 
 

slurry of Glutathione-Sepharose 4B® beads (GE Healthcare), which were washed 3 

times in 0.2% Triton X-100/PBS, were added to the supernatants. The lysates and 

beads were incubated for 1 h at 4°C rotating end-over-end. Following incubation, the 

samples were centrifuged for ~10 seconds at 1000 rpm at room temperature and the 

supernatants (unbound proteins) were removed. The bound fusion proteins and beads 

were washed 3 times with 5 ml of ice-cold 0.2% Triton X-100/PBS, centrifuging for 

~10 seconds in between at 1000 rpm at room temperature. After the final wash was 

removed, the beads were store at 4°C until needed. A Bio-Rad protein assay was 

performed on aliquots of the beads following the manufacturer’s instructions to 

determine protein concentration. The absorbance was read at 595nm on a 

SpectraMax®i3 from Molecular Devices.  

 

Affinity Interactions 

The affinity interaction procedure was adapted from Runft et al 2004. TX100 lysis 

buffer (50mM HEPES, pH 7.5; 150mM NaCl; 1mM EDTA; 1mM EGTA; 10mM 

NaF; 10mM Na3VO4; 1% Triton X-100; Protease Inhibitor Cocktail III (1:200)) was 

prepared with freshly made 1M NaF and 1M Na3VO4 and was chilled on ice. Egg 

samples were removed from -70°C freezer and 1 ml of ice-cold TX100 lysis was 

immediately added by a 1 ml syringes with 27 gauge needles. The samples were 

lysed on ice by needle aspiration until homogenous. The lysed samples were 

incubated on ice for 20 minutes to completely solubilize proteins. Next, the samples 

were centrifuged at 12000 rpm at 4°C for 20 minutes. The supernatants containing 
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the soluble proteins were transferred to new, pre-chilled 1.5 ml microfuge tubes and 

the pellets were discarded or saved on ice for electrophoresis. Next, an aliquot of the 

samples was diluted 1:10 with MilliQ water, and a Bio-Rad protein assay was 

performed on the samples following the manufacturer’s instructions to determine 

protein concentration. The absorbance was read at 595nm on a SpectraMax®i3 from 

Molecular Devices. The samples were diluted to 1 mg/ml with TX100 lysis buffer 

and 5 µg of the GST fusion protein was added to the samples for the affinity 

interaction. The interaction was carried out at 4°C with constant rotating for 4 hours. 

Next, the samples were briefly centrifuged (~5 seconds) at 1000 rpm at room 

temperature and supernatants (unbound proteins) were removed. The beads with the 

bound proteins were washed 3 times with ice-cold TX100 lysis buffer, centrifuging 

briefly (~5 seconds) in between at room temperature, then immediately placing 

samples back on ice. After the final wash, as much supernatant as possible was 

removed. From here, either an equivalent volume of 2X Laemmli sample buffer to 

bead volume was added to prepare samples for electrophoresis or the samples were 

flash frozen in liquid N2 to be analyzed by mass spectrometry.   

 

SDS-PAGE  

A Bio-Rad Mini-PROTEAN Tetra cell electrophoresis system was used for 

SDS-PAGE. Assembly of gels and buffers were performed following the 

manufacturer’s protocol. The Resolving gel (5%) contained the following: 5.7 ml 

MilliQ water, 1.7 ml 30% Acrylamide/Bis solution (19:1 from BioRad Laboratories, 
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Inc.), 2.5 ml Resolving gel buffer (1.5M Tris, pH 8.8), 0.1 ml 10% SDS, 50µl 10% 

ammonium persulfate (freshly prepared) added just before use, and 5 µl 

tetramethylethylenediamine (TEMED) from Bio-Rad Laboratories, Inc. added just 

before use. The Stacking buffer (10%) contained the following: 4.1 ml MilliQ water, 

3.3 ml 30% Acrylamide/Bis solution (19:1 from BioRad Laboratories, Inc), 2.5 ml 

Stacking gel buffer (0.5M Tris, pH 6.8), 0.1 ml 10% SDS, 50µl 10% ammonium 

persulfate (freshly prepared in MilliQ water) added just before use, and 10 µl 

tetramethylethylenediamine (TEMED) from Bio-Rad Laboratories, Inc. added just 

before use. A Bio-Rad Laboratories, Inc. Precision Plus Protein™ All Blue 

Prestained Protein Standard was used for each SDS-PAGE. The running buffer 

contained Protein Gel Running buffer: 25 mM Tris base, 192 mM glycine, 0.1% 

SDS. All samples were prepared by adding an equivalent volume of 2X Laemmli 

sample buffer (125 mM tris, pH 6.8, 4% SDS, 20% glycerol, <2 mg (small pinch) 

Bromophenol Blue, 10 % β-mercaptoethanol (added just before use) and heated at 

95°C for 5 minutes.  

 

Western blotting 

Mini Trans-Blot® Cell western transfer system from Bio-Rad Laboratories 

was used for western blotting and the transfer was assembled following the 

manufacturer’s instructions. The transfer buffer was prepared as follows: dissolve 15 

g glycine, 3 g Tris base in approximately 600 ml MilliQ water; adjust pH to 8.8; add 

1g SDS (after adjusting pH, NOT before); add 250 ml Methanol; then bring final 



 

130 
 

volume to 1 L. The transfers were run for 1000 mA h with the a stir bar stirring. The 

formula for determining the mA settings is as follows: 1000 mA / number of h = mA 

to set on power supply. Following the transfer, the blots were blocked in blotto (5% 

non-fat dry milk in TST) for 1 hour at room temperature. TST was prepared as 

follows: dissolve 2.42 g Tris + 8 g NaCl in 800 ml water; adjust pH to 7.6 with 11 N 

HCl; add 1 ml Tween-20; and bring final volume to 1 L with MilliQ water. After 

blocking, the blots were incubated with the primary antibody overnight at 4°C or for 

1 hour at room temperature. The Cell Signaling Phospho-Tyrosine Mouse mAb (P-

Tyr-100) #9411 was diluted 1:1000 in blotto for western blotting. After incubation 

with the primary antibody, the blots were washed three times in TST (10 minutes per 

wash) at room temperature. The blots were incubated with the secondary antibody 

(Cell Signaling Technology® Anti-mouse IgG, HRP-linked Antibody #7076S) 

diluted 1:10000 in blotto for 1 hour at room temperature. Following incubation with 

the secondary antibody, the blots were washed three times in TST (10 minutes per 

wash) at room temperature. The blots were developed for 5 minutes at room 

temperature using Clarity™ Western Enhanced Chemiluminescence substrate from 

Bio-Rad Laboratories, Inc following the manufacturer’s instructions. The blots were 

imaged using a ChemiDoc™MP Imaging System with Chemi-Hi Sensitivity or Hi 

Resolution exposure settings and taking an image every 60 seconds for 10 min (10 

images). 
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Mass spectrometry  

Samples frozen in liquid N2 were sent to MSBioworks, LLC for mass spectrometry 

analysis where half of each sample was loaded onto a 10% Bis-Tris NuPAGE 

(Invitrogen) in an MES buffer system. The samples were run just long enough that 

the mobility region could be seen. The mobility region was excised and processed 

by in-gel trypsin digestion with a ProGest robot (Digilab) using the following 

protocol: washing with 25 mM ammonium bicarbonate, followed by washing with 

acetonitrile, reducing with 10 mM dithiothreitol at 60°C, followed by alkylating 

with 50mM iodoacetamide at room temperature, digesting with trypsin (Promega) 

at 37°C for 4 hours, and finally quenching the digestion with formic acid. The 

supernatant was analyzed directly without further processing.  

Half of each supernatant was analyzed by nano LC-MS/MS on a Waters 

NanoAcquity HPLC system combined with a ThermoFisher Q Exactive mass 

spectrometer. The peptides were eluted from a trapping column over a 75µm 

analytical column at 350 nL/min – both columns were packed with Luna C18 resin 

(Phenomenex). The mass spectrometer was run in data-dependent mode and the 

orbitrap was operated at 70,000 FWHM and 17,500 FWHM for MS and MS/MS, 

respectively. The fifteen most abundant ions were selected for MS/MS.  

The mass spectrometry data was processed with the following settings: 

enzyme – trypsin/P; Database = P. miniata mature egg transcriptome; Fixed 

modification = carbamidomethyl (C); Variable modification = oxidation (M), 

acetyl (N-term), Pyro-Glu (N-term), deamidation (N/Q), Phospho (STY); mass 
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values = monoisotopic; peptide mass tolerance = 10 ppm; and max missed 

cleavages = 2. The Mascot DAT files were parsed into Scaffold (Proteome 

Software) for validation, filtering, and to create a non-redundant list per sample. 

The data were filtered using 1% protein and peptide FDR and requiring at least two 

unique peptides per protein.  

 

Bioinformatics 

All mass spectrometry data was provided to us with a list of P. miniata 

mature egg transcripts that matched to peptide sequences in the analysis. These 

transcripts were put into NCBI’s BlastX software to identify homologous proteins. 

The criteria to establish a matching protein was ≥50% query coverage, ≥30% 

identity, and an e value ≤0.00001. Additionally, domains were compared using 

CDD database on select proteins.  
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Results 

 Site-directed mutagenesis was utilized to create a non-functional version of 

GST-PLCγSH2SH2 by changing the arginine residue in the N-terminal FLAR and 

C-terminal FLVR sequence to a lysine residue. Figure 16 shows the purified 

wildtype GST-PLCγSH2SH2 (~52 kDa), the double mutant non-functional GST-

PLCγSH2SH2 (~52 kDa), and the GST alone (~26 kDa).  

 Affinity interactions were performed with the functional (++) and non-

functional, double mutant (- -) GST-PLCγSH2SH2 fusion proteins, and with GST-

alone. The bound proteins were analyzed on both a silver-stained 10% SDS-PAGE 

gel, and a western blot to determine if any of the proteins were tyrosine-

phosphorylated. Figure 17A shows the Silver stain of the bound proteins. Many 

proteins bound to the functional GST-PLCγSH2SH2, while little to no proteins 

bound to the GST tag by itself. In Figure 17B, tyrosine phosphorylated proteins 

only bound to the functional GST-PLCγSH2SH2 in the unfertilized (UF) and 

fertilized (F) eggs 1 minute post sperm addition (F1), but not to the (- -) GST-

PLCγSH2SH2 or GST alone. Furthermore, tyrosine phosphorylated protein bands 

appeared at ~100kDa and ~30kDa in affinity interactions from the F1 eggs, but not 

from the UF eggs.  
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Figure 16. Fusion protein purification gel. Site directed mutagenesis was performed on the pGEX-6p-1 plasmids containing 

the P. miniata functional GST-PLCγSH2SH2 fusion protein to change produce a non-functional mutant by changing the R for K 

residue in the FLAR and FLVR sequences of the tandem SH2 domains, respectively. The proteins were purified using 

glutathione-sepharose beads and analyzed on a 10% SDS-PAGE gel stained with Coomassie blue. Lane 1 is the purified 
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functional GST-PLCγSH2SH2 (~52 kDa), lane 2 is the purified non-functional GST-PLCγSH2SH2 (~52 kDa), and lane 3 is the 

GST-only protein (~26 kDa).  
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A.  
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B.  

 

Figure 17. Silver stain and western blot of proteins interacting with select fusion proteins. A) A silver stained 10% SDS-

PAGE gel showing F1 protein lysates from the samples used for the respective affinity interactions and the proteins bound to the 

either functional GST-PLCγSH2SH2 or GST-only. B) A western blot probed for tyrosine phosphorylation showing tyrosine 

phosphorylated proteins bound to functional GST-PLCγSH2SH2 (++), non-functional GST-PLCγSH2SH2 (- -), or GST-only in 
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UF or F1 samples. The fusion proteins (FP) themselves were loaded in the last lanes to compare to the affinity interacted 

proteins. 
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Once it was established that tyrosine-phosphorylated proteins were only 

binding to the functional GST-PLCγSH2SH2, a time series was performed with 

eggs before (UF) and at different times (minutes) after fertilization to determine the 

timing of the complex formed with GST-PLCγSH2SH2. Figure 18 shows the same 

pattern of bound tyrosine phosphorylated proteins in UF and F1 samples as in 

Figure 17B. The tyrosine phosphorylated bands specific to the fertilized eggs 

appear at 1 minute after fertilization and stay bound until 10 minutes after 

fertilization.  
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Figure 18. Western blot probed for tyrosine phosphorylation of proteins 

bound to functional GST-PLCγSH2SH2 at different time points (minutes) 

before and after fertilization. Protein lysates (1mg/ml) from unfertilized (UF) and 

fertilized (F) eggs at different minutes after fertilization were interacted with 5µg of 

functional GST-PLCγSH2SH2 and the resulting bound proteins were analyzed for 

tyrosine phosphorylation.  

 

 

 

 

 

 



 

141 
 

 The UF and F1 time points were chosen as samples to identify the tyrosine 

phosphorylated proteins being pulled down at fertilization using mass 

spectrometry. The affinity interactions were performed using 2mg/ml of protein 

along with 10 µg of GST-PLCγSH2SH2.The washed samples were then sent to 

MSBioworks, LLC for mass spectrometry analysis. A list of the most abundant 

proteins identified between the two time points are listed in Table 6. SFK1 and 

SFK3 were searched for first in the list of identified proteins because an SFK was 

pulled down with GST-PLCγSH2SH2 at fertilization in previous work; however, 

neither SFK was identified. PLCγ was the most abundant protein identified, but this 

is most likely due to the fusion protein eluting with the bound proteins and 

contaminating the mass spectrometer filter. Several uncharacterized proteins were 

identified, in addition to structural proteins, like actin and tubulin, and 

characteristic eggs proteins like vitellogenin. No signaling proteins aside from 

PLCγ were identified in this initial mass spectrometry experiment.  
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Table 6. Most abundant proteins identified by mass spectrometry from affinity 

interactions with functional GST-PLCγSH2SH2.  

Spectral 

Counts of 

protein 

identified in 

with UF or F1 

 

UF              F1 

 

 

 

 

nr Accession 

number 

 

 

 

 

 

Protein name 

 

 

 

 

Percent 

Identity 

 

 

 

 

Query 

Cover 

426 324 AAR85355.1 phospholipase C-

gamma [Patiria 

miniata] 

100% 100% 

151 127 AMR68935.1 vitellogenin 2 

[Patiria miniata] 

98.94% 100% 

124 101 AMR68934.1 vitellogenin 1 

[Patiria miniata] 

99.65% 100% 

90 74 XP_022087872.1 uncharacterized 

protein 

LOC110977757 

[Acanthaster planci] 

83.58% 100% 

79 72 XP_038049050.1 uncharacterized 

protein 

LOC119722788 

isoform X2 [Patiria 

miniata] 

99.46% 100% 

63 62 XP_033640682.1 lectin L6-like 

[Asterias rubens] 

62.93% 92% 

66 52 BAO20877.1 beta-actin [Patiria 

pectinifera] 

100% 100% 

51 46 ANN83871.1 beta-tubulin [Patiria 

miniata] 

98.66% 100% 

52 44 XP_038060999.1 uncharacterized 

protein 

LOC119731798 

[Patiria miniata] 

99.13% 100% 

59 44 XP_038049094.1 glutathione S-

transferase-like 

isoform X1 [Patiria 

miniata] 

98.59% 83% 
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Discussion 

 The tandem SH2 domains of PLCγ are known to bind to the phosphorylated 

intracellular tails of tyrosine kinase growth factor receptors including platelet-

derived growth factor receptor, epidermal growth factor receptor, and the fibroblast 

growth factor receptor (Stoica et al., 1998). In T cell receptor signaling, which is 

similar to the egg activation pathway, PLCγ  has been found in complexes with Fyn 

and Lck (both Src family kinases), ZAP-70 kinase, LAT adaptor protein, p85 

kinase, Grb2 adaptor protein, Gads adaptor protein, SLP-76 adaptor protein, Vav1 

guanine nucleotide exchange factor, Nck kinase, and Itk kinase (Hwang et al., 

2020; Smith-Garvin & Koretzky, 2009). In P. miniata egg activation, western blots 

of affinity interactions with the tandem SH2 domains of PLCγ pulled down a Src 

family kinase along with more bands representing unidentified tyrosine 

phosphorylated proteins (Giusti, et al., 1999; Giusti et al., 2000). When these initial 

affinity interaction experiments were performed, antibodies against known 

signaling proteins, most often against mammalian proteins, were the best resource 

for protein identification. This greatly limited the ability to identify more proteins 

in the pathway due to P. miniata not being a model organism with proteins against 

which many antibodies were readily available.  

 With so many known direct and indirect protein interactions with PLCγ in 

different cell types, to the goals is to identify more signaling molecules involved in 

egg activation by repeating the affinity interaction experiments with the GST 
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tagged PLCγSH2SH2 domains in combination with mass spectrometry, which will 

eliminate the need for finding antibodies that can identify these proteins. The 

strategy used for these experiments to identify low abundance signaling molecules 

in these eggs began in this study and is currently in development.  For the proteins 

that associated with the PLC SH2 domains, just as with the global phospho-

tyrosine experiments from Ch. 4, it is important to identify SFK1 and/or SFK3 in 

the F1 sample to validate previous experiments and as an indicator of the detection 

limit for identifying signaling molecules. However, neither SFK1, SFK3, nor Vav2 

or other anticipated signaling molecules, or any of the proteins associated with the 

SH2-domain containing transcripts identified in Ch.3 have been identified in the 

experiments in this current study, which strongly suggests alterations to the 

protocol are necessary.  

 Improvements to these experiments can be derived from the optimized 

procedure described in Chapter 3 of this dissertation, notably greatly increasing the 

concentration of starting material and reducing the noise by prior selection of 

tyrosine-phosphorylated proteins. While these experiments will not distinguish 

between proteins directly or indirectly interacting with the PLC SH2 domains, 

they will provide us with a focused list of potential signaling molecules important 

for Ca2+ release in egg activation.  
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Chapter 6 

Conclusion 

 

Fertilization is the initiation of the development of a new individual 

organism. The signaling pathways that initiate the transition from a quiescent egg 

to an actively dividing embryo are poorly understood. Only a few molecules have 

been identified that are necessary for this process in any organism. Therefore, the 

goal of this dissertation was to identify targets for future investigation of their role 

in the egg activation pathway using the sea star Patiria miniata as a model system. 

The sea star is not amenable to genetic manipulation because of the difficulty in 

maintaining and tracking multiple generations; therefore, other strategies are 

needed to identify the molecular targets in these signaling pathways for future 

functional experiments.  

The known fertilization signaling pathway in Patiria miniata relies upon 

three proteins (SFK3, SFK1, and PLCγ) that are activated by tyrosine 

phosphorylation and interaction via SH2 domains. Thus, strategies were 

implemented to identify targets using these same features, including: identification 

of SH2 domain coding transcripts in the mature, unfertilized egg (Aim I), 

identification of tyrosine phosphorylated proteins at fertilization (Aim II), and 

identification of tyrosine phosphorylated proteins interacting with the SH2 domains 

of PLCγ at fertilization (Aim III).  
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Some similar targets were identified using the three different methods 

(Figure 19). There were three targets identified using the strategies of both Aims I 

and III; two targets were identified using both strategies of Aims II and III, and no 

similar targets were found overlapping between the strategies of Aims I and III. 

The targets identified in both Aims I and II are SFK1, Vav2, and PLCγ. ATP 

synthase subunit alpha – like and Histone H2A – like were the two targets 

identified in the strategies of Aims II and III. These were specific to the fertilized 

egg sample in Aim III, but were found in both unfertilized and fertilized egg 

samples of Aim II. The protein Vav2 represents a novel target for further 

exploration in the fertilization signaling pathway. It is of interest because it is a 

guanine nucleotide exchange factor for the Rho family of GTPases. It is a cytosolic 

protein involved in signaling pathways that lead to cell activation and to 

cytoskeletal remodeling, both of which are processes important to the initiation of 

embryonic development (Marignani & Carpenter, 2001; Servitja et al., 2003).  
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Figure 19. Comparison of the number of targets found using the different 

methods in this dissertation.  

 

While it is possible more overlapping targets may be identified when the 

mass spectrometry protocols are better optimized, it is also important to realize that 

just because SFK1, SFK3 and PLCγ all have SH2 domains, are tyrosine 

phosphorylated at fertilization, and the SFK was pulled down in affinity 

interactions with the tandem SH2 domains of PLCγ in previous experiments does 

not mean every other important protein involved in egg activation will be identified 

in all three strategies. It is possible that a protein can have only an SH2 domain and 
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not be tyrosine phosphorylated (e.g., the novel SH2/WW transcript identified in 

this study), or the protein could be tyrosine phosphorylated, but not have an SH2 

domain. Finally, it is also possible that an important interacting protein of PLCγ 

and the SFKs does not have either of those characteristics and would only be 

detected if present in a signaling complex.  

The projects in this dissertation emphasize the importance of using multiple 

strategies to identify important targets of a signaling pathway using a non-genetic 

model system. While identifying a target in more than one strategy boosts its 

priority to be used in a functional study, those that were identified in only one 

strategy are also important and deserve further examination into their function at 

egg activation. This body of work can be viewed as a guide to strategies for 

narrowing down unknown targets in signaling pathways that can be applied to other 

non-genetic model systems.  
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Appendix A 

Primer Design for RT-PCR 

 

Category 1 sequences and primers for RT-PCR: 

>GGEY02029025.1_+2_ AAS01045.1_ Src family tyrosine kinase [SFK1, 

Patiria miniata] 

ORF = Start: 188; Stop: 1738 

Forward: CTTCTTGGCCAACATCGTAGC Reverse: CACCACGGACATCACACACT 

                                        GTGGTGCCTGTAGTGTGTGA 

                                        AGTGTGTGATGTCCGTGGTG  

PCR product size = 1619 bp 

 

Sequencing primers: CTTCTTGGCCAACATCGTAGC, TGGAGAAGTCTGGAAAGGTA 

 

GACCGACTTGACGAACTTCCCTTTTATTTCCGCGTTCGGAGCTCGCAGAAAATCCCACCAAACTGCT

TTTGTTCTGGTTCAGAGATCGCAGGTTTTGCATAGCTGCTGCAGAAAGGACAGTCCACACTAATTCT

GTGTGGATTTTAGCAGGTTCTTCTAGTACTTCTTGGCCAACATCGTAGCCGCCATGGGGTGCATCAA

CAGCAAAGAGGATGGCACAAGCTACCGCGCCGATACCAGAAACGACAGCAACGACATGGGCAGCCCG

GGCATGAAGATAACAACTCCGTCACCGACCATTGCCACCGGAGGTGTCACCGATTTCAGGGGAAACA

GTCAGATGTTCATCCCTACCCCTGCTCAACCTAAACCCAGCAAACCAGTACTGAAATACGTTGCCAT

TTACGATTACGAGGCGCGAACAGGAGACGACTTGAGCTTTCTGAAAGGAGAAACACTAGATATAACG

AATAACAACGATGGTGATTGGTGGCTGGCAAGGTCAACGAAGACTTTACAAGAAGGTTACGTCCCCA

GCAACTACATCGCACCTGTCAAGAGCATCAGTGCTGAAGAGTGGTACTTTGGTCGTATCGGTCGCAA

GGAAGCAGAGAAGAAGCTTGTAATGCCTGGTGTCGAGCGAGGCATGTTCATTGTGAGAGACGGTGAA

GCCACACCAGGTACTTTTTCACTTTCTGTTCGTGACTACGACCCGGTCAAAGGCGACCACGTGAAAC

ACTACAAGATCCGAAAGCTAGACAACGAGGCGGGATTCTACATAGCCATGCGCAGCCCCTTTCCTGT

TCTGGCTGAGCTAGTCAAACATTACCAACAGGTGGCTGATGGACTGTGCATTAAGCTGACCTTCCCT

TGCCCCAAGGAGAACCCCAACACTGTCAGCCTGGGCAGAGATGCTTGGGAAATCCCCCGCACTTCCC

TGACGCTGGAAAGCAAGCTTGGGGCCGGCCAGTTTGGAGAAGTCTGGAAAGGTACTTGGAATGGGAA

GACCCCAGTGGCCATCAAGACCCTCAAGAAGGGCACCATGACTCCCACGGCCTTCCTGGCAGAAGCC

AACATCATGAAGAAACTCCGCCATCCAAAACTCTGTCAGCTCTACGCCGTCTGCTCCGATAAGGAAC

CCATCTACATCGTGGCTGAGTTGATGTGCAACGGCAGTCTTTTGGACTTCTTGAAAGACGGCGAAGG

CCGCAACCTGAAGTTGCCGGAGCTGGTTGACATGGGAGCTCAGATTGCATCTGGCATGGCCTTCCTC

GAGTCCATGAACTACGTCCATCGTGATCTGGCCGCTAGGAACGTCCTGGTGGGAGAGGGCAACATCG

TCAAGGTGGCTGATTTTGGGCTGGCCAGGATGATTGAAGATACCGAGTACACTGCTAGACAAGGTGC

CAAGTTTCCAATCAAATGGACAGCCCCAGAGGCGGCCATGTACGGACGCTTCACCATCAAATCCGAT

GTCTGGTCCTTCGGTGTTCTACTGACTGAGTTGGTCACACACGGACGTATACCATACCCAGGTATGA

TGAACATGGAGGTCTTGGACCAGGTGGAGCACGGCTACCGCATGCCCAAGATGGCCAATTGCCCGGA

CACCCTCTACGAACTCATGCAGAAGTGTTGGGACAAGGATCCTGCCGCCAGACACACCTTCGAGTTC

CTGCATTCCTACTTGGATGACTACTTCGTCGCGACGGAGCCCAACTACAAGGAAGCGGAGTAAACTC

GGTGGTGAGAAAAAGTCAAAGTGTGTGATGTCCGTGGTGGGGACCACAAATTGAAGATAATGTACAG

TATAAACTGCAACAGGTGTTAGGAATCTATCGGTTAAAACTATCCAATAATGAGATGAGGGCGTGTC

CACAATAACATAGCATCCACAGATTTATTTGTCTGAGATAGAATCATTCCACATTGACATCCGGGAT

TGGTATTGTCGGTTATTCTGTTTGTTAACATACAGCTCTCTTTCATAAATCAGTCAATTGACCTATC

GCCGTTTACGAGTTAGCCAGGCCCCTTAGACA 
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>GGEY02062432.1_-2_AAS01047.1_Src family kinase [SFK3, Patiria 

miniata] 

 

ORF = start: 3001 stop: 1307 

 

Forward: TAAGATGGCGGCCAAACTCG Reverse: TGACAGTCAGTTAGGGCGTG 

                                       ACTGTCAGTCAATCCCGCAC 

                                       CACGCCCTAACTGACTGTCA 

                               

PCR product size = 1759 bp 

 

Sequencing primers: TAAGATGGCGGCCAAACTCG, AGGGTTCAGTAGACGGCAGA 

                                                                     

AACAAAAGTATTACAATCTATTGCAAATAGTGTATTATTGAAATATAAACAAATTCATCAGAAATTG

TAAAGCTGCATATTTTTCCTGACATAATTGCATTTTCGATGAAGTATTTTTTTTTTTATTCTGGAGT

AAATGCACTAGATCTAGCTACATGTGCCGCGTCACTATAACACCATGATCATCATACCATTTTTTAC

AAACTGTTTTAACACTGTTGATGTAAATCGAGCGTAAACAAATTGGACTATATACAGACAAGATTGT

TTCAGAAGAATTGCTTCAAGAATTTATCCGTTGCGATTTAAATAGGTCTACATTCTGATCCAACAAT

ATTAAGTGCAATTCGCATAATATTAAAATATTTATAAATAAGAGAATTCATTAATAAACTTTGCAGT

ATTTCCAGTGAAACTGGTACCTTTTGATGTAATCTACAACCGCGTACAGTTGAAGATTTTTTTTTTT

CCAAATTTAGATTTTTGCTTTGTTAGAATGGAACACGTCAATGATGGACGCACTTCAAAATGTTTTC

TTTTCTAGAAACATTTTACGGAGAAAAGAAAATGATAACCGTTACTAATGCACATATAACCGTCCAC

GTCATGTTATTATTACTATAAACATATCCTTTTCTATTTACATTTTTTATAGTTAAATATGTCAAGA

TCCTGGCACTACATTGTAGCGTACAGTCTGGCTTTTACTAGAACCTCAAATTTTAATTTGAATCCCA

CATTTACTTACCATTAACGAAGGTATATTTACATATTTGGACAAATACAGTCACATTTGATGTTTGG

TAACCAAATATTAACAAACGTGACGGGACTTGTGTTCAAGTAAACCCCTTTCTTTACGATCACCCAT

TACCTTTTGTTCCATTAAACCACTTGACAATTGTTTTAGCAAATACGACGAATCTGCCACGATGGCA

AATGACACTTGATATCGTTGCATCTGGGCAGAACAAGTCTAAAGTCTGCATGCGTGGAGCACACTAG

AAACTACACAACAGTTGCGCAACACTTTCAATATCCAAGTCGTCATCATGCCGTATACCGATTATCC

ACTAAGATTTTAGACAGCGCCCCCAAGAGAGTAATGGATGTAACATTGTCTTCTTCAAATCTTAAAC

TTAGAAAATTGTTTCATTACAATAGAATTTGGCACACACAAAACATATGGCGCCAGTTTATACATTG

CACTAAATTAAACTCCGTATCAATTTCAGCCCCATGGTAGAAAAAAAAAACAATACTTATGATTGTC

ATGTGATCTAAGATGGCGGCCAAACTCGTGGTTCTACTGATACTGGATCTCTGAGGCGTGATAGAAG

TCGTCCAGGAAAGAGTGGAGGAACTCGAAGGTTGGTCGCTTCTCAGGGACAGCATCCCAGCATTGCT

TGGTGATATCGTAGAGCTGGTCCGGGCATTCTGGAGGCTTGGGCATCCGATAGCCACGGGAGACCTG

GTCTAACACCTCCCGGTTCACCATGCCTGGATAAGGCACCCTCCCTTTAGTGATGACCTCGTAAATA

AGAATTCCGAAGGACCAGACATCGGACTTGATGGTGAACTTGCCGAAGTTTATGGCCTCAGGAGCGG

TCCATTTGATGGGCATCTTTGCACCTTCTTTTGCGATGTACTCATCTTCGATGATACGCGAGAGTCC

AAAGTCGGCAACTTTGCAATTTCTGAGGTCTCCCACCAAGATGTTCCTTGCTGCCAGGTCACGATGG

ACGAATCGCTGTGATTCCAGGTACGCCATGCCGTCTGCAACCTGTGCCGTGATATCGATGAGCTCGG

GTTCCCGTAGTTGCTTCCCCTCTCCCTCGTGCAGGTAATCCAGCAGACAGCCGTTCGTCATCAGCTC

CGTCACTATGTAGATTGGCTCTCCCTCTGAACAGACGGCGAGAAGAGCCACCAGTTTCGGATGCCGC

AGTTTCTTCATGATGTTGGCTTCTTGAAGGAAGGCCGTGGGATCCATGGCGCCTTCCTTCAACGTCT

TCACTGCAACTCGCACGGTTCCATTCCATGTACCTTCCCAAACCTCGCCGAATTGTCCATTGCCCAG

TTTGCGTTCCAGCTTGATGGAGCGACGCGGAATCTCCCAGACGTCTTTGCTAATCTCAAACATGACG

GGTTTCTGGCGTGGGCAAGGGTTCAGTAGACGGCAGACCAGTCCGTCTGCTTGGCTTGTATAATGGT

TGACCAAATCATGTAGCGTATGGAAAGTAATGCGTGTGCTGATGTAGTAACCACCATTGTCCAGAGT

CCTTATGCGGTAATGTTTGACGTTAAAGCCTCTAGCGTCGTCATGATCCAGCACGGATAACGAGTAG

GCACTACCTGGACTCGTTTCGCTGCCCCTAATGAGGAATGTCCCCCGGGAGTTTCCCGCCAGCTGAA
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GCTGCTTCTCCGCTTCCTTTCTCGTCATCTTCTCGAAGAACCAGTCTTCCGCCTGAAGTACATCCGC

CGGTTCGATGTAGTTTCTCGGCACATAACCTTCTCGCTTCGTCAGCATTGAGGTAGCCAACCACCAG

TTGGGGTCGGTTTTATTTGTGATAATGAGTATCTCCCCCTTTCGGAAAGTGAGATCGTCTGCTGTCC

TGGCTTCATAGTCATACAGTGCTTTGTAACGCTCACCAGCAGGTCTTGTACTAGGCGAGTGCATGAT

TCCCATCTGATCATTACCCACGCCAGCTGAGATCATAACCCCAACGGATCCAGCACCGCCTCCTCCA

ACGTCTCCACCAACATGGTTCTGCCGGTCCTGATCGCCTCCTGCCCCACTACTTCCAATCCCAGCAC

CGCTACTCGAAGCAGCATTTACGGAGTCCTTACGAGCCTTGCCCTTCTTGGGCTTTTTGTCTTTGTC

CTTCCGGTCCTTCCTGTCCCGGCCAAGTTTAGCTGAGGATACGGTGATGGTTGAGGTGCTGTGGTCA

TAGCCGTCTGGGCCGTCAAGTCCGTTACTATGGGCGCTTTCCTTGTTTCCCATGCTGGGTCTGTGGT

AGGGACACGCCCTAACTGACTGTCAGCTTCGAAGGAACGAAGAAATTAGCTCCTTAAATAGTTCTCC

TTACAAAGTGATCCGTTTTCCTCGTGCTTTGGGCGTTGTGGCATAGACCTTCGGATTCCCTGTGCTG

CAGCAGTTTTCCAAACCGACAACTCTGCCGATGTAGGCCTACTTTGTCGCTCGGCCCAAACGCACCA

TCATGCTAGATCTCAGTTCAGACAGAAAGACCAACCCTGGGCCTATTTCTGGCCGTGATTTAAAACG

GGGAACTCTCCGGGGCTACTCAGCGCTACGCATCCGCCCCAGCCGCGCTAGCAAGGAAACCCTGCCT

AAAAATAATACCGTCCACGCTAACATTTTGTGGACATCTGCTCAGTAGCAAACACAACACACTGTAT

GACCTACGCAGACTTCAGAAATAGAAATAAGCCTGAAAGTCGACTCAACGCTGGCACGGGTGGGCCA

CAGTTTCACTTCGCTAAATTACCACTTCCTCGTGGTGACGTCACCCCGCTTATTTTAATATTCAGAT

TTAATTTTGCGGCTGCTGGCTGGAGGTTACGACAGACTAGAAGACCCCGGCTTGATGTAGCCAATAT

TATGCCAAGCAAACGAACGACAGAAATAATCAGACCTAGATTTCTTTCTCTGTTACTGTCTACCGTC

T 

 

Category 2 sequences and primers for RT-PCR: 

>GGEY02085024.1_+2_ XP_022098870.1_ uncharacterized protein 

(SH2_WW) LOC110983703 on Sh2 domain only, has extra WW domain 

ORF: start: 398 stop: 1351  

Forward: GGACCAATACTCCGCTTGACA Reverse: ACAAATGTTCGTAACTGATCAACCA 

                                        TGTTTACAAGCATTGACTAGTTGGT 

                                        TGGTTGATCAGTTACGAACATTTGT 

                                         

PCR product size = 1001 bp 

 

Sequencing primers: GGACCAATACTCCGCTTGACA 

 

CTCGACTGCAACCAGGAAGTGGTCGGCCGCCGTGTGTAACGTGCCGATATTCTACAAAACGGATGAC

TTTTAACGGATGCTAGACGTTTACTTTGAACAACAGACGTCATTATTCATTTTGCATCCATCGTACG

CTGGATTTGTAATCATGAATACGGGCATGACGTAGATCCTGAGGTAGGAAGTCATTAAGGCGGAGTA

CCAAGTTTTATCAATCATTGGAAAGTTTCAGGATGTGAATCGTCACACAATCCCAGAACACAGTGCC

GCTTTACATAGTGTGTCGACCGTATTCAACCAGGAAAACATTACTGGAGTGCTAAAAATAGACTTAT

TGGAATACCCAGGATCGAGTCATTCTCGCATATAAAGGTATGGACCAATACTCCGCTTGACAATGGC

CAGGCCGACAGATCTGCGACTGAACGTATCAAATCAGAGAGAATCCAATATGCCTCCAGTACCAGCA

ACTTCATTCCGACCATATGGTGGAGATTGTGTGGATGCCCAGGGCCTTGACTTCTACTATGGAAAAA

TTGAAAATACACTGGTTGAGGAACTCTTAAGACCCCACATGGAGTCTAGAGGGTCTTTTCTTCTCCG

AGACAGCAACACTGAACCTGGTGTTATCACAATATCTGTGGTAGATAACCCCCGCCACATCTACCAC

TTCAAGATCAACTGCAGGGGTCCCAACGGCGTGTATGAAGTCACTGATAAACTCCGTTTTGGCTCCC

TGGAAGATCTCATCAAGTTTTTTCACTTCAATGACGTCCCAAGCAGAAACATCGCTGACCTGAAACT

TGTGAATCCAATCCGCTTCAGAAGTACCCCCCGCAGCCCACAGCGGAGCCCTCCACGGAGCCCGCCC

AGAAGCCCTCCCATGGAACTAAGATCACCGTCTCGCCCACCCCGTCCACCAAGAATTATAAGTCCCC

CAGCGACAAGGGATCAAGACAGATTTCTGGATTCAAGGGCCCCAGTTCCCATCCCCACACCAGGAAC

AGAACCGATATACATCTATCATGACCACGTTTACTGTCGGGCTGAGGATCTCCAGAAATCACGGATA
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GATGAGATCATGGAACTGTGCAAGTTGTCAGATCAGAAGTACAAGAAGTGCACCTGTGGTTTGTACA

TGGAACAGTCCATACTGGTAGAAGATTGGATGATGCATATCGATAGACCAGCTGGTGATCAGGCAGA

AAGTGGGCGTGTCTTCTTTGTGAATTCAGTCAGTAATCTTACACAGTGGGAGTTACCAGAGAGAGTT

ATGTATCAACTTAGCCAACAGTATCCTGAAAAATACAGCTTTGTGCAGAAACTTTTGCAGGAAGGCA

GTAATCTTTAAATGGTTGATCAGTTACGAACATTTGTAAATATGTACATACATTGTATAGAAATTGT

CATACATGTACCATGCATGTTATCATGATGTGTTCGGCACAACTCTAATGAGACATGTCTGGTCCAG

TTGACACAGGGAATCCTTTGCATTCAATATAACCCTTTGGTGCTCAGATTGTTTGGATTAGATCCAC

ATTTCTTGTGCAGTCGCTCTGTGCACCAACTGCGGTTAATGTGTGGGAATTTAAATTGGAAATGTTT

TGTAAGTTTATGATTTACCTGGCAGCTTACAATGGCTTGTTAGCTGCTCAGTGTTGGCTTATTACTT

ATAAATTTAAACATTTTAATTAACCATGTGTGACATAATGAGTAAAGACATCGAACTAACAAACACT

TGTTGTAAGAACATGGCATTTACATTGACTGTGTACATAGTATTTGTCATTGTACATGATTCTTTGG

GATTATAGACTGATTGTTAGCAGTGTATTTGATCTCTTTTTGTTCTACAACCAGAAGCCATTTGGGC

TTTATCCAGTGATATAAGTCCTCCTTCAGTTACAGAAGTTCCTATTTTTTCTCTGTTAAATGGCAGA

TAACACATTCCCTGCCATGTCAGATTTTGACAGTTCTTGCCCAGTCTTTACTTTGAAGAACAATTCT

TGCTTCCATTACAAGAAAGAAGTAGATGTAAAATAGGACCCACTTACAATGACTTACATACTGTGTT

TATATACTGTACATTAACATGTCTGTGTATGGTTTTTCCGCTTAAACAGTTTTTTGTGTAAATTCTG

TATGTCTATTGGATGGATAATGGTCAGCGACTTTGTGACAATCCTTTACAAGTTCATTGTGTAAAAT

TCAACATCCAGGGTTTCATTTTGGTTTATTTGCAAAGTACAGTTCCATACATGTCAATGTGGGGATA

CATACCATCATTGTCATGTAACTTATTGCAGGAAATTACAGTACTGAAGCATGTATAGTTCGAGATG

TTTTCAAAATAATATAATAAAAATGTAACTTCGAAGTCCTTTTCTTTTCATTACTTATGCCTTAATT

ATTCTGGAGGGCTTTTTCTACAATTTGCACAGCTTGTAATAATATACATGTTCAGTGAGTGTACAAT

GTGTACAGGATAAACATGAGTAAATGTGATGCATCTCTGGACATTTAGTTAAAAGGTTGCTTCTGGA

CTAGTCTTTGGGGAAACATTTTGTTGCAGAACATACTAAAAACAATTGACAATTAAGATCAATGATA

ATTATATTTTTGTTGAGTCATATTGGAAATGGAAATTTTATT  

 

 

>GGEY02003111.1_-1_ XP_022101579.1_ extensin-like isoform X1 

(Extensin-like) 

ORF = start: 1360 end: 2097 

Forward: GCTTCTGCCGATCAAGGAGT Reverse: GCAGAAGGTTGCAGCAGTTT 

                                       CGTCTTCCAACGTCGTCAAA 

                                       AAACTGCTGCAACCTTCTGC 

PCR product size = 832 bp 

 

Sequencing primers: GCTTCTGCCGATCAAGGAGT 

 

CCCTAACAGTCCTGAATCCTCCATTTTCAATATGATTTTGCACACCCCTAGGGAGTTAGGGTTAACA

CGCCAACTTCTATCTGGCTAGGGCATTATTTGAAGCTCTAGCAAAAACTAAAAACTCTCATTTGTTT

ATCTGGCCAAGTTTTCATTACAGTTTTCACGCAATAAAGCAAAGGAAAAGCTATTTTTTCCCCCCAC

GTACAATAATTTCACTCGGCAAGACTCCCTATGCTTTTTCCTACCCCCCCCCTCCAAACAAATCTGA

AAAACAGGTTTGCCGTGTGAGCAGACTGGCTCCCATTTCGTACATTATCGATACTAATTCAGGGCGG

GAACCAGCCTACCTTGCAAGAATGGAATTATTGTCAGGCCGCCGCGCGGCAACGGAATCATGGTCAG

GAAATCTGTTAAGTAATAATTAACAACAACTAAACGTGGCAAATATGTTTTCCGATCGATGTCTTAT

TTAAAAGGGAATTACTTTTGTCTTGCTAGAATTCTTAAAAAGGTATATTTTTTCGAGGTGAAAATCA

AAAAAAAAAAAAAGCACAGGGGAATGCAACTTTAATGATGGTATATGCTCTTCACTGAAGTACATAA

CATAAGGTGTAACAGTGGCATACATGTACTTTGTACGAAAGCAAACAAATTTTAGTTTGATCTTTTT

AAAAAAAAGTGAATATAAGCATACTGTGATTTGCTTTTACTGTACACAATCTCAACTGAGCATCACG
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CCATGCCCAAAGTGCATGAAGTATCACACTACACAAAATAAAACATGTTGCAAAAATACTTATGTAT

AATCCGCACAGCTTTTTTTCCTTCTTTCTAAACAGTTCCCAAATCCTTTTCAAATATATAAAAAAAA

AATCTTAAAAAACAGAATATAACTAAAAGATAAAATATAATACACAAAATTTGATCATATCATCATG

AACATGTTGAGAATATTGTAAAACAAACAAAAAATCCTGTAAATATAATTTAACTGGACGTAACAAG

TTTTCAAAGTAGGACCCTCACACATGTGTAAGTAGAGGATGAAATTAGAAACACACACAGACGAAAA

ATTGCATTGACAAAAATGACCTGCATAGTCAATTTTGTGGGCAGAAAACGCCGACTTTGAACCACTC

ACTGGAGTTGTGAGGTGGCTCAACGGGAAGTTAGGCCGTGCCTGAAGCCGGCTTCCAGGGCGACGGC

TCCATCAACCCTCAGCATTTCCTCAGGTCATTGTAATTTGTCAAAGACCGAGACAAATAGCTCTTGA

CAAGAGACTTGGGCGCGGCCTTGAAAAACAAAAGCTGCTGCTTCTGCCGATCAAGGAGTGCGCCCAC

AAAAAAAACATTAGCGCTATCAGCGGAAGTTTGGCGCTGCCACCTTCAGGCAAGTCTTGCCCGCGTC

TCCGGCCAAGATTAGAGGGCTGGTCATATGGTGCTGGATAAGAAGTACTGCCGTGTCGAAAACCTGT

TCGTTGTCCTTGTAGGTGCCCAGAGCGTACTTGCCGTCGTCCCGCAGTCGGATGTGCAGGTTCCTGA

CCTTGTTGTTGAACCAGAGAGACAGCGAGTAGGGGATGTTGTCTCCTCCTTTGGTACTGTTCCGGAC

AACAAATGCACCATCCATTTTGGCTTGTTTGAGGATCTGCACTGCTTCGTCACGGCTTAGATCAGCA

TCATACCATGGAAAGCCCGTCATTTCATTCCTCGTGGGAGGTTGAGGCATGGTTCTTGGATCAGGAG

GGGGAGCTGGTGGCGCCTCTGCGGGTATCTGCTTAGGAAGGTCTGGCACCCTGCTGCTGTGTGGAGT

GAACTTCTTGATTGGTTTGGCAGGTTCCTTGGTGGGAATCGGGGGAGTTGGCTTGTGTTCGGGGCTC

GTCGGAGGCTCTGCGGGTAACCGAGATCTAGGAGTTGGTCGTGGAGGTGCATGTGCCGACGACGATG

CTGGGGTGTGTGGAAGGCTGGGCACGTTTGCTGCCTGATTGTTAGCCTCCGCTATGGCCGAGTTCAG

CCACGACTGAACGGGTTTGTTTGTGTTCGGCTTGGCTGACAACTCCGGTTTATTCCCTAGCGGCCTG

GGAAGCGGCGGCGGCCGCATGGACTCTGTGTCTTCGGCTGCCCCCTGAAACTGCTGCAACCTTCTGC

CGATGGTGCCGCTGCCGCTGCCCGAGTTCTCACTGACCTCTGGAGCCCGCTCCGCGTCCCGTGGAAG

GGTCTTTGGCAATGGCGGGGGCAGTTTCGGGGCACTGCCCGCGGAGGTTTTTTTTCCGGGGTCCAAA

ATTCCGGTTCTCGTCTTGCCAGGCGTTCCCGTTGCTCATGTGGGGGCCGGTTCGGATGGGCGACTTG

TCGCGGGGGATTTCGGGGGGTCTGTTCAGGACCTCCCGGATGACGTGAGGGGGCGGATCGGGGAGGA

CCTTGCTGAATCCTTTGCTCTCGATGGGGGTCCGGGGGGCGATGGGCCGCGTGGGGATGGGCGGGGG

TGGCCCCTCATCGGGCACTGAAGGAGGCCGGGTAGGGGTGACGGCCAGTTCAGGGGGTTTGACTGGC

CTTGGGGGAGGCATTCCACTTCCACTTCCGGGTGTCGGGGGGAGTGGGGCTGGTGGACGACCAAAGT

GCGGTCTCTGGGGCTTGAAGTTTGTGCCATCTGCTACCGGGACAAGGTACTCCTCTTCGGGTATTTC

CTCTTCTTCCTGTGTGTCCATTATGGGAGCTTCATAGTTGGGCTGATTCAGTTCCGCTATGCAGGGA

ACTTCATATTCTTCCTGTTCTTCCTCCTGTTTGATAGGGATATCCGAGTGTCTCTGGAAGTGATGTG

GGGACTGGGAGGGCCTCTGTGGTGTGTGAGGAGCGAGTCTGTGGCTTTGCTGCGGAGGGGGTGGCTG

CTGCCAGGAATGCTGGGATGGGGGTAGGGTTGGCAACGGCCGCTCATGTCGCGGTGAAACTGGTGGC

AATGGACTTGCTCTTCCCGGTATATTGTGCGGTGGTCTTCCTGGCTGCAGACTATTTCTGTTGTCTT

CTTCTTCGTCTTCATGTGGAAAATCGTATATCTCGTCACAATCCCCTTGGTTTGGGGCTTCGTACAG

CATGCTCGAGTCGTCATCCTTCACAGAGGCACTGGAGCTCAGATTGGTGAAGGAAGACGTAGAGGAA

CCATTGTAACTTGGAGCACGACCCTGTGAATGTCCTTGTGATGGGTGAACATCTTCCGATCGGTCAA

ACTCTGGACTTTCTTCTTCTTCACTGAAATCACTGCCCCAGCCTTCTTCTTCGCTGCCGTGCCCATC

CCTGGCTTCTTGTCTGTTTGTCTGGGGCTGTCTGTAGTCGGGCACCGGTGCCTTAGGTGGTTTTCTT

TCACTTCCCCATCCGAATGACAGCATGGATTTCTTGCCAGTTCTTCTGCTTTCCTTGACTTTGTTTA

TCTGTTTAAACAACATCGAGGCTGGATCGGACTTTCCTGTCGGCATATTAGGGTAGAGTCCTTGCAG

TCTTCTTTCTGACAGCTCAAATAGCCCCTTGCCATTGATGTTGCATTTATGTAGAGGTTCCACAAAC

TCATAAAAACCAACCTGTTGCAGCCATTCCCCGACATCATCGACTGTCCAGTACAGGGCATCGTCAT

AAGTTGCTTGTTTCTTGGACATAGTTGTACTTTAATCTACCACCAAGTTTGCCGAAACTGGAATGTA

AACACGGCAATGTTTTGTACCGGTATCTACATGGGTGTGCACAGTACACGCCGCGCCACGCGTGTCT

GAGTGGTCAGTGGGGTGGTGGTTGAATGAAGATTATGTCAACGACAATGTGAACGTGTACAGTTTTA

CGCAAAACCGAATGCTTCTTTTGCGTTCAACTATTTGTAACGAATCCACCATTGACAGCTACTTGGG

TGTTCTTTCGCAAACATTCAACATCATCACCATTTTTTTGGGGAAACGATAACTTAACAAAATCACC

AGTAAAATGCACCTGTTTCGCGTAAAATGTACCTGTCGCGTCGTCTACCGTACGTACCGAC 
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> GGEY02080031.1_+2 and GGEY02080032.1_-3_ AAR85355.1_phospholipase 

C-gamma [PLCg_Patiria miniata] 

Forward: TACAGCTGCTTGTGGCATGA; Reverse: TCAGTTTGGCGCTTCTCTGT 

                                        AGTCAAACCGCGAAGAGACA 

                                        ACAGAGAAGCGCCAAACTGA 

                                          

Green Highlights = sequencing primers 

NOTE: Have to use reverse complement of GGEY02080032.1_-3 ORF since 

is on reverse strand. This is why did not get a PCR product with 

previous primers. 

***Can only get all domains if used the reverse complement only of 

the ORF, not including any sequence leading up to the ORF.  

CTAGAGGGCTGTGTCGCCTGCTAGTTTGTACGTTAAGCATCGACAGTACAGCTGCTTGTGGCATGAC

TACGGAGTCACACTGTCTTCGATCCGGTGACTTCACTTCAGAATGGCCACCAACAGCCTCTACAAGA

AGAAGCTGACGCCCCAGGAGGTGTCCAGCGTCACCAAGATGCTGAAAATGGGCACCGTCCTGACGCG

CTTCTACGGCAAACGACGACCGGAAAGGAGGTCGTTTGAAATCTGCATGGAGACGCGGCAGATTCTG

TGGAGGCGACAGACTGGGCGGACAGATGGAGCAGTTAAAATTCGTGAGATAAAAGAGATTCGTCCCG

GTAAGAACTCACGAGACTTCGAGAGGTGGCCGGATGAAGCCAAGAAGTATGATACCTCGCTCTGTCT

TGTCATCTGCTATGGTGCTGAGTTCAGACTCAAGAGCTTGTCCGTCGTTGCCGGCAATGCCGATGAA

CGACACAAGTGGATCGTCGGCCTCAACTGGCTAGTCGAAGACCACAAAATCTCAAGTTACCCAAGCA

GACTAGAATGGTGGTTACGACGGGAGTTCTACGCCATGGGAAAAACAAAGAATGATACGGTGTCACT

TAGGGACATGAAGTCATTCATGCCATACGTCAACCTGAAAATGAACACAAAGGACCTTAAAGAATAT

TTCAATGAAGTGGATCGGTGGAACAAGCAAGAAATTGGTTTTGACGGCTTTGTCCAGCTCTACCACA

ACCTCATCTTCCAGAGGGAGGTCGCTGACAGATTCAAAGAGTACATCGATGAACGAAATCTGGTGAC

TGTGAATGGCATGATTCGCTTCCTAGCCCAAGAACAAAAGGACACCACGGCTAACAATCCCATCGCA

GTGAAGGCCATGATGGAATCGTTTCTGACGGACCTCGGCCGACCGTGCCAGGAGTCGGACCCCAAAT

TCACAGTCCCAGAGTTTCTGCTGTACTTGTTCTCACCGGATAATGAGATCTGGGACAAGAAATTTGA

TGAGATTGTGGACGACTTGGACCAACCGCTCTGTAACTACTTGATAGCTTCCTCTCACAATACATAC

CTTACCGGGGATCAGATCGCTAGTGAGTCATCGTGTGAGGCGTACGTCCGATGTCTACGCATGGGCT

GCCGATGTCTGGAACTTGACTGTTGGGACGGGCCGGAAGGAATGCCCATTATCTACCATGGCCTGAC

GCTGACTTCAAAAATCAAATTCATGGACGTTTTGAAGACGATAAAGGAACACGCTTGGGTGCAGTCA

GATTTGCCCATCATTTTATCAATCGAGAACCACTGCACACTGATACAGCAACGCAACATGGCTTCAT

CATTCCAGGAAGTCTTTGGAGACTCCCTTTTGACGCAGCCAGTGGATCGCGATGCCACCATACTGCC

GACGGTCAACCAGCTAAGAAAGAAGATCATACTCAAGCACAAGAAGCTGATGGGCACCAATGAAACC

TTCAGCGTACCCACTGAAGAAATGTCTGGTCTTGATTTGAGGAACTCTCTGAAGAACGGAATCCTCA

AGATCGAAGACCCAATGGATAATGAATGGGTCCCACATTACTTTGTGCTGACCACGGAGAAACTCTT

CTACTGCGAGCAAACCCAAAACCTTGTCAATCAAGATGATGACGACGACACTACTAGCCAATTGGAC

ATGCAAGCCACGCCCAATGATGAGCTGCACTTCTCCGAGCCCTGGTTCCACGGCAAGCTGAACAGCA

ACAGCGACGTCACACCCAGGATGCTGGCCGAGCAACTGCTCAACCAATACCAGAAGGGAGACGGCAC

TTTCCTGGTCCGAGAGAGCGAAACTTTCAAGGGGGACTACTCCTTGTCATTCTGGGCGCGAGGCAAG

GTGAACCACTGCCGCATCCGGTACAAGCTAGACCAGAGCCGGCCCAAGTACTTCTTGGTGGAGCACA

CGTGCTTCGATAGTCTCTACAGCCTCATCTCCCACTACCGCCAGTGCCCCTTGCGTAGCCGGGGGCT

CGAGCTCCTACTGACGGAGCCCGTGCCACAACCCCTCAGCCACGAGGGAAAAGATTGGTTTCATAAG

AAGTTGAGCCGGCCTCAGGCAGAAGAAATGCTGAAACGAGTCCACCAGGATGGCTCGTTCCTGGTCA
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GAAAGAGAGAGCAGGGAGATGACTCCTACGCCATATCATTCAGGGCGGAGGGTAAGATCAAGCACTG

CCGCATCAACCAGGAGGGCCGGCTCTTTGCCATCGGCAATGCCCACTTTGAGAGCATCGTGGAGTTG

GTCTCCTACTACGAGAAGTTCCCGCTCTATCGCAAGATGAAGCTCAAGTACCCGGTCAACCAAGAGA

TCGTGGACCGACTCGGAGGGGCAGCAGATGAGAATTCCTTGTATGGTAACCCGGAACTCTACATGGA

CCCAAACCAGTTTGTACCAAAGGTGACAGTGAAAGCGCTGTATGACTACAAGGCCCAACGAGACGAT

GAGTTGACATTCTGCAAGCACGCCATCATCACCAATGTAGATAAGCAAGACCTTGGCTGGTGGAAAG

GAGACTACGGCGGCAAGAAGAACATGTGGTTCCCCTCCAACTACGTGGAGGAGACCCAACCAAACGA

CAACAGTCCCGAGTCAACGCTACTAGGCAACCTGCAGAAGGGGGCTATTGACATCCGAAGATGCGCT

GTTGAGACGCTACCCGCAAGTCGATCCACACACCCCAACGTCTTCAGAATCTCCCCTCTGAACAACC

GGGGGGCCATCGACCTGGCAGCATCTTCGACCGAAGACCTAAGCGACTGGATTCAGACGATAGAGGA

TGCCTCACTCAAGGCTGAGGCCAGGCGATTGGAAGAGACCAAGCATGAACGCAAGATGCGCATCCCC

AAGGAATTCATGTCCTCATTCCCAGAGACCAAGGTGGAGAGGTACCTTACAGCGATCAAATCCAAGC

TACTACTGTGCTACAACCAGCACCAGGTCAGTAGGACGTATCCGAAGGGCCAGCGCTTTGATTCCTC

CAACTACGACCCGGTCCCAATCTGGAACATCGGCACACAGATGGTGTCTCTCAACTACCAGACACCA

GACCGCTATATGCAAATCAACGAAGGCTTCTTCGCCTTGAACGGCCGCTGTGGTTACGTCTTGACGC

CCCCCTGCATGAGAGACCCCAACTTTGACCCCTACGATCCCCGCACCATGCAAGGAGTGGAACCCAT

TCATCTCAATATTACGATTTTGGCAGCTCGTCACCTTGAGAAGACCGGACGGAGTATCGCTAGTCCC

TTTGTTGAAGTGGAGATCATCGGTGTGGAACGGGACAGCACCCAGAAGTACAAGACGCAGACAATAG

CTGACAACGGCTTCAACCCGATATTTAACGAGCGCTGCGAGTTTGACGTCGTCAACAAGGACCTGGC

CTTCATCCGCTTCGTCTTGCAAGACGAAGACGTATTCGGTGACCCCAACTTCCTGGGTCACAGGACG

CTGCCCCTTCGGGCAATCAGAACAGGGTATCGCACAGTGCCGTTAATGAATGGCCACTCGGAGTTCT

TAGAGCTGGCGTCACTGCTCATCCATGTAGAATACAGGGTTATCGGGGAATGCGGAGACAACGACCT

GTACGCCTCCATCCAGTGCCTGCGCGACCAGACCGAGAAACTGACCAAACAGATCGGGGACATGGAG

CTAACCAATGCCGCGTCCAGACGGCCGGACGAAGCCTACCACGCCAAGTCGATAGAGCTGGAGAGGT

GCCAGGACGCGCTCTTCAGACTCCAGGAACAGAGAAGCGCCAAACTGAAGAAGACTAACAGCAACAG

TGCATGA 
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Appendix B 

Sanger sequencing results of amplified transcripts aligned to the respective transcriptome sequences 

 
 

CLUSTAL O(1.2.4) multiple sequence alignment – PLCgamma  

 

 

GGEY02080031.1_+2        TACAGCTGCTTGTGGCATGACTACGGAGTCACACTGTCTTCGATCCGGTGACTTCACTTC 60 

PLCgamma_seq_result      ----------------------------------------------------TTCACTTC 8 

                                                                             ******** 

 

GGEY02080031.1_+2        AGAATGGCCACCAACAGCCTCTACAAGAAGAAGCTGACGCCCCAGGAGGTGTCCAGCGTC 120 

PLCgamma_seq_result      AGAATGGCCACCAACAGCCTCTACAAGAAGAAGCTGACGCCCCAGGAGGTGTCCAGCGTC 68 

                         ************************************************************ 

 

GGEY02080031.1_+2        ACCAAGATGCTGAAAATGGGCACCGTCCTGACGCGCTTCTACGGCAAACGACGACCGGAA 180 

PLCgamma_seq_result      ACCAAGATGCTGAAAATGGGCACCGTCCTGACGCGCTTCTACGGCAAACGACGACCGGAA 128 

                         ************************************************************ 

 

GGEY02080031.1_+2        AGGAGGTCGTTTGAAATCTGCATGGAGACGCGGCAGATTCTGTGGAGGCGACAGACTGGG 240 

PLCgamma_seq_result      AGGAGGTCGTTTGAAATCTGCATGGAGACGCGGCAGATTCTGTGGAGGCGACAGACTGGG 188 

                         ************************************************************ 

 

GGEY02080031.1_+2        CGGACAGATGGAGCAGTTAAAATTCGTGAGATAAAAGAGATTCGTCCCGGTAAGAACTCA 300 

PLCgamma_seq_result      CGGACAGACGGAGCAGTTAAAATTCGTGAGATAAAAGAGATTCGTCCCGGTAAGAACTCA 248 

                         ******** *************************************************** 

 

GGEY02080031.1_+2        CGAGACTTCGAGAGGTGGCCGGATGAAGCCAAGAAGTATGATACCTCGCTCTGTCTTGTC 360 

PLCgamma_seq_result      CGAGACTTCGAGAGGTGGCCAGATGAAGCCAAGAAGTATGATACCTCGCTCTGTCTTGTC 308 

                         ******************** *************************************** 



 

169 
 

 

GGEY02080031.1_+2        ATCTGCTATGGTGCTGAGTTCAGACTCAAGAGCTTGTCCGTCGTTGCCGGCAATGCCGAT 420 

PLCgamma_seq_result      ATATGCTACGGTGCCGAGTTCAGACTCAAGAGCTTGTCCGTCGTTGCCGGCAATGCCGAT 368 

                         ** ***** ***** ********************************************* 

 

GGEY02080031.1_+2        GAACGACACAAGTGGATCGTCGGCCTCAACTGGCTAGTCGAAGACCACAAAATCTCAAGT 480 

PLCgamma_seq_result      GAACGACACAAGTGGATCGTCGGCCTCAACTGGCTAGTCGAAGACCACAAAATCTCAAGT 428 

                         ************************************************************ 

 

GGEY02080031.1_+2        TACCCAAGCAGACTAGAATGGTGGTTACGACGGGAGTTCTACGCCATGGGAAAAACAAAG 540 

PLCgamma_seq_result      TACCCAAGCAGACTAGAATGGTGGTTACGACGGGAGTTCTACGCCATGGGAAAAACAAAG 488 

                         ************************************************************ 

 

GGEY02080031.1_+2        AATGATACGGTGTCACTTAGGGACATGAAGTCATTCATGCCATACGTCAACCTGAAAATG 600 

PLCgamma_seq_result      AATGATACGGTGTCACTTAGGGACATGAAGTCATTCATGCCATACGTCAACCTGAAAATG 548 

                         ************************************************************ 

 

GGEY02080031.1_+2        AACACAAAGGACCTTAAAGAATATTTCAATGAAGTGGATCGGTGGAACAAGCAAGAAATT 660 

PLCgamma_seq_result      AACACAAAGGACCTTAAAGAATATTTCAATGAAGTGGATCGGTGGAACAAGCAAGAAATT 608 

                         ************************************************************ 

 

GGEY02080031.1_+2        GGTTTTGACGGCTTTGTCCAGCTCTACCACAACCTCATCTTCCAGAGGGAGGTCGCTGAC 720 

PLCgamma_seq_result      GGTTTTGACGGCTTTGTCCAGCTTTACCACAACCTCATCTTCCAGAGGGAGGTCGCTGAC 668 

                         *********************** ************************************ 

 

GGEY02080031.1_+2        AGATTCAAAGAGTACATCGATGAACGAAATCTGGTGACTGTGAATGGCATGATTCGCTTC 780 

PLCgamma_seq_result      AGATTCAAAGAGTACATCGATGAACGAAATCTGGTGACTGTGAATGGCATGATTCGCTTC 728 

                         ************************************************************ 

 

GGEY02080031.1_+2        CTAGCCCAAGAACAAAAGGACACCACGGCTAACAATCCCATCGCAGTGAAGGCCATGATG 840 

PLCgamma_seq_result      CTAGCCCAAGAACAAAAGGACACCACGGCAAACAATCCTATCGCAGTGAAGGCCATGATG 788 

                         ***************************** ******** ********************* 
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GGEY02080031.1_+2        GAATCGTTTCTGACGGACCTCGGCCGACCGTGCCAGGAGTCGGACCCCAAATTCACAGTC 900 

PLCgamma_seq_result      GAATCGTTTCTGACGGACCTCGGCCGACCGTGCCAGGAGTCGGACCCCAAATTCACAGTC 848 

                         ************************************************************ 

 

GGEY02080031.1_+2        CCAGAGTTTC-------------------------------------------------- 910 

PLCgamma_seq_result      CCAGAGTTTCTGCTGTACTTGTTCTCGCCGGATAATGAGATCTGGGACAAGAAATTTGAT 908 

                         **********                                                   

 

GGEY02080031.1_+2        ------------------------------------------------------------ 910 

PLCgamma_seq_result      GAGATTGTGGACGACTTGGACCAACCGCTCTGTAACTACTTGATAGCTTCCTCTCACAAT 968 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 910 

PLCgamma_seq_result      ACATACCTTACCGGGGATCAGATCGCTAGTGAGTCATCGTGTGAGGCGTACGTCCGATGT 1028 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 910 

PLCgamma_seq_result      CTACCACAATCCTATCGCAGTGAAGGCCATGATGGAATCGTTTCTGACGGACCTCGGCCG 1088 

                                                                                      

 

GGEY02080031.1_+2        --------------------------------------------TGCTGTACTTGTTCTC 926 

PLCgamma_seq_result      ACCGTGCCAGGAGTCGGACCCCAAATTCACAGTCCCAGAGTTTCTGCTGTACTTGTTCTC 1148 

                                                                     **************** 

 

GGEY02080031.1_+2        ACCGGATAATGAGATCTGGGACAAGAAATTTGATGAGATTGTGGACGACTTGGACCAACC 986 

PLCgamma_seq_result      GCCGGATAATGAGATCTGGGACAAGAAATTTGATGAGATTGTGGACGACTTGGACCAACC 1208 

                          *********************************************************** 

 

GGEY02080031.1_+2        GCTCTGTAACTACTTGATAGCTTCCTCTCACAATACATACCTTACCGGGGATCAGATCGC 1046 

PLCgamma_seq_result      GCTCTGTAACTACTTGATAGCTTCCTCTCACAATACATACCTTACCGGGGATCAGATCGC 1268 

                         ************************************************************ 

 

GGEY02080031.1_+2        TAGTGAGTCATCGTGTGAGGCGTACGTCCGATGTCTACGCATGGGCTGCCGATGTCTGGA 1106 
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PLCgamma_seq_result      TAGTGAGTCATCGTGTGAGGCGTACGTCCGATGTCTACGCATGGGCTGCCGATGTCTGGA 1328 

                         ************************************************************ 

 

GGEY02080031.1_+2        ACTTGACTGTTGGGACGGGCCGGAAGGAATGCCCATTATCTACCATGGCCTGACGCTGAC 1166 

PLCgamma_seq_result      ACTTGACTGTTGGGACGGGCCGGAAGGAATGCCCATTATCTACCACGGCCTGACTCTAAC 1388 

                         ********************************************* ******** ** ** 

 

GGEY02080031.1_+2        TTCAAAAATCAAATTCATGGACGTTTTGAAGACGATAAAGGAACACGCTTGGGTGCAGTC 1226 

PLCgamma_seq_result      TTCAAAAATCAAATTCATGGACGTTTTGAAGACGATAAAGGAGCACGCATGGGTGCAGTC 1448 

                         ****************************************** ***** *********** 

 

GGEY02080031.1_+2        AGATTTGCCCATCATTTTATCAATCGAGAACCACTGCACACTGATACAGCAACGCAACAT 1286 

PLCgamma_seq_result      AGACTTGCCCATCATTTTATCAATCGAGAACCACTGCACACTGATACAGCAACGCAACAT 1508 

                         *** ******************************************************** 

 

GGEY02080031.1_+2        GGCTTCATCATTCCAGGAAGTCTTTGGAGACTCCCTTTTGACGCAGCCAGTGGATCGCGA 1346 

PLCgamma_seq_result      GGCCTCATCATTCCAGGAAGTCTTTGGAGACTCCCTTTTGACGCAGCCAGTGGATCGCGA 1568 

                         *** ******************************************************** 

 

GGEY02080031.1_+2        TGCCACCATACTGCCGACGGTCAACCAGCTAAGAAAGAAGATCATACTCAAGCACAAGAA 1406 

PLCgamma_seq_result      TGCCACCATACTGCCGACGGTCAACCAGCTAAGAAAGAAGATCATACTCAAGCACAAGAA 1628 

                         ************************************************************ 

 

GGEY02080031.1_+2        GCTGATGGGCACCAATGAAACCTTCAGCGTACCCACTGAAGAAATGTCTGGTCTTGATTT 1466 

PLCgamma_seq_result      GCTGATGGGCACCAATGAAACCTTTAGCGTACCCACTGAAGAAATGTCTGGTCTTGATTT 1688 

                         ************************ *********************************** 

 

GGEY02080031.1_+2        GAGGAACTCTCTGAAGAACGGAATCCTCAAGATCGAAGACCCAATGGATAATGAATGGGT 1526 

PLCgamma_seq_result      GAGGAACTCTCTGAAGAACGGAATCCTCAAGATCGAAGACCCAATGGATAATGAATGGGT 1748 

                         ************************************************************ 

 

GGEY02080031.1_+2        CCCACATTACTTTGTGCTGACCACGGAGAAACTCTTCTACTGCGAGCAAACCCAAAACCT 1586 

PLCgamma_seq_result      CCCACATTACTTTGTGCTGACCACGGAGAAGCTCTTCTACTGCGAGCAAACCCAAAACCT 1808 
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                         ****************************** ***************************** 

 

GGEY02080031.1_+2        TGTCAATCAAGATGATGACGACGACACTACTAGCCAATTGGACATGCAAGCCACGCCCAA 1646 

PLCgamma_seq_result      TGTCAATCAAGATGACGATGACGACACAACTAGCCAATTGGACATGCAAGCCACGCCCAA 1868 

                         *************** ** ******** ******************************** 

 

GGEY02080031.1_+2        TGATGAGCTGCACTTCTCCGAGCCCTGGTTCCACGGC----------------------- 1683 

PLCgamma_seq_result      TGATGAGCTGCACTTCTCCGAGCCCTGGTTCCACGGCAAGCTGAACAGCAACAGCGACGT 1928 

                         *************************************                        

 

GGEY02080031.1_+2        ------------------------------------------------------------ 1683 

PLCgamma_seq_result      CACACCCAGGATGCTGGCCGAGCAACTGCTCAACCAATACCAGAAGGGAGACGGCACTTT 1988 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 1683 

PLCgamma_seq_result      CCTGGTCCGAGAGAGCGAAACTTTCAAGGGGGACTACTCCTTGTCATTCTGGGCGCGAGG 2048 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 1683 

PLCgamma_seq_result      CAAGGGAGCTCTTCTACTGCGAGCAACCCAAAACCTTGTCAATCAAGATGACGATGACGA 2108 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 1683 

PLCgamma_seq_result      CACAACTAGCCAATTGGACATGCAAGCCACGCCCAATGATGAGCTGCACTTCTCCGAGCC 2168 

                                                                                      

 

GGEY02080031.1_+2        -------------AAGCTGAACAGCAACAGCGACGTCACACCCAGGATGCTGGCCGAGCA 1730 

PLCgamma_seq_result      CTGGTTCCACGGCAAGCTGAACAGCAACAGCGACGTCACACCCAGGATGCTGGCCGAGCA 2228 

                                      *********************************************** 

 

GGEY02080031.1_+2        ACTGCTCAACCAATACCAGAAGGGAGACGGCACTTTCCTGGTCCGAGAGAGCGAAACTTT 1790 

PLCgamma_seq_result      ACTGCTCAACCAATACCAGAAGGGAGACGGCACTTTCCTGGTCCGAGAGAGCGAAACTTT 2288 

                         ************************************************************ 
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GGEY02080031.1_+2        CAAGGGGGACTACTCCTTGTCATTCTGGGCGCGAGGCAAGGTGAACCACTGCCGCATCCG 1850 

PLCgamma_seq_result      CAAGGGGGACTACTCCTTGTCATTCTGGGCGCGAGGCAAGGTGAACCACTGCCGCATCCG 2348 

                         ************************************************************ 

 

GGEY02080031.1_+2        GTACAAGCTAGACCAGAGCCGGCCCAAGTACTTCTTGGTGGAGCACACGTGCTTCGATAG 1910 

PLCgamma_seq_result      GTACAAGCTAGACCAGAGCCGGCCCAAGTACTTCTTAGTGGAGCACACGTGCTTCGATAG 2408 

                         ************************************ *********************** 

 

GGEY02080031.1_+2        TCTCTACAGCCTCATCTCCCACTACCGCCAGTGCCCCTTGCGTAGCCGGGGGCTCGAGCT 1970 

PLCgamma_seq_result      TCTCTACAGCCTCATCTCCCACTACCGCCAGTGCCCCTTGCGTAGCCGGGGGCTCGAGCT 2468 

                         ************************************************************ 

 

GGEY02080031.1_+2        CCTACTGACGGAGCCCGTGCCACAACCCCTCAGCCACGAGGGAAAAGATTGGTTTCATAA 2030 

PLCgamma_seq_result      CCTACTGACAGAGCCCGTGCCTCAACCCCTCAGCCACGAGGGAAAAGATTGGTTTCATAA 2528 

                         ********* *********** ************************************** 

 

GGEY02080031.1_+2        GAAGTTGAGCCGGCCTCAGGCAGAAGAAATGCTGAAACGAGTCCACCAGGATGGCTCGTT 2090 

PLCgamma_seq_result      GAAGTTGAGCCGGCCTCAGGCAGAAGAAATGCTGAAACGAGTGCACCAGGATGGCTCGTT 2588 

                         ****************************************** ***************** 

 

GGEY02080031.1_+2        CCTGGTCAGAAAGAGAGAGCAGGGAGATGACTCCTACGCCATATCATTCAGGGCGGAGGG 2150 

PLCgamma_seq_result      CCTGGTCAGGAAGAGAGAACAGGGAGATGACTCCTACGCCATATCATTCAGGGCGGAGGG 2648 

                         ********* ******** ***************************************** 

 

GGEY02080031.1_+2        TAAGATCAAGCACTGCCGCATCAACCAGGAGGGCCGGCTCTTTGCCATCGGCAATGCCCA 2210 

PLCgamma_seq_result      TAAGATCAAGCACTGCCGCATCAACCAGGAGGGCCGGCTCTTTGCCATCGGCAACGCCCA 2708 

                         ****************************************************** ***** 

 

GGEY02080031.1_+2        CTTTGAGAGCATCGTGGAGTTGGTCTCCTACTACGAGAAGTTCCCGCTCTATCGCAAGAT 2270 

PLCgamma_seq_result      TTTTGAGAGCATCGTGGAGTTGGTCTCCTACTACGAGAAGTTCCCGCTCTACCGCAAGAT 2768 

                          ************************************************** ******** 
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GGEY02080031.1_+2        GAAGCTCAAGTACCCGGTCAACCAAGAGATCGTGGACCGACTCGGAGGGGCAGCAGATGA 2330 

PLCgamma_seq_result      GAAGCTCAAGTACCCGGTCAACCAGGAGATCGTGGACCGACTAGGAGGGGCAGCAGATGA 2828 

                         ************************ ***************** ***************** 

 

GGEY02080031.1_+2        GAATTCCTTGTATGGTAACCCGGAACTCTACATGGACCCAAACCAGTTTGTACCAAAGGT 2390 

PLCgamma_seq_result      GAATTCCTTGTATGGTAACCCGGAACTCTACATGGACCCAAACCAGTTTGTACCAAAGGT 2888 

                         ************************************************************ 

 

GGEY02080031.1_+2        GACAGTGAAAGCGCTGTATGACTACAAGGCCCAACGAGACGATGAGTTGA---------- 2440 

PLCgamma_seq_result      GACGGTGAAAGCACTGTATGACTACAAGGCCCAACGAGACGATGAGTTGACATTCTGCAA 2948 

                         *** ******** *************************************           

 

GGEY02080031.1_+2        ------------------------------------------------------------ 2440 

PLCgamma_seq_result      GCACGCCATCATCACCAATGTAGATAAGCAAGACCTTGGCTGGTGGAAAGGAGACTATGG 3008 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 2440 

PLCgamma_seq_result      CGGCAANAAGAACATGTGGTTCCCCTCCACTACGTGGAANANACCCAACCAAATGACAAC 3068 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 2440 

PLCgamma_seq_result      AGTCCCGAGTCAACGCTACTAGGCANCCGGGCAGCAGATGAGAATTCCTTGTATGGTAAC 3128 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 2440 

PLCgamma_seq_result      CCGGAACTCTACATGGACCCAAACCAGTTTGTACCAAAGGTGACGGTGAAAGCACTGTAT 3188 

                                                                                      

 

GGEY02080031.1_+2        -------------------------------CATTCTGCAAGCACGCCATCATCACCAAT 2469 

PLCgamma_seq_result      GACTACAAGGCCCAACGAGACGATGAGTTGACATTCTGCAAGCACGCCATCATCACCAAT 3248 

                                                        ***************************** 

 

GGEY02080031.1_+2        GTAGATAAGCAAGACCTTGGCTGGTGGAAAGGAGACTACGGCGGCAAGAAGAACATGTGG 2529 
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PLCgamma_seq_result      GTAGATAAGCAAGACCTTGGCTGGTGGAAAGGAGACTATGGCGGCAAGAAGAACATGTGG 3308 

                         ************************************** ********************* 

 

GGEY02080031.1_+2        TTCCCCTCCAACTACGTGGAGGAGACCCAACCAAACGACAACAGTCCCGAGTCAACGCTA 2589 

PLCgamma_seq_result      TTCCCCTCCAACTACGTGGAAGAGACCCAACCAAATGACAACAGTCCCGAGTCAACGCTA 3368 

                         ******************** ************** ************************ 

 

GGEY02080031.1_+2        CTAGGCAACCTGCAGAAGGGGGCTATTGACATCCGAAGATGCGCTGTTGAGACGCTACCC 2649 

PLCgamma_seq_result      CTAGGCAACCTGCAGAAGGGGGCTATTGACATCCGAAGATGCGCTGTTGAGACGCTACCC 3428 

                         ************************************************************ 

 

GGEY02080031.1_+2        GCAAGTCGATCCACACACCCCAACGTCTTCAGAATCTCCCCTCTGAACAACCGGGGGGCC 2709 

PLCgamma_seq_result      GCAAGTCGATCCACACACCCCAATGTCTTCAGAATCTCCCCTCTGAACAACCGGGGGGCC 3488 

                         *********************** ************************************ 

 

GGEY02080031.1_+2        ATCGACCTGGCAGCATCTTCGACCGAAGACCTAAGCGACTGGATTCAGACGATAGAGGAT 2769 

PLCgamma_seq_result      ATCGACCTGGCGGCTTCTTCGACCGAAGACCTAAGCGACTGGATTCAGACGATAGAGGAT 3548 

                         *********** ** ********************************************* 

 

GGEY02080031.1_+2        GCCTCACTCAAGGCTGAGGCCAGGCGATTGGAAGAGACCAAGCATGAACGCAAGATGCGC 2829 

PLCgamma_seq_result      GCCTCACTTAAAGCTGAGGCCAGGCGATTGGAAGAGACCAAGCATGAACGCAAGATGCGC 3608 

                         ******** ** ************************************************ 

 

GGEY02080031.1_+2        ATCCCCAAGGAAT----------------------------------------------- 2842 

PLCgamma_seq_result      ATCGCCAAGGAATTCTCCGATCTCATCGTGTACTGCAGATCAGTACCTTTCCGTGAAGAT 3668 

                         *** *********                                                

 

GGEY02080031.1_+2        ----------------------TCATGTCCTCATTCCCAGAGACCAAGGTGGAGAGGTAC 2880 

PLCgamma_seq_result      AACATTCCCGGCAAATACTACGACATGTCCTCATTCCCAGAGACCAAGGTGGAGAGGTAC 3728 

                                                ************************************* 

 

GGEY02080031.1_+2        CTTACAGCGATCAAATCCAAGCTACTACTGTGCTACAACCAGCACCAGGTCAGTAGGACG 2940 

PLCgamma_seq_result      CTTACAGCAATCAAATCCAAGCTACTACTGTGCTACAACCAGCACCAGGTCAGTAGGACG 3788 
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                         ******** *************************************************** 

 

GGEY02080031.1_+2        TATCCGAAGGGCCAGCGCTTTGATTCCTCCAACTACGACCCGGTCCCAATCTGGAACATC 3000 

PLCgamma_seq_result      TATCCGAAGGGCCAGCGCTTTGATTCCTCCAACTACGACCCGGTCCCAATCTGGAACATC 3848 

                         ************************************************************ 

 

GGEY02080031.1_+2        GGCACACAGATGGTGTCTCTCAACTACCAGACACCAGACCGCTATATGCAAATCAACGAA 3060 

PLCgamma_seq_result      GGCACACAGATGGTGTCTCTCAACTACCAGACACCAGACCGCTATATGCAAATCAACGAA 3908 

                         ************************************************************ 

 

GGEY02080031.1_+2        GGCTTCTTCGCCTTGAACGGCCGCTGTGGTTACGTCTTGACGCCCCCCTGCATGAGAGAC 3120 

PLCgamma_seq_result      GGCTTCTTCGCCTTGAACGGCCGCTGCGGTTACGTCTTGACGCCCCCCTGCATGAGAGAC 3968 

                         ************************** ********************************* 

 

GGEY02080031.1_+2        CCCAACTTTGACCCCTACGATCCCCGCACCATGCAAGGAGTGGAACCCA----------- 3169 

PLCgamma_seq_result      CCCAACTTTGACCCCTACGATCCCCGCACCATGCAAGGAGTGGAACCCATTCATCTCAAT 4028 

                         *************************************************            

 

GGEY02080031.1_+2        ------------------------------------------------------------ 3169 

PLCgamma_seq_result      ATTACGATTTTGGCAGCTCGTCACCTTGAGAAGACCGGACGGAGTATCGCTAGTCCCTTT 4088 

                                                                                      

 

GGEY02080031.1_+2        ------------------------------------------------------------ 3169 

PLCgamma_seq_result      GTTGAAGTGGAGATCATTGGTTACGTCTTGACGCCCCCCTGCATGAGAGACCCCAACTTT 4148 

                                                                                      

 

GGEY02080031.1_+2        ----------------------------------------TTCATCTCAATATTACGATT 3189 

PLCgamma_seq_result      GACCCCTACGATCCCCGCACCATGCAAGGAGTGGAACCCATTCATCTCAATATTACGATT 4208 

                                                                 ******************** 

 

GGEY02080031.1_+2        TTGGCAGCTCGTCACCTTGAGAAGACCGGACGGAGTATCGCTAGTCCCTTTGTTGAAGTG 3249 

PLCgamma_seq_result      TTGGCAGCTCGTCACCTTGAGAAGACCGGACGGAGTATCGCTAGTCCCTTTGTTGAAGTG 4268 

                         ************************************************************ 
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GGEY02080031.1_+2        GAGATCATCGGTGTGGAACGGGACAGCACCCAGAAGTACAAGACGCAGACAATAGCTGAC 3309 

PLCgamma_seq_result      GAGATCATTGGTGTGGAACGGGACAGCACCCAGAAGTACAAGACGCAGACAATAGCTGAC 4328 

                         ******** *************************************************** 

 

GGEY02080031.1_+2        AACGGCTTCAACCCGATATTTAACGAGCGCTGCGAGTTTGACGTCGTCAACAAGGACCTG 3369 

PLCgamma_seq_result      AACGGCTTCAACCCGATATTTAACGAGCGCTGCGAGTTTGACGTCGTCAACAAGGACCTG 4388 

                         ************************************************************ 

 

GGEY02080031.1_+2        GCCTTCATCCGCTTCGTCTTGCAAGACGAAGACGTATTCGGTGACCCCAACTTCCTGGGT 3429 

PLCgamma_seq_result      GCCTTCATCCGCTTCGTCTTGCAAGACGAAGACGTATTCGGTGACCCCAACTTCCTGGGT 4448 

                         ************************************************************ 

 

GGEY02080031.1_+2        CACAGGACGCTGCCCCTTCGGGCAATCAGAACAGGGTATCGCACAGTGCCGTTAATGAAT 3489 

PLCgamma_seq_result      CACAGGACGCTGCCCCTTCGGGCAATCAGAACAGGGTATCGCACAGTGCCATTAATGAAT 4508 

                         ************************************************** ********* 

 

GGEY02080031.1_+2        GGCCACTCGGAGTTCTTAGAGCTGGCGTCACTGCTCATCCATGTAGAATACAGGGTTATC 3549 

PLCgamma_seq_result      GGCCACTCGGAGTTCTTAGAGCTGGCGTCACTGCTCATCCATGTAGAATACAGGGTTATC 4568 

                         ************************************************************ 

 

GGEY02080031.1_+2        GGGGAATGCGGAGACAACGACCTGTACGCCTCCATCCAGTGCCTGCGCGACCAGACCGAG 3609 

PLCgamma_seq_result      GGGGAATGCGGAGACAACGACCTGTACGCCTCCATCCAGTGCCTGCGCGACCAGACCGAG 4628 

                         ************************************************************ 

 

GGEY02080031.1_+2        AAACTGACCAAACAGATCGGGGACATGGAGCTAACCAATGCCGCGTCCAGACGGCCGGAC 3669 

PLCgamma_seq_result      AAACTGACCAAACAGATCGGGGACATGGAGCTGACCAATGCCGCGTCCAGACGGCCGGAC 4688 

                         ******************************** *************************** 

 

GGEY02080031.1_+2        GAAGCCTACCACGCCAAGTCGATAGAGCTGGAGAGGTGCCAGGACGCGCTCTTCAGACTC 3729 

PLCgamma_seq_result      GAAGCCTACCACGCCAAGTCGATAGAGCTGGAGCGCTGCCAGGACGCGCTCTTCAGACTC 4748 

                         ********************************* * ************************ 
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GGEY02080031.1_+2        CAGGAACAGAGAAGCGCCAAACTGAAGAAGACTAACAGCAACAGTGCATGA 3780 

PLCgamma_seq_result      CAGGAACAGAGACNCCCCCAAAANNGNGAA--------------------- 4778 

                         ************  * ** **       *                       

 

CLUSTAL O(1.2.4) multiple sequence alignment 

 

 

EXT_BLNK                 GCTTCTGCCGATCAAGGAGTGCGCCCACAAAAAAAACATTAGCGCTATCAGCGGAAGTTT 60 

EXT_BLNK_sequencing      ----------------------------------------------------CGGANTTT 8 

                                                                              * * *** 

 

EXT_BLNK                 GGCGCTGCCACCTTCAGGCAAGTCTTGCCCGCGTCTCCGGCCAAGATTAGAGGGCTGGTC 120 

EXT_BLNK_sequencing      GGCGCCGCCACCTTCAGGCAAGTCTTGCCCGCGTCTCCGGCCAAGATTAGAGGGGTGGTC 68 

                         ***** ************************************************ ***** 

 

EXT_BLNK                 ATATGGTGCTGGATAAGAAGTACTGCCGTGTCGAAAACCTGTTCGTTGTCCTTGTAGGTG 180 

EXT_BLNK_sequencing      ATGTGATGCTGGATAAGAAGTACTGCCGTGTCAAAAACCTGTTCGTTGTCCTTGTAGGTG 128 

                         ** ** ************************** *************************** 

 

EXT_BLNK                 CCCAGAGCGTACTTGCCGTCGTCCCGCAGTCGGATGTGCAGGTTCCTGACCTTGTTGTTG 240 

EXT_BLNK_sequencing      CCCAGAGCGTACTTGCCGTCGTCCCGCAGTCGGATGTGCAGGTTCCTGACCTTGTTGTTG 188 

                         ************************************************************ 

 

EXT_BLNK                 AACCAGAGAGACAGCGAGTAGGGGATGTTGTCTCCTCCTTTGGTACTGTTCCGGACAACA 300 

EXT_BLNK_sequencing      AACCAGAGAGACAGCGAGTAGGGGATGTTGTCTCCTCCTTTGGTACTGTTCCGGACAACA 248 

                         ************************************************************ 

 

EXT_BLNK                 AATGCACCATCCATTTTGGCTTGTTTGAGGATCTGCACTGCTTCGTCACGGCTTAGATCA 360 

EXT_BLNK_sequencing      AATGCACCATCCATTTTGGCTTGTTTGAGGATCTGCACTGCTTCGTCACGGCTTAGATCA 308 

                         ************************************************************ 

 

EXT_BLNK                 GCATCATACCATGGAAAGCCCGTCATTTCATTCCTCGTGGGAGGTTGAGGCATGGTTCTT 420 
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EXT_BLNK_sequencing      GCATCATACCATGGAAAGCCCGTCATTTCATTCCTCGTGGGAGGTTGAGGCATGGTTCTT 368 

                         ************************************************************ 

 

EXT_BLNK                 GGATCAGGAGGGGGAGCTGGTGGCGCCTCTGCGGGTATCTGCTTAGGAAGGTCTGGCACC 480 

EXT_BLNK_sequencing      GGGTCAGGAGGGGGAGCTGGTGGCGCCTCTGCGGGTATCTGCTTAGGAAGGTCTGGCACC 428 

                         ** ********************************************************* 

 

EXT_BLNK                 CTGCTGCTGTGTGGAGTGAACTTCTTGATTGGTTTGGCAGGTTCCTTGGTGGGAATCGGG 540 

EXT_BLNK_sequencing      CTGCTGCTGTGAGGAGTGAACTTCTTGATTGGTTTGGCAGGTTCCTTGGTGGGAATCGGG 488 

                         *********** ************************************************ 

 

EXT_BLNK                 GGAGTTGGCTTGTGTTCGGGGCTCGTCGGAGGCTCTGCGGGTAACCGAGATCTAGGAGTT 600 

EXT_BLNK_sequencing      GGAGTTGGCTTGTGCTCGGGGCTCGTCGGAAGCTCTGCGGGTAACCGAGATCTAGGAGTT 548 

                         ************** *************** ***************************** 

 

EXT_BLNK                 GGTCGTGGAGGTGCATGTGCCGACGACGATGCTGGGGTGTGTGGAAGGCTGGGCACGTTT 660 

EXT_BLNK_sequencing      GGTCGTGGAGGTGCATGTGCCGACCANNATGCTGGTGTTTGTGGAAGGCTGGGCACGTTT 608 

                         ************************ *  ******* ** ********************* 

 

EXT_BLNK                 GCTGCCTGATTGTTAGCCTCCGCTATGGCCGAGTTCAGCCACGACTGAACGGGTTTGTTT 720 

EXT_BLNK_sequencing      GCTGCCTGATTGTTAGCCTCCGCTATGGCCGAGTTCAGCCACGACTGAACGGGTTTGTTT 668 

                         ************************************************************ 

 

EXT_BLNK                 GTGTTCGGCTTGGCTGACAACTCCGGTTTATTCCCTAGCGGCCTGGGAAGCGGCGGCGGC 780 

EXT_BLNK_sequencing      GTGTTCGGCTTGGCTGACAACTCCGGTTTATTCCCTAGCGGCCTGGGAAGCGGCGGCGGC 728 

                         ************************************************************ 

 

EXT_BLNK                 CGCATGGACTCTGTGTCTTCGGCTGCCCCCTGAAACTGCTGCAACCTTCTGC-------- 832 

EXT_BLNK_sequencing      CGCATGGACTCTGTGTCTTCGGCTGCCCCCTGAAACTGCTNAAACCTTTTCNGCAAAAAG 788 

                         ****************************************  ****** *           

 

EXT_BLNK                 ----- 832 

EXT_BLNK_sequencing      ACAAA 793 
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SFK1_sequencing      ----------------------------------------------------GGNACAAG 8 

SFK1                 CTTCTTGGCCAACATCGTAGCCGCCATGGGGTGCATCAACAGCAAAGAGGATGGCACAAG 60 

                                                                         ** ***** 

 

SFK1_sequencing      CTACCGAGCCGATACCAGAAACGACAGCAACGACATGGGCAGCCCGGGCATGAAGATAAC 68 

SFK1                 CTACCGCGCCGATACCAGAAACGACAGCAACGACATGGGCAGCCCGGGCATGAAGATAAC 120 

                     ****** ***************************************************** 

 

SFK1_sequencing      AACTCCGTCACCGACCATTGCCACCGGAGGTGTCACCGATTTCAGGGGAAACAGTCAGAT 128 

SFK1                 AACTCCGTCACCGACCATTGCCACCGGAGGTGTCACCGATTTCAGGGGAAACAGTCAGAT 180 

                     ************************************************************ 

 

SFK1_sequencing      GTTCATCCCTACCCCTGCTCAACCTAAACCCAGCAAACCAGTACTGAAATACGTTGCCAT 188 

SFK1                 GTTCATCCCTACCCCTGCTCAACCTAAACCCAGCAAACCAGTACTGAAATACGTTGCCAT 240 

                     ************************************************************ 

 

SFK1_sequencing      TTACGATTACGAGGCGCGAACAGGAGACGACTTGAGCTTTCTGAAAGGAGAAACACTAGA 248 

SFK1                 TTACGATTACGAGGCGCGAACAGGAGACGACTTGAGCTTTCTGAAAGGAGAAACACTAGA 300 

                     ************************************************************ 

 

SFK1_sequencing      TATAACGAATAACAACGATGGTGATTGGTGGCTGGCAAGGTCAACGAAGACTTTACAAGA 308 

SFK1                 TATAACGAATAACAACGATGGTGATTGGTGGCTGGCAAGGTCAACGAAGACTTTACAAGA 360 

                     ************************************************************ 

 

SFK1_sequencing      AGGTTACGTCCCCAGCAACTACATCGCACCTGTCAAGAGCATCAGTGCTGAAGAGTGGTA 368 

SFK1                 AGGTTACGTCCCCAGCAACTACATCGCACCTGTCAAGAGCATCAGTGCTGAAGAGTGGTA 420 

                     ************************************************************ 

 

SFK1_sequencing      CTTTGGTCGTATCGGTCGCAAGGAAGCAGAGAAGAAGCTTGTAATGCCTGGTGTCGAGCG 428 



 

181 
 

SFK1                 CTTTGGTCGTATCGGTCGCAAGGAAGCAGAGAAGAAGCTTGTAATGCCTGGTGTCGAGCG 480 

                     ************************************************************ 

 

SFK1_sequencing      AGGCATGTTCATTGTGAGAGACGGTGAAGCCACACCAGGTACTTTTTCACTTTCTGTTCG 488 

SFK1                 AGGCATGTTCATTGTGAGAGACGGTGAAGCCACACCAGGTACTTTTTCACTTTCTGTTCG 540 

                     ************************************************************ 

 

SFK1_sequencing      TGACTACGACCCAGTTAAAGGGGACCACGTGAAACACTACAAGATCCGAAAGCTAGACAA 548 

SFK1                 TGACTACGACCCGGTCAAAGGCGACCACGTGAAACACTACAAGATCCGAAAGCTAGACAA 600 

                     ************ ** ***** ************************************** 

 

SFK1_sequencing      CGAGGCGGGATTCTACATAGCCATGCGCAGCCCCTTTCCGGTTCTGGCTGAGCTAGTCAA 608 

SFK1                 CGAGGCGGGATTCTACATAGCCATGCGCAGCCCCTTTCCTGTTCTGGCTGAGCTAGTCAA 660 

                     *************************************** ******************** 

 

SFK1_sequencing      ACATTACCAACAGGTGGCTGATGGACTGTGCATTAAGCTGACCTTCCCATGCCCCAAGGA 668 

SFK1                 ACATTACCAACAGGTGGCTGATGGACTGTGCATTAAGCTGACCTTCCCTTGCCCCAAGGA 720 

                     ************************************************ *********** 

 

SFK1_sequencing      GAACCCCAACACCGTCAGTCTGGGCAGAGATGCTTGGGAAATCCCCCGCACCTCCCTGAC 728 

SFK1                 GAACCCCAACACTGTCAGCCTGGGCAGAGATGCTTGGGAAATCCCCCGCACTTCCCTGAC 780 

                     ************ ***** ******************************** ******** 

 

SFK1_sequencing      GCTGGAGAGCAAGCTTGGGGCCGGCCAGTTTGGAGAAGTCTGGAAAGGTACTTGGAATGG 788 

SFK1                 GCTGGAAAGCAAGCTTGGGGCCGGCCAGTTTGGAGAAGTCTGGAAAGGTACTTGGAATGG 840 

                     ****** ***************************************************** 

 

SFK1_sequencing      GAAGACCCCAGTGGCCATCAAGACCCTCAAGAAGGGCACTATGACTCCCACGGCCTTCCT 848 

SFK1                 GAAGACCCCAGTGGCCATCAAGACCCTCAAGAAGGGCACCATGACTCCCACGGCCTTCCT 900 

                     *************************************** ******************** 

 

SFK1_sequencing      GGCAGAAGCCAACATCATGAAGAAACTCCGCCATCCAAAACTCTGTCAGCTCTACGCCGT 908 

SFK1                 GGCAGAAGCCAACATCATGA---------------------------------------- 920 
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                     ********************                                         

 

SFK1_sequencing      CTGCTCCGATAAGGAACCATCTACATCGTGGCTGAGTTGATGTGCAACGGCAGTCTTTTG 968 

SFK1                 ------------------------------------------------------------ 920 

                                                                                  

 

SFK1_sequencing      GACTTCTTGAAAGACGGCGAAGGCCGCAACCTGAAGTTGCCGGAACTGGTTGACATGGGN 1028 

SFK1                 ------------------------------------------------------------ 920 

                                                                                  

 

SFK1_sequencing      AGCTCAGATTGCATCTGGCATGGCCTTCCTCGAGTCCTTGANCTTTCAGACCCTCANGAA 1088 

SFK1                 ------------------------------------------------------------ 920 

                                                                                  

 

SFK1_sequencing      GGGCACNNTGACTCCCACAGGCCTTCCTGGCAGAAGCCAACATCATGAAGAAACTCCGCC 1148 

SFK1                 ------------------------------------------------AGAAACTCCGCC 932 

                                                                     ************ 

 

SFK1_sequencing      ATCCAAAACTCTGTCAGCTCTACGCCGTCTGCTCCGATAAGGAACCCATCTACATCGTGG 1208 

SFK1                 ATCCAAAACTCTGTCAGCTCTACGCCGTCTGCTCCGATAAGGAACCCATCTACATCGTGG 992 

                     ************************************************************ 

 

SFK1_sequencing      CTGAGTTGATGTGCAACGGCAGTCTTTTGGACTTCTTGAAAGACGGCGAAGGCCGCAACC 1268 

SFK1                 CTGAGTTGATGTGCAACGGCAGTCTTTTGGACTTCTTGAAAGACGGCGAAGGCCGCAACC 1052 

                     ************************************************************ 

 

SFK1_sequencing      TGAAGTTGCCGGAGCTGGTTGACATGGGAGCTCAGATTGCATCTGGCATGGCCTTCCTCG 1328 

SFK1                 TGAAGTTGCCGGAGCTGGTTGACATGGGAGCTCAGATTGCATCTGGCATGGCCTTCCTCG 1112 

                     ************************************************************ 

 

SFK1_sequencing      AGTCCATGAACTACGTCCATCGTGATCTGGCCGCTAGGAACGTCCTGGTGGGAGAGGGCA 1388 

SFK1                 AGTCCATGAACTACGTCCATCGTGATCTGGCCGCTAGGAACGTCCTGGTGGGAGAGGGCA 1172 

                     ************************************************************ 
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SFK1_sequencing      ACATCGTCAAGGTGGCTGATTTTGGGCTGGCCAGGATGATTGAAGATACCGAGTACACTG 1448 

SFK1                 ACATCGTCAAGGTGGCTGATTTTGGGCTGGCCAGGATGATTGAAGATACCGAGTACACTG 1232 

                     ************************************************************ 

 

SFK1_sequencing      CTAGACAAGGTGCCAAGTTTCCAATCAAATGGACAGCCCCAGAGGCGGCCATGTACGGAC 1508 

SFK1                 CTAGACAAGGTGCCAAGTTTCCAATCAAATGGACAGCCCCAGAGGCGGCCATGTACGGAC 1292 

                     ************************************************************ 

 

SFK1_sequencing      GCTTCACCATCAAATCCGATGTCTGGTCCTTCGGTGTTCTACTGACTGAGTTGGTCACAC 1568 

SFK1                 GCTTCACCATCAAATCCGATGTCTGGTCCTTCGGTGTTCTACTGACTGAGTTGGTCACAC 1352 

                     ************************************************************ 

 

SFK1_sequencing      ACGGACGTATACCATACCCAGGTATGATGAACATGGAGGTCTTGGACCAGGTGGAGCACG 1628 

SFK1                 ACGGACGTATACCATACCCAGGTATGATGAACATGGAGGTCTTGGACCAGGTGGAGCACG 1412 

                     ************************************************************ 

 

SFK1_sequencing      GCTACCGCATGCCCAAGATGGCCAATTGCCCGGACACCCTCTACGAACTCATGCAGAAGT 1688 

SFK1                 GCTACCGCATGCCCAAGATGGCCAATTGCCCGGACACCCTCTACGAACTCATGCAGAAGT 1472 

                     ************************************************************ 

 

SFK1_sequencing      GTTGGGACAAGGATCCTGCCGCCAGACACACCTTCGAGTTCCTGCATTCCTACCTGGATG 1748 

SFK1                 GTTGGGACAAGGATCCTGCCGCCAGACACACCTTCGAGTTCCTGCATTCCTACTTGGATG 1532 

                     ***************************************************** ****** 

 

SFK1_sequencing      ACTACTTCGTCGCGACGGAGCCCAACTACAAGGAAGCGGAGTAAACTCGGTGGTGAGAAC 1808 

SFK1                 ACTACTTCGTCGCGACGGAGCCCAACTACAAGGAAGCGGAGTAAACTCGGTGGTGAGAAA 1592 

                     ***********************************************************  

 

SFK1_sequencing      AAGTCAAAGTGTNTAGTTCGNCGCGGGGGGNG 1840 

SFK1                 AAGTCAAAGTGTGTGATGTCCGTGGTG----- 1619 

                     ************ *  *       * *      
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CLUSTAL O(1.2.4) multiple sequence alignment 

 

 

SFK3_sequencing      ---------------------------------------------NNNNNNGN-----NN 10 

SFK3                 TAAGATGGCGGCCAAACTCGTGGTTCTACTGATACTGGATCTCTGAGGCGTGATAGAAGT 60 

                                                                        *         

 

SFK3_sequencing      NNNNCCGNNGNGANNNGNNNT----CNNGGTCTGTNGNGCGACCATGCCGTCACTGTGCC 66 

SFK3                 CGTCCAGGAAAGAGTGGAGGAACTCGAAGGTTGGTCGCTTCTCAGGGACAGCATCCCAGC 120 

                         * *    **   *           ***  ** *     *   * *  **      * 

 

SFK3_sequencing      CTTCCTNAGNGNTGGANACGTTGTGACTTGGACCGAGCCCACA-GTCGCCGGCNACTCTG 125 

SFK3                 ATTGCTTGGTGATATCG----TA-GAGCTGGTCCGGGCATTCTGGAGGCTTGGGCATCCG 175 

                      ** **  * * *        *  **  *** *** **   *  *  **  *    ** * 

 

SFK3_sequencing      GAGCCTTCAGTACACAACNNACGCATAATTCCGGTGACTTCTTTAAGGCCAACNCGCCCT 185 

SFK3                 ATAGCCACGGGAGACCTGGTCTAACACCTCCCGGTTCACCATGCCTGGATAAGGCACCCT 235 

                         *  * * * **             * *****      *    **  **  * **** 

 

SFK3_sequencing      ANNTGACTGGNAANNCTCGTAAATAAGAATTCCGAAGGACCAGACATCGGACTTGATGGT 245 

SFK3                 CCCTTTAGTGATGACCTCGTAAATAAGAATTCCGAAGGACCAGACATCGGACTTGATGGT 295 

                        *     *     ********************************************* 

 

SFK3_sequencing      GAACTTGCCGAAGTTTATGGCCTCAGGAGCGGTCCATTTGATGGGCATCTTTGCACCTTC 305 

SFK3                 GAACTTGCCGAAGTTTATGGCCTCAGGAGCGGTCCATTTGATGGGCATCTTTGCACCTTC 355 

                     ************************************************************ 

 

SFK3_sequencing      CTTTGCGATGTACTCATCTTCGATGATACGCGAGAGTCCAAAGTCGGCAACTTTGCAATT 365 

SFK3                 TTTTGCGATGTACTCATCTTCGATGATACGCGAGAGTCCAAAGTCGGCAACTTTGCAATT 415 

                      *********************************************************** 
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SFK3_sequencing      TCTGAGGTCTCCCACCAAGATGTTCCTGGCTGCCAGGTCACGATGGACGAATCGCTGTGA 425 

SFK3                 TCTGAGGTCTCCCACCAAGATGTTCCTTGCTGCCAGGTCACGATGGACGAATCGCTGTGA 475 

                     *************************** ******************************** 

 

SFK3_sequencing      TTCCAGGTACGCCATGCCGTCTGCAACCTGTGCCGTGATATCGATGAGCTCGGGTTCCCG 485 

SFK3                 TTCCAGGTACGCCATGCCGTCTGCAACCTGTGCCGTGATATCGATGAGCTCGGGTTCCCG 535 

                     ************************************************************ 

 

SFK3_sequencing      TAGTTGCTTCCCCTCTCCCTCGTGCAGGTAATCCAGCAGACAGCCGTTCGTCATCAGCTC 545 

SFK3                 TAGTTGCTTCCCCTCTCCCTCGTGCAGGTAATCCAGCAGACAGCCGTTCGTCATCAGCTC 595 

                     ************************************************************ 

 

SFK3_sequencing      CGTCACTATGTAGATTGGCTCTCCCTCTGAACAGACGGCGAGAAGAGCCACCAGTTTCGG 605 

SFK3                 CGTCACTATGTAGATTGGCTCTCCCTCTGAACAGACGGCGAGAAGAGCCACCAGTTTCGG 655 

                     ************************************************************ 

 

SFK3_sequencing      ATGCCGCAGTTTCTTCATGATGTTGGCTTCTTGAAGGAAGGCCGTGGGATCCATGGCGCC 665 

SFK3                 ATGCCGCAGTTTCTTCATGATGTTGGCTTCTTGAAGGAAGGCCGTGGGATCCATGGCGCC 715 

                     ************************************************************ 

 

SFK3_sequencing      TTCCTTCAACGTCTTCACTGCAACTCGCACGGTTCCATTCCATGTACCTTCCCAAACCTC 725 

SFK3                 TTCCTTCAACGTCTTCACTGCAACTCGCACGGTTCCATTCCATGTACCTTCCCAAACCTC 775 

                     ************************************************************ 

 

SFK3_sequencing      GCCGAATTGTCCATTGCCCAGTTTGCGTTCCAGCTTGATGGAGCGACGCGGAATCTCCCA 785 

SFK3                 GCCGAATTGTCCATTGCCCAGTTTGCGTTCCAGCTTGATGGAGCGACGCGGAATCTCCCA 835 

                     ************************************************************ 

 

SFK3_sequencing      GACGTCTTTGCTGATCTCAAACATGACGGGTTTCTGGCGTGGGCAAGGGTTCAGTAGACG 845 

SFK3                 GACGTCTTTGCTAATCTCAAACATGACGGGTTTCTGGCGTGGGCAAGGGTTCAGTAGACG 895 

                     ************ *********************************************** 

 

SFK3_sequencing      GCAGACCAGTCCGTCTGCTTGGCTTGTATAATGGTTGACCAAATCATGTAGCGTATGGAA 905 
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SFK3                 GCAGACCAGTCCGTCTGCTTGGCTTGTATAATGGTTGACCAAATCATGTAGCGTATGGAA 955 

                     ************************************************************ 

 

SFK3_sequencing      AGTAATGCGTGTGCTGATGTAGTAACCACCATTGTCCAGAGTCCTTATGCGGTAATGTTT 965 

SFK3                 AGTAATGCGTGTGCTGATGTAGTAACCACCATTGTCCAGAGTCCTTATGCGGTAATGTTT 1015 

                     ************************************************************ 

 

SFK3_sequencing      GACGTTAAAGCCTCTAGCGTCGTCATGATCCAAGACGGATAACGAGTAGGCACCTGGACT 1025 

SFK3                 GACGTTAAAGCCTCTAGCGTCGTCATGATCCAGCACGGATAACGAGTAGGCA-------- 1067 

                     ********************************  ******************         

 

SFK3_sequencing      CGTTTCGCTGCCCCTAATGAGGAATGTCCCCCGGANNNNNNNNCNTANGGAAAGTAATGC 1085 

SFK3                 ------------------------------------------------------------ 1067 

                                                                                  

 

SFK3_sequencing      GTGTGCTGATGTAGTAACCACCATTGTCCAGAGTCCTTATGCGGTAATGTTTGACGTTAA 1145 

SFK3                 ------------------------------------------------------------ 1067 

                                                                                  

 

SFK3_sequencing      AGCCTCTAGCGTCGTCATGATCCAAGACGGATAACGAGTAGGCACCTGGACTCGTTTCGC 1205 

SFK3                 -----------------------------------------CTACCTGGACTCGTTTCGC 1086 

                                                                ***************** 

 

SFK3_sequencing      TGCCCCTAATGAGGAATGTCCCCCGGGAGTTTCCCGCCAGCTGAAGCTGCTTCTCCGCTT 1265 

SFK3                 TGCCCCTAATGAGGAATGTCCCCCGGGAGTTTCCCGCCAGCTGAAGCTGCTTCTCCGCTT 1146 

                     ************************************************************ 

 

SFK3_sequencing      CCTTTCTCGTCATCTTCTCGAAGAACCAGTCTTCCGCCTGAAGTACATCCGCCGGTTCGA 1325 

SFK3                 CCTTTCTCGTCATCTTCTCGAAGAACCAGTCTTCCGCCTGAAGTACATCCGCCGGTTCGA 1206 

                     ************************************************************ 

 

SFK3_sequencing      TGTAGTTTCTCGGCACATAACCTTCTCGCTTCGTCAGCATTGAGGTAGCCAACCACCAGT 1385 

SFK3                 TGTAGTTTCTCGGCACATAACCTTCTCGCTTCGTCAGCATTGAGGTAGCCAACCACCAGT 1266 
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                     ************************************************************ 

 

SFK3_sequencing      TGGGGTCGGTTTTATTTGTGATAATGAGTATCTCCCCCTTTCGGAAAGTGAGATCGTCTG 1445 

SFK3                 TGGGGTCGGTTTTATTTGTGATAATGAGTATCTCCCCCTTTCGGAAAGTGAGATCGTCTG 1326 

                     ************************************************************ 

 

SFK3_sequencing      CTGTCCTGGCTTCATAGTCATACAGTGCTTTGTAACGCTCACCAGCAGGTCTTGTACTAG 1505 

SFK3                 CTGTCCTGGCTTCATAGTCATACAGTGCTTTGTAACGCTCACCAGCAGGTCTTGTACTAG 1386 

                     ************************************************************ 

 

SFK3_sequencing      GCGAGTGCATGATTCCCATCTGATCATTACCCACGCCAGCTGAGATCATAACCCCAACGG 1565 

SFK3                 GCGAGTGCATGATTCCCATCTGATCATTACCCACGCCAGCTGAGATCATAACCCCAACGG 1446 

                     ************************************************************ 

 

SFK3_sequencing      ATCCAGCACCGCCTCCTCCAACGTCTCCACCAACATGGTTCTGCCGGTCCTGATCGCCTC 1625 

SFK3                 ATCCAGCACCGCCTCCTCCAACGTCTCCACCAACATGGTTCTGCCGGTCCTGATCGCCTC 1506 

                     ************************************************************ 

 

SFK3_sequencing      CTGCCCCACTACTTCCAATCCCAGCACCGCTACTCGAAGCAGCATTTACGGAGTCCTTAC 1685 

SFK3                 CTGCCCCACTACTTCCAATCCCAGCACCGCTACTCGAAGCAGCATTTACGGAGTCCTTAC 1566 

                     ************************************************************ 

 

SFK3_sequencing      GAGCCTTGCCCTTCTTGGGCTTTTTGTCTTTGTCCTTCCGGTCCTTCCTGTCCCGGCCAA 1745 

SFK3                 GAGCCTTGCCCTTCTTGGGCTTTTTGTCTTTGTCCTTCCGGTCCTTCCTGTCCCGGCCAA 1626 

                     ************************************************************ 

 

SFK3_sequencing      GTTTAGCTGAGGATACGGTGATGGTTGAGGTGCTGTGGTCATAGCCGTCTGGGCCGTCAA 1805 

SFK3                 GTTTAGCTGAGGATACGGTGATGGTTGAGGTGCTGTGGTCATAGCCGTCTGGGCCGTCAA 1686 

                     ************************************************************ 

 

SFK3_sequencing      GTCCGTTACTATGGGCGCTTTCCTTGTTTCCCATGCTGGGTCTGTGGTAGGGACACGCCT 1865 

SFK3                 GTCCGTTACTATGGGCGCTTTCCTTGTTTCCCATGCTGGGTCTGTGGTAGGGACACGCCC 1746 

                     ***********************************************************  
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SFK3_sequencing      ANNTGAAATGGGTAAA 1881 

SFK3                 TAACTGACTGTCA--- 1759 

                           * **       

                                                          

 

CLUSTAL O(1.2.4) multiple sequence alignment 

 

 

SH2WW_sequencing      -----------------------------NNNNNNNNNATCTGGCNNCTGACGTATCAAT 31 

SH2WW                 GGACCAATACTCCGCTTGACAATGGCCAGGCCGACAGATCTGCGACTGAACGTATCAAAT 60 

                                                                 *             *** 

 

SH2WW_sequencing      CAGAGAGAATCCAATATGCCTCCAGTACCAGCAACTTCATTCCGACCATATGGTGGAGAT 91 

SH2WW                 CAGAGAGAATCCAATATGCCTCCAGTACCAGCAACTTCATTCCGACCATATGGTGGAGAT 120 

                      ************************************************************ 

 

SH2WW_sequencing      TGTGTGGATGCCCAGGGCCTTGACTTCTACTATGGAAAAATTGAAAATACACTGGTTGAG 151 

SH2WW                 TGTGTGGATGCCCAGGGCCTTGACTTCTACTATGGAAAAATTGAAAATACACTGGTTGAG 180 

                      ************************************************************ 

 

SH2WW_sequencing      GAACTCTTAAGACCCCACATGGAGTCTAGAGGGTCTTTTCTTCTCCGAGACAGCAACACT 211 

SH2WW                 GAACTCTTAAGACCCCACATGGAGTCTAGAGGGTCTTTTCTTCTCCGAGACAGCAACACT 240 

                      ************************************************************ 

 

SH2WW_sequencing      GAACCTGGTGTTATCACAATATCTGTGGTAGATAACCCCCGCCACATCTACCACTTCAAG 271 

SH2WW                 GAACCTGGTGTTATCACAATATCTGTGGTAGATAACCCCCGCCACATCTACCACTTCAAG 300 

                      ************************************************************ 

 

SH2WW_sequencing      ATCAACTGCAGGGGTCCCAACGGCGTGTATGAAGTCACTGATAAACTCCGTTTTGGCTCC 331 

SH2WW                 ATCAACTGCAGGGGTCCCAACGGCGTGTATGAAGTCACTGATAAACTCCGTTTTGGCTCC 360 

                      ************************************************************ 
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SH2WW_sequencing      CTGGAAGATCTCATCAAGTTTTTTCACTTCAATGACGTCCCAAGCAGAAACATCGCTGAC 391 

SH2WW                 CTGGAAGATCTCATCAAGTTTTTTCACTTCAATGACGTCCCAAGCAGAAACATCGCTGAC 420 

                      ************************************************************ 

 

SH2WW_sequencing      CTGAAACTTGTGAATCCAATCCGCTTCAGAAGTACCCCCCGCAGCCCACAGCGGAGCCCT 451 

SH2WW                 CTGAAACTTGTGAATCCAATCCGCTTCAGAAGTACCCCCCGCAGCCCACAGCGGAGCCCT 480 

                      ************************************************************ 

 

SH2WW_sequencing      CCACGGAGCCCACCCACAAGCCCTCCCATGGAACTAAGATCACCGTCTCGCCCACCCCGT 511 

SH2WW                 CCACGGAGCCCGCCCAGAAGCCCTCCCATGGAACTAAGATCACCGTCTCGCCCACCCCGT 540 

                      *********** **** ******************************************* 

 

SH2WW_sequencing      CCACCAAGAATTATAAGTCCCCCAGCGACAAGGGATCAAGACAGATTTCTGGATTCAAGG 571 

SH2WW                 CCACCAAGAATTATAAGTCCCCCAGCGACAAGGGATCAAGACAGATTTCTGGATTCAAGG 600 

                      ************************************************************ 

 

SH2WW_sequencing      GCCCCAGTTCCCATCCCCACACCAGGAACAGAACCGATATACATCTATCATGACCACGTT 631 

SH2WW                 GCCCCAGTTCCCATCCCCACACCAGGAACAGAACCGATATACATCTATCATGACCACGTT 660 

                      ************************************************************ 

 

SH2WW_sequencing      TACTGTCGGGCTGAGGATCTCCAGAAATCACGGATAGATGAGATCATGGAACTGTGCAAG 691 

SH2WW                 TACTGTCGGGCTGAGGATCTCCAGAAATCACGGATAGATGAGATCATGGAACTGTGCAAG 720 

                      ************************************************************ 

 

SH2WW_sequencing      TTGTCAGATCAGAAGTACAAGAAGTGCACCTGTGGTTTGTACATGGAACAGTCCATACTG 751 

SH2WW                 TTGTCAGATCAGAAGTACAAGAAGTGCACCTGTGGTTTGTACATGGAACAGTCCATACTG 780 

                      ************************************************************ 

 

SH2WW_sequencing      GTAGAAGATTGGATGATGCATATCGATAGACCAGCTGGTGATCAGGCAGAAAGTGGGCGT 811 

SH2WW                 GTAGAAGATTGGATGATGCATATCGATAGACCAGCTGGTGATCAGGCAGAAAGTGGGCGT 840 

                      ************************************************************ 

 

SH2WW_sequencing      GTCTTCTTTGTGAATTCAGTCAGTAATCTTACACAGTGGGAGTTACCAGAGAGAGTTATG 871 
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SH2WW                 GTCTTCTTTGTGAATTCAGTCAGTAATCTTACACAGTGGGAGTTACCAGAGAGAGTTATG 900 

                      ************************************************************ 

 

SH2WW_sequencing      TATCAACTTAGCCAACAGTATCCTGAAAAATACAGCTTTGTGCAGAAACTTTTGCAGGAG 931 

SH2WW                 TATCAACTTAGCCAACAGTATCCTGAAAAATACAGCTTTGTGCAGAAACTTTTGCAGGAA 960 

                      ***********************************************************  

 

SH2WW_sequencing      GGCAGTAATCTATAATGGTTGNNCNGNAAAAAAAAANTTTNNNNAAATAA 981 

SH2WW                 GGCAGTAATCTTTAAATGGTTGATCAGTTACGAACATTTGT--------- 1001 

                      *********** ***  * *         *  ** * **            
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Appendix C 

Complete list of proteins found in UF and F2.5 samples from the phospho-tyrosine immunoprecipitation 

F2.5 Specific Proteins    
Matching nr protein 

Mascot 

Score 

Transcript 

identified 

Accession 

number 

Protein name Percent 

Identit

y 

Query 

cover 

439 GGEY02080032.1 AAR85355.1 phospholipase C-gamma [Patiria miniata] 99.36% 100% 

387 GGEY02080031.1 AAR85355.1 phospholipase C-gamma [Patiria miniata] 99.68% 100% 

345  GGEY02079062.

1 

XP_022099138.1 guanine nucleotide exchange factor VAV2-like 

isoform X3 [Acanthaster planci] 

76.47% 99% 

308 GGEY02076094.1 XP_022099138.1 guanine nucleotide exchange factor VAV2-like 

isoform X3 [Acanthaster planci] 

74.42% 99% 

273 GGEY02047672.1 XP_022110204.1 ATP-binding cassette sub-family F member 3-like 

[Acanthaster planci] 

83.88% 98% 

216 GGEY02056051.1 AMR68935.1 vitellogenin 2 [Patiria miniata] 98.94% 100% 

205 GGEY02047671.1 XP_022085108.1 LOW QUALITY PROTEIN: ATP-binding cassette 

sub-family F member 1-like [Acanthaster planci] 

80.28% 100% 

199 GGEY02065791.1 XP_022105701.1 protein SCAF11-like isoform X3 [Acanthaster 

planci] 

66.52% 76% 

171 GGEY02026185.1 XP_022080780.1 T-complex protein 1 subunit eta-like isoform X1 

[Acanthaster planci] 

97.07% 100% 

122 GGEY02054391.1 XP_022096202.1 ATP synthase subunit alpha, mitochondrial-like 

[Acanthaster planci] 

96.58% 99% 

119 GGEY02052520.1 ACM80366.1 vasa [Patiria miniata] 99.58% 100% 
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111 GGEY02084229.1 XP_022105334.1 constitutive coactivator of PPAR-gamma-like 

protein 1 homolog isoform X2 [Acanthaster planci] 

90.33% 99% 

106 GGEY02060399.1 XP_033627737.1 eukaryotic translation initiation factor 3 subunit C-

like [Asterias rubens] 

81.97% 99% 

92 GGEY02019531.1 XP_022082091.1 T-complex protein 1 subunit theta-like isoform X1 

[Acanthaster planci] 

93.22% 100% 

86 GGEY02052512.1 AAS68511.1 eukaryotic translation initiation factor 5A 

[Branchiostoma belcheri] 

70.00% 82% 

83 GGEY02058561.1 XP_022111017.1 ubiquitin-associated protein 2-like isoform X2 

[Acanthaster planci] 

82.95% 100% 

79 GGEY02086118.1 XP_022091226.1 T-complex protein 1 subunit alpha-like [Acanthaster 

planci] 

96.34% 100% 

79 GGEY02054366.1 XP_022098497.1 neurogenic locus notch homolog protein 1-like 

[Acanthaster planci] 

47.23% 91% 

73 GGEY02031411.1 XP_022104650.1 heterogeneous nuclear ribonucleoprotein K-like 

isoform X2 [Acanthaster planci] 

87.29% 64% 

72 GGEY02069284.1 XP_022088415.1 WD repeat-containing protein 37-like isoform X2 

[Acanthaster planci] 

95.89% 100% 

72 GGEY02069722.1 XP_022089647.1 trifunctional enzyme subunit beta, mitochondrial-

like [Acanthaster planci] 

93.49% 100% 

70 GGEY02067676.1 XP_022108756.1 ATP-dependent RNA helicase DDX1-like isoform 

X1 [Acanthaster planci] 

89.64% 100% 

65 GGEY02044996.1 XP_033640227.1 40S ribosomal protein S8-like [Asterias rubens] 90.87% 100% 

64 GGEY02056737.1 XP_022085982.1 malate dehydrogenase, cytoplasmic-like 

[Acanthaster planci] 

90.88% 99% 

64 GGEY02035805.1 XP_022094779.1 eukaryotic translation initiation factor 1A, X-

chromosomal-like [Acanthaster planci] 

92.75% 100% 
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63 GGEY02058382.1 XP_022105779.1 zinc finger RNA-binding protein-like isoform X1 

[Acanthaster planci] 

89.92% 91% 

62 GGEY02047964.1 XP_022097531.1 small nuclear ribonucleoprotein-associated protein 

B'-like [Acanthaster planci] 

93.14% 80% 

60 GGEY02010408.1 no similarity 

found 

      

56 GGEY02047407.1 XP_022109354.1 hypoxia up-regulated protein 1-like [Acanthaster 

planci] 

81.15% 59% 

56 GGEY02023643.1 WP_130531016.

1 

MULTISPECIES: DUF1972 domain-containing 

protein [unclassified Pseudoxanthomonas] 

84.62% 44% 

55 GGEY02041265.1 XP_022088505.1 isocitrate dehydrogenase [NADP], mitochondrial-

like [Acanthaster planci] 

91.31% 100% 

55 GGEY02081993.1 XP_022107146.1 CAD protein-like isoform X4 [Acanthaster planci] 91.27% 100% 

54 GGEY02064414.1 XP_033627658.1 T-complex protein 1 subunit zeta-like [Asterias 

rubens] 

94.36% 100% 

52 GGEY02080108.1 XP_022105718.1 DNA topoisomerase 3-beta-1-like [Acanthaster 

planci] 

92.66% 99% 

51 GGEY02058560.1 XP_022079318.1 proliferation-associated protein 2G4-like 

[Acanthaster planci] 

82.52% 74% 

49 GGEY02063467.1 Q7M4G7.2 RecName: Full=Histone H2B [Patiria pectinifera] 96.67% 88% 

45 GGEY02045290.1 XP_022093324.1 elongation factor Tu, mitochondrial-like 

[Acanthaster planci] 

91.57% 99% 

43 GGEY02094387.1 KAF1658903.1 Histone H2A [Eudyptes robustus] 100.00

% 

100% 

42 GGEY02054715.1 XP_022082837.1 protein arginine N-methyltransferase 1-like isoform 

X1 [Acanthaster planci] 

89.17% 100% 

40 GGEY02020580.1 XP_022100851.1 translocon-associated protein subunit beta-like 

[Acanthaster planci] 

94.71% 100% 
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38 GGEY02062950.1   chromodomain-helicase-DNA-binding protein 5-like 

isoform X1 [Acanthaster planci] 

90.12% 99% 

36 GGEY02017737.1 XP_022081089.1 uncharacterized protein LOC110974066 

[Acanthaster planci] 

61.29% 99% 

    XP_033647668.1 complement C1q tumor necrosis factor-related 

protein 4-like [Asterias rubens] 

43.61% 95% 

36 GGEY02038790.1 BAA11477.1 cdc2 [Patiria pectinifera] 98.01% 98% 

    XP_033644052.1 cyclin-dependent kinase 1-like [Asterias rubens] 92.18% 100% 

35 GGEY02023705.1 XP_022092543.1 eukaryotic translation initiation factor 2 subunit 1-

like [Acanthaster planci] 

92.74% 100% 

34 GGEY02029025.1 AAS01045.1 Src family tyrosine kinase (SFK1) [Patiria 

miniata] 

99.81% 100% 

30 GGEY02057122.1 no similarity 

found 

      

27 GGEY02067859.1 WP_141950832.

1 

glycosyltransferase [Methylorubrum populi] 36.84% 50% 

27 GGEY02045369.1 XP_022093735.1 RNA-binding motif protein, X chromosome-like 

isoform X2 [Acanthaster planci] 

82.24% 19% 

26 GGEY02076095.1 XP_022099139.1 guanine nucleotide exchange factor VAV2-like 

isoform X4 [Acanthaster planci] 

66.18% 96% 

26 GGEY02032656.1 XP_022103062.1 60S ribosomal protein L31-like [Acanthaster planci] 95.12% 100% 

24 GGEY02077480.1 XP_022108881.1 coronin-1A-like [Acanthaster planci] 78.37% 100% 

23 GGEY02081365.1 XP_022079971.1 glycylpeptide N-tetradecanoyltransferase 2-like 

[Acanthaster planci] 

91.22% 100% 

22 GGEY02030075.1 XP_022081240.1 UPF0568 protein C14orf166 homolog isoform X1 

[Acanthaster planci] 

82.23% 100% 
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22 GGEY02042009.1 XP_022111423.1 SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin subfamily A member 5-like 

isoform X1 [Acanthaster planci] 

96.87% 100% 

18 GGEY02047852.1 no similarity 

found 

      

17 GGEY02062708.1 XP_022110428.1 coatomer subunit delta-like isoform X1 [Acanthaster 

planci] 

93.76% 100% 

17 GGEY02045521.1 NBW32337.1 NAD(P) transhydrogenase subunit alpha 

[Cytophagia bacterium] 

29.82% 70% 

16 GGEY02077841.1 no similarity 

found 

      

15 GGEY02024697.1 no similarity 

found 

      

77 GGEY02021999.1 XP_022103724.1 cob(I)yrinic acid a,c-diamide adenosyltransferase, 

mitochondrial-like isoform X1 [Acanthaster planci] 

87.62% 99% 

32 GGEY02046759.1 XP_022084308.1 eukaryotic translation initiation factor 3 subunit G-

A-like [Acanthaster planci] 

89.42% 100% 

31 GGEY02058312.1 XP_022087913.1 transcription factor BTF3 homolog 4-like 

[Acanthaster planci] 

82.80% 100% 

30 GGEY02080125.1 XP_022085219.1 guanine nucleotide-binding protein-like 1 

[Acanthaster planci] 

88.89% 99% 

UF Specific Proteins   
Matching nr protein 

Mascot 

score 

Transcript 

identified 

Accession 

number 

 

Protein name 

Percent 

Identity 

Quer

y 

cover 

338 GGEY02060723

.1 

XP_033630871.

1 

actin-42A-like [Asterias rubens] 97.62% 100% 
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136 GGEY02041648

.1 

XP_022110204.

1 

ATP-binding cassette sub-family F member 3-like 

[Acanthaster planci] 

83.88% 98% 

130 GGEY02038054

.1 

XP_022098497.

1 

neurogenic locus notch homolog protein 1-like 

[Acanthaster planci] 

54.62% 67% 

68 GGEY02045794

.1 

XP_022109982.

1 

heterogeneous nuclear ribonucleoproteins A1 homolog 

isoform X1 [Acanthaster planci] 

71.70% 92% 

66 GGEY02067410

.1 

XP_022090181.

1 

putative N-acetylated-alpha-linked acidic dipeptidase 

[Acanthaster planci] 

65.43% 100% 

61 GGEY02033774

.1 

XP_022095954.

1 

arginine kinase-like isoform X1 [Acanthaster planci] 89.84% 96% 

50 GGEY02061297

.1 

BAT21141.1 cytoplasmic polyadenylation element binding protein, 

CPEB [Patiria pectinifera] 

98.33% 83% 

40 GGEY02055433

.1 

NPV12510.1 GAF domain-containing protein [Ignavibacteria 

bacterium] 

34.69% 85% 

38 GGEY02064623

.1 

XP_022108362.

1 

steroid 17-alpha-hydroxylase/17,20 lyase-like 

[Acanthaster planci] 

83.01% 100% 

37 GGEY02034952

.1 

no similarity 

found 

      

36 GGEY02012810

.1 

XP_022097700.

1 

D(2) dopamine receptor-like [Acanthaster planci] 94.89% 100% 

29 GGEY02074718

.1 

XP_022084647.

1 

multiple epidermal growth factor-like domains protein 

6 [Acanthaster planci] 

78.23% 100% 

27 GGEY02079281

.1 

XP_022101695.

1 

uncharacterized protein LOC110985170 [Acanthaster 

planci] 

83.78% 100% 

27 GGEY02087090

.1 

WP_148895406.

1 

hypothetical protein [Geothermobacter ehrlichii] 73.68% 60% 

26 GGEY02035641

.1 

BAJ41230.1 egg coat matrix protein [Patiria pectinifera] 97.81% 100% 
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26 GGEY02082302

.1 

XP_022083144.

1 

tetratricopeptide repeat protein 27-like isoform X2 

[Acanthaster planci] 

83.15% 99% 

18 GGEY02055639

.1 

OVA18793.1 AMP-dependent synthetase/ligase [Macleaya cordata] 50.00% 57% 

16 GGEY02015457

.1 

XP_022089134.

1 

syntaxin-7-like isoform X2 [Acanthaster planci] 85.12% 100% 

15 GGEY02023360

.1 

XP_022103909.

1 

actin-5-like [Acanthaster planci] 76.47% 100% 

 

Proteins Shared between UF and F2.5 

Matching nr protein 

Mascot 

score 

Transcript 

identified 

Accession 

number 

 

Protein name 

Percent 

Identit

y 

Query 

cover 

F2.5 UF  

426 348 GGEY02012264.

1 

XP_022097092.

1 

poly(U)-specific endoribonuclease-B-like 

[Acanthaster planci] 

88.47% 100% 

25 25 GGEY02014325.

1 

XP_022079063.

1 

membrane-spanning 4-domains subfamily A 

member 4A-like [Acanthaster planci] 

53.42% 96% 

61 48 GGEY02017380.

1 

XP_022093220.

1 

chymotrypsin-like elastase family member 2A 

isoform X2 [Acanthaster planci] 

69.38% 98% 

20 18 GGEY02017964.

1 

KFH65937.1 hypothetical protein MVEG_08039 [Mortierella 

verticillata NRRL 6337] 

42.31% 56% 

42 31 GGEY02018112.

1 

XP_022082767.

1 

caprin-1-like isoform X2 [Acanthaster planci] 80.23% 96% 

180 69 GGEY02018284.

1 

XP_022093289.

1 

GTP-binding nuclear protein Ran-like [Acanthaster 

planci] 

85.95% 100% 
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120 158 GGEY02018972.

1 

XP_022086330.

1 

ribonucleoside-diphosphate reductase large 

subunit-like [Acanthaster planci] 

89.48% 100% 

61 101 GGEY02025500.

1 

XP_033630200.

1 

myosin-10-like isoform X3 [Asterias rubens] 87.05% 100% 

532 286 GGEY02026615.

1 

XP_033642206.

1 

60S ribosomal protein L22-like [Asterias rubens] 77.95% 93% 

42 72 GGEY02027761.

1 

XP_022102109.

1 

14-3-3 protein zeta-like [Acanthaster planci] 77.73% 95% 

157 127 GGEY02027772.

1 

XP_022097921.

1 

elongation factor 1-gamma-A-like [Acanthaster 

planci] 

83.49% 100% 

66 48 GGEY02029188.

1 

XP_022092672.

1 

coiled-coil domain-containing protein 166-like 

[Acanthaster planci] 

97.21% 99% 

146 84 GGEY02031243.

1 

XP_022104649.

1 

heterogeneous nuclear ribonucleoprotein K-like 

isoform X1 [Acanthaster planci] 

80.37% 90% 

2831 2070 GGEY02031552.

1 

XP_022107686.

1 

plasminogen activator inhibitor 1 RNA-binding 

protein-like isoform X1 [Acanthaster planci] 

83.78% 85% 

250 161 GGEY02032349.

1 

XP_022088117.

1 

fragile X mental retardation syndrome-related 

protein 1-like [Acanthaster planci] 

86.34% 95% 

2689 1943 GGEY02032577.

1 

ANN83871.1 beta-tubulin [Patiria miniata] 98.66% 100% 

47 35 GGEY02033300.

1 

XP_022101011.

1 

78 kDa glucose-regulated protein-like [Acanthaster 

planci] 

91.44% 100% 

647 451 GGEY02033506.

1 

XP_022083355.

1 

heterogeneous nuclear ribonucleoprotein A3-like 

[Acanthaster planci] 

56.74% 93% 

115 43 GGEY02033991.

1 

XP_022089674.

1 

eukaryotic translation initiation factor 3 subunit I-

like [Acanthaster planci] 

91.39% 100% 

34 75 GGEY02034220.

1 

XP_022088117.

1 

fragile X mental retardation syndrome-related 

protein 1-like [Acanthaster planci] 

65.31% 100% 
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114 63 GGEY02036173.

1 

XP_022089202.

1 

heterogeneous nuclear ribonucleoprotein H3-like 

isoform X2 [Acanthaster planci] 

84.71% 50% 

39 38 GGEY02036659.

1 

XP_022088573.

1 

selenoprotein O-like isoform X1 [Acanthaster 

planci] 

86.20% 100% 

72 35 GGEY02036833.

1 

XP_033625304.

1 

fucolectin-1-like isoform X2 [Asterias rubens] 38.20% 86% 

674 479 GGEY02038278.

1 

XP_033626544.

1 

small nuclear ribonucleoprotein Sm D1-like 

[Asterias rubens] 

98.33% 100% 

1307 1138 GGEY02039472.

1 

XP_022109998.

1 

uncharacterized protein LOC110989726 

[Acanthaster planci] 

77.86% 98% 

75 26 GGEY02040545.

1 

XP_022106961.

1 

U6 snRNA-associated Sm-like protein LSm4 

isoform X2 [Acanthaster planci] 

96.40% 100% 

142 87 GGEY02041361.

1 

XP_022096178.

1 

RNA-binding protein cabeza-like isoform X1 

[Acanthaster planci] 

96.49% 100% 

1451 1203 GGEY02041549.

1 

XP_022096179.

1 

RNA-binding protein cabeza-like isoform X2 

[Acanthaster planci] 

85.57% 81% 

1168 913 GGEY02041915.

1 

XP_022082167.

1 

insulin-like growth factor 2 mRNA-binding protein 

3 isoform X1 [Acanthaster planci] 

87.26% 99% 

110 103 GGEY02042535.

1 

AEK48259.1 alpha-tubulin [Cochliomyia hominivorax] 98.81% 100% 

529 457 GGEY02042536.

1 

OPL21697.1 tubulin chain alpha-1c [Mytilus galloprovincialis] 98.91% 98% 

26 28 GGEY02042842.

1 

XP_022099440.

1 

N-alpha-acetyltransferase 40-like isoform X1 

[Acanthaster planci] 

82.99% 100% 

166 142 GGEY02043721.

1 

XP_033647733.

1 

small nuclear ribonucleoprotein Sm D2 [Asterias 

rubens] 

100.00

% 

100% 

488 431 GGEY02044803.

1 

XP_022092160.

1 

adenosylhomocysteinase-like [Acanthaster planci] 92.41% 100% 
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307 177 GGEY02045133.

1 

XP_022092450.

1 

60S ribosomal protein L10-like [Acanthaster 

planci] 

92.06% 100% 

104 95 GGEY02045860.

1 

XP_022093398.

1 

eukaryotic initiation factor 4A-I-like [Acanthaster 

planci] 

85.25% 100% 

67 59 GGEY02046003.

1 

XP_022082613.

1 

translocon-associated protein subunit delta-like 

isoform X2 [Acanthaster planci] 

86.55% 99% 

306 208 GGEY02046775.

1 

XP_022105243.

1 

betaine--homocysteine S-methyltransferase 1-like 

[Acanthaster planci] 

91.52% 100% 

2167 2010 GGEY02047153.

1 

XP_022082084.

1 

heterogeneous nuclear ribonucleoprotein Q-like 

[Acanthaster planci] 

86.24% 100% 

88 33 GGEY02047486.

1 

XP_022104271.

1 

prohibitin-like [Acanthaster planci] 95.67% 100% 

215 401 GGEY02048567.

1 

XP_022087713.

1 

very low-density lipoprotein receptor-like isoform 

X1 [Acanthaster planci] 

81.92% 95% 

324 280 GGEY02049179.

1 

XP_022087426.

1 

ras GTPase-activating protein-binding protein 1-

like [Acanthaster planci] 

89.71% 100% 

52 38 GGEY02049938.

1 

XP_022085644.

1 

small nuclear ribonucleoprotein Sm D3-like 

[Acanthaster planci] 

96.88% 100% 

386 250 GGEY02049979.

1 

XP_022083414.

1 

glycine-rich RNA-binding protein 2-like 

[Acanthaster planci] 

84.08% 72% 

768 368 GGEY02049981.

1 

XP_022100610.

1 

nucleolin-like isoform X2 [Acanthaster planci] 74.13% 87% 

589 268 GGEY02050484.

1 

XP_033640305.

1 

heterogeneous nuclear ribonucleoprotein A2 

homolog 1-like isoform X1 [Asterias rubens] 

71.43% 23% 

34 18 GGEY02050582.

1 

XP_022101248.

1 

histone H1.0-like [Acanthaster planci] 67.75% 100% 

537 262 GGEY02050887.

1 

EPB79172.1 core histone H2A/H2B/H3/H4 [Ancylostoma 

ceylanicum] 

100.00

% 

100% 
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4111 2867 GGEY02051285.

1 

XP_022093706.

1 

putative ATP-dependent RNA helicase Pl10 

isoform X2 [Acanthaster planci] 

83.36% 100% 

2698 2402 GGEY02051585.

1 

XP_022082084.

1 

heterogeneous nuclear ribonucleoprotein Q-like 

[Acanthaster planci] 

85.35% 100% 

1006 668 GGEY02052191.

1 

AAT06175.1 elongation factor 1 alpha [Patiria miniata] 99.28% 89% 

2461 2039 GGEY02052391.

1 

XP_022087872.

1 

uncharacterized protein LOC110977757 

[Acanthaster planci] 

83.58% 100% 

160 103 GGEY02052495.

1 

XP_022087240.

1 

transitional endoplasmic reticulum ATPase 

[Acanthaster planci] 

96.53% 100% 

701 700 GGEY02052502.

1 

BAO20877.1 beta-actin [Patiria pectinifera] 100.00

% 

100% 

305 210 GGEY02052790.

1 

XP_033625884.

1 

histone H3, embryonic-like [Asterias rubens] 100.00

% 

100% 

1923 1336 GGEY02052974.

1 

XP_022090346.

1 

nuclease-sensitive element-binding protein 1-like 

[Acanthaster planci] 

80.65% 100% 

427 270 GGEY02053338.

1 

XP_022086786.

1 

ATP synthase subunit beta, mitochondrial 

[Acanthaster planci] 

96.58% 100% 

3617 3134 GGEY02054444.

1 

XP_022103383.

1 

protein LSM14 homolog A-like isoform X1 

[Acanthaster planci] 

74.40% 100% 

96 150 GGEY02054686.

1 

XP_022090726.

1 

heat shock cognate 71 kDa protein-like 

[Acanthaster planci] 

90.73% 97% 

464 220 GGEY02055370.

1 

XP_022106889.

1 

double-stranded RNA-binding protein Staufen 

homolog 2-like isoform X2 [Acanthaster planci] 

79.92% 100% 

35 44 GGEY02055441.

1 

XP_022110277.

1 

polyadenylate-binding protein 4-like [Acanthaster 

planci] 

87.27% 100% 

41 42 GGEY02055446.

1 

XP_033646620.

1 

polyadenylate-binding protein 1-A-like [Asterias 

rubens] 

95.00% 100% 
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832 705 GGEY02056307.

1 

XP_022108762.

1 

ADP/ATP translocase 3-like [Acanthaster planci] 90.97% 100% 

46 70 GGEY02056537.

1 

XP_022089190.

1 

cubilin-like [Acanthaster planci] 76.37% 100% 

25 26 GGEY02056800.

1 

no similarity 

found 

    

76 62 GGEY02056824.

1 

XP_022099893.

1 

dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit 1-like [Acanthaster 

planci] 

88.26% 100% 

154 246 GGEY02057725.

1 

XP_022089582.

1 

dynein light chain LC6, flagellar outer arm-like 

isoform X2 [Acanthaster planci] 

97.75% 100% 

458 213 GGEY02057925.

1 

XP_022092608.

1 

eukaryotic translation initiation factor 3 subunit D-

like isoform X2 [Acanthaster planci] 

93.10% 95% 

93 40 GGEY02058158.

1 

XP_022329597.

1 

actophorin-like [Crassostrea virginica] 33.62% 65% 

671 525 GGEY02058542.

1 

ABO93628.1 tubulin A [Hyriopsis cumingii] 98.00% 100% 

622 610 GGEY02058584.

1 

XP_022110769.

1 

rRNA 2'-O-methyltransferase fibrillarin-like 

[Acanthaster planci] 

94.94% 94% 

82 84 GGEY02058781.

1 

XP_022098497.

1 

neurogenic locus notch homolog protein 1-like 

[Acanthaster planci] 

54.84% 77% 

39 96 GGEY02058943.

1 

KAF0976596.1 hypothetical protein FDP41_004495 [Naegleria 

fowleri] 

69.81% 95% 

102 46 GGEY02059848.

1 

XP_022085022.

1 

splicing factor U2AF 50 kDa subunit-like 

[Acanthaster planci] 

95.79% 87% 

71 42 GGEY02059851.

1 

XP_022098485.

1 

uncharacterized protein LOC110983493 

[Acanthaster planci] 

83.33% 100% 
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4332 2904 GGEY02061843.

1 

XP_022093705.

1 

putative ATP-dependent RNA helicase Pl10 

isoform X1 [Acanthaster planci] 

82.98% 100% 

53 75 GGEY02062156.

1 

XP_022079920.

1 

low-density lipoprotein receptor-related protein 2-

like [Acanthaster planci] 

69.85% 99% 

46 42 GGEY02062556.

1 

XP_022108676.

1 

heterogeneous nuclear ribonucleoprotein U-like 

protein 1 [Acanthaster planci] 

79.51% 71% 

97 239 GGEY02063284.

1 

XP_022093271.

1 

clathrin heavy chain 1 [Acanthaster planci] 98.44% 100% 

482 275 GGEY02064113.

1 

XP_022080395.

1 

uncharacterized protein LOC110973697 

[Acanthaster planci] 

46.27% 98% 

226 46 GGEY02064610.

1 

XP_033626589.

1 

RNA-binding protein 39-like isoform X2 [Asterias 

rubens] 

73.99% 99% 

339 339 GGEY02064646.

1 

XP_022103652.

1 

heat shock protein 83-like [Acanthaster planci] 90.92% 99% 

580 381 GGEY02064650.

1 

XP_022086073.

1 

calpain-B-like isoform X5 [Acanthaster planci] 85.40% 99% 

264 114 GGEY02065349.

1 

XP_022100101.

1 

double-strand break repair protein MRE11-like 

isoform X1 [Acanthaster planci] 

85.21% 99% 

74 32 GGEY02065695.

1 

XP_022081762.

1 

importin subunit alpha-1-like [Acanthaster planci] 82.21% 100% 

23 41 GGEY02065963.

1 

XP_022091938.

1 

heterogeneous nuclear ribonucleoprotein C-like 

isoform X1 [Acanthaster planci] 

88.94% 100% 

73 43 GGEY02066035.

1 

XP_022086675.

1 

uncharacterized protein LOC110977131 

[Acanthaster planci] 

76.31% 93% 

97 69 GGEY02066759.

1 

XP_022109279.

1 

prohibitin-2-like [Acanthaster planci] 95.00% 100% 

55 108 GGEY02066967.

1 

XP_033643042.

1 

peroxiredoxin-6-like [Asterias rubens] 81.74% 100% 
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169 119 GGEY02067144.

1 

XP_022109180.

1 

elongation factor 1-beta-like [Acanthaster planci] 80.52% 100% 

719 325 GGEY02067239.

1 

XP_022106248.

1 

elongation factor 2-like [Acanthaster planci] 90.71% 100% 

167 98 GGEY02067385.

1 

XP_022086480.

1 

eukaryotic translation initiation factor 3 subunit A-

like [Acanthaster planci] 

88.51% 82% 

400 186 GGEY02067388.

1 

XP_022081533.

1 

protein FAM98A-like [Acanthaster planci] 81.10% 91% 

61 58 GGEY02068075.

1 

XP_022083083.

1 

C-1-tetrahydrofolate synthase, cytoplasmic-like 

[Acanthaster planci] 

94.08% 99% 

53 23 GGEY02068393.

1 

XP_022099605.

1 

eukaryotic translation initiation factor 5B-like 

[Acanthaster planci] 

82.54% 100% 

177 193 GGEY02068767.

1 

XP_033644253.

1 

uncharacterized protein LOC117303907 [Asterias 

rubens] 

47.78% 60% 

2163 2046 GGEY02069585.

1 

XP_022109362.

1 

ATP-dependent RNA helicase cgh-1-like 

[Acanthaster planci] 

90.60% 100% 

158 52 GGEY02070034.

1 

XP_022105850.

1 

T-complex protein 1 subunit gamma-like 

[Acanthaster planci] 

94.58% 100% 

68 67 GGEY02070099.

1 

XP_022084619.

1 

thioredoxin-like protein 1 [Acanthaster planci] 78.64% 100% 

30 31 GGEY02071193.

1 

no similarity 

found 

    

398 87 GGEY02071222.

1 

XP_022111973.

1 

staphylococcal nuclease domain-containing protein 

1-like [Acanthaster planci] 

91.39% 97% 

279 109 GGEY02071249.

1 

XP_022099361.

1 

ATP synthase subunit gamma, mitochondrial-like 

[Acanthaster planci] 

93.36% 100% 

446 325 GGEY02073336.

1 

XP_022096301.

1 

eukaryotic translation initiation factor 3 subunit C-

like isoform X2 [Acanthaster planci] 

85.85% 93% 
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1598

2 

1592

7 

GGEY02074698.

1 

XP_033640682.

1 

lectin L6-like [Asterias rubens] 62.93% 92% 

187 142 GGEY02074807.

1 

XP_022088608.

1 

probable splicing factor, arginine/serine-rich 6 

[Acanthaster planci] 

83.21% 96% 

77 57 GGEY02075048.

1 

AMR68934.1 vitellogenin 1 [Patiria miniata] 99.65% 100% 

94 41 GGEY02076339.

1 

XP_022103742.

1 

eukaryotic translation initiation factor 4H-like 

isoform X2 [Acanthaster planci] 

71.93% 96% 

2541 1365 GGEY02076473.

1 

AWH61380.1 putative piwi-1 [Asterias rubens] 72.82% 100% 

91 71 GGEY02076734.

1 

XP_022109899.

1 

eukaryotic translation initiation factor 3 subunit B-

like [Acanthaster planci] 

89.67% 100% 

108 105 GGEY02079181.

1 

XP_022099450.

1 

uncharacterized protein LOC110983997 

[Acanthaster planci] 

47.43% 100% 

438 233 GGEY02081869.

1 

XP_022085495.

1 

tripartite motif-containing protein 3-like 

[Acanthaster planci] 

73.56% 91% 

35 34 GGEY02083443.

1 

XP_022108407.

1 

uncharacterized protein LOC110988832 

[Acanthaster planci] 

74.14% 100% 

123 202 GGEY02083444.

1 

XP_022108407.

1 

uncharacterized protein LOC110988832 

[Acanthaster planci] 

65.14% 100% 

74 101 GGEY02085128.

1 

XP_022080901.

1 

uncharacterized protein LOC110973946 isoform 

X1 [Acanthaster planci] 

64.00% 100% 

134 31 GGEY02085328.

1 

XP_022106145.

1 

nascent polypeptide-associated complex subunit 

alpha-like [Acanthaster planci] 

89.00% 100% 

57 53 GGEY02086063.

1 

XP_022083310.

1 

heterogeneous nuclear ribonucleoprotein A3 

homolog 2-like [Acanthaster planci] 

80.09% 84% 

306 317 GGEY02091446.

1 

5CVM_B Chain B, Polyubiquitin-b [Homo sapiens] 100.00

% 

100% 
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