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ABSTRACT 

PROTEOMICS OF THE EGG CELL MEMBRANE OF THE SEA STAR 
PATIRIA MINIATA 

by Emily Wiseman, B.S., University of Central Florida 

Chairperson of Advisory Committee: David J. Carroll, Ph.D. 

The conception of life, the creation of a genetically distinct being, is an 

event that has fascinated humanity for ages. It was only recently, at the turn of the 

20th century, that the field of reproduction research reached an age of molecular 

mechanics, and with that, an onslaught of difficulties were encountered. The egg is 

a unique cell type because it contains a number of mRNA transcripts that do not 

express proteins necessary for the initial moments of gamete interaction or egg 

activation. Instead, these RNAs are stored in the egg for expression during early 

embryonic development. Coupled with the fact that reproductive proteins are under 

immense evolutionary pressure, making the development of putative proteomes 

challenging, elucidating the full molecular pathway at fertilization has yet to be 

accomplished. 

Multiple events occur between the sperm and egg membranes during 

fertilization, including sperm-egg binding, species-specific discrimination, 

membrane fusion, and egg activation. To date, only a handful of egg membrane 
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proteins have been identified, and none of these are known to activate the 

fertilization signal transduction pathway in the egg. An excellent model organism 

to address how these events take place is the Pacific bat star, Patiria 

miniata, because it produces a large quantity of synchronized oocytes that are large, 

nearly transparent, and easy to work with. Additionally, we are learning that their 

genome is similar to humans, but with less complexity. 

Proteolytic activity from the sperm, and parthenogenic egg activation in the 

presence of trypsin, presented an appealing strategy for the identification critical 

membrane proteins. To determine if membrane proteins were being cleaved from 

the egg at fertilization, egg cell membrane proteins were labeled with biotin and a 

distinct increase in the presence of biotinylated proteins was observed in the 

seawater after fertilization. These were not present in the seawater around eggs that 

had been pre-treated with soybean trypsin inhibitor but were present in the seawater 

surrounding trypsin-treated unfertilized eggs, strongly suggesting the action of a 

trypsin-like protease on the egg surface at fertilization. These released protein 

fragments ranged in size between approximately 50 to 250 kDa, with unique bands 

only present after fertilization. The seawater eluate was collected from around 

unfertilized and fertilized eggs and subjected to tandem mass spectrometry to 

identify the released proteins.  

One of the chief problems studying the molecular mechanism of 

fertilization is the lack of a proteome of the unfertilized egg to use in conjunction 
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with mass spectrometry for protein identification. To address this issue, three 

databases were generated in this work that characterize the membrane proteome in 

the sea star mature egg. These databases were built after first establishing the first 

mature egg transcriptome for the sea star, which is now available on NCBI 

(BioProject ID: 389668). The first database is a putative proteome of all transcripts 

predicted to have transmembrane alpha-helical sequences in the unfertilized egg. 

The second database specifically reports proteins that fall into five major signaling 

families that have been hypothesized to have some involvement in gamete 

interaction. The final database represents the membrane proteins currently present 

in the mature egg, as these are the proteins found after an unfertilized egg 

membrane preparation was analyzed by mass spectrometry. This database 

represents not only a putative proteome of the unfertilized egg, but further assists in 

categorizing the in silico proteome into those transcripts necessary for the 

unfertilized egg, and those needed for the rapid development the egg goes through 

prior to the activation of the zygotic genome. A comparison between all three 

databases identified the presence of five proteins that are present in the unfertilized 

egg and belong to one of the signaling families predicted to be involved at the 

surface. Of course, these are not the only important membrane proteins present in 

these databases; however, they represent proteins that have a greater chance of 

being involved in gamete interaction based on previous research in the field of 
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fertilization. Therefore, one of the major goals of this work is to provide these 

targets for future mechanistic studies of the egg surface at fertilization. 

The development of the transcriptome to establish an in silico proteome also 

enabled the use of mass spectrometry to identify the proteins being released from 

the egg cell surface. Interestingly, vitellogenin was found to be a significant 

constituent of the seawater before fertilization and, thus, may be playing a role 

distinct from its classically defined function as a yolk protein. Also, two additional 

egg proteins were found to be almost exclusively present in the seawater only after 

fertilization. One may represent the band that shows up exclusively after 

fertilization at 80 kDa, and the other may be released as a mechanism for providing 

protection for the egg. Their removal from the membrane in response to 

fertilization, much like Juno is shed from the mouse egg after fertilization, could 

provide a means for reducing further sperm interaction with the fertilized egg. 

The release of critical binding proteins from the egg surface has been 

hypothesized to be an additional polyspermic block by binding extraneous sperm; 

work completed here shows that the sperm are not binding to any of the proteins 

being released from the egg. While binding superfluous sperm may not be the 

function of the proteins found in the seawater, their removal from the surface may 

still serve as an additional block to polyspermy by removing the potential for other 

sperm to bind to the egg surface. This also does not discount the possibility that the 

proteins being released are critical binding partners on the egg cell surface.  
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           The novel findings described here continue to move the field of fertilization 

forward by developing critical tools for discoveries as well as a refined list of 

potential targets for functionality in future work. In addition, the finding that the 

egg is releasing proteins prior to fertilization is a novel mechanism not previously 

described in any animal. All of this will work to continue to unravel the complex 

web that is fertilization.  
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CHAPTER I: BACKGROUND 

HISTORY OF THE FIELD 

The creation of life is a phenomenon that has fascinated humanity for 

millenniums. The first documented attempts at understanding procreation reach as 

far back as Hippocrates and Aristotle around 350BC, who are considered the first 

embryologists (Boylan 1984; Vinci and Robert 2005; Lickliter and Honeycutt 

2009). Around this time, two general schools of thought prevailed with respect to 

embryonic development: preformation and epigenesis. Preformationists believed 

that a fully formed organism (homunculus) is present in either the egg (ovists) or 

the sperm (spermists) that grows into the fully formed organism, whereas 

epigenesists contended that the organism developed from an undifferentiated mass 

(Lillie 1916; Clarke 2006; Cobb 2012; De Felici and Dolci 2013). Aristotle 

founded the idea of epigenesis; however, he credited the male contribution of 

semen as the primary necessity in the creation of life, while the female contribution 

was simply the basic material provided by the menstrual blood that the semen 

needed to develop (Lillie 1916; Vinci and Robert 2005; De Felici and Dolci 2013).  

The next major step in the field of fertilization came over a millennium later 

in 1651, when William Harvey expounded on Aristotle’s work and thoughts on 

epigenesis (Whitteridge 1978). Harvey, however, diverged from Aristotle by 
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stating that the egg was the critical component to successful fertilization, even 

going as far as saying “ex ovo omnia” or ‘everything from the egg’ (Lillie 1916; 

Whitteridge 1965; Clift and Schuh 2013). Around 1677, shortly after Harvey, 

Antonie van Leeuwenhoek moved the field from macroscopic observations to 

microscopic when he developed one of the first microscopes to observe the 

movement of sperm within the semen (Clift and Schuh 2013; Dale 2018). 

Leeuwenhoek believed his discovery of sperm in the semen exhibited proof of 

preformationism, stating that the sperm were animals or “animalcules” that 

possessed within them the shape of the human body (Newport 1853; Lillie 1916; 

Speybroeck et al. 2002).  

A little over 100 years later around 1785, Lazzaro Spallanzani described the 

first use of in vitro fertilization, using frogs to demonstrate that semen was required 

to fertilize eggs; however, he also dismissed the role of sperm within the semen 

claiming them to be parasites (Sandler 1973; Speybroeck et al. 2002; De Felici and 

Dolci 2013). It took almost another hundred years before George Newport also 

used frogs to establish that it was, in fact, the sperm from the seminal fluid that 

penetrates the egg and this action is what is critical for successful fertilization 

(Newport 1853; De Felici and Dolci 2013; Dale 2018; Parrington et al. 2019).  

Only a few short years later, the field of fertilization took several notable 

strides forward. Both Oscar Hertwig in 1876 using sea urchins and Hermann Fol in 
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1877 using sea stars demonstrated that fertilization requires only a single sperm to 

achieve a zygote (Chambers 1930; Clift and Schuh 2013; Parrington et al. 2019). 

Hertwig was also the first to observe and document the sperm and egg nuclei fusing 

within the zygote (Lillie 1916; Okabe 2015).  

The turn of the 20th century brought discoveries in the molecular mechanics 

of fertilization. In 1913, Jacques Loeb began the era of “chemical embryology” by 

determining that egg activation and cell division could be initiated 

parthenogenically, or without any sperm, by using butyric acid (Loeb 1913; Dale 

2018; Parrington et al. 2019). Around that same time in 1916, Frank Lillie, another 

notable embryologist, proposed that a substance called “fertilizin” was given off 

from the egg surface and was required to interact between an egg molecule and 

sperm molecule (Lillie 1914; Watterson 1979; Byrnes and Newman 2014). Lillie’s 

advisee Ernest Everett Just was the first to describe both the fast block and the slow 

block to polyspermy as the primary mechanisms for preventing the other sperm 

from entering the egg. He described the fast block as a “wave of negativity” rolling 

across the surface and recognized that when the cell surface underwent remodeling 

as the fertilization envelope rose, it did so in a wave fashion as well, originating 

from the entry point of the sperm (Just 1939; Moser 1939; Byrnes and Newman 

2014; Santella et al. 2015; Santella et al. 2018).  
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From here, several exceptional advances by many other scientists began to 

take place. All of this research laid the groundwork that pushed mammalian 

reproductive research, and eventually human reproductive research to an 

extraordinary new level culminating in the birth of Louise Brown, the first ‘test-

tube baby,’ in 1978 exemplifying the immense effort to understand this basic 

biological process (Clarke 2006). Even with these clinical advances, there remains 

much unknown about the fertilization process at the molecular level, even today.  

IT TAKES TWO - GAMETES 

THE SPERM 
Despite being significantly smaller than its egg counterpart, the 

spermatozoa are responsible for supplying half of the genetic material to create a 

diploid organism at fertilization. They are exceptionally unique and are the most 

morphologically diverse of any single cell type, as they have to adapt to the 

environment in which their species undergo fertilization (Pitnick et al. 2008; 

Lüpold and Pitnick 2018). Their shape, size, and mode of travel are all very 

different, even amongst similar species (Dale 2018; Lüpold and Pitnick 2018). 

Sperm can be non-motile, as in some flowering plants and algae; however, the vast 

majority of animals possess motile sperm that must transverse some medium, 
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internally or externally, to reach the egg, either by crawling or by swimming using 

flagella (Sepsenwol et al. 1989; Dresselhaus et al. 2016; Alvarez 2017).  

In most external fertilizers, sperm must first undergo a morphological 

change prior to entering the egg. This phenomenon, first described in a sea urchin 

by Jean Clark Dan in 1952, is called the acrosome reaction (Dan 1952). The head 

of the sperm possesses an organelle called the acrosomal vesicle that, upon 

stimulation, is exocytosed to create an elongated actin-based nose-like structure 

called an acrosomal process (Tilney 1985; Hirohashi et al. 2008; Niikura et al. 

2017). The acrosomal process serves to assist the sperm in reaching, binding and 

fusing with the egg coat and membrane (Hirohashi and Yanagimachi 2018; Simons 

and Fauci 2018). Hermann Fol was actually one of the first to see the acrosome 

reaction interacting with a sea star egg; however, he believed the long acrosomal 

process originated from the egg reaching out to the sperm (Tilney 1985). Dan later 

described the 25 µm acrosomal process, which she found to be much longer than 

the sea urchins 1 µm acrosomal process, thereby refuting Fol (Dan et al. 1954).  

Animals with internal fertilization also have to prepare the sperm by 

undergoing an acrosome reaction; however, they do not generate the long 

acrosomal process. Instead, the exocytosis is necessary to release proteolytic 

enzymes, and other substances to help the sperm reach the surface, as well as 

expose egg binding proteins located in the acrosome that allow the sperm to bind 
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along its equatorial side to the egg membrane (Tulsiani and Abou-Haila 2001; 

Rubinstein, Ziyyat, Wolf, et al. 2006; Nishimura and L’Hernault 2010; Cuasnicú et 

al. 2016). Prior to undergoing the acrosome reaction, mammalian sperm must first 

complete a process called capacitation (Wassarman et al. 1999; Stival et al. 2016; 

Okabe 2018). Once the sperm enters the female reproductive tract, they encounter a 

higher concentration of bicarbonate, a key component of inducing capacitation, 

which causes them to undergo physiological changes that result in hyperactivation 

(Yanagimachi 1970; Molina et al. 2018). Once the sperm is capacitated and 

acrosome reacted, it is capable of binding and fusing with the egg.  

There are some organisms, such as the nematode Caenorhabditis elegans, 

that do not have a defined acrosome within their sperm, and therefore do not 

undergo the acrosome reaction (Xu and Sternberg 2003; Nishimura and L’Hernault 

2010). Instead, they can bind directly with the egg cell membrane and secrete their 

contents directly into the egg (Nishimura and L’Hernault 2010). Teleost fish also 

lack an acrosome, and instead use a micropyle or a small canal opening on the 

surface of the egg, to bind and fuse with the egg membrane (Coward et al. 2002; 

Hirohashi and Yanagimachi 2018). 

THE EGG 

 The concept of the mammalian egg took several centuries to develop, all the 

way back to Aristotle. Even when Harvey famously said “ex ovo omina,” it was 
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unclear precisely what he meant by an egg as he was unable to see either of the 

gametes while dissecting deer’s reproductive organs. It was not until 1827 that Karl 

Ernst von Baer was able to visualize and describe the first mammalian egg using a 

friend’s recently impregnated dog (von Baer and O’Malley 1956; Speybroeck et al. 

2002; Lickliter and Honeycutt 2009; Cobb 2012). Since then, scientists have taken 

several significant advances forward in understanding the morphology and 

physiology of the egg and sperm cells of a wide array of organisms.  

 Eggs are a highly specialized cell type that require specific attributes in 

order to perform their function. All eggs possess a unique extracellular matrix, 

generally called an egg coat, that varies in size and protein composition across 

organisms (Killingbeck and Swanson 2018). While the egg coats can vary, some of 

their primary functions are well conserved by providing the means for sperm 

recognition, establishment of the polyspermic block, and providing some 

environmental protection (Oulhen et al. 2013; Shu et al. 2015; Bianchi and Wright 

2016).  

In mammals, the eggs are surrounded by a thick sponge-like mesh called the 

zona pellucida that primarily consists of up to six glycosylated zona pellucida (ZP) 

proteins (Monné and Jovine 2011; Clark 2014; Wassarman and Litscher 2016). ZP 

proteins are characterized by exhibiting at least one “ZP domain,”. Vertebrate and 

some invertebrate egg coats contain proteins that possess this domain, which 
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functions as a polymerization module giving the egg coat its filamentous structure 

(Jovine et al. 2002; Shu et al. 2015; Wilburn and Swanson 2017; Bokhove and 

Jovine 2018; Killingbeck and Swanson 2018). The mouse egg coat contains ZP1, 

ZP2, and ZP3; whereas, the human egg coat has a fourth protein called ZP4 (Gupta 

2018; Wassarman and Litscher 2018). In some other mammals, ZP4 may replace 

ZP1, or they may possess another homolog of the ZP proteins, but all mammals 

possess ZP3 (Wassarman et al. 2001; Gupta 2018; Killingbeck and Swanson 2018; 

Wassarman and Litscher 2018). These ZP proteins in the egg coat are responsible 

for the first steps of egg interaction at fertilization by initiating the acrosome 

reaction in the sperm (Monné and Jovine 2011; Wassarman and Litscher 2016).  

Echinoderms and amphibians are surrounded by an egg coat comprised of 

an outer jelly layer and an inner coat called the vitelline envelope (sometimes also 

called zona radiata in amphibians) (Tian et al. 1997; Hedrick 2008; Killingbeck and 

Swanson 2018). As echinoderms and amphibians are external reproducers, their 

egg coats have to play an extra role as a species-specific barrier because their 

environment includes other animals that may also be spawning at the same time 

(Oulhen et al. 2013). The jelly layer, which is comprised primarily of carbohydrates 

and some proteins, serves as a species-specific barrier, and induces the acrosome 

reaction in sperm (SeGall and Lennarz 1979; Ueda et al. 2003; Roux et al. 2006; 

Hoshi et al. 2012; Wright and Bianchi 2016) . Underneath the jelly layer resides an 
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egg coat similar to the zona pellucida called the vitelline envelope. While some 

organism’s vitelline envelope, such as amphibians, still contain ZP proteins, many 

possess other proteins, such as egg bindin receptor 1 (EBR1) in sea urchins, that 

can serve to facilitate species specificity, and binding and fusion of the gametes 

(Gache et al. 1983; Swanson and Vacquier 1997; Kamei and Glabe 2003; Hart 

2013; Killingbeck and Swanson 2018). The vitelline envelope also plays a critical 

role after fertilization by separating from the egg cell membrane as the cortical 

granules, which are small vacuoles located just under the egg membrane, are 

exocytosed into the perivitelline space to create the permanent barrier to 

polyspermy, called the fertilization envelope (Oulhen et al. 2013).  

THE MOLECULAR EVENTS OF FERTILIZATION 

Across all species, sexual reproduction involves two specialized haploid 

cells coming together to form a new diploid organism. In a broad sense, 

fertilization is well conserved; the two gametes bind and fuse, which stimulates the 

reinitiation of cell division and begins a cascade of events that are necessary for 

embryonic development of a genetically distinct organism. At the molecular level, 

however, these processes can be exceptionally diverse. 
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THE UNIVERSALITY OF THE CALCIUM-MEDIATED ACTIVATION 

The pivotal action the egg undergoes to activate and restart the cell cycle is 

the release of calcium from the internal stores of the endoplasmic reticulum (ER). 

The internal calcium release is conserved in all species; however, in some 

organisms, exogenous calcium is also pumped into the cell that may affect 

activation (Stricker 1999; Kaneuchi et al. 2015). The idea that an ion played an 

essential role during fertilization dates back to the turn of the 20th century with 

Loeb, Lillie, and Just (Loeb 1913). The theory gained a further footing in the 1930s 

when two scientists, Daniel Mazia (1937) and Frank Moser (1939), recognized that 

calcium was important to the physiological changes after fertilization (Mazia 1937; 

Moser 1939). Then in 1977, using aequorin, a jellyfish protein that becomes 

luminescent in the presence of calcium, two separate labs determined that there is 

an internal free calcium release during fertilization using the Medaka fish (Ridgway 

et al. 1977; Ramos and Wessel 2013) and sea urchins (Steinhardt et al. 1977). Only 

shortly after, and by many of the same people that made those initial findings, they 

established that calcium moves in a wave across the cell (Gilkey et al. 1978).  

While the calcium release is now considered universal and conserved at egg 

activation, the mechanism causing activation varies to some degree between 

organisms. For instance, egg activation is independent of fertilization in some 

organisms, rather than being caused by it, as is the case with the insects that have 
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been studied (Went and Krause 1974; Lindsay et al. 1992; Sartain and Wolfner 

2013; Kaneuchi et al. 2015). In the fruit fly, Drosophila melanogaster, mature 

oocytes arrest at metaphase I of meiosis and undergo activation and reinitiation of 

meiosis during ovulation, independent of fertilizing sperm (Heifetz et al. 2001; 

Avilés-Pagán and Orr-Weaver 2018). During activation, there is a single and rapid 

calcium wave that initiates the egg activation (York-Andersen et al. 2015). This 

calcium wave is also not exclusively supplied by the endoplasmic reticulum, but 

pumped in through ion channels from the oviduct as the egg is being ovulated 

(Kaneuchi et al. 2015).  

In the frog Xenopus, mature eggs arrest at meiosis II prior to fertilization 

while mature echinoderms eggs do not have a second arrest prior to fertilization 

and instead proceed through meiosis II to the polar body formation (Stricker 1999; 

Sato 2014). Much like the fruit fly, echinoderms and Xenopus undergo only a 

single transient calcium release during activation (Hafner et al. 1988; Stricker 1999; 

Sato et al. 2006; Ramos and Wessel 2013). However, unlike insects, sperm and egg 

interaction is necessary to initiate the calcium release that causes egg activation. In 

the sea urchin, there is also an influx of exogenous calcium during the membrane 

depolarization; however, the role it plays in activation varies amongst species 

(Stricker 1999; Santella et al. 2015; Chun et al. 2018).  
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Mammalian eggs differ from both insects and echinoderms in that they are 

arrested at metaphase II prior to ovulation and complete meiosis upon fertilization 

(Wassarman and Litscher 2018). They also differ in that they undergo multiple 

oscillatory calcium waves that can last from minutes to several hours during those 

initial stages of development (Jones 1998; Stricker 1999; Malcuit et al. 2006; Miao 

and Williams 2012). The waves vary in their frequency and duration depending on 

the organism (Miyazaki et al. 1993). The reason mammals utilize oscillations of 

calcium rather than just a single transient wave is still being explored; however, it 

has been shown that the oscillations are not required for activation but more for the 

developmental process after activation (Bernhardt et al. 2017). Substances like 

ionomycin, a calcium ionophore, can artificially induce mammalian eggs to exhibit 

only a single calcium wave, which appears to be enough to activate the egg, but the 

viability varies as far as parthenogenic activation is concerned (Ferrer-Buitrago et 

al. 2018).  

Egg activation due to the calcium wave is universally acknowledged; 

however, the molecular mechanisms leading to the release varies among organisms 

and is still not fully elucidated.  

PHOSPHOLIPASE C AND UPSTREAM ACTIVATORS 

For a long time, there were two prevailing theories about what caused the 

calcium release that is characteristic of egg activation. The first was the “sperm 



13 

 

 

factor” theory stating that the activation was caused by some factor that was 

supplied by the sperm; and the second was the “receptor-based” theory stating the 

activation was caused by signal transduction stemming from receptor activation on 

the egg cell surface caused by the sperm binding (Amdani et al. 2015; Yeste et al. 

2017). The initial calcium wave at egg activation is released from internal stores in 

the endoplasmic reticulum (ER) via phospholipase C (PLC) mediated hydrolysis of 

phosphatidylinositol-bisphosphate (PIP2) (Runft et al. 2004; Santella et al. 2004; 

Machaty 2016; Sanders and Swann 2016). This hydrolysis yields diacylglycerol 

(DAG), which remains in the membrane, and inositol triphosphate (IP3), which 

binds to the IP3 receptor on the ER to release the Ca2+ stores. Up to this point, the 

pathway appears to be well conserved in most organisms, including mammals and 

echinoderms; however, the origin and which isoform of PLC that hydrolyzes PIP2 

and activation mechanism of PLC varies depending on the species (Figure I.1). 

PLCs are a family of enzymes consisting of six main isoforms, β, γ, δ, ε, η and ζ, 

responsible for cleaving different phospholipids. These enzymes vary in their 

make-up but are primarily comprised of at least five domains, the pleckstrin 

homology domain, EF-hand motifs, the X and Y domains, and the C2 domains 

(Colin and Vines 2020).  
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Figure I.1. Depiction of known signaling cascades at fertilization in different organisms. 
Part of the molecular cascade leading to the vital Ca2+ release has been 
mapped out in several animal models. PLC mediated hydrolysis of 
phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and 
inositol triphosphate (IP3) allows IP3 to open the Ca2+ channels in the ER 
allowing for the calcium wave to flow throughout the cell, activating the 
permanent block to polyspermy and restarting the mitotic cycle. (A) In the 
mammalian egg, the sperm is acrosome reacted at the zona pellucida then 
binds and fuses with the egg membrane where PLCζ is exogenously 
delivered. The mechanism which activates PLCζ is currently unknown. (B) 
In echinoderms, endogenous PLCγ is activated by two SFKs after a signal 
from the surface. (C) In Xenopus, the SFK that activates PLCγ is Xyk and 
may be PLCγ SH2-domain independent.  
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In mammals, phospholipase C ζ (PLC) is supplied from the sperm cytosol 

following sperm-egg fusion and produces IP3 in the egg (Figure I.1A) (Stricker 

1999; Kashir et al. 2014; Sanders and Swann 2016; Swann and Lai 2016). This 

isoform is the only one that does not have the pleckstrin homology domain (Colin 

and Vines 2020). Recently, a controversial study was published in which PLCζ-null 

mice have shown that while the rate of successful fertilization drops dramatically 

and the eggs exhibit aberrative Ca2+ wave and oscillations, some eggs have been 

able to activate when fertilized, suggesting a PLCζ-independent alternative egg 

activation (Hachem et al. 2017; Satouh and Ikawa 2018; Anifandis et al. 2019).  

 In ascidians and echinoderms, PLCγ is responsible for the calcium release at 

fertilization (Carroll et al. 1997; Jaffe et al. 2001; Runft et al. 2004; Mcginnis et al. 

2011). PLCγ is unique amongst its family of other PLCs as it possesses additional 

domains, tandem SH2 domains and an SH3 domain, that play a critical role at 

fertilization (Giusti et al. 1999). PLCγ is endogenous to the egg and is activated to 

hydrolyze PIP2 at fertilization when phosphorylated tyrosine residues of Src-family 

kinases (SFKs) interact with the SH2 domains of PLCγ (Figure I.1B) (Abassi et al. 

2000; Jaffe et al. 2001; Mcginnis et al. 2011). Src-family kinases (SFKs) are a 

group of non-receptor tyrosine kinases that are essential in various signal 

transduction pathways (Sen and Johnson 2011). SFKs are structurally conserved, 

containing a kinase domain, an SH2, SH3, and SH4 domain, as well as a unique 
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domain which varies among the SFKs; most likely driving the difference in 

function amongst the members of the family (Sen and Johnson 2011; Amata et al. 

2014; Siveen et al. 2018).  

 Xenopus eggs also appear to be activated through the action of PLCγ, which 

is stimulated by a tyrosine kinase called Xyk (Sato et al. 1999; Iwao 2000; Sato et 

al. 2000). However, when eggs were injected with PLCγSH2 domains, which 

inhibit the activation of endogenous PLCγ, the eggs were still able to activate 

(Runft et al. 1999; Iwao 2000; Sato et al. 2006). This indicates PLCγ activation 

may be SH2-independent in Xenopus, and achieved through another mechanism, 

unlike ascidians and echinoderms (Figure I.1C). Any other possible activation 

pathways in this organism have yet to be determined.  

 As previously described, only a handful of the most likely very complex 

pathway of fertilization has been elucidated; in particular, the events that happen at 

the surface of the gametes that mediate this process are even more poorly 

understood.  

AT THE SURFACE 

THE EGG CELL SURFACE STRUCTURE 
 The egg cell surface remains one of the most poorly understood areas in cell 

biology, despite the advances in molecular techniques in the last 50 years that 
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drove an exponential increase in acquiring molecular information about many 

somatic cell membranes. This paucity of knowledge is not due to a lack of effort, 

but a reflection of diverse and temperamental systems due, in part, to the 

evolutionary divergence of many of the proteins needed for gamete recognition, 

binding, fusion, and activation (Clark et al. 2009). Such a high evolutionary rate of 

change is a contributor to species variation, which is necessary for diversity; 

however, this also makes it challenging to find the universal elusive membrane 

orthologs that are critical for fertilization (Wilburn and Swanson 2016). In fact, 

given the long-term interest in fertilization mechanisms, particularly within 

echinoderms, our understanding of the molecular signaling cascade at the moment 

when the sperm and egg meet remains surprisingly meager, but is beginning to gain 

more traction as technology and techniques continue to improve. While the proteins 

that activate the egg have not yet been identified, progress has been made toward 

understanding the lipid makeup of the egg cell surface. These advances serve as a 

new direction in ascertaining the proteins, or more likely the protein complex, 

which activates the egg at fertilization. 

When it comes to the membranes of the gametes, more specifically the egg, 

the organization can vary significantly. The distinctive makeup of the egg 

membrane serves to help facilitate fertilization in different organisms. In mammals, 

eggs have two distinct sections; one that is rich in microvilli and one area that is   
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located over the chromosomes arrested in metaphase that is absent of microvilli 

(Runge et al. 2007). The microvilli appear to play an essential physiological role in 

fertilization. CD9 and CD81 are tetraspanin proteins located on the microvilli of 

these eggs, and are thought to aggregate in areas called tetraspanin enriched 

microdomains (TEM) (Charrin et al. 2014; Klinovska et al. 2014). These proteins 

play a role in giving structure and shape to the microvilli, making them long and 

fingerlike, much like microvilli found in other body systems, like the intestines. 

When CD9 is knocked out, the microvilli of the eggs are short and fat, and 

sometimes are even missing altogether, which impairs the success of sperm binding 

(Runge et al. 2007; Jégou et al. 2011). When both CD81 and CD9 are knocked out, 

the egg becomes entirely infertile, suggesting they play a compensatory role 

(Sabetian and Shamsir 2017).  

Xenopus eggs have a similar membrane makeup in which they possess an 

animal half where the sperm will bind for fertilization (Jaffe 1996). Echinoderm 

egg membrane polarization, on the other hand, has not been found, and sperm are 

thought to be able to bind anywhere on the egg surface (Jaffe 1996). Specialized 

membrane structures called lipid rafts, which may be analogous to the mammalian 

TEMs, have been discovered in sea urchin and Xenopus eggs and may be critical 

for successful fertilization (Belton et al. 2001; Sakakibara et al. 2005; Kawano et 

al. 2011). Lipid rafts are areas of lipid order that are enriched with cholesterol and 
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composed of sphingolipids and signaling proteins, and are insoluble in nonionic 

detergents (Simons and Toomre 2000; Pike 2006; Levental and Veatch 2016). In 

sea urchins and Xenopus, Src-type proteins, PLCγ, and other uncharacterized 

proteins were found in the insoluble section of membrane isolation, which further 

supports the idea that lipid rafts are functional in fertilization (Belton et al. 2001; 

Hasan et al. 2005). Treatment with methyl-β-cyclodextrin (MβCD), which disrupts 

cholesterol distribution in the membrane and, therefore, lipid raft structure, was 

shown to lower successful fertilization in a dose-dependent manner supporting the 

concept that these lipid rafts are critical to successful fertilization (Belton et al. 

2001).  

SIGNAL TRANSDUCTION AT THE SURFACE 
During the events of fertilization in mammals, the sperm first undergoes 

capacitation, then as it nears the egg it interacts with the zona pellucida, which is a 

barrier for species-specificity as well as initiating the acrosome reaction which 

allows the sperm to penetrate the ZP, and bind and fuse to the egg cell surface to 

create a diploid organism. At the surface of these gametes, only a few proteins 

involved in these processes have been discovered. The sperm protein Izumo1 and 

egg protein Juno have been identified as binding partners (Inoue et al. 2005; 

Bianchi et al. 2014; Bianchi and Wright 2015), whose interactions are considered 

to be critical for successful fertilization at the level of binding and potentially 
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fusing, but not activation of the calcium release (Kato et al. 2016; Ohto et al. 2016). 

Once the egg is fertilized, Juno is released from the surface in vesicles rather than 

endocytosed (Aydin et al. 2016; Satouh and Ikawa 2018). It is hypothesized that 

these Juno enriched vesicles are shed in an effort to generate “phony eggs” that 

bind free acrosome reacted sperm, serving as another potential mechanism to 

garnish a more robust block to polyspermy (Bianchi et al. 2014; Satouh and Ikawa 

2018).  

Other mammalian sperm and egg proteins have been found, such as “a 

disintegrin and metalloproteinases” (ADAMs), sperm equatorial segment protein 1 

(SPESP1), cysteine-rich secretory protein 1 (CRISP1), and integrin α6β1; however, 

their exact roles in fertilization are unclear or primarily performing other functions 

outside of binding or fusing with the egg, such as preparing the sperm or other 

proteins for fertilization (Table I.1) (He et al. 2003; Kim et al. 2006; Da Ros et al. 

2008; Sosnik et al. 2009; Fujihara et al. 2010; Zheng et al. 2015; Sabetian and 

Shamsir 2017; Weigel Muñoz et al. 2019).  

In Xenopus, Uroplakin III, an egg cell surface protein in the tetraspanin 

family, has been proposed as a molecule necessary for fertilization (Sakakibara et 

al. 2005). This protein, which appears to localize to an egg membrane lipid raft, 

may become phosphorylated by a Src-family kinase at fertilization, although it does  
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Table I.1: List of proteins originally thought to be critical for successful fertilization 
but experimentation showed that they may be indirectly involved at 
fertilization 
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not appear to be linked directly to PLC-mediated calcium release making its 

function still unclear (Hasan et al. 2005; Sato et al. 2006; Hasan et al. 2014). 

Egg cell surface proteins necessary for fertility have also been discovered in 

a genetic screen in Caenorhabditis elegans (Kadandale et al. 2005). These 

molecules, EGG1 and EGG2, contain multiple LDL receptor extracellular domains, 

a transmembrane domain, and a minimal cytoplasmic domain, suggesting a limited 

role in signaling (Kadandale et al. 2005; Oren-Suissa and Podbilewicz 2007). Their 

function, however, has not been fully elucidated, and their role within sperm-egg 

interaction is still conflicted (Stein and Golden 2018). 

In echinoderms, only two proteins have been identified to be essential 

during fertilization. A sperm protein named Bindin was identified to be critical for 

sperm binding to sea urchin egg receptor Egg Bindin Receptor 1 (EBR1) (Glabe 

and Vacquier 1978; Kamei and Glabe 2003; Vacquier 2012; Hart 2013). Much like 

Izumo1 and Juno, there is no evidence to suggest that EBR1 could initiate the 

signaling pathway that leads to the calcium wave, nor facilitate sperm-egg fusion. 

Rather, it appears that this molecule functions as an species-specific barrier as well 

as egg cell-surface binding protein for sperm (Evans and Sherman 2013).  

Overall, there have been several membrane proteins that have been 

discovered on both gametes that are necessary for efficient and effective 

fertilization; however, most of these are not directly responsible for the binding, 
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fusion, or activation of the signaling cascade leading to the calcium release (Table 

I.2).  

SUMMARY 

 It is clear that fertilization is a unique and complicated process that is 

exceptionally diverse across all organisms. In humans, infertility affects 

approximately twelve percent of the population as of 2013 (Kessler et al. 2013). 

When an infertile couple seeks medical assistance, the male is subjected to a semen 

analysis that evaluates the number, viability, and morphology of the sperm, 

whereas, for the female, testing involves evaluation of the female reproductive 

hormone levels and the health of the uterine lining and fallopian tubes. In the 

analyses for both men and women, essentially only the physiological aspects of 

reproduction are examined, while there is no evaluation of the molecular 

components of fertilization. Of these infertile couples seeking medical assistance, 

approximately twenty-five percent are classified as having ‘unexplained infertility,’ 

as they are considered healthy in every aspect of reproduction as determined by the 

currently available diagnostic tests (Royal College of Obstetricians and 

Gynaecologists 2013). Currently not considered when testing for infertility, is the 

molecular phenotype of the immature egg (oocyte) or the mature egg. This is  

  



24 

 

 

 

  

Table I.2: List of known proteins that are critical and directly necessary for the 
calcium release in different model organisms. 
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because our knowledge of the molecules involved at sperm-egg binding, fusion, 

and activation, as described in previous sections, is extremely limited.  

 The research reported in this dissertation seeks to expand the knowledge of 

the molecules involved in fertilization at the cell surface level using the sea star, 

Patiria miniata, as a model organism (Figure I.2). In particular, the sea star has 

been invaluable for understanding the regulation of the cell cycle in early embryos 

and in examining the mechanism of the propagation of calcium waves. Sea stars 

broadcast spawn, meaning that fertilization naturally takes place in vitro, which 

allows for ease of manipulating the events of fertilization. The eggs are large and 

nearly transparent, which is beneficial for the microscopic visualization of 

development and performance of techniques such as microinjections. Additionally, 

the genome of the sea star is less complicated than other model organisms, 

containing fewer duplications and isoforms than other organisms. Sea stars are also 

low maintenance and low cost to care for while also providing a large volume of 

meiotically synchronized oocytes, which is an excellent benefit in discovery-based 

experiments. The overall goal of this dissertation is to identify egg cell surface 

proteins that can be examined for a role in sperm-egg binding, fusion, and the 

initiation of signaling using two independent but complementary strategies. This 

work will take advantage of several new experimental avenues not previously 

available: 1) the development of a reliable method to label and purify egg  
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Figure I.2: The sea star Patiria miniata egg in different stages. (A) The immature 
oocyte, as indicated by the presence of the germinal vesicle. (B) Once the 
germinal vesicle breaks down, the egg becomes mature. (C) Newly 
fertilized egg, as indicated by the elevation of the fertilization envelope. (D) 
Four cell zygote stage.  

 



27 

 

 

membrane proteins via biotinylation, and 2) the availability of a searchable egg 

transcriptome. Since very little is known about the cell surface of sea star eggs, the 

identification of membrane proteins will be a significant contribution to the field 

and will allow for an exploration of the changes that occur at the surface prior to 

and during fertilization.   
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CHAPTER II: DEVELOPMENT OF A MEMBRANE PROTEOME OF THE SEA 
STAR MATURE EGG 

INTRODUCTION 

There are inherent challenges to studying gametes because they are an 

incredibly unique cell type that are quite different from somatic cells. Eggs, in 

particular, are equipped to deal with a range of extremely stressful events – from 

cell fusion, re-activation of the mitotic cycle, to the rapid cellular divisions that are 

necessary for creating a genetically distinct organism. All of these events are set 

into motion at fertilization. To facilitate rapid cell division after fertilization, egg 

cells use stored maternal mRNA to rapidly translate proteins to support cell 

division and growth without de novo transcription. As the rapidly dividing zygote 

approaches the mid-blastula stage, it begins to switch to the new zygotic genome 

(Schier 2007; Baroux et al. 2008; Langley et al. 2014). This phenomenon, called 

the maternal to zygotic transition (MZT), is one of the main reasons that studying 

fertilization at the molecular level has been so challenging. With so many 

transcripts present and ready for the early embryonic rapid cell divisions, it is 

difficult to distinguish between which represent proteins that are necessary for 

fertilization, and those which are needed for embryonic events.  
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The initial signaling cascade that occurs during gamete interaction has only 

been partially elucidated, with many aspects not yet identified. One of the primary 

unknown areas of focus are which proteins are utilized on the egg cell membrane 

during those first few moments of fertilization. One way to address this challenging 

problem is to create a comprehensive database of all of the genes transcribed in the 

mature egg. The annotation of the mature egg transcriptome can provide the 

opportunity to parse these transcripts into specific groups to further narrow the 

scope of which transcripts are necessary at the moment of fertilization and which 

are more critical for the following stages of development.  

While a handful of egg cell membrane proteins have been identified in 

different model systems, the membrane proteome of a mature egg cell has not yet 

been described (Table I.1, I.2). The role of the plasma membrane at fertilization is 

highly specialized and dynamic. It not only has to bind and fuse with the sperm and 

transduce a signal rapidly from the sperm, but it must also undergo physiological 

changes in order to prevent polyspermy. Different membrane protein families have 

been proposed as candidates for these specific processes, including tetraspanins, 

GPI-anchored proteins, and integrins (Evans 2012). However, other major 

membrane signaling protein families, such as receptor tyrosine kinases (RTKs), G-

protein-coupled receptors (GPCRs), or a disintegrin and metalloproteinases 
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(ADAMs), should also be considered as they play major signaling roles in other 

cell types. 

Recently, the transcriptome of the mature Patiria miniata egg was 

sequenced, assembled, and published on the National Center for Biotechnology 

Information (NCBI) database (BioProject ID: PRJNA398668). Invertebrates, 

including the sea star and other echinoderms, have been very valuable as model 

systems for discovering some of the extracellular and intracellular molecular 

mechanisms mediating the initial moments of fertilization. By focusing on 

annotating transcripts that code for membrane proteins, a more directed, organism-

specific approach can be applied using biochemical approaches to identify potential 

fertilization-necessary proteins. Additionally, to further characterize this in silico 

membrane proteome, the proteins present in the unfertilized egg were isolated from 

the egg cell membrane and subjected it to mass spectrometry for identification. The 

accession numbers found were compared to those found bioinformatically with the 

topological prediction and the five signaling families. By doing this, the transcripts 

can be categorized into those present at fertilization, and those needed before the 

MZT.  

In this chapter, four different methods are described to identify the 

membrane transcriptome, with a particular focus on five specific membrane protein 

families that are typically involved in signaling: 1) the a disintegrin and 
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metalloproteinases (ADAMs); 2) the integrins; 3) the G-protein coupled receptors 

(GPCRs); 4) the receptor tyrosine kinases (RTKs); and 5) tetraspanins. 

First, using two different membrane protein prediction tools, TMHMM and 

Phobius, a topological approach is used to predict transmembrane alpha-helices and 

signal peptides to generate an in silico membrane proteome (Krogh et al. 2001; 

Käll et al. 2004; Käll et al. 2007). Second, protein sequences from well-annotated 

model systems (like Homo sapiens) are used to probe the transcriptome for 

homologous sequences. Third, transcripts were identified based on the possession 

and arrangement of specific domains that are characteristic of the five protein 

families of interest. Fourth, mass spectrometry was performed to identify the global 

membrane proteome in the unfertilized egg. These four methods will complement 

each other to allow for a broad look at the potential membrane signaling proteome 

and will be a valuable tool to characterize the membrane of the egg as a whole.  

The novel databases generated here will provide a comprehensive and 

highly classified look at the egg cell membrane, which will lead to a significantly 

more focused approach in identifying critical proteins in fertilization. 
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METHODS AND MATERIALS 

OOCYTE COLLECTION 

Sea stars, Patiria miniata, were collected and shipped overnight by Marinus 

Scientific, LLC in Long Beach, California. The animals were maintained in a re-

circulated natural sea water tank at 16°C in the Florida Tech aquaculture lab. 

Ovaries were removed through a 3 mm hole made by a punch biopsy tool in the 

aboral side of the sea star and placed in a 50 ml beaker filled with sea water. 

Oocytes were released by mincing the ovary with spring microdissection scissors 

and then separated from the ovary pieces by gravity. The oocytes were resuspended 

and poured through a 210 µm nylon mesh filter to remove remaining ovary 

contaminants. Oocytes settled by gravity and the seawater was replaced with 

filtered natural sea water (FNSW). This washing process was performed three 

times. A small aliquot of oocytes was checked via brightfield microscopy for a 

spherical shape and size range of 180 – 190 µm in diameter. 

MATURATION OF OOCYTES 

 A 10% v/v of oocytes were added to a 50 ml beaker in FNSW. Maturation 

was initiated with 3 µM 1-methyladenine. The beaker was swirled to resuspend the 

oocytes every 5 minutes for approximately 40 minutes. A small aliquot was 
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removed to check for germinal vesicle breakdown, which indicated that the eggs 

were mature. Once 95% were mature, the eggs were washed four times in FNSW 

and re-suspended to 10% v/v. Eggs were aliquoted into 1 ml samples in a 

microcentrifuge tube and briefly centrifuged on a table-top centrifuge to 

concentrate eggs. The supernatant sea water was removed, and the eggs were flash 

frozen in liquid nitrogen and stored at -70°C. 

RNA ISOLATION 

 RNA was isolated from approximately 1mg of mature unfertilized egg 

samples using the Thermo Scientific GeneJET RNA Purification Kit (#K0731) 

following the “Mammalian Cultured Cells Total RNA Purification Protocol”. 

Purified RNA concentrations of approximately 0.04 µg/µl were verified with a 

260/280 ratio between 2.00 to 2.02 using a spectrophotometer. RNA quality was 

also assessed visually by agarose gel electrophoresis. 

DE NOVO TRANSCRIPTOME SEQUENCING AND ASSEMBLY 

 Independent RNA samples prepared at different times from unfertilized 

eggs from three different females were sent to Novogene (Novogene Corporation 

Inc., Sacramento, CA) for library preparation, sequencing and assembly. Upon 

receiving the samples, Novogene performed in-house quality checks prior to library 
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preparation. Library construction was performed by enriching for mRNA and 

performing cDNA synthesis which included the ligation of sequencing adapters. 

Quality check of the PCR products library was performed using the Agilent 

Bioanalyzer 2100 system. A cBot Clustering System using PR Cluster Kit cBot-HS 

(Illumina) was used to cluster the samples prior to being sequenced. Paired-end 

reads were generated using Illumina HiSeq Platform.  

The raw sequences were processed to remove any adapter contamination, 

reads containing poly-N, and low quality reads. Assembly was then performed 

using Trinity version r20140413p1 with min_kmer_cov set to 2 by default and all 

other parameters set default (Grabherr et al. 2011). Hierarchical Clustering was 

performed to remove redundancy using Corset version v1.05 with parameter set to  

-m 10 (Davidson and Oshlack 2014). The longest transcripts of each cluster were 

selected as unigenes. Novogene reported approximately 105,191 unigenes as 

representing the mature unfertilized egg transcriptome.  

The unigenes were then submitted to National Center for Biotechnology 

Information’s (NCBI) Transcriptome Shotgun Assembly (TSA) database in 

GenBank according to the TSA submission guidelines (Clark et al. 2016). NCBI’s 

contamination screen and trimming requirements paired down the 105,191 

sequences to 96,723 sequences which are published with the master TSA record as 
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GGEY00000000.2 (SRA run accessions SRR6054712, SRR8926376, and 

SRR8926377) under BioProject PRJNA398668 (Bates et al. 2019). 

TRANSCRIPT ANNOTATION  

ANNOTATION CRITERIA 
 Criteria were established in order to assign an identity for each transcript. 

Three different databases (Swiss-Prot, non-redundant, and RefSeq) were searched 

using different programs from the Blast suite on NCBI with the following proteins 

sequences as queries: 1) SFK3 (AAS01047); 2) SFK1 (AAS01045); and 3) PLC-

gamma (AAR85355) (Altschul et al. 1990). These proteins were chosen because of 

their known involvement at fertilization (Wiseman et al. 2018). Choosing the best 

match based on E-value, query coverage, and percent identity, the criteria were set 

as 50% query coverage, 30% identity, and an E-value less than 1E-5. When a 

transcript is identified, the open reading frame (ORF) is determined and submitted 

to BlastP against the RefSeq database, if the above criteria are met, a putative 

identity is assigned to that transcript. 

 As with any de novo transcriptome assembly, the lack of a reference 

genome greatly increases the likelihood of duplication or of sequencing errors. The 

main errors observed in this transcriptome are redundancy, incompleteness, and 

fragmentation (Figure II.1). It is possible that the special cases found while  
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Figure II.1: Description and examples of the three special cases identified within the 
transcriptome. 
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performing this investigation may represent a real transcript present in the egg 

rather than an error; however, until biological analysis is performed to confirm that, 

they are counted amongst the special cases documented here.  

In this project, redundancy is defined as two or more transcripts found in 

BioProject 398668 that exhibit at least 98% identity against the shortest transcript 

in that group. This was established by aligning the ORF of transcripts that most 

closely represented the established proteins for the sea star on NCBI (listed above) 

(Hibberd et al. 2016; Hsieh et al. 2019).  

Incompleteness can be exhibited in two different manners; first, when the 

most appropriate ORF runs off the transcript, lacking a stop codon. This error is 

most often caused when the entire mRNA is not represented, or there was a 

sequencing error where the proper stop codon was located. The second form of 

incompleteness is defined when a transcript possesses a full closed ORF in a 

transcript; however, the stop codon may represent early termination as it appears to 

be either a redundant truncated version of another transcript or the six-frame 

translation of the frame the ORF matches outside of the incomplete ORF.  

Fragmentation is similar to incompleteness as the transcripts only represent 

a portion of the best matching protein. The main difference is that when the open 

reading frames are stacked and then aligned to the best matching protein found 

using BlastP, it is apparent that the transcripts are most likely representative of the 
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entire protein, but due to a sequencing error, were fragmented into two or more 

different transcripts.   

TOPOLOGICAL APPROACH  
Prior to topological prediction, the sea star mature egg transcriptome was 

first subjected to NCBI’s ORFfinder program and all of the longest ORFs were 

compiled to a new list. This list of ORFs was then subjected to two different 

transmembrane protein prediction softwares, TMHMM and Phobius (Krogh et al. 

2001; Käll et al. 2004; Käll et al. 2007). Any accession numbers that were found in 

both programs were compiled to a new list. Accession numbers with identical 

protein sequences were counted only once.  

THE ‘OUTSIDE-IN APPROACH’ 
This method, termed here as ‘outside-in’, uses known membrane proteins 

from specific families from other organisms that have been manually reviewed, 

annotated, and published by UniProt; which is a large protein database curated by 

the European Bioinformatics Institute (EMBL-EBI) and the Swiss Institute of 

Bioinformatics (SIB) (The UniProt Consortium 2019). To determine whether a 

possible orthologue is present in the sea star transcriptome, a protein sequence the 

UniProt database is used to search the transcriptome TSA record using tBlastn 

(Bates et al. 2019). The highest matching transcripts are recorded along with the 

query cover, percent identity, and E-value. The putative identity of these sequences 
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were determined using ORFfinder followed by BlastP against the non-redundant 

protein database of NCBI.  

THE ‘INSIDE-OUT’ APPROACH 
The ‘inside out’ approach, uses the P. miniata transcriptome itself to 

identify membrane proteins. To do this, a six-frame translation was generated using 

CLC Main Workbench to create a conceptual proteome of 580,338 sequences 

(CLC Genomics Workbench, version 8.1.3). 

The conceptual proteome was then queried for conserved domains using the 

NCBI Batch Web CD-Search Tool (Marchler-Bauer and Bryant 2004; Marchler-

Bauer et al. 2011). This tool searches each sequence of the pseudo-proteome and 

identifies any conserved domains (CD) present and reports them in a separate 

document (Lu et al. 2020). Of the 580,338 sequences submitted to the CD database 

tool, 59,395 conserved domains, either belonging to a superfamily or a specific hit, 

were identified in the P. miniata egg transcriptome. A specific hit indicates that the 

search tool identified an area of the sequence that matched to a recorded domain 

and met minimum E-value requirements dictated by the search tool (E-value  

> 0.01). A superfamily hit indicates to which domain cluster a specific hit belongs.  

A subset list of transcripts with potential membrane domains was generated 

by searching the P. miniata CD database using any NCBI’s conserved domain 

database entries that represented a transmembrane region or were a part of protein 
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that was predicted to be a transmembrane protein. From the 59,395 CDs found in 

the P. miniata CD database, 3,940 represented domains relating to the membrane. 

Once redundancy (one line per transcript ID representing one or more type of 

domain found), superfamilies, and cytoplasmic membrane domains were removed, 

816 transcript IDs were left. If belonging to one of five families previously listed, 

the transcript IDs were removed and analyzed, as previously stated.  

ISOLATION OF THE UNFERTILIZED EGG CELL MEMBRANE  

 Egg cell membranes were isolated by lysing unfertilized eggs in Buffer P 

(50 mM HEPES, 250 mM KCl, 5 mM EGTA, 1 mM EDTA, 1 mM Na3VO4, 

10 mM NaF, 1 mM PMSF, 1x Protease Inhibitor Cocktail III (EMD Millipore Corp 

#539134) with a 21 gauge needle. Lysis of eggs was confirmed via microscopy. 

The samples were then centrifuged for 30 minutes at 150,000 xg at 4ºC. The 

supernatant contained the cytosol and was removed, and the resulting pellet 

contained the membrane fraction. This pellet was then lysed in a RIPA buffer 

(50 mM HEPES, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 10 mM Na3VO4, 

10 mM NaF, 1x Protease Inhibitor Cocktail III, 1% Triton-X 100, 0.1% SDS, 

0.5% sodium deoxycholate) using a 27 gauge needle then incubated on ice for 

30 minutes. All steps were performed on ice.  
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IDENTIFICATION OF PROTEINS FROM UNFERTILIZED EGG SURFACE  

 Membrane samples meant for identification were sent to the University of 

Florida Mass Spectrometry Research and Education Center (Gainesville, FL). The 

samples were first run on a pre-cast 10% SDS-PAGE clean up gel to remove any 

detergents, washed three times with water, fixed with a fixing solution 

(50% methanol, 7% acetic acid), washed three times, then stained with a 

Coomassie Stain Gel Code Blue (ThermoScientific #24590). The bands were 

excised and cut into small pieces before being added to an Eppendorf tube. A 

solution of 5% acetic acid was added to cover the pieces of gel before being sent to 

be processed at University of Florida Mass Spectrometry Research and Education 

Center. All solutions were made in HPLC-grade water. At the mass spec facilities, 

the samples were subjected to an in-house in-gel digestion with trypsin protocol, 

then loaded onto Nano-HPLC system interfaced to ThermoFisher Q Exactive HF 

Orbitrap LC-MS/MS. Peptide spectrum matching was performed against a 6-frame 

translation of the P. miniata transcriptome (NCBI BioProject 398668). 

 To determine the potential identity and function of the proteins found in the 

mass spec samples, conserved domains were first used. Much like the “Inside-Out” 

method, any accession number found in the mass spec was pulled out of the CDD 

and manually reviewed. Any transcript with a domain that represented a potentially 
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interesting function was submitted to NCBI’s ORFfinder and the subsequent 

longest ORF was queried against the NCBI non-redundant and Swiss-Prot database 

using BlastP (Altschul et al. 1990). If the criteria for homology were met, the 

matching identity in the UniProt database was used to assess the Gene Ontological 

(GO) assignment for molecular function or biological process and cellular 

component (Gaudet et al. 2009). In some cases, proteins localized to multiple 

cellular components. The most likely localization based upon prior studies was 

chosen for inclusion in the tables. 

RESULTS AND DISCUSSION 

The mature egg transcriptome of the sea star, Patiria miniata, was recently 

published on NCBI (BioProject accession: PRJNA398668) and uses of the database 

have been published (Wiseman et al. 2018; Bates et al. 2019). This database is 

comprised of 96,723 unigene transcripts determined after three rounds of RNA-

sequencing, each from a unique female. Four different methods were implemented 

to identify sequences that may potentially code plasma membrane proteins, 

generating a database of potential proteins to examine for signaling at fertilization 

(See appendices A-E, this study). 1) The topological approach uses two different 

membrane prediction softwares to predict potential transmembrane domains across 

the entire transcriptome. 2) The ‘outside-in method’ used existing proteins well-
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studied animal model systems to probe the transcriptome orthologous sequences 

(Bates et al. 2019). 3) The ‘inside-out’ method uses the conserved domain database 

developed from the transcriptome itself as a means of identifying potentially 

homologous proteins of a particular family (Figure II.2). 4) Mass spectrometry was 

performed on a membrane preparation from unfertilized mature eggs.  

Open reading frames from any identified P. miniata transcript sequences 

were determined using NCBI’s Open Reading Frame Finder (ORFfinder). 

Generally, the identity of the amino acid sequence from the longest ORF (with 

some exceptions where noted) was determined in the NCBI RefSeq database using 

BlastP (Wheeler et al. 2007). Five major membrane protein groups were selected to 

be the initial focus for this study: receptor tyrosine kinases, ADAMs, integrins, 

tetraspanins, and GPCRs. All of these groups have either been predicted to play a 

role in fertilization or are critical in other major signaling cascades, which makes 

them ideal targets for analysis.  

Because the identity and query cover scores for the reported transcripts can 

be very similar to each other while not being considered redundant, determining 

whether or not they are distinct isoforms, splice variants, or represent a sequencing 

error would be difficult to resolve without further experimentation. The identity for  
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Figure II.2: Description of the two methods used to identify transcripts 
that may code for a protein within the five membrane 
signaling families. 
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each transcript currently listed in Appendices A – E and Tables II.3-7 reflect the 

BlastP top result once the ORF of the transcript was searched against the RefSeq 

database.  

COMPREHENSIVE TOPOLOGY IDENTIFICATION 

The 96,723 unigenes found in the sea star transcriptome were first subjected 

NCBI’s ORFfinder program and the longest ORFs of each transcript were added to 

a new file. Transmembrane alpha helices within these ORFs were predicted using 

two different prediction programs to create a database of potential membrane 

proteins. Both programs predicted 22,607 ORFs possessed at least one alpha helix. 

Of those, 15,501 ORFs were found in both programs, 4256 were found only using 

Phobius, and 2850 were found only using TMHMM (Figure II.3A). Any transcripts 

that had identical ORFs were removed from the counts which then left a total of 

14,490 ORFs predicted to be transmembrane proteins. Proteins possessing a single 

alpha-helix were the most prevalent with a total of 9744 ORFs identified (Figure 

II.3B). The second largest grouping was the 2237 ORFs that possessed two 

membrane passes. All of these transmembrane predictions include all potential 

membrane proteins for the entirety of the cell, including the plasma membrane and 

all internal membranes.  
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Figure II.3: Graphical representation of the number of transcripts returned after 
the ORFs from the transcriptome were submitted to two alpha-
helical predicting programs. (A) The raw numbers representing the 
overlap between the two programs. (B) The 14,490 ORFs were then 
categorized based on the number of helices present per ORF. Any 
identical protein sequences were only counted once. 
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REPRESENTATION OF THE FIVE SIGNALING PROTEIN FAMILIES 

There are several studies that support the hypothesis that a variety of 

proteins are working together as a unit, or signalosome, and that over time, the egg 

and sperm have built redundancies into their systems that can help rescue their 

ability to create a zygote should a particular gene or protein be knocked out. To 

attempt to address this, several families of signaling membrane proteins, RTKs, 

tetraspanins, integrins, GPCRS, and ADAMs, were identified in the mature egg 

transcriptome (Table II.1). These families have either been predicted to play a role 

in initial gamete signaling, or they play a prominent role in other signaling systems 

that could indicate a potential role in those initial moments of fertilization.  

RECEPTOR TYROSINE KINASES 
 Receptor tyrosine kinases (RTKs) are a diverse group of membrane 

receptors that initiate signaling processes in many different cell types. They are 

involved in early embryonic development and differentiation, as well as drive cell 

proliferation and growth, and when functioning aberrantly, are implicated in a 

variety of cancers (Blume-jensen and Hunter 2001; Lemmon and Schlessinger 

2010; Ségaliny et al. 2015). Currently, there are 58 human RTKs that fall into 20 

subfamilies that vary primarily in the extracellular receptor domain (Robinson et al. 

2000; Hubbard and Miller 2007). The genome of both Drosophila and the sea  
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Table II.1: Number of transcripts found using the individual methods as well as 
the total number of potentially unique protein sequences, which 
takes into account the special cases previously described.  
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urchin encode 20 RTKs across 11 and 17 of the described human subfamilies, 

respectively (Lapraz et al. 2006; Mele and Johnson 2020). The C. elegans genome 

encodes 40 RTKs across 10 of the human subfamilies, as well as 16 members of a 

worm specific RTK family called the KIN family and 11 unclassified members 

(Plowman et al. 1999).  

While they are a diverse group of signaling molecules, they maintain a 

conserved structure, consisting of a cytoplasmic tyrosine kinase, a single alpha-

helical transmembrane domain, and an extracellular receptor. The composition of 

the extracellular domain is the primary determinant of RTK diversity and 

functionality (Lemmon and Schlessinger 2010). Although the method of activation 

varies between the RTK families, they are all ligand-mediated dimerizing receptors 

that have at least one cytoplasmic tyrosine kinase domain that primarily undergoes 

autophosphorylation upon ligand binding and activation (Hubbard et al. 1998; 

Hubbard 2004).  

RTKs are known to create docking sites for proteins with SH2 and SH3 

domains upon activation to further activate downstream signaling, whether through 

catalytic activity or an adaptor role (Li et al. 1994; Pawson et al. 2001; Wagner et 

al. 2013). This SH2 interaction further supports RTKs as an appealing target to 

investigate at fertilization. No receptor tyrosine kinases have yet been implicated in 

the initial stages of fertilization; however, in silico analysis of the human sperm-
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egg protein-protein interactome found that RTKs are possible molecular players 

during those initial stages of gamete interaction (Sabetian et al. 2014). They are 

also necessary for development after fertilization, and many of them are likely used 

in the initial stages of rapid cell division and development prior to the MZT 

(Lapraz et al. 2006; Sopko and Perrimon 2013). 

The described methods of annotation found that 44 individual transcripts are 

present in the sea star egg that may code for an RTK. Taking into account the 

different errors found, the mature sea star egg has 28 unique protein-coding 

sequences that fall into 14 RTK subfamilies (Appendix A) (Lemmon and 

Schlessinger 2010). Surprisingly, the largest family was the TIE-receptor family, 

which has potentially eight different isoforms in the sea star. The likelihood of 

involvement of a RTK at fertilization is high because of the known role for Src 

family kinases and PLCγ in the sea star (Giusti et al. 1999; Ségaliny et al. 2015).  

TETRASPANINS 
The tetraspanins are a large family of integral membrane proteins that are 

characterized by spanning the membrane four times (Charrin et al. 2014; Lang and 

Hochheimer 2020). The four membrane passes generate two extracellular loops, 

one small (EC1) and one large (EC2), and a small single intracellular loop (Termini 

and Gillette 2017). The EC2 loop contains a conserved domain comprised of three 

helices and a variable domain that is stabilized by disulfide bonds, which 
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contributes to the unique functionality of each tetraspanin (Seigneuret et al. 2001). 

All animals, some plants, and even the amoeba Dictyostelium discoideum, express 

tetraspanins. In humans, 33 have been identified, 20 in C. elegans, 31 in Xenopus, 

and 37 in Drosophila (Huang et al. 2005; Termini and Gillette 2017). 

The tetraspanin family is widely expressed in all cell types, both tissue-

specific and ubiquitously, and members participate in the regulation of many 

critical biological processes, including the immune response, cell fusion and 

adhesion, proliferation and others (Tachibana and Hemler 1999; Huang et al. 2005; 

Levy 2014; Halova and Draber 2016). With participation in these critical life 

processes, it is  not surprising that aberrant expression or function of these proteins 

has been linked to disease phenotypes, including cancer development, progression, 

and metastasis (Zöller 2009; Hemler 2014).  

  Functionally, tetraspanins are classified as molecular scaffolds, 

contributing to the makeup and structure of the plasma membrane as well as 

particular domains deemed ‘tetraspanins enriched microdomains’ (TEMs). Despite 

not having any known catalytic activity or ligand binding ability, they are heavily 

involved in regulating cellular signaling, especially within TEMs (Hemler 2005; 

Termini and Gillette 2017). Much like lipid rafts, areas of increased sphingolipids 

and cholesterol giving the membrane rigidity and co-localize signaling molecules, 

TEMs are compartmentalized areas of the plasma membrane abundant in 
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tetraspanins that concentrate necessary cellular machinery for a variety of processes 

(Simons and Ikonen 1997; Calder and Yaqoob 2007; Yáñez-Mó et al. 2009). The 

tetraspanins within these domains operate as more than just a molecular scaffold. 

They can directly or indirectly interact with the proteins found in the TEMs and 

play an active role in adhesion-mediated, receptor-mediated signaling, and 

intracellular signaling. They are known to interact with proteins from the families 

under-investigation here, including integrins, ADAMs, GPCRs and RTKs 

(Boucheix and Rubinstein 2001; Adrain and Freeman 2014; Charrin et al. 2014; 

Termini and Gillette 2017). 

Two tetraspanins in particular, CD9 (TSPAN29) and CD81 (TSPAN28), 

have been found on the membrane of mammalian eggs, giving the egg microvilli 

their shape and possibly participating in the fusion of the gametes (Runge et al. 

2007). Both of these tetraspanins are involved in membrane fusion in a wide 

variety of other processes, including muscle cell fusion, viral membrane fusion, and 

exosome formation (Tachibana and Hemler 1999; Fanaei et al. 2011; Andreu and 

Yáñez-Mó 2014). Deletion of CD9 from the eggs significantly impaired the success 

of fertilization at the fusion step, as sperm were found to bind to the egg or 

congregate in the perivitelline space but could not progress farther (Kaji et al. 2000; 

Miyado et al. 2000; Le Naour et al. 2000; Inoue et al. 2011). The deletion of CD81 

in the egg also showed a reduced ability to fertilize successfully, but significantly 
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less dramatically than the deletion of CD9 (Rubinstein, Ziyyat, Prenant, et al. 2006; 

Primakoff and Myles 2007). The mechanics of how CD9 or CD81 facilitate fusion 

of the gametes is still under investigation, however, there is evidence in mammals 

that the EC2 domain is required and alteration of three specific residues in this 

domain hinders fusion competence (Zhu et al. 2002; Bhakta et al. 2019). 

 Recently, the mammalian egg was observed to be transferring membrane 

fragments to the surface of the sperm in the perivitelline space by two different 

methods, either by exosomes released from the surface of the egg or by a 

trogocytosis-like process (Barraud-Lange, Naud-Barriant, Bomsel, et al. 2007; 

Barraud-Lange et al. 2012). Trogocytosis is a process by which one cell acquires 

plasma membrane fragments, along with the associated proteins and cytosol, from a 

second cell (Dance 2019). Initially, the process was proposed to be necessary for 

the sperm to fuse with eggs because CD9 was one of the proteins transferred, and 

when incubated with sperm that been pre-incubated with CD9-positive exosomes 

from other eggs, CD9-null egg fusion was rescued (Miyado et al. 2008). These 

claims were later refuted as other labs were unable to replicate these results; 

however, it was confirmed that CD9 was part of the egg membrane fragment that is 

transferred to the sperm (Gupta et al. 2009; Barraud-Lange et al. 2012; Vyas et al. 

2019). The protein content and the mechanistic purpose of the membrane transfer is 

still under investigation; however, it is a unique, previously unknown process that 
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expands the possibilities of the molecular mechanisms facilitating egg activation 

and fertilization. 

In the sea star egg, 38 tetraspanin transcripts were identified, representing 

26 possible unique proteins that fall within 15 subfamilies of known tetraspanins. 

Orthologues of both CD9 and CD81 appear to be present, with one and two 

isoforms present, respectively (Appendix B). The largest of the subfamilies found 

is CD151 (TSPAN24), with potentially six isoforms present. CD151 has been 

found in mammalian eggs as well; however, its role in sperm-egg interaction is 

poorly understood (Wright et al. 2004; Evans 2012). Interestingly, two of the 

possible CD151 isoforms have a low identity match, all below 35%. While this 

meets the threshold required to consider it a homolog of CD151 in other animals, 

this low identity could be indicative a sea star specific isoform or of the high 

evolutionary pressure known to be exerted on some fertilization proteins (Swanson 

et al. 2003; Clark et al. 2009; Wilburn and Swanson 2016).  

INTEGRINS 
Integrins are a family of heterodimeric cell adhesion protein receptors 

composed of an α-subunit and a β-subunit that fall into four general functional 

groups: laminin binding, collagen binding, leukocyte integrins, and RGD-motif 

binding integrins. The α-subunit further groups the integrins by the presence or 

absence of a fairly well conserved ‘α-I domain,’ which contains a metal-ion-
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dependent adhesive site (MIDAS) (Humphries 2000; Barczyk et al. 2010; Lodish et 

al. 2013). Both subunits have a large extracellular domain, a single α-helical 

transmembrane domain, and the majority have a short cytoplasmic tail. The 

cytoplasmic tail of the β-subunit possesses a canonical phosphotyrosine-binding 

(PTB) recognition motif that may be utilized to order to regulate cytoplasmic 

integrin-protein interactions (Barczyk et al. 2010; Campbell and Humphries 2011). 

The subunits are  combinatorially diverse, meaning the β subunits can interact with 

multiple different α subunits, which allows them to bind multiple ligands (Lodish et 

al. 2013). These proteins are one of the major families within the cell-adhesion 

molecules (CAMs) that play an active role in detecting, regulating, and transducing 

signals from the surrounding environment to mediate cell proliferation, 

extracellular matrix attachment, and cell-cycle regulation among other processes 

(Takada et al. 2007; Lodish et al. 2013). Humans have the largest group of integrins 

in their genome with 18 α and eight β subunits. Xenopus have seven α and five β 

subunits, sea urchins have eight α and four β subunits, while both C. elegans and 

Drosophila have only two α and one β subunits (Whittaker et al. 2006; Takada et 

al. 2007).  

 Integrins have been the center of controversy over the last few years in the 

field of fertilization. They have long been thought to be integral during the gamete 

fusion process considering that cell-cell interactions are their primary function and 
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they are a binding partner for a class of proteins, ADAMs, already known to be 

located on sperm (Cho et al. 1998; Okabe 2018). Initially, a sperm ADAM 

heterodimer was identified and named Fertilin α /Fertilin β, which possessed a 

predicated integrin-binding domain that appeared to be imperative to successful 

fertilization (Blobel et al. 1992; Wolfsberg et al. 1995). Integrin α6β1 was thought 

to be the binding partner for Fertilin and therefore gamete binding; however, it was 

later shown that infertility due to Fertilin knockouts was due to the sperm’s 

inability to migrate through the oviduct rather than its inability to bind to the oocyte 

(Kim et al. 2006; Rubinstein, Ziyyat, Wolf, et al. 2006; Okabe 2018). Despite this 

discovery, it was still thought that integrin α6β1 on the egg could be necessary for 

the sperm and egg binding as an anti-α6 antibody blocked sperm binding (Almeida 

et al. 1995). Later discoveries were able to disprove this hypothesis as well, 

showing that in mammals, no integrins on the egg surface were considered vital to 

the gamete interaction (Miller et al. 2000; He et al. 2003; Rubinstein, Ziyyat, Wolf, 

et al. 2006). Adding to the confusion is a study showing that expression of α6β1 on 

the sperm, rather than the egg, may be a critical factor to the gamete interaction 

(Barraud-Lange, Naud-Barriant, Saffar, et al. 2007). 

 In sea urchins, integrins have not been identified in the process of gamete 

interaction; rather they have been linked to the cortical cytoskeleton remodeling 

that takes place after fertilization (Murray et al. 2000; Burke et al. 2004). While the 
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mechanistic function of integrins at fertilization has yet to be understood in any 

organism, it is known that they are present on the surface of the egg and they 

interact with other known molecules, such as CD9, which makes them an 

interesting target to investigate further in echinoderms (Miller et al. 2000; Sabetian 

and Shamsir 2017; Bhakta et al. 2019). In the sea star, transcripts for three α 

subunits, and one β subunit, were identified (Appendix C). The α subunit appears to 

be comprised of α7 with only one isoform, α8 with potentially three isoforms, and 

α9 with potentially two isoforms. Altogether, 12 transcripts with six unique coding 

sequences were classified as α subunits. β1 was the only β subunit identified; 

however, three transcripts and three unique coding sequences were found, 

indicating there may be three isoforms present.  

A DISINTEGRIN AND METALLOPROTEASES 
ADAMs (A Disintegrin and A Metalloproteases) are a class of proteins 

belonging to the metzincin metalloprotease family of the zinc-protease superfamily 

and further classified as into the adamalysin subfamily along with two other similar 

classes of proteins including Snake Venom Metalloproteases (SVMPs) and A 

Disintegrin And Metalloproteases with Thrombospondin Motif (ADAM-TS) 

(Takeda 2016). All three of these protein classes are structurally conserved with a 

pro-domain, metalloprotease domain, a disintegrin domain, and a cysteine-rich 

domain. ADAMs are unique in their family as they also possess an EGF-like 
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domain, and are the only transmembrane class in this subfamily (Giebeler and 

Zigrino 2016; Takeda 2016). Functionally, ADAMs are involved in cell adhesion 

processes through both the disintegrin and cysteine-rich domains as well as 

proteolytic processes through their catalytic-Zn metalloprotease domain. However, 

some ADAMs have a catalytically inactive metalloprotease domain or have lost 

their metalloprotease domain altogether, while others are structured in such a way 

that their disintegrin domain is not available for binding (Klein and Bischoff 2011; 

Giebeler and Zigrino 2016). Surprisingly, a genomic analysis of sea urchin 

metalloproteases revealed only two ADAMs present, ADAM15-like and 

ADAM17-like, while humans and mice have 26 and 34 different ADAMs, 

respectively, and approximately half of those are exclusively expressed in the testis 

(Angerer et al. 2006; Long et al. 2012; Choi et al. 2016).  

These proteins have a long and prominent history within the field of 

fertilization. In fact, the ADAMs family proteins were originally discovered, 

though not classified as an ADAM until 1995, when Primakoff et al. identified a 

sperm-specific protein, then named PH-30 or fertilin, that appeared to be necessary 

for sperm-egg fusion (Primakoff et al. 1987; Wolfsberg et al. 1995). Since then, 

ADAMs have been an attractive target to be involved during gamete interaction 

given the domains present in these proteins; however, to date, ADAMs appear to be 

involved in other steps during fertilization rather than the gamete interaction 
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(Yamaguchi et al. 2009; Sabetian and Shamsir 2017; Okabe 2018). The 

investigation of fusion events involving the Fertilin complex, comprised of 

ADAM1 (Fertilin α) and ADAM2 (Fertilin β), was primarily investigated in mice 

and surprisingly when investigated in the human, ADAM2 was only present in 

testis and not on the sperm, suggesting that despite not fully understanding the 

mechanistic function of ADAM2 in mice, its role in fertilization as a whole may 

vary across the animal kingdom (Choi et al. 2016). 

Despite not currently having any clearly defined role during the gamete 

interaction through binding, ADAMs are an interesting family to continue to 

investigate at fertilization. Their role in proteolysis is an important avenue to 

consider as they are considered major players in the sheddome, the class of proteins 

responsible for proteolytically cleaving particular membrane-bound proteins such 

as cell adhesion molecules and growth factors (Weber and Saftig 2012; Tien et al. 

2017).  

In the sea star transcriptome, four potential ADAMs (10-, 11-, 12-, and 17-

like), were identified (Appendix D). Interestingly, eight transcripts were identified 

in total, each a potentially unique coding sequence. Only one transcript was 

identified for ADAM 12, and three transcripts were found for ADAM 10. These 

could represent three independent isoforms; however, two of these transcripts may 

represent redundancy as they fell just short of the 98% identical threshold. Two 
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transcripts representing ADAM 17 fell within the same category of just missing the 

redundant threshold. Two transcripts were identified for ADAM 11, which, when 

topologically examined, possessed a signal peptide but no transmembrane domain, 

may indicate a sequencing error as they both showed signs of the incompleteness 

error with their ORFs running off the frame without a stop codon. The transcripts 

best matching ADAM 11 also had an unusually low match for identity at only 34% 

compared to the identity scores for the other ADAMs found, which still meets the 

predetermined homology threshold, but may indicate a potentially new sea star 

specific isoform that may have been subject to evolutionary pressures felt by many 

reproductive proteins (Swanson and Vacquier 2002; Wilburn and Swanson 2016). 

G PROTEIN-COUPLED RECEPTORS 
G protein-coupled receptors (GPCRs) are found in all eukaryotes and are 

the largest classes of membrane-spanning proteins and are characteristically 

identified by spanning the membrane seven times. They also possess three 

intracellular and extracellular loops, a C-terminus tail, and in some cases, a long N-

terminus projected extracellularly. They are an exceptionally diverse group of 

receptors that are necessary for the regulation of a variety of physiological 

functions ranging from vision to immune response to neurotransmission, to list a 

few. Because of their diverse involvement in signal regulation, GPCRs are the 

largest class of drug targets (Latorraca et al. 2017). They are the largest family of 



61 

 

 

membrane proteins with about 800 described in humans, 1300 in mice, and 1000 in 

C. elegans (Hanlon and Andrew 2015; Hu et al. 2017). Even sea urchins have 

approximately 1000 GPCRs in their genome (Materna et al. 2006). 

GPCRs are phylogenetically organized into six classes. Class A, the 

‘rhodopsin-like’ class, is the largest. They are an exceptionally diverse group that is 

classified, in part, by their short extracellular N-terminus as well as specific 

sequence motifs shared in their transmembrane region (Schiöth and Lagerström 

2008; Latorraca et al. 2017). Class B contains two families, the Secretin receptor 

family and the Adhesion receptor family. Class C is comprised of the metabotropic 

glutamate receptors, Class D includes fungal mating pheromone receptors, and 

Class F consists of frizzled and smoothened receptors (Basith et al. 2018). Most 

GPCRs bind their ligands or signals in a transmembrane ‘binding pocket,’ or they 

can bind their ligands via the N-terminus. Class A, however, does not contain an 

extracellular N-terminus long enough to bind their signal in this manner and, 

therefore, only use the binding pocket in the transmembrane region.  

These receptors are known to be highly dynamic, undergoing 

conformational changes in response to different events, such as ligand binding or 

phosphorylation of some C-terminus residues, all which have an impact on what 

kind of signal, stimulatory or inhibitory, is being transduced through the cell 

(Latorraca et al. 2017). GPCRs transmit their cellular response from external 
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stimuli in one of two ways, through intracellular interaction with the heterotrimeric 

G-protein or through a G-protein independent pathway involving phosphorylation 

by a G-protein coupled receptor kinase (GRK) and arrestin coupling (Hilger et al. 

2018). Once these intracellular components interact with the activated GPCR, they 

can transduce the signal father into the cell via effector proteins, which can 

generate second messengers and create a large diffusible signal throughout the cell.  

Signaling via GPCRs effects such a broad array of cell types and 

pathologies, it is hard to believe that they currently have not been identified as 

playing a role during gamete interaction. They are heavily implicated during oocyte 

maturation, embryogenesis and development; however, evidence for their function 

is absent from those initial signaling cascades during fertilization (Yona et al. 2008; 

Hanlon and Andrew 2015; Jaffe and Egbert 2017). This absence, though, does not 

mean they are not an interesting target to analyze as they are the largest membrane 

signaling family, and they are known to transduce and widely diffuse an external 

signal rapidly. In the sea star egg, 197 transcripts were found representing 140 

unique coding sequences that possibly code for a GPCR (Appendix E). All of the 

GPCR families were identified in the sea star with the exception of Group D, the 

fungal mating pheromone receptors. The largest group is Group A, the rhodopsin-

like group, has 89 unique coding sequences, Group B has 13, Group C has 16, 

Group E has two, and Group F has three. Interestingly, 19 transcripts representing 
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14 unique coding sequences best matched to an ‘Uncharacterized Protein’ from 

either Acanthaster planci or Strongylocentrotus purpuratus when the amino acid 

sequence of P. miniata was searched against the RefSeq BlastP database. When 

resubmitted to BlastP but run against the Swiss-Prot database, they were identified 

as a GPCR with lower query cover and identity scores. These uncharacterized 

proteins may represent GPCRs that are specific to echinoderms that have yet to be 

functionally described. 

IDENTIFICATION OF MEMBRANE PROTEINS VIA MASS SPEC 

 To further differentiate those transcripts that were identified 

bioinformatically into those that may be necessary for function in the unfertilized 

egg versus those necessary for the early development before the MZT, the egg cell 

membrane was isolated and subjected to mass spec analysis. The accession 

numbers identified were then compared to those found in the topological prediction 

and the transcripts found in the five signaling families (Figure II.4). Overall, 951 

proteins were found in the mass spec sample of the egg cell membrane of the egg 

cell. Of these, 167 were shared with the topological prediction. As the topological 

prediction represents those accessions with an alpha helix, the remaining transcripts 

identified by mass spec may represent beta-pleated sheets, GPI-anchored proteins, 

membrane-associated, or potentially cytosolic background noise.  
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Figure II.4: Venn Diagram of the number of transcriptome IDs identified using 
the different methods and the number of transcripts shared between 
them. The five found in all of analyses are also the same five 
accessions numbers found between the mass spec of the membrane 
and the five families of interest. This is not unexpected as all the 
proteins in the five families are known to possess alpha helices rather 
than another means of attachment to the membrane.   
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 Interestingly, when the mass spec data was analyzed, five of the transcripts 

present in the mature egg also belong to two of the signaling families that were 

bioinformatically investigated here (Table II.2, Figure II.4). Two integrins, an alpha 

and a beta integrin, and three tetraspanins were identified. Two of the tetraspanins 

were potentially different isoforms of CD63 (TSPAN 30), and the remaining was 

CD151 (TSPAN24). As previously discussed here, both of these signaling families 

have strong, but poorly understood ties to fertilization. There are many more 

proteins belonging to the signaling families that were found bioinformatically; 

however, as they are absent from the mass spec data, they are either necessary for 

the rapid early development or were not captured with the mass spec. 

The remaining 946 proteins found via mass spec most likely represent other 

proteins found at the membrane, such as ion channels, transporters, structural 

proteins, cytosolic effector proteins, or potential cytosolic contaminants. One 

strategy used to determine the potential identity of the remaining mass spec 

proteins was to examine the conserved domains present within the open reading 

frame. Any accession number found in the mass spec sample was pulled out of the 

CDD. Out of the 951 transcript accession numbers identified by the mass spec, only 

38 did not possess any domains. The remaining IDs were manually reviewed for 

domains representing a functionality that may be important at fertilization. Any  
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Table II.2: The five P. miniata transcripts that were found topologically, 
fall into one of the five signaling families, and was identified 
in the mass spec analysis of the unfertilized egg.  
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accession numbers selected had their longest ORF Blasted against the non-

redundant and Swiss-Prot database. The Gene Ontological (GO) molecular function 

or biological process, and cellular component was ascertained by pulling the 

matching UniProt ID to BlastP result (Gaudet et al. 2009).  

With this initial manual review, several proteins were identified that could 

be functioning in some capacity at fertilization. Several signaling (Table II.3), 

membrane (Table II.4), and extracellular proteins (Table II.5) were identified that 

present appealing targets for further functional studies. For example, a tyrosine 

kinase (GGEY02003261), a Cubulin-like protein (GGEY02020864), and a cell  

adhesion protein, SVEP1 (GGEY02083966), were identified. All of these have 

domains that are involved in protein-protein interaction or signaling, and potential 

functions of these proteins could be investigated at fertilization. There were also 

proteins identified that represented cytoskeletal proteins (Table II.6), and proteins 

responsible for cell homeostasis (Table II.7). These included proteins like actin 

(GGEY02052969), which is known to be heavily present in the egg cortex and 

undergoes dramatic changes at the membrane during fertilization (Chun et al. 2018; 

Santella et al. 2018).  

The novel methodology for annotation and egg membrane proteome 

developed here represents a new and critical resource that moves the field of 

fertilization forward. Not only are these databases new advantageous tools, but they 
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also have already generated a manageable pool of exciting candidates for functional 

analysis. These databases also set the foundation for the future identification of the 

proteins discovered to be released from the egg membrane after fertilization (see 

Chapter III). 
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CONCLUSION 

The molecular aspects of egg activation in all species have been a long-

standing mystery in biology (see Lillie 1916 for a nice historical review of this 

topic). Understanding of this signaling pathway has been slow to progress for a 

varitey of reasons, including the lack of protein identification tools for the 

developing model organisms. Transcriptomes are an extremely valuable resource 

which provides a window into what genes are expressed and necessary for that  

particular cell type thereby creating a tool kit for protomic identification. The P. 

miniata egg transcriptome development provides a critical resource to investigate 

new protein targets for their role in gamete interaction and egg activation. The 

assembly of this transcriptome is considered ‘de novo’ as there was no genome 

available to align the transcriptome contigs against. The genome of the P. miniata 

has been sequenced, but not assembled though it is available on NCBI (Accession: 

PRJNA49323). The transcriptomes for the ovary and testis are assembled and are 

also available on NCBI (Accession: PRJNA175319), and while these resources are 

useful in some ways, it would be more prudent to look exclusively at the mature 

egg itself.  

It is important to recognize de novo transcriptome assemblies, even if 

developed with multiple biological replicates, are prone to sequencing errors, such 
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as redundancy, fragmentation, and incompleteness (Grabherr et al. 2013; Hibberd 

et al. 2016; Hsieh et al. 2019). Even amongst the transcripts identified in this study, 

there are several special cases identified that may possibly represent sequencing 

errors (Table II.8). The special cases described here are not the only potential 

sequencing errors that can be found in a transcriptome, but rather the only ones that 

were found while implementing the strategies listed for this annotation. Some 

transcripts may even exhibit more than one type of error; for instance, a redundant 

ORF will also be counted as incomplete if its ORF runs off the transcript. 

Several studies have evaluated the performance and optimization of 

different assembly platforms, including IDBA-Tran, SOAPdenovo-Trans, Oases, 

Trinity, as well as others, to help guide researchers to which platform may best suit 

their needs. Generally, Trinity provides the most comprehensive overview of a 

transcriptome with the highest number of accurate contigs; however, this assembler 

is still documented that the output will underrepresent what is truly present as well 

as be error-prone (Hibberd et al. 2016; Eldem et al. 2017; Wang and Gribskov 

2017; Voshall and Moriyama 2018). Generally speaking, de novo assemblies of 

transcriptomes are a revolutionary tool with far-reaching benefits, but it is 

necessary to acknowledge the shortcomings of this process to better understand the  
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Table II.8: The number of special cases for each membrane signaling 

family. Some transcripts may fit more than one case 
leading to increased numbers.  
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data for downstream applications. It is important to verify the validity of the 

identified transcripts, or to correct any errors found, using complementary methods, 

such as PCR and cDNA sequencing.  

In addition to the potential identified errors and special cases, it must be 

noted that the majority of the sequences found computationally may not function at 

fertilization but may be necessary for early development prior to the MZT. This is 

evident from the mass spectrometry results that helps to reveal which proteins are 

being expressed and which are not, unless they are not captured by the mass spec 

process. The development of this in silico egg membrane proteome is an 

indispensable tool that has not yet been generated in any other animal model for 

fertilization. This information will be used to identify potential targets for future 

study in conjunction with other molecular and biochemical approaches. This library 

of sequences is the critical first step in narrowing the pool of likely vital proteins 

during those first moments during gamete interaction and has already produced 

potential proteins of interest to investigate demonstrating its value.  
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CHAPTER III: THE RELEASE OF PROTEINS FROM THE EGG CELL 
SURFACE AT FERTILIZATION 

INTRODUCTION 

Eggs are a unique and complex cell for many reasons, but in particular, 

because they have to rapidly and dramatically change their extracellular strategies 

from attracting a single sperm for fertilization to immediately repelling all 

remaining sperm to prevent polyspermy. The physiological changes to the egg cell 

membrane during the initial moments of fertilization have long been documented in 

echinoderms; first discovered in the early 20th century when Ernest Everett Just 

described both the fast and slow block (Just 1939). The fast block occurs with 

seconds of the initial sperm-egg interaction by a rapid depolarization of the egg cell 

membrane potential, temporarily making the egg surface no longer capable of 

sperm interaction (Jaffe 1976; Jaffe 2018). The membrane will revert to its initial 

voltage over a couple of minutes, giving the egg time to establish the permanent 

block to polyspermy by releasing cortical granules into the perivitelline space 

resulting in the lifting and remodeling of the vitelline membrane to become the 

sperm-impermeable fertilization envelope (Santella et al. 2012; Oulhen et al. 2014). 

Mammalian eggs do not undergo the membrane potential change at fertilization, 
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but do have membrane and egg coat changes that prevent polyspermy (Evans 2020; 

Fahrenkamp et al. 2020). 

Recently, an additional block to polyspermy has been proposed. In 

mammals, once a sperm binds and fuses to the egg, it sheds its binding receptor 

Juno from its surface (Bianchi et al. 2014; Inoue and Wada 2018). Instead of being 

endocytosed,  Juno is rapidly shed into the perivitelline space, which could 

potentially create ‘decoy eggs’ to bind sperm, ultimately reducing the number of 

sperm attempting to bind to the egg (Bianchi et al. 2014). 

In general, the proteins on the surface of the egg that are required to initiate 

polyspermic blocks, gamete binding, fusion, and the initiation of intracellular 

signaling are poorly described across all species, although candidate molecules are 

beginning to be discovered (Fard Jahromi and Shamsir 2013). In broadcast 

spawners, it has been hypothesized that proteins are being removed from the egg 

surface after fertilization. In the sea star, trypsin will activate a fertilization-like 

response in mature eggs, including a Ca2+ wave, as well as the initiation of DNA 

synthesis, which suggests the presence of protease-sensitive signaling proteins on 

the egg surface (Carroll and Jaffe 1995). One hypothesis suggests that the proteases 

responsible for the proteolytic activation of the egg cell membrane may be 

localized on the head of the sperm as well as released into the surrounding 

environment during the acrosome reaction (Carroll and Jaffe 1995).  
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The idea that critical proteins are being cleaved from the surface has been 

addressed in previous studies as well. To identify the egg cell surface receptor for 

the species-specific sperm protein bindin, sea urchin eggs were treated with 

lysylendoproteinase C (Lys C), which caused a 70 kDa fragment to be released 

from the surface of the egg (Giusti et al. 1997). The fragment was found to be part 

of a larger 350 kDa protein (Kamei and Glabe 2003; Vacquier 2012). Eggs 

pretreated with Lys C showed a significant reduction in fertilization, indicating the 

possibility that this 350 kDa protein is integral for fertilization, but was later 

determined not to be the binding partner of the sperm protein bindin (Giusti et al. 

1997; Maehashi et al. 2003; Vacquier 2012). Using cDNA subtraction between two 

different sea urchin species, a different 350 kDa protein was discovered. This 

protein was found to bind to bindin in a species-specific manner, and as a result, 

was named ‘egg bindin receptor 1 (EBR1) (Kamei and Glabe 2003; Vacquier 

2012). However, no evidence has been presented to suggest that this molecule 

(EBR1) could initiate the signaling pathway that leads to the calcium wave or 

facilitate sperm-egg fusion (Glabe and Vacquier 1978; Kamei and Glabe 2003). 

Instead, it appears that this molecule functions as an egg cell-surface species-

specific binding protein for sperm in sea urchins.  

To identify sea star egg surface proteins that could function in sperm-egg 

binding, fusion, or calcium signaling, a surface labeling approach can be utilized to 
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see what may be naturally proteolytically cleaved by the sperm as opposed to the 

addition of a protease not natural to the sea star, like Lys C. Sulfo-N-

hydroxysuccinimide-Biotin labels free amines of proteins on cell surfaces, and 

following such labeling, does not cross the cell membrane (Thermo Scientific 

2009). In a previous study, biotinylation was successfully used to label the egg cell 

membrane proteins from cytosolic proteins, which tend to be significantly 

overrepresented compared to membrane proteins (Smolders et al. 2015; Hörmann 

et al. 2016). Biotinylation of the egg cell membrane has been used before as well; 

however, the vast number of proteins that can be labeled and further isolated can 

present a challenging dataset to wade through to determine which proteins may be 

vital for fertilization (Cihal and Carroll 2014). This issue can be addressed, in part, 

by looking at what is released into the seawater after fertilization, especially when 

trying to identify a potentially proteolyzed protein. After fertilization, proteins that 

are biotinylated and released into the seawater can be isolated using an avidin 

affinity interaction and either visualized using affinity blotting or identified via 

tandem mass spectrometry (Wiseman et al. 2020).  

In this chapter, biotinylation of the egg cell membrane was employed to 

identify naturally released membrane proteins at fertilization. These labeled 

seawater proteins were captured using an avidin affinity interaction method 

developed specifically for use in this model organism (Wiseman et al. 2020). The 
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changes in protein content in the seawater after the addition of sperm were 

analyzed using affinity blotting and were further identified using mass 

spectrometry. A sperm binding assay was also utilized to evaluate the potential for 

the proposed third polyspermic block. These experiments further illuminate the 

changes to the egg cell membrane at fertilization, narrow the field of search for a 

vital egg receptor involved in fertilization processes, and evaluate the potential for 

a third polyspermic block in sea stars. The databases described in Chapter II of this 

dissertation are used as a resource to begin identifying these released proteins. 

METHODS AND MATERIALS 

GAMETE COLLECTION 

Patiria miniata were collected and shipped overnight by Marinus Scientific, 

LLC in Long Beach, California. The animals were maintained in a re-circulated 

natural sea water tank at 16°C in the Florida Tech aquaculture lab. Ovaries or testis 

were removed through a 3 mm hole made by a punch biopsy tool in the aboral side 

of the sea star. Ovaries were placed in a 50 ml beaker filled with sea water, and 

testis were placed in a dry 1.7 ml conical tube. Oocytes were released by mincing 

the ovary with spring microdissection scissors and then separated from the ovary 

pieces by gravity. The oocytes were resuspended and poured through a 210 µm 
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nylon mesh filter to remove remaining ovary contaminants. Oocytes settled by 

gravity and the seawater was replaced with filtered natural sea water (FNSW) or 

artificial seawater (ASW) (480 mM NaCl, 10 mM KCl, 26 mM MgCl2·6H2O, 

30 mM MgSO4·7H2O, 8 mM CaCl2, 2 mM NaHCO3). This washing process was 

performed three times. A small aliquot of oocytes was checked via brightfield 

microscopy for a spherical shape and size range of 180 – 190 µm in diameter.  

MATURATION OF OOCYTES 

 A 10% v/v of oocytes were added to a 50 ml beaker in ASW. Maturation 

was initiated with 3 µM 1-methyladenine. The beaker was swirled to resuspend the 

oocytes every 5 minutes for approximately 40 minutes. A small aliquot was 

removed to check for germinal vesicle breakdown, which indicates the eggs are 

mature. Once 95% were mature, the eggs were washed four times in ASW and re-

suspended to 10% v/v. Eggs were aliquoted into 1 ml samples in a microcentrifuge 

tube and briefly centrifuged on a table-top centrifuge to concentrate eggs. The 

supernatant was discarded and the eggs were flash frozen in liquid nitrogen and 

stored at -70°C. 
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FOLLICLE CELL REMOVAL  

ASW was decanted off of the oocytes and replaced with ice cold calcium-

free artificial seawater (CaFASW) (436 mM NaCl, 90 mM KCl, 27 MgSO4·7H2O, 

23 MgCl2·6H2O, 22 mM NaHCO3) and kept on ice. Oocytes were allowed to settle 

then the CaFASW was removed and replaced. Oocytes were checked periodically 

for the removal of the follicle cells. After no more than 30 minutes, CaFASW was 

removed and replaced with ASW. Oocytes were washed three times then 

equilibrated to 10%v/v of oocytes.  

BIOTINYLATION 

 Sulfo-N-hydroxysuccinimide-LC-Biotin (Thermo Scientific product 

#21327) was prepared immediately prior to use at 10 mg/ml in ASW per 10 mL of 

10% v/v eggs for a final concentration of 100 µM of biotin. The biotin was added 

to the eggs and gently swirled every five minutes for an hour at 16°C for immature 

oocytes and for thirty minutes at room temperature for mature eggs. The reaction 

was quenched by allowing the eggs to settle, removing half of the supernatant and 

adding back the same volume of 0.5 M glycine in ASW. Eggs were swirled, 

allowed to settle, then washed four times in ASW.  
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REMOVAL OF EGG JELLY 

 A small sample of unbiotinylated eggs is added to a 20 ml beaker with a 

small stir bar. Hydrochloric acid at 0.1 N is added until the pH of the eggs reaches 

four, then the eggs are swirled for two minutes. The pH is recovered by adding 

0.5 M TAPS until the pH reaches eight. The eggs are gently spun down on a 

tabletop centrifuge and the supernatant containing the jelly is removed to a new 

tube. Jelly is spun down again in order to remove any egg particulate.  

FERTILIZATION  

Oocytes or eggs were suspended in a 10% solution. A 1 ml aliquot of eggs 

was removed to an Eppendorf tube as the unfertilized control. Sperm were prepared 

by adding 10 µl of sperm to 1 ml of ASW to create a 1:100 dilution. The sperm 

solution is added to the eggs in the beaker and swirled with a final sperm 

concentration of 1:1000. A small aliquot is removed to check under the microscope 

for fertilization envelope elevation, indicating successful fertilization. At specific 

time intervals, 1 ml aliquots are removed to a new Eppendorf tube, gently spun on a 

tabletop centrifuge, the sea water removed to a new tube and both the egg pellet 

and seawater frozen in liquid nitrogen.  
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When soybean trypsin inhibitor is used to prevent fertilization, it is prepared 

in ASW and added to the eggs prior to fertilization to a final concentration of 

1 mg/ml.  

WHOLE CELL EGG LYSIS 

 Egg pellets from before fertilization and at different time points after 

were lysed by aspiration with a 27 gauge needle on ice in a lysis buffer (20 mM 

HEPES, 150 mM NaCl, 1 mM EDTA, 10 mM Na3VO4, 10 mM NaF, 100 mM Na-

ß Glycerophosphate, 1x NP-40, 1x Protease Inhibitor Cocktail III (EMD Millipore 

Corp #539134)). Samples were incubated on ice for 20 minutes before being 

centrifuged at 12,000 xg for 20 minutes at 4º. The supernatant was removed to a 

new tube, and the concentration of the samples was determined with a traditional 

Bradford assay. The Bradford assay was performed in triplicate with an R2 above 

0.998. Sample concentrations were equalized prior to being run on a gel.  

SPERM BINDING ASSAY 

A fertilization assay is accomplished as above, but with a final sperm 

dilution of 1:17,000. Eggs are observed for fertilization envelope to ensure 

successful fertilization. To complete the sperm binding assay, the sea water from 

the fertilization assay was removed and spun down at 12,000 xg for 10 minutes at 
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4ºC to remove any egg or sperm particulate. Supernatant was removed to a new 

tube for the assay. Jelly was added to a new tube and 1 µl of sperm is added to the 

jelly. As a control, jelly without sperm was added to another seawater sample of the 

same timepoint. The jelly, with or without sperm, was added to the sea water and 

rocked for two minutes before centrifugation at 12,000 xg for 5 minutes at 4ºC. The 

remaining seawater (RSW) is removed to a new tube and the pellet was washed 

with ASW. Both the pellet and the RSW were respun at 12,000 xg for 10 minutes 

at 4ºC. The wash was removed from the pellet and the supernatant from the RSW 

was added to a new tube and both were frozen in liquid nitrogen.  

BIOTIN AFFINITY INTERACTION  

Beads were prepared by washing in Binding Buffer (50 mM Tris, 150 mM 

NaCl pH7.5). Beads were magnetized and binding buffer removed. Sample was 

added to the beads and placed on a bench top rotator at room temp for one to two 

hours. Beads were magnetized and unbound fraction removed to a new tube. Beads 

were washed three times in Washing Buffer (50 mM Tris, 150 mM NaCl pH 7.5, 

2 M Urea). Elution Buffer was added (2% SDS) and beads were incubated at 95°C 

for 5 minutes. Beads were magnetized and elute removed to new tube. 
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SDS-PAGE GEL AND AFFINITY BLOTTING 

Samples were lysed in 2x Laemmli sample buffer (SB) (125 mM Tris 

pH 6.8, 4% SDS, 20% glycerol, 10% (v/v) β-mercaptoethanol, 2 mg bromophenol 

blue) to a final concentration of 1x SB then heated to 95°C for 5 minutes with 

agitation at 2.5 min. The entire sample was loaded on a 7% polyacrylamide gel and 

the proteins resolved at 110 v.  

Proteins were transferred to nitrocellulose for a total of 900 mA hours. Blot 

was blocked in blotto for an hour (5% non-fat milk in 20 mM Tris, pH 7.6, 

150 mM NaCl, 0.1% Tween-20 (TST)). Streptavidin-conjugated horseradish 

peroxidase (HRP) was diluted into blotto at a 1:10,000 dilution and incubated on 

the blot for an hour. Following the incubation, the blot was washed in TST three 

times for seven minutes each. The signal was initiated by enhanced 

chemiluminescence for five minutes before imaging on a BioRad ChemiDoc.  

CONFOCAL IMAGING 

After the oocytes were collected and labeled with biotin, quenched with 

glycine, and washed three times, they were labeled using NeutrAvidin Protein 

DyLight 488 fluorophore at a 1:2000 dilution into NFSW. The glass culture tubes 

were agitated regularly for 30 minutes. The samples were washed three times in 
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NFSW and mounted onto a slide using a glass pipette. A coverslip was added on 

top of the slide. To prevent the coverslip from crushing the oocytes, a small about 

of VALAP sealant was added to each corner of the coverslip. The slide was viewed 

under a Nikon C1 laser scanning confocal microscope with Nikon EZ1 software.   

IDENTIFICATION OF PROTEINS RELEASED FROM EGG SURFACE  

 Samples sent for identification were sent as the biotin affinity interaction 

eluate to be processed by either MS Bioworks (Ann Arbor, MI) or by the 

University of Florida Mass Spectrometry Research and Education Center 

(Gainesville, FL). I was present and trained on the process for the three of the 

samples run in 2019. I have personally taken the samples from the beginning 

through to the analysis of data. The band excision samples were first run on a pre-

cast 7% SDS-PAGE gel, washed three times with water, fixed with a fixing 

solution (50% methanol, 7% acetic acid), washed three times, then stained with a 

Coomassie Stain Gel Code Blue (ThermoScientific #24590). The bands were 

excised and cut into small pieces before being added to an Eppendorf tube. A 

solution of 5% acetic acid was added to cover the pieces of gel before being sent to 

be processed at University of Florida Mass Spectrometry Research and Education 

Center. All solutions were made in HPLC-grade water. At the mass spec facilities, 

the samples were subjected to an in-house in-gel digestion with trypsin protocol, 
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then loaded onto Nano-HPLC system interfaced to ThermoFisher Q Exactive HF 

Orbitrap LC-MS/MS. Peptide spectrum matching was performed against a 6-frame 

translation of the P. miniata transcriptome (NCBI BioProject 398668). Any 

accession numbers identified by mass spec were then subjected to NCBI’s 

ORFfinder and the longest ORF was used as the query sequence for NCBI’s BlastP 

program against the RefSeq database.  

RESULTS 

VISUALIZATION OF EGG CELL SURFACE PROTEINS VIA 

BIOTINYLATION 

Very little is known about the proteins on the cell surface of sea star eggs. 

Biotinylation of proteins on the egg cell surface creates a universal approach for 

isolating these molecules for their identification and investigation of the changes 

that occur on the egg surface after fertilization.  

First, to determine whether the biotinylation reagent would label only the 

surface proteins without crossing the egg plasma membrane, sea star oocytes and 

eggs were incubated with Sulfo-N-hydroxysuccinimide-LC-Biotin and visualized 

using streptavidin-conjugated DyLight-488. The samples were visualized by laser 

scanning confocal microscopy (Figure III.1) (Wiseman et al. 2018). The fluorescent  
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Figure III.1: Confocal view of biotinylated oocytes and egg demonstrate that 
the biotin does not cross the cell membrane. Samples were 
biotinylated and then probed with streptavidin conjugated with 
Dylight488 and viewed under a confocal microscope. (a) 
Immature oocyte labeled with biotin. Labeling evident in the egg 
jelly as well as across vitelline coat. (b) Mature egg that was 
fertilized under the microscope. Arrow indicates the fertilization 
cone. (c) Immature eggs that were not biotinylated and then 
probed with Dylight488 as a control. Figure 4.3 from Wiseman et 
al. 2018.  
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label was restricted to the periphery of the labeled specimens, both in oocytes and 

fertilized eggs, suggesting that the succinimidyl-biotin does not cross the plasma 

membrane (Figures. III.1A, B). In the immature oocyte, a portion of the egg jelly is 

missing, revealing the underlying vitelline coat and plasma membrane (Figure 

III.1A). The fertilization cone (Figure III.1B, arrow) shows a concentration of 

fluorescence, which may be from proteins concentrated at the sperm-egg fusion 

site. There is no concentration of fluorescence in the control oocytes shown 

in Figure III.1C, which were unlabeled and incubated in Dylight488 fluorophore 

only.  

BIOTINYLATED EGG CELL SURFACE PROTEINS DO NOT CHANGE IN 

ABUNDANCE AFTER FERTILIZATION 

Mature eggs were biotinylated and fertilized to visualize any changes to the 

surface after fertilization; egg samples were taken before fertilization and at 

different time points following the addition of sperm. The samples were lysed, 

equalized, and subjected to an avidin affinity interaction before being resolved by 

SDS-PAGE. The gel was transferred to nitrocellulose for affinity blotting and 

affinity-labeling with streptavidin-HRP (Figure III.2). While several biotinylated 

proteins are seen in the unfertilized and fertilized egg samples, there were no 

changes observed following fertilization. 
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Figure III.2: Affinity blot analysis of the biotinylated membrane proteins before 
and after fertilization. UF indicates unfertilized eggs, the numbers 
indicate the time in minutes after the addition of sperm that the 
eggs were frozen in liquid nitrogen. The discrepancy at the top is a 
result of a broken gel prior to the transfer.  
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PROTEINS ARE RELEASED FROM THE EGG CELL SURFACE 

To examine the hypothesis that an extracellular protease is functioning in 

this system during fertilization, the seawater surrounding the eggs was collected 

before and at different times following fertilization. The seawater from these 

samples were subjected to streptavidin affinity interaction. The enriched 

biotinylated samples were resolved by SDS-PAGE, followed by the affinity  

visualization method described above. As a control, seawater was taken from eggs 

before and after fertilization from unlabeled eggs. This seawater was subjected to 

the same affinity interaction and visualization (Figure. III.3).  

As expected, the seawater sample surrounding unlabeled eggs did not show 

any bands when the affinity blot was probed with streptavidin. Interestingly, 

however, the affinity blot results from the labeled samples show that large proteins 

are being released from the egg cell surface prior to fertilization (Figure III.3). 

Approximately five bands, around 240 kDa, 195 kDa, 145 kDa, 110 kDa, and 

75 kDa, are being released into the seawater by the unfertilized mature egg. These 

bands all increase in intensity after fertilization, and another band appears three 

minutes after sperm addition at approximately 80 kDa.  
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Figure III.3: Affinity blot analysis of the biotinylated proteins found in the 
seawater before and after fertilization. The far right are seawater 
samples from eggs that were not biotinylated. UF indicates sea water 
taken from unfertilized eggs, the numbers indicate the time in 
minutes after the addition of sperm that the seawater was frozen in 
liquid nitrogen, and the F indicates an unbiotinylated fertilized 
sample taken 5 minutes after the addition of sperm. The red color on 
the bands indicates that the signal had reached maximum saturation.  
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PROTEASE ACTIVITY IS NECESSARY FOR THE INCREASED RELEASE 

OF PEPTIDES AT FERTILIZATION 

 During the acrosome reaction, proteases are released that assist the sperm in 

penetrating the egg coat(s) to reach the plasma membrane (Yokota and Sawada 

2007; Buffone et al. 2008; Hirohashi et al. 2008). The mechanistic roles of sperm 

proteases have yet to be fully described; however, they are necessary for successful 

fertilization. A trypsin-like protease has been found in the sea star acrosome, and 

when trypsin is added directly to the seawater, sea star eggs undergo parthenogenic 

activation (Sousa et al. 1992; Carroll and Jaffe 1995).  Inhibitors of proteases, such 

as soybean trypsin inhibitor (SBTI) can prevent the rise of the fertilization envelope 

when simultaneously incubated with sperm (Bates 2013; Beek et al. 2015). SBTI is 

a small molecule that inhibits serine proteases and has been found to interact with 

the sperm acrosome (Tollner et al. 2000; Psemicka et al. 2008).  

 To determine if the proteolytic activity of the sperm plays a part in the 

release of the proteins from the sea star egg surface, eggs were incubated in 

1 mg/ml SBTI in ASW prior to running a standard fertilization assay. Eggs 

inseminated in the presence of SBTI failed to elevate a fertilization envelope, 

despite evidence of sperm binding around the egg. Eggs from the same female 
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underwent successful fertilization when SBTI was not present in the seawater 

(Figure III.4).  

 A fertilization assay was performed in the presence of 1 mg/ml SBTI, and 

the proteins released into the surrounding seawater were analyzed (Figure III.5). 

The same five bands were initially seen in the unfertilized seawater sample (UF), 

240 kDa, 195 kDa, 145 kDa, 110 kDa, and very light band at 75 kDa. There were 

also three additional bands around 65 kDa, 50 kDa, and 25 kDa that also appeared 

when SBTI added to the ASW without the presence of any sperm or eggs 

underwent the biotin affinity interaction (Lane: ASW). The main five bands do not 

increase, or increase only minimally, in intensity after the addition of sperm. As a  

control, some eggs from the same female underwent a fertilization assay without 

the presence of SBTI, and the resulting affinity interaction eluate run on the same 

blot (Lanes: - SBTI UF and F5). The five bands appear as previously described, but 

the additional sixth band at 80 kDa appears, which is nearly undetectable in the 

lanes with SBTI present.  

The red on the blots indicates maximum exposure and does not allow for 

quantification; however, because the signal from several bands increases greatly 

after fertilization in the standard assay but not in the presence of SBTI, particularly 

those at 240, 145, and 80 kDa, it is clear that proteolysis of membrane proteins is 

occurring at fertilization. 
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Figure III.4: Sea star eggs showing that the presence of 1 mg/ml SBTI in ASW 
can inhibit fertilization. Scale bar = 50 µm. Images showing the 
addition of sperm were taken five minutes (- SBTI) or ten minutes 
(+ SBTI) after the addition of sperm. 
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Figure III.5: Affinity blot analysis of the biotinylated proteins found 
in the seawater with the presence of 1 mg/ml SBTI before 
and after fertilization. UF indicates sea water taken from 
unfertilized eggs, the numbers indicate the number of 
minutes after the addition of sperm that the seawater was 
frozen in liquid nitrogen. ASW is a control where no 
sperm or eggs were added. An unfertilized (-SBTI UF) 
and fertilized sample after five minutes (-SBTI F5) were 
taken from the same female without the presence of SBTI 
as a fertilization competency control. The red color on the 
bands indicates that the signal had reached maximum 
saturation.  
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IDENTIFICATION OF PEPTIDES RELEASED FROM EGG SURFACE 

In order to identify the proteins that are released into the seawater prior to 

and after fertilization, samples were submitted for tandem mass spectrometry 

analysis. An affinity blot verified the eluate from the seawater biotin-affinity 

interaction from four unfertilized and four fertilized (three-minutes post sperm 

addition) samples produced the same results previously mentioned and these 

samples were submitted for the mass spectrometry analysis. Each of the four 

replicates were from a different male-female sea star pair. All samples were run on 

a cleanup gel to remove detergents before bands were excised and subjected to in-

gel trypsin digest in preparation for the Thermo-Q Exactive HF Orbitrap mass 

spectrometer. Peptide spectrum matching was performed against a six-frame 

translation of the mature egg transcriptome of Patiria miniata (NCBI BioProject: 

398668).  

Transcripts accession numbers found in at least three of the four mass 

spectrometry replicates were reported and identified by first obtaining the open 

reading frame (ORF) with NCBI’s ORF finder software. The protein identity of the 

ORF was determined using NCBI’s BlastP software and searched against the NCBI 

non-redundant (nr) protein database. Interestingly, all of the transcripts identified as 

“uncharacterized protein” met the homology criteria previously established in the 
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non-redundant database but did not meet this criteria when Blasted against the 

Swiss-Prot protein database (Table III.1). 

In an effort to identify the proteins in the bands that are changing in 

intensity as shown in the affinity blots, a second round of mass spectrometry 

analysis was performed with more concentrated sea water samples (Figure III.6). 

Sea water from four UF or four F3 samples were combined and the proteins were 

separated on a 7% SDS-PAGE gel. The different bands were excised from the gel 

and sent to the University of Florida Mass Spectrometry Research and Education 

Center for analysis by tandem mass spectrometry on a Thermo Q-Exactive 

instrument.  

 

PEPTIDES RELEASED FROM EGG DO NOT BIND SPERM 

 In mammalian cells, once sperm protein Izumo1 binds with egg protein 

Juno, the remaining Juno proteins are shed off of the surface of the egg (Bianchi et 

al. 2014). The authors who discovered this phenomenon hypothesized that the egg 

shedding this receptor is an additional polyspermy block by creating ‘decoy eggs’ 

for sperm to bind to, which reduces the number of active sperm trying to bind the 

real egg.  

As the sea star releases proteins from the surface after fertilization, the 

shedding of a binding receptor may be a conserved block to polyspermy  
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Table III.1: BlastP results for the transcripts identified in at least three of the four 

replicates. These were not analyzed for quantification, so they were 
either prominently in both the unfertilized and fertilized, or they were 
dramatically increased in only the fertilized seawater. Asterisk 
indicates the initial Blast result returned “uncharacterized protein”, 
so these are the results that were returned from Blasting against the 
Swiss-Prot database rather than the nr database. 



102 

 

 

 

  

Figure III.6: Mass Spec results from the band excision of the seawater gel. Some of 
these IDs are matches to more than one P. miniata accession listed in Table 
III.1. Those IDs found before and after fertilization are on the left, whereas 
the ones that appeared almost exclusively in the fertilized seawater are on 
the right. The IDs are listed as close to the band they were identified from. 
Below the gel is a list of proteins that were identified in most of all of the 
bands in either case.  
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mechanism. A sperm binding assay was developed to examine whether or not 

sperm are binding to any of the biotinylated peptides that the sea star egg releases 

after fertilization (Figures III.7, 8). First, sea water containing potentially released 

peptides from biotinylated eggs was collected by performing a fertilization assay 

with a sperm ratio of  approximately 1:17,000 to increase the number of released 

egg proteins in the sea water that may potentially be binding the sperm. Next, fresh 

egg jelly was collected from unbiotinylated eggs. The egg jelly contains proteins 

that are necessary for inducing the acrosome reaction in sperm (Hoshi et al. 1994).

 Two seawater samples were used for each time point. The acrosome 

reaction was induced in sperm by the addition of egg jelly. As a negative control,  

egg jelly without sperm was added to the second sample at the same time. Both sets 

were agitated and spun down to pellet anything in the seawater. The remaining 

seawater (RSW) supernatant was added to a new tube after a second spin-down, 

and the pellet was washed with ASW before a final centrifugation. The RSW was 

subjected to a biotin affinity interaction prior to being run on a gel, and the pellet  

was lysed in 1x sample buffer, as the intention is that the sperm itself is the affinity 

matrix. As a control, jelly with sperm was added to fresh ASW that had not come 

into contact with any eggs or other sperm before this experiment was also subjected  

to an affinity interaction, which will show any endogenous biotin or other 

interactions with streptavidin.  
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Figure III.7: Experimental plan outlining the sperm binding assay. 
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Figure III.8: Affinity blots probed for biotinylated proteins resulting from 
the sperm binding assay. (A) The affinity interaction eluate 
from the remaining sea water (RSW). (B) The pellets from the 
corresponding RSW were lysed in 1x sample buffer prior to 
being run on the gel. The minus or plus sign indicate whether 
or not sperm were added to the jelly that was added to the 
seawater. The last lane was sperm in jelly added to fresh ASW 
that did not come from eggs as a control for endogenous sperm 
biotin. 



106 

 

 

When these samples are run on a gel and analyzed by affinity blotting using 

streptavidin-HRP, it does not appear that any egg proteins are binding to the sperm 

(Figure III.8). In the RSW blot (Figure III.8A), the bands found are the same six 

that have been found in the other seawater blots and increase in intensity as 

expected, but there is no difference between the samples that had sperm added and 

those that did not.  

 For the samples that had sperm added, the pellet was very obvious, while 

those that did not have sperm added appeared to lack a pellet entirely, as expected. 

However, when the pellets were probed for the presence of biotinylated protein, 

bands were present whether sperm were added or not (Figure III.8 B). The bands 

coincide with the bands in the RSW with less intensity. The sperm addition lanes 

are slightly darker than the lanes with only the jelly, but this may be due to the 

overwhelming amount of protein added to the lane. 

 There are little to no differences between the experimental and control 

pellet lanes, making it reasonable to conclude that sperm are not binding to 

anything released from the egg cell surface under these experimental conditions.  
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DISCUSSION 

THE EGG IS RELEASING PROTEINS FROM ITS SURFACE BEFORE 

FERTILIZATION 

Animals using external fertilization are under immense pressure as 

fertilization takes place within a pool of numerous conspecific and allospecific 

gametes. To combat this, broadcast spawners like the sea star are known to 

participate in sexual selection, a process that attracts preferred conspecific sperm 

using chemoattractants, which are a group of small peptides in the jelly of the egg 

(Nishigaki et al. 1996; Hoshi et al. 2012). The chemotactic strength of the sperm to 

the egg is correlated with offspring survival, implying that the egg has developed 

methods to manage the onslaught of co-spawning males to favor the egg’s best 

chance for survival (Oliver and Evans 2014; Lymbery et al. 2017).  

The experiments in this dissertation reveal that the sea star egg is releasing 

proteins much larger than the chemoattractant peptides before fertilization, which is 

a novel phenomenon that has not been seen in other broadcasting spawners (Figure 

III.3). These proteins are too large to be a chemoattractant, which tend to be 

typically 40 amino acids or smaller (Yoshida and Yoshida 2011). However, these 

proteins released from the surface may be acting as a secondary step in the sexual 

selection process by interacting with sperm that are not preferred in some manner, 
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thereby protecting the egg. The biotinylated egg proteins are present in the seawater 

despite numerous washes of the eggs with ASW throughout the preparation 

process, which could indicate that the egg is releasing these proteins at a steady 

rate, supporting the concept that the release is another selective step. This 

hypothesis is also supported by the increase of these proteins in the seawater after 

fertilization (Figure III.3). The egg may now be flooding its immediate area with 

proteins responsible for that preliminary interference to protect itself further while 

the slow block is established to prevent polyspermy permanently.  

When the seawater contains a protease inhibitor, soybean trypsin inhibitor 

(SBTI), fertilization is inhibited (Figure III.4) (Bates 2013; Beek et al. 2015). 

Experiments show that the presence of the inhibitor does not block the release of 

the proteins found in the unfertilized seawater, just the increase of them, indicating 

that the increase of these proteins is most likely in response to a signal generated 

during egg activation (Figure III.5). In support of this hypothesis, it has recently 

been discovered that the membrane of eggs in some internal fertilizers, like the 

mouse, are being transferred to the surface of the sperm through two methods 

(Barraud-Lange, Naud-Barriant, Bomsel, et al. 2007; Barraud-Lange et al. 2012; 

Machtinger et al. 2016; Vyas et al. 2019). The sperm either uptake excreted 

extracellular vesicles that are being released from the egg or through a process 

similar to trogocytosis, where the sperm are taking ‘small bites’ of the egg surface. 
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The purpose and content of this transfer has not been elucidated yet, but perhaps 

this is a vestige of a conserved process that began with broadcast spawners. 

Another possibility is that these proteins are just fragments from cells that 

have perhaps undergone apoptosis or have ruptured, creating false positives. The 

mass spec analysis of the seawater did show evidence of some cytosolic proteins, 

such as, cytoplasmic actin, elongation factor 1, a heterochromatin associated 

protein, and a voltage channel protein that were found in both the unfertilized and 

fertilized seawater samples in low spectral counts (Table III.1). However, the 

increase of biotinylated proteins after fertilization apparent in the affinity blots, as 

well as the lack of increase in the presence of SBTI, does not fully support this 

theory, only indicating some low background noise of ruptured eggs. 

Interestingly, vitellogenin, a major yolk protein, was one of the seawater's 

main constituents, both in the unfertilized and fertilized samples (Table III.1) 

Patiria miniata possess two different vitellogenin genes, Vtg1 and Vtg2, that are 

differentially expressed in the gonads, follicle cells, and at different stages of 

oocyte development (Voogt et al. 1985; Zazueta-Novoa et al. 2016). Both Vtg1 and 

Vtg2 were found in the seawater of P. miniata at several molecular weights (Figure 

III.6). Cleavage of vitellogenins is an essential step in vitellogenesis for providing 

nutrients for the developing embryo, which may explain their presence at the 

several different molecular weights, but does not explain their presence in the 
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seawater (Meusy 1980; Zazueta-Novoa et al. 2016; Perez and Lehner 2019). These 

proteins can be transferred to the oocyte through the follicle cells, so their presence 

in the seawater may be due to the presence of the follicle cell, rather than coming 

from the surface of the egg (Lambert 2009; Zazueta-Novoa et al. 2016; Sullivan 

and Yilmaz 2018).  

Currently, in the literature, there is no evidence showing that the egg 

secretes vitellogenins at any stage of development; however, there is recent 

evidence that these proteins participate in a more functionally diverse role than just 

providing nutrients. In honeybees, vitellogenin is pleiotropic in different biological 

processes extending outside fertilization (Denison and Raymond-Delpech 2008; Li 

et al. 2008). In some fish, it has also been implicated in the immune response, 

including possessing the ability for non-self recognition, such as recognition of 

both Gram-negative and positive bacteria (Li et al. 2008; Zhang et al. 2011; Sun et 

al. 2013; Li and Zhang 2017; Sullivan and Yilmaz 2018). With these new 

functional roles being discovered, it is entirely plausible that the egg is also using 

vitellogenin to recognize and interact with the sperm or protect itself against 

pathogens within the seawater.   

Another protein identified both before and after fertilization was an egg coat 

matrix protein. This particular protein has been found to belong to the acrosome 

reaction inducing substance (ARIS) family found primarily in the jelly coat 
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surrounding the egg (Naruse et al. 2011). The sea star has at least three isoforms 

they  are responsible inducing the sperm’s acrosome reaction, enabling them to 

extend the acrosomal process to interact with the egg cell membrane (Hoshi et al. 

2012). 

Seven other constituents of the seawater before and after fertilization had 

unknown identities (Table III.1). When subjected to Blast against the nr database, 

the highest match corresponded to different “uncharacterized proteins” from 

Acanthaster planci, the crown-of-thorns sea star. These unknown proteins were 

then Blasted against the Swiss-Prot database to attempt to find a potential identity, 

and the highest matches all failed to meet the criteria to establish homology. 

Reproductive proteins are known to be under immense evolutionary pressure, 

which may explain why these potentially sea star specific proteins do not have 

orthologous partners in higher order animals (Swanson and Vacquier 2002; 

Wilburn and Swanson 2016). So, in order to garnish some idea of their function, 

their domains were evaluated.  

Three of the seven uncharacterized proteins possess domains that are also 

found conserved in vitellogenin: the Vitellogenin_N domain, the DUF1943 

domain, and the von Willebrand domain, suggesting they may have a similar 

function or are a product of the cleavage from their full-sized counterpart. One of 

the remaining uncharacterized proteins contained a domain that belongs to the 
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amidohydrolase family, and another possesses a domain known to participate in 

amino acid transport and metabolism, which may indicate another background 

noise protein. One of the uncharacterized proteins had no putative domains 

identified, so the potential function of this protein is wholly unknown. The 

remaining protein contained a saposin protein domain, which is known to be an 

activator for lysosomal lipid-degrading enzymes and is found in aspartic 

proteinases as well as a component of co-ARIS, a sperm activating peptides 

involved with ARIS (Hoshi et al. 2012). 

While some of these proteins found in the seawater from both the 

unfertilized and fertilized eggs may simply represent background noise from 

broken cells; perhaps the others are working in tandem to offer another layer of 

protection to give the egg its best chance at survival for monospermic fertilization. 

It is not possible to quantitate the changes in levels of these proteins in the seawater 

after fertilization with the mass spectrometry methods used; however, the presence 

of these proteins in both samples is clear. In future experiments, if these proteins 

were subjected to quantifiable mass spectrometry, they could be separated into 

those that may be background noise and those that may actually perform a function 

at fertilization providing direction in protein selection for further functional 

analysis. 
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AN 80 kDa BAND APPEARS IN RESPONSE TO FERTILIZATION 

While fertilization causes a general increase in the proteins that were 

already present in the unfertilized seawater, there are also proteins present almost 

exclusively after the addition of the sperm (Figure III.3, Table III.1). In particular, 

there is an approximately 80 kDa band that appears at three minutes that is not seen 

in the unfertilized samples in any of the replicates done. The appearance of this 

band is also increased in the control samples compared to eggs incubated with 

SBTI (Figure III.5 Lanes – SBTI UF and F5). When SBTI is present, the 80 kDa 

band is marginally present, if at all.  

Since SBTI inhibits proteolytic activity, in addition to fertilization, it is not 

clear whether it is some general component of egg activation, or proteolytic activity 

specifically, that is needed for the release of this protein into the seawater.  

The sperm have been shown to release proteases during the acrosome 

reaction that are necessary for penetration of the egg coat(s) (Yokota and Sawada 

2007; Buffone et al. 2008; Hirohashi et al. 2008). In frogs, sperm binding to the 

vitelline coat can be prevented by the presence of SBTI, suggesting that the 

proteolytic activity is necessary to expose binding sites for the sperm (Kubo et al. 

2008). If this is also true in the sea star, it would support the idea that this 80 kDa 

protein is being proteolyzed by the sperm.  
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However, another possible explanation is that an egg protease is responsible 

for the release, rather than the sperm (Hirohashi et al. 2008). The egg possesses a 

serine protease which is responsible for the release of the cortical granules for the 

rise of the fertilization envelope, which can be inhibited in the presence of SBTI 

when eggs are parthenogenically activated (Alliegro and Schuel 1985; Wong and 

Wessel 2005; Oulhen et al. 2014). If the 80 kDa band is a substrate of the egg 

protease necessary for the fertilization envelope, then it would not be released in 

the presence of the inhibitor, which is supported by the affinity blots (Figure III.5). 

In sea urchins, and in support of this theory, one of the substrates that the egg 

protease has been shown to cleave is a 160 kDa protein, that when acted upon by 

the protease, was found at 85 kDa, 30 kDa, and 25 kDa (Haley and Wessel 2004; 

Wong and Wessel 2005). Interestingly, this substrate contained several CUB 

motifs, which is the main motif found in one of the sea star proteins, cubilin-like 

isoform X3 (GGEY02018302), exclusively seen in the fertilized seawater and was 

also identified to some degree in every band excised, but most prominently in the 

150 kDa, 50 kDa, and 37 kDa bands (Table III.1). 

One method to determine if the release of this protein is due to a sperm or 

egg protease would be to collect the seawater around parthenogenically activated 

eggs both with and without the presence of SBTI in the seawater. If the 80 kDa 

band is present in the seawater with SBTI after the eggs are activated, it would 
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indicate that this band is shed from the egg in response to activation rather than a 

protease. If the eggs are activated without the presence of SBTI and no 80 kDa 

band is found, this could indicate that an extracellular sperm protease is necessary. 

However, based on the data provided here, it can only be concluded that the 80 kDa 

band originates from the egg in response to the addition of sperm. In addition, if 

mass spec was performed on the seawater samples from these proposed 

experiments, the identity of the proteins from activation or egg proteolysis could be 

identified. 

AN EGG PROTEIN FOUND IN THE SEAWATER AFTER FERTILIZATION 

HAS IMMUNOGENIC-LIKE DOMAINS 

One of the more interesting proteins found almost exclusively in the 

fertilized seawater was a multi-domain protein that is 1418 amino acids long 

(GGEY02075190). This protein was found in two of the five unfertilized seawater 

replicates at very low spectral counts, and in every fertilized seawater replicate and 

always with the highest spectral count compared to the other constituents. Biotin 

modifications on some of the peptides for this protein were identified by mass 

spectrometry, indicating that this is an egg membrane protein that is released after 

fertilization.  
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BlastP of the ORF against the Swiss-Prot database returns a 3571 amino 

acid human protein called “Sushi, von Willebrand factor type A, EGF and 

pentraxin domain-containing protein 1 (SVEP1)” (NCBI accession: Q4LDE5.3) as 

the highest match; however the query cover was 70%, the identity is 24.30%, with 

an e-value of 1e-46. As the identity is below 30%, it does not make the cut-off to be 

considered homologous. When BlastP is run against the RefSeq database, the 

highest match returns an Acanthaster planci protein that’s 1424 amino acids in 

length, also named “sushi, von Willebrand factor type A, EGF and pentraxin 

domain-containing protein 1-like (SVEP1-like)” (NCBI accession: 

XP_022108954.1). The match had a 99% query cover, 68.12% identity, and an e-

value of zero, which does meet the criteria for homology. This large divergence 

from the human isoform could represent another protein subject to evolutionary 

pressure exhibited by reproductive proteins (Swanson and Vacquier 2002).  

With the function difficult to determine based on orthologous proteins, the 

domains were analyzed to predict potential function. The echinoderm proteins are 

lacking the N-terminal 1500 amino acids of the human protein. This N-term of the 

human protein includes the von Willebrand factor type A domain, EGF domains, 

and pentraxin domains (Figure III.10). They also have other domains not found in 

the human SVEP1, the Ig domain, and two serine protease inhibitor domains, Kazal 

domain and the Kunitz-BPTI domain. The only conserved domain between the  
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Figure III.10: Comparison of the domains found in the protein coding sequence of P. 
miniata accession GGEY02075190, the human and A. planci protein 
domains. The P. miniata transcript fails to meet the criteria necessary for 
homology against the human SVEP1 protein despite it being the highest 
hit when searched against the Swiss-Prot database. However, the A. 
planci protein does meet the criteria for homology for P. miniata, and 
retains its closest human namesake, despite lacking most of the domains 
present in its name (Sushi, von Willebrand factor type A, EGF and 
pentraxin domain-containing protein 1-like).  
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human and echinoderm proteins appear to be the complement control protein 

domains (CCP).  

Several of the domains present in the sea star protein have some 

immunogenic function and two of the domains present, the Kazal domain, and the 

Kunitz-BPTI domain, are both known to inhibit serine proteases (Williams and 

Barclay 1988; Reid and Day 1989; Norman et al. 1991; Rimphanitchayakit and 

Tassanakajon 2010; García-Fernández et al. 2012). The Kazal domain has also 

been shown to protect vitellogenesis and egg production in insects and chicken 

eggs and has been linked to antimicrobial activity as well (Bourin et al. 2011; 

Réhault-Godbert et al. 2011; Guo et al. 2019).  

Based on the domains, presence in the seawater after fertilization could be a 

protection from pathogens after the egg has been activated, or perhaps this protein 

could be released to further protect the egg by inhibiting the proteolytic activity  

from the sperm. The inhibitory function could be assessed by expressing this 

protein from a heterologous system and adding them to the seawater prior to the 

addition of sperm. If they lower the fertilization rate, then this protein may be an 

additional supportive step in the prevention of polyspermy. If it does not reduce 

fertilization in a significant way, then it could either have a protective role against 

pathogens, or another function at the surface of the egg that is no longer necessary, 
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causing the egg to shed it after activation, much like the way the human egg sheds 

the Juno protein after fertilization (Bianchi et al. 2014). 

SOME OF THE PROTEINS FOUND IN THE SEAWATER AFTER 

FERTILIZATION COME FROM THE SPERM 

All of the peptide matching performed during the mass spec was against the 

6-frame translation of the mature egg transcriptome of the P. miniata 

transcriptome, so any sperm-specific proteins would not be identified. At this time, 

no P. miniata sperm-specific proteome or transcriptome is available to use either, 

unfortunately. However, it is possible that many of the proteins found exclusively 

in the fertilized seawater in the mass spec samples, like tubulin, actin, core 

histones, and ATP synthase subunits, are smaller proteins that could be from the 

sperm (Table III.1, Figure III.6).  

In the sea star, once the sperm comes in contact with the egg jelly, the 

acrosomal process begins to extend until it is approximately 25 µm in length (Dan 

et al. 1954). This protuberance is supported primarily through the growth of actin 

filaments (Tilney 1985; Hirohashi et al. 2008; Niikura et al. 2017). Tubulin is a 

major component of the sperm’s axoneme, helping to move the sperm 

(Kierszenbaum 2002; Martínez-Heredia et al. 2006). Of course, ATP synthase is 

necessary for the sperm’s mitochondria to produce the energy required to drive the 
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sperm (Hirohashi and Lennarz 1998; Martínez-Heredia et al. 2006). If some of the 

sperm were apoptotic or ruptured, these proteins were potentially not large enough 

to pellet when the seawater was centrifuged to remove the egg, and sperm 

contaminants showed up in the background noise of the fertilized seawater. The 

cortex of the egg may also contribute to the presence of these proteins. There is an 

extensive rearrangement of the egg cortex at fertilization necessary for the 

incorporation of sperm at fusion (Chun et al. 2018; Santella et al. 2020). This 

rearrangement involves the actin cytoskeleton and an array of actin-binding 

proteins (Pollard 2016; Chun et al. 2018; Santella et al. 2020). 

THE SPERM ARE NOT BINDING TO PEPTIDES RELEASED BY THE EGG  

 When the egg receptor, Juno, for the mammalian sperm protein Izumo1 was 

discovered, they found that once the binding was complete, Juno was shed off of 

the surface of the egg (Bianchi et al. 2014). The authors suggested that the rapid 

shedding of this binding receptor acted as an additional block to polyspermy, by 

creating ‘decoy eggs’ for extraneous sperm to bind to (Bianchi et al. 2014).  

 As there was evidence that the sea star was releasing proteins into the 

seawater after fertilization, it was reasonable to think that this shedding of the 

binding receptor mechanism was conserved. After acrosome reacted sperm were 

incubated with the seawater from eggs before and after fertilization, remaining 
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seawater and pellets were analyzed with affinity blotting. It is apparent that there 

was not anything binding to the sperm (Figure III.8). Since the receptors necessary 

for the interaction at the egg cell surface are not known in the sea star system, it is 

difficult to say that the shedding of a receptor is a conserved mechanism. However, 

it is possible that even in mammalian gametes, the shedding of Juno is not done to 

create extracellular binding sites for extraneous sperm, but rather to remove the 

sperm's ability to bind the egg cell surface. So perhaps the shedding of membrane 

proteins from the sea star after fertilization is still a block to polyspermy, not by 

creating ‘decoy eggs’ to neutralize other sperm but to remove the ability to bind to 

the egg cell surface.  

In addition, the interaction between Izumo and monomeric Juno is transient, 

and of low affinity, so it stands to reason that if this receptor is rapidly shed from 

the surface, that this low affinity would prevent it from being a useful decoy for the 

sperm, which further supports this theory (Bianchi et al. 2014; Inoue and Wada 

2018).  

CONCLUSION 

In conclusion, proteins are being released from the egg surface in Patiria 

miniata before and increase after fertilization. At least one protein or protein 

fragment, at approximately 80 kDa, is released only after fertilization. The function 
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of these proteins in this system is unknown, but they may play a role in modulating 

the interaction between sperm and egg at fertilization. The identities of the proteins 

found in this chapter represent novel and logical targets for further analysis in 

uncovering the mechanisms of the sperm and egg interaction. 
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CHAPTER IV: SYNTHESIS AND CONCLUSIONS 

Infertility affects approximately twelve percent of the population as of 2013 

(Kessler et al. 2013). When a couple seeks medical assistance, their doctors 

typically only take into account hormonal levels and the condition of the uterine 

lining and fallopian tubes, essentially only the physiological aspects of their 

reproductive health. Of these people seeking help, about twenty-five percent are 

classified as ‘unexplained infertility,’ as they are considered healthy in every 

aspect, and there seems to be no medical rationale for their difficulties conceiving 

(Royal College of Obstetricians and Gynaecologists 2013). What is not currently 

considered, however, is the molecular phenotype of the immature egg (oocyte) or 

the mature egg when testing for infertility. This lack of consideration is because our 

knowledge of the molecules involved at sperm-egg binding, fusion, and activation 

is surprisingly limited. 

Sexual reproduction, at its most basic level, is the joining of two haploid 

cells to create a genetically distinct diploid organism. At the start of this journey, 

the initial binding and fusion of the sperm and egg stimulates re-initiation of cell 

division and begins a cascade of vital events for embryonic development. Some of 

the details of this cascade of molecular events are diverse throughout the animal 

kingdom; however, there are some highly conserved events in this pathway, 



124 

 

 

including the necessary intracellular calcium wave released from the endoplasmic 

reticulum, which is accomplished through the hydrolysis of phosphatidylinositol-

bisphosphate (PIP2) by a phospholipase C isoform. Some of the events prior to this 

portion of the cascade vary depending on the species. For example, in mammals, 

the PLC isoform is donated from the sperm, whereas it is endogenous to the egg in 

many other species, like echinoderms, tunicates, and possibly, the frog Xenopus 

laevis (Figure I.1) (Sato et al. 2000; Runft et al. 2004; Santella et al. 2004; Machaty 

2016; Sanders and Swann 2016). 

The signal that initiates this cascade remains one of the more elusive 

portions of this pathway. It has been proposed that the activation is stimulated by 

protein-protein interaction during sperm-egg binding, while other data suggests that 

sperm-egg fusion is necessary for stimulating the cascade that leads to the Ca2+ 

wave (Runft et al. 2002). Regardless of the mechanism by which the signal is 

initially transduced, it most likely originates on the surface of the gametes. The 

proteome that makes up the membrane has not yet been fully elucidated in any 

species (Just 1939; Wong and Wessel 2005; Dale 2018; Santella et al. 2020). Only 

a handful of egg membrane proteins that have been discovered that are critical for 

successful fertilization and it is becoming clear that these proteins do not operate 

independently, but rather as a complex of proteins (Ellerman et al. 2009; Aydin et 

al. 2016; Gaikwad et al. 2019). One of the shortcomings of the sea star, and other,   
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fertilization model system is that very little is known about the identities of the 

proteins present on the cell surface. This paucity of knowledge extends past the sea 

star as well, as the proteomics specific to the egg cell surface has not been 

addressed in any system. 

In this dissertation, I developed a comprehensive database that would 

comprise the membrane proteome present in the unfertilized egg using a multi-

layered approach. To do this, it was essential to develop the mature egg 

transcriptome, which was not available. For Patiria miniata, there are 

transcriptomes available on NCBI; however, none of these were restricted to the 

mature egg. I helped to generate and develop the first multi-isolate mature egg 

transcriptome that is now published on NCBI (BioProject ID: 398668). Three 

databases specific to the egg membrane were generated using this invaluable 

resource. The first was an in silico proteome representing all the transcripts 

containing alpha-helices that could represent transmembrane domains. The second 

was a more specific in silico proteome, describing the presence of five significant 

membrane signaling families that have been predicted to potentially play a 

significant role in the initial gamete interaction. The third and final database was 

developed using tandem mass spectrometry to identify proteins in membrane 

preparations from unfertilized egg samples. This entirely novel database is 

especially notable because it further segregates the in silico proteome into those 
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membrane proteins that are actually present in the unfertilized egg, and therefore 

could be performing an interesting function, and those proteins that may be 

necessary during the subsequent rapid cell division and development after 

fertilization but whose RNA is present in the unfertilized egg.  

By generating these databases, five proteins were identified in the 

unfertilized egg by mass spectrometry and belong to one of the signaling families 

designated as being of particular interest. The other proteins identified in these 

mass spectrometry samples may also play an important role in fertilization; 

however, these specific five signaling families have been extensively hypothesized 

to play a critical role and are the targets of initial focus (Evans 2012; Bhakta et al. 

2019; D’Occhio et al. 2020). The in silico proteome of these five families 

comprises over 300 transcripts, making it difficult to choose where to begin the 

investigation. By utilizing these databases, a clear direction to take is now evident 

to elucidate the potential members of the signalosome facilitating gamete binding, 

fusion, and activation.  

These databases have also been heavily utilized in characterizing changes to 

the egg membrane during fertilization. While the identities of the targeted egg 

substrates are still not entirely described, the fact that proteolytic activity may be 

necessary for successful fertilization has been established for quite some time 

(Carroll and Jaffe 1995; Yokota and Sawada 2007; Buffone et al. 2008; Hirohashi 
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et al. 2008; Kubo et al. 2008). This need for proteolytic activity in conjunction with 

the more recent discovery that the mammalian egg sheds the receptor protein Juno 

after fertilization suggested that analysis of any proteins that may be released from 

the egg surface in sea stars could provide an appealing approach for identifying 

proteins that are critical for function (Bianchi et al. 2014).  

A new protocol was developed and refined to examine the release of 

proteins from the egg cell surface into the surrounding seawater (Wiseman et al. 

2020). This protocol labels all of the membrane proteins with a biotin tag. 

Streptavidin affinity interaction for the biotin tag was then used to isolate any of the 

membrane proteins potentially found in the seawater that surrounded the sea star 

eggs. Affinity blotting showed that proteins are being released from the egg cell 

surface after fertilization; however, the egg is also releasing proteins before the 

introduction of the sperm, and the release of some of these proteins increases 

significantly after fertilization. As this is not a phenomenon investigated before in 

any broadcast spawners, and only briefly in mammals, it became imperative to 

determine the identities of these proteins with mass spectrometry, which could be 

accomplished using the transcriptome and in silico proteome that was previously 

described. 

The mass spectrometry results indicated that one of the major proteins that 

is being released consistently from the egg is vitellogenin, a known yolk protein 
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(Voogt et al. 1985; Zazueta-Novoa et al. 2016). This finding was particularly 

interesting as it seemed to be counter intuitive for the egg to be releasing something 

that is believed to be nutrients for a developing embryo. Upon further investigation, 

it appears that in other species vitellogenin possesses pleiotropic functionality, 

including an immunogenic function (Li et al. 2008; Zhang et al. 2011; Sun et al. 

2013; Li and Zhang 2017; Sullivan and Yilmaz 2018). This discovery is a 

potentially novel egg activity that has never been explored before and could 

represent a way for the egg to protect itself from external pathogens, a method for 

the egg to positively select the best sperm from the onslaught of other sperm, or 

something else entirely.  

The affinity blotting and mass spectrometry of the samples of fertilized 

seawater also revealed other exciting events occurring on the egg surface. First, an 

80 kDa band appears approximately three minutes after fertilization. This band may 

represent an egg cortical granule protease substrate necessary for the fertilization 

envelope lifting, or it could be an egg membrane protein that is cleaved by sperm 

proteases. Unfortunately, this band not directly identified in the mass spectrometry 

results; yet with additional experimentation, the identity and trigger for its release 

can be determined. The mass spectrometry results did identify two proteins, 

however, that are both interesting targets for further investigation. A cubulin-like 

protein and a SVEP-1 like protein are substantially released from the egg cell 
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surface, or present in the sea water surrounding the eggs, after fertilization. 

Cubulin-like proteins contain CUB domains, which are exclusively found in 

secreted and a few transmembrane proteins (Predes et al. 2019). Proteins with CUB 

domains are involved in multiple signaling pathways, often binding growth factors 

and antagonizing receptor activation, or by regulating interaction with the 

extracellular space (Benes et al. 2012; Noskovičová et al. 2018; Pollan et al. 2018). 

SVEP-1 is particularly interesting because an ortholog is known to be involved in 

cell adhesion and involved in regulation of cell differentiation during development 

in several systems (Karpanen et al. 2017; Samuelov et al. 2017). Neither of these 

proteins have been implicated yet in the field of fertilization, but both have specific 

domains that indicate they could be playing a role in egg response or interaction 

with the sperm.  

The finding that presence of egg cell surface proteins increase in 

concentration in the seawater after fertilization indicates that the egg may possess a 

conserved mechanism of shedding receptors, similar to how Juno is shed from the 

mammalian egg after activation (Bianchi et al. 2014). One of the major hypotheses 

that was proposed after this shedding was discovered was addressed and negated 

here by determining that the sperm are not binding to the fragments released from 

the egg as an additional block to polyspermy. However, showing that sperm are not 

binding to shed egg proteins does not invalidate the shedding itself as an additional 
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method of polyspermy block, because the potential for sperm to bind to the egg 

surface may be reduced.  

In conclusion, this dissertation has provided several different novel findings 

and new tools to address these and future hypothesis. A further contribution is the 

suggestion of specific directions for future investigation with respect to the 

regulation of sperm-egg interaction and fertilization. Several proteins have been 

identified as appealing targets for functional analysis that can illuminate novel roles 

for proteins of the egg surface or extracellular matrix for the overall success of 

fertilization. By further elucidating the fertilization events at the molecular level, 

new methods for understanding infertility can be identified and therapies 

developed. These discoveries can also aid in the development of cheaper, safer, and 

more effective prophylactics. The field of fertilization research has been a slow one 

compared to many other fields; but the work here provides a noteworthy platform 

which will continue to advance the field of fertilization.  
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APPENDIX A 
 

  

Table A.1: Patiria miniata accessions that were found to represent receptor tyrosine kinases. Open 
Reading Frames (ORFs) from the accession numbers were Blasted against the RefSeq 
database and highest matching identity was assigned. Accessions on the same line are 
considered redundant in terms of protein sequence. Any that have an asterisk indicate 
that they are a fragmented pair. 
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APPENDIX B 

 

 

 

Table B.1: Patiria miniata accessions that were found to represent tetraspanins. ORFs from the 
accession numbers were Blasted against the RefSeq database and highest matching 
identity was assigned. Accessions on the same line are considered redundant in terms of 
protein sequence. Any that have an asterisk indicate that they are a fragmented pair. 
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APPENDIX C 

 

 

 

 

Table C.1: Patiria miniata accessions that were found to represent integrins. ORFs from the accession 
numbers were Blasted against the RefSeq database and highest matching identity was 
assigned. Accessions on the same line are considered redundant in terms of protein 
sequence. Any that have an asterisk indicate that they are a fragmented sequence. 
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Table D.1: Patiria miniata accessions that were found to represent ADAMs. ORFs from the accession 
numbers were Blasted against the RefSeq database and the highest matching identity was 
assigned. 
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APPENDIX E 

 

 

Table E.1: Patiria miniata accessions that were found to represent GPCR-As. ORFs from the 
accession numbers were Blasted against the RefSeq database and highest matching 
identity was assigned. Accessions on the same line are considered redundant in terms of 
protein sequence.  
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Table E.2: Patiria miniata accessions that were found to represent GPCR-Bs. ORFs from the 
accession numbers were Blasted against the RefSeq database and highest matching 
identity was assigned. Accessions on the same line are considered redundant in terms of 
protein sequence.  
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Table E.3: Patiria miniata accessions that were found to represent GPCR-Cs. ORFs from the 
accession numbers were Blasted against the RefSeq database and highest matching 
identity was assigned. Accessions on the same line are considered redundant in terms of 
protein sequence. Any that have an asterisk indicate that they are a fragmented sequence. 
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Table E.4: Patiria miniata accessions that were found to represent GPCR-Es. ORFs from the 
accession numbers were Blasted against the RefSeq database and highest matching 
identity was assigned.  

Table E.5: Patiria miniata accessions that were found to represent GPCR-Fs. ORFs from the 
accession numbers were Blasted against the RefSeq database and highest matching 
identity was assigned. Accessions on the same line are considered redundant in terms of 
protein sequence. 
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Table E.6: Patiria miniata accessions that were found to represent GPCR-Others. ORFs from the 
accession numbers were Blasted against the RefSeq database and highest matching 
identity was assigned. These returned “Uncharacterized Protein” and were subsequently 
Blasted against the Swiss-Prot database. The names and numbers on top represent the 
RefSeq statistics, and the bottom the Swiss-Prot statistics. Accessions on the same line 
are considered redundant in terms of protein sequence. 
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