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1. RESUMEN

El oocito de mamifero esta rodeado por una matriz denominada zona
pelticida (ZP). Esta envoltura participa en procesos tales como la induccién de la
reacciéon acrosémica, la unién de espermatozoides y también puede estar
implicada en la especiacion. Estudios recientes han demostrado que la matriz de
ZP de ovocitos en varias especies se compone de cuatro glicoproteinas,
denominadas ZP1, ZP2, ZP3 y ZP4, en lugar de las tres descritas en el raton,
cerdo y vaca. En la gata (Felis catus), esta matriz se compone de al menos tres
glicoproteinas denominadas ZP2, ZP3 y ZP4. Sin embargo, la presencia de cuatro
proteinas en varios mamiferos, sugiere que necesita una reevaluacion de la ZP en
la gata. Ademas, en esta tesis, se realizaron investigaciones para determinar la
expresién de una cuarta glicoproteina en la ZP de conejo (Oryctolagus cuniculis).
Los objetivos de esta investigacién fueron analizar la composicion de proteinas de
ZP gato por medio de analisis proteémico y en el conejo se amplific6 ZP1
mediante la reaccién en cadena de la polimerasa (RT-PCR). En la ZP aislada de
ovarios y ovocitos de gato, se detectaron varios péptidos correspondientes a
cuatro proteinas, teniendo una cobertura del 33,17%, 71,50%, 50,23% y 49,64%
para ZP1, ZP2, ZP3 y ZP4, respectivamente. Por otra parte, se confirmé por
analisis molecular la expresion de los cuatro genes de ZP a partir de ARN total
aislado de ovarios de gato, las ZPs de gato fueron parcialmente amplificadas por
RT-PCR. En el conejo la ZP1 incluye un marco de lectura abierto de 1825
nucleétidos que codifican un polipéptido de 608 residuos de aminoacidos. La
secuencia de aminoacidos deducida de ZP1 de conejo mostré una alta identidad
con otras especies: 70% de identidad con ZP1 humana y caballo y 67% de
identidad con la ZP1 de ratén y rata. A nivel proteémico, fueron detectados por
espectrometria de masas péptidos correspondientes a las cuatro proteinas ZP.
Ademas, mediante un analisis filogenético molecular de ZP1 mostr6 que este gen
presenta una pseudogenizacién de por lo menos cuatro veces durante la evolucion

de los mamiferos. Los datos presentados en esta tesis proporcionan evidencia, por



primera vez, que la ZP de conejo y la ZP de gato se compone de cuatro

glicoproteinas.
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2. SUMMARY

The mammalian oocyte is surrounded by a matrix called the zona pellucida
(ZP). This envelope participates in processes such as acrosome reaction induction,
sperm binding, and may be involved in speciation. Recent studies have shown
that the ZP matrix of oocytes in several species is composed of four glycoproteins,
designated ZP1, ZP2, ZP3 and ZP4, rather than the three described in mouse, pig
and cow. In cat (Felis catus), this matrix is composed of at least three
glycoproteins called ZP2, ZP3 and ZP4. However, the presence of a fourth protein
in several mammals, meaning that a reevaluation of cat ZP is needed.
Additionally, in this thesis, investigations were carried out to unveil a fourth
glycoprotein in the rabbit (Oryctolagus cuniculis) ZP. The objectives of this
research was to analyse of the protein composition of cat ZP by means of
proteomic analysis and rabbit ZP1 was amplified by reverse transcribed
polymerase chain reaction (RT-PCR). Using ZP from ovaries and oocytes of cat,
several peptides corresponding to four proteins were detected, yielding a coverage
of 33.17%, 71.50%, 50.23% and 49.64% for ZP1, ZP2, ZP3 and ZP4, respectively.
Moreover, the expression of four genes was confirmed by molecular analysis.
Using total RNA isolated from cat ovaries, the complementary deoxyribonucleic
acids (cDNAs) encoding cat ZPs were partially amplified by RT-PCR. In the
rabbit the ZP1 ¢cDNA contains an open reading frame of 1825 nucleotides
encoding a polypeptide of 608 amino acid residues. The deduced amino acid
sequence of rabbit ZP1 showed high identity with other species: 70% identity
with human and horse ZP1, and 67% identity with mouse and rat ZP1. At the
proteomic level, peptides corresponding to the four proteins were detected by
mass spectrometry. In addition, a molecular phylogenetic analysis of ZP1 showed
that pseudogenization of this gene has occurred at least four times during the
evolution of mammals. The data presented in this thesis provide evidence, for the

first time, that the rabbit and cat ZP is composed of four glycoproteins.
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3. INTRODUCCION

En la fecundacién, los gametos masculino y femenino interactian para dar
lugar a una célula huevo o cigoto. Durante este proceso, el espermatozoide se une
al ovocito atravesando la zona peltcida (ZP) para posteriormente atravesar la
membrana plasmadtica (oolema) y alcanzar el ooplasma. La ZP es una matriz
extracelular que rodea a ovocitos y embriones, demostrandose que juega un papel
importante en el proceso de la fecundacién y desarrollo embrionario temprano.
Esta matriz interviene en la interaccién especie-especifica entre gametos, en la
induccién de la Reaccién Acrosémica (RA), en el bloqueo de la polispermia, asi
como en la proteccién del embrién preimplantado (Modlinski, 1970; Bleil y
Wassarman, 1980; Florman y Storey, 1982; Berger et al, 1989; Dumbar et al,
1991; Liu et al, 1996; Rankin et al, 1996, 1999, 2001; Benoff, 1997; Fazeli et al,
1997; Wassarm, 1998: Kolle et al, 1998; Dean, 2004; Hoodbhoy y Dean, 2004;
Canovas et al,, 2007; Gupta et al, 2011, 2012; Tanihara et al., 2013).

Esta matriz extracelular es conocida como envoltura vitelina en anfibios,
corion en los teleésteos y membrana perivitelina en las aves (Sasanami et al,

2002, 2003; Barisone et al, 2007; Wassarman y Litscher, 2008). Estas matrices

extracelulares llevan a cabo funciones similares en las diferentes especies.

Referente a la composiciéon de la ZP, es una matriz extracelular formada
por unas pocas glicoproteinas. Su formaciéon tiene lugar a lo largo de la
ovogénesis y de la foliculogénesis (Wassarman, 1988; Jewgenow y Fickel, 1999;

Lee et al.,1993; 2000; Blackmore et al, 2004).

La ultraestructura y funciones de la ZP, asi como su composicién
bioquimica han sido objeto de numerosos estudios en diferentes especies durante
los tultimos 35 anos. No pocas investigaciones coinciden en definir que la
composicion de la ZP varia en las diferentes especies pudiendo estar constituida

de 3 a 6 glicoproteinas (Bleil y Wassarman, 1980a; Hedrick y Wardrip, 1987;



Lefievre et al, 2004; Hoodbhoy et al, 2005; Ganguly et al, 2008; Goudet et al,
2008). Sin embargo, la composicién proteica asi como la nomenclatura usada para
clasificar las diferentes proteinas de la ZP contintian siendo bastante confusas.
Un reciente estudio filogenético clarifica dicha nomenclatura relacionandola con
la evolucion de los genes codificantes para las diferentes proteinas de la ZP.
Ademas, detecta la presencia de pseudogenes en diferentes especies. Asi, estos

autores proponen clasificar los genes de la ZP dentro de seis subfamilias:

ZPA/ZP2, ZPC/ZP3, ZPB/ZP4, ZP1, ZPAXy ZPD (Goudet et al., 2008).

Asi, en especies no mamiferas han sido detectados mas de cuatro genes. En
el genoma de la gallina estan presentes 6 genes (ZP1, ZPA, ZPB, ZPC ZPAX y
ZPD) (Bausek et al, 2000; Goudet et al, 2008) y en el genoma de Xenopus, (rana
africana) encontramos cinco genes codificantes para la ZP (ZPA, ZPB, ZPC, ZPAX
y ZPD) (Goudet et al, 2008). Para los mamiferos, la ZP tradicionalmente se ha
considerado compuesta por tres glicoproteinas: ZP1, ZP2 y ZP3 tomando como
modelo la ZP murina (Bleil y Wassarman, 1980). Ahora bien, la descripcién del
genoma completo en algunas especies, tales como el hombre, la rata o el caballo
entre otras, ha dado lugar a la deteccion de nuevas proteinas asociadas a la ZP.
Asi, estudios recientes revelan que algunos mamiferos presentan cuatro
glicoproteinas conformando esta matriz. Estas cuatro proteinas se designan como

7ZP1, ZP2 (ZPA), ZP3 (ZPC) y ZP4 (ZPB).

En la especie humana, ZP4 (ZPB) fue primeramente identificada como el
gen ortologo de ZP1 murina, pero estudios posteriores detectaron que el
verdadero ortélogo de ZP1 humano era un gen distinto al llamado ZP1 en ratén
(Hughes y Barrat, 1999). En cuanto a la composicién proteica de la ZP se
desprende que el ratén de laboratorio (Mus musculus), empleado como modelo de
estudio de la ZP durante las Gltimas décadas, presenta una composiciéon diferente
al resto de mamiferos descritos hasta la fecha, con ZP1, ZP2 y ZP3, siendo ZP4 un
pseudogén (Lefiévre et al, 2004; Evsikov et al, 2006; Goudet et al., 2008).



Estudios recientes sobre la evoluciéon de los genes codificantes de las
proteinas de la ZP (Goudet et al, 2008) revelan nuevos datos como la
existencia de una pérdida de genes en determinadas especies tal y como
ocurre con la ZP4 murina. Asi, en la vaca (Noguchi et a/ 1994) y el perro (Goudet
et al, 2008) se describen sélo tres glicoproteinas, siendo estas: ZP2, ZP3 y ZP4,
donde la proteina ZP1 ha sido identificada como un pseudogén en el genoma de
estas especies (Goudet et al, 2008). Asi, teniendo en cuenta todo lo
anteriormente expuesto podriamos agrupar a los mamiferos de acuerdo a la

composicion de su ZP en:

1. Los que presentan ZP1, ZP2 y ZP3 (con ZP4 como pseudogén), hasta la
fecha solo el ratén (Mus musculus) (Bleil y Wassarman 1980a; Lefiévre, 2004;

Evsikov et al,, 2006; Goudet et al, 2008).

2. Los que presentan ZP2, ZP3 y ZP4 (con ZP1 como pseudogén) como en la

perra (Canis familiaris) y la vaca (Bos taurus) (Goudet et al., 2008).

3. Los que presentan ZP1, ZP2, ZP3 y ZP4: mujer, rata, macaco coronado y
el hamster (Lefiévre et al, 2004; Hoodbhoy et al, 2005; Ganguly et al, 2008
Izquierdo-Rico et al, 2009)

En la coneja (Oryctolagus cuniculus), la caracterizacién de la ZP por
medio de electroforesis en geles de poliacrilamida (SDS-PAGE) sugiri6 la
presencia de tres glicoproteinas, ZP2, ZP3 y ZP4, (Lee et al, 1993; Harris et al,
1994; Prasad, 1995) las cuales migran en el gel como una sola banda, con un peso
molecular aparente de 85-95 kDa (Harris et al, 1994). Los transcritos
correspondientes a estas proteinas (ZP2, ZP3 y ZP4) fueron detectados por
métodos de biologia molecular y se depositaron en la base de datos GenBank con
los ntimeros de acceso: 1.12167 (ZP2), NM_001195720.1 (ZP3) y NM_001082295
(ZP4).



En el gato (Felis catus), la caracterizacién de la ZP por medio de la
electroforesis con gel de poliacrilamida (SDS-PAGE) sugiri6 la presencia de sélo
dos glicoproteinas que cubren un amplio rango de masa molecular con bandas
entre 50-110 kDa (Maresh y Dunbar, 1987). M4s tarde, Harris et al, clonarony
caracterizaron los ADNc de la ZP2, ZP3 y ZP4 de varias especies de mamiferos,
incluido el gato. Las secuencias de nucledtidos y aminoacidos de estos genes y las
correspondientes proteinas fueron depositadas en la base de datos GenBank con
los siguientes ntimeros de acceso: ZP2 (NM_001009875), ZP3 (NM_001009330) y
ZP4 (NM_001009260) (Harris et al,1994)

En la presente Tesis Doctoral estudiamos mediante técnicas de biologia
molecular y proteémica, la composicion de la ZP en estas dos especies de
mamiferos, la coneja y la gata, a fin de esclarecer la estructura de su ZP y aportar
nuevos datos respecto a otros modelos animales. Ademas se lleva a cabo un

analisis filogenético de ZP1 en mamiferos.
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4. OBJETIVOS

El objetivo de esta Tesis Doctoral se centré en determinar la composicion
de la zona peldcida en dos modelos animales. Se analiza la coneja (Oryctolagus
cuniculus) por su interés como animal de experimentacién alternativo al tratarse
de una especie de consumo humano pudiendo obtenerse en matadero evitandose
el sacrificio de animales cuya finalidad Unica sea la investigacion. Se analiza la
gata (Felis catus) como modelo para el desarrollo de vacunas anticonceptivas

para el control de poblaciones de félidos domésticos y salvajes.

1. CONEJA (Oryctolagus cuniculus)
1.1. Analisis de la presencia del ARNm de ZP1 en el ovario de coneja.

1.2. Identificacion de las proteinas de la ZP de coneja mediante

espectrometria de masas.
2. GATA (Felis catus)
2.1 Analisis de la presencia de ARNm de ZP1 en el ovario de gata.

2.2. Identificacion de las proteinas de la ZP de gata mediante

espectrometria de masas.

3. ANALISIS FILOGENETICO DEL GEN ZP1 EN MAMIFEROS.
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Irene Stetson

5. REVISION BIBLIOGRAFICA

Durante la ovogénesis, los ovocitos de los mamiferos se vuelven mas
complejos en su organizacion, adquieren competencia para reactivar la meiosis y
se preparan para la fecundacién y la primera divisién embrionaria (Wassarman,
1988). Uno de los cambios mas relevantes durante la ovogénesis es la produccién
de la ZP. Esta matriz extracelular rodea al ovocito externamente y desempena
papeles vitales durante la ovogénesis, la unién espermatozoide-ovocito, la
induccién de la reaccién del acrosoma (RA), bloqueo de la polispermia y el
desarrollo temprano del embrién preimplantado (Wassarman, 1988; Tian et al.,

1997; Hyllner et al, 2001; Sasanami et al, 2002; Monné y Jovine, 2011).

5.1 COMPOSICION DE LA ZONA PELUCIDA

La ZP es una matriz extracelular traslicida, compuesta por una matriz de

glicoproteinas que rodea al ovocito y al embrién preimplantado de los mamiferos

(Fig.1).

ZONA PELUCIDA

OOPLASMA

CUERPO POLAR

Figura 1. Imagen de un ovocito humano en metafase Il. Se identifica el ooplasma, el primer
corpusculo polary la ZP.
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La ZP esta constituida principalmente por proteinas y azicares, que se
asocian para formar varias glicoproteinas. Dependiendo de las especies éstas
pueden variar en numero;, por ejemplo en mamiferos se describen 3 o 4

glicoproteinas diferentes y en otros vertebrados se describen hasta 6 proteinas.

La nomenclatura de las proteinas que conforman la ZP es algo confusa. En
el raton, modelo de estudio de la ZP desde hace mas de 30 anos, las glicoproteinas
se clasificaron tomando en cuenta su peso molecular de acuerdo a la migracién
en gel SDS-PAGE. Estas se denominaron ZP1, ZP2 y ZP3, siendo ZP1 la de
mayor peso molecular (menor movilidad electroforética) con 200 kDa, ZP2 con
120 kDa y ZP3 la de menor peso molecular (mayor movilidad electroforética) con
83 kDa (Bleil y Wassarman, 1980a; Wassarman, 1988). Estas mismas
glicoproteinas no siempre estan presentes en la ZP de otras especies lo que llevo a

revisar la nomenclatura.

En 2003, Spargo y Hope, tras realizar un estudio filogenético, proponen
unificar el sistema de nomenclatura. Estableciendo que las 3 subfamilias ZPA,
ZPBy ZPC serian identificadas numéricamente como ZP2, ZP1y ZP3. En este
sistema de clasificaciéon no consideraron la existencia de especies con mas de tres
genes codificantes para proteinas de la ZP lo que hace que la terminologia usada

todavia en nuestros dias sea complicada.

Cinco anos mas tarde en 2008, Goudet y colaboradores, proponen clasificar
los genes que codifican para las glicoproteinas de la ZP en seis subfamilias: ZP1,
ZP2/ZPA, ZP3/ZPC, ZP4/ZPB, ZPAX y ZPD. La ZP varia considerablemente, no
todos los genes estan presentes en todas las especies, por ejemplo, en el genoma
de mamiferos podemos encontrar 3 6 4 genes, en el genoma de anfibios (Xenopus)

5 genes, y en el genoma de aves, como la gallina 6 genes (Goudet et al, 2008).

La composicién de la ZP se complica tras el descubrimiento de que algunos
de estos genes como ZPAX y/ o ZP3 pueden estar duplicados en algunas especies.
Por ejemplo, en algunos peces como la carpa espinosa (Cyprinus carpio), el pez

globo moteado (7Tetraodon nigroviridis), el pez globo japonés (Takifugu rubripes)



entre otros (Conner y Hughes, 2003; Meslin et a/, 2012). También se describen
duplicaciones de ZP3 en un marsupial como la zarigiieya de cola corta
(Monodelphis domestica) Meslin et al, 2012), aves como el diamante mandarin
(Taeniopygia guttata) y la gallina y en anfibios como la rana (Meslin et al, 2012).
Ademas, en el ornitorrinco (Ornithorhynchus anatinus), aparte de encontrarse

ZP3 duplicada también lo estda ZP2 (Meslin et al, 2012).

S1 nos centramos en los estudios realizados en mamiferos, se suponia que
la ZP estaba formada por sélo tres glicoproteinas (ZP1, ZP2 y ZP3), debido a la
extrapolacién del modelo de ratén a otras especies (Bleil et al, 1980; Bleil y

Wassarman, 1980a).

También se demostré la presencia de tres proteinas en el cerdo (Hedrick
et al, 1987) y en la vaca (Noguchi, et al, 1994), donde se describe que la ZP esta
conformada por tres glicoproteinas, identificadas como (ZP2, ZP3 y ZP4).

El analisis del genoma completo en varias especies, asi como el desarrollo
de las técnicas de espectrometria de masas, han proporcionado una importante
alternativa para identificar las diferentes glicoproteinas presentes en la ZP de
distintas especies. En 1999, el grupo del Dr. Barratt demostré la existencia de
cuatro genes en la mujer (Hughes y Barratt, 1999) y en 2004 se identificaron por
proteémica cuatro proteinas en la ZP de la mujer (Lefiévre et al, 2004).
Posteriores analisis filogenéticos detectan cuatro genes en el chimpancé, en el
macaco de Rhesus (Goudet et al, 2008) y en la yegua (Mugnier et al, 2009).
Mientras que, se demuestra la presencia de cuatro glicoproteinas en la rata
(Hoodbhoy et al., 2005), en el macaco coronado (Macaca radiata) (Ganguly et al,
2008) y en el hamster (Izquierdo-Rico et a/, 2009a, Jiménez-Movilla et aZ, 2009).

Por tanto, podemos clasificar a los mamiferos en tres categorias:



1- Especies con ZP1, ZP2 y ZP3, hasta la fecha exclusivamente la ratona
(Bleil y Wassarman, 1980a; Lefiévre et al, 2004; Evsikov et al, 2006; Goudet et
al., 2008).

2- Especies con ZP2, ZP3 y ZP4, donde ZP1 no estd presente, como en la

cerda, la vaca y la perra (Hedrick y Wardrip 1987, Noguchi et al, 1994; Harris et
al, 1994, Goudet et al, 2008)

3- Especies con 4 proteinas en su ZP: ZP1, ZP2, ZP3 y ZP4, como en la

mujer, la rata, el macaco coronado o el hamster (Lefiévre et al, 2004; Hoodbhoy
et al., 2005; Ganguly et al., 2008; Izquierdo-Rico et al., 2009a, Jiménez-Movilla et
al., 2009).

Los mamiferos cuya ZP puede estar conformada por 3 o 4 glicoproteinas
desafian el modelo murino que es diferente al resto de los mamiferos, ya que cada
dia tenemos mas evidencias de que la ZP con cuatro proteinas es la mas comun

entre los mamiferos (Tabla 1).



Tabla.1. Resumen de las glicoproteinas de la ZP dei¢as en los diferentes

mamiferos (Tomado de la Tesis Doctoral de Carla Mars Nicolas, 2015).
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Macaco de Rhesus
(Macaca mulata)
Mujer
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En el conejo (Oryctolagus cuniculus) se realizé la caracterizacién de la ZP
por medio de SDS-PAGE, evidenciandose la presencia de tres glicoproteinas: ZP2
(Lee et al., 1993; Von Witzendorff et al, 2009); ZP3 (Shwoebel et al, 1991) y ZP4
(Harris et al, 1994; Prasad., 1995), las cuales migran como una banda tnica, con
una masa molecular aparente de 85-95 kDa (Prasad et al, 1995). (Fig.2) Las
secuencias nucleotidicas y aminoacidicas se depositaron en el GenBank con los

nuimeros de acceso: L12167 (ZP2), NM_001195720.1 (ZP3), NM_001082295 (ZP4).

93K~ '
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Fig 2. Zona pellcida solubilizada
de conejo analizada mediante
electroforesis  SDS-PAGE vy
tincion de plata. Tomada de
Prasad et al,, 1995.

En el gato (Felis catus), la caracterizacién de la ZP por medio de la
electroforesis con gel de poliacrilamida (SDS-PAGE) sugirié la presencia de sélo
dos glicoproteinas que cubren un amplio rango de masa molecular con bandas
entre 50-110 kDa (Maresh y Dunbar, 1987). M4s tarde, Harris y colaboradores
(1994), clonaron y caracterizaron los ADNc de la ZP2, ZP3 y ZP4 de varias
especies de mamiferos, incluido el gato. Las secuencias de nucleétidos y

aminoacidos de estos genes y las correspondientes proteinas fueron depositadas



en la base de datos GenBank con los siguientes nimeros de acceso: ZP2

(NM_001009875), ZP3 (NM_001009330) y ZP4 (NM_001009260).

Sin embargo, ZP1 no se ha descrito ni en el conejo ni en el gato. Por otra
parte, el gato es un miembro del orden de los mamiferos carnivoros, por lo cual se
le ha incluido en la misma categoria que las especies relacionadas, como el perro
en el que ZP1 es un pseudogén (Meslin, et a/ 2012). Sin embargo, las ultimas
actualizaciones de las bases de datos gendmicas detectan en el genoma de estas
especies un putativo gen ZP1 con un posible marco abierto de lectura
(ENSOCUG00000015673 y NW_004065056 correspondientes a ZP1 de conejo y

gato respectivamente).

5.2 Relevancia de la zona peltcida

Entre las multiples funciones atribuidas a la ZP, cabe destacar que
interviene en la foliculogénesis, la organizaciéon y diferenciacion de las células de
la granulosa. Es la ZP quien se encarga de la unién especifica de los gametos,
ovocito y espermatozoide; la que induce la RA garantizando la fecundacién y la
estructura que evita la polispermia una vez fecundado el ovocito. Ademas la ZP
se encarga de la proteccion del embrion oviductal hasta su implantaciéon
(Modlinski, 1970; Florman y Storey, 1982; Bleil y Wassarman, 1988; Berger et
al., 1989; Yanagimachi,1994; Liu et al, 1996; Rankin et al,1996,1999,2001;
Benoff, 1997; Fazeli et al., 1997; Kolle et al, 1998; Wassarman y Litscher, 2001;
Dean, 2004; Gupta et al, 2011, 2012; Tanihara et al., 2013).

Durante el desarrollo embrionario temprano, la ZP previene la
disgregacion de las blastomeras no compactadas, evitando la implantaciéon
prematura y ectopica; ademas protege al embrién contra virus, bacterias, toxinas
y macrofagos y facilita la transmision de senales entre el embriéon y el utero
(Herrler y Beier, 2000). En otros vertebrados como los peces, anfibios y aves, las

capas que rodean al ovocito reciben diferente denominacién. Asi, son llamadas:



corion, membrana vitelina y membrana perivitelina respectivamente. Estas
estructuras que rodean al ovocito son similares en tamano y funcién a la ZP de
los mamiferos, por lo que a veces pueden ser referidas colectivamente como ZP

(Spargo et al, 2003).

Sin embargo, algunas de estas funciones estan siendo puestas en
evidencia en estudios recientes como ocurre con el papel de la ZP en la inducciéon
de la RA. En 2011, Jim y colaboradores describen en la especie murina que la RA
en su gran mayoria se inicia antes del contacto del espermatozoide con la ZP.
Esta RA aparentemente comenzaria con el contacto de los espermatozoides con

las células del cumulus oophorus (Jin et al., 2001; Yanagimachi 2011).

5.2.2 Funciones particulares de las glicoproteindes la zona pelucida

ZP1: se le atribuyé inicialmente una funcién estructural basada en el
modelo de ratén (Wassarman et al, 1988; Rankin, et al, 1999), aportando
estabilidad e integridad estructural a la matriz (Greve y Wassarman, 1985;
Rankin et al, 1999; Gupta et al, 2012). Recientemente, en humanos, nuevas

funciones han sido atribuidas a ZP1, relacionandola con la unién y la induccién

de la RA (Ganguly et al, 2010a, 2010b )

Un estudio muy reciente, de Huang y colaboradores, reporta una mutacion
homocigoética de ZP1 en mujeres de la misma familia responsable de alteraciones
ovocitarias. Fenotipicamente algunas de ellas carecen de ovocitos, mientras que
en otras no se observd ningun ovocito, mientras que en otras, los ovocitos no
tenian ZP y en ambos casos las mujeres son infértiles (Huang et al, 2014). Este
estudio muestra una diferencia entre la funciéon de ZP1 en la ratona y la mujer;
puesto que, en ratonas KO para ZP1 los ovocitos estan rodeados por la ZP aunque
esta es méas delgada de lo normal y adema4s estas ratonas no son estériles (Rankin

et al., 1999).



ZP2: esta proteina se ha relacionado tradicionalmente con la recepcion
secundaria del gameto masculino, es decir con la unién a espermatozoides
reaccionados (Bleil et al, 1988; Gupta et al 2012). En ratén, ZP2 esta
involucrada en la unién secundaria como ligando a través de su interaccién con

componentes intraacrosomales (Miller et al,, 2002).

Sin embargo, estudios recientes empleando ratones transgénicos con ZP
humanizada indican que el espermatozoide humano tinicamente se une a la ZP,
cuando ésta expresa ZP2, ya sea sola o coexpresada con otras glicoproteinas de la
matriz. Esta unién se produce al dominio N-terminal de la proteina, tras la cual

se induce el bloqueo a la polispermia (Baibakov et al, 2012; Avella et al., 2014).

Otros estudios recientes en raton, también senalan a esta glicoproteina
como el receptor primario; de modo que, el espermatozoide se uniria a un dominio
de la glicoproteina ZP2 préximo a la region N-terminal, siendo el responsable del
reconocimiento entre gametos tanto en la especie murina como en la humana.
Tras la unién del espermatozoide al dominio N-terminal de esta glicoproteina; se
produce la extrusion de los granulos corticales, descargando una proteasa
llamada ovastacina, que induce un cambio en la estructura del dominio N-
terminal de ZP2, de modo que perderia su capacidad de unién al espermatozoide

induciendo el bloqueo definitivo a la polispermia (Burkart et al, 2012).

ZP3: en ratéon se ha considerado como receptor primario, uniéndose al
espermatozoide capacitado no reaccionado (Bleil y Wassarman, 1980b; Bleil y
Wassarman, 1983; Wassarman, 1990; Gupta et al. 2012). Ademés es un agonista
natural de la RA (Bleil y Wassarman, 1983; Wassarman, 1988, 2008). También
es inductora de la RA en la especie humana (van Duin et a/, 1994; Dong et al,
2001, Chakravarty et al, 2005, 2008; Caballero-Campo et al, 2006; José et al.,
2010).



ZP4: en la especie humana, al igual que ZP3 es capaz de inducir RA
cuando es expresada en sistemas eucariotas, no asi en procariotas (Chakravarty
et al., 2005, 2008; Caballero-Campo et al, 2006), siendo su efecto mayor cuando
se trata de proteina nativa purificada (Chiu et al, 2008a). Estudios en ratones
transgénicos expresando ZP4 humana indican que el espermatozoide humano no
es capaz de unirse a esta ZP humanizada, por lo que son necesarias otras
glicoproteinas; en particular ZP2, para que se produzca el reconocimiento y la
unién por parte del espermatozoide humano (Yauger et al, 2011; Baibakov et al,

2012; Avella et al, 2014).

En la vaca y en la cerda es esta proteina junto con ZP3 las que actian como
receptor primario, siendo ZP4 la que juega un papel mas importante en la union

al espermatozoide (Yurewicz et al, 1998; Yonezawa et al., 1997; 2001; 2012).

5.2.3 Caracteristicas de las proteinas de la zoaeldgida

Las proteinas de la familia ZP se caracterizan por presentar unos dominios

estructurales semejantes. Los dominios comunes a esta familia de proteinas son:

Péptido seiial: Es un domino hidrofébico localizado en el extremo N-

terminal de la proteina, que la dirige hacia la via secretora y se elimina en la

proteina madura (Boja et al, 2003; Zhao et al., 2003; Gupta et al., 2012).

Dominio ZP: El dominio ZP, podemos encontrarlo en varias proteinas
secretoras que juegan un papel importante en el desarrollo, en la audicién, en la
inmunidad y en el desarrollo de tumores (Bork y Sander, 1992; Jovine et al,
2004, 2006). En el caso de la ZP, se ha visto que participa en la polimerizacién de

la matriz extracelular de las proteinas (Jovine et al, 2002, 2004, 2006). Por otro



lado, experimentos realizados con ZP1 recombinante humana, indican que este
dominio es capaz de unirse al espermatozoide intacto e inducir RA (Ganguly et
al., 2010b).

Este dominio presenta unos 260 aminoacidos con de 8 (ZP3) a 10 (ZP1, ZP2
y ZP4) residuos de cisteina conservados (Jovine et al, 2006; Wassarman, 2008;
Monné y Jovine, 2011). A su vez est4 formado por dos subdominios, el subdominio
C-terminal (ZP-C) y el subdominio N-terminal (ZP-N) (Jovine et al, 2004),
pudiendo haber varias copias del subdominio ZP-N, con la excepciéon de la
glicoproteina ZP3 (Callebaut et al, 2007) (Fig.3). Estas copias podrian participar
en la especificidad de unién al espermatozoide de ZP1, ZP2 y ZP4 (Callebaut et
al., 2007).
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Figura 3. Subdominios ZP-C y ZP-N del dominio ZP en ZP1, /P2, /P3y /P4 humana. ZP3 no
presenta copias de estos subdominios. ZP1y /P4 presentan una copia de ZP-Ny /P2 presenta
tres copias de ZP-N (Modificado de Callebaut et al, 2007).

La ZP-N deberia ser considerado un dominio por si solo, ya que se ha visto
que puede inducir la polimerizacién individualmente (Jovine et al, 2006).

Estudios recientes, detectan dos péptidos en el dominio ZP-N de ZP1 humana con



propiedades amiloideas, induciendo el depédsito de material fibroso insoluble,

siendo los responsables de la polimerizacién de la matriz (Louros et al.,, 2013).

Dominio trefoil: sélo se ha identificado en las glicoproteinas ZP1 y ZP4. Se
trata de una regién rica en cisteinas que forma una estructura de tres bucles
unidos por puentes disulfuro (Braun et al, 2009). Se le han atribuido funciones
estructurales dada la estabilidad de los péptidos trefoil gastrointestinales a la

digestién por proteasas (Braun et al., 2009).

Sitio de corte de furina: secuencia de 4 aminoicidos RX(K/R)R, donde

tendria lugar la escision proteolitica de las distintas ZPs y su liberacion a la via
secretora (Kiefer y Sailing, 2002; Zhao et al, 2003; Tian et al, 2011). Este
dominio no esta perfectamente conservado en todas las especies, como sucede en

ZP4 de la mujer y la gata (Zhao et al, 2003).

Dominios hidrofébicos: Se han identificado dos motivos hidrofébicos
duplicados: el dominio hidrofébico interno (IHP), localizado a nivel del dominio
ZP y el dominio hidrofébico externo (EHP), localizado entre el sitio consenso de
corte de furina y el dominio transmembrana. Juntos evitan la polimerizaciéon de
la proteina en el citoplasma celular e intervienen en la secrecién e incorporacién
de las glicoproteinas a la ZP (Zhao et al, 2003; Jovine et al, 2004; Monné y
Jovine, 2011).

Dominio transmembrana: se trata de un dominio hidrofébico localizado en
el extremo C-terminal de la proteina. El dominio transmembrana de ZP2 y ZP3

es requerido para la localizacién de estas glicoproteinas en la membrana del



ovocito, donde se procedera al procesamiento del extremo carboxilo terminal y la

incorporacién de las glicoproteinas a la ZP (Hoodbhoy et al., 2006).

Tallo citoplasmatico: El dominio transmembrana se contintia con un tallo

citoplasmatico hidrofilico que también evita la polimerizacion intracelular de las
proteinas y asegura su correcta incorporacién a la matriz (Jiménez-Movilla y

Dean, 2011).

ZP1 |] 1] [

zp2 || | [ [
zP3 |1 117

zP4 [ T [ 1T

|:| Péptido sefial |:| Dominio trefoil D Dominio ZP I Sitio de corte de furina D Dominio transmembrana

Figura 4. Descripcion esquematica de los diferentes dominios presentes en las glicoproteinas de
laZP (Modificado de Conner et al., 2005).



5.3 CARACTERISTICAS MORFOLOGICAS DE LA ZP
5.3.1. Grosor

El grosor de la ZP varia entre especies: 6 um en la ratona, 15-20 um en la
mujer y en la cerda y 27 pm en la vaca (Wassarman, 1988; Dunbar et al, 1994;
Pelletier et al, 2004), La diferencia en grosor implica que la cantidad proteica
varia de una especie a otra. Asi, el contenido proteico oscila entre 1 y 30 ng. El
peso de la ZP de ratona es de aproximadamente 3,5 ng, mientras que en la mujer
es 30 a 33 ng y en la vaca 30 ng (Wassarman, 1988; 2008; Topper et al, 1997;
Nakano y Yonezawa, 2001).

5.3.2 Estructura

En la mayoria de las especies la ZP es secretada morfologicamente en
capas y encontramos distinta asimetria entre una capa interna y una capa

externa (Philips y Shalgi, 1980a; Ahuja y Bolwell, 1983; Shalgi y Raz, 1997).

Se ha descrito una correlacién entre el grado de madurez del ovocito y la
estructura de la ZP tanto en la ratona (Calafell et a/, 1992), como en la mujer
(Familiari et al, 1988), describiéndose en esta ultima una ZP homogénea y
compacta en ovocitos en Metafase I y mucho mas porosa en ovocitos en metafase

II (Tesarik et al, 1988).

Los estudios mediante microscopia electronica de barrido de Vanroose y su
grupo en 2000 describen que en ovocitos y moérulas de vacas la superficie ZP
mostrdé una apariencia aspera y esponjosa con numerosos poros; sin embargo, en
cigotos, se observo que la superficie ZP tenia un aspecto mas liso, con un menor

numero de poros (Vanroose et al,, 2000).

Cuando se utilizan técnicas mas sofisticadas, con alta resolucién, para

estudiar la ZP en mamiferos, se observa una estructura de finos filamentos



Iinterconectados, con un patréon regular de alternancia “mallas amplias y
estrechas” (Familiari et al, 2006). La superficie externa de la ZP presenta una
apariencia de “queso suizo” mientras que la superficie interna muestra una
apariencia regular y rugosa (Phillips y Shalgi, 1980; Familiari et al, 1992; Keefe
et al,1997) (Fig.5).
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Figura 5. Microscopfa electrénica de barrido de las zonas externa e interna de la ZP (modificado
de Familiari etal, 1992).

En la ZP se puede visualizar tres capas bien definidas al ser observada con
PolScope: una interna, siendo la mas birrefringente, brillante y gruesa; una
media, la de menor grosor, que se observa oscura y con poca birrefringencia; y
una externa con mayor grosor y menor birrefringencia que la anterior (Fig. 6). La
apariencia de las mismas se emplea como marcador de calidad ovocitaria y
desarrollo embrionario (Pelletier et al, 2004; Shen et al., 2005; Rama Raju et al,
2007).



Figura 6 . Imagen de un ovocito observado con un microscopio Polscope. Se observan las tres
capas que constituyen la ZP sefaladas con A, By C . Tomado de (Rama Raju et al,, 2007).

5.3.3 Estructura molecular de zona pellcida

En el modelo murino, es el mejor conocido hasta el momento, se describe
que la ZP del ratén esta formada por un entramado de fibras, las cuales estan
constituidas por las distintas glicoproteinas (Wassarman et al, 1996). Las fibras
se componen de dimeros de ZP2:ZP3 unidos entre si por moléculas de ZP1. Sin
embargo, Dean en 2004 propone que los filamentos que forman la ZP pueden

estar compuestos por dimeros de ZP1:ZP3 y ZP2:ZP3 (Fig.7).

Matriz normal
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Figura 7. Modelo estructural de la ZP murina (Dean, 2004).



El modelo mas reciente es una variaciéon del modelo de Greve y Wassarman
de 1985, de modo que, la glicoproteina ZP1 se incorpora a los largos filamentos a
través de su dominio ZP. Por tanto en la ratona, la ZP estaria formada por un
entramado fibrilar constituido por largos polimeros de ZP1-ZP2-ZP3 los cuales se
unen entre si mediante homodimeros de ZP1 a través de enlaces disulfuro

formando una estructura tridimensional (Fig. 8) (Monné y Jovine, 2011).

Homodimeros ZP1
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Figura 8. Modelo propuesto para ZP de raton con 4 glicoproteinas. La ZP1 se incorpora a los
filamentos de la ZP a partir de su domino ZP (Modificado de Monnéy Jovine 2011).

En los casos de especies de mamiferos que presentan una composicion
glicoproteica diferente con 4 ZPs, o con 3 proteinas pero siendo éstas ZP2, ZP3 y
ZP4 posiblemente tengan una estructura similar a la descrita anteriormente.
Algunos autores proponen que las que presentan 4 proteinas estarian formadas
por largos filamentos de ZP2 y ZP3 que estarian entrelazados por distintos tipos
de filamentos: homodimeros de ZP1, homodimeros de ZP4 y heterodimeros de

ZP1 y ZP4 (Florman y Ducibella, 2006) (Fig. 9).



Modelo ZP de ratén Modelo de ZP mujer

con 3 glicoproteinas con 4 glicoproteinas
) O O o
ZP1 ZP2 ZP3 ZP4

Figura 9. Esquema para 3 glicoproteinas (ratén) y modelo para 4 glicoproteinas (mujer)
modificado de (Florman y Ducibella, 2006).



5.4 SINTESIS DE LAS GLICOPROTEINAS DE LA ZONA PELUIDA

El origen celular de las glicoproteinas de la ZP ha sido motivo de
controversia durante largo tiempo. Las proteinas de la ZP de los mamiferos y las
proteinas de la envoltura vitelina (EV) de los anfibios son sintetizadas en el
ovario. Por otro lado las proteinas de la EV de aves y peces son producidas en el
higado, en el ovario o en ambas localizaciones segtin la especie (Litscher y

Wassarman, 2007) (Tabla 2)

Tabla 2. Procedencia celular de las glicoproteinate la ZP y de la VE en los
diferentes taxones.

Ovario

Mamiferos (ZP)

Peces (EV)

Aves (EV)

Anfibios (EV)

Asi, en los mamiferos, en la sintesis de la ZP que tiene lugar
exclusivamente en el ovario pueden intervenir el ovocito o el ovocito junto a las
células de la granulosa (Wassarman, 1988, 2008; Maresh et al,, 1990; Sinowatz et
al, 2001; Wassarman y Litscher, 2013).

Tradicionalmente, tomando como referencia el modelo del ratén (Mus
musculus), se consideraba que la ZP de mamiferos era tinicamente sintetizada
por el ovocito (Haddad y Nagai, 1977; Bleil y Wassarman, 1980a; Wassarman,
1988; Epifano et al, 1995). Sin embargo, en pocas especies: ratén (Haddad y
Nagai, 1977; Epifano et al, 1995; Eberspaecher et al, 2001; Wassarman, 2008),
rata (Akatsuka et al, 1998; Scobie et al, 1999), hamster (Bousquet et al, 1981;
Izquierdo-Rico et al, 2011), ratén marsupial de cara rayada (Au et al, 2008) y

zarigiieya australiana (Voyle et al, 1999), se sefala a esta célula como la Unica



responsable de su sintesis. En el resto de mamiferos estudiados habria una

intervenciéon conjunta del ovocito y las células de la granulosa.

Por tanto, en relacién al lugar de la sintesis de las glicoproteinas de la ZP
podemos encontrar dos tipos de modelo y dentro de cada especie una cinética de
expresién propia (Maresh et al, 1990; Koélle et al, 1996, 1998; Konrad et al,
2012).

5.4.1 Sintesis de las glicoproteinas en coneja

Las proteinas de la ZP del conejo se sintetizan en los foliculos durante las
primeras etapas de la foliculogénesis (Dunbar et a/ 1994). En su sintesis
intervienen el ovocito y las células de la granulosa (Dunbar et al/ 1994;
Wolgemuth et al, 1984; Schwoebel et al, 1991; Grootenhuis et al, 1996; Lee et
al., 1993; 2000).

En la coneja, ZP2 se detecta en ovocitos de foliculos primordiales,
primarios y secundarios tempranos, se describe ademas una mayor expresiéon en
ovarios inmaduros de conejas (2-6 semanas de edad) que en ovarios maduros (8-
12 semanas de edad) (Lee et al, 1993). Por otra parte el ARNm de ZP3 también
se expresa en mayor proporcién (600 veces) en ovarios sexualmente inmaduros
(animales de 6 semanas), es decir ovarios con una mayor proporcién de foliculos
primordiales que en ovarios sexualmente maduros (animales de més de 6 meses)

(Grootenhuis et al, 1996) (Fig.10).

Por otro lado, ZP4 se expresa en foliculos primordiales, primarios y

secundarios tempranos (Lee, 2000).
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Figura10. Corte histologico de ovario de conejo. Se observan foliculos en diferente estadio de
crecimiento. Foliculos primordiales (1), foliculos primarios unilaminares (2) y foliculos primarios
multilaminares (3). Barra: 100 pm

5.4.2 Sintesis de las glicoproteinas de la zonaigidh en la gata

En la gata (Felis catus), estudios realizados por Jewgenow y Rudolph en el
ano 2001 indicaban que en la sintesis de las diferentes glicoproteinas Gnicamente
intervenian las células de la granulosa; sin embargo, estudios de ese mismo ano
realizados por Barber y colaboradores indican que en la sintesis interviene
también el ovocito (Baber et al, 2001). Se describe una sintesis secuencial,
primero se detecta ZP4 en foliculos primarios en crecimiento y secundarios y
posteriormente se detectan ZP2 y ZP3 uUnicamente en foliculos secundarios

(Jewgenow y Fickel, 1999).

Ni los transcritos ni las proteinas de la ZP fueron detectables en los

foliculos primordiales.
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El estudio de la expresion secuencial de proteinas de la ZP del gato es de

relevancia practica para el disefio de vacunas anticonceptivas (Fig.11).

Figura 11. Corte histoldgico de ovario de gato. Se observa un foliculo primario multilaminar (1) y
varios foliculos primordiales (2). Sefialamos la zona pellcida (zp) el ooplasma (O) y la vesicula
germinal (VG). Barra: 50 um

5.4.3. Traduccién y procesamiento intracelular deslglicoproteinas de la zona

pelucida

Poco se conoce acerca del proceso de trafico intracelular o de los
mecanismos por los cuales las proteinas son secretadas para formar la ZP. Lo que
si se admite es que estos mecanismos estan bastante conservados en las
diferentes especies, asi aunque el anfibio Xenopus laevis (rana de ufias africana)
y los mamiferos evolutivamente divergieron hace mas de 300 millones de afnos, si
microinyectamos ARNm murino que codifica para ZP1, ZP2 y ZP3 estos ARNm
son traducidos y las proteinas incorporadas en la membrana vitelina que rodea a

los ovocitos de Xenopus (Doren et al., 1999).
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Durante la sintesis y antes de la incorporacién en la ZP extracelular, las
proteinas de la ZP sufren importantes modificaciones. El péptido senal que se
encuentra formado por aproximadamente los 20 primeros aminoacidos es cortado
y resulta un extremo N-terminal de la proteina donde la glutamina es ciclada a
piroglutamina (Ringuette et al, 1988; Boja et al, 2003). También son cortados o
procesados el dominio transmembrana y el tallo citoplasmatico puesto que
anticuerpos que reconocen estas secuencias no reaccionan contra la ZP secretada

(Boja et al., 2003).

El trafico intracelular de la ZP3 ha sido monitorizado mediante la
expresién de ZP3 unida a EGFP (proteina fluorescente verde) en ratones
transgénicos. La visualizacién de esta glicoproteina anclada al fluorocromo indica
que la ZP3 es conducida por el péptido senal en la ruta de sintesis del ovocito
desde el reticulo endoplasmatico al aparato de Golgi donde es glicosilada (Zhao et
al, 2003). En el citoplasma de ovocitos en crecimiento encontramos unas
estructuras inusualmente grandes (0,5-3,0 um) en las que encontramos anclada
ZP3-EGFP (Qi et al, 2002; Zhao et al, 2003). La localizacién periférica de ZP3-
EGFP en estas estructuras circulares ancladas a lipidos de membrana y la
copresencia de synaptobrevina (VAMP), proteina de membrana asociada a
vesiculas (Lin y Scheller, 2000), sugirieron que estas estructuras surgirian del
compartimento post-Golgi como vesiculas secretoras (Qi et al, 2002). Sin
embargo, estas estructuras circulares surgen en etapas mas tempranas en la ruta
de sintesis puesto que se observé mediante microscopia electréonica en ovocitos de
rata que estas formaciones concéntricas pertenecian a reticulo endoplasmatico
(Kang, 1974) y mediante microscopia de fluorescencia, utilizando un anticuerpo
anti-PDI (proteina disulfuro isomerasa) localizada en membranas de reticulo
endoplasmatico, se pudo determinar que estas “mega-vesiculas” en realidad eran

reticulo endoplasmaético rugoso circular (Hoodbhoy et al, 2006).

En estudios acerca del trafico intracelular de ZP2 y ZP3 determinan que no
hay interacciones fisicas entre las dos proteinas durante el trafico en el interior

del ovocito. Las observaciones de que ZP3 es incorporada a una fina ZP en



ausencia de ZP2 (Rankin et al, 2003) y que ZP2 est4 presente en la membrana
plasmatica en ausencia de ZP3 (Hoodbhoy et al, 2006) estdn de acuerdo con la
afirmacion de que ZP2 y ZP3 progresan independientemente en el ovocito antes

de ensamblarse para formar la matriz de la ZP (Hoodbhoy et al.,, 2006).

Ademas, los analisis realizados mediante espectrometria de masas de las
proteinas de la ZP demuestran el procesamiento de estas proteinas a estos dos
niveles. A nivel del extremo carboxi-terminal el sitio de corte se realiza en un
dominio bastante conservado RXK/RR reconocido por furina. El corte se situa
efectivamente dentro del sitio consenso para corte de furina (justo en la mitad),
entre los aminoacidos RX y los K/RR (Boja et al, 2005, Hoodbhoy et al, 2005).
Sin embargo, el hecho de que la mutaciéon del motivo RNRR a ANAA o RNGE no
impida la secrecién o incorporaciéon de la ZP3 en la ZP sugiere que tiene que
haber un sitio alternativo de procesamiento (Kiefer y Saling, 2002; Qi et al, 2002;
Zhao et al., 2002).

Recientemente, también se ha observado la presencia de una region
hidrofébica que se encuentra entre el dominio furina y el dominio
transmembrana. Esta regién se encuentra bien conservada en los mamiferos y su
posicién es semejante en las tres glicoproteinas (ZP1, ZP2 y ZP3). La mutacién de
esta zona hidrofébica (VTVGPLIFL) en ZP3 impide la incorporacién de la misma
en la ZP (Zhao et al, 2003). Sin embargo, el papel de este pequeiio dominio debe
ser determinado. Se especula que podria servir como sitio de unién de proteinas

tipo chaperonas importantes para el trafico intracelular de las proteinas de la ZP.

En cuanto a los dominios transmembrana de ZP2 y ZP3 hay que destacar
que pueden ser requeridos para la colocalizacion de las proteinas en la
membrana plasmatica del ovocito donde es procesado el extremo C-terminal para
la incorporaciéon de las proteinas a la ZP. Es interesante resaltar que este
dominio transmembrana no esta presente en las glicoproteinas de la ZP de peces

que son sintetizadas en el higado y que son transportadas via sanguinea para su



incorporacién a la ZP (Darie et al, 2004, 2005; Sugiyama et al, 1999; Hyllner et
al, 2001).

En cuanto a las regiones IHP y EHP se ha visto que van a permanecer
unidas durante el transporte de las proteinas de la ZP hacia el exterior.
Posteriormente, cuando se realice el corte de la proteina por el CFCS, se rompera
dicha unién entre el IHP y el EHP, posibilitandose asi que el péptido que
atraviese la membrana plasmatica y que alcance la ZP pueda adquirir su
conformacién tridimensional y unirse al resto de las proteinas de la ZP para la

formacién de fibrillas (Jovine et al., 2004).

El tallo citoplasmatico hidrofilico también evita la polimerizacion
intracelular de las proteinas y asegura su correcta incorporaciéon a la matriz

(Jiménez-Movilla y Dean, 2011).



5.5 EVOLUCION MOLECULAR DE LAS GLICOPROTEINAS DE LAZONA
PELUCIDA

Una evolucién rapida de las proteinas involucradas en la reproduccion ha
sido documentada en una amplia variedad de taxones desde las diatomeas hasta
los primates (Singh y Kulathinal, 2000; Swanson y Vacquier 2002). Asi, se ha
documentado en Drosophila que la evolucion de las proteinas reproductoras es el
doble de rapida que la que presentan las proteinas no relacionadas con la
reproduccién (Civetta y Singh, 1995). Ademds, se observa una evolucién maés
rapida de las proteinas reproductoras masculinas que de las femeninas (Haerty et
al, 2007). Se ha sugerido que estas proteinas podrian evolucionar como resultado

de una evolucién adaptativa (seleccién positiva) (Swanson y Vacquier, 2002).

Estudios recientes sugieren que la coevolucidon entre pares de proteinas de
los dos gametos que interaccionan en la fecundaciéon es la principal fuerza que
lidera la evolucién adaptativa de las proteinas reproductoras (Swanson y
Vacquier, 2002). Uno de los miembros del par espermatozoide-ovocito cambia
primero y el otro miembro se adapta a este cambio para maximizar la interaccion
entre ambos. Por ejemplo se ha descrito la coevolucion de la proteina CD9 del

ovocito y la proteina IZUMO1 del espermatozoide en primates (Claw et al, 2014).

En diversos organismos y a diferentes niveles del proceso reproductivo se
han identificado proteinas que evolucionan de manera rapida. Podemos destacar,
en la hembra, algunos ejemplos de proteinas involucradas en la reproduccién bajo
seleccion positiva. Una de ellas es la oviductina, ésta se ha relacionado con la
regulacion de la unidén ovocito-espermatozoide contribuyendo al control de la
polispermia (Coy et al, 2008) estando, esta proteina, también sometida a una

seleccién positiva (Swanson et al, 2001).

También en la oreja de mar destacamos la proteina sp18. Esta proteina del
espermatozoide ha sido relacionada con la fusién de gametos y quizas sea la

proteina de metazoos que mas rapidamente evoluciona de todas las descritas



hasta ahora (Swanson y Vacquier, 1995). Evoluciona 50 veces mas rapido que la

proteina de mas rapida evolucion de los mamiferos.

En relacion a las proteinas de la ZP, decir que algunas de las glicoproteinas
de la ZP han sido objeto de estudio. ZP3 y ZP2 son las proteinas constituyentes de
la ZP que mas han sido estudiadas desde el punto de vista evolutivo siendo
consideradas como proteinas de evolucion rapida. De hecho, ZP2 y ZP3 estan
entre el 10% de las proteinas que mas difieren cuando comparamos los roedores y
los humanos. Son muchos los autores que apoyan su evolucién positiva
(Makalowski y Boguski, 1998; Swanson et al, 2001a; Swanson y Vacquier, 2002;
Turner y Hoekstra, 2006, 2008). Regiones concretas de estas glicoproteinas han
sido senaladas por estar sometidas a esta seleccidon positiva, por ejemplo en ZP3
se detectaron multiples regiones bajo seleccién positiva, la mayoria de las cuales

se encontraban entre los aminoécidos 331 y 373 (Swanson et al,, 2001a).

En el ratéon se ha descrito que los aminoacidos 324, 325 y 341 del ex6n 7
son sometidos a esta seleccién; region que se ha descrito como esencial en la
interaccién con el espermatozoide (Rosiere y Wassarman, 1992; Kinloch et al,
1995; Wassarman y Litscher, 2009). Sin embargo otros autores descartan esta
seleccién positiva (Berlin y Smith, 2005; Chen et al, 2011; Meslin et al, 2012),
Berlin y Smith en el 2005 reanalizaron los datos de Swanson y no encontraron
indicios de seleccidon positiva para la glicoproteina ZP3 y atribuyen los resultados
anteriores a falsos positivos originados por el método usado de analisis. Del
mismo modo, los resultados propuestos por Jansa y colaboradores en 2003, donde
senalan la presencia de seleccion positiva en ZP3 en varias especies del género
Mus, son descartados cuando Turner y Hoekstra en 2006 reanalizan los

resultados en ausencia del grupo externo empleado por los primeros autores.

En el afio 2011, los analisis en 7 especies de bévidos realizados por Chen y
colaboradores, no encuentran indicios de seleccién positiva en ZP3, mientras que
si detectan indicios, aunque débiles en ZP2 (aminoécidos 38, 117, 174 y 342). Lo

que podria indicar que la ZP2 de mamiferos podria jugar un papel en la



interaccion con el espermatozoide mas importante que el que se habia pensado

hasta el momento (Chen et al, 2011).

Estudios de Meslin et al (2012) encuentran indicios de seleccién positiva
para ZP2 y ZP4 en la rana y para ZP4 en el macaco de Rhesus. Sin embargo, al
analizar otros genes sometidos a seleccion positiva concluyen que los aminoacidos
bajo esta seleccion no se encuentran localizados en el dominio relacionado con la

funcién principal de la proteina.
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INTRODUCTION

During the in wvivo fertilization process, sperm interact with the
extracellular coats that surround the mammalian oocyte. These coats are the
cumulus oophorus and the zona pellucida (ZP). The ZP has been related with
species-specific gamete recognition, the sperm acrosome reaction, the control of

polyspermy and protection of the oviductal embryo?.2.3,

It has been shown that the ZP genes that encode ZP proteins can be
classified into six subfamilies: ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, ZP1, ZPAX and
ZPD4. However, not all these genes are present in all species. The ZP or
equivalent extracellular coat in vertebrates is formed by several proteins ranging
from 3 to 654 Phylogenetic studies and the finding of different pseudogenes
suggest that the evolution of ZP genes is mainly produced by duplications and

death of genes6:4,

Early studies in mouse, demonstrated that the ZP is formed of only three
glycoproteins: ZP1, ZP2 and ZP37. Later, the presence of three glycoproteins was
demonstrated in other species like pig® and cow?. However, in these species the

proteins are ZP2, ZP3 and ZP4.

Moreover, analysis of the complete genome in different species suggests
the existence of additional genes coding for ZP proteins and shows that
mammalian ZP could be formed of four proteins. Some studies have reported the
existence of four proteins in the ZP of species like human!0ll ratl2 and
hamster!3.14 and phylogenetic analysis have detected four genes in other species

like chimpanzee and macaque!?® .

Therefore, mammals could be classified into three categories according to
their ZP composition. 1) species with a ZP formed by ZP1, ZP2 and ZP3 (to date,

include only the mouse); 2) species showing three proteins, where ZP1 is not



present (e.g. cow, dog and pig). 3) species with four proteins (ZP1, ZP2, ZP3 and

ZP4) as, for example, in human, rat and hamster.

The confusing results obtained in different studies on the ZP composition
in some species 1s mainly due to the scarce amount of ZP available and,
especially, to the heterogeneous glycosylation of the ZP proteins, resulting in
broad, partially overlapping, bands in SDS-PAGE6.14, These facts make the
purification of these proteins very difficult and, subsequently, accurate analysis
1s also difficult. Moreover, the general acceptation of mouse zona pellucida model
(with 3 proteins) made difficult to take into consideration the analysis of the ZP

composition in other species.

The development of mass spectrometric techniques has provided an
important opportunity to identify the different proteins and glycoforms present in
a complex mixture. Thus, proteomic analysis clarified ZP protein composition in
human, rat, and hamster!11213 and provided detailed information on the

carbohydrate composition of the ZP proteins in some species!7:18.19,

In rabbit, characterization of the ZP by SDS-PAGE suggested the presence
of three glycoproteins, ZP220.21 7ZP322 and ZP42324 | which migrate as one band
with an apparent molecular mass of 85-95 kDa23. These proteins (ZP220, ZP322
and ZP425 were detected by molecular biology approaches and are deposited in
the GenBank database (GenBank accession numbers: L12167 (ZP2),
NM_001195720.1 (ZP3), NM_001082295 (ZP4).

In addition, ZP1 ¢cDNA sequence has been deposited after in silico analysis

in GenBank with the accession number: XM _002709016.

The aim of this study was to demonstrate the presence of ZP1 mRNA in

rabbit ovaries and ZP1 protein in the ovary and ZP from isolated oocytes.



MATERIAL AND METHODS

Collection of rabbit (Oryctolagus cuniculis) ovarse

12 week-old New Zealand California white rabbits were used to obtain
ovarian RNA (n=3). The rabbits were injected with 25 IU of pregnant mare serum
gonadotropin (PMSG) to stimulate folliculogenesis and sacrificed 48 hours later
by overdose of CO2. Ovaries were obtained and frozen in liquid nitrogen and kept

at -80 °C until use.

In addition, 20 female 8 week-old rabbits, obtained from a slaughterhouse

(Conejos Susi, S.L., Alicante, Spain), were used for proteomic analysis.

Collection of rabbit (Oryctolagus cuniculis) oocyd@and obtention of the zona

pellucida.

Ovaries were obtained from 18 week-old animals (n=12) killed with an
overdose of CO2 and subjected to laparotomy. Cumulus-oocyte complexes (COCs)
were obtained by aspiration with a 2 ml syringe and a 25 gauge needle from
ovarian follicles, <1 mm in size, as previously described26é, The COCs were placed
in PBS 4-well dishes and the cumulus cells were removed by gentle pipetting

using 2 mM hyaluronidase.

The oocyte ZPs were obtained after vigorous pipetting of each oocyte by
using a narrow-bore micropipette, following four washes in PBS to eliminate the

oocyte debris.



Purification of rabbit ovarian RNA, obtention of cNA and amplification of the

complete open reading frame of rabbit ZP1 gene

Total RNA was isolated using RNAqueous® kit (Ambion, Austin, Texas,
USA) according to the manufacturer's instructions. The first-strand cDNA was
synthesized from total RNA with the SuperScript First-Strand Synthesis System
kit for RT-PCR (Invitrogen-Life Technologies, Carlsbad, CA, USA), according to the

manufacturer's protocol.

Rabbit ZP1 was amplified using polymerase chain reaction (PCR) by means
of specific primers (Table I) designed according to the predicted cDNA sequence
obtained from genomic sequences in the ENSEMBL server (ensemble accession

number; ENSOCUG00000015673).

PCR amplifications were performed using 3 ul of target cDNA, 0.5 ug of
each primer, 200 uM of each dANTP and 1 IU of Advantage GC 2 Polymerase
(Clontech Laboratories, CA, USA). PCR was carried out using an initial
denaturation cycle of 2 min, and then 30 cycles of 1 min at 95°C, 1 min at
annealing temperature (depending on the primers) and then 1 min at 72 °C. The
final extension time was 10 min at 72 °C. PCR products were analyzed by
electrophoresis on 1.5 % agarose gels. Four microliters of the PCR reaction
mixture were mixed with loading buffer and separated for 90 min at 100 V before

visualising under UV light using ethidium bromide.

Amplicons were carefully excised from the agarose gels and purified with
the QIAquick Gel Extraction Kit Protocol (Quiagen, Hilden, Germany) according
to the manufacter's protocol. After that, the amplicons were automatically
sequenced. The sequences were analyzed to determine the degree of homology
with other known sequences using the BLAST program (Basic Local Alignment
Search Tool) (http://www.ncbi.nlm.nih.gov/blast/)27. Direct comparison between
two sequences was made with the ALIGN program, and the multiple alignment
of the ZP1 sequences of different species with the rabbit ZP1 sequence was

carried out using Clustal W (http://www.ebi.ac.uk/clustalw/).



The amino acid sequences were analyzed with the following software
packages: "SignalP"28 to predict putative signal sequence and cleavage sites, and

"NetOGlyc"? and "NetNglyc"30 to predict potential O-linked and N-linked

glycosylation sites, respectively.

In addition, amplicons corresponding to ZP2, ZP3 and ZP4 were amplified
in the same conditions as ZP1, while the primers were designed based on cDNA
sequences obtained from the GenBank database (ZP2: XM_002711834, ZP3:
NM_001195720, ZP4: NM_001082295) (supplementary file 1).

Phylogenetic analysis of ZP1

Sequences of ZP1 for different mammals were retrieved from GenBank
(when mRNA sequences were available) and from ENSEMBL gene predictions
(supplementary file 2). All these predictions were checked manually to detect
annotation errors especially close to splicing sites. Similarity searches were
performed using BLAST and BLAT against assembled genomes
(http://ensembl.org), and TRACE data (deposited in the trace archive of
GenBank) followed by manual compilation of data to predict further genes or
exons missing from the ENSEMBL predictions. We also checked that the new
sequences corresponded to a syntenic region of the corresponding chromosome or
contig. Sequences were aligned using Muscle in Seaview3! and the alignment was
refined visually. Only the exonic portions were kept for the phylogenetic analysis.
Phylogenetic trees were reconstructed using maximum likelihood with PhymLs32
and the robustness of the nodes was estimated with bootstrap percentage
(n=1000). The appropriate model of evolution was determined using corrected

Akaike information criterion (AICc) and Modeltest software3s.



PROTEOMICS ANALYSIS

Solubilization of rabbit ZP, SDSAGE and silver staining

The rabbit ovaries (three different experiments: n=14; n=22 and n=37)
were trimmed using small scissors and dissected to remove fat and connective
tissue. Solubilized ZP was obtained according to the protocol previously described

by our group!s.14,

In addition, solubilized ZP was also obtained from oocytes. For that, oocyte
ZP (n=200) was solubilized at 65°C for 30 min. in PBS buffer; the sample was

then centrifuged and the supernatant was recovered.

Partially purified ZP (ovary) and isolated ZP (oocytes) were dissolved in
sample buffer in reducing conditions (5%-mercaptoethanol). After boiling for 5
min, samples were separated by 12% SDS-PAGE. In brief, 4% stacking and 12%
separating gels were used with 25 mM Tris/0.2 M glycine buffer, pH 8.6,
containing 0.1% SDS for 1.5 h at 150 V and room temperature. After
electrophoresis, the gel was fixed in a 5% acetic acid/50% methanol solution for
30 min. The gel was then washed in a 50% methanol solution for 15 min followed
by milliQ water for 15 min. Next, the gel was incubated in a 0.01% sodium
thiosulfate solution for 1 min and, after two washes with milliQ water, the gel
was incubated with 0.1% silver nitrate solution for 20 min at 4°C. Finally, the gel
was washed twice with milliQ water and incubated with 2% sodium carbonate
solution with 250 ul of 35% formaldehyde solution, to visualize the protein
bands. The proteins were immobilised by incubating for 5 min in a 5% acetic acid

solution.



HPLC-MS Analysis

HPLC-MS/MS analysis was used to identify the rabbit ZP proteins. The
analysis was carried out on an HPLC-MS system consisting of an Agilent 1100
Series HPLC (Agilent Technologies, Santa Clara, CA) equipped with a u-
wellplate autosampler and a capillary pump, and connected to an Agilent Ion-
Trap XCT Plus mass spectrometer (Agilent Technologies, Santa Clara, CA)
equipped with an electrospray interface (ESI). Details of the mass LC-MS

conditions are described below.

Samples were separated using SDS-PAGE and the bands were cut and
washed twice with MilliQ distilled water and then twice with 25 mM ammonium
bicarbonate buffer pH 8.5 in 50% acetonitrile for 30 min at 37°C. The bands were
dried by vacuum evaporator, and then incubated with 50 ul of 25 mM
ammonium bicarbonate buffer pH 8.5 with 50 mM tris (2-carboxyethyl)
phosphine at 60°C for 10 min. After removing the supernatant, samples were
alkylated by adding 25 mM ammonium bicarbonate buffer pH 8.5 containing 100
mM iodoacetamide and allowed to stand for 1 h at room temperature in the dark.
The supernatant was removed and the bands were washed with 25 mM
ammonium bicarbonate buffer pH 8.5 and then with 25 mM ammonium
bicarbonate buffer pH 8.5 in 50% acetonitrile for 15 min at 37°C each time. After
washing, the bands were dried using a vacuum evaporator, and then incubated
with 25 mM ammonium bicarbonate buffer pH 8.5 containing 0.3 pg of
proteomics grade trypsin (Sigma-Aldrich) for 45 min at 4°C and finally submitted
to digestion for 16 h at 37°C. The supernatant was collected in a new tube, and
the bands were washed with 50 uL of a solution containing 50% acetonitrile and
0.5% TFA and then with 50 uL of acetonitrile for 30 min at 37°C each time. These
washes enhanced the extraction of digested fragments from the gel bands and,
afterward, both supernatants were combined and dried using a vacuum

evaporator.



In the case of soluble samples, these were diluted up to a final volume of
100 zL of 25 mM ammonium bicarbonate buffer pH 8.5 and then incubated with
50 mM tris (2-carboxyethyl) phosphine at 60°C for 10 min. After that, samples
were alkylated by adding 100 mM iodoacetamide and left to stand for 1 h at room
temperature in the dark. Finally, 0.3 pg of proteomics grade trypsin (Sigma-
Aldrich) were added to each sample for a digestion time of 16 h at 37°C. After
this incubation, the tryptic digestion was stopped with 0.5% TFA and the

samples were dried using a vacuum evaporator.

The tryptic digestions were separated and analysed by HPLC-MS. Dried
samples (both from solution digestion and in-gel digestion) were resuspended in
10 uL of buffer A, consisting of water/acetonitrile/formic acid (94.9:5:0.1).
Samples were injected into a Zorbax SB-C18 HPLC column (5 zm, 150 x 0.5 mm,
Agilent Technologies, Santa Clara, CA), thermostatted at 40°C, at a flow rate of
10 gL/min. After injection, the column was washed with buffer A and the
digested peptides were eluted using a linear gradient of 0-80% B (buffer B:

water/acetonitrile/formic acid, 10:89.9:0.1) in 120 min.

The mass spectrometer was operated in the positive mode with a capillary
spray voltage of 3500 V and a scan speed of 8100 (m/2)/sec from 300 to 2200/ z.
The nebulizer gas (He) pressure was set at 15 psi, whereas the drying gas was set
at a flow rate of 5 I/min at a temperature of 350°C. MS/MS data were collected in
an automated data-dependent mode. The most intense ions were sequentially
fragmented using collision-induced dissociation (CID) with an isolation width of 2
Da and a relative collision energy of 35%. Data processing was performed with
the Data Analysis program for LC-MSD Trap Version 3.2 (Bruker Daltonik,
GmbH, Germany) and Spectrum Mill MS Proteomics Workbench (Agilent
Technologies, Santa Clara, CA).

Data processing was performed with DataAnalysis program for LC/MSD
Trap Version 3.3 (Bruker Daltonik, GmbH, Germany) and Spectrum Mill MS
Proteomics Workbench (Rev A.03.02.060B, Agilent Technologies, Santa Clara,



CA, USA). Briefly, raw data were extracted under default conditions as follows:
unmodified or carbamidomethylated cysteines; sequence tag length >1; [MH]+
50—-7000 m/z; maximum charge +7; minimum signal-to-noise (S/N) 25; finding 12C
signals. The MS/MS search against mammalian sequences in the NCBInr
database was performed with the following criteria: identity search mode; tryptic
digestion with 2 maximum missed cleavages; carbamidomethylated cysteines;
peptide charge +1, +2, +3; monoisotopic masses; peptide precursor mass tolerance
2.5 Da; product ion mass tolerance 0.7 amu; ESI ion trap instrument; minimum
matched peak intensity 50%; oxidized methionine, N-terminal glutamine
conversion to pyroglutamic acid and STY phosphorylation as variable
modifications. Two o more validated peptides were considered to demonstrate the
existence of the protein. Peptides were considered valid with a score threshold of
5, and a percentage-scored peak intensity of 60%. All database matches above the

threshold score of 3 were reported and used for discussion purposes.



RESULTS AND DISCUSSION

Analysis of rabbit ZP1 cDNA and amino acid sequesce

The open reading frame (ORF) of rabbit ZP1 was completely amplified and

characterized for the first time in this work.

The ORFs corresponding to rabbit ZP2, ZP3 and ZP4 have been
characterized in previous studies20.22.25, Moreover, amplifications of a fragment
corresponding with each gene (ZP2, ZP3 and ZP4) were made to confirm that
results (Fig. 1) demonstrating the presence of the four transcripts in the rabbit

ovary.

Full-length rabbit ZP1 ¢cDNA was obtained from the total RNA prepared
from rabbit ovaries and the sequence was submitted to GenBank with the
accession number HQ702467. The amplified sequence of ZP1 contains a single
ORF of 1884 nucleotides (Fig. 2) and 100% similarity with the predicted rabbit
ZP1 (XM_002709016). The ATG iniation codon which was predicted with the
Pedersen and Nielsen algorithm, was found to be associated with vertebrate
initiator codons. This sequence contains a stop codon (TAA) in position 1882-

1884.

The ORF of ZP1 encodes a polypeptide 627 amino acids long (Fig. 2) with a
theoretical molecular weight of 68.7 kDa. A signal peptide of 20 amino acids with
a cleavage between Gly20 and Gln21 was predicted with Bendtsen et al
Algorithm34,

The ZP protein possesses the archetypal 'ZP domain', a signature domain
comprised of 272 amino acid residues (279GIn-Gly550) rich in Cys residues (ten).
Upstream of the ZP domain, a trefoil domain contains 45 residues (217Glu-Thr260).
This domain is characteristic of ZP1 and ZP4 and is a region rich in Cys amino

acids (six).



The sequence showed high hydrophobicity in the N-terminal (signal
peptide) and C-terminal regions, the latter corresponding to the transmembrane
domain (TMD) between Leu586 and Leu608, which is followed by a cytoplasmic
tail. A basic amino acid domain (537Arg-Arg-Arg-Ser540) upstream of the TMD

may serve as a consensus furin cleavage site35.36.37,

Taking into account the presence of a signal peptide and that the putative
cutting site is Arg538, as observed for mouse and rat ZP136.37, the molecular mass

of the putative mature protein is estimated to be 57.3 kDa.

The amino acid sequence showed high similarity with the ZP1 of other
mammals (Fig. 3). The protein sequence of rabbit ZP1 is 70% identical to human
and horse ZP1, and 67% identical to mouse ZP1. The similarity with mammalian
ZP1, the presence of the same domains and the conservation of the Cys (Fig. 3)

strongly suggest that the amplified ORF correspond to rabbit ZP1.

A total of 12 potential O-glycosylation sites were predicted in the mature
protein and two potential N-glycosylation sites (Asn-X-S/T) are present in mature
rabbit ZP1 in position Asn71 and Asn362. These equivalent positions are
conserved 1n horse, human, mouse and rat ZP1; however, an additional N-
glycosylation site, Asn49, is present in the mouse and rat species3637 and is

lacking in horse, human and rabbit ZP1 (Fig. 4 and supplementary file 3).

Mass spectrometry of rabbit ZP glycoproteins

Following amplification of ZP1 ORF, the next step was to confirm
expression of the four proteins in rabbit ZP. For this purpose, the rabbit ZP
extracted from ovaries or oocytes, as described in the Material and Methods
section, was analyzed directly by MS/MS or after separation of the proteins by
SDS-PAGE electrophoresis followed by silver staining of the gel. In this last

situation, gel segments were reduced and alkylated, trypsinized and analyzed by



LC-ESI-MS-MS. A summary of the peptides identified is included in Table II and
Figure 4.

Several peptides corresponding to the immature version of the proteins
were detected, indicating that ZP expression is continuous and elevated or,
alternatively, that signal peptides and the carboxyl terminal region are not
efficiently removed. These regions of the proteins could probably be identified
because the protocol used for ZP isolation differ from those of previous studies

performed in other species.

Taking into account that HPLC-MS analysis can be considered as a
semiquantitative technique, the fact that the coverage of ZP2 and ZP3 was
similar (= 50%) might indicate the similar abundance of these two proteins.
However, ZP4 seems less abundant (=43%) and ZP1 may be the least abundant
protein in ZP matrix (=33%).. Taking into account these data, it seems that the
levels of ZP2 and ZP3 in the ZP matrix may be higher than the levels of ZP1 and
ZP4, even though one should realise that is indicative only given the sequence
differences and 1ionisation efficiency differences of the different peptides.
Nevertheless, a similar situation is observed in mouse, in which the levels of ZP1
mRNA are four times lower than those of ZP2 and ZP338 and so only 56% of the
ZP1 polypeptide chain can be identified by direct MS/MS, compared with the 96
and 100% of ZP2 and ZP3 respectively36. Other species show a similar pattern to
human or rat, in both of which proteomic analysis has revealed a coverage
percentage that is similar between ZP2 and ZP3, being ZP1 the least abundant
proteinlll2, Future quantitative proteomic analysis will be performed to

ascertain the ZP glycoprotein stoichiometry of the mature ZP.



P1

A total of 21 different peptides were identified in the different analyses
yielding a sequence coverage of 33.9%. None of the identified peptides contained
an N-glycosylation site, suggesting that both the described consensus sequences
may be occupied in the mature glycoprotein. An N-glycosylation site present in
the N-terminal region of the mouse and rat ZP1 protein was not conserved in the
rabbit and human ZP13637 (supplementary file 3). On the other hand, 35 out of
the predicted O-glycosylation sites were contained in the identified peptides, from
which it can be deduced that these residues are either not glycosylated at all or
are, at most, partially glycosylated. A similar result was previously reported for
ZP1 in mouse and rat where proteomic analysis did not detect O-glycosylation

sites36,37,

P2

Forty peptides corresponding to rabbit ZP2 were detected. These peptides
correspond to 55.7% of the protein. 65 potential sites of O-glycosylation and five
sites of N-glycosylation (Asn99, Asn134, Asn278 and Asn302) can be localized in
the detected peptides (Fig. 4). These residues might not be glycosylated at all or
be partially glycosylated. In contrast, the conserved Asn corresponding to Asn99
and Asn278 were detected as glycosylated peptides in mouse and rat36.37. Other
differences in the degree of N-glycosylation in this protein between cow, human,

pig and rabbit can also be detected (supplementary file 3).

P3

A total of eighteen peptides from rabbit ZP3 could be convincingly
1dentified in the different experiments. This corresponds to 50.3% of the sequence
(Fig. 4). Two sites of N-glycosylation (Asn139 and Asn264) were detected in the
analysis (Fig. 4). These two N-glycosylation sites may not be glycosylated in the

native protein or, at most, be partially glycosylated. In contrast, these conserved



sites are glycosylated in human, mouse and rat393637 (supplementary file 3).
Different studies have suggested that carbohydrates play a key role during the
sperm-ZP interaction in different species. N-glycans of human ZP3 have
important roles in the induction of the AR40. However, more attention has been
paid to O-glycans. In particular, O-linked oligosaccharides in mice ZP3 have been
analyzed in depth, althought there is a controversy about the exact role played by
O-glycans in this process41.42.:43.44 Thirty four potential O-glycosylation sites were
detected in this analysis, suggesting that they are not occupied or only partially
occupied. In recombinant human, mouse and rat ZP3, two clusters of O-glycans
have been reported, some of them are similar among species; however, they are
not identical and this probably contributes to the species specificity of the gamete
interaction. The first cluster corresponds to the amino acid residues 156-17339,
The Thr155 and Thr156 in mouse and human, respectively, are glycosylated and
have been suggested to play a role in sperm binding42; however, the
corresponding amino acid in rabbit ZP3, Thr154, is at least partially unoccupied,
indicating that differences exist between these species. A similar result was
observed with the second cluster observed in the human ZP3, which corresponds
to Thr260, Thr264 and Thr281. Identification in this study of the peptide (Aa
251-296) in rabbit ZP3 indicates that there is no a clustering because the first
two Thr are not conserved. The Thr279 is conserved but is not totally
glycosylated. The role of the different oligosaccharide chains in fertilization in

rabbit remains unresolved thus far.

ZP4

Twenty three peptides were detected in ZP4 (43.5% coverage). Forty one O-
glycosylation and two N-glycosylation (Asn478, Asn482) sites were observed,
which might mean that these sites are not glycosylated in mature protein. Asn75
and Asn206 are not detected in the peptides probably because they are occupied.
The corresponding amino acid in the rat!? and pig are also glycosylated

(supplementary file 3).



Different O-glycosylation sites were detected in the pig and rat ZP4!2. In
rat ZP4, the precise amino acid involved was not determined; however, in the pig
ZP4 the amino acid residues (Ser293 and Thr303) are glycosylated and are
conserved in the rabbit ZP4. A peptide including this region is not detected
suggesting that probably it is glycosylated as observed in pig ZP4. Future
glycomics studies are necessary to obtain more precise information about the ZP4

glycosylation.

Thus, although the mouse ZP composition might originally have supported
the hypothesis that mammalian ZP has three proteins, the mouse model has been
revealed to be an exception within mammals?. This study demonstrates that the
rabbit ZP is formed by four proteins, as is the human ZP, making this species a
good animal model for understanding the role played by the ZP for several
reasons. First, the similarity between rabbit and human ZP proteins is generally
greater than in other species (except primates and horse, supplementary file 4).
Second, ZP biogenesis in rabbit is similar to primates including, human4530, In
human and rabbit ovarian follicles, oocytes and granulosa cells contribute to the
formation of the ZP45.46; however, in hamster, mice and rat the ZP is only formed
by the oocytes®57. Third, these animals are used for human consumption in
numerous countries, and so a large amounts of rabbit ovaries are available in the
slaughterhouses and could contribute to reducing the number of animal sacrifices

necessary for research purposes.

ZP1 phylogeny

It was previously reported using in silico approaches that ZP genes have
been gradually lost during the evolution of vertebratest. Thus, in several
mammals the ZP1, ZPB/ZP4, ZPD, and/or ZPAX gene is lacking. These data
suggested the presence of pseudogenes in the genome of these species. In
particular, the same authors did not find ZP1 in rabbit and other speciest. Our

results demonstrate, however, that rabbit ZP is composed of four glycoproteins,



including ZP1. The difference observed between both studies is probably due to

the incompleteness of the rabbit genome sequence available at that time.

Additionally, four ZPs sequences are annotated in the genome of pika
(Ochotona princeps), which belongs to the same order as the rabbit
(the Lagomorpha), suggesting that this species also have four proteins. Future
proteomic analyses are necessary to confirm these in silico findings.
Our similarity search also found sequences corresponding to ZP1 in the genome
of Canis (chromosome 18) and Bos (chromosome 29), as already mentioned by
Goudet et al (2008); and new ones in the genome of
Sus (chromosome.2), Callithrix (chromosomel1l),and Spermophilus (scaffold_1296
56) (Supplementary file 2). Our analysis of the sequences indicates that at least 4
sequences are probably pseudogenes due to the presence of deletions and/or stop
codons n addition to Canis and Bos (Goudet et al.,

2008): Callithrix, Tarsius and:twoothercetartiodactyls Sus and Tursiops. (Fig.5)

The phylogenetic tree reconstructed with phyml with the GTR + I +G
model of sequence evolution is presented in Figure 6. The topology is congruent
with the classic phylogeny of mammals. Pseudogenization of the ZP1 occurred at

least four times during the evolution of mammals (indicate by red branches in

Fig. 6).

ZP1 and ZP4, two paralogous genes from the ZPB subfamily, were formed
by gene duplication. Previous phylogenetic studies indicated that they share a

common ancestral gene45.58,

After a gene duplication is possible three situations: a) the ancestral
function is partitioned and shared by the two members of the duplicated pair
(subfunctionalization), b) one duplicate acquires a new function while the other
retains the original function (neofunctionalization) c) one gene degenerate to a
pseudogen by accumulation of mutations and the other mantain the original gene
function. The last situation corresponds with the species with three glycoproteins

in which ZP1 or ZP4 is lost.



Therefore, the common origin of ZP1 and ZP4 is suggested by the
observation that both are involved in identical molecular mechanisms. Studies
have shown that ZP3-induced acrosome reaction (AR) involves activation of the
G(@)-coupled receptor pathway, whereas ZP1- and ZP4-mediated ARs are
independent of this pathway. The ZP3-induced AR involves the activation of T-
type voltage-operated calcium channels (VOCCs), whereas ZP1-and ZP4-induced
ARs involve both T-and L-type VOCCs?9.

Thus, in species with four glycoproteins, the fact that ZP1 and ZP4
participate in AR through similar pathways may indicate a possible

subfunctionalization

The function played by each ZP protein is not totally clear and differs in
the species. A structural function was initially attributed to the ZP1 based on the
mouse model¢0.61, In human, ZP1 has been related with the induction of the
ARS6263, However, ZP4 seems to be implicated more directly in the fertilization
process in numerous mammal speciesé467. Thus, in human, it was reported that
ZP4 is involved in sperm binding and the induction of the AR®8. In other species
like pig and cow, it was reported that both ZP3 and ZP4 act as receptors of the

spermatozoa®9.70,

Evidence suggests that when a gene suffers duplication, the functional
divergence of gene copies is a major factor promoting their retention in the
genome. So, species with four ZP glycoproteins, like rabbit, the two copies might
play a different role and the two genes are necessary for the ZP to play its role

correctly.



CONCLUDING REMARKS

In summary, in this study, the cDNA encoding ZP1 has been identified in
rabbit (Oryctolagus cuniculus) ovaries. The nucleotide sequence shows a high
similarity with the ZP1 of other mammals. Mass spectrometric analysis
confirmed the presence of ZP1, ZP2, ZP3 and ZP4 proteins in rabbit ovaries and
oocytes. Phylogenetic analysis indicates that the pseudogenization of the ZP1 has
occurred at least four times during the evolution of mammals. Finally, due to the
similar composition and expression pattern, rabbit ZP could be proposed as a
suitable experimental model for studying the human ZP and its role during

fertilization.
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Figure 1: Analysis of ZP1, ZP2, ZP3 and ZP4 gene expression in rabbit ovary by RT-PCR.
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at gact gggggt cgcct ggt ggccct act act gct ggt ggcggect ccct gggget gggt
M TGGRLV AL LLULVAASILGL G
cagcagccacaccct gagcccggect cccaggect ccagt acagct at gact gt gggat g
Q QP HPEWPGLUPGL QY SY DT CGWM
cggggcat gcaact ggt ggt gct ccccaggeccgggecggact at ccgt t t caaggt ggt g
R GMQL V VL PRPGRTI RFKVYV
gat gaat t cgggaaccggt t t gaggt gaacaact gt t ccat ct gct t ccact gggt cagc
DEFGNIRFEVNNTCSI CFHWVS
gccgagccccaggegeccgecgt ctt ct ct gct gat t acaaaggct gccacgt gct ggag
A EP QAPAYVZFSADYIKGTCMHV L E
aaggaggggcat t cccacct gacggt gt t cat agaagcaat gct gect gat ggt cacgt g
K E GHSHULTVZFI EAMLPDGHYV
gaggt cgcacaggaggcggt t ct gat ct gt cccaaacct ggccacacct gggccgt gggt
E VA QEAVLI CPKWPGHTWAVG
t cccaccaggt gccccccaccacgcecct cgect accaccccccat get ctceectt ccac
S HQVPPTTWPSUPTTWPMHA AL P F H
ctct cct cagcccacacctt ccccat cect ct gt acct ggagcacagcct cat gct ccca
L S S AHTUFWPI PLYLEHSLMLP
acccct gct gggecct ccct gggacct ggccccacccccgecgt get gget caggt ggaa
T P A GPSL GPGPTUPAYVLAOQVE
cgct gggaagt ggacaagccggat gccgt aggt agccat ct gccccaggagt ggt gccag
R WE V DI KUPDA AV GSHLUPQEWCQ
gt ggcct ct gggcacat cccct gecat agt gcaaagcagct ccaaggaggcct gt gagcag
VASGHI PCI VQSSSIKTEA AT CTEDQ
gccggct gt t gct at gacagt gccagggaggt gecct get act at ggcaacacagcecact
A G CCYDSAREVPCYYGNTA AT
gt ccagt gctt ccgaaacggct actt cat cttggtt gtt gcccaagaaat ggectt ggca
vV Q C FRNGYFI L VVAQEMMATL A
cacagaat cacgct ggccaacgt ccacct ggcct at gcccccacgegcet gcceccecggcec
HRI1 T L ANVHILAYAPTIRZCUZPPA
cagaagaccagt gcttttgtcatcttccacgtccccct cacccact gcggcaccacagtt
QKT SAFVI FHVPLTMHZCGTTV
caggt gct ggggagccagct ctt ct acgagaaccagct ggt gt ct gacat cgat gt ccgg
QVvVL GS QL FY ENOQOQLV S DI DVR
gaggggccgcagggt t ccat cacacgggacagct ccttccggettct cgtccgetgtatce
E GP Q G SI T RDS SFRL L V R C I
ttcaat gccagcgacttcct gcccat ccaggegt ccat cttct cacct ccact gect gece
FNASDZFLUPI QASI F S PPL P A
cct gt aact caggct ggeccect gecgect ggaget acggat t gccagggat gagact ttt
PV TQAGPULIRLIELIRI A RDTETF
agct cct t ct at gaggaggaggact accccct cgt gaggct gct ccgagaaccggt acac
S S FYEEEDYPLVRLULIREWPVH
gt ggaggt ccggct gct gcagaggacagaccccagt ct ggt gct ggaget gcaccagt gc
V EV RL L QR TDUP SL VL EL HOQZC
t gggccact cccagt gccaaccccgt ccagcagcecccagt ggcecct cet gt cagacggg
WATWPSANWPVQQP QWZPULL S DG
t gt ccttt caagggcgacagct acagaacccgagt gct agect t ggaccgggcagagcet g
C PF KGDSYRTWRVYVL AL DI RAEL
cccttccggtctcattaccagegtttcacggttgccaccttcacctt cct ggact cggge
P F RSHYQRFTVATUFTFUL DS G
gct cagcgagccct caggggact ggtttacttcttct gcagcgect cagect gccaccct
A QRALIRGLVYFFICSASA ACH@®P
t cagggccagagact t gct cat ct acgt gt agct ccaggact gccaaacgccgacgat cc
S GP ETCS STICS SR RTAIKIRRR RS
t caggt t accat gacggcacccccagggecct ggacat cgt gagt t ct ccagggccagt g
S GY HDGTWPWRALIDI VSSUPGUZPV
ggct t ccaggat t ct cacaggcaggagcccacact ggagt ccacaggct ccggcaggaac
GFQDSHROQETPTLTESTGSGTRN
t ccaacccgaagcect ct gct ct gggt ggt cctt ct get get ggeccattgetcttgtectg
S NP K P L L WV V L L L L A1 A L V L
gggat t ggt gt ct t t gt gggcct gagccaggect gggeccacaagcet ccgggaaggcecac
G I GV FV GL S QAWAHIKILRE GH
aggct caccgaccaggct caat aa
RLTDGO QA Q *

Figure 2: Nucleotide
and deduced amino
acid sequence of
rabbit ZP1. The initial
and final codons are
in pink. The signal
peptidase cleavage
site is between Gly20
and GIn21 and is
marked in  green.
The underlined
amino acids indicate
the C-terminal
cleavage site. The
zona domain is
shown in red. The
trefoil  domain s
shown in blue. The
consensus furin
cleavage-site s
underlined. The
transmembrane

domain is in orange.
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QPQUPI LSDGCPFKGDSYRTQWAL DGAT- - PFQSHYQRFTVATFALLD- SGSQRALRGL 524
QPQUPI L SDGCPFKGDSYRTQWAL DGAT- - PFQSHYQRFTVATFALLD- SGSQRALRGL 524
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Figure 3. Comparison of amino acid sequences of ZP1 from human, chimpanzee, horse, rabbit,
mouse and macaque. The deduced amino acid sequence of rabbit ZP1 was aligned with the ZP1
sequences of the other species using the Clustal W program. The accession numbers of the
sequences used are as follows: horse ZP1 (XP_001493772), human ZP1 (NP_997224),
mouse ZP1 (NP_033606) and rabbit ZP1. Identical amino acids are marked by an asterisk. The
colon (:) represents conserved residues and the dot (.) represents semi-conserved residues. The
potential signal peptidase cleavage is between Gly20 and GIn21. The zona domain is shown in
red. The trefoil domain is shown in blue. The consensus furin cleavage-site is underlined. The
transmembrane domain is in orange. The cystein residues are in green. The potential N-

QPQWPI LWDGCPFDGDSYRTRLVALDGAEL - PFPSHYQRFTVATFVLLD- SGSQRALRGP 573
QPQWPL L SDGCPFKGDSYRTRVLAL DRAEL - PFRSHYQRFTVATFTFLD- SGAQRALRGL 508
QPQUP! LSDGCPFKGDNYRTQVWAADREAL - PFWSHYQRFTI TTEMLLD- SSSQNALRGQ 517
QPQUPI LVKGCPYI GDNYQTQLI PVQ<ALDLPFPSHYQRFSI FTFSFVDPTVEKQALRGP 435

***** * *** ** * * .. * % ****** . k2 IS . * k k%

VYLFCSTSACHTSGLETCSTACSTGT TROQRRSSCHRNDTARPQDI VSSPGPVGFEDSYQQ 584
VYLFCSTSACHTSGLETCSTACSTGI TRQRRSSGHRNDTARPQDI VSSPGPVGFEDSYQQ 584
VYFFCSASACAPSGLET CATACSSRTARQRRSQSHRSDTAEPONI VSSPGPVHFEGTHGQ 633
VYFFCSASACHPSCGPET CSSTCSSRTAKRRRSSGYHDGT PRALDI VSSPGPVGFQDSHRQ 568
VYFFCSASACHPLGSDTCSTTCDSA ARRRRSSCGHHNI TLRALDI VSSPGAVGFEDAAKL 577
VHLHCSVSVCQPAI:_FPSSVRTCPDLSRRRKFSTI FQ\IT TAS- - - - VSSKGPM LLQATKD 491

. ** * * * % % * .

EPTLGPTDSNGNSSLRP SQMWAQKLVESNRQ: - - - - 638

EPTLGPTDSNGNSSLRP RQTWAQKLWESNRQ- - - - - 638

EPTLRPTGSTRNSKPRP RQARAQKLQEGNRG: - - - - 687

EPTLESTGSGRNSNPKP SQAWAHKLREGHRL TDQAQ 627

EP- - - - SGSSRNSSSR: - - - M AQKLVEG RY- - - - - 623

PP- - EKLRAPVDS- - - - - - - K KQLNCPDQTCQ- - - - 537
* . -k -k * * * .

glycosylation sites are in pink.
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Rabbit ZP1

MIGGRLVALL LLVAASLGLG QQPHPEPGLP
DEFGNRFEVN NCSI CFHWS AEPQAPAVFS
EVAQEAVLI C PKPGHTWAVG SHQVPPTTPS
TPAGPSLGPG PTPAVLAQVE RWEVDKPDAV
AGCCYDSARE VPCYYGNTAT VQCFRNGYFI
QKTSAFVI FH VPLTHCGITV QVLGSQLFYE
FNASDFLPI Q ASI FSPPLPA PVTQAGPLRL
VEVRLLORTD PSLVLELHQC WATPSANPVQ
PFRSHYOQRFT VATFTFLDSG ACRALRGALVY

GLQYSYDCGM RGVQLWLPR

ADYKGCHVLE
PTTPHALPFH
GSHLPQEVCQ
LVWAQEMALA
NQLVSDI DVR
ELRI ARDETF

PGRTI RFKW

KEGHSHLTVF
LSSAHTFPI P
VASGH PCI V
HRI TLANVHL

| EAM_.PDGHV
LYLEHSLM.P
QSSSKEACEQ
AYAPTRCPPA

EGPQGSI TRD

SSFRLLVRCI

SSFYEEEDYP

LVRLLREPVH

QPQAPLLSDG
FFCSASACHP

CPFKGDSYRT

RVLAL DRAEL

SCGPETCSSTC

SSRTAKRRRS

SGYHDGTPRA LDl VSSPGPV GFQDSHRQEP
G GVFVGLSQ AWAHKLREGH RLTDQAQ

Rabbit ZP2

MQVSNSGSRG KRLPWPSLTK FTFPYLSPPS
FPGTVTCNEN El WEFPSYV GIKTLHASW

TLESTGSGRN

SSSACTW.FL
DPLGVEMLNC

SNPKPLLWW/V

FFTLVTSVNS
TYI LDPEKLT

LLLLAI ALVL

| YFLQLSDPA
LRVPYKACTR

AVHGGHOVEI RVMNNSAAL RHTDVEYQFFC

PVEQTLEFSK

SAACTKDFMS

LSFPRI PTGL

GDSTMVNESQ MOWWQAGHG PGAQTLSLEE
EGTSHLHTMF LKLSLVSPGQ KMIFPSRAI C

AKGQGFGVLI
L SGPVTCNAT

DDNKMTLSVL
HMTLTI PEFP

LNATGVTHYV
GKLESVSI EN

RNI TVSQLHD QG DVEAI NG

LRLHFSKTVL

KTKFSEKCLH

DALYI SSLKL

TVI NPECPCD SPASI VSGEL
QGLVRFRI PL NGCGTRHKFE

CTQDGFMDFE
DEKVI YENEV

MLLNANI KSL PPPVASVKPG
NRNDPNI KLA LDDCWATSSM

PLALSLQTYP
DPASL PKW5I

RFDVKTFAFV SEAQARSSLV

YFHCSALI CN

VYTHQTKPAL
HALVENL PPS
DESYQQPYRV

NLDTLRVGSS

TFNLELDTVS
SCQPVFKAQS

Kl SRDSEFRM

TVQCYYTRDD

NEYPI VKYLR

Pl YMEVRVL

VVDGCEYSLD
QHYPDSPLCS

NYQTNFHPVG
VTCPGSSRHR

SSVTYPEHYQ
RATGNTEEER

VTASLPGPI L LLPNGSSFRG

VGDSKEHGVA

GDVTSKTMAA

VAAVAGWAT

LGl SYLCKK

RTMVMLSH

Rabbit ZP3

MELSYGLFVC LLLWGGSELC
GITGKLI QEAD LSLGPEGCEP
LRTNRAEVPI ECRYPRQG\V

CPQPLWAWQG
QASTDAWWRF
SSRAI LPTW/

GIRQPAPSVT

PVWECLEAR

LWTVSRDLF

EVALHECGNS
PFWI TVLSEE

VQVTDDSLVY
RLVFSLRLMVE

TFHLGDTAHL QAEVRTGSHP

PLLLFVDRCV

SKFKAPRPKP DVLQFMWVAVF

HFANDSRHTV

SSFLAGNLSI
ENVBREKNVEP

ATPTRDQSGSP YHTI VDLHG CLVDGLSDGA
Yl TCHLRVI PA QQAPDRLNK ACSFNQSSSS

WAPVEGSADI CECCGNGDCD
GDPAGTEGLA SAAQATLVLG

LI AGSPMNQN
LRVATI VFLA

HAARSSLRSRR HVTEEADVT VGPLI FLGKA
VAAWLG.TRG RHAASHPRS ASQ




Rabbit ZP4

1 MAPGSTMWLL GYIFLCFPVS PKPFALIKQE TPTDPGVLHC RPWNFKFTIN FQONQETGSSP

61 VLVTWDNQGR LHRLONDTDC GTRVGEGPGP SVVLEANYSS CYVTESEPYY VMLVGVEEVD
121 AAGQONLVTKQ QLLKCPMHLP APDAGLCDSV PVQDRLPCAT APISQEDCEE LGCCHSSEEV

181 NACYYGNTVT SHCTQEGHFS IAVSRNVSSP PLHLDSVHLV FGNDSECQPV VATRAFVLFL
241 FPFTACGTTR QITGDRAIYE NELLATREVR TWSRGSITRD SIFRLRVSCS YSISSSALPV

301 DMHVLTLPPP LPETQPGPLT VVLQIAKDKD YHSYYTMDDY PVVKLLRDPI YVDVSILYRT

361 DPYLGLRLHQ CWATPRTNPL YQPQWPILVK GCPYTGDNYQ TQLIPVQEAF DLPFPSHHQR

421 FSISTFSFLD SSVAKEALKG PIYLHCSVSV CQPTGTQSCT VTCPIDSRRR NSDINFQNST

481 ANISSKGPMI LLQATEDPSE KLHKHSGVPV HPGALWVAGL SGIFIIGALL VSYVAIRTRR

Figure 4. Rabbit ZP1, ZP2 (XP_002711880), ZP3 (NP_001182649), ZP4 (NP_001075764)
amino acid sequences. Underlined sequences are the tryptic peptides obtained by MS/MS. The
detected putative N-glycosylation sites are in red and the O-glycosylation sites are in blue.

A) Tursiops

D EF GNUZRTPFODVNNTCS I C Y 16

Homo G ATGAATTTGGGAACCGATTTGATGTCAACAACTGCTCCATCTGCTAC 48
LECEEECEETEEr et e e P |

Tursiops  ? ATGAATTTGGGAACCCGTCTGAGGTGAACAGCTGCTCCATCTGTCAT 47
E F GNPSEVNSCS I CH 15

H w v T S R P Q E P A V F S A D 32
Homo CACTGGGTCACCTCCAGGCCGCAGGAGCCTGCAGTCTTCTCGGCCGAT 96

Tursiops CACGGGTGACCGCCGAGCCCCAGGGGCCCGCGGTCTTTTTCTGCCAAT 95
H G *» P P S P R G P R S F S A N 31

Y R G C H V L E K 41
Homo TACAGAGGCTGCCACGTGCTGGAGAAG 123

RN RO RO AR NN
Tursiops TACAAAGACTGTCATGTGCTGGAGAAG 122

Yy K D ¢C H V L E K 40



B) Callithrix

Homo

b E F G N R F D V N N C S I C Y 16
G ATGAATTTGGGAACCGATTTGATGTCAACAACTGCTCCATCTGCTAC 48

Callithrix ? ATGAATTTGGGAACTGATTTGATGTGAACAACTGCCCCATCTGCTAC 47

E F G N * F DV N N C P I C Y 15

H w Vv T™S R P Q E P A V F S A D 32

Homo CACTGGGTCACCTCCAGGCCGCAGGAGCCTGCAGTCTTCTCGGCCGAT 96
LEPEEEEEEEEE e e eer e e e e e e e 1

Callithrix  CAGTGGGTCACCTCCAGGCCTCAGGAGCCTGCAGTCTTCTCGGCTGAT 95
Q WV TSR PQEZPAVF S A D 31
Y R ¢ ¢C HV L E K 41

Homo TACAGAGGCTGCCACGTGCTGGAGAAG 123

Callithrix TACAGAGGCTGCCACGTGCTGGAGAAG 122

Yy R G ¢C H VvV L E K 40

C) Tarsius

Homo

Tarsius

Homo

Tarsius

D G RF HLRVYVFMEHA ATYVTILTPNGT R VD
GATGGGCGTTTCCACCTGAGGGTGTTCATGGAGECTGTGCTGCCCAATGGTCGTGTGGAT
LR e e AR
GGTGGGCGTTTCCACCTGAGGATGTTCGTGGAGAGCATGCAGCCCGACCATCAGGTGGAT
G G R FHLU RMEPFVESMGOQZPDHOQV D

v A Q D A T L I C P K P D P S R T L D S
CAGGCACAAGACGCTACTCTGATCTGTCCCAAACCTGACCCCTCCCGGACTCTGGACTCC

TAGGCACAGGACACCGCTCTGACCTATCCCAAACCTGACCCCACCTGGGTCCCGGACTCC
vV A Q D T A L T Y P K P D P T W V P D S

20
60

60

20

40

120

120
40



Homo

Tarsius

Homo

Tarsius

Homo

Tarsius

Homo

Tarsius

Homo

Tarsius

Homo

Tarsius

Homo

Tarsius

O L APPAMTPFSV S TZPOQTTLSFLP
CAGCTGGCACCACCCGCCATGTTCTCTGTCTCAACCCCACARACCCTTTCCTTCCTCCCC
R A N N N T e e R
TACCCGGCACCACCCACCGAGTTCTCACTCTCTGCCCCTAATAGC - - - TCTTTCTCCCCC
Y PA PP TETFSTL S AP N S s F s P

T S G HTSQGSGHA ATFT®PSTPTLTDZP G

ACCTCTGGCCATACCTCCCAAGGCTCTGGCCATGCCTTTCCCAGCCCACTGGACCCAGGE
N N e e R e N N

TCCTCCGGCCACGCCCCCG - -GEGCCCAGCCACGCCCTGCTCAGCCCTCTGGACARAGAG
S S G HAP GAOQTPRTPAOQTPSG QR

H S SV HPT®PATLTPTST®PGE®PGC?PTTL A
CACAGCTCTGTCCACCCAACCCCTGCTTTACCATCCCCTGGACCTGGACCTACCCTCGCC
AR I N e A
CACAGCTCTATCCACCCAAGCGCTTCCTCTTCCTCCTCCAGACTTGEGCCTGCCCACCCC
A QL Y PP KRTFTILTFTILTLTGQTTWA ATCP P

T L A Q P HWGTTULETHTWDVDNEKT®RDY
ACCCTGGCTCAACCCCACTGGGGCACCTTGGAACACTGGGATGTGAACAAACGAGATTAC
LECELETECEEEe et e e e e e e e el e rl
ACCCTGGCTCAACTCCTCGGGGECACCTTGEGACCCTGGGAAGTGGACGAACCAGGTTCT
H PGS TPRGEHTILG GTTLGS S GURTRF

I1 ¢ THULSQEOQGCOQVASTG GHTLZPCI
ATAGGTACCCACCTGAGCCAGGAGCAGTGCCAGGTGGCCTCAGGGCACCTCCCCTGCATC

CEEEEEEEEE e Crree e e Perre e Fee b Fe e
TTAGGTACCCATCTGACCCAGGAACAGTGCCEGGTEGCCTCCGEGCCCATCCCCTGCATC
F R Y P s DPGTJV PG GTLRAHP L H

VR RTSKEH ATCG QOQAGTCT CTYDNTR
GTGAGAAGAACTTCAAAAGAAGCCTGTCAGCAGGCTGGCTGCTGCTATGACAACACCAGA
LT FEEE D TP e T e el i
ATGAGTGG- - - CCCARAGGAGTCCTGTCAGCAGGCTGACTGCTGCTATGACAACATCAGA
H E W P K G V L S A G * L L L *» Q H Q

E VP C Y Y G N T 169
GAGGTTCCCTGTTACTATGGCAACACAG 508
LECLTETTETE T TR T

GAGGTTCCCTGCTATTATGGCAACACAG 460
R G S L L L W Q H 166

60
180

177
59

80

240

235
78

100

300

295
98

120

360

355
118

140

420

375
138

160

480

432
157



D)Sus

D GRF HLRVYVFMEH ATYVTILPNGT RV D 20

Homo  GATGGGCGTTTCCACCTGAGGGTGTTCATGGAGGCTGTGCTGCCCAATGGTCGTGTGGAT 60
|11 N LT IR

Sus  AATCAGCAGCCGAGCCAGCAGAAAGCCA-GGAAG- - -TGGAGTTCC-TGTT-GCGGCTCA 55

N Q 0 P S Q Q KA R K W s S C C G s 1t

;

V A QDA ATTLTICTPZEKZ®PDTPSRTTILD S 40

Homo GTGGCACAAGACGCTACTCTGATCTGTCCCAAACCTGACCCCTCCCGGACTCTGGACTCC 120

Sus GCAGATGAAGAACCT----- CATCTGTGGCAAACCTGACCACACCTGGACCTGACACTAC 110
A D E E P H L w oo T * P H L D L T L 36
Q L. AP P A M F S Vv s T P Q T L S F L P 60

Homo CAGCTGGCACCACCCGCCATGTTCTCTGTCTCAACCCCACAAACCCTTTCCTTCCTCCCC 180

Sus CCACTG------------- CATTCTCACTTCCTGCCCCGCAGCCTTGTCCCCTCCACCCC 157
P T A F S L P A PQ P C P L H P 52

Figure 5. llustration of the presence of stop codon in the different sequences of the putative
pseudogens. All the sequences are aligned to the ZP1 sequence of Homo. A) exon 2 of Tursiops.
B) exon 2 of Callithrix. Exon 1 is missing in these two species, but the last nucleotide of the first
exon of Homo was added for the translation. C) exon 3 and exon 4 (underlined) of Tarsius. D) first
180 bp of the exon 3 of Sus (the sequence of Sus is highly incomplete with numerous indels).
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Figure 6. Phylogenetic relationship of ZP1 proteins reconstructed with PhyML. The numbers

above each node are the bootstrap supports (only the values < 99 are shown). The symbol 4
indicates possible pseudogenes. The branches in red indicate the position of the probable

pseudogenization event,



CHAPTER |

TABLES

Table I: primers used in amplification of rabbit ZP1.

Primers Forward (position in Reverse Amplified
sequence) region (pb)
Fwl and Rvl | atgac tgg ggg tcg cct ggt (1) ctc ctg ggg cagpatacc tac 651
Fw2 and Rv2 | ggt gga acg ctg gga agt gg (594) gaa gat gga cgc ctg gat gg 522
Fw3 and Rv3 | tct tca atg cca gcg act tc (1079) ctca ggc ccaagaaac ca 746
Fw4 and Rv4 | aga ctt gct cat cta cgt gt (1571) tta ttg agc etgpgt ga 314

Supplementary file 1: Primers used in amplification of rabbit ZP2, ZP3 and ZP4.

Primers

Fwl and Rv1

Fwl and Rv1

Fwl and Rv1

132

Forward (position in
sequence)

aca tgg agt gag agt cct a (160

ggc tgg tgt tct ccc tge g (500)

Reverse

tta ttt caa cca ttt tat ttg caa g

aga tgt ctg cac tgc ctt cca

gtc ctg ttt ctg ttc cca ttt a (709

ggc gta gac cta ggt atg ga

Amplified
region (pb)

394




TABLE II: Peptides identified by proteomics analysis. Peptides with a score

higher than 5, and percentage-scored peak intensity of 60%, which are the

threshold criteria for a positive identification, are shown in red. The * indicates

that the peptide has been also detected in ZP from oocytes.

ZP1
Theoretical Number
Peptides Sequence| z m/z of Score | SPI
[M+H] * detections
GMQLVVLPRPGRTIR* 1693.0059 42-56 B 565.14 2 3.36 75
GMQLVVLPRPGRTIRFKVVDEFGNR 2884.6096 42-66 3 967.62 7 5.71 53.2
EVPCYYGNTATVQCFR 1850.8206 250-265 2 9834r 2 10/573.88
ITLANVHLAYAPTRCPPAQK* 2164.1701 283-302 3 741.80 1 88. 62.6
EGPQGSITRDSSFR 1536.7404 341-354 3 565.89 1 391 7 |51.
EGPQGSITRDSSFRLLVR 2018.0783 341-358 3 674.09 1 5.21 60.5
IARDETFSSFYEEEDYPLVRLLR 2848.4157 394-416 3 950.07 1 3.06 57.9
LLREPVHVEVR* 1346.7908 414-424 2 674.17 1 4.10 81.7
GDSYRTRVLALDRAELPFR 2235.1998 465-483 2 102884 1 613. | 54.8
GDSYRTRVLALDRAELPFRSHYQR 2906.5138 465-488 3 996.28 1 4.21 61.4
TRVLALDR 943.5689 470-477 1 943.04 1 5.2 54.3
SHYQRFTVATFTFLDSGAQRALR* 2672.3697 484-506 3 918.66 9 5.34 86.4
FTVATFTFLDSGAQR 1660.8335 489-503 2 831.2y 1 6.60 77.3
ALRGLVYFFCSASACHPSGPETCSSTCSSR 3124.374P 504-533 3 08951 5.51 715
ALRGLVYFFCSASACHPSGPETCSSTCSSRTA 3424.5546 504-536 388122 | 1 6.31 54.5
GLVYFFCSASACHPSGPETCSSTCSSR 2784.1526 507-583 3 9828 5.63 59.6
GLVYFFCSASACHPSGPETCSSTCSSRTAKR 3240.433p 507-537 3 15371 5.11 59.4
GLVYFFCSASACHPSGPETCSSTCSSRTAKRR| 3396.5346 507-588 3 40331 4.58 55.4
RSSGYHDGTPRALDIVSSPGPVGFQDSHR 3095.5047 539-567 3 9I5| 3 6.22 79.0
SSGYHDGTPR* 1076.4761 540-549 2 578.28 3 3.18 61.8
SSGYHDGTPRALDIVSSPGPVGFQDSHR* 2399.4034 540-56[7 3088 |1 3.59 86.9




P2

Peptides Theore'[ifal Sequence m/z ﬁ:{::ﬁ;:; Score | SPI
[M+H]
GKRLPWPSLTK 1282.7636| 10-20 641.80 1 5.20 57.6
TLHASVVDPLGVEMLNCTYILDPEK* 2814.4058 84-108 973.15 17 10.24 | 63.2
TLHASVVDPLGVEMLNCTYILDPEKLTLR 2814.4058 84-112 1134.69 1 3.45 50.
LTLRVPYKACTR 1420.8098 | 109-120 520.18 8 5.95 59.
LTLRVPYKACTRAVHGGHQMSIR* 2594.3924 | 109-131 924.72 7 5.62 74.1
VPYKACTRAVHGGHQMSIR 2194.1014| 113131 750.36 1 5.62 54.
VPYKACTRAVHGGHQMSIRVMNNSAALR 3067.5617 | 113141 1074.28 2 5.13 54.
ACTRAVHGGHQMSIR* 1623.7960 | 117-131 821.41 2 5.58 53.
ACTRAVHGGHQMSIRVMNNSAALR* 2580.2822 | 117141 919.09 8 4.97 54}
AVHGGHQMSLRVMNNSAALR 2149.0871| 121-141 743.70 2 5.11 | 65.2
HTDVEYQFFCPVEQTLEFSK 2504.1444 142-160 1252.16 1 16.57 | 94.0
SAACTKDFMSLSFPR 1660.7827 161-175 899.35 1 4.09 50.
LSLVSPGQKMTFPSR 1647.8892 253267 872.86 1 3.08 71.
MTFPSRAICLSGPVTCNATHMTLTIPEFPGK 3320.6304 262292 1145.56 1 5.13| 53.5
AICLSGPVTCNATHMTLTIPEFPGK* 2601.8879| 268292 918.12 14 8.95 95.6
NITVSQLHDQGIDVEAINGLRLHFSK 2904.5332| 302-327 995.05 1 3.90 52.%
LHFSKTVLKTKFSEK* 1793.0325 | 323337 897.05 1 3.75 59.
TVLKTKFSEKCLHDQLYISSLK 2581.4064 | 328-349 887.71 4 471 64.
FSEKCLHDQLYISSLK 1910.9686| 334-349 637.09 1 3.95| 604
VGSSSCQPVFKAQSQGLVRFR 2281.1875 407-427 814.33 1 427 | 616




ZP2

1A

Theoretical Number
Peptides Sequence m/z of Score | SPI
[M+H] " detections
VGSSSCQPVFKAQSQGLVRFRIPLNGCGTRHK 3457.8061 407-438 599.62 1 4.40 54.
AQSQGLVRFRIPLNGCGtRHKFEDEK 2986.5433 418-443 1022.77 1 3.16 57.
FRIPLNGCGTRHKFEDEK 2147.0820 426-443 762.16 1 5.39 67.9
DSEFRMTVQCYYTR 1798.7892 465478 654.00 1 3.51 70.
DSEFRMTVQCYYTRDDMLLNANIK 2926.3538| 465488 999.96 1 4.97 67.1
MTVQCYYTRDDMLLNANIK 2292.0826 470-488 820.47 1 5.87 51.
VNEYPIVK 961.5358 520-527 961.32 1 3.97 81.
VNEYPIVKYLRQPIYMEVR 2410.2957| 520538 836.52 1 4.48 80.
YLRQPIYMEVRVLNRNDPNIK 2631.4193| 528548 930.48 2 3.27 69.
QPIYMEVRVLNRNDPNIK* 2199.1708| 531-548 733.72 2 5.83 57.%
NDPNIKLALDDCWATSSMDPASLPK* 2702.2806| 543567 933.83| 13 6.56 524
LALDDCWATSSMDPASLPK 2020.9360 549567 1039.91 1 4.28 51.
SSLVYFHCSALICNQHYPDSPLCSVTCPGSSRHRR 3920.8205 617651 677.37 1 4.78 60.1
VTASLPGPILLLPNGSSFRGVGDSK 2482.366P 661-685 827.92 1 3.55 75.
GVGDSKEHGMAGDVTSK* 1674.7757| 680-696 917.15 3 6.01 71.5
EHGMAGDVTSKTMAAVAAVAGVVATLGFISYLCKK 3496.8006| 686-720 1199.02 3 5.12 56.
MAGDVTSKTMAAVAAVAGVVATLGFISYLCKKRTMML 4353.2054| 686-727 006.90| 4 6.47 | 60.7
SH
EHGMAGDVTSK* 1131.5104| 686-696 606.24 1 4.19 63.
TMAAVAAVAGVVATLGFISYLCKK* 2384.3086 697-720 827.53 4 6.31 72.1
TMAAVAAVAGVVATLGFISYLCKKR 2540.4097 697-721 893.13 1 3.46 85.




ZP3

Peptides Theore'[iial Sequence m/z ﬁ:{::ﬁ;:; Score | SPI
[M+H]

QPAPSVTPVVVECLEARLVVTVSR 2549.4125 34-57 877.52 1 3.44 61.3
QPAPSVTPVVVECLEARLVVTVSRDLFGTGK 3267.7775 34-64 1104.02 1 3.94 94.1
LVVTVSR 773.4885 51-57 773.55 5 4.90 53.7

DLFGTGK* 737.3834 58-64 737.60 12 9.53 74.9
TNRAEVPIECRYPRQGNVSSR* 2432.2217 123143 856.27 1 3.16 50.5
QGNVSSRAILPTWVPFWTTVLSEER* 2837.4950, 137161 984.42 3 4.62 60.5

AILPTWVPFWTTVLSEERLVFSLR 2860.5765| 144-167 980.71 1 6.18 78.2
MSPTFHLGDTAHLQAEVRTGSHPPLLLFVDR 3442.7694| 178208 1175.04 1 4.69 50.3

DQSGSPYHTIVDLHGCLVDGLSDGASK* 2771.2946| 216-242 943.90 18 13.38 74.1
FKAPRPKPDVLQFMVAVFHFANDSR* 2917.5299 | 243-267 973.10 1 3.01 59.4
APRPKPDVLQFMVAVFHFANDSR* 2642.3666 | 245267 881.35 6 5.21 55.5
HTVYITCHLR* 1242.6417 268277 650.33 1 4.11 72.7

HTVYITCHLRVIPAQQAPDRLNK* 2673.4411 268-290 918.57 1 6.11 75.1

SSLRSRRHVTEEADVTVGPLIFLGK* 2767.5219| 335359 923.12 4 5.42 68.5
SRRHVTEEADVTVGPLIFLGK 2324.2726| 339-359 827.93 1 3.29 57.9
RHVTEEADVTVGPLIFLGK* 2081.1395 | 340-359 721.25 1 4.03 71.6
MATIVFLAVAAVVLGLTR* 1845.1036 383-399 970.90 2 4.80 68.5
MATIVFLAVAAVVLGLTRGRHAASHPR* 2814.6041 383-408 970.87 4 551 57.1
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Theoretical Number of
Peptides Sequence m/z Score | SPI
[M+H] * detections
FTINFONQETGSSPVLVTWDNQGR* 2738.3174 47-70 966.51 2 5.59| b58.
QQLLKCPMHLPAPDAGLCDSVPVQDR 2831.4006] 130-155 984.75 5 531 | 845
CPMHLPAPDAGLCDSVPVQDR 2221.0204 135-155 778.71 1 4.65| 73.
AFVLFLFPFTACGTTR 1847.9518| 535050 924.46 4 16.01 | 91.8
QITGDRAIYENELLATR* 1963.0249 | 551-264 648.94 2 6.95 | 65.7
QITGDRAIYENELLATREVR 2347.2370 | 251-270 836.85 3 4.86| 75.
QITGDRAIYENELLATREVRTWSR* 2877.4971| 251-274 987.25 2 3.49| 61.
AIYENELLATR 1292.6850 | 557-267 648.04 6 18.30| 97.5
AIYENELLATREVRTWSRGSITR* 2721.4436 | 257-279 960.92 3 4.00| 55.6
EVRTWSRGSITRDSIFR* 2066.0895 | 265284 741.91 4 4.96| 78.
TWSRGSITRDSIFR* 1681.8774 271-084 921.26 1 3.49| 67
DSIFR 637.3309 | 280284 637.93 5 6.85 | 89.2
DKDYHSYYTMDDYPVVK 2138.9381 | 328344 739.56 2 485 87.
DKDYHSYYTMDDYPVVKLLR* 2521.2073 328347 841.06 1 3.30| 51.6
DYHSYYTMDDYPVVK 1895.8162 | 330-344 632.41 1 3.68| 79.]
LLRDPIYVDVSILYR* 1835.0431 | 345359 918.96 3 14.09 | 90.6
LLRDPIYVDVSILYRTDPYLGLR* 2750.5245 | 345367 970.47 5 6.12 | 56.7
TNPLYQPQWPILVK 1696.9427 | 377-390 848.13 2 11.44 | 74.5
FSISTFSFLDSSVAK 1635.8270 421-435 818.34 3 12.47 | 79.6
EALKGPIYLHCSVSVCQPTGTQSCTVTCPIDSR 3493.6588 436-468 1191.29 1 3.82| 84.
RNSDINFQNSTANISSK 1895.9211 470-486 1028.34 1 3.40f 58.5
NSDINFQNSTANISSK* 1739.8200| 471-486 950.03 2 433 85.6
GPMILLQATEDPSEK* 1628.8205 895.71 1 3.68| 93.]

487-501




Supplementary file 2: List of taxa used in the phylogenetic analysis with their

origin. The

checking of the genomic sequences.

Scientific name

Common name

* indicates that the sequences have been corrected after manual

Accession numbers/ Originadditional

informations

8

Ailuropoda melanoleuca Panda ENSAMET00000008075*
Bos taurus Cow Predicted from genome/pseudogene, chr 2
Callithrix jacchus Marmoset Predicted from genome /pseudogene, chr 11
Canis familiaris Dog Predicted from genome /pseudogene, chr 1
Choloepus hoffmanni Sloth ENSCHOT00000008192*
Dasypus novemcinctus Armadillo ENSDNOTO00000005786
Dipodomys ordii Kangaroo rat ENSDORTO00000006903*
Echinops telfairi Lesser hedgedog tenre ENSETET00000001351*

Equus caballus Horse XM_001493722
Erinaceus europaeus Hedgehog ENSEEUTO00000006283*
Felis catus Cat ENSFCAT00000013671*
Gorilla gorilla Gorilla ENSGGOT00000013730
Homo sapiens Human NM_207341
Loxodonta africana Elephant ENSLAFT00000009456
Macaca mulatta Macaque XM_001084628
Macropus eugenii Wallaby ENSMEUTO00000000742*
Mesocricetus auratus Hamster EU003563
Monodelphis domestica Opossum ENSMODT00000035038
Mus musculus Mouse U20448




L Accession numbers/ Originadditional
Scientific name Common name

informations

Myotis lucifugus Microbat ENSMLUTO00000005035*
Ochotona princeps Pika ENSOPRT00000013207*
Ornithorhynchus anatinus Platypus ENSOANT00000023958*
Oryctolagus cuniculus Rabbit XM_002709016
Pan troglodytes Chimpanzee XM_522022
Pongo pygmaeus Orangutan ENSPPYT00000003825
Procavia capensis Hyrax ENSPCAT00000014254*
Pteropus vampyrus Megabat ENSPVAT00000014667*
Rattus norvegicus Rat NM_053509
Sorex araneus Shrew ENSSARTO00000003987*
Spermophilus tridecemlineafus Squirrel Predicted from genome /scaffold_129656
Sus scrofa Pig Predicted from genome /pseudogene, chr2
Tarsius syrichta Tarsier ENSTSYT00000001755* Pseudogene
Tupaia belangeri Tree shrew ENSTBETO00000015513
Tursiops truncatus Dolphin ENSTTRTO00000012462* Pseudogene




Supplementary file 3

Comparison of the different glycosylation sites of the four zona pellucida glycoproteins
from different species.

ZrP1
human MAGGEATTWGYPVALLLLVAT-LELGRWLQPDEGLPGLRASYDCGIKGMQLLVEFEREGQT 39
rabbit MTG———-—- GELVALLLLVARASLGLGQQPHPEDGLPELOYSYDCGMRGMQLVVLEREGRT 54
mouse MAW—————— GCEVVLLLLAAREFLRLGURLHLEP-——GFEYSTDCGVRGMQLLVFPRENQT 31
rat MM —————- CCEVVLLLLVAATLRLCOQHLHLED-——CEQYSYDCCVQCMQLLVEDPRINQT 51
- ko ok kkkE As ok ks . s Ke L skhk Ak sk k ke ks kkk sk
human LRFEVVDEFGNRFDVNNCSICYHWVTSRPQEPAVFSADYRGCHVLER -DGRFELEVEMEA 118
rabbit IRFEVVDEEGKNRFEVNN ICFHWVSREPQAPEVFSADYRGCHVLER-EGASHELTVEIEAR 113
nouss VOFEVLDEFCKRFEVNNCESICYHWVTSEAQEHTVESADYKGCHVLEK-DGRFELEVEIQR 110
rat IQFEVLDEFGKRFEVNNC S ICYHWVISEAQREPAVESADYRGCHVLERQDGRFELEVEIQA 111
sk kKA AR ANk k kA AR A Ak kk 2k sk kk ks kAkAdkk ks xk kks ok
human VLPNGRVDVACQDATLICPRPDESRTLDSQLAPPAMFSVSTPQTLSFLPTSEHTSQGSGHA 178
rabbit MLPDEEVEVACEAVLICPEPCHTWAYVESHOVEETTPEPTTPHALPFELESAHT ——————— lee
nouse VLPNERVDIACDVTLICPEPDHTVIPDPY LAPDTTPEPFTPHAFALHPIPDHTLAGSGHT 170
rat VLPNERVDTACDVTLICPEPDHILTPESYLAPDTTPQPFIPHTFALHPISCGHTLAGSGHT 171
Kk skaks ks kkkE k| . . e . keaa - ok
human FPSPLDPCHSSVHPTPALPSPCPCPTLATLAQPHWSTLEHWDVNERDYICTHLSQEQCQV 238
rabbit FPIPLYLEHSIMLPTPAGEPSLEPGPTPAVLAQ-———— VERWEVDEPDAVGSHLPQEWCQV 221
nouse GLTTLYPEQSFIHPTPAPPSLGCPGPAGSTVPHECQWGTLE?WELTELDSVGTHLPQERCOQV 230
rat GLTTLYPET---HPTPAPPSSEPGPVELTVPQSCWGTLGSWELTELDSIGTHLLQERCQV 228
* Kkkk kh Rkk L L ks sk ke ok kR
human ASGHLPCIVRETSKERCQQAGCCYDNTREVPCYYGNTATVQCFREDGYEVLVVSQEMALTH 298
rabbit ASGHIPCIVQSSSKERCEQAGCCYDSAREVPCYYGNTATVQCFENGYFILVVAQEMALAH 281
nouse ASGHIPCMVNGSSKEETCQQAGCCYDSTREEPCYYGNTVTLQCFESGYFTLVMSQETALTH 290
rat ASGIIPCMVEGSSEEACQQAGCCYDNTREMPCYYGNTVTLQCILSG YTLVMSQLETALTII 287
Kok ke k ks d | skekaks kA A ARk 2ok kkARAAK kekdk: Kk 2 kkaokd ko
human RITLANIHLAYAPTSCSPTQHIEAFVVEYFPLTHCGTTMOVAGDQLIYENWLVSGIHIQK 358
rabbit RITLANVHLAYAPTRCPPAQEISAFVIFEVPLTHCGTIVOQVLGSQLEFYENQLVSDIDVRE 341
nousc CVLLDNVHLAYADNCC PP TQKISAFVVEHVILTLCCTAIQVVCEQLIYENQLVEDIDVQE 350
rat GVMLDNVHLAYAPNGZPPTORISAFVVEFEVPLTLCGTAIOVVG-ELVYENOLVSNIEVOT 346
sk kakAkAAK ok dahek kkkaks wkA kkks:kk K ok kkk ik _k_::
human GPUGS LTRDSIFOQLHVECVENAS DR LPLQAS L FPPPSPASMIQPGPLELELR _AKDETES 418
rabbit CLQCEITRDEEFRELLVRCIET DELDIQASIFSIDLDADVTQACPLRLELRIARDETES 101
nouse GPOGEITRDSAFRLHVRCIFNASDFLPIQASIFSPQPPRAOVTQSGPLRLELRIATDETES 410
rat GPOGEITRDGVFRLHVRCIFNASDFLPIRASIFSPQPPAOVTRSGPLRLELRIATDETES 406
T
human SYYGEIDDYPIVRLLREDVHVEVRELLORTDPNLVLLLHOQCWGAPSANDEQQPOQWRPILSDGEC 478
rabbit SFYEZEDYPLVRLLREPVHVEVRLLQRTDPSLVLELHQCWATPSANPVIQPOWPLLSDGEC 461
nouse SYYQESDYPLVRLLREPVYVEVRLLQRTDEPSLVLVLHQCWATETTSPFEQPOQWPILSDGEC 470
rat SYYQESDYPLVRLLQEPVYIEVRLLQRTDPGLALMLHOCWATEPSASPFEQPOWPILSDGEC 466
A:A _h.ll:AAAA:AA»\::AAAAAAAA)AIA_A AAAAA_:A::_A_:AAA:«A:AAAAA
human DFEGDSYRTOMVALDGAT-PECSHYQREFTVATFALLDSGSQRALRGLVYLFCSTSACHTS 337
rabbit DFEGDSYRTRVLALDRAELPFRSHYQREFTVATFTFLDSGAQRALRGLVYFFCSASACHPS 321
nouse DFEGDNYRTQVVAADREALPFWSHYQRFTITTFMLLDS SSQNALRGOVYFFCSASACHPL 530
ral PFREGDNTRTOMVAADRATLPFWSHYQRFTIATFTLLDS SSQNALRGOVIFFCSASACHPV 326
dkkkk kkkesrdk ok bk kokkkkkk e kA skkk sk kdkk ks kkw s hhkdk
human GLETCSTACSTGTTRORRSSGHRNDTARPQDIVSSPGEPVGFEDSYGQEPTLGPTDSNGNS 597
rabbit GPETCSSTCSSRTAKRRRSSGYHDGTPRALDIVSSPGEPVEEFQDSHRQEPTLESTGSGRNS 531
nouse GSDTCSTTCDEGIARRRRSSGHHNITLRALDIVSSPGAVGFED-———AAKLEPSGSSENS 386
rat CSETCSTTCDSEIARHRRSSGCHHNSTIRALDIVSSPCAVGEFED-———APKLEPSCSTRNS S82
K oakkkad s saakdkdksaa K k| wkAkAAE_ Kbk ok Lk sk w
human SLRPLLWAVLLLPAVALVLGFCVEVGLSQTWAQKILWESNRQ-—-—— 638
rabbit NPEPLLWVVLLLLAIALVLGIGVEVGLIQAWAERLREGHRLTDQAQ 627
monss SER———-MT.TTIT-ATTTATARCTFVGELTHAWAOKTWRESTRY - ———— a23

rat GSRPLLWVLQLL-ALTLVLGDEVIVGLSWAWAWA-——-———————— 615
. kk keak k| keakkk  suk
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MACRQRGDSGRPSSWFRADW-—————————————— RSFFLSFTLLTSVNSIDVNQLD-PA
MACRHRGDSGRPLSWLSASW-—————————————— RSLLLFFPLVTSVNSIGVNQLVNTA
MACROQRGGSWSPSGWFNAGWSTY ———————————— RSISLFFALVTSVNSIDVSQLVNPA
MOVSNSGSRGERLPWPSLTRFTFPYLSPPSSSSACTWLFLFFTLVISVNSIYFLOLSDPA
MARWQRKASVSSPCGRSIYRFLS———————————————— LLFTLVTSVNSVSLPQSENPA

MARWQR-—————————— VY¥WLRS———————————————— LFFALVTSVNSLSLPQSENPA
n . * . & ' ' TEE R g ' . * i *

FPGTVICYENRMVVEFERTLGNEIQHASVVDSLGLEMLNCTYVLDPERLTLEAPYESCTE
FPGIVICHENRMVVEFPRILGTRIQYTSVVDPLGLEMMNCTYVLDPENLTLEAPYEACTE
FPGTVICDEREITVEFPSSPGTERKWHASVVDPLGLDMPNCTYILDPERLTLRATYDNCTR
FPGTVICNENEIMVEFPSYVGTRTLHASVVDPLGVEMLNCTYILDPERLTLRVPYEACTR
FPGTLICDEDEVRIEFSSRFDMERWNPSVVDTLGSEILNCTYALDLERFVLEFPYETCTI

FPGTLICDEDEVEVEFSSRFDMERWNPSLVDTFGNEISNCTYALDLEEFILEFPYETCTI
kkk o ok . . sk oo Ckakk sk . kkkk Ak k. ks ok kk

RVLGOQHCOMTITFMNDNTAHRQETVLYHVSCPVMCOAGREDQHSGSTICSKDEMSFTFH-FF
RVRGHHOMTIRLIDDNAALROQEALMYHISCPVMGAEGPDQHSGSTICMEDFMSFTEFN-FF
RVHGGHOMT IRVMNNSAALRHGAVMYQFFCPAMOVEETQGLSASTICQKDFMSFSLPRVE
AVHGGHOMS IRVMNNSAALRHTDVEYQFFCPVEQT-——-LEFSKESAACTEKDFMSLSFPRIP
EVVGGYQVNIRVGDTTTDVRYRDDMYHFFCPAIQAET-HEISEIVVCRRDLISFSFPQLFE
EVIGGYQVNIRVODTNADVSYRDDVHHFFCPAIQAEI-HEVSEIVVCMEDLISFSFPQLFE

h ok ek & * 4k * * R SR

PGLADDTAG-—-PEPOMGWTVIVGDGERAQNLTLOEALTQGYNLLIENQEMSIQVLFHAT
PGMADENVEREDSKORMGWSLVVGDGERARTLTFQEAMTQGYNFLIENQEMNIQVSFHAT
SGLADDSKEG——-TEVOMGWS IEVGDGARARTLTLPEAMEEGFSLLIDNHRMTFHVPEFNAT
TGLGDSTMVN---ESCMGWMVOAGHGPGACQTLELEEARGOGFGVLIDDNEMTLEVLLN
SRLADENQN---—-VEEMGWIVEIGNGTRAHILSLEDAIVQGFNLLIDSQEVTLHVP.
SRLADENQN---—-VEEMGWIIRKIGNGTEVHTLPLEDAIVQGFNLLIDSQKEITLHVPAN

. % rkk . — T T s T

GVTHYSQGNSHLYMVPLELTHVSPGQTIILSSRLICASDP-VTCNATEMTLTIPEFPGEL
GVIRYSQGNSHLYMVPLELEHVSHGQSLILASQLICVADP-VTCNATEVTLAIPEFPGEL
GVTHYVOGNSHLYMVSLELTFISPGQEVIFSSQAICAPDP-VTCNATEMTLTIPEFPGEL

GVTHYVEGTSHLHTMFLELSLVSPGQEMTFPSRAICLSGP-VTCNATEMTLTIPEFPGEL
GIVHYVQESSYLYTVQLELLFSTTGQKEIVFSSHAICAPDLSVACNATEMTLTIPEFPGEL
GVAHYVQESSYLYTVQLELLFSSPGQRKITFSSQAICAPDLSVACNVTEMSLTIPEFPGEL

ko k. ke . ko s otk oo ke kb ke k. ok okkdkdkokkd

KESVSFENENIAVNQLHENSGIVMEIANGLRLHFSKTLLEKTEKFSERKCLPYQFYLSSLELTFY
ESVNLGSGNIAVSQLEHKHGIEMETTNGLRLHFNCOTLLETNVSERCQPHQLYLSSLELTFH
KSVSFENONIDVSQLEDNGIDLEATNGMELHFSKTLLEKTELSERKCLLEQFYLASLELTFL
ESVSIENENITVSQLHEDQGIDVEAINGLRLHFSKTVLEKTEKFSEKCLHDQLYISSLELTFN
ESVDFGOWS IPEDQWHANGIDREATNGLRLNFRRSLLEKTEPSERKCPFYQFYLSSLELTFY
KESVGFGORNIPEDQWHANGIDREATNGLRLHFRRSLLEKTEPSERKCPFYQFYFSSLELTFN

Lkk - & ® ok kk Kk kkaak-k -xo-kkk: kkhA hoake s kk ki

TOLETVSMVIYPECVCESTVSIVSGELCTQDGFMDVEVYRHOTEKPALNLDTLREVGDSSCOQ
SQLEAVSMVIYPECLCESTVSLVSEELCTCDGFMDVEVHSHOTKPALNLDTLRVGDSSCQ
LRPETVSMVIYPECLCESPVSIVTGELCTQDGFMDVEVYSYQTQPALDLGTLRVGNSESCQ
LELDTVSTVINPECPCDSPASIVSGELCTQDGFMDFEVYTHOTEKPALNLDTLREVGSS5CO
FQGNMLSTVIDPECHCESPVSID-—ELCAQDGFMDFEVYSHOTKPALNLDTLLVGH

FOQGDMLSTVIDPECHCESPVSID-—ELCTRDGFMDFEVYSHOTKPALNLESLLVGH
Lk kE kkEk ek k. hkk e s kkkkh  sk: skkskkkak sk Kk

PTIFKAPFOGLVEFHIPLNGCGTRHRFENGEVIYENEIHALWADLPPSTISRDSEFRMTVE
PTFEAPAQGLVOFRIPLNGCGTRHRFENDEVIYENEIHALWAD-PPSAVSRDSEFEMTVE
PVFEAQSQGLVRFHIPLNGCGTRYRFEDDEVVYENEIHALWTDFPPSKISRDSEFRMTVE
PVFEAQSQGLVRFRIPLNGCGTRHRFEDERVIYENEVHALWENLPPSKISRDSEFRMTVOQ
PIFEKVOSVGLARFHIPLNGCGTROEFEGDEVIYENEIHALWENPPSNIVEFRNSEFRMTVR

PIFEVOSLGLARFHIPLNGCGTRORFEGDEVIYENEIHALWENPPSNIIFENSEFRMTVE
P Kk ek skkhkkkhhk ks kkekkkkekkkdk o k- kakkEAAAK

CYYSSSNMLINTNVESLPPPVASVRPGPLALTLOTYPDNSYLOQPYGDEDYPVVRYLRQOPI
CSYSS5NMLINTNVESLPSPEASVRPGPLTLTLOQTYPDNAY LQPYGDEEYPVVEYLRQPI
CSYSENDMLLNINVESLTPPVASVELGPFTLILOSYPDNSYQQPYGENEYPLVRFLRQOPI
CYYTRDDMLLNANIRSLPPPVASVRPGPLALSLOTYPDESYQQPYRVNEYPIVEYLRQOPI
CYYIRDSMLLNAHVRGHPSPEAFVRPGPLVLVLOTYPDOSYORPYRKDEYPLVRYLRQOPI
CHYIRDSMLLRAHIRSHSSPVASVRPGPLALVLOTYPDISYORPYRENEYPLVRYLRQOPI
P Lk saa ko ok kok kka ok kkekkk ok sk Cekk ks sk kR
YLEVEVLNRTDPNIKLVLDDCWATSTMDPASLPOWNIIVDGCEYNLDNHRTTFHPVGSSV
YLEVRILNRTDPNIKLVLDDCWATSTEDPASLPOWNVVMDGCEYNLDNHRTTFHPVGSSV
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MGLSYGLFVCLLILWGGSELCCPOPLWFWOGCETROPAPSVTPVVVECLEARLVVTVERDLE
MELSYRLFICLLIWGSTELCYPOPLWLLOGGASHPETSVOPVLVECQEATLMVMVSEDLE
MASSYFLFLCLLLCGGPELCNSQTLWLLPGGTPTPVGESSSPVEVECLEAELVVTVSRDLE

MGPSCLLFLCLLLCGGPELCYPOTOWLLPGGTPTPAGSSSPVEVECKEAELVVTARRDLE
® ok kkakkkE kKKK Kk ks ks ok kKK k% kk kak s kEE

GIGKLIQEADLSLGPEGCEPQAS——-TDAVVREEVGLEECGNSVQVIDDSLVYSSELLHDY
GCTGELIRAADLTLGPEACEPLVSMDTEDVVRFEVGLHECGN SMOQVTDDALVYSTFLLHDP
GTGELVQPEDLTLGSEGCQPRVS-VDTDVVRFNAQLHECSSRVOMTEDALVYSTELLHDP
GTGKLVQPEDLTLGSEGCQPLVA-VDTDVVELNAQLHECSSGVQVTEDALVY STFLLHDP

ok ok A - e R T I . kokk e ke ke ke sk ok e ke e ek ko

RPAGNLESILRTNRAEVPIECRYPROGNVSSRAILPTWVEFWT TVLSEERLVEFSLRLMEEN
REVGNLEIVRTNRAEIPIECRYPROGNVESQATLETWLPFRTTVFSEERLTFSLELMEEN
REVEGLEILRTNRVEVPIECRYPROGNVSSHPIQPTWVPFRATVSSEERLAFSLRLMEEN
REVNGLSILRTNEVEVPIECRYPROGNVSSHPIQPTWVPFSATVSSEERLAFSLRLMEED

ok dekd o« kokhk ok hak A A kdkhhokkdhkkok k. ok kokdakd  «okd kokok ek kdkkokokh ok -

WSREFMSPTFHLGDTAHLOAEVRTGSHPPLLLEVDRCVATPT--RDOSGSPYHTIVDLHG
WHAEFRSPTFHLGDARAHTLQRETHTGSHVPLELEFVDHCVATPT--PDONASPYHTIVDFHG
WNTEESAPTFHLGEVAHLOAEVOTGSHLPLOLEFVDHCVATPSPLPDPNSSPYHFIVDFHG

WNTERSSPTFHLGEVAHLQAEVQTGSHLPLOQLEVDHCVATPSPLPGQNSSPHHFIVDSHG
d ok sk kkdk s hokkkkk s kkkk ok ko - kkdkkk Lk ak kdkk ko

CLVDGLEDGASKFEAPRPEPDVLOQFMVAVFHFANDERHTVY ITCHLEVIPAQQAPDRLNE
CLVDGLTDASSAFRVPRPGPDTLQFTVDVFHEANDSRNMIY I TCHLEVTLAEQDPDELNE
CLVDGLSESFSAFQVPRPRPETLQFTVDVFHFANSSENTLY ITCHLEVAPANQIPDELNE

CLVDGLSESFSAFOVPRPRPETLOFTVDVFHEFANSSRNTVY ITCHLEVAPANQIPDELNE
FkkERK s s ok kg kEk ok KKK K kkkRkk_ ks skKAAAF Lk Kadk KE_AAK

ACSENQESSSSWAPVEGSADICECCENGDCDLIAGS ———PMNQNHAARSSLRSRRHVIEEA
ACSFSEPSNSWFEVEGSADICQCCNEGDCGTESHSRRQPHVMEOWSESASENREHVTEEA
ACSFNETSQSWLEFVEGDADICDCCSHGNCSNSSSSQFOQTHGPROWSELVSRNREHVTDEA

ACSEFNETSQSWLPVEGDADICDCCSNGNCENSSSSEFETHEPAQWSTLVSRNRREHVTDER 3

AokwE -k kk kkkk REAk.AE sk k . o A _kkkkk s Ak
DVIVGPLIFLGKAGDPAGTEGLASAAQATILVLGEFGMATIVFLAVAAVVLGLTRGREAASH
DVIVGPLIFLDRRGDHEVECWALPSDT SVVLLGVGLAVVVSLTLTAVILVLTRRCRTASH
DVIVGPLIFLGKANDQTVEGWTASAQTS-VALGLGLATVAFLTLAATVLAVTREKCHSSSY
DVIVGPLIFLGRANDOQAVEGWTSSAQTS-VALGLGLATVAFLTLAATVLGVTRMCHTSSY
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human YMEVEVLNEDDPNIKLVLDDCWATSTMDEDSFPOQWNVVVDGCAYDLDNYQTTFHPVGSSVW 584
rabbit YMEVEVLNENDPNIELALDDCWATSSMDPASLPEKWSIVMDGCEYSLDNYQTNFHPVGSSY 553
mouse YMEVEVLSENDPNIKLVLDDCWATSSEDPASAPQWQIVMDGCEYELDNYRTTFHPAGSSA 577
rat YMEVTVLNENDPNIFKLVLDDCWATTFEDPASVPOQWQIIMDGCEYELDNYRTTFHARNS SR 5€6
BakE kK KEEEAK _ ARKKEHRL - I T P e T L I L L 3
Cow AYPNHYQRFAVETFAFVSEDPAFSHLVYFHCSALICDQLSSNFPLCSASCLVSSRERRAT €39
pig TYPNHHEHCQRFDVETFAFVSGRAQGVSQLVYFHCSVFICNQLSPTESLCSVTCHGPSRSREAT €42
human THPDHYQRFDMEAFAFVSERHVLESLVYFHCSALICNRLSPDSPLCSVTCPVSSREREAT €44
rabbit TYPEHYQRFDVETFAFVSERQARSSLVYFHCSALICNQHEYPDSPLCSVTCPGSSREREAT 653
mouse AHSGHYQRFODVETFAFVSERARGLSSLIYFHCGALICNQVSLDSPLCSVTCPASLRSKRE- 636
rat AHSGHYQRFODVETFAFVSESRGLSSLIYFHCSALICNQRE--—-SPLCSVTCPAPLENKRE- 622
ca . kakEE sk sk R kokakkAkk | akdes Ckkk ek BT
oW GATEEEFMIVSLPGPILLLSDGSSFR--- - - ——————————————————————— DAVDSE €71
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Supplementary file 4

Percentage of similarities of the ZP proteins of different species compared to the
corresponding human ZP proteins.

Human

ZP1 Zp2 ZP3 ZP4
Cow Pseudogene 67% 4% 69%
Hamster 68% 58% 70% 62%
Horse 72% 71% 79% 75%
Mouse 68% 58% 69% Pseudogene
Pig Pseudogene 63% 75% 67%
Rabbit 71% 69% 69% 70%
Rat 69% 58% 67% 64%

Cow (NM_173973, NM_173974, NM_173975), hamster (EU003563, AY876920,
M63629, DQ838550), horse (XP_001493772, XP_001494819, XP 001493094,
XP 001490803), human (P60852, AAH96304, NP 001103824, NM 021186.),
mouse (AAI25614, NM_011775.6 and NM_011776.1). pig (NM_213848,
NM 213893, NM_214045), rabbit (HQ702467, XM _002711834.1, NM_001195720.1,
NM_001082295.1) and rat (NP 445961, NM 031150.1, NM 053762.1 and
NM_172330.1)






CHAPTER II

Four glycoproteins are expressed in
the cat zona pellucida.






INTRODUCTION

The zona pellucida (ZP) is an extracellular matrix that envelopes the
mammalian oocyte and early embryos. A similar matrix is found in other
vertebrates, including birds, amphibians and fish [1,2,3,4,5]. The specific
functions of ZP are highly determined by its morphological structure, which is
directly related to its composition [6]. However, instead of being an
evolutionarily-conserved structure, this matrix is not constituted by the same
proteins in all species. In birds and amphibians (where the matrix is called
vitelline envelope) and fish (vitelline envelope or chorion) as many as six genes
may be present: ZP1, ZP2, ZP3, ZP4, ZPD and ZPAX. Moreover, some species
present duplications in some genes, for example, ZPAX in teleosts [7] and ZP3,
which presents multiple copies in fish, amphibians (Xenopus) and birds (chicken,
zebra finch) [8]. However, in euterian the number is more reduced and could vary
between 3 and 4 genes codifying 3 or 4 proteins: ZP1, ZP2, ZP3 and ZP4, with
ZP2 and ZP3 always being present [9,10,11,12,13,14]. However, in some
mammals, duplications of ZP2 and ZP3 genes, have recently been detected. This
is the case of platypus (Ornithorhynchus anatinus) and marsupials such opossum

[8]. The meaning of these duplications remains to be investigated.

Mus musculus, the house mouse, has three proteins (ZP1, ZP2 and ZP3).
This species has been used as a model to study the ZP since more than 30 years
[9]. However, such ZP composition is not frequent in the mammalian oocytes
described to date. Species such as pig, dog or cow also have three ZP proteins but
in these cases the proteins are: ZP2, ZP3 and ZP4 [10,14,15]. And more recently,
four proteins (ZP1, ZP2, ZP3 and ZP4) have been described in rat, human,
macaque, hamster or rabbit [11,12,13,16,17]. The development of new techniques
of genome sequencing and the apparition of —-IOMICs techniques like
transcriptomics or proteomics that has made an accurate analysis of the ZP genes

and protein composition of ZP possible. Proteomic analysis has allowed the



detection of four proteins in rat, human, hamster and rabbit ZP [11,12,16,17].
Moreover, when the mRNA/protein has not been detected by
transcriptomic/proteomic analysis in a given species, phylogenetic and
bioinformatic analyses have detected the presence of pseudogenes, as reported in

the mouse [11], cow and dog [14] and pig [17].

In the cat (Felis catus), characterization of the ZP by two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) suggested the presence of only two
glycoproteins, covering a wide molecular mass range as bands between 50-110
kDa [18]. Later, Harris et al [19] cloned and characterized the full length cDNAs
of ZP2, ZP3 and ZP4 from a variety of mammalian species, including cat. The
nucleotide and amino-acid sequences of these genes and corresponding proteins
were deposited in Genbank database with these accession numbers: ZP2
(NM_001009875), ZP3 (NM_001009330) and ZP4 (NM_001009260). However,

7ZP1 has not been described in cat.

Furthermore, cat is a member of the mammalian order Carnivora and has
sometimes been included in the same category as its related species, the dog, in
which ZP1 is a pseudogen [8]. However, the lastest updates show that cat
genome has a ZP1 gene with a possible ORF encoding a complete protein
(GenBank accession number: NM_001284435). This record is derived from a
genomic sequence (NW_004065056) annotated using the gene prediction method
GNOMON.

The aim of this study was to determine the precise composition of cat ZP

by means of proteomic and molecular biology techniques.



MATERIALS AND METHODS

2.1. Collection of cat (Felis catus) ovaries

Ovaries were obtained from domestic cats castrated at local veterinary
clinics (24-32 week-old) (n=7). Depending on the experiment, they were frozen in
liquid nitrogen and kept at —80 °C (for molecular and proteomic analysis) or
transported to the lab in saline solution (0.9% NaCl, w/v) containing 100 pg/ml of
kanamycin sulphate (Sigma-Aldrich Quimica SA, Spain) at 37 °C within 1h of
the ovariectomy (to obtain the ZPs).

2.2. Isolation of the zona pellucida

Cumulus-oocyte complexes (COCs) were excised from ovarian follicles
using a 25 gauge needle. The COCs were placed in PBS four-well multidish
(Nunc®, Thermo-Scientific Nunc, Roskilde, Denmark) and the cumulus cells were
removed by gentle pipetting using 0.5% hyaluronidase (Sigma-Aldrich Quimica
SA, Spain) in PBS. The oocyte ZPs were obtained after vigorous pipetting of each
oocyte using a narrow-bore micropipette, following four washes in PBS to

eliminate the oocyte debris.

2.3. Purification of cat ovarian RNA, cDNA synthesand amplification by PCR of

the open reading frame of cat ZP genes

Total RNA was isolated using the RNAqueous® kit (Ambion, Austin,
Texas, USA) according to the manufacturer's instructions. The first-strand cDNA
was synthesized from total RNA with the SuperScript First-Strand Synthesis
System kit for RT-PCR (Invitrogen-Life Technologies, Carlsbad, CA, USA),

according to the manufacturer's protocol.



Cat ZP1 was totally amplified by polymerase chain reaction (PCR) using
specific primers (Table 1) designed according to the predicted cDNA sequence
obtained from GenBank database (accession numberXM_003993490).

PCR amplifications were performed using 2 ul of target cDNA, 0.5 nug of
each primer, 200 uM of each ANTP and 1 IU of Taqg DNA polymerase (Thermo
Scientific, Massachusetts, USA). PCR was carried out using an initial
denaturation cycle of 2 min, and then 30 cycles of 1 min at 95 °C, 1 min at
annealing temperature (depending on the primers) and then 1 min at 72 °C. The
final extension time was 10 min at 72 °C. PCR products were analyzed by
electrophoresis on 1.5 % agarose gels. Four microliters of the PCR reaction
mixture were mixed with loading buffer and separated for 90 min at 100 V before

visualising under UV light using ethidium bromide.

Amplicons were carefully excised from the agarose gels and purified with
the QIAquick Gel Extraction Kit Protocol (Quiagen, Hilden, Germany) according
to the manufacter's protocol. After that, the amplicons were automatically
sequenced (using 3500 Genetic Analyzer of Applied Biosystem). The sequences
were analyzed to determine the degree of homology with other known sequences
using the BLAST program (Basic Local Alignment Search Tool)
(http://www.ncbi.nlm.nih.gov/blast/) [20]. Direct comparison between two
sequences was made with the ALIGN program, and the multiple alignment of the
ZP1 sequences of different species with the cat ZP1 sequence was carried out

using Clustal W (http://www.ebi.ac.uk/clustalw/) [21].

The amino acid sequence was analyzed with the following software
packages: "NetOGlyc" [22] and "NetNglyc" [23] to predict potential O-linked and
N-linked glycosylation sites, respectively and SMART to predict the localization
of the protein domains [24,25].

In addition, amplicons corresponding to ZP2, ZP3 and ZP4 were amplified

in the same conditions as ZP1, while the primers were designed based on cDNA



sequences obtained from the GenBank database (ZP2: NM_001009875, ZP3:
NM_001009330, ZP4: NM_001009260) (Table 1).

2.4. Proteomics analysis

The cat ovaries were trimmed using small scissors and dissected to remove
fat and connective tissue. The solubilized ZP was obtained according to the

protocol previously described by our group [16,26].

Solubilized ZP was obtained from oocytes, for which oocyte ZP (n=100) was
solubilized at 65 °C in PBS buffer for 30 min.

The analysis was carried out on a HPLC-MS system consisting of an
Agilent 1100 Series HPLC (Agilent Technologies, Santa Clara, CA) equipped with
a p-wellplate autosampler and a capillary pump, and connected to an Agilent Ion-
Trap XCT Plus mass spectrometer (Agilent Technologies, Santa Clara, CA)
equipped with an electrospray (ESI) interface.

The samples were diluted up to a final volume of 100 pL of 25 mM
ammonium bicarbonate buffer pH 8.5 and then incubated with 50 mM tris (2-
carboxyethyl) phosphine at 60°C for 10 min. The samples were then alkylated by
adding 100 mM iodoacetamide and left to stand for 1 h at room temperature in
the dark. Finally, 0.3 pg of proteomic grade trypsin (Sigma-Aldrich) was added to
each sample for a digestion time of 16 h at 37°C. After this incubation, the tryptic
digestion was stopped with 0.5% trifluoroacetic acid (TFA) and the samples were
dried using a vacuum evaporator. The tryptic digestions were separated and
analyzed by HPLC-MS. Dried samples were resuspended in 10 pL of buffer A,
consisting of water/acetonitrile/formic acid (94.9:5:0.1). Samples were injected
into a Zorbax SB-C18 HPLC column (5 pum, 150%0.5 mm, Agilent Technologies,
Santa Clara, CA), thermostated at 40°C, at a flow rate of 10 pL/min. After
injection, the column was washed with buffer A and the digested peptides were

eluted using a linear gradient of 0—-80% B (buffer B: water/acetonitrile/formic



acid, 10:89.9:0.1) for 120 min. The mass spectrometer was operated in the
positive mode with a capillary spray voltage of 3500 V and a scan speed of 8100
(m/z)/s from 300 to 2200 m/z. The nebulizer gas (He) pressure was set at 15 psi,
whereas the drying gas was set at a flow rate of 5 L/min at a temperature of 350
°C. MS/MS data were collected in automated data-dependent mode. The most
intense ions were sequentially fragmented using collision-induced dissociation
(CID) with an isolation width of 2 Da and a relative collision energy of 35%. Data
processing was performed with Data Analysis program for LC/MSD Trap Version
3.3 (Bruker Daltonik, GmbH, Germany) and Spectrum Mill MS Proteomics
Workbench (Rev A.03.02.060B, Agilent Technologies, Santa Clara, CA, USA).
Briefly, raw data were extracted under default conditions as follows: unmodified
or carbamidomethylated cysteines; sequence tag length>1; [MH]+ 50-7000 m/z;
maximum charge +7; minimum signal-to-noise (S/N) ratio 25; finding 12C
signals. The MS/MS search against mammalian sequences in the NCBInr
database was performed with the following criteria: identity search mode; tryptic
digestion with 2 maximum missed cleavages; carbamidomethylated cysteines;
peptide charge +1, +2, +3; monoisotopic masses; peptide precursor mass tolerance
2.5 Da; product ion mass tolerance 0.7 amu; ESI ion trap instrument; minimum
matched peak intensity 50%; oxidized methionine, N-terminal glutamine
conversion to pyroglutamic acid and STY phosphorylation as variable
modifications. Two or more validated peptides were considered to demonstrate
the existence of the protein. Peptides were considered valid with a score
threshold of 5, and a percentage-scored peak intensity of 60%. All database
matches above the threshold score of 3 were reported and used for discussion

purposes.



RESULTS

3.1. MS/MS analysis

To confirm the existence of four proteins in cat ZP, the ZP extracted from
ovaries and the ZP isolated from oocytes, as described in the Material and
Methods section, were analyzed directly by MS/MS. A summary of the peptides
1dentified is included in Table 2 and Figure 1.

For ZP1, a total of 20 different peptides were identified in the different
analyses, yielding a sequence coverage of 33.17%. In silico analysis of the protein
sequence revealed the existence of two N-glycosylation sites (Asn84 and Asn370).
None of them was detected by proteomic analysis, suggesting that both the
described consensus sequences may be occupied in the mature glycoprotein. On
the other hand, 32 out of the predicted O-glycosylation sites part of the identified
peptides, from which it can be deduced that these residues are either not

glycosylated at all or are, at most, partially glycosylated (Fig. 1).

Thirty four peptides corresponding to cat ZP2 were detected. These
peptides correspond to 71.50% of the protein. Ninety-one potential O-
glycosylation sites and five N-glycosylation (Asn87, Asn96, Asn222, Asn268,
Asnb531 Asn710) sites were localized in the detected peptides (Fig. 1). The last
one (Asn710) is localized in a peptide that is not present in mature protein. These
residues might not be glycosylated or only be partially glycosylated in the native

protein.

A total of 22 peptides from cat ZP3 were convincingly identified in different
experiments. This corresponds to 50.23% of the sequence (Fig. 1). Only one N-
glycosylation site (Asn145) was detected in the analysis and 31 O-glycosylation
sites were detected in the experiments (Fig. 1). These sites may not be

glycosylated in the native protein or, at most, be partially glycosylated.



Twenty four peptides were detected in ZP4 (49.64% coverage). Forty two O-
glycosylation and one N-glycosylation (Asn237) sites were observed, which might
mean that these sites are not glycosylated in mature protein. The rest of the N-
glysosylation sites in the mature protein (Asn44, Asn68 and Asn477) were not

detected in the peptides probably because they are occupied.

3.2. Transcript analysis

First, the cDNA of cat ZP1 was totally amplified, and the existence of a
complete open reading frame (ORF) that could encode a protein was confirmed.
Although the ORFs corresponding to cat ZP2, ZP3 and ZP4 were previously
characterized [19], partial amplifications of each transcript (ZP2, ZP3 and ZP4)
were made to confirm the above results (Fig. 2) and to confirm the presence of all

four transcripts in the cat ovary.

Full-length rabbit ZP1 cDNA contains an ORF of 1956 nucleotides (Fig. 3)
and shows 99% similarity with the predicted cat ZP1 deposited in Genbank
database with accession number NM _001284435. The ATG initiation codon
predicted with the Pedersen and Nielsen algorithm was found to be associated
with vertebrate initiator codons. The ZP1 sequence contains a stop codon (TAG)
in positions 1957-1959. The ORF of ZP1 codifies for a polypeptide 633 amino
acids long (Fig. 3) with a theoretical molecular weight of 71.5 kDa. Two single
nucleotide polymorphisms were detected in position 279 (c/t) and in position 1803
(c/g) but, in no case were changes detected in the amino acid sequence. This ZP
protein share domains with other proteins of the same family. The protein
possesses the archetypal “ZP domain’, a signature domain comprising 271 amino
acid residues (271Gly-Asn541) rich in cysteine amino acid (nine Cys residues).
The trefoil domain is also present. This part contains 44 residues (Glu225-
Leu268) and is characteristic of ZP1 and ZP4. The last domain is the
transmembrane domain (TMD) between Phe594 and Ile616, which is followed by



a cytoplasmic tail. A basic amino acid domain (525Arg-Gln-Arg-Arg528) upstream

of the TMD may serve as a consensus furin cleavage site [27,28,29].

The comparative analysis of ZP1 nucleotide and amino acid sequence
revealed high similarity with ZP1 from other species. The nucleotide sequence of
cat ZP1 1s 78% identical to human ZP1, 76% to rabbit ZP1, 74% to hamster ZP1
and 72% to rat ZP1. The analysis of amino acid sequence of cat ZP1 revealed that
1t 1s 69% 1dentical to human ZP1, 67% to rabbit ZP1, 62% to rat ZP1 and 60% to
hamster ZP1 (Fig. 4).

3.3. Identification of syntenic regions between hamand cat genomes

Using the tool Ensembl Genome Browser (www.ensembl.org/) we analyze
the localization of cat ZP genes in their chromosomes and their alignment on the
human genome. ZP1 is mapped in chromosome D1 in cat (106,541,040-
106,548,667), corresponding to a syntenic region of chromosome 11 in human
genome (60,867,562-60,875,693). ZP2 is present in cat genome in chromosome E3
(26,347,688-26,359,772 and align with chromosome 16 in human (21,197,450-
21,214,510).

ZP3 is in chromosome E3 (8,878,565-8,885,605) and align with a region in
chromosome 7 in human (76,397,518-76,442,071). ZP4 is in chromosome D2 in cat
(10,881,111-10,888,573) and corresponds with the region situated in chromosome
1 in human (237,877,864-237,890,922).



DISCUSSION

The ZP, an extracellular matrix surrounding the oocyte, plays a key role
during folliculogenesis, fertilization and early embryo development. Knowledge of
the precise composition of ZP is necessary not only for understanding processes
like oocyte-sperm interaction since it is also involved in acrosome reaction
induction, the blocking of polyspermy or protection of the preimplantation
embryo. Until now, mammalian ZP has been considered to be formed by 3 to 4
highly glycosylated proteins [9,10,11,12.13,14]. Different models have been
proposed for mammalian ZP composition: 1) three proteins in cases where ZP1 is
present as in the lab mouse (Mus musculus) (ZP1, ZP2 and ZP3) [9], 2) three
proteins when ZP1 is absent; e.g. in ungulates (cow and pig) [14,17] and dog (ZP2,
ZP3 and ZP4) [14] and 3) four proteins (ZP1, ZP2, ZP3 and ZP4), an increasingly
numerous group. The rat, human, horse, macaque, hamster and rabbit are

included in this last group [11,12,13,30,16,17].

ZP composition becomes more complicated if we look at other non-
mammalian species like birds, amphibians or fishes, where more genes are
involved (ZPAX, ZPD), and some of which have multiple copies of some ZP genes:
four ZPAX copies in carp [7,31], five ZPAX copies in zebrafish [8,32,33], and six
ZPAX copies in medaka [8,34,35]. Moreover, in these species ZP3 presents
multiple copies: in fish (carp, medaka), birds (chicken, zebra finch) and

amphibians (Xenopus) [8].

Nevertheless, the mouse model has been used for more than thirty years to
study the ZP and its role in fertilization. However, more and more species show a
different protein ZP composition, with mouse being the exception. The question
arises, therefore, whether or not this model accurately reflects the mechanisms of

ZP behaviour in other species.



The cat ZP has long been considered to be constituted by three
glycoproteins based on description of the cDNA of ZP2, ZP3 and ZP4 in cat ovary
[19]. Moreover, cat was included in the 3 ZP-glycoprotein group due to its
closeness to the dog, a species where a ZP1 pseudogene has been described [14].
The situation in cat could be similar to other species containing ZP2, ZP3 and
ZP4. Such is the case with Canis and Bos, where a pseudogene was found in the
genome corresponding to ZP1 [14], while, more recently, ZP1 has been described
as a pseudogene in Sus, Tursiops, Callithrix or Tarsius [17]. However, in Felis a

complete ZP1 sequence has been annotated in the genome.

For that reason, the aim of this study was to determine of the precise
composition of cat ZP using proteomic and molecular biology techniques, paying
special attention to the detection of ZP1 protein. As a result, we present the first
evidence supporting the existence of four proteins in cat ZP: ZP1, ZP2, ZP3 and
ZP4. For this purpose, the cat ZP extracted from ovaries or oocytes were analyzed
directly by MS/MS. A summary of the peptides identified is included in Table II
and Figure 1. ESI-MS/MS spectra of some peptides corresponding to cat ZP1,
7ZP2, ZP3 and ZP4 are shown in supplementary file 1.

Peptides for the four proteins (ZP1, ZP2, ZP3 and ZP4) were detected by
means of proteomic analysis in the ZP matrix, providing information about the
putative glycosylation degree of these proteins. These glycans may be related
with sperm binding and induction of the sperm acrosome reaction [36,37,38]. In
ZP1, several O-glycosylation sites are present in the detected peptides, which
suggests that these sites are unoccupied in the native protein and suggested that
ZP1 is poor in O-glycans as previously reported for ZP1 in mouse and rat, in
which proteomic analysis did not detect O-glycosylation sites [23,25]. On the
other hand, neither of two putative N-glycosylation sites (Asn84 and Asn370)
were identified by MS/MS analysis suggesting that both the described consensus
sequences are occupied in the mature glycoprotein. These two potential N-

glycosylation sites are conserved in the human, mouse, rat, hamster and rabbit



(supplementary file 2) and direct evidence of glycosylation is provided for mouse

and rat [27,29]

As regards ZP2, several potential O-glycosylation sites and four N-
glycosylation sites in mature protein (Asn87, Asn96, Asn222, Asn268) can be
identified in the detected peptides (Fig. 3), meaning that they are not occupied in
the native protein. In contrast, the conserved Asn corresponding to Asn87 and
Asn222 was detected as glycosylated peptides in mouse and rat [27,29]. The
Asn87 is also conserved in human, rabbit, cow and pig; however, Asn222 there is
not present in cow and pig ZP2 (supplementary file 2) demonstrating the

differences in glycosylation that exist between species.

In ZP3, 25 potential O-glycosylation sites and only one N-glycosylation site
(Asn145) were identified in the detected peptides. The absence of glycosylation in
the Asnl145 site agrees with the proteomic analysis data obtained in mouse and
rat ZP3, where no glycosylation was detected [27,29]. The fact that Asn123 was
not detected suggests possible glycosylation. This result is similar to finding in
pig and human where this Asn (Asn124-Asn125 in pig and human, respectively)
is glycosylated [39,40]. As regards O-glycosylation, the presence of two clusters
was described in mouse, rat and human ZP3 [27,29,40]. Only two Ser present in
the first cluster of mouse and rat ZP3 sites seem to be glycosylated because no
peptides were identified in this region, suggesting a glycosylation pattern similar
to mouse and rat ZP3. However, the peptides containing the Ser and/or Thr in
the position between Ser147 and Ser171 were detected in our proteomic analysis,
indicating that these residues are not always glycosylated. It is important to take
in consideration that the Thr155 previously identified in mouse was detected in
cat ZP3 in our study, suggesting that this Thr is not always glycosylated;
however, this Thr is considered to play a important role in sperm binding to the

ZP [41].

In cat ZP4, the fact that Asn68 has not been identified suggests that this
aminoacid is glycosylated, as found in rat [12] and in the pig ZP4 [42]. However,



the N-glycosylation site in position Asn237 was detected, suggesting that this
amino acid is not occupied, whereas the equivalent site in the pig ZP (Asn203) is
occupied. Another N-glycosylation site that is conserved in pig and rat has not
been conserved in the cat (Asn220 in pig and Asn228 in rat). A substitution of N
by K was produced. There is a N-glycosylation site in cat ZP4 in position Asn477

that it is probably glycosylated because the peptide containing this amino acid
was not found by MS/MS.

Information on the O-glycosylation sites present in the ZP4 of different
species is only available for rat and porcine [12,42], although a large number of
potential O-linked glycosylation sites exists in both these species and the cat ZP4;
however, only one glycosylated site is observed in the rat ZP4 and two sites in the
pig ZP4. It was observed that the glycosylated Thr conserved in both the rat and
and porcine ZP4 is also conserved in the cat ZP4 (Thr337), while the
corresponding peptide was not detected using MS/MS analysis, suggesting that it

1s also occupied in the cat ZP4.

Future glycomic studies are necessary to obtain more precise information
about ZP glycosylation in this species, which will allow a comparative analysis of

the glycosylation patterns.

Several peptides corresponding to the immature version of the proteins
were detected in the ZP obtained from ovaries. However, the peptides detected in
mature ZP (ZP obtained from oocytes) are always present in the sequence
corresponding to the mature protein (without the signal peptide and the carboxyl
terminal region) (supplementary file 3) indicating that mature ZP corresponds to

the polypeptide located between the signal peptide and the furin cleavage site.

Taking into account that HPLC-MS analysis can be considered as a
semiquantitative technique, the fact that the coverage of ZP3 and ZP4 was
similar (=50%) might indicate the similar abundance of these two proteins.
However, ZP2 seems to be the most abundant (71.50%), while ZP1 may be the

least abundant protein in the ZP matrix (=33%). Nevertheless, a similar situation



1s observed in mouse, in which the levels of ZP1 mRNA are four times lower than
those of ZP2 and ZP3 [43] so that only 56% of the ZP1 polypeptide chain can be
identified by direct MS/MS, compared with the 96 and 100% of ZP2 and ZP3,
respectively. The same occurs in rabbit [17], where ZP1 is the least detectable
protein with this technique. However, these results do not agree with data
obtained from other species. For example, in hamster [16], the coverage obtained
in the different proteins were: 12.6% (ZP1), 5.1% (ZP2), 19.2% (ZP3), 11.2% (ZP4).
In interpreting these data, it is important to know that the detection of peptides
depends on the glycosylation. If the peptide is glycosylated it cannot usually be
detected by this technique. For this reason, HPLC-MS analysis can be considered

as a semiquantitative rather than a quantitative technique.

The second objective in our work was to confirm that the four genes are
expressed by detecting their transcripts using molecular analysis. We also obtain
a full-length ¢cDNA for cat ZP1. Analysis of the sequence indicated that it has a
complete coding region: an ORF, an initiation codon and a termination codon. A
computer homology search in the GenBank database revealed significant
homology with the ZP1 glycoprotein reported in other mammalian species,

including human, mouse, rat, and rabbit.

From a phylogenetic point of view, the presence of ZP1 in cat suggests that
the pseudogenization event that happened in dog (Canis familiaris) could be an
isolated event, affecting only to the dog branch. Further transcriptomic and
proteomic studies are necessary to clarify whether there are more members of

Carnivora order with this four glycoprotein composition.

The function of ZP1 protein inside the whole ZP in species with four
proteins remains to be investigated. A structural function was initially attributed
to ZP1 based on the mouse model [44,45]. But in human, new functions have
been attributed to ZP1, which has been related with binding and induction of the
AR [46]. Better understanding of the ZP composition is basic to knowing the

molecular bases of the sperm-ZP interaction. Because of its major role in the



fertilization process (interaction with sperm, induction of acrosome reaction,
control of polyspermy), the ZP has been used as an attractive target for
contraceptive vaccination [47,48]. This study provides a complete information
about the proteins present in the cat ZP, contributing the development of new
contraceptive studies. Vaccination with native porcine ZP (pZP) has been used in
different species successfully [49,50,51]. However, in cats the effect of
immunization with pZP is not clear, and contradictory results have been obtained
[52,53,54,55,56]. Moreover, the different ZP composition could explain the lack of
efficiency of some heterospecific antigens when they are used as anticonception
vaccines in cat [53,57]. Pig presents a three glycoprotein composition compared
with the four proteins present in cat. A previous study reported the effect of a
panel of native ZP antigens isolated from several mammalian species (cows, cats,
ferrets, dog and mink) [57], of which the most immunogenic antigen was from
mink followed by ferret, both of them of the family Mustelidae. /n silico analysis
showed that the Ferret genome presents four ZP genes, as does mink probably,

making them more similar to the cat ZP.

It was previously reported that the use of two proteins in the cat is more
efficient than the use of only one ZP protein [56]. Probably, the development of a
contraceptive vaccine including the ZP1 as antigen would be beneficial because

the antibodies produced against ZP1 reduce sperm binding to the ZP [58,59,60].



CONCLUDING REMARKS

In summary, this study confirms the four ZP protein composition of cat ZP.
Using a double approach, MS/MS analysis confirmed the presence of ZP1, ZP2,
ZP3 and ZP4 proteins and molecular biology analysis detected the transcripts
corresponding to the four proteins. This finding not only provides insight into the
cat ZP composition but also promises benefits in the potential development of
new contraceptive strategies. Some intriguing questions regarding the
pseudogenization event in the Carnivore group, the glycosylation role of the ZP
proteins, and the functional implication of ZP1 inside the matrix remain to be

investigated.
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FIGURES

P1

MVAVVYL MIRASAMMDGCVAL L L L L VAAL GL GORPHPEPGL RGLRHSSDCG KGMQL LVFPRPGQTVRFKVVDE
FGNQFEVHNCSVCYHW/TARPL GPAVF SADYRGCHVL EKGGRFHL RVFVEAVL RDGRVDAAGEVTLI CPKPGHTW
TPESHLASRTGFSL PTPHTQPLRPTQEHSFTRPTPAL L PLRPGATRPTLTLPQWDI L EHWGVDEPL HPGAPL TWE
QCQVPSGHI PCVWRRGSKEACQKAGCCYDNSRAVPCYYGNTATVQCFRNGHEVL WSQETALAHG TLANI HVAY
APTSCSPTQDTGSFVWFQFPL THCGT TVQUWGNQL L YENQL VSDI DVRMGPQGS! TRDGAFRL HVRCTVNASDFL
PLQASI FSPPSPVPVI QSGPLRFQLRI ATDETFRSFYEEGDYP! VRLLREPVSVEVRL LDRTDPGLVLLLHQCWA
TPGVSPFQQPQAPI L SEGCPFDGDSYRTRWASDGAGL SFPSHHORFTVTTFAL L DPDSQRAL RGQVYFFCHSSA
CSPSGLETCSTTCSSRPARQRRSYNPHGEATRPQNL VSSPGPVDFEDSSGQEPPL GPTGSPRNANQRPL LWL L
LVAVAL VL GVGVFEGL SQAKPRSSRRATEGDWAQ

P2

MASROKGDSGSPSSWFNADWSTYRSLFLLFI LVTSVNSI GVLQLVNPVFEPGTVTCYETRVAVEFPSDFGTKKWHT
SVVDPESFELLNCTYI LDPENLTLKAPYETCTRRTLGCOHRM | RLKDHNAASRHNSL MYQ NCPVMQAEETHEHA
GSTI CTKDSMSFTENVI PGLADENTDI KNPMGWSI EVGDGTKAKTL TLQDVLROGYNI LFDNHKI TFQVSENATG
VTHYMOGNSHL YMVPLKL| HESLGOXKI | LTTRVLCVSDAVTCNATHVTLTI PEFPCKLKSVSSENRNFAVSQLHN
NG DKEESSGLTLHFSKTLLKMEFSEKCLPYQFYLASLKLTFAFNQETI STVLYPECVCESPVSI VTGDLCTQDG
FMDI KVYSHQTKPALNL ETLRGGEDSSCQPTFQAASQGLT LFHI PLNGCGTRHKFKEGKVI YENEI HAVWADL PPS
T SROSEFRMI'VQCHYSKGDL LI NTRVQSL PPPEASVRPGPLAL | LOTYPDKSYL QPYGEKEYPVVRYLRQPI YL
EVRVLNRSDPNI KLVLDDCWATPTNVDPASVPQMNI | MDGCEYNL DNHRT TEHPVGSSVTYPTHYRRFDVKTFAFV
SEAQVLSSLVYFHCSVLI CSRLSADSPL CSVTCPVSSRHRRATGT TEEEKM VSLPGPI LLLSDSSSLRDVVDSK
GYGAAGYVAFKTVWAVAALAGLVATLGEI TYLRKNRTM NH*

P3

MGLSYGLFI CFLLWAGTGLCYPPTTTEDKTHPSL PSSPSVVWECRHAW. VWNVSKNL FGTGRLVRPADL TLWPEN
CEPLI SCDSDDTVRFEVELHKCGNSVQVTEDAL VYSTFLLHNPRPMGNL S| LRTNRAEVPI ECRYPRHSNVSSEA
| LPTW/PFRTTM.SEEKLAFSL RL MEEDWGSEKQSPTFQL GDLAHL QAEVHTGRHI PLRLFVDYCVATL TPDQNA
SPHHTI VDFHGCL VDAL SDASSAFKAPRPRPETL QF TVYTFHFANDPRNM Y1 TCHLKVTPASRVPDQLNKACSF
| KSSNRWFPVEGPADI CNCCNKGSCGL QGRSVRL SHL DRPWHKMASRNRRHVTEEADI TVGPLI FLGKAADRGVE
GSTSPHTSVMWG GLATVLSLTLATI VLGLARRHHTASRPM CPVSASQ*




ZP4

MALLQPL LLCVPL SLAVHGQQKPQVPDYPGEL HCGL QSLQFAI NPSPGKATPAL | VDNRGL PHKL QNNSGCGTW
VRESPGGSVL L DASYSSCYVNEW/STTQSPGT SRPPTPASRVTPQDSHYVM VGVEGT DAAGRRVTNTKVLRCPR
NPPDQAL VSSL SPSPL QNVAL EAPNADL CDSVPKWDRL PCASSPI TQGDCNKL GCCYKSEANSCYYGNTVTSRCT
QDGHFSI AVSRNVTSPPL L LNSL RL AFGKDRECNPVKATRAFAL FFFPENSCGT TRVWTGDQAVYENEL VAARDV
RTWSHGS| TRDSI FRLRVSCSYSVRSNAFPLSVQVFTI PPPHLKTQHGPL TLELKI AKDKHYGSYYT! GDYPVWK
LLRDP! YVEVSI RHRTDPSL GLL L HNCWATPGKNSQSL SQWPI LVKGCPYVGDNYQTQLI PVQKAL DTPFPSYYK
RFSI FTFSFVDTMAKWAL RGPVYLHCNVSI CQPAGTSSCRI TCPVARRRRHSDL HHHSSTASI SSKGPM LLQAT
MDSAEKL HKNSSSPI DSQALWVAGL SGTLI FGFLLVSYLAI RKRR*

Figure 1. Cat ZP1 (XM_003993490), ZP2 (NM_001009875), ZP3 (NM_001009330) and
/P4 (NM_001009260) amino acid sequences. Bold underlined sequences are the tryptic
peptides obtained by MS/MS. The putative N-glycosylation sites present in the detected peptides
are in red and the putative O-glycosyilation sites are in blue. The furin cleavage site (Arg-X-
(Lys/Arg)-Arg) is showed in yellow.
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Figure 2. Analysis of ZP1, ZP2, /P3 and ZP4 gene expression in cat ovary by RT-PCR. The
primers used are shown in Table 1.



1 gt ggccgt ggt gt at ct gat gacgagagcct cggccat ggt ct gggat ggct gegt g
1 MV AV VYL MTIRASAMYWDGTCYV
61 gcattgctgctgetget ggt ggececget ct gggget ggggcageggecgeaccct gagect
2. AL L L LL VAAL GL GQRWPMHUZPFEP
121 ggt ct ccggggect gcggecacagcet ct gact gt gggat caagggcat gcagcet get ggt g
22 G L RGLRHSSDTCGI KGMOAQQL L V
181 ttcccccggecgggeccagaccgt ccget t caaggt cgt agat gaat tt gggaaccaattc
42 F P R P G Q TV RF KV V DETFGN Q F
241 gaggt ccacaact gct ct gt ct gct accact gggt cacYgccaggcccct gggacccgcec
62 E V HNC SV CY HWVTARWPL GPA
301 gtcttctctgcetgactacagaggttgccacgt gct ggagaagggcgggcegcettccacctg
82 V F S A DYRGCHV L EIKGGRFHL
361 agggt gttcgt agaagccgt gct gcgcgacggt cgagt t gacgcggcaggagaggt cacc
102 R V F V E AV L RDGRVDAAGEWVT
421 ctgatctgtcctaaacctggccacacct ggact ccggagt cccacct ggect cacgcaca
122 L I C P K P GHTWTWPESHULASRT
481 ggcttctccctgectacccect cat acccggeccct ccgecccacccaggagcacagcettc
142 G F S L P T P HTRWPULIRWPTQEH S F
541 acccgtccgacccct gcecct gct gecect t agacct ggagccacccat cccaccct gact
162 T R P T P AL L P L RPGATHWPT L T
601 ctgccccagt gggacat ctt ggaacact ggggggtt gacgagecccctt cacccaggggca

182 L P Q WD I L EHWGVDEUPTULUHUPGA
661 cctctgacct gggagcagt gccaggt gccct ct gggcacat cccct gt gt ggt gagaaga
200 P L T WE QCQVZP S GHI P CVVYVRR

721 ggttcgaaggaagcct gt cagaaggct ggct gct gct at gacaat agcagagcagttccc
222 G S K E A C Q K A GCCYDNZSIRAWVP
781 tgttactatggcaacacagcaacagt ccagtgcttcagaaatggccatttcgtcctggtg
242 C Y Y GNT ATV QCVFRNUGHTZF VL V
841 gt gt cccaagaaacagcctt ggcacat gggat cacgct ggccaacat ccacgt ggcct at
262 V.S Q E T AL AHGI T L A NI HVAY
901 gcccccaccagct gect ccccgact caggacacggggt ccttcgtggtcttccaattccct
282 AP T S CSPTOQDTGSF VYV F QFP
961 ctgacccact gt gggaccaccgt ccaggt ggtt ggcaaccagct cctct at gagaaccag
302 L T HCGTTVQVV GNOQQLILY ENAQ
1021 ctggt gt cagacat cgacgt ccgaat ggggccacagggct ccat cacacgggat ggcgcc
322 L VS DI DV RMGPQGS ST TRDGA
1081 ttccggcttcacgtgcget gt accgt caacgccagt gacttcct gccact ccaggegt ct
342 F R L HV RCTVNASUDU FUL PL QA'S
1141 atcttctcacccccctcgeecggt ccececgt gat ccagt ccggecccct geggttccagcetg

362 | F S P PSPV PVI QS GPLIRFOQL
1201 cggat cgccacagat gagactttccgctccttct acgaggagggggactaccccat cgtg
382 R1 A TDUETVFRSFYEEGDYPI V

1261 aggct gct ccgcgagect gt gt ccgt ggaggt ccggcet cct ggacaggacagaccccggt
402 RLLREWPV SV EVRLIULDRTDP G
1321 ctggtcctgcttctgcaccagt gcet gggccact cccggt gt cagecccctt ccagcagcect
422 L viL L L HQCWATU®PG GV SPFQOQP
1381 cagtggcccat cct gt cagaggggt gt ccttt cgacggt gacagct acaggacccgaatg
442 QwWPI L S EGCZPZFUDGDSYRTRWM
1441 gt agcct cagacggggcagggct gt ccttcccgt cacaccaccagcgctttaccgt cacc
462 VA S DGAGLSFPSHHOQREFTWVT
1501 accttcgccctcctggaccct gact cccagagggccct caggggacaggtttacttcttc
482 T F A LL DWPWDS QRALIRGOQVYFF
1561 tgccactcctctgectgetcccect cgggget ggagacgt gct cgaccacgt gcagct ct
502 CHSSACSUPSGLETTCSTTTCS S
1621 aggcccgct agacagcgaagat cct acaat ccgcacggcgaggccaccaggccgcagaac
522 R P ARQRIRSYNPHGEATRP QN
1681 ctcgt gagct ct ccagggccagt ggactttgaggattcctccgggcaggagcectccgetg
542 L vsSPGPVDFIEUDSSG GO QEWPUPIL
1741 gggcccacaggct cccccaggaacgct aat cagaggcct ctcctctgggtggtccttctg



562 G P T G S PR NANOQOQWRWPULUL WV YV L L
1801 ct Sgt ggct gt ggccct ggt cctt ggggt cggggt t tt cgagggect gagccaagccaaa
582 L VvV AV A L VvV L GV GV
1861 gcccagaagct ccaggagggcgacagagggcgact gggct caat aaagcaccgt gt ccag

602 K HR V Q
1921 cctgcccagcgggt gt ggaaagct att cgt ggcgac
622 P AQRV WKAI R G D-

Figure 3. Nucleotide and deduced amino acid sequence of cat ZP1. The initial (atg) and final
codon (tag) are in pink. The trefoil domain is shown in blue. The zona domain is shown in red. The
consensus furin cleavage-site is underlined. The transmembrane domain is in orange. In red: two
polymorphisms (positions: 279 (Y) and 1803 (S)).

MOUSE ~ eeeeemmeeee- NVAWGCFWLLLLAAAPL RLGQRLHLEP- - - GFEYSYDCGVRGVLLY 44
RAT e MAWGCFWWL L LLVAAPL RLGQHLHLKP- - - GFQYSYDCGVQGMQLLY 44
HAMSTER ~ srmcmmmmmne- NVAWGCFVAVL L LVATPLRLGQHLHSKP- - - GLEYSYDCGVQAVILLY 44
RABBIT ~ srecmmmoone- MI'GGRLVAL L LLVAASL GL GQQPHPEPGL PGLQYSYDCGVRGVLW 47
HUMAN ~— —aoo-- NVAGGSATTWGYPVALLLLVAT- LGLGRW.QPDPGLPGLRHSYDCG KGMQLLV 52
CAT MVAVWYLMMRASAMMDGCVAL L L LL VAAL GLGQRPHPEPGL RGLRHSSDCG KGMQLLY 60
K ookkE ok Rk ok ke ok Kk kkkks
MOUSE FPRPNQTVQFKVL DEFGNRFEVNNCS| CYHVW T SEAQEHTVFSADYKGCHVLEK- DGRFH 103
RAT FPRPNQTI QFKVL DEFGNRFEVNNCSI CYHW!I SEAQKPAVFSADYKGCHVLEKQDGRFH 104
HAMSTER | PRSNQTI RFKVL DEFGNRFEVNNCS| CYHW/I SEPHDPAVFSADYRGCHVL QK- DGRFH 103
RABBI T LPRPGRTI RFKVVDEFGNRFEVNNCS| CFHVWSAEPQAPAVFSADYKGCHVLEK- EGHSH 106
HUMAN FPRPGQTL RFKVVDEFGNRFDVNNCS| CYHVW T SRPQEPAVFSADYRGCHVLEK- DGRFH 111
CAT FPRPGQTVRFKVVDEFGNQFEVHNCSVCYHW T ARPL GPAVFSADYRGCHVLEK- GGRFH 119
T
MOUSE LRVFI QAVLPNGRVDI AQDVTLI CPKPDHTVTPDPYLAPPTTPEPFTPHAFALHPI PDHT 163
RAT LRVFI QAVLPNGRVDTAQDVTLI CPKPDHI LTPESYLAPPTTPQPFI PHTFALHPI SGHT 164
HAMSTER L RVFVQAVL PNGYVDTAQDVTLI CPKADHTVTPDPYLAPPTTPQPFTPHTFVPHTNSGHT 163
RABBI T LTVFI EAMLPDGHVEVAQEAVLI CPKPGHTWAVGSHQVPPTTPSPTTPHAL PFHLSSAHT 166
HUMAN L RVFVEAVL PNGRVDVAQDATL I CPKPDPSRTLDSQLAPPAMFSVSTPQTLSFLPTSGHT 171
CAT L RVFVEAVL RDGRVDAAGEVTLI CPKPGHTWIPESHLASRTGFSLPTPHTQPLRPTQEHS 179

* kke o ke ok kX Kk * . * Kk k Kk Kk . . * .. * -



MOUSE

HAMSTER

RABBI T

CAT

MOUSE

RAT

HAMSTER

RABBI T

MOUSE

RAT

HAMSTER
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LAGSGHTG ------- LTTLYPEQSFI HPTPAPPSLGPGPAGSTVPHSQWGTLEPVELTE 215
LAGSGHTG ------- LTTLYPET- - - HFTPAPPSSEPGPVGPTVPQSQWGTLGSVELTE 213

LAGSGHTLAGSGHTPLLSTL YPEHSFI HSTPAPPSPGPGPAGPTVPHPQWGTLEPLELTK 223

FP-coeeeeaos | PLYLEHSLM_PTPAGPSLGPGPTPAVLAQ - - - - VERWEVDK 206
SQGSGHAFP- - - - - - - - SPLDPGHSSVHPTPAL PSPGPGPTLATLAQPHWGTLEHWDVNK 223
e RPTPALLPLRPGATRPTLTLPQWDI LEHWGVDE 214

* % % * %

L DSVGTHLPQERCQVASGHI PCMVNGSSKEACQQAGCCYDSTKEEPCYYGNTVTLQCFKS 275
LDSI GTHLLQERCQVASGHI PCMVKGSSEEACQQAGCCYDNTKEMPCYYGNTVTLQCFRS 273
L DSVGTHL TQEQOQVASGHI PCM KSSSKEACQQAGCCYDNTREVPCYYGNTATLQCSRS 283
PDAVGSHLPQEWCQVASGHI PCI VQSSSKEACEQAGCCYDSAREVPCYYGNTATVQCFRN 266
RDYI GTHL SQEQCQVASGHL PCI VRRTSKEACQQAGCCYDNTREVPCYYGNTATVQCFRD 283

PLHPGAPL TWEQCQVPSGHI PCVVRRGSKEACQKAGCCYDNSRAVPCYYGNTATVQCFRN 274

* - * * k*kk*k kkk- kk. . ke kkk - kkkkkk o *kkkkkkk k- k%

GYFTLVMSQETAL THGVL L DNVHLAYAPNGCPPTQKTSAFWFHVPLTLCGTAI QVWGEQ 335
GYFTLVMSQETAL THGVM.DNVHLAYAPNGCPPTQKTSAFWFHVPLTLCGTAI QVWEKQ 333
GYFTLAI SQETALTHRVM.NNI HLAYAPSRCPPTQKTSAFWFHVPLTLCGTTI QVWGEQ 343
GYFI LWAQEVALAHRI TLANVHLAYAPTRCPPAQKTSAFVI FHVPLTHCGTTVQVLGSQ 326
GYFVLWSCQEVALTHRI TLANI HLAYAPTSCSPTCQHTEAFWFYFPLTHCGT TMOVAGDQ 343

GHFVLWSQETALAHG TLANI HVAYAPTSCSPTQDTGSFWFQFPLTHCGT TVQVWGNQ 334

ek Kk k% kk-o Kk * Kk k- kkk*k * k% k% -~ kk-. % *k*k *kk-. - kk * %

LI YENQLVSDI DVQKGPQGSI TRDSAFRLHVRCI FNASDFLPI QASI FSPQPPAPVTQSG 395
LVYENQLVSNI EVQTGPQGSI TRDGVFRLHVRCI FNASDFLPI RASI FSPQPPAPVTRSG 393
LI YENQLVSNI DVQKGPKGSI TRDSVFRLHVRCI FNASDFLPVQASI FSPQPPAPVTQSG 403
LFYENQLVSDI DVREGPQGSI TRDSSFRLLVRCI FNASDFLPI QASI FSPPLPAPVTQAG 386
LI YENW.VSG HI QKGPQGSI TRDSTFQLHVRCVFNASDFLPI QASI FPPPSPAPMIQPG 403

LLYENQLVSDI DVRMGPQGSI TRDGAFRLHVRCTVNASDFLPLQASI FSPPSPVPVI QSG 394

* k%% *kk*k*x *x . . *k kkkkk*k * %k kk*%x *kkkkkkk. - kkkk * * k- . *
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PLRLELRI ATDKTFSSYYQGSDYPLVRLLREPVYVEVRLLQRTDPSLVLLLHQOWATPTT
PLRLELRI ATDKTFSSYYQGSDYPLVRLLQEPVYI EVRLLQRTDPGLALM_HQCWATPSA
PLRLELRI AKDKTFSSYYRERDYPLARLLQEPVHVEI RLLQRTDPGWLM_HQCWATPTA
PLRLELRI ARDETFSSFYEEEDYPLVRLLREPVHVEVRLLQRTDPSLVLELHQCWATPSA
PLRLELRI AKDETFSSYYGEDDYPI VRLLREPVHVEVRL L QRTDPNLVLLLHQCOWGAPSA

PLRFQLRI ATDETFRSFYEEGDYPI VRLLREPVSVEVRLLDRTDPGLVLLLHQOWATPGY

*XkKk+ s kkkKk ke kk Kk ok * Kk Kk - *kkk kkk ke kkKk kkkKk . * kkkkk -k

SPFEQPQWPI L SDGCPFKGDNYRTQVWAADKEAL PFVWBHYQRFTI TTFMLLDSSSQNALR
SPFEQPQWPI L SDGCPFKGDNYRTQWAADRATL PFVWBHYQRFTI ATFTLLDSSSQNALR
NPFQQPQWPI L SDGCPFEGDNYRTQWAL DRAEL L FWBHYRRFTVTTFTLLDSSAGSTLR
NPVQOPQWPL L SDGCPFKGDSYRTRVLAL DRAEL PFRSHYQRFTVATFTFLDSGAQRALR
NPFQQPQWPI L SDGCPFKGDSYRTQWAL DGAT- PFQSHYQRFTVATFALLDSGSQRALR

SPFQQPQWPI L SEGCPFDGDSYRTRWASDGAGL SFPSHHORFTVTTFALLDPDSQRALR

* s kkkkk-kk-kkkk kk kkk- - -k Kk * kk- - kkk- - kk - kK . =k k

GQVYFFCSASACHPLGSDTCSTTCDSG ARRRRSSGHHNI TLRALDI VSSPGAVGFEDAA
GVYFFCSASACHPVGSETCSTTCDSEI ARHRRSSGHHNSTI RALDI VSSPGAVGFEDAP
GLVYFFCSASVCYPEGSETCSTVCDSGVARHRRSTGHHNSTVHAL DI VSSPGAVGFEDAA
GLVYFFCSASACHPSGPET CSSTCSSRTAKRRRSSGYHDGTPRAL DI VSSPGPVGFQDSH
GLVYLFCSTSACHTSGLETCSTACSTGTTRQRRSSGHRNDTARPQDI VSSPGPVGFEDSY

GVYFFCHSSACSPSGLETCSTTCSSRPARQRRSYNPHGEATRPQNL VSSPGPVDFEDSS

* kk+kk Kk X E I * . ek kK . . . sk kkkKk ok ke ke

KLEP- - - - SGSSRNSSSR- - - M AQKLVEG RY* - - -
KLEP- - - - SGSTRNSGSRPL AVAVWAY - - - - oo oo
KLKP- - - - SGSSRNSI SRP K e e e
RQEPTLESTGSGRNSNPKP SQAWAHKL REGHRL TDQA
GQEPTLGPTDSNGNSSLRP SQTVAQKLWESNRQ' - - -

GQEPPLGPTGSPRNANGQRPL QAVAQKL QEGDRGRLGS
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MOUSE ~ ememememeemoaes

HAMBTER =~ =cmmcmmmmmmcmeooas

RABBI T (0 B L E T 627

CAT I KHRVQPAQRVWKAI RGD* 652

Figure 4. Comparison of amino acid sequences of ZP1 from mouse, rat, hamster, rabbit, human
and cat. The deduced amino acid sequence of cat ZP1 was aligned with the ZP1 sequences of
the other species using the Clustal W program. The accession number of the sequences used are
as follows: mouse ZP1 (U20448), rat ZP1 (NM_053509), hamster ZP1 (EU003563), rabbit
ZP1 (HQ702467), human ZP1 (NP_997224), and cat (XM__003993490). Identical aminoacids
are marked by an asterisk. Colon (:) represents conserved residues and dot (.) represents semi-
conserved residues. The signal peptide is in purple. The zona domain is shown in red. The trefoll
domain is shown in blue. The consensus furin cleavage-site is underlined. The transmembrane
domain is in orange. The cysteines are shown in green. The final of each protein is marked with *.
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TABLES

Table I: primers used to am

Primers

Fwl

plify ZP genes.

Sequence
ZP1

Position in sequence

Fw2

Rv3

Rv1

Rv2

Fw3

Rv3

Fw4

Rv4

FwZP2

RvZP2

FwzZP3

atggtggccgtggtgtatc 1
actgctctgtctgctaccac 251
acgtggcaacctctgtagtc 313
atgggtggctccaggtc 572
tgctcccaggtcagaggtg 659
ctatgagaaccagctggtg 1008
cactgaggctgctggaag 1368
ctccagggccagtggact 1691
ctagtcgccacgaatagct 1941
ZP2
gagagtcctaaataggtctg 1631
ccttagtgatttatcatggttc 2182

ZP3
ccaggccggagactctc

785

RvZP3

FwZP4

cttttattgggaagcagacac

ZP4
gctcctccataactgttgg

1282

1232

RvZP4
Primers

Fwl

gaataattcacctccgtttcc
Sequence
ZP1

atggtggccgtggtgtate

1741
Position in sequence

1

Fw2

Rv3

Rv1

Rv2

Fw3

Rv3

Fw4

Rv4

FwZP2

RvZP2

FwZP3

RvZP3

FwzP4

RvZP4

actgctctgtctgctaccac 251
acgtggcaacctctgtagtc 313
atgggtggctccaggtc 572
tgctcccaggtcagaggtg 659
ctatgagaaccagctggtg 1008
cactgaggctgctggaag 1368
ctccagggccagtggact 1691
ctagtcgccacgaatagct 1941
ZP2
gagagtcctaaataggtctg 1631
ccttagtgatttatcatggttc 2182
ZP3
ccaggccggagactctc 785
cttttattgggaagcagacac 1282
ZP4
gctcctccataactgttgg 1232
gaataattcacctccgtttcc 1741
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Table II: Peptides identified by proteomics analysis. Peptidigh a score higher than 5, and
percentage-scored peak intensity of 60%, whichirerehreshold criteria for a positive
identification, are shown in red. The peptides tiate been detected in ZP from oocytes are

in bold. n: number of times that the peptide hanhbdetected.

Peptides z m/z Score| SPI | Sequence| n
GLRHSSDCGIK 2| 665.77 4.36 62.5| 37-47 2
GLRHSSDCGIKGMQLLVFPRPGQTVR 31 996.41 6.19 86.1| 37-62 11
GLRHSSDCGIKGMQLLVFPRPGQTVRFK 3| 1062.82 | 4.12 74.3 | 37-64 2
HSSDCGIKGMQLLVFPRPGQTVR 3| 893.59 7.15 76.8 | 40-62 4
HSSDCGIKGMQLLVFPRPGQTVRFK 3| 975.16 7.07 76.2 | 40-64 8
GCHVLEKGGRFHLRVFVEAVLRDGR 3| 969.49 6.05 57.8 | 99-125 2
VDAAGEVTLICPKPGHTWTPESHLASR 3| 999.60 11.15 | 82.7 | 126-152 3
RGSKEACQKAGCCYDNSR 3| 742.19 3.85 87.3| 233250 2
GSKEACQKAGCCYDNSR 2 | 966.23 5.12 53.7 | 234250 6
EACQKAGCCYDNSRAVPCYYGNTATVQCFR 3| 1161.05 | 3.78 60.8 | 237-266 1
AGCCYDNSRAVPCYYGNTATVQCFR 3| 978.90 5.77 62.9 | 242-266 5
AVPCYYGNTATVQCFR 2 | 955.06 9.37 72.6 | 251-266 4
FQLRIATDETFRSFYEEGDYPIVR 3| 1038.53 | 3.91 67.4| 391-414 1
IATDETFRSFYEEGDYPIVRLLR 3| 984.08 3.87 60.3 | 395417 2
IATDETFRSFYEEGDYPIVRLLREPVSVEVR 3| 1129.83 | 5.40 91.4| 395425 1
SFYEEGDYPIVRLLREPVSVEVR 3| 944.99 3.82 54.9| 403425 1
LLREPVSVEVR 2| 649.91 11.20 | 85.0| 415425 1
MVASDGAGLSFPSHHQR 3| 600.10 16.19 | 96.5| 473489 7
GQVYFFCHSSACSPSGLETCSTTCSSRPAR 3| 1076.02 | 4.20 76.0 | 508537 2
SSRRATEGDWAQ 2| 763.29 790 | 75.7| 616627 3
Peptides z m/z Score | SPI | Sequence | n

MASRQKGDSGSPSSWFNADWSTYR 3 967.08 8.37 | 89.2 1-24 6
\S/EI;IBI_SF[;IE\(/;TTSQ/KNSGVLQLVNPVFPGTVTCYETRMA 6 919.17 6.38 | 63.3 2572 1
MAVEFPSDFGTKK 3 486.87 7.70 | 92.4 60-72

WHTSVVDPFSFELLNCTYILDPENLTLKAPYETCTRR 5 913.54 5.99 | 69.3 73-109 1
APYETCTRRTLGQHRMIIRLK 3 925.80 6.15 | 52.1| 101-121 7
MIIRLKDHNAASR 2 762.32 3.91 | 92.2| 116128 2
DSMSFTENVIPGLADENTDIK 3 830.77 3.64 | 89.9| 158178 4
NPMGWSIEVGDGTKAK 2 893.59 433 | 70.3| 179194 1
NPMGWSIEVGDGTKAKTLTLQDVLR 3 956.60 6.68 | 56.1| 179203 4
TLTLQDVLRQGYNILFDNHK 3 836.72 3.07 | 77.6| 193214 1
ITFQVSENATGVTHYMQGNSHLYMVPLK 3 1099.93 | 6.20 | 78.0| 215242 1
LIHESLGQKIILTTR 2 922.76 5.06 | 84.3| 243257 2
VLCMSDAVTCNATHVTLTIPEFPGK 3 952.97 8.90 | 56.9| 258282 6

180



Irene Stetson

LKSVSSENRNFAVSQLHNNGIDK
EESSGLTLHFSK
EESSGLTLHFSKTLLKMEFSEK
TLLKMEFSEKCLPYQFYLASLK
MEFSEKCLPYQFYLASLK
VYSHQTKPALNLETLR
VQSLPPPEASVRPGPLALILQTYPDK
EGKVIYENEIHAVWADLPPSTISR
VIYENEIHAVWADLPPSTISR
DSEFRMTVQCHYSK
DSEFRMTVQCHYSKGDLLINTR
GDLLINTR

QPIYLEVR

TTFHPVGSSVTYPTHYR
TTFHPVGSSVTYPTHYRR
LSADSPLCSVTCPVSSR
RATGTTEEEKMIVSLPGPILLLSDSSSLR
ATGTTEEEKMIVSLPGPILLLSDSSSLRDVVDSK
MIVSLPGPILLLSDSSSLRDVVDSK
DVVDSKGYGAAGYVAFK
TVVAVAALAGLVATLGFITYLRKNR

893.18 | 3.39 | 51.8| 283-305
472.68 | 3.37 | 55.3| 306-317
887.75 | 4.14 | 75.4| 306-327
956.34 | 4.71 | 53.0| 318339
783.66 | 3.42 | 64.0| 322-339
936.06 | 14.34| 92.7| 381-396
982.35 | 7.80 | 57.4| 431-454
962.12 | 7.07 | 66.3| 431-454
1204.95 | 17.04 | 91.3| 434454
983.36 | 3.13 | 54.6| 455468
949.86 | 4.61 | 64.5| 455476
451.98 | 7.88 | 86.6| 469-476
509.43 | 9.33 | 85.6| 521-528
97545 | 17.62| 95.4| 574590
755.62 | 4.26 | 63.1| 574591
999.60 | 3.21 | 61.9| 622638
1087.94 | 3.88 | 54.4| 641-669
1210.35 | 3.42 | 63.6| 642675
934.84 | 4.78 | 54.0| 651-675
953.90 | 3.79 | 56.7| 670-686
926.56 | 4.21 | 54.2| 687711

WM W wlw(dw|[ NN W[ NN [N W W] w|w|w
N N N Y Y T =Y N o) I R R SN O SO I O TSN rAU Y TSR (P (N

Peptides

m/z Score | SPI | Sequence
974.80 | 5.21 | 83.7| 132139

979.75 | 7.25 | 51.4| 143167
976.43 | 5.08 | 86.1| 160-183
354.31 | 8.20 | 97.2| 168173
995.84 | 4.33 | 55.7| 168183
611.83 | 3.90 | 52.2| 174183
1152.79 | 16.04 | 87.3| 184204
968.80 | 4.83 | 50.9| 184-209
947.65 | 4.68 | 63.2| 251-273
919.56 | 3.52 | 69.2| 274296
885.21 | 3.28 | 56.2| 284-306
1062.82 | 6.99 | 82.4| 290-306
999.98 | 3.68 | 50.8| 303-330
984.18 | 13.69 | 89.1| 307-322
871.95 | 3.55 | 64.7| 323342
998.02 | 3.17 | 56.5| 323-347
762.40 | 5.86 | 88.3| 331-347
838.87 | 3.17 | 65.4| 331-349
904.00 | 7.58 | 73.4| 331-350
943.57 | 4.31 | 70.9| 344368

837.44 | 4.17 | 59.1| 350-372

AEVPIECR
HSNVSSEAILPTWVPFRTTMLSEEK
TTMLSEEKLAFSLRLMEEDWGSEK
LAFSLR

LAFSLRLMEEDWGSEK

LMEEDWGSEK
QSPTEQLGDLAHLQAEVHTGR
QSPTFQLGDLAHLQAEVHTGRHIPLR
APRPRPETLQFTVYTFHFANDPR
NMIYITCHLKVTPASRVPDQLNK
VTPASRVPDQLNKACSFIKSSNR
VPDQLNKACSFIKSSNR
SSNRWFPVEGPADICNCCNKGSCGLQGR
WFPVEGPADICNCCNK
GSCGLQGRSWRLSHLDRPWHK
GSCGLQGRSWRLSHLDRPWHKMASR
SWRLSHLDRPWHKMASR
SWRLSHLDRPWHKMASRNR
SWRLSHLDRPWHKMASRNRR

MASRNRRHVTEEADITVGPLIFLGK
RHVTEEADITVGPLIFLGKAADR

HHTASRPMICPVSASQ

N | W wwww ww Nw[dw|w|w|w|[NdNN N e w| RN
NN RN R|o|R(RR[(RNR|R|R|RP|N R[N~ N|S

978.20 | 4.36 | 59.4| 409424
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Peptides z m/z Score| SPI | Sequence | n
ATPALIVWDNR 2 | 627.22 11.84 | 82.5| 50-60 1
VTPQDSHYVMIVGVEGTDAAGRR 3 | 846.30 5.06 | 69.9| 117139 1
WDRLPCASSPITQGDCNKLGCCYK 3 | 919.79 7.01 | 77.3] 183208 2
WDRLPCASSPITQGDCNK 3 | 742.75 6.89 | 70.7| 185201 3
LGCCYKSEANSCYYGNTVTSR 3 | 830.06 3.68 | 77.9| 203-223 1
CTQDGHFSIAVSR 3 | 493.63 9.91 | 72.4| 224236 1
CTQDGHFSIAVSRNVTSPPLLLNSLR 3 | 988.98 6.46 | 67.1| 224249 3
AFALFFFPFNSCGTTR 2 | 943.06 9.37 | 84.6| 266-281 1
WVTGDQAVYENELVAAR 2 | 961.79 19.97 | 99.0| 282-298 1
DVRTWSHGSITR 2 | 787.30 3.14 | 53.1| 299-310 1
DSIFR 1 | 637.89 6.78 | 84.8| 311-315 2
TQHGPLTLELKIAKDKHYGSYYTIGDYPVVK 3 | 1205.25 | 3.15 | 90.6| 345365 1
IAKDKHYGSYYTIGDYPVVKLLR 3 | 927.59 7.00 | 61.7| 356-378 3
DKHYGSYYTIGDYPVVK 2 | 1003.68 | 16.68 | 86.4 | 359-375 1
HYGSYYTIGDYPVVK 2 | 942.45 3.07 |70.2| 361-375 1
LLRDPIYVEVSIR 3 | 525.70 14.34 | 84.8| 376-388 1
DPIYVEVSIRHR 2 | 783.16 3.69 | 77.5| 379-390 1
HRTDPSLGLLLHNCWATPGK 3 |811.35 |4.47 |54.7| 389410 1
GCPYVGDNYQTQLIPVQK 2 | 1039.65 | 14.58 | 88.1| 422-439 3
RFSIFTFSFVDTMAK 2 | 927.74 3.15 | 64.2| 451-465 1
RFSIFTFSFVDTMAKWALR 3 | 833.85 3.20 | 60.7 | 451-469 1
RRHSDLHHHSSTASISSKGPMILLQATMDSAEK 4 | 911.76 7.83 | 86.8| 499-531 1
RHSDLHHHSSTASISSKGPMILLQATMDSAEK 3 |1190.92 | 6.45 | 58.5| 500-531 1
GPMILLQATMDSAEK 2 | 810.15 3.47 | 65.9| 515531 1

Supplementary file 1:

ESI-MS/MS spectra of ZP1 peptide 473-489 (MVASDGAGLSFPSHHQR),
ZP2 peptide 574-590 (TTFHPVGSSVTYPTHYR), ZP3 peptide 184-204
(QSPTFQLGDLAHLQAEVHTGR) and ZP4 peptide 282-298
(WVTGDQAVYENELVAAR), showing the detected b- and y- ions from each

sequence.
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ZP1: (R)MVASDGAGLSFPSHHQR(F)
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ZP2: (R)TTFHPVGSSVTYPTHYR(R) +MS2(975.5), z = 2, Score = 17.62, SPI = 95.4%
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ZP3: (K)QSPTFQLGDLAHLQAEVHTGR(H) +MS2(1152.8), z = 2, Sc ore = 16.04, SPI = 87.3%
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ZP4: (R)WVTGDQAVYENELVAAR(D)
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Supplementary file 2:

Comparison of the different glycosylation sites of the four zona pellucida
glycoproteins from different species. Letters in red colour indicates putative N-
glycosylation site. Yellow colour indicates that N-glycosylation site has been
confirmed by proteomic analyses. In green, N-glycosylation sites not occupied

(confirmed by proteomic analyses). The O-glycosylation sites in blue indicate that
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——————— MAGGSATTWG YPVALLLLVATLGLGRW.QPDPGLPGLRHSYDCA KGMQLLV
MVAWYLMIRASAMVDGCVAL LL L L VAAL GL GORPHPEPGLRGLRHSSDCA KGMOQLLV
————————————— MI'GGRLVALLLLVAASL GL GQQPHPEPGLPGLQYSYDCGVRGMQL VW
————————————— MAVWGCFVVLLLLAAAPLRLGQRLHLEP- - - GFEYSYDCGVRGMQLLV

------------- MAWGCFVVL LLLVAAPL RLGQHLHLKP- - - GFQYSYDCGVQGMQLLYV

* % % * * k% . * * . ck kkke o kkkk ok

FPRPGQTL RFKVVDEFGNRFDVNNCSI CYHW/TSRPQEPAVFSADYRGCHVL EK- DGRFH
FPRPGQTVRFKVVDEFGNQFEVHNCSVCYHW/TARPL GPAVFSADYRGCHVL EK- GGRFH
LPRPGRTI RFKVVDEFGNRFEVNNCS| CFHVWSAEPQAPAVFSADYKGCHVL EK- EGHSH
FPRPNQTVQFKVL DEFGNRFEVNNCSI CYHVWTSEAQEHTVFSADYKGCHVL EK- DGRFH

FPRPNQTI QFKVLDEFGNRFEVNNCSI CYHW/I SEAQKPAVFSADYKGCHVL EKQDGRFH

ckkk sk o kkke kkkkkoe ke ke khkk ke kkKk ckkkkkk kkkkkkk * . K*

LRVFMEAVL PNGRVDVAQDATLI CPKPDPSRTL DSQLAPPAMFSVSTPQTL SFLPTSGHT
LRVFVEAVLRDCGRVDAAGEVTLI CPKPGHTWIPESHLASRTGFSLPTPHTQPLRPTQ- - -
LTVFI EAMLPDGHVEVAQEAVL| CPKPGHTWAVGSHQVPPTTPSPTTPHALPFHLSS- - -
LRVFI QAVLPNGRVDI AQDVTLI CPKPDHTVTPDPYLAPPTTPEPFTPHAFALHPI PDHT
LRVFI QAVLPNGRVDTAQDVTLI CPKPDHI LTPESYLAPPTTPQPFI PHTFALHPI SCHT
N S X
SQGSGHAFPSPL DPGHSSVHPTPAL PSPGPGPTLATL AQPHWGTL EHWDVNKRDY! GTHL
______________ EHSFTRPTPALLPLRPGATRPTLTLPQADI LEHWGVDEPL HPGAPL
- - - - AHTFPI PLYLEHSLM.PTPAGPSLGPGPTPAVLAQ- - - - - VERWEVDKPDAVGSHL
LAGSGHTGLTTLYPEQSFI HPTPAPPSL GPGPAGSTVPHSQWGTL EPVEL TEL DSVGTHL

LAGSCGHTGATTLYPET- - - HFTPAPPSSEPGPVGPTVPQSQANGTLGSVEL TELDSI GTHL

* % %k % * % . . * - . * - *

SQEQCQVASGHL PCl VRRTSKEACQQAGCCYDNTREVPCYYGNTATVQCFRDGYFVLWS
TVEQCQVPSGHI PCVVRRGSKEACQKAGCCYDNSRAVPCYYGNTATVQCFRNGHFVLWS
PQEVCQVASGHI PCl VQSSSKEACEQAGCCYDSAREVPCYYGNTATVQCFRNGYFI LWA

PQERCQVASGHI PCMWNGSSKETCQQAGCCYDSTKEEPCYYGNTVTLQCFKSGYFTLVMS
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222

214

223

221

291

282

274
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LQERCQVASGHI PCWKGSSEEACQQAGCCYDNTKEMPCYYGNTVTLQCFRSGYFTLVVG

* kkk khkko kk. ok Kkeke ke s kkkkkk .- kkkhkkkhkkk Kkokkk. Kkok Kk

QEMALTHRI TLANI HLAYAPTSCSPTQHTEAFVWFYFPLTHOGT TMQVAGDQLI YENWLY
QETALAHG TLANI HVAYAPTSCSPTQDTGSFVWFQFPL THOGT TVQUWWGNQLL YENQLY
QEMALAHR! TLANVHLAYAPTRCPPAQKTSAFVI FHVPL THOGT TVQVLGSQLFYENQLY
QETAL THGVL L DNVHLAYAPNGCPPT QKT SAFVWFHVPLTLCGTAI QUWGEQLI YENQLY

QETAL THGVM.DNVHLAYAPNGCPPTQKTSAFVWFHVPLTL CGTAI QUWGKQLVYENQLYV

**k Kk k. * ke ok kk kK * ke k ok o« kke ok *kKk kkk+ o kk kX *kk kkk k%

SGE H QKGPQGSI TRDSTFQLHVRCVFENASDFLPI QASI FPPPSPAPMIQPGPLRLELRI
SDI DVRMGPQGSI TRDGAFRLHVRCTVNASDFLPLQASI FSPPSPVPVI QSGPLRFQLRI
SDI DVREGPQGSI TRDSSFRLLVRCI FNASDFLPI QASI FSPPLPAPVTQAGPLRLELRI
SDI DVQKGPQGSI TRDSAFRLHVRCI FNASDFLPI QASI FSPQPPAPVTQSGPLRLELRI

SNI EVQTGPQGSI TRDGVFRLHVRCI FNASDFLPI RASI FSPOPPAPVTRSGPLRLELRI

* ko kkkkkkkkk k. k kkk kkkkhkkk- - kkkkx * * ke o+ kkkkoe o kkk

281

351

342

334

343

341

411

402

394

403

401

AKDETFSSYYGEDDYPI VRLLREPVHVEVRLLQRTDPNLVL LL HQCWGAPSANPFQQPQW 471

ATDETFRSFYEEGDYPI VRLLREPVSVEVRLLDRTDPGLVLLLHQCWATPGVSPFQQPQW 462

ARDETFSSFYEEEDYPLVRLLREPVHVEVRL L QRTDPSL VL EL HQCWATPSANPVQQPQW 454

ATDKTFSSYYQGSDYPLVRLLREPVYVEVRLLQRTDPSLVLVLHQCWATPTTSPFEQPQW 463

ATDKTFSSYYQGSDYPLVRLLQEPVYI EVRLLORTDPGLALM.HQCWATPSASPFEQPQW 461

* ke kk k- ok KhkKk kkkk kkk - kkkkk: kkk*x * * *kkk*k %k * - kk kK

Pl LSDGCPFKCGDSYRT QWAL DGA- TPFQSHYQRFTVATFALL DSGSQRALRGALVYLFCS
Pl LSEGCPFDCGDSYRTRWASDGAGL SFPSHHORFTVT TFAL L DPDSQRAL RGQVYFFCH
PLL SDGCPFKCGDSYRTRVLAL DRAEL PFRSHYQRFTVATFTFLDSGAQRALRALVYFFCS
Pl LSDGCPFKCGDNYRTQVVAADREAL PFWSHYQRFTI TTFMLLDSSSQNAL RGQVYFFCS

Pl LSDGCPFKGDNYRTQWAADRATL PFWSHYQRFTI ATFTLLDSSSQNALRGQVYFFCS

ke kke kkkk kk kkk- o« -k Kk * kk+ kkkk- - kk - kK ck kkkk Kkko kk

TSACHTSGLETCSTACSTGI TRQRRSSGHRNDTARPQDI VSSPGPVGFEDSYGQEPTLGP

SSACSPSGE.ETCSTTCSSRPARQRRSYNPHGEATRPONL VSSPGPVDFEDSSGQEPPLGP

530

522

514

523

521

590

582
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ASACHPSGPETCSSTCSSRTAKRRRSSGYHDGTPRAL DI VSSPGPVGFQDSHRQEPTLES 574

ASACHPLGSDTCSTTCDSG ARRRRSSGHHNI TLRALDI VSSPGAVGFEDAAKLEP- - - - 579
ASACHPVGSETCSTTCDSEI ARHRRSSGHHNSTI RALDI VSSPGAVGFEDAPKLEP- - - - 577
:*** . * :***::*.: :::*** . s : *. ::*****.*.*:*: * %

TDSNGNSSLRPLLWAVLLLPAVALVL GFGVFVGLSQTWAQKLVWESNRQ- - - - - - - - - - - - 638

TGSPRNANQRPL LVWVLLLVAVAL VL GVGVFEG. SQAXAQKL QEGDRGRLGSI KHRVQPA 642

TGSGRNSNPKPLLW/VLLLLAI ALVLGE GVFVGESQAVAHKLREGHR- - - - - LTDQAQ - 627
SGSSRNSSSR- - - - MLLLLLAI TLALAAG FVGE.I WAWAQKLWEG RY- - - - - - - - - - - - 623
SGSTRNSGSRPLL- W/LQLLALTLVLGDGVLVG. SWAWAWA- - - - - - - - = o o o m e o - - 617
-.* *:. : :***::*.*. *.. * % : *
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------ MACRQRGDSGRPSSWERADW - - - - - - - - - - - - - - RSFFLSFTLLTSVNSI DVN 39
------ MACRHRGDSGRPLSW.SASW - - - - - - - - - - - - - - RSLLLFFPLVTSVNSI GVN 39
------ MASRQKGDSGSPSSWENADWSTY- - - - - - - - - - - - RSLFLLFI LVTSVNSI GVL 42
------ MACRQRGGSEPSGWENAGWBTY- - - - - - - - - - - - RS SLFFALVTSGNSI DVS 42

------ MQVSNSGSRGKRL PWPSL TKFTFPYL SPPSSSSACTW.FLFFTLVTSVNSI YFL 54

------ MARWORKASVSSPOGRS! YRFLS- - - - = - = - = - - - - - - - LLFTLVTSVNSVSLP 38
------ MARWGR: - = - = - = = = = < VYWLRS- - = - = = = - = - = - - - - - LFFALVTSVNSLSLP 27

* . * k ke« kk kk-.

QLD PAFPGTVTCYENRMYWEFKRTLGNKI QHASVWDSLGLKM.NCTYVLDPEKLTLKAP 98

QLVNTAFPG VTCHENRMWEFPRI LGTKI QYTSVVDPLGLEMVNCTYVLDPENLTLKAP 99
QLVNPVFPGTVTCYETRVAVEFPSDFGTKKWHT SVWDPFSFELLNCTY! LDPENLTLKAP 102
QLVNPAFPGTVTCDERE! TVEFPSSPGTKKWHASVVDPLGLDVPNCTY! LDPEKLTLRAT 102
QLSDPAFPGTVTCNENEI MVEFPSYVGTKTLHASVWDPLGVEMLNCTYI LDPEKLTLRVP 114

QSENPAFPGTLI CDKDEVRI EFSSRFDVEKWNPSVVDTLGSE! LNCTYALDLERFVLKFP 98

QSENPAFPGTLI CDKDEVRVEFSSRFDVEKWNPSLVDTFGNEI SNCTYALDLEKFI LKFP 87

k0 aEr ok ww ks frRx RE ko ke
YESCTKRVL GQHQMIT TFMNDNT AHRQKTVL YHVSCPVMAGRHDQHSGSTI CSKDFVBF 158
YEACTKRVRGHHQMT RLI DDNAAL RQEALMYH SCPVMGAEGPDQHSGSTI CVKDFVBF 159
YETCTRRTLGQHRM | RLKDHNAASRHNSLMYQ NCPVMQAEETHEHAGSTI CTKDSMVBF 162
YDNCTRRVHGGHQMIT RVMNNSAAL RHGAVMYQFFCPAMVEETQGL SASTI CQKDFVBF 162
YKACTRAVHGGHQVE! RVMNNSAAL RHTDVEYQFFCPVEQT - - - LEFSKSAACTKDFMVBL 171
YETCTI KVWWGGYQVNI RVGDTTTDVRYKDDMYHFFCPAI QA- ETHE! SEI WCRRDLI SF 157

YETCTI KVI GGYQVNI RVQDTNADVSYKDDVHHFFCPAI QA- El HEVSEI VWCMVEDLI SF 146

* * % * e .k . . .. * % . * * k.

TFH FFPGLADDTAG - - PKPQVGW VTVGDGERAQNL TLQEALTQGYNLLI ENCQKNVSI Q 214
TFEN- FFPGVADENVKREDSKQRMGWSEL VWGEDGERARTL TFQEAMTQGYNFLIT ENQKIVNI Q 218
TEN- VI PGLADENTD- - - | KNPMGWSI EVGDGTKAKTLTLQDVLRQGYNI LFDNHKI TFQ 218
SLPRVFSGLADDSKG- - - TKVQVIGWSI EVGDGARAKTL TLPEAVKEGFSLLI DNHRMIFH 219

SFPRI PTGLGDSTMVN- - - ESQVGWWQAGHGPGAQTL SLEEAKGQGFGVLI DDNKMTLS 228
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SFPQLFSRLADENQN\- - - - VSEMGW VKI GNGTRAHI LPLKDAI VQGFNLLI DSQKVTLH
SFPQLFSRLADENQN\- - - - VSEMGW | KI GNGTRVHTLPLKDAI VQGFNLLI DSQKI TLH
VLFHATGVTHYSQGNSHL YMVPLKLTHVSPGQTI | LSSRLI CASDP- VTCNATHMILTI P
VSFHATGVTRYSQGNSHL YMVPLKLKHVSHGQSLI LASQLI CVADP- VTCNATHVTLAI P
VSENATGVTHYMQGNSHL YMPLKLI HESLGXKI | LTTRVLCVSDA- VTCNATHVTLTI P
VPENATGVTHYVQGNSHL YMWSLKLTFI SPGQKVI FSSQAI CAPDP- VTCNATHMILTI P
VLLNATGVTHYVEGT SHLHTMFLKL SLVSPGOKMIFPSRAI CLSGP- VTCNATHMTILTI P
VPANATG VHYVQESSYLYTVQLELLFSTTGXKI VFSSHAI CAPDLSVACNATHMTILTI P

VPANATGVAHYVQESSYL YTVQLKLLFSSPGKI TFSSQAI CAPDLSVACNVTHVSLTI P

* ckk k. k. * . k. . * - % . * % - . .. -k ke kk Kkk+ o ke k%

EFPGKLKSVSFENKNI AVNQLHNSG VMVEI ANGLRLHFSKTLLKTKFSEKCLPYQFYLSS
EFPGKLKSVNLGSGNI AVSQLHKHG EMETTNGLRLHFNQTLLKTNVSEKCQPHQLYLSS
EFPGKLKSVSSENRNFAVSQLHNNG DKEESSGLTLHFSKTLLKMEFSEKCLPYQFYLAS
EFPGKLKSVSFENQNI DVSQLHDNG DLEATNGVKLHFSKTLLKTKLSEKCLLHQFYLAS
EFPGKLESVSI ENRNI TVSQLHDQG DVEAI NGLRLHFSKTVLKTKFSEKCLHDQLYI SS
EFPGKLESVDFGOASI PEDQMHANG DKEATNGL RLNFRKSLLKTKPSEKCPFYQFYLSS

EFPGKLKSVGFGQRNI PEDQWHANG DKEATNGL RLHFRKSL LKTKPSEKCPFYQFYFSS

*kkkkkk k% . * % * % * * . ke k o0 kk . * % k% ko koo %k

LKLTFYTQLETVSWI YPECVCESTVSI VSGEL CTQDGFMDVEVYRHQTKPALNLDTLRV

LRLTFHSQLEAVSWI YPECL CESTVSLVSEEL CTQDGFMDVKVHSHQTKPALNLDTLRV

213

202

273

277

277

278

287

273

262

333

337

337

338

347

333

322

393

397

LKLTFAFNQETI STVLYPECVCESPVSI VTGDLCTQDGFMDI KVYSHQTKPALNLETLRG 397

LKLTFLLRPETVSWI YPECLCESPVSI VTGEL CTQDGFMDVEVYSYQTQPALDLGTLRV
LKLTFNLELDTVSTVI NPECPCDSPASI VSCGEL CTQDGFVMDFEVYTHQTKPALNLDTLRV
LKLTFYFQGNMLSTVI DPECHCESPVSI D- - EL CAQDGFVMDFEVYSHQTKPALNLDTLLV

LELTFNFQGDMLSTVI DPECHCESPVSI D- - ELCTRDGFMDFEVYSHQTKPALNLESLLV

* Kk k% . kK. *k*k*k k- % * - s kke s kkkkk - ok s kkekkk k- ok

GDSSCQPTI KAPFQGLVKFHI PLNGCGTRHKFENGKVI YENEI HALWADL PPSTI SRDSE

GDSSCQPTFKAPAQGLVQFRI PLNGCGTRHKFKNDKVI YENEI HALWAD- PPSAVSRDSE

398
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453
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GDSSCQPTFQAASQGLI LFHI PLNGCGTRHKFKEGKVI YENEI HAVAADL PPSTI SRDSE
GNSSCQPVFEAQSQGLVRFHI PLNGCGTRYKFEDDKVVYENEI HALW DFPPSKI SRDSE
GSSSCQPVFKAQSQGLVRFRI PLNGCGTRHKFEDEKVI YENEVHALWENL PPSKI SRDSE
GNSSCQPI FKVQSVGLARFHI PLNGCGTRQKFEGDKVI YENEI HALWENPPSNI VFRNSE

GNSSCQPI FKVQSLGLARFHI PLNGCGTRQKFEGDKVI YENEI HALWENPPSNI | FRNSE

* kkkkk oo * % keckkkkkkkkk Kk kkekkkkekk-k K © ke ok k

FRMI'VRCYYSSSNMLI NTNVESL PPPVASVKPGPLAL TLQTYPDNSYL QPYGDKDYPVVR
FRMI'VRCSYSSSNMLI NTNVESL PSPEASVKPGPLTLTLQTYPDNAYL QPYGDKEYPVVK
FRMI'VQCHYSKGDLLI NTRVQSLPPPEASVRPGPLALI LQTYPDKSYLQPYGEKEYPVVR
FRMI'VKCSYSRNDM_LNI NVESL TPPVASVKLGPFTLI LQSYPDNSYQQPYGENEYPLVR
FRMI'VQCYYTRDDM_LNANI KSLPPPVASVKPGPLAL SL QT YPDESYQQPYRVNEYPI VK
FRMI'VRCYYI RDSM.LNAHVKGHPSPEAFVKPGPL VL VL QT YPDQSYQRPYRKDEYPL VR

FRMI'VRCHYI RDSMLLRAHI KSHSSPVASVKPGPLALVLQTYPDI SYORPYRKNEYPLVR

kkkkk ok K ko .. * Kk ke kke Kk Kkk-kkk Kk o kk Ckk e k.

YLRQPI YLEVRVLNRTDPNI KLVLDDCWATSTMDPASLPQANI | VDGCEYNLDNHRTTFH
YLRQPI YLEVRI LNRTDPNI KLVLDDCWATSTEDPASL PQANVVIVDGCEYNLDNHRTTFH
YLRQPI YLEVRVLNRSDPNI KLVLDDCWATPTMDPASVPQANI | MDGCEYNLDNHRTTFH
FLRQPI YMEVRVLNRDDPNI KL VL DDCWAT STVDPDSFPQWNVVVDGCAYDLDNYQT TFH
YLRQPI YMEVRVLNRNDPNI KLAL DDCWATSSMDPASL PKWSI VIVDGCEYSL DNYQTNFH
YLRQPI YMEVKVL SRNDPNI KL VL DDCWATSSEDPASAPQAQ VIVDGCEYELDNYRTTFH

YLRQPI YMEVTVLNRNDPNI KLVLDDCWATTFEDPASVPQAQ! | MDGCEYELDNYRTTFH

ckkkkkkkk ok kK kkkkkhkk khkkkkkk kk ok kek o kkk Kk Kkkk+ ok k%

PVGSSVAYPNHYQRFAVKTFAFVSEDPAFSHLVYFHCSALI CDQLSSNFPLCSASCLVSS
PVGSSVTYPNHHQRFDVKTFAFVSGAQGYSQLVYFHCSVFI CNQLSPTFSLCSVTCHGPS
PVGSSVTYPTHYRRFDVKTFAFVSEAQVL SSLVYFHCSVLI CSRLSADSPLCSVTCPVSS
PVGSSVTHPDHYQRFDVKAFAFVSEAHVL SSLVYFHCSALI CNRLSPDSPLCSVTCPVSS
PVGSSVTYPEHYQRFDVKTFAFVSEAQARSSLVYFHCSALI CNQHYPDSPLCSVTCPGSS
PAGSSAAHSGHYQRFDVKTFAFVSEARGLSSLI YFHCSALI CNQVSLDSPLCSVTCPASL

AANSSAAHSGHYQRFDVKTFAFVSESRGLSSLI YFHCSAL I CNQA- - - SPLCSVTCPAPL
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RSRRATGATEEEKM VSLPGPI LLLSDGSSFR: - - < - - = =< = == === c ==z mc o e 665
RSRRATGTTEEEKM VSLPGPI LLLSDGSSLR: - - < = = = =< = == === ===z mc e e o 668
RHRRATGTTEEEKM VSLPGPI LLLSDSSSLR: - - < = = = =< = == === s oz mc e e 669

RHRRATGATEAEKMTVSLPGPI LLL SDDSSFRGVGSSDLKASGSSGEKSRSETGEEVGSR 698

RHRRATGNTEEERVTASLPGPI LLLPNGSSFR: - - < = - = =« = == == < s o e mc e e 679
RSKRE- - ANKEDTMTVSLPGP LLLSDVSSSKGVD- - - - - = = = = <= == == m e oo e o P 665
RNKRE- - ASKEGTMIVSLPGP! | LLSDDSSSKGVIMN- - - - = = - = = < = == = 2o e oo oo P 652
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DAVDSKGHGT SGYAAFKTMVAVVALAGVVATLSLI SYLRKKRI TVLNH 713
DAVNSKGSRTNGYVAFKTMVAMVASAG VATLGLI SYLHKKRI MMLNH 716
DVVDSKGYGAAGYVAFKTVVAVAALAGLVATLGFI TYLRKNR- TM NH 716
GAMDTKGHKTAGDVGSKAVAAVAAFAGVYWATLGHI YYLYEKR- TVSNH 745
GVCGDSKEHGVAGDVTSKTMAAVAAVAGVYWATLGHI SYLCKKRTMMLSH 727
SSSEI TKDI | AKDI ASKTLGAVAALVGSAVI LGFI CYLYKKRTI RFNH 713

DSYEI T----- KDl ASKTLGAVAALVGSAVI | GFI CYLHKKRI VRFNS 695

MELSYGLFI CFLLWAGTGLCYPPTTTEDKTHPSLPS- - SPSVWWECRHAW.VVNVSKNLF 58
MAPSWRFFVCFL LWGGT EL CSPQPVWIDEGORL RPSK- PPTVMVECQEAQLVVI VSKDLF 59
MELSYRLFI CLLLWGSTEL CYPQPLW.L QGGASHPET SVQPVLVECQEATLMV/MVSKDLF 60
MGL SYGL FVCL L LWGGSEL CCPQPL WFWQGGTRQPAPSVTPVVVECLEARLVWVTVSRDLF 60
MASSYFLFLCLLLCGGPELCNSQTLW.LPGGTPTPVGSSSPVKVECLEAELVVTVSRDLF 60
MGPSCLLFLCLLLCGGPEL CYPQITQNL L PGGTPTPAGSSSPVEVECKEAEL VVTARRDLF 60
Kok ke kekk kx| * Lk kkk K ke k sk
GTGRLVRPADL TLWPENCEPL| SGDSDDTVRFEVELHKCGNSVQVTEDALVYSTFLLHNP 118
GTCGKLI RPADL SL GPAKCEPLVSQDTDAVVRFEVGLHECGSSLQVTDDALVYSTFLRHDP 119
GTCGKLI RAADL TL GPEACEPL VSVDTEDVVRFEVGLHECGNSMQVTDDALVYSTFLLHDP 120
GTCGKLI QEADL SLGPEGCEPQAS- - TDAVVRFEVGLHECGNSVQVTDDSLVYSSFLLHDP 118

GIGKLVQPGDL TLGSEGCQPRVSVDTD- VWRFNAQLHECSSRVOMVITKDALVYSTFLLHDP 119
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*k k- ok o- * k- % * - % . .. * k- - * k- % sk k ke kkkk-kk k- ok

RPMGNLSI LRTNRAEVPI ECRYPRHSNVSSEAI LPTW/PFRTTM_SEEKLAFSL RLVEED
RPAGNLSI LRTNRAEVPI ECHYPRQGNVSSWAI LPTW/PFRTTVFSEEKL VFSLRLVEEN
RPVGNLSI VRTNRAEI PI ECRYPRQGNVSSQAI LPTW.PFRTTVFSEEKLTFSLRLMVEEN
RPAGNLSI LRTNRAEVPI ECRYPRQGNVSSRAI LPTW/PFWI TVL SEERL VFSLRLMEEN
RPVSGLSI LRTNRVEVPI ECRYPRQG\VSSHPI QPTW/PFRATVSSEEKL AFSLRLMEEN

RPVNG_SI LRTNRVEVPI ECRYPRQGNVSSHPI QPTW/PFSATVSSEEKLAFSLRLVEED

* % *kkKk kkkk ke kkkk kkk- * %k k% * kkk kk - k. *kkKk ok kkkkkkk k-

WESEKQSPTFQLGDLAHL QAEVHTGRHI PLRLFVDYCVATLT- - PDONASPHHTI VDFHG
WSAEKMT PTFQL CDRAHL QAQVHT GSHVPLRLFVDHCVATLT- - PDWNTSPSHTI VDFHG
VWNAEKRSPTFHL GCDAAHL QAEI HTGSHVPLRLFVDHCVATPT- - PDONASPYHT! VDFHG
WEREKMSPTFHL GDTAHL QAEVRTGSHPPLLLFVDRCVATPT- - RDQSGSPYHT! VDLHG
VWNTEKSAPTFHL GEVAHL QAEVQT GSHL PL QL FVDHCVAT PSPL PDPNSSPYHFI VDFHG

VWNTEKSSPTFHL GEVAHL QAEVQT GSHL PL QL FVDHCVAT PSPL PGONSSPHHFI VDSHG
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CLVDGL SDASSAFKAPRPRPETL QFTVYTFHFANDPRNM Y1 TCHLKVTPASRVPDQLNK
CLVDGLTEASSAFKAPRPGPETL QFTVDVFHFANDSRNTI Y1 TCHLKVTPADRVPDQLNK
CLVDGLTDASSAFKVPRPGPDTL QFTVDVFHFANDSRNM Y1 TCHLKVTLAEQDPDELNK
CLVDG. SDGASKFKAPRPKPDVL QF WAVFHFANDSRHT VY TCHLRVI PAQQAPDRLNK
CLVDGL SESFSAFQVPRPRPETLQFTVDVFHFANSSRNTL Yl TCHLKVAPANQ PDKLNK

CLVDGL SESFSAFQVPRPRPETLQFTVDVFHFANSSRNTVYI TCHLKVAPANQI PDKLNK
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ACSFI KSSNRWFPVEGPADI CNCCNKGSCGL QGRSVIRL SHL DRPVHKIVASRNRRHVTEEA
ACSFSKSSNRWSPVEGPAVI CRCCHKGQCGT PSL SRKL SMPKR- - - QSAPRSRRHVTDEA
ACSFSKPSNSWFPVEGPADI CQCCNKGDCGT PSHSRRQPHVVEQWS T SASRNRRHVTEEA
ACSFNQSSSSWAPVEGSADI CECCGNGDCDLI AGS- - - PMNQNHAARSSL RSRRHVTEEA
ACSFNKTSQSW.PVEGDADI CDCCSHGNCSNSSSSQFQ HGPROWSKL VSRNRRHVTDEA

ACSFNKTSQSW.PVEGDADI CDCCSNGNCSNSSSSEFETHEPAQWSTL VSRNRRHVTDEA
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DI TVGPLI FLGKAAD- RGVEG- STSPHTSVMWAE GLATVLSLTLATI VLGLARRHHTASR 414

DVTVGPLI FLGKTSD- HGVEG- STSSPTSVMWGLGLATVTLTLATI VLGVPRRRRAAAH 412

DVTVGPLI FLGKAGDPAGTEGLASAAQATLVLGFGVATI VFLAVAAWL GLTRGRHAASH 413
DVTVGPLI FLGKAND- QTVEGAM ASAQTSVALG. GLATVAFLTLAAI VLAVTRKCHSSSY 418

DVTVGPLI FLGKAND- QAVEGM SSAQTSVALG.GLATVAFLTLAAI VLGVTRMCHTSSY 418

* o k k% . * .

PM CPVSASQ 424
- LVCPVSASQ 421
---- PRSASQ 419
----LVSLPQ 424

----LVSLPQ 424

————————— MALRPSI W.CFPL CL AL PGQSQPKAADDL GGL YCGPSSFHFSI NLLSQDTA 51

————————— MALLQPLLLCVPL SLAVHGQKPQVPDYPGEL HCAL QSLQFAI NP- SPGKA 50

- - - MAPGSTMALLGYI FLCFPVSFALI KQPKPETPTDPGVLHCRPWNFKFTI NFONQETG 57

————————— MALLRCVLLCVSL SLAVSGQHKPEAPDY SSVL HCGPWSFQFAVNL - NQEAT 50

MARQAL RSTLWLLPSI LLCFPFCLPLSGQHVTELP- - - GVLHCGLQSFQFAVNL- SLEAE 56
DxX T Loxx LiirIx

TPPALVVWWDRRGRL HKL QNDSGCGTW/HKGPGSSMGVEASYRGCYVTEW - - - - - - - - - - 100

TP- ALI VADNRGL PHKL QNNSGCGTWRESPGGSVL L DASYSSCYVNEW/STTQSPGTSR 109

SSPVLVTVDNQGRL HRLQNDT DCGTRVGEGPGPSVWLEANYSSCYVTES- - - - - - - - - - - 106
SPPVLI AVDNQGL L HEL ONDSDCGTW RKGPGSSVVLEATYSSCYVTEW - - - - - - - - - - 99
SP- VLTTWDSQAL PHRLKNDSDCGTVWIMDSPDGFLVLEASYSCGCYVTLEG - - - - - - - - - 105
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----------- DSHYLMPI GLEEADAGGHRTVTETKLFKCP- - - - - - = - - - - - - - - - VDF
PPTPASRVTPQDSHYVM VGVEGTDAAGRR- VTNTKVLRCPRNPPDQAL VSSL SPSPLQN
----------- EPYYVM.VGVEEVDAAGONLVTKQQLLKCP- - - < - - < = = =« - - - NHL
----------- DSHYI MPVGVEGAGAAEHKWWTERKLLKCP- - - < - - = = = - - - - - MDL
------------ SHYI MI'VGVQEADVAGHVAGTRQRLLTCP- - - - - - - - - - - - - - LALQG

Cke ke ke . * Cee k%

LALDVPTI GLCDAVPW\DRL PCAPPPI TQGECKQLGCCYNSE- - EVPSCYYGNTVTSRCT
VAL EAPNADL CDSVPKVDRL PCASSPI TQGDCNKL GCCYKS- - - EANSCYYGNTVTSRCT
PA- - - PDAGLCDSVPVQDRL PCATAPI SQEDCEEL GCCHSSE- - EVNACYYGNTVTSHCT
LARDAPDTDWCDSI PARDRL PCAPSPI SRGDCEG.GCCYSSE- - EVNSCYYGNTVTLHCT

KAPDTPSAKVCSPVPVKERL PCASSTI SRGDCEEL GCCYSSEEEGADSCYYGNTVTSHCT

* * * -k s kkkk Kk * .. =k * Kk Kk k- * ckkkkkkkk - kK

QDGHFSI AVSRNVTSPPLLWDSVHLAFRNDSE- CKPVMVETHT FVLFRFPFSSCGTAKRVT
QDGHFSI AVSRNVTSPPLLLNSLRLAFGKDRE- CNPVKATRAFAL FFFPENSCGT TRW T
QECGHFSI AVSRNVSSPPLHL DSVHLVFGNDSE- COPVWATRAFVLFLFPFTACGTTRQ T
REGHFSI AVSRNVTSPPLLLDSVRLALRNDSA- CNPVNVATQAFVLFQFPFTSCGTTRQ T

KEGHFSI AVSRDVTSPPLRLDSLRLGFRNI TTGCDPVMKTSTFVLFQFPLTSCGTTORI T

cekk kKKK KKKk ks kK k Kk ke ek . . * k% * ok kk  kk . sk k ko . -k

GNQAVYENEL VAARDVRTWEHGSI TRDSI FRLRVSCI YSVSSSAL PVNI QVFTLPPPLPE
GDQAVYENEL VAARDVRTWEHGSI TRDSI FRLRVSCSYSVRSNAFPLSVQVFTI PPPHLK
GDRAI YENELLATREVRTWSRGSI TRDSI FRLRVSCSYSI SSSALPVDIVHVLTLPPPLPE
GDRAVYENEL VATRDVKNGSRGSVTRDSI FRLHVSCSYSVSSNSL PI NVQVFTLPPPFPE

GDQAMYENEL VAl RDVQAWGRSS| TRDSNFRLRVSCTYS| HSI MSPVNMWWI L PPPL PK

Kook kkkokk ok ke ok s ke kkkk Kkkkeokkk Kk K ke ok ke kkk

THPGPLTLELQ AKDERYGSYYNASDYPVVKLLREPI YVEVSI RHRTDPSL GLHLHQCWA
TQHGPLTLELKI AKDKHYGSYYTI GDYPVWKLLRDPI YVEVSI RHRTDPSL GLLLHNCWA
TQPGPLTWLQ AKDKDYHSYYTNVDDYPVWKLLRDPI YVDVSI LYRTDPYLGLRLHQCWA
TQPGPLTLELQ AKDKNYGSYYGVGDYPVVKLLRDPI YVEVSI LHRTDPYLGLLLQQCWA

TQPGPLSLELQ AQDKNYSSYYGTDAYPLVKFLQDPI YVEVSI LHRTDPSL SLLLEQCWA
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TPGVBPLLOQPQWPMLVNGCPYTGDNYQTKLI PVOKASNLLFPSHYCQRFSVSTFSFVD- SV 429
TPGKNSQSLSQWPI LVKGCPYVGEDNYQT QLI PVQKALDTPFPSYYKRFSI FTFSFVD- TM 463
TPRTNPLYQPQWPI LVKGCPYTGDNYQT QLI PVQEAFDLPFPSHHORFSI STFSFLDSSV 433
TPSTDPLSQPQWPI LVKGCPYI GDNYQTQLI PVQKALDLPFPSHHORFSI FTFSFVNPTV 429

TPGSNPFHQPQWPI LVKGCPYAGDNYQTKRI PVQKASDV- FPSHHORFSI STFSFMSAGR 438

* % *kkk+kkkkkk*k k*kkkkkkx-. *kkkk k. *kko oo kkko *k k k-

AKQALKGPVYLHCTASVCKPAGAPI CVTTCPAARRRRSSDI HFQNGIASI SSKGPM LLQ 489
AKWALRGPVYLHCNVSI CQPAGTSSCRI TCPVARRRRHSDL HHHSSTASI SSKGPM LLQ 523
AKEALKGPI YLHCSVSVCQPTGTQSCTVTCPI DSRRRNSDI NFONSTANI SSKGPM LLQ 493
EKQAL RGPVHL HCSVSVCQPAETPSCVVTCPDL SRRRNFDNSSQNTTASVSSKGPM LLQ 489

EKQVL GGQVYLHCSASVCQPAGVPSCTVI CPASRRRRKSEL YFDNSTS- | SSKGPVI LLQ 497

* * ko kkk koook o ko * * % * Kk k . ke cckkkkke kkkk

ATRDSSERLHKYSRPPVDSHALWAGLLG SLI | GALLVSYLVFRKWR- - - - - - - - 536
ATMDSAEKLHKNSSSPI DSQALWWAGLSG- TLI FGFLLVSYLAI RKRR- - - - - - - - 570
ATEDPSEKLHKHSGVPVHPGALWAGLSG: | FI | GALLVSYVAI RTRR- - - - - - - - 540

ATKDPPEKLR- - - - VPVDSKVLWAGLSG- TLI LGALLVSYLAVKKQKSCPDQVCQ 540

ATKDPAVM_HKHSGTHADSPTLWMGLSASMWI TGVLWSYLATRKQR- - - - - - - - 545

* % % * . * %k - * % * k% Kk kkk.

Supplementary file 3:

and ZP4 (NM_001009260) amino acid sequences. Bold underlined sequences are
the tryptic peptides obtained by MS/MS in ZP obtained from oocytes. The
putative N-glycosilation sites present in the detected peptides are in red. The

putative O-glycosilation sites present in the detected peptides are in blue. The

Cat ZP1 (XM_003993490), ZP2 (NM_001009875), ZP3 (NM_001009330)

furin cleavage site (Arg-X-(Lys/Arg)-Arg) is showed in yellow.



P1

MVAVVYL MIRASAMMDGCVAL L L L L VAAL GL GQRPHPEPGL RGLRHSSDCG KGVIQL LVFPRPGQTVRFKVWDE
FGNQFEVHNCSVCYHW/ T ARPL GPAVF SADYRGCHVL EKGGRFHL RVFVEAVL RDGRVDAAGEVTLI CPKPGHTW
TPESHLASRTGFSL PTPHTQPLRPTQEHSFTRPTPAL L PLRPGATRPTL TLPQWDI L EHWGVDEPL HPGAPL TVE
QCQVPSGHI PCVWRRGSKEACQKAGCCYDNSRAVPCYYGNTATVQCFRNGHFVL WSQETALAHG TLANI HVAY
APTSCSPTQDTGSFVWFQFPL THCGT TVQVWGNQL L YENQL VSDI DVRMGPQGS| TRDGAFRL HVRCTVNASDFL
PLQASI FSPPSPVPVI QSGPLRFQLRI ATDETFRSFYEEGDYP! VRLLREPVSVEVRL L DRTDPGLVLLLHQCWA
TPGVSPFQQPQWPI L SEGCPFDGDSYRTRMW/ASDGAGL SFPSHHQRFTVTTFAL L DPDSQRAL RGQVYFFCHSSA
CSPSGLETCSTTCSSRPARQRRSYNPHGEATRPQNL VSSPGPVDFEDSSGQEPPL GPTGSPRNANQRPL LW/VL L
LVAVAL VL GVGVFEGL SQAXAQKL QEGDRGRL GSI KHRVQPAQRVWKAI RGD

P

N

MASRQKGDSGSPSSWNADWSTYRSLFLLFI LVTSVNSI GVLQLVNPVFPGTVTCYETRVAVEFPSDFGTKKWHT
SVVDPFSFELLNCTYI LDPENLTLKAPYETCTRRTLGQHRM | RLKDHNAASRHNSL MYQ NCPVMQAEETHEHA
GSTI CTKDSMSFTFNVI PGLADENTDI KNPMGWSI EVGDGTKAKTLTLQDVLRQGYNI LFDNHKI TFQVSFNATG
VTHYMQGNSHLYMVPLKLI HESLGXKI | LTTRVLCVSDAVTCNATHVTLTI PEFPGKLKSVSSENRNFAVSQLHN
NG DKEESSG.TLHFSKTLLKMEFSEKCLPYQFYLASLKLTFAFNQETI STVLYPECVCESPVSI VTCDLCTQDG
FMDI KVYSHQTKPALNL ETLRGGDSSCOPTFQAASQGLT LFHI PLNGCGTRHKFKEGKVI YENEI HAVWWADL PPS
TI SROSEFRMI'VQCHYSKGDLL I NTRVQSLPPPEASVRPGPLAL | LQTYPDKSYLQPYGEKEYPVWRYLRQPI YL
EVRVLNRSDPNI KLVL DDCWATPTMDPASVPOQANI | MDGCEYNL DNHRTTFHPVGSSVTYPTHYRRFDVKTFAFV
SEAQVLSSLVYFHCSVLI CSRLSADSPLCSVTCPVSSRHRRATGT TEEEKM VSLPGPI LLLSDSSSLRDVVDSK
GYGAAGYVAFKTVVAVAALAGLVATLGFI TYLRKNRTM NH*

P3

MGLSYGLFI CFLLWAGT GLCYPPTTTEDKTHPSL PSSPSVWWECRHAW. VVNVSKNL FGTGRLVRPADL TLWPEN
CEPL| SCDSDDTVRFEVELHKCGNSVQVTEDALVYSTFLLHNPRPMGNL SI LRTNRAEVPI ECRYPRHSNVSSEA
| LPTW/PFRT TMLSEEKLAFSL RL MEEDWGSEKQSPTFQL GDLAHL QAEVHTGRHI PLRLFVDYCVATL TPDQNA
SPHHT1 VDFHGCL VDAL SDASSAFKAPRPRPETLQFTVYTFHFANDPRNM Y1 TCHLKVTPASRVPDQLNKACSF
| KSSNRWFPVEGPADI CNCCNKGSCGL QGRSVRL SHL DRPVWHKMASRNRRHVTEEADI TVGPLI FLGKAADRGVE
GSTSPHTSVWG GLATVLSLTLATI VLGLARRHHTASRPM CPVSASQ

ZP4

MALLQPL L L CVPL SLAVHGQQKPQVPDYPGEL HCGL QSLQFAI NPSPGKATPAL | VDNRGL PHKL QNNSGCGTW
VRESPGGSVL L DASYSSCYVNEW/STTQSPGT SRPPTPASRVTPQDSHYVM VGVEGT DAAGRRVTNTKVLRCPR
NPPDQAL VSSL SPSPL QNVAL EAPNADL CDSVPKWDRL PCASSP! TQGDCNKL GCCYKSEANSCYYGNTVTSRCT
QDGHFSI AVSRNVTSPPL L LNSL RLAFGKDRECNPVKATRAFAL FFFPENSCGTTRW/TGDQAVYENEL VAARDY
RTWSHGS! TRDSI FRLRVSCSYSVRSNAFPLSVQVFTI PPPHLKTQHGPL TLELKI AKDKHYGSYYTI GDYPVWK
LLRDP! YVEVSI RHRTDPSL GLL L HNCWATPGKNSQSL SQAPI L VKGCPYVGDNYQTQLI PVQKAL DTPFPSYYK
RFSI FTFSFVDTMAKWAL RGPVYLHCNVSI CQPAGTSSCRI TCPVARRRRHSDL HHHSSTASI SSKGPM LLQAT
MDSAEKL HKNSSSPI DSQALWVAGL SGTLI FGFLLVSYLAI RKRR*
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8. CONCLUSIONES

Utilizando un enfoque doble, analisis molecular y proteémico, describimos
la composicion de cuatro proteinas en la ZP de gata y coneja permitiendo futuros
ensayos para el desarrollo potencial de vacunas anticonceptivas asi como estudios
acerca de la interaccién ovocito-espermatozide en estas especies. Ademas, nuestro
analisis filogenético describe los eventos de pseudogenizacion de ZP1 que han
tenido lugar a lo largo de la evolucién de los mamiferos. Por todo ello, podemos

concluir lo siguiente:

1. CONEJO

1.1 El ARNm de ZP1 al igual que el de ZP2, ZP3 y ZP4 se encuentran
presentes en el ovario de la coneja. E1 ADNc correspondiente a ZP1 ha sido

amplificado, secuenciado y caracterizado.

1.2 El ARNm de ZP1 al igual que el de ZP2, ZP3 y ZP4 se expresa en el
ovario de la coneja, dando lugar a una proteina. Estos resultados se apoyan en la
deteccién de distintos péptidos pertenecientes a las cuatro glicoproteinas (ZP1,

ZP2, ZP3 y 7ZP4) mediante espectrometria de masas.

1.3 La ZP de coneja formada por 4 proteinas puede constituir un nuevo y
buen modelo experimental para el estudio de la funcién de las proteinas de la ZP

en un contexto de cuatro proteinas.



2. GATO

2.1 E1 ARNm de ZP1 al igual que el de ZP2, ZP3 y ZP4 se encuentran
presentes en el ovario del gato. El ADNc correspondiente a ZP1 ha sido

amplificado, secuenciado y caracterizado.

2.2 El ARNm de ZP1 al igual que el de ZP2, ZP3 y ZP4 se expresa en el
ovario del gato, dando lugar a una proteina. Estos resultados se apoyan en la
deteccién de distintos péptidos pertenecientes a las cuatro glicoproteinas (ZP1,

ZP2, ZP3 y ZP4) mediante espectrometria de masas.

2.3 La ZP de los diferentes felinos esta probablemente formada por 4
proteinas lo que implica la existencia en los carnivoros de una ZP formada por 3 o

4 proteinas.

3. ANALISIS FILOGENETICO DEL GEN ZP1 EN MAMIFEROS

3.1 Un analisis filogenético indica que la pseudogenizacién de la ZP1 ha
ocurrido al menos cuatro veces durante la evolucion de los mamiferos afectando a
las siguientes especies: el titi (Género Callithrix), el tarsero (Género 7Tarsius), el

perro (Género Canis), el delfin (Género 7ursiops) y el cerdo (Género Sus).
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9. ABREVIATURAS

ADNc: acido desoxirribonucleétido complementario
ADNg: ADN genémico

ARN: acido ribonucleico

BSA: albtimina sérica bovina

CCO: complejo cimulo-ovocito

dNTPs: desoxinucleétidos trifosfato

EDTA: acido etildiaminotetraacético

DTT: ditiotreitol

FIV: fecundacion in vitro

GC: granulos corticales

VG: vesicula germinal

hCG: gonadotropina coriénica humana

HIS: hibridaciéon in situ

HTF: human tubal fluid

HPLC: cromatografia liquida de alta presién
kDa: kilodalton

KO: knock out

m/z: relacién masa/carga



MS: espectrometria de masas

Ma: millones de afios

PB: tampoén fosfato

PBS: tampén fosfato salino

PCR: reaccion en cadena de la polimerasa

PMSG: gonadotropina sérica de yegua gestante

RA: reaccién acrosémica

rpm: revoluciones por minuto

RT-PCR: reaccién en cadena de la polimerasa a partir de ADNc
RT-gqPCR: PCR en tiempo real

SDS-PAGE: electroforesis en gel de poliacrilamida con dodecilsulfato sédico
SDS: dodecilsulfato sédico

TAE: tris acetato EDTA

TFA: acido trifluoroacético

Tm: temperatura de fusién o de melting

UI: unidades internacionales

ZP: zona peltcida
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