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5 ARTICLEINFO ABSTRACT
2T Article history: The zona pellucida (ZP) participates in sperm-egg interactions during the first steps of
28  Received 12 March 2012 fertilization. Recent studies have shown that the ZP matrix of oocytes in several species is
29 Accepted 16 July 2012 composed of four glycoproteins, designated as ZP1, ZP2, ZP3 and ZP4, rather than the three
20 described in mouse, pig and cow. In this study, investigations were carried out to unveil a
35  Keywords: fourth glycoprotein in the rabbit (Oryctolagus cuniculus) ZP. Using total RNA isolated from Q4
38 Zona pellucida rabbit ovaries, the complementary deoxyribonucleic acid (cDNA) encoding rabbit ZP1 was
39  Rabbit amplified by reverse transcribed polymerase chain reaction (RT-PCR). The ZP1 cDNA
28 Oocyte contains an open reading frame of 1825 nucleotides encoding a polypeptide of 608 amino
29  Fertilization acid residues. The deduced amino acid sequence of rabbit ZP1 showed high identity with
30  Sperm-egg interaction other species: 70% identity with human and horse ZP1, and 67% identity with mouse and rat
31 ZP1. At the proteomic level, peptides corresponding to the four proteins were detected by
32 mass spectrometry. In addition, a molecular phylogenetic analysis of ZP1 showed that
33 pseudogenization of this gene has occurred at least four times during the evolution of
34 mammals. The data presented in this manuscript provide evidence, for the first time, that
35 the rabbit ZP is composed of four glycoproteins.
468 © 2012 Published by Elsevier B.V.
45
Q54 1. Introduction These coats are the cumulus oophorus and the zona pellucida 50
(ZP). The ZP has been related with species-specific gamete 51
48 During the in vivo fertilization process, sperm interact with recognition, the sperm acrosome reaction, the control of 52
49  the extracellular coats that surround the mammalian oocyte. polyspermy and protection of the oviductal embryo [1-3]. 53
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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 ZPD [4]. 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 6 [5,4]. Phylogenetic studies and the finding of
different pseudogenes suggest that the evolution of ZP genes is
mainly produced by duplications and death of genes [6,4].

Early studies in mouse demonstrated that the ZP is formed
of only three glycoproteins: ZP1, ZP2 and ZP3 [7]. Later, the
presence of three glycoproteins was demonstrated in other
species like pig [8] and cow [9]. 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 [10,11], rat [12]
and hamster [13,14] and phylogenetic analysis has detected
four genes in other species like chimpanzee and macaque [15].

Therefore, mammals could be classified into three cate-
gories according to their ZP composition. 1) Species with a ZP
formed by ZP1, ZP2 and ZP3 (to date, includes only the
mouse); 2) species showing three proteins, where ZP1 is not
present (e.g. cow, dog and pig); and 3) species with four
proteins (ZP1, ZP2, ZP3 and ZP4) as, for example, human, rat
and hamster.

The confusing results obtained in different studies on
the ZP composition in some species is 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-PAGE [16,14].
These facts make the purification of these proteins very
difficult and, subsequently, accurate analysis is also diffi-
cult. Moreover, the general acceptation of mouse zona
pellucida model (with 3 proteins) made it 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 [11-13] and provided detailed information on
the carbohydrate composition of the ZP proteins in some species
[17-19].

In rabbit, characterization of the ZP by SDS-PAGE
suggested the presence of three glycoproteins, ZP2
[20,21], ZP3 [22] and ZP4 [23,24], which migrate as one
band with an apparent molecular mass of 85-95 kDa [23].
These proteins (ZP2 [20], ZP3 [22] and ZP4 [25]) were
detected by molecular biology approaches and are depos-
ited in the GenBank database (GenBank accession num-
bers: 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.

2. Material and methods

2.1. Collection of rabbit (Oryctolagus cuniculus) ovaries
12 week-old New Zealand California white rabbits were used
to obtain ovarian RNA (n=3). The rabbits were injected with
251U of pregnant mare serum gonadotropin (PMSG) to
stimulate folliculogenesis and were sacrificed 48 h later by
overdose of CO,. 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.

2.2. Collection of rabbit (O. cuniculus) oocytes and obtention
of the zona pellucida

Ovaries were obtained from 18 week-old animals (n=12)
killed with an overdose of CO, and subjected to laparotomy.
Cumulus-oocyte complexes (COCs) were obtained by aspira-
tion with a 2 mL syringe and a 25 gauge needle from
ovarian follicles, <1 mm in size, as previously described
[26]. 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.

2.3. Purification of rabbit ovarian RNA, obtention of cONA
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 in-
structions. The first-strand ¢cDNA was synthesized from
total RNA with the SuperScript First-Strand Synthesis
System kit for RT-PCR (Invitrogen-Life Technologies, Carls-
bad, CA, USA), according to the manufacturer’s protocol.
Rabbit ZP1 was amplified using polymerase chain reaction
(PCR) by means of specific primers (Table 1) designed
according to the predicted cDNA sequence obtained from

Table 1 - Primers used in amplification of rabbit ZP1.

Primers Forward Reverse Amplified
(position in region (pb)
sequence)
Fwl and Rvl at gac tgg ggg tcg ctc ctg ggg cag 651
cct ggt (1) atg get acc tac
Fw2 and Rv2 ggt gga acg ctg gga gaa gat gga cgc 522
agt gg (594) ctg gat gg
Fw3 and Rv3 tct tca atg cca gcg  ctca ggc cca caa 746
act tc (1079) aga cac ca
Fw4 and Rv4 aga ctt gct catcta  tta ttg agc ctg 314
cgt gt (1571) gtc ggt ga
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genomic sequences in the ENSEMBL server (ensemble acces-
sion number: ENSOCUG00000015673).

PCR amplifications were performed using 3 pL of target
cDNA, 0.5 pg of each primer, 200 pM of each dNTP 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
was mixed with loading buffer and separated for 90 min at
100 V before visualizing 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 manufacturer’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/clustalwy).

The amino acid sequences were analyzed with the
following software packages: “SignalP” [28] to predict putative
signal sequence and cleavage sites, and “NetOGlyc” [29] 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 mate-
rial 1).
2.4. 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 material 2). All
these predictions were checked manually to detect annota-
tion errors especially those that are 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 SeaView [31] and the alignment was
refined visually. Only the exonic portions were kept for the
phylogenetic analysis. Phylogenetic trees were reconstructed
using maximum likelihood with PhyML [32] and the robust-
ness 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 software [33].

3. Proteomic analysis

3.1.
staining

Solubilization of rabbit ZP, SDS-PAGE and silver

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
[13,14].

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 pL of 35% formaldehyde
solution, to visualize the protein bands. The proteins were
immobilized by incubating for 5 min in a 5% acetic acid
solution.

3.2. 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 p-wellplate
autosampler and a capillary pump, and connected to an
Agilent Ion-Trap XCT Plus mass spectrometer (Agilent Tech-
nologies, 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 pL of
25 mM ammonium bicarbonate buffer pH 8.5 with 50 mM tris
(2-carboxyethyl) phosphine at 60 °C for 10 min. After remov-
ing 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 temper-
ature 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
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evaporator, and then incubated with 25 mM ammonium
bicarbonate buffer pH 8.5 containing 0.3 pg of proteomic
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 pL 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 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. After that,
samples were alkylated by adding 100 mM iodoacetamide
and then left to stand for 1 h at room temperature in the dark.
Finally, 0.3 ug 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% TFA and the samples were dried using a vacuum
evaporator.

The tryptic digestions were separated and analyzed by HPLG-
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 pm, 150x0.5 mm, Agilent
Technologies, Santa Clara, CA), thermostatted 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 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 Data Analysis pro-
gram 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 taglength>1; [MH]* 50-7000 m/z; maximum charge +7;
minimum signal-to-noise (S/N) ratio 25; finding '°C 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 consid-
ered 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.

4, Results and discussion

4.1.  Analysis of rabbit ZP1 cDNA and amino acid
sequences

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 studies [20,22,25]. Moreover,
amplifications of a fragment corresponding with each gene
(zP2, ZP3 and ZP4) were made to confirm the 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 initiation :

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 positions 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 GIn21 was predicted with the Bendtsen et al.
algorithm [34].

The ZP protein possesses the archetypal ‘ZP domain’,
a signature domain comprised of 272 amino acid residues
(*°GIn-Gly>*°) rich in Cys residues (ten). Upstream of the ZP

M (bp)

7P1

7p2 7P3 7P4
1000

800
700

500

400

300

Fig. 1 - Analysis of ZP1, ZP2, ZP3 and ZP4 gene expression in
rabbit ovary by RT-PCR. The primers used are in Table 1 (Fw1
and Rv1 for ZP1, ZP2, ZP3 and ZP4).

Please cite this article as: Stetson I, et al, Rabbit zona pellucida composition: A molecular, proteomic and phylogenetic
approach, ] Prot (2012), http://dx.doi.org/10.1016/j.jprot.2012.07.027

328
329
330
331
332
333
334
335

336

338
339

340
341
342
343
344
345
346
347Q14
348
349
350
351

358
359
360
361
362
363
364
365


http://dx.doi.org/10.1016/j.jprot.2012.07.027
Original text:
Inserted Text
"proteomics "

Original text:
Inserted Text
"proteomics "

Original text:
Inserted Text
"were"

Original text:
Inserted Text
"analysed "

Original text:
Inserted Text
"in"

Original text:
Inserted Text
"sec"

Original text:
Inserted Text
"o "

Original text:
Inserted Text
"that"

Original text:
Inserted Text
"iniation "

Original text:
Inserted Text
"position "


JOURNAL OF PROTEOMICS XX (2012) XXX-XXX 5

1 atgactgggggtcgcctggtggccctactactgctggtggecggectececctggggetgggt
1 M T 66 G R L VA L L L L V A A S L G L G
61 cagcagccacaccctgagcccggceccteccaggecteccagtacagectatgactgtgggatyg
22 0O Q P H P E P G L P G L Q Y S Y D C G M
121 cggggcatgcaactggtggtgctccccaggccgggeccggactatcecgtttcaaggtggtyg
4T R G M 0 L V V. L P R P G R T I R F K V V
181 gatgaattcgggaaccggtttgaggtgaacaactgttccatctgcttceccactgggtcage
6l D E F G N R F E V N N C S I C F H W V 8
241 gccgagccccaggcgcecccgecgtettectectgetgattacaaaggectgceccacgtgetggag
81 A E P Q A P AV F S A D Y K G C H V L E
301 aaggaggggcattcccacctgacggtgttcatagaagcaatgctgecctgatggtcacgtyg
101 XK B G H S H L T Vv F I E A M L P D G H V
361 gaggtcgcacaggaggcggttctgatctgtcccaaacctggeccacacctgggeecgtgggt
21, £ V A Q E AV L I C P K P G H T W A V G
421 tcccaccaggtgccccccaccacgceccctcgectaccacccceccatgectetececttecac
141 s H ¢ v p P T T P S P T T P H A L P F H
481 ctctcctcagcccacaccttccccatecctectgtacctggagcacagectcatgetcecca
1l L. S S A H T F P I P L Y L E H S L M L P
541 acccctgctgggccctcecctgggacctggeccccacceccgecgtgetggetcaggtggaa
181 T Pp A G P S L G P G P T P A V L A Q V E
601 cgctgggaagtggacaagccggatgccgtaggtageccatctgecccaggagtggtgecag
2000 R W E Vv D K P D A V G S H L P Q E W C Q
661 gtggcctctgggcacatcccctgcatagtgcaaagcagctccaaggaggectgtgagecag
221 VvV A S G H I P C I V QQ S S S K E A C E 0
721 gccggctgttgctatgacagtgccagggaggtgccctgcectactatggcaacacagecact
241 A G C C Y D S A R E V P C Y Y G N T A T
781 gtccagtgcttccgaaacggctacttcatcttggttgttgeccaagaaatggceccttggea
261 V. Q ¢C F R N G Y ¥ I L V V A Q E M A L A
841 cacagaatcacgctggccaacgtccacctggcctatgccececcacgegetgececececggec
28l H R I T L AN V H L A Y A P T R C P P A
901 cagaagaccagtgcttttgtcatcttccacgtccccctcacccactgecggcaccacagtt
301 9 K T $ A F V I F H VvV P L T H C G T T V
961 caggtgctggggagccagctcttctacgagaaccagectggtgtctgacatcgatgtecgg
32, Q VvV L 6 S Q L F Y E N Q L Vv S D I D V R
1021 gaggggccgcagggttccatcacacgggacagctcctteccggettetegtecgetgtate
341 8 G P Q G S I T R D S S F R L L V R C I
1081 ttcaatgccagcgacttcctgcccatccaggegtccatcttctcaccteccactgectgece
361 F N A S D F L P I Q A S I F S P P L P A
1141 cctgtaactcaggctggccccctgecgectggagectacggattgeccagggatgagactttt
381 p v T Q A G P L R L E L R I A R D E T F
1201 agctccttctatgaggaggaggactaccccctcgtgaggectgectccgagaaccggtacac
401 s s F Y E E E D Y P L V R L L R E P V H
1261 gtggaggtccggctgctgcagaggacagaccccagtctggtgetggagetgcaccagtge
421 v E VvV R L L @ R T D P S L V L E L H Q C
1321 tgggccactcccagtgccaaccccgtccagcagecccagtggeccctectgtcagacggg
441 W A T P S A N P V Q Q P Q W P L L S D G
1381 tgtcctttcaagggcgacagctacagaacccgagtgctagecttggaccgggcagagetg
461 C P F K G D S Y R T R V L A L D R A E L
1441 cccttccggtctcattaccagegtttcacggttgecaccttcaccttecctggactecggge
481 P F R S H Y Q R F T V A T F T F L D S G
1501 gctcagcgagccctcaggggactggtttacttcttcectgcagegectcagectgeccacect
501 A Q R AL R G L VY F F C S A S A C H P
1561 tcagggccagagacttgctcatctacgtgtagctccaggactgccaaacgccgacgatcce
527, s G P E T C s s T C s S R T A K R R R S
1621 tcaggttaccatgacggcacccccagggccctggacatcecgtgagttcectccagggecagtyg
541 s G Y H D G T P R A L D I V s S P G P V
1681 ggcttccaggattctcacaggcaggagcccacactggagtccacaggctccggcaggaac
561 G F 0 b S H R QE P T L E S T G S G R N
1741 tccaacccgaagcctctgctctgggtggtccttctgctgctggccattgctcttgtcctg

581 S N P K P I , WV L L , A I A VA
1801 gqgattggtgtctttgtgqgcctgagccaggcctgggcccacaagctccggqaaggccac
601 G I G V v ¢ L S Q A W A H K L R E G H

1861 aggctcaccgaccaggctcaataa
621 R L T D Q A Q *

Fig. 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 is shown in blue. The consensus furin
cleavage-site is underlined. The transmembrane domain is in orange. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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domain, a trefoil domain contains 45 residues (**’Glu-Thr?®°).
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 (** Arg-Arg-Arg-Ser>*°) upstream of
the TMD may serve as a consensus furin cleavage site [35-37].

Taking into account the presence of a signal peptide and
that the putative cutting site is Arg538, as observed for mouse
and rat ZP1 [36,37], 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 ZPl. The similarity with mammalian ZP1, the
presence of the same domains and the conservation of the
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CHIMPANZEE HLSQERCQVASGHLPCIVRRTSKEACQQAGCCYDNTREVPCYYGNTATVQCFRDGYFVLV 289
HORSE HLAQEQCQVASGRIPCRVSGSSREACQQAGCCYDNTREVPCYYGNTATVQCFRNGHFILV 337
RABBIT HLPQEWCQVASGHIPCIVQSSSKEACEQAGCCYDSAREVPCYYGNTATVQCFRNGYFILV 272
MOUSE HLPQERCQVASGHIPCMVNGSSKETCQQAGCCYDSTKEEPCYYGNTVTLQCFKSGYFTLV 281
MACAQUE 196

DWCDS--IPARDRLPCAPSPISRGDCEGLGCCYSS--ENSCYYGNTVTLRCTREGHFSIA

* . e kk * - * . * Kk Kk Kk * kkkkkk Kook o kek

Fig. 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-glycosylation sites
are in pink. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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HUMAN VSQEMALTHRITLANIHLAYAP-TSCSPTQHTEAFVVEYFPLTHCGTTMQVAGDQLIYEN 348
CHIMPANZEE VSQEMALTHRITLANIHLAYAP-TSCSPTQHMEAFVVFYFPLTHCGTTMQVAGDQLIYEN 348
HORSE VSQETASAHSFTLANVRLAYAP-TGCSPTQETGSFALFQFPLTHCGTTVQVVGNRLIYEN 396
RABBIT VAQEMALAHRITLANVHLAYAP-TRCPPAQKTSAFVIFHVPLTHCGTTVQVLGSQLFYEN 331
MOUSE MSQETALTHGVLLDNVHLAYAP-NGCPPTQKTSAFVVFHVPLTLCGTAIQVVGEQLIYEN 340
MACAQUE VSRNVVSPP-LLLDSVRLALRNDSACNPVMATQAFVLFHFPFTSCGTTRRITGDRAVYEN 255
* .::** % * * :*_:* 'k * *** 2 *-: 'k'k'k
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CHIMPANZEE WLVSGIHIQKGPQGSITRDSTFQLHVRCVEFNAS-DFLPIQASIFPPPSPAPMTQPGPLRL 407
HORSE QLVSDMDVRRGPQGSITREGTFRLHMHCIFNAS-DFLPLOASIFPPPSPAAVTQSGPLRL 455
RABBIT QLVSDIDVREGPQGSITRDSSFRLLVRCIFNAS-DFLPIQASIFSPPLPAPVTQAGPLRL 390
MOUSE QLVSDIDVQKGPQGSITRDSAFRLHVRCIFNAS-DFLPIQASIFSPQPPAPVTQSGPLRL 399
MACAQUE ELVATRDVKNGSRGSVTRDSIFRLHVSCSYSVSSNSLPIKVQVFTLPPPFPETQPGPLTL 315
it st dtakar R R ERR ., TR I8 ¥ LR T faa TG Eoa EREXE X
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HORSE ELRIAKDVTYGSYYGEGDYPIVRLLREPVPVEVRLLORTDPSLVLVLHQCWATPSANPVQ 515
RABBIT ELRIARDETFSSFYEEEDYPLVRLLREPVHVEVRLLORTDPSLVLELHQCWATPSANPVQ 450
MOUSE ELRIATDKTFSSYYQGSDYPLVRLLREPVYVEVRLLORTDPSLVLVLHQCWATPTTSPFE 459
MACAQUE ELQIAKDKNYGSYYGVGDYPVVKLLRDPIYVEVSILHRTDPSLGLLLHQCWATPSTDPLS 375
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HORSE QPOWPILWDGCPFDGDSYRTRLVALDGAEL-PFPSHYQRFTVATFVLLD-SGSQRALRGP 573
RABBIT QPOWPLLSDGCPFKGDSYRTRVLALDRAEL-PFRSHYQRFTVATFTFLD-SGAQRALRGL 508
MOUSE QPOWPILSDGCPFKGDNYRTQVVAADREAL-PFWSHYQRFTITTFMLLD-SSSQNALRGQ 517
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Fig. 3 (continued).

Cys (Fig. 3) strongly suggest that the amplified ORF corresponds
to rabbit ZP1. B

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 in horse, human, mouse and rat
ZP1; however, an additional N-glycosylation site, Asn49, is
presentin the mouse and rat species [36,37] and is lacking in
horse, human and rabbit ZP1 (Fig. 4 and Supplementary
material 3).

4.2.  Mass spectrometry of rabbit ZP glycoproteins
Following amplification of ZP1 ORF, the next step was to

confirm the 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 2
and Fig. 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 differs from those
of previous studies performed in other speéies.

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 (x50%) might indicate the
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Rabbit ZP1

ik
61
121
181
241
301
361
421
481
541
601

MTGGRLVALL
DEFGNRFEVN
EVAQEAVLIC
TPAGPSLGPG
AGCCYDSARE
QKTSAFVIFH
FNASDFLPIQ
VEVRLLQRTD
PFRSHYQRFT

LLVAASLGLG
NCSICFHWVS
PKPGHTWAVG
PTPAVLAQVE
VPCYYGNTAT

QQPHPEPGLP
AEPQAPAVFS
SHQVPPTTPS
RWEVDKPDAV
VOCFRNGYFI

VPLTHCGTTV
ASIFSPPLPA
PSLVLELHQC
VATFTFLDSG

QVLGSQLFYE
PVTQAGPLRL
WATPSANPVQ
AQRALRGLVY

GLQYSYDCGM
ADYKGCHVLE
PTTPHALPFH
GSHLPQEWCQ
LVVAQEMALA
NQLVSDIDVR
ELRIARDETF

RGMOLVVLPR

PGRTIRFKVV

KEGHSHLTVF
LSSAHTFPIP
VASGHIPCIV
HRITLANVHL

IEAMLPDGHV
LYLEHSLMLP
QSSSKEACEQ
AYAPTRCPPA

EGPQGSITRD

SSFRLLVRCI

SSFYEEEDYP

LVRLLREPVH

QPQWPLLSDG
FFCSASACHP

CPFKGDSYRT

RVLALDRAEL

SGPETCSSTC

SSRTAKRRRS

SGYHDGTPRA

LDIVSSPGEV

GFQDSHRQEP

GIGVFVGLSQ

Rabbit ZP2
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721
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FPGTVTCNEN
AVHGGHQMS I

AWAHKLREGH
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EIMVEFPSYV

RLTDQAQ

FTFPYLSPPS
GTKTLHASVV

TLESTGSGRN

SSSACTWLFL
DPLGVEMLNC
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DOQLYISSLKL

TVINPECPCD
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SPASIVSGEL
NGCGTRHKFE

CTQDGFMDFE
DEKVIYENEV

MLLNANIKSL
NRNDPNIKLA

PPPVASVKPG
LDDCWATSSM

PLALSLOTYP
DPASLPKWSI

REFDVKTFAFV
VTASLPGFPIL

SEAQARSSLV

YFHCSALICN

VYTHQTKPAL
HALWENLPPS
DESYQQPYRV

NLDTLRVGSS

TEFNLELDTVS
SCQPVFKAQS

KISRDSEFRM

TVQCYYTRDD

NEYPIVKYLR

QPIYMEVRVL

VMDGCEYSLD
QHYPDSPLCS

NYQTNFHPVG
VTCPGSSRHR

SSVTYPEHYQ
RATGNTEEER

LLPNGSSFRG

VGDSKEHGMA

GDVTSKTMAA

VAAVAGVVAT

LGFISYLCKK

RTMMLSH

Rabbit ZP3

1
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241
301
361

MGLSYGLFVC
GTGKLTQEAD
LRTNRAEVPI

LLLWGGSELC
LSLGPEGCEP
ECRYPRQGNV

CPQPLWFWQG
QASTDAVVRF
SSRAILPTWV

GTRQPAPSVT

PVVVECLEAR

LVVTVSRDLF

EVGLHECGNS
PFWTTVLSEE

VOVTDDSLVY
RLVFSLRLME

TFHLGDTAHL
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PLLLEVDRCV
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DVLQFMVAVF

HFANDSRHTV

ATPTRDQSGSP YHTIVDLHG

SSFLAGNLST
ENWSREKMSP
CLVDGLSDGA

YITCHLRVIPA QQAPDRLNK

WAPVEGSADI
GDPAGTEGLA

Rabbit ZP4

a3

61
121
181
241
301
361
421
481

MAPGSTMWLL

VLVTWDNQGR

AAGONLVTKQ

CECCGNGDCD
SAAQATLVLG

GYIFLCFPVS
LHRLONDTDC
QLLKCPMHLP

LIAGSPMNQN
LRMATIVFLA

HAARSSLRSRR HVTEEADVT

ACSFNQSSSS
VGPLIFLGKA

VAAVVLGLTRG RHAASHPRS

PKPFALIKQE
GTRVGEGPGP
APDAGLCDSV

TPTDPGVLHC
SVVLEANYSS
PVQDRLPCAT

NACYYGNTVT
FPFTACGTTR

SHCTQEGHFS
QITGDRAIYE

IAVSRNVSSP
NELLATREVR

PLHLDSVHLV
TWSRGSITRD

RPWNFKFTIN

ASQ

FONQETGSSP

CYVTESEPYY
APISQEDCEE
FGNDSECQPV
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DMHVLTLPPP
DPYLGLRLHQ
FSISTFSFLD

LPETQPGPLT
CWATPRTNPL

VVLQIAKDKD
YQPQWPILVK

SSVAKEALKG

PIYLHCSVSV

YHSYYTMDDY

PVVKLLRDPI

VMLVGVEEVD
LGCCHSSEEV
VATRAFVLFL
YSISSSALPV
YVDVSILYRT

GCPYTGDNYQ
CQPTGTQSCT

TQLIPVQEAF
VTCPIDSRRR

DLPFPSHHQR
NSDINFQNST

ANISSKGPMI

LLOATEDPSE

KLHKHSGVPV

HPGALWVAGL

SGIFIIGALL

VSYVAIRTRR
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similar abundance of these two proteins. However, ZP4 seems
less abundant (=43%) and ZP1 may be the least abundant
protein in the 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 realize that this is indicative only given the
sequence differences and jonization 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 ZP3 [38] 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 respectively
[36]. 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, with ZP1
being the least abundant protein [11,12]. Future quantitative
proteomic analysis will be performed to ascertain the ZP
glycoprotein stoichiometry of the mature ZP.

4.21. ZpP1

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 ZP1 [36,37] (Supplementary
material 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 sites [36,37].

4.2.2. ZP2

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 was detected as
glycosylated peptides in mouse and rat [36,37A]. Other differences
in the degree of N-glycosylation in this protein between cow,
human, pig and rabbit can also be detected (Supplementary
material 3).

4.2.3. ZP3

A total of eighteen peptides from rabbit ZP3 could be convinc-
ingly identified 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 rat
[39,36,37] (Supplementary material 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 AR [40]. However,
more attention has been paid to O-glycans. In particular,
O-linked oligosaccharides in mice ZP3 have been analyzed in
depth, although there is a controversy about the exact role
played by O-glycans in this process [41-44]. Thirty-four poten-
tial 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 4

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 156-173
[39]. The Thr155 and Thr156 in mouse and human, respectively,
are glycosylated and have been suggested to play a role in

sperm binding [42]; 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. Identi-
fication in this study of the peptide (Aa 251-296) in rabbit ZP3
indicates that there is no a clustering because the first two Thrs
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.

4.2.4. ZP4

Twenty-three peptides were detected in ZP4 (43.5% coverage).
Forty-one O-glycosylation and two N-glycosylation (Asn478,
Asn42) 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
[12] and pig are also glycosylated (Supplementary material 3).

Different O-glycosylation sites were detected in the pig
and rat ZP4 [12]. 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 glycomic
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 [4]. 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

Fig. 4 — Rabbit ZP1, ZP2 (XP_002711880), ZP3 (NP_001182649), and 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. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Table 2 - Peptides identified by ;| 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.

Peptides Theoretical Sequence z m/z Number of | Score SPI
[M+H]* detections
ZP1

GMQLVVLPRPGRTIR* 1693.0059 42-56 3 565.16 2 3.36 75

GMQLVVLPRPGRTIRFKVVDEFGNR 2884.6096 42-66 3 967.62 7 5.71 53.2
EVPCYYGNTATVQGFR 1850.8206 250-265 2 983.42 2 10.57 83.8
ITLANVHLAYAPTRCPPAQK* 2164.1701 283-302 3 741.80 1 3.86 62.6
EGPQGSITRDSSFR 1536.7406 341-354 3 565.89 1 3.91 51.7
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 87.7
GDSYRTRVLALDRAELPFR 2235.1998 465-483 2 1028.34 1 3.61 54.8
GDSYRTRVLALDRAELPFRSHYQR 2906.5138 465-488 3 996.28 1 421 61.4
TRVLALDR 943.5689 470-477 1 943.04 1 5.20 54.3
SHYQRFTVATFTFLDSGAQRALR* 2672.3697 484-506 3 918.66 9 5.34 86.4
FTVATFTFLDSGAQR 1660.8335 489-503 2 831.27 1 6.60 77.3
ALRGLVYFFCSASACHPSGPETCSSTCSSR 3124.3749 504-533 3 1095.04 1 5.51 715
ALRGLVYFFCSASACHPSGPETCSSTCSSRTAK 3424.5546 504-536 3 1188.22 1 6.31 54.5
GLVYFFCSASACHPSGPETCSSTCSSR 2784.1526 507-533 3 982.78 8 5.63 59.6
GLVYFFCSASACHPSGPETCSSTCSSRTAKR 3240.4335 507-537 3 1137.15 1 5.11 59.6
GLVYFFCSASACHPSGPETCSSTCSSRTAKRR 3396.5346 507-538 3 1133.40 1 4.58 55.6
RSSGYHDGTPRALDIVSSPGPVGFQDSHR 3095.5047 539-567 3 1059.79 3 6.22 79.0
SSGYHDGTPR* 1076.4761 540-549 2 578.23 3 3.78 61.8
SSGYHDGTPRALDIVSSPGPVGFQDSHR* 2399.4036 540-567 3 980.36 1 3.59 86.9

ZP2

GKRLPWPSLTK 1282.7636 10-20 2 641.80 1 5.20 57.6
TLHASVVDPLGVEMLNCTYILDPEK* 2814.4058 84-108 3 973.15 17 10.24 63.2
TLHASVVDPLGVEMLNCTYILDPEKLTLR 2814.4058 84-112 3 1134.69 1 3.45 50.6
LTLRVPYKACTR 1420.8098 109-120 3 520.18 8 5.95 59.8
LTLRVPYKACTRAVHGGHQMSIR* 2594.3924 109-131 3 924.72 7 5.62 74.1
VPYKACTRAVHGGHQMSIR 2194.1014 113-131 3 750.36 1 5.62 54.8
VPYKACTRAVHGGHQMSIRVMNNSAALR 3067.5617 113-141 3 1074.28 2 5.13 54.6
ACTRAVHGGHQMSIR* 1623.7960 117-131 2 821.41 2 5.58 53.8
ACTRAVHGGHQMSIRVMNNSAALR* 2580.2822 117-141 3 919.09 8 4.97 54.7
AVHGGHQMSLRVMNNSAALR 2149.0871 121-141 3 743.70 2 5.11 65.2
HTDVEYQFFCPVEQTLEFSK 2504.1444 142-160 2 1252.16 1 16.57 94.0
SAACTKDFMSLSFPR 1660.7827 161-175 2 899.35 1 4.09 50.8
LSLVSPGQKMTFPSR 1647.8892 253-267 2 872.86 1 3.08 71.0
MTEPSRAICLSGPVTCNATHMTLTIPEFPGK 3320.6304 262-292 3 1145.56 1 5.13 53.5
AICLSGPVTCNATHMTLTIPEFPGK* 2601.8879 268-292 3 918.12 14 8.95 95.6
NITVSQLHDQGIDVEAINGLRLHFSK 2904.5332 302-327 3 995.05 1 3.90 525
LHFSKTVLKTKFSEK* 1793.0325 323-337 2 897.05 1 3.75 59.9
TVLKTKFSEKCLHDQLYISSLK 2581.4064 328-349 3 887.71 4 471 64.9
FSEKCLHDQLYISSLK 1910.9686 334-349 3 637.09 1 3.95 60.4
VGSSSCQPVFKAQSQGLVRFR 2281.1875 407-427 3 814.33 1 4.27 61.6
VGSSSCQPVFKAQSQGLVRFRIPLNGCGTRHK 3457.8061 407-438 6 599.62 1 4.40 548
AQSQGLVRFRIPLNGCGtRHKFEDEK 2986.5433 418-443 3 1022.77 1 3.16 57.3
FRIPLNGCGTRHKFEDEK 2147.0820 426-443 3 762.16 1 5.39 67.9
DSEFRMTVQCYYTR 1798.7892 465-478 3 654.00 1 3.51 70.0
DSEFRMTVQCYYTRDDMLLNANIK 2926.3538 465-488 3 999.96 1 4.97 67.7
MTVQCYYTRDDMLLNANIK 2292.0826 470-488 3 820.47 1 5.87 51.8
VNEYPIVK 961.5358 520-527 1 961.32 1 3.97 81.0
VNEYPIVKYLRQPITYMEVR 2410.2957 520-538 3 836.52 1 4.48 80.0
YLRQPIYMEVRVLNRNDPNIK 2631.4193 528-548 3 930.48 2 3.27 69.3
QPIYMEVRVLNRNDPNIK* 2199.1708 531-548 3 733.72 2 5.83 57.5
NDPNIKLALDDCWATSSMDPASLPK* 2702.2806 543-567 3 933.83 13 6.56 524
LALDDCWATSSMDPASLPK 2020.9360 549-567 2 1039.91 1 4.28 51.2
SSLVYFHCSALICNQHYPDSPLCSVTCPGSSRHRR 3920.8205 617-651 6 677.37 1 4.78 60.7
VTASLPGPILLLPNGSSFRGVGDSK 24823669 661-685 3 827.92 1 3.55 75.8
GVGDSKEHGMAGDVTSK* 1674.7757 680-696 2 917.15 3 6.01 71.5
EHGMAGDVTSKTMAAVAAVAGVVATLGFISYLCKK 3496.8006 686-720 3 1199.02 3 5.12 56.5
EHGMAGDVTSKTMAAVAAVAGVVATLGFISYLCKKRTMMLSH 43532054 686-727 5 906.90 4 6.47 60.7
EHGMAGDVTSK* 1131.5104 686-696 2 606.24 1 419 63.3
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Table 2 (continued)

QPAPSVTPVVVECLEARLVVTVSR 2549.4125 34-57 3 877.52 1 3.44 61.3
QPAPSVTPVVVECLEARLVVTVSRDLFGTGK 3267.7775 34-64 3 1104.02 1 3.94 94.1
LVVTVSR 773.4885 51-57 1 773.55 5 4.90 53.7
DLFGTGK* 737.3834 58-64 1 737.60 12 9.53 74.9
TNRAEVPIECRYPRQGNVSSR* 24322217 123-143 3 856.27 1 3.16 50.5
QGNVSSRAILPTWVPFWTTVLSEER* 2837.4950 137-161 3 984.42 3 4.62 60.5
AILPTWVPFWTTVLSEERLVFSLR 2860.5765 144-167 3 980.71 1 6.18 78.2
MSPTFHLGDTAHLQAEVRTGSHPPLLLFVDR 3442.7694 178-208 3 1175.04 1 4.69 50.3
DQSGSPYHTIVDLHGCLVDGLSDGASK* 2771.2946 216-242 3 943.90 18 13.38 74.1
FKAPRPKPDVLQFMVAVFHFANDSR* 2917.5299 243-267 3 973.10 1 3.01 59.4
APRPKPDVLQFMVAVFHFANDSR* 2642.3666 245-267 3 881.35 6 5.21 55.5
HTVYITCHLR* 1242.6417 268-277 2 650.33 1 411 72.7
HTVYITCHLRVIPAQQAPDRLNK* 2673.4411 268-290 3 918.57 1 6.11 75.1
SSLRSRRHVTEEADVTVGPLIFLGK* 2767.5219 335-359 3 923.12 4 5.42 68.5
SRRHVTEEADVTVGPLIFLGK 2324.2726 339-359 3 827.93 1 3.29 57.9
RHVTEEADVTVGPLIFLGK* 2081.1395 340-359 3 721.25 1 4.03 71.6
MATIVFLAVAAVVLGLTR* 1845.1036 383-399 2 970.90 2 4.80 68.5
MATIVFLAVAAVVLGLTRGRHAASHPR* 2814.6041 383-408 3 970.87 4 5.51 57.1
FTINFQNQETGSSPVLVTWDNQGR* 2738.3174 47-70 3 966.51 2 5.59 58.1
QQLLKCPMHLPAPDAGLCDSVPVQDR 2831.4006 130-155 3 984.75 5 5.31 84.5
CPMHLPAPDAGLCDSVPVQDR 2221.0204 135-155 3 778.71 1 4.65 73.9
AFVLFLFPFTACGTTR 1847.9518 235-250 2 924.46 4 16.01 91.8
QITGDRAIYENELLATR* 1963.0249 251-264 3 648.94 2 6.95 65.7
QITGDRAIYENELLATREVR 2347.2370 251-270 3 836.85 3 4.86 75.9
QITGDRAIYENELLATREVRTWSR* 2877.4971 251-274 3 987.25 2 3.49 61.2
AIYENELLATR 1292.6850 257-267 2 648.04 6 18.30 97.5
ATYENELLATREVRTWSRGSITR* 2721.4436 257-279 3 960.92 3 4.00 55.6
EVRTWSRGSITRDSIFR* 2066.0895 268-284 3 741.91 4 4.96 78.3
TWSRGSITRDSIFR* 1681.8774 271-284 2 921.26 1 3.49 67.7
DSIFR 637.3309 280-284 1 637.93 5 6.85 89.2
DKDYHSYYTMDDYPVVK 2138.9381 328-344 3 739.56 2 4.85 87.0
DKDYHSYYTMDDYPVVKLLR* 2521.2073 328-347 3 841.06 1 3.30 51.6
DYHSYYTMDDYPVVK 1895.8162 330-344 3 632.41 1 3.68 79.7
LLRDPIYVDVSILYR* 1835.0431 345-359 2 918.96 3 14.09 90.6
LLRDPIYVDVSILYRTDPYLGLR* 2750.5245 345-367 3 970.47 5 6.12 56.7
TNPLYQPQWPILVK 1696.9427 377-390 2 848.13 2 11.44 74.5
FSISTFSFLDSSVAK 1635.8270 421-435 2 818.34 3 12.47 79.6
EALKGPIYLHCSVSVCQPTGTQSCTVTCPIDSR 3493.6588 436-468 3 1191.29 1 3.82 84.7
RNSDINFQNSTANISSK 1895.9211 470-486 2 1028.34 1 3.40 58.5
NSDINFQNSTANISSK* 1739.8200 471-486 2 950.03 2 433 85.6
GPMILLQATEDPSEK* 1628.8205 487-501 2 895.71 1 3.68 93.7

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 material 4).
Second, ZP biogenesis in rabbit is similar to primates including
human [45-50]. In human and rabbit ovarian follicles, oocytes
and granulosa cells contribute to the formation of the ZP [45,46];
however, in hamster, mice and rat the ZP is only formed by the
oocytes [51-57]. Third, these animals are used for human
consumption in numerous countries, and so large amounts of
rabbit ovaries are available in the slaughterhAouses and could
contribute to reducing the number of animal sacrifices neces-
sary for research purposes.

4.2.5. ZP1 phylogeny
It was previously reported using in silico approaches that ZP
genes have been gradually lost during the evolution of

vertebrates [4]. Thus, in several mammals the ZP1, ZPB/ZP4, 5

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 species [4]. 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.

fAdditionally, 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),
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as already mentioned by Goudet et al.; and new ones in the
genome of Sus (chromosome 2), Callithrix (chromosome 11),
and Spermophilus (scaffold_129656) (Supplementary material
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 in addition to Canis and Bos [4]:
Callithrix, Tarsius and two other cetartiodactyls: Sus and
Tursiops (Fig. 5).

The phylogenetic tree reconstructed with PhyML with the
GTR+I+G model of sequence evolution is presented in Fig. 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 subfam-
ily, were formed by gene duplication. Previous phylogenetic
studies indicated that they share a common ancestral gene
[4,5,58].

Gene duplication is possible in 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) and c) one gene

degenerates to a pseudogene by accumulation of mutations
and the other maintains 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(i)-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 [59].

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 [60,61]. In
human, ZP1 has been related with the induction of the AR
[62,63]. However, ZP4 seems to be implicated more directly in
the fertilization process in numerous mammal species
[64-67]. Thus, in human, it was reported that ZP4 is involved

A) Tursiops
DE F GNIRUFDV NN NT CS I C Y 16
Homo G ATGAATTTGGGAACCGATTTGATGTCAACAACTGCTCCATCTGCTAC 48
ECCUUCEEEE T 0 T T T
Tursiops ? ATGAATTTGGGAACCCGTCTGAGGTGAACAGCTGCTCCATCTGTCAT 47
E F G N P S EV NS C s I CH 15
H W vV T $S R P Q E P A V F S8 A D 32
Homo CACTGGGTCACCTCCAGGCCGCAGGAGCCTGCAGTCTTCTCGGCCGAT 96
R IRINRE
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
NIRRT
Tursiops TACARAGACTGTCATGTGCTGGAGAAG 122
Y K D C H V L E K 40
B) Callithrix
F G N R F DV N N C S I C Y 16
Homo G ATGAATTTGGGAACCGATTTGATGTCAACAACTGCTCCATCTGCTAC 48
RN
Callithrix ? ATGAATTTGGGAACTGATTTGATGTGAACAACTGCCCCATCTGCTAC 47
E F G N #* F D V N N C P I C Y 15
H WV TS R P Q E P A V F S A D 32
Homo CACTGGGTCACCTCCAGGCCGCAGGAGCCTGCAGTCTTCTCGGCCGAT 96
IR e
Callithrix CAGTGGGTCACCTCCAGGCCTCAGGAGCCTGCAGTCTTCTCGGCTGAT 95
Q W Vv T S R P Q E P A V F S A D 31
Y R G C H V L E K 41
Homo TACAGAGGCTGCCACGTGCTGGAGAAG 123
FETTLLEEET et rrrrrenl
Callithrix TACAGAGGCTGCCACGTGCTGGAGAAG 122

Y R G C H V L E K 40

Fig. 5 - Illustration of the presence of stop codon in the different sequences of the putative pseudogenes. 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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C) Tarsius
D GR F HL RV FMEA AV L P NG R V D 20
Homo GATGGGCGTTTCCACCTGAGGGTGTTCATGGAGGCTGTGCTGCCCAATGGTCGTGTGGAT 60

Frrrrrrr e e e vt (AR AN (A RN
Tarsius GGTGGGCGTTTCCACCTGAGGATGTTCGTGGAGAGCATGCAGCCCGACCATCAGGTGGAT 60
G GRF HLRMT FV E S M QP DH Q V D 20

v AAQ D A TUL I C P XK P D P S R T L D S 40
Homo CAGGCACAAGACGCTACTCTGATCTGTCCCARACCTGACCCCTCCCGGACTCTGGACTCC 120

fererer eee b rrerre rr rrrrrerrerrrrrer el [NEERRERN
Tarsius TAGGCACAGGACACCGCTCTGACCTATCCCAAACCTGACCCCACCTGGGTCCCGGACTCC 120

v AAQ D T AL T Y P K P D P T W V P D S 40

Q L A P PAMVF SV S5 TUPQTTUL S F L P 60
Homo CAGCTGGCACCACCCGCCATGTTCTCTGTCTCAACCCCACAAACCCTTTCCTTCCTCCCC 180

Lt et rl [ A A [NEEE I
Tarsius TACCCGGCACCACCCACCGAGTTCTCACTCTCTGCCCCTAATAGC---TCTTTCTCCCCC 177

Yy P A P P TEVF S L S A P N S S F S P 59

T S G H T 58 Q G S GH A F P S P L D P G 80
Homo ACCTCTGGCCATACCTCCCAAGGCTCTGGCCATGCCTTTCCCAGCCCACTGGACCCAGGG 240

FErereeer el [ T T T T I O O
Tarsius TCCTCCGGCCACGCCCCCG--GGGCCCAGCCACGCCCTGCTCAGCCCTCTGGACAAAGAG 235

S S G H A P G A Q P R P A Q P S G O R 78

H S s VvV HPTPATLZPSU®PG?PG P T L A 100
Homo CACAGCTCTGTCCACCCAACCCCTGCTTTACCATCCCCTGGACCTGGACCTACCCTCGCC 300

FEEEreere reeeereer ol R N A RN R N R A |
Tarsius CACAGCTCTATCCACCCAAGCGCTTCCTCTTCCTCCTCCAGACTTGGGCCTGCCCACCCC 295

A QLY PP KRTFTULTFTULILUGQTWHATCTP PP 98

T L A Q P H W G T L E H W D V N K R D Y 120
Homo ACCCTGGCTCAACCCCACTGGGGCACCTTGGAACACTGGGATGTGAACARACGAGATTAC 360

Ferrrerrerrer e e rerrererrrrr rr reeeer ek re rer el
Tarsius ACCCTGGCTCAACTCCTCGGGGGCACCTTGGGACCCTGGGAAGTGGACGAACCAGGTTCT 355

H P G S TP RGHULGTULG S G RTR F 118

I G T HL S QEQ@CQVASGHTLP C I 140
Homo ATAGGTACCCACCTGAGCCAGGAGCAGTGCCAGGTGGCCTCAGGGCACCTCCCCTGCATC 420

CEEEEErer erre vereer reerrer cerrrerre verr b rrrrr e
Tarsius TTAGGTACCCATCTGACCCAGGAACAGTGCCGGGTGGCCTCCGGGCCCATCCCCTGCATC 375

FRYPSDZPGTV PG G LRAHTPIL H 138

vV R R T S K EAC Q¢ QA G CCY DN T R 160

Homo GTGAGAAGAACTTCAAAAGAAGCCTGTCAGCAGGCTGGCTGCTGCTATGACAACACCAGA 480
Feer Ferr e rrrerrrerrrerrr rerrrrrrrrrrrrrer rrel

Tarsius ATGAGTGG---CCCAAAGGAGTCCTGTCAGCAGGCTGACTGCTGCTATGACAACATCAGA 432

H E W P K 6 vV.L 8 A G * L L L * Q H Q 157

E V P C Y Y G N T 169
Homo GAGGTTCCCTGTTACTATGGCAACACAG 508

FEEEEEErrrr rr rrerrerrereed
Tarsius GAGGTTCCCTGCTATTATGGCAACACAG 460

R GG s L L L W Q H 166

D) Sus
D G R F H L RV FMEAUV L P NG R V D 20

Homo GATGGGECGTTTCCACCTGAGGGTGTTCATGGAGGCTGTGCTGCCCAATGGTCGTGTGGAT 60
1 |1 [ | I [N |

Sus AATCAGCAGCCGAGCCAGCAGAAAGCCA-GGAAG---TGGAGTTCC-TGTT-GCGGCTCA 55
N Q@ 9 P S Q@ Q K A R K W S s G CcC G S 18

vV A Q DATIL I CU©PEKUPDU?P S8 R T L D 8§ 40
Homo GTGGCACAAGACGCTACTCTGATCTGTCCCAAACCTGACCCCTCCCGGACTCTGGACTCC 120
I el Peeerr rerreerrerr rorr el Ll
Sus GCAGATGAAGAACCT----- CATCTGTGGCAAACCTGACCACACCTGGACCTGACACTAC 110
A D E E P H L W T * P HL DL T L 36

g LA PPAMV FSV STU?POQTTUL S F L P 60
Homo CAGCTGGCACCACCCGCCATGTTCTCTGTCTCAACCCCACAAACCCTTTCCTTCCTCCCC 180
[Tl 0 1 Ty I 0 1 O e e e
Sus CCACTG-———————————— CATTCTCACTTCCTGCCCCGCAGCCTTGTCCCCTCCACCCC 157
P T A F S L P A PQ P C P L H P 52

Fig. 5 (continued).
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in sperm binding and the induction of the AR [68]. In other
species like pig and cow, it was reported that both ZP3 and ZP4
act as receptors of the spermatozoa [69,70].

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.

5. Concluding remarks

In summary, in this study, the cDNA encoding ZP1 has been
identified in rabbit (O. cuniculus) ovaries. The nucleotide
sequence shows a hfgh 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
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the pseudogenization of 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 fertiliza-
tion.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2012.07.027.
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