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ABSTRACT. The zona pellucida is an extracellular matrix that mediates taxon-specific fertilization in which
human sperm will not bind to mouse eggs. The mouse zona pellucida is composed of three glycoproteins
(ZP1, ZP2, ZP3). The primary structure of each has been deduced from the cDNA nucleic acid sequence,
and each has been analyzed by mass spectrometry. However, determination of the secondary structure
and processing of the human zona proteins have been hampered by the paucity of biological material. To
investigate if taxon-specific speraggg recognition was ascribable to structural differences in a zona
protein required for matrix formation, recombinant human ZP3 was expressed in CHO-Lec3.2.8.1 cells
and compared to mouse ZP3. With nearly complete coverage,QTOF mass spectrometry was used

to determine the cleavage of an N-terminal signal peptide (amino a€id®)land the release of secreted

ZP3 from a C-terminal transmembrane domain (amino acids-828). The resultant N-terminal glutamine

was cyclized to pyroglutamate (pyrG#y and several C-terminal peptides were detected, including one
ending at AsPP®. The disulfide bond linkages of eight cysteine residues in the conserved zona domain
were ascertained (C§#Cys'“?, Cys'8Cys»?, Cyl/Cys82 Cys39YCys*99), but the precise linkage of two
additional disulfide bonds was indeterminate due to clustering of the remaining four cysteine residues
(Cys’1s, Cys2l, Cys22 Cys27). Three of the four potential N-linked oligosaccharide binding sites {&sn
Asn*7, Asr’d were occupied, and clusters of O-glycans were observed within two regions, amino acids
156-173 and 266-281. Taken together, these data indicate that human and mouse ZP3 proteins are
quite similar, and alternative explanations of taxon-specific sperm binding warrant exploration.

The zona pellucida (ZP)s an extracellular matrix that

embryo through the oviduct). Similar egg envelopes have

surrounds growing oocytes, ovulated eggs, and preimplan-been described in all vertebrates, and individual envelope
tation embryos. The zona provides a structural framework proteins are well conserved. Mouse zonae pellucidae contain
for interactions between somatic and germ cells during three major glycoproteins (ZP1, ZP2, ZP3), and human

folliculogenesis, mediates taxon-specific sperm binding to homologues to ZP2 and ZP3 have been characterze).(

the egg, provides a potent postfertilization block to polysper- A third human protein, ZPB, more distantly related to mouse

my, and is critical for the successful transit of the developing ZP1, has been identifiedd), and analysis of the human

genome indicates a fourth human protein (homologue of
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1 Abbreviations: ZP, zona pellucida; AEBSF, (aminoethyl)benzene-
sulfonyl fluoride; CHO, Chinese hamster ovary; CID, collision-induced
dissociation; DMEM, Dulbecco/Vogt-modified Eagle’s medium; DTT,
dithiothreitol; EDTA, ethylenediaminetetraacetic acid; FPLC, fast-
performance liquid chromatography; FBS, fetal bovine serum; GalNAc,
N-acetylgalactosamine; GIcNAd-acetylglucosamine; HEPES, 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid; Hex, hexose; HexNAc,

N-acetylhexose; ITMS, ion trap mass spectrometry;A@T OF, liquid
chromatographyquadrupole time of flight; MALDI, matrix-assisted
laser desorption/ionization; MEM, minimum essential medium; MS,
mass spectrometry; NANA-acetylneuraminic acid; PBS, phosphate-
buffered saline; PNGase F, peptitieglycosidase F; SDSPAGE,
sodium dodecyl sulfatepolyacrylamide gel electrophoresis.

The primary structure of the mouse and human zona
proteins has been deduced from the nucleic acid sequence
of full-length cDNA clones (for review see ré). Each has
a computer-predicted signal peptide that directs it into a
secretory pathway, and each has a putative transmembrane
domain near its carboxyl terminus. The latter suggests that
each protein is tethered to a membrane prior to its release
and incorporation into the insoluble extracellular zona
pellucida matrix. All zona proteins also have a 260 amino
acid zona domain with 8 conserved cysteine resididethét
is located toward the carboxyl terminus of ZP1 and ZP2 and
occupies much of the smaller ZP3 protein. Similar motifs
have been noted in- and -tectorins that form an extra-
cellular matrix in the inner eat8( 9), suggesting a central
role for the zona domain in proteirprotein interactions of
extracellular matrices1(). Recent genetic studies demon-
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strate that mice lacking ZP1 form a structurally defective transfected CHO-Lec3.2.8.1 cell2Q) were cultured with
zona pellucida composed of ZP2 and ZH3)(and mice oMEM supplemented with 10% FBS and Geneticin (200
lacking ZP2 initially form a thin matrix early in folliculo-  ug/mL). The cells were split and transferred into defined
genesis that does not persist in ovulated ed@s. (Thus, it CHO-SFM Il medium (Invitrogen, Carlsbad, CA), 2.5% FBS,
appears that either ZP1/ZP3 or ZP2/ZP3 dimers can form aand Geneticin (20@g/mL) via two intermediate changes:
zona matrix, although the latter is considerably more 50% MEM + 50% SFM II with 5% FBS, and 25% MEM
enduring than the former. However, mice lacking ZP3 never + 75% SFM Il with 2.5% FBS, both supplemented with
acquire a visible zona matrid8, 14), indicating its essential ~ Geneticin (20Qug/mL). Approximately 8x 1C cells were
role in forming the extracellular zona pellucida matrix. then seeded into the internal basket of the bioreactor that

Particular interest has focused on the role of the zona contained 60 g of Fibra-cel disks (Bibby Sterlin, U.K.) made
pellucida in fertilization. Sperm bind and penetrate the zona of polyester nonwoven fabric laminated to a polypropylene
pellucida of eggs, but not two-cell embryos, and credible screen treated and precoated with potl(sine). The culture
models of spermegg recognition must account for this was maintained at 37C, pH 7.0, and dissolved oxygen
dichotomy. Over the last two decades, the molecular basisconcentration was maintained at 50% air saturation by
of sperm binding to the zona pellucida has been variously sparging with air. Cell growth was monitored by glucose
ascribed to single zona proteins, single terminal N- or consumption, and the pH was maintained by the addition of
O-glycans that are removed following fertilization, and 1 M sodium hydroxide.

supramolecular structures that are rendered nonpermissive preparation of the H3.1 Antibody Affinity Columid3.1
for sperm blndlng by the postfertilization Cleavage of ZP2 antibody Speciﬁc to human ZP:QZ) was puriﬁed from a
(for reviews see refd5-17). Although there is no compel-  hybridoma cell line cultured with DMEM, 20% low IgG FBS
ling reason for species-specific gamete interactions among(Hyclone Laboratories, Logan, UT), and HIPO (6§/mL
internally fertilizing mammals, there is some taxon specificity sodium pyruvate, 15@g/mL oxaloacetic acid, 0.2 unit/mL
to sperm-egg recognition. If the three-dimensional structures jnsylin, 2.38 mg/mL HEPES, 3.5 nL/mf-mercaptoethanol,
of mouse and human zona proteins were sufficiently differ- adjusted to pH 7.0 with potassium hydroxide). After 1 week
ent, they might account for the inability of human sperm to of culture, the supernatant was centrifuged to remove cellular
bind to mouse eggs acting either as an individual protein or depris and applied to a goat anti-mouse 1gG HL)—
as modulators of supramolecular structures within the zonagepharose 4B (Zymed Laboratories, South San Francisco,
matrix. CA) affinity column. The column was washed with PBS (10
The proteins of the native mouse zona pellucida have beenbed volumes), and the bound mouse antibody was eluted
previously analyzed by mass spectrometiy)( but the with 0.1 M citric acid-0.2 M sodium phosphate, pH 3.5.
difficulty in obtaining biological material precludes a similar  The pH of the eluted fractions was quickly neutralized by
analysis of native human zona proteins. As noted, ZP3 is adding sodium bicarbonate. Fractions containing H3.1 were
required for the formation of the zona pellucida matrix. dialyzed against 0.2 M sodium bicarbonate, pH 8.3, contain-
Therefore, taking advantage of earlier success in expressingng 0.5 M sodium chloride and concentrated with a Cen-
mouse ZP3 in CHO cells1Q), human ZP3 has been triprep-30 (Millipore, Bedford, MA). Approximately 30 mg

expressed in glycosylation-deficient CHO cell20X to of antibody was obtained fro 1 L of cell culture supernatant.
minimize heterogeneity and analyzed by microscale massThe purity of the antibody was assayed by SEFAGE
spectrometry. stained with Coomassie Brilliant Blue G, and its identity was
confirmed by immunoblot analysis. The purified H3.1
EXPERIMENTAL PROCEDURES monoclonal antibodies were then coupledit5 mLHi-trap

NHS-activated Sepharose column (Amersham-Pharmacia

Stable Cell Lines Expressing Human ZFull-length Biotech, Piscataway, NJ) according to the manufacturer’s

human ZP3 cDNAZJ) was cloned into th&caRl site of the

expression vector pEF1/V5-His (version A; Invitrogen, Instructions.

Carlsbad, CA) downstream of the El-IJpromoter. The Purification of Recombinant Human ZPRecombinant
insertion and correct orientation were confirmed by restriction human ZP3 was purified sequentially by antibody affinity,
enzyme digestion withAatll and Scd. Glycosylation- ion-exchange, and gel filtration chromatography performed
deficient CHO cells (CHO-Lec3.2.8.1; gift of Dr. Pamela at 4°C (Supporting Information, Figure 1C, panel 1).
Stanley) were cultured witthMEM (minimum essential H3.1 Antibody Affinity Chromatographywenty liters of

medium, alpha) (Invitrogen, Carlsbad, CA) supplemented culture media containing recombinant human ZP3 was
with 10% FBS R0). Transfection of the cells with the concentrated by a Millipore cassette system (10000 MWCO;
expression vector was performed using Lipofectamine plus Millipore Corp., Bedford, MA) to 1 L, and protease inhibi-
reagent (Invitrogen, Carlsbad, CA) according to the manu- tors, 1 mM AEBSF, 10 mM EDTA, aprotinin (5 Fg/mL),
facturer’s instructions. After 2 days of culture, Geneticin (400 |eupepstin (1 Fg/mL), and pepstatin (1 Fg/mL), were added.
ug/mL) was added to the media, the cells were split (1:500), Cellular debris was removed by low-speed centrifugation
and positive clones were isolated 1 week later. (100Qy, 10 min), and the remaining media were recentrifuged
Expression of Recombinant Human ZH&8zcombinant (1300@, 30 min). The supernatant was applied to the Hi-
human ZP3 was produced in a continuous culturing systemtrap-H3.1 affinity column at a flow rate of 1 mL/min,
by immobilizing the stably transformed CHO-Lec3.2.8.1 cells controlled by a peristalic pump (P-100; Pharmacia Biotech).
in a packed-bed configuration using a 2.2 L (1.6 L working After being washed with 50 mL of PBS, pH 7.4 (10 bed
volume) bioreactor equipped with a vertical mixing impeller volumes), protein was eluted with 0.1 M citric a€i@.2 M
assembly and an internal baskel) Initially, stably sodium phosphate, pH 3.5. The eluted fractions were
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immediately brought to neutral pH by addid M Tris-HCI, core disaccharide O-glycans attached to Ser/Thr, their site
pH 8.5. of attachment being identified by IT-CID, or (2) lyophilized

Hi-Trap Q lon-Exchange Chromatographyhe fractions and treated with methylamine (1QQ of 40% solution, 4
eluted from the antibody affinity column 45 mg of h, 50°C) to catalyzes-elimination of core O-glycans and
recombinant proteimgso (1 mg/mL)= 1 OD] were dialyzed = form a stable derivative of the previously O-glycosylated
against 20 mM Tris-HCI, pH 6.8, and applied onto a Hi- Ser/Thr residue2@). The alkylamine was considered to be
trap Q (5 mL) ion-exchange column preequilibrated with the a label of O-glycosylation sites, and the resultant peptides
same buffer. Protein was eluted by a sodium chloride were subjected to Micromass (Manchester, U.K.) QTFOF
concentration gradient (61 M) generated by a LCC-501 CID. Samples (2 pmol) were analyzed by micro-LC mass
Plus FPLC system (Pharmacia Biotech). Elution was moni- spectrometry as previously describdd)(

tored atAqxg and three peaks were observed (Supporting  ESHLC—Ion Trap Mass Spectrometry (ITM®roteolytic
Information, Figure 1C, panel 2) The first peak contained peptides were ana|yzed on a ThermoFinnigan 2D-LC pro-
proteins that had bound nonspecifically to the affinity teome X system in high_throughput 1D mode (ThermoFinni_
column, and the second contained recombinant human ZP3yan, San Jose, CA). The gradient for MS pump (200
(retention time 2838 min). The third peak did not contain  min split 1:100 to a final flow rate of L/min into the
any protein bands as detected by SHFAGE and staining  mass spectrometer) was as follows=45% solvent B in
with Coomassie Brilliant Blue G. 40 min, followed by ramping up to 95% solvent B in 5 min;
Superose 12 Gel Filtration Chromatographiyractions 959 solvent B was held for an additional 5 min (solvent A,
containing human ZP3 from the previous purification step 0.1% formic acid in 100% water; solvent B, 0.1% formic
were concentrated by Centricon 10 (Millipore Corp., Bed- acid in 100% acetonitrile). Meanwhile, the sample pump was
ford, MA) and applied to a Superose 12 (HR 10/30; maintained at 100% solvent C (0.1% formic acid in 95%
Pharmacia Biotech) gel filtration column on the FPLC water/5% acetonitrile) at 200L/min (1:100 split to 2uL/
system. Using a flow rate of 0.2 mL/min, recombinant protein  min) throughout the entire run. MS tune parameters were as
eluting between 34.5 and 43.5 min (Supporting Information, follows: spray voltage, 3.5 kV; capillary temperature, 180
Figure 1C, panel 3) was pooled, concentrated with Centricon°C: tube lens, 15 V; capillary voltage, 32 V. For O-
10, and applied to the same Superose 12 column for a secongjlycopeptides, CID using a parent ion inclusion list was
fractionation (Supporting Information, Figure 1C, panel 4). performed at 25% collision energy to minimize sugar losses
The eluted ZP3 fractions (retention time 3443.5 min) from the peptide backbone.
were then pooled and concentrated as the final product of - ge4imentation Equilibrium UltracentrifugatioSedimen-
purified r_ecombmant human ZP3. . tation equilibrium experiments were performed using a
_Glycosidase and Protease Treatméfur each glycosidase  ggciman XL-A analytical ultracentrifuge. Data were ac-
9|gest|on,. recombinant protein (14@) was denatured (190 quired as an average of eight absorbance measurements at
C, 10 min, 0.5% SDS) and incubated in 50 mM sodium g4 hm and a radial spacing of 0.001 cm. Experiments were
citrate, pH 5.5, at 37C for 2 h. For endo-H glycosidase o rtormed at £C and rotor speeds of 10, 12, and 14 krpm
digestion alone, L of endo-H glycosidase (1000 units; i, 100 mM sodium chloride, 20 mM Tris-HCI, pH 7.4, and
New England Biolabs, Beverly, MA) was added to the ¢ 4194 sodium azide at loading concentrations corresponding

denatured propeins. F_or the combination of end.o-H and to measurediugo of 0.14 and 0.39. Data were analyzed
endo-O glycosidase digestionyL of endo-H glycosidase, globally in terms of both a single ideal solute and two

0.3uL of endo-O glycosidase (1.25 units/mL; Prozyme, San gninteracting single ideal solutes to obtain the buoyant
Leandro, CA), 0.3.L of sialidase A (5 units/mL; Prozyme),  yqjecular massM(1 — vp), using Sigma Plot 8.0. Experi-
and 1% NP-40 (final) were added to the reaction. FOr ona| masses of the human ZP3 glycoprotein were deter-
proprotein convertase digestion200 ng of furin (Alexis  \ineq on the basis of the additivities of the protein and
Biochemicals, San Diego, CA) was added to denatured o5 honydrate partial specific volumeg4] in which the

protein for 2 h, 37°C, in 5? mM Tris-HCI, pH 7.5, 1 MM y414ia) 'specific volumes of the protein and carbohydrate
calcium chloride, and 0.1% Triton X-100. components are calculated on the basis of the amino acid

Mass Spectrometry Analysi8. mixture (20-50 ug) of composition 25) and assumed carbohydrate composition
mouse ZP1, ZP2, and ZP3 or recombinant human ZP3 alon 26), respectively.

was denatured (8 M urea), reduced (5 mM DTT), alkylated

(0.5 M iodoacetamide), and de-N and de-exo-O glycosylated ResyLTS

using PNGase F and a mixture of exo-O glycosidases

[sialidase A,[-(1—4) galactosidase and glucosaminidase],  Purification of Recombinant Human ZPRative human
successively, and the samples were treated with trypsin and/ZP3 undergoes extensive posttranslational modificati®is (

or Asp-N endoproteinasel®). Duplicate samples were and analysis of its primary structure indicates four potential
processed without reduction by DTT to determine the pattern N-glycosylation (Asn-Xaa-Ser/Thr) sites and 66 potential
of intramolecular disulfide linkages. Sites of N-glycosylation O-glycosylation sites (Ser or Thr3). To reduce the degree
were found by the mass addition of 0.98 Da due to the of heterogeneity of the recombinant protein, human ZP3
conversion of asparagine to aspartic acid by PNGase FcDNA was cloned into the pEF1/V5-His6 expression vector
digestion and confirmed by MS/MS fragmentation. O- and expressed in CHO-Lec3.2.8.1, a cell line deficient in
Glycosylated serines/threonines were located by treating 10 N- and O-glycosylationZ0). Stably transformed clonal cell
30 pmol of a de-N and de-exo-O glycosylated sample with lines were selected by their resistance to Geneticin and
trypsin and/or Asp-N endoproteinase, and the sample wassecretion of recombinant ZP3. Cells were seeded onto
either (1) subjected to a lower collisional energy to keep microbeads and grown in a 2.5 L, minicontinuous feeeing
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A B Lec3.2.8.1 cells (Figure 1A). Human ZP3 has four potential
12 3 4 5 123 4567 8 9 N-glycosylation sites, and the shift 6f4 kDa after treatment
E Ko with PNGase F predicts that three of the four are occupied.
-G - ese The minimal shift in molecular mass after digestion with
- —— endo-O glycosidase and neuraminidase suggests that recom-
. - 50 .... - binant human ZP3 may have core 1 O-glycans (as predicted
= - - for expression in CHO-Lec3.2.8.1), but the extent of O-
_— - 30 glycosylation is considerably less than N-glycosylation.
-2 Human ZP3 has a potential proprotein convertase (furin)
[ND] 45 21 10 Protein cleavage site (RXR/KR) upstream of the C-terminal trans-
%, % b % membrane domain. The site is well conserved among zona

% %, %, . L T .
%70 Ty pellucida proteins in other taxa and has been implicated in

FIGURE 1: Characterization of purified recombinant human zP3. the release of ZP2 and ZP3 proteins during secref (
(A) SDS—PAGE of recombinant human ZP3 recovered from each 29). However, mutational inactivation of the furin site in
purification step. Lanes: 1, culture supernatant; 2, fractions eluted mouse ZP3 or human ZP3 does not prevent secretion from
from H3.1 affinity column; 3, fractions collected from Hi-trap Q  heterologous cells nor incorporation into the extracellular

ion-exchange column; 4, fractions collected from Superose 12 gel lucida in t . ic80_32) C iall
filtration column after two separations; 5, molecular mass markers. zona pellucida in transgenic mic8(-32). Commercially

Numbers below the gel reflect total protein recovery in the pooled Obtained furin which cleaved anthrax protective antigg3) (
human ZP3 fractions after the corresponding purification step in control experiments (data not shown) did not alter the

measured as the total absorbance at 280 nm. (B) Purified recom-apparent molecular mass after SEFAGE (Figure 1B, lanes

binant human ZP3 (10g) was digested with glycosidase, separated -__ ;
by SDS-PAGE, and stained with Coomassie Brilliant Blue G. 7-9). Taken togethe_r, t_hese observations sugges_t th'.at the
Lanes: 1, no treatment; 2, digestion with endo-H glycosidase: 3, C-terminus of the majority of secreted human ZP3 is either

digestion with O glycosidases; 4, digestion with endo-H and O before or closely approximates the furin cleavage site.
glycosidases; 5, endo-H and O glycosidases alone; 6, molecular Mass Spectrometric Analysis of Recombinant Human ZP3.
mass markers (112, 81, 50, 36, 30, 21 kDay); 7, furin alone; 8, human pyyrified recombinant human ZP3 was reduced, alkylated, and
ZP3 digested with furin; 9, undigested human ZP3. deglycosylated with PNGase F alone or in combination with
a mixture of de-exo and de-endo O-glycosidases. The former
converts occupied asparagine to aspartic acid while leaving
onglycosylated asparagine residues intact, and the latter
emoves O-glycans. Samples were then digested with trypsin,

collecting culturing system enabling the collection of 200 L
of supernatant during 3 months of culture. Aliquots of 20 L
were concentrated, and recombinant human ZP3 was purifie

by affinity, ion-exchange, and gel filtration chromatography Asp-N endoproteinase, or both prior to analysis by electro-

(Supporting Information, F|gur.e l)'. ] o spray LC-MS. Additional nonreduced samples were ana-
SDS-PAGE and Coomassie Brilliant Blue G staining |yzed to assist in the identification of disulfide bonds. Nearly
were used to track the purity of recombinant human ZP3 complete coverage of recombinant human ZP3 was obtained

(~42 kDa) at each chromatographic step (Figure 1A). (Supporting Information, Table 1).
Affinity chromatography with the H3.1 monoclonal antibody N- and C-Termini Both tryptic and Asp-N digestion of
removed most of the nontarget proteins either secreted byrequced and carbamidomethylated recombinant human ZP3
the cells or present in the culture medium (Figure 1A, lanes sample revealed [M- 3H]3* and [M + 4H]*" atm/z 1282.65
1 and 2). The residual higher molecular weight band8(q and 962.23 that match the N-terminal peptiéigPL-
kDa) were removed by Hi-trap Q ion-exchange chromatog- WLLQGGASHPETSVQPVLVECQEATLMVMVSK? with
raphy (Figure 1A, lanes 2 and 3), and gel filtration removed 3 pyroglutamate in place of a glutamine (Figure 2A). No
aggregates of recombinant human ZP3 protein and the veryc|p was obtained in these cases. This N-terminal peptide
high molecular weight contaminants at the top of the SDS a5 confirmed in a nonreduced sample in which the above
PAGE gel (Figure 1A, lanes 3 and 4). When the purified peptide was disulfide-linked with**AEIPIECR, as evi-
recombinant protein was reapplied to the Superose 12 gelgenced by the 8 and 4+ charges of this peptide at/z
filtration column, the profile (Supporting Information, Figure 157278 and 1179.83 (Figure 2B). The CID spectrum of
1C) was consistent with a monodisperse solution of human 1572 78+ clearly showed the presence af yand b_ions
ZP3. The total amount of protein recovered in the pooled fom P1 as well as'y s, Vs, and b,_s ions from P2 (Figure
human ZP3 fraction at each purification step was calculated 2c: see refL8 for nomenclature).
by the absorbance at 280 nm (Figure 1A, bottom). From the At the C-terminus, a similar cleavage to that in mouse
initial 200 L of culture supernatant, 10 mg 6f95% pure  7p3 (j.e., two amino acid upstream of the furin cleavage
recombinant human ZP3 was obtained. site) occurred in human ZP3, giving rise to a carbamidom-
Characterization of the Recombinant Human ZHBe ethylated peptid?DCGTPSHSRRQPHVMSQWSRSAS-
purified recombinant human ZP3 was further characterized RN®°, as shown by the-# and 5+ charges of this peptide
by treatment with endoglycosidases (Figure 1B). Digestion at m/z 731.84 and 585.67 from Asp-N endoproteinase
with either endo-H glycosidase (Figure 1B, lane 2), endo-O cleavage (Figure 3A). Although the CID spectrum of
glycosidase (in combination with neuraminidase) (Figure 1B, 585.67" did not produce many fragment ions, most likely
lane 3), or both (Figure 1B, lane 4) shifted the recombinant as a result of CID late in peak elution when less precursor
protein to a lower apparent molecular mass. The ability to ion signal was available, the presence ef y, ys—H-0,
digest recombinant human ZP3 with endo-H glycosidase and B still confirmed the identity of the peptide (Figure 3B).
indicates the presence of high mannose oligosaccharides antéHowever, there was evidence that the processing of full-
is consistent with reported glycosylation patterns of CHO- length human ZP3 in heterologous CHO cells is more
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Ficure 2: Determination of the N-terminus of recombinant human ZP3. (A) A carbamidomethylated N-terminal gégRide/LLQG-
GASHPETSVQPVLVECQEATLMVMVSK? with a pyroglutamate in place of glutamate. (B) The same N-terminal peptide disulfide-
linked to 134AEIPIECRL (C) CID spectrum of this disulfide-bonded peptidenalz 1572.78". Symbols y and b represent KO loss
whereas y* and b* represent NHbss. The® symbol denotes disulfide linkage between y ions from P1 and the intact piece of P2. This
nomenclature is also used in FiguresBunless otherwise stated.

complicated than in the native mouse zona pellucit®, ( IECR*!were observed atVz 1572.78" and 1179.88 from
since proteolytic peptides downstream of the furin site were trypsin digestion as described above (Figure 2B,C). In the
observed with some even extending into the transmembranesecond pair (Figure 4B), a precursor ion of Mi921.77
domain. For example, a tryptic peptidé*HVTEEAD- as detected by its-5 and 6+ charged ions at/z 1185.13
VTVGPLIFLDR3 (m/z 671.02*; Figure 3C inset), was and 987.79 corresponded ¥AADLTLGPEACEPLVSM-
detected as well as an Asp-N endoproteinase cleaved peptideD TEDVVR®! (P1) disulfide-bridged t?FEVGLHECGNS-
S DHEVEQWALPS®3 (m/z 655.81%; data not shown). The ~ MQVTDDALVYSTFLLHDPR?®! (P2). The CID spectrum
presence of these peptides suggests alternative C-terminabf m/z 987.79 yielde a y ion series including 1y1, ions
proteolytic processing during secretion of recombinant human carboxyl terminal to CyS of P1, as well as theyb; ions. In
ZP3 in CHO cells. addition, P2 generated'1ys; ions and sequential b ions
Disulfide BondsThe mature human ZP3 protein contains including B2—; (Figure 4B).
12 cysteine residues that are capable of forming six disulfide  Cys?'7, Cys3% Cyg%2 and Cy&°°form two disulfide bonds
bonds, and all were experimentally determined to be disul- as shown by the ions atvz 1253.19" and 1044.3%" that
fide-bridged (Table 1). In the first pair, masses corresponding represent a triply linked tryptic peptide with no information
to the N-terminal peptid&gPLWLLQGGASHPETSVQPV- on the disulfide pattern (Table 1). Further digestion with
LVECQEATLMVMVSK?®" disulfide-linked to ¥*4AEIP- Asp-N endoproteinase cleaved within this tryptic peptide
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Ficure 3: Determination of the C-terminus of recombinant human ZP3. (A) Thadd 5+ charges of a carbamidomethylated C-terminal
peptide32DCGTPSHSRRQPHVMSQWSRSASRN from the Asp-N endoproteinase digestratz 731.84 and 585.67, similar to the
C-terminus of native mouse ZP3 (i.e., two amino acids upstream of the furin site). (B) CID spectrm7#1.84+. (C) CID spectrum

of a trypsin-cleaved peptid&*HVTEEADVTVGPLIFLDR3®°(m/z671.02", inset) immediately downstream of the furin site was observed.

revealed the exact disulfide arrangement, i.e. 2CGys8? enzyme cleavage site between the first three cysteines, the
and Cy$¥Cys®. The disulfide-linked peptides*®DHC- precise disulfide arrangement remains undetermined. The
VATPTP?23 (P1) ancP’NMIYITCHLK 28 (P2) were detected  CID spectrum of 802.33 identified yi—, and k ions from

by the presence of ions at/z 725.06" and 544.00". In P1, together with y_¢ and [%—Y14 disulfide-bonded to
addition, the disulfide linkage betweBDFHGCL\V?4! (P1) GDCGTPSHAR}" (data not shown).

and 2°ACSFSK (P2) was confirmed by ions atvz N-Glycosylation SitesThere are four potential N-linked

477.26" and 358.15" (Table 1). glycosylation sites in mature human ZP3: A8nAsnt4,
The four tightly clustered cysteines near the C-terminus Asr??5, and Asi’? (3). PNGase F endoglycosidase releases

form two more disulfide bonds between peptid&®SN- protein-bound N-linked glycans and by converting the

SWFPVEGPADICQCCNR?**and3**GDCGTPSHAR®, as involved asparagine residue to an aspartic acid provides a
indicated by the 3 and 4t charges of ions atvz 1069.45 signature increase in mass (0.98 Da). Trypsin digestion
and 802.33 (MH 3206.32) (Table 1). Since there was no generated three out of four Asn-containing peptides that have
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Table 1: Disulfide Bond Linkage Mapping of Recombinant Human#ZP3

Residues Sequences Enzymes m/z exp. m/z calc.
23-57 qPLWLLQGGASHPETSVQPVLVECQEATLMVMYVSK Trypsin | 1572.78°7 | 1572.79%"
1179.83*" | 1179.84"
134-141 AEIPIECR
68-91 AADLTLGPEACEPLVSMDTEDVVR Trypsin | 987.79% | 987.80%
1185.13% | 1185.16>
92-121 FEVGLHECGNSMQVTDDALVYSTFLLHDPR
212-252 LFVDHCVATPTPDQNASPYHTIVDFHGCLVDGLTDASSAFK | Trypsin | 1044.34°" | 1044.33°
T 1253.19" | 1253.20™
276-285 NMIYITCHEK
299-304 ACSFSK
235-241 DFHGCLV Asp-N 358.15" | 358.16"
+Trypsin 477.20*" 477213
299-304 ACSFSK
215-223 DHCVATPTP Asp-N 544.00" | 544.01*
+Trypsin | 725.00°" | 725.01%
276-285 NMIYITCHLK
305-324 PSNSWFPVEGPADICQCCNK Trypsin | 802.33% | 802.34*
e 1069.45% | 1069.44%
325-334 GDCGTPSHSR

a g = pyroglutamate. Solid lines indicate the precise disulfide pairing, whereas dashed lines represent undetermined disulfide bonds.

been converted to aspartates after PNGase F deglycosylatioffable 3, a tryptic peptidé**QGNVSSQAILPTWLPFR®,
(Table 2). A 2+ charged ion at/z 478.28 represents the where AsA*’ was converted to an Asp showed-& 2harge
peptide!?PVGNLSIVR**where AsA?®has been converted at m/z 1140.55, 365.11 Da higher than its predicted mass
to an aspartate (Figure 5A). The CID spectrum showed a (Figure 6A, inset). The CID spectrum on QTOF (Figure 6A)
complete sequence ion series_and yi—g) with b,—g and confirmed the sequence by, Ws-s, Y7-s, Y10, b2—6, and 13,

Ye-g indicative of an Asn to Asp conversion (Figure 5B). together with sugar marker ions described previoug8).(
Furthermore, a trace amount of & Zharged ion anvz Similarly, the site of O-glycan attachment was not determined
477.80 was detected, suggesting that glycosylation at thisdue to the loss of the sugar moiety concurrent with peptide
site was incomplete. For A%, however, no N-glycosylation  backbone cleavage. Therefore, lower collision energy (25%
was detected as shown by the-4nd 5t charges of the  in an ion trap) was applied to this peptide to produce the
carbamidomethylated peptid&2.FVDHCVATPTPDQ- fragmentation spectrum shown in Figure 6B. The most
NASPYHTIVDFHGCLVDGLTDASSAFK®? atm/z 1126.53 intense peaks are [M-HeX] and [M-(HexNAcHex)P+ at
and 901.42. Confirming this, the nonreduced sample gavem/z 1059.8 and 958.3. In addition, a series of sequence ions
rise to a disulfide-bridged peptide betwe&d.FVDHC- including by-10, [D12-(HexNAc-Hex)], [bis-(HexNAc-Hex)],
VATPTPDQNASPYHTIVDFHGCLVDGLTDASSAFKS2 [b14-(HexNAc-Hex)], [bis-(HeEXNAc-Hex)], and y-4 were
and 2"NMIYITCHLK 28, which also contained an Asn produced. More importantly,7y13 ions bearing TH®® all

instead of an Asp at position 226 (Table 2). showed a mass increase of 365.13 Da, confirming HexNAc
The last predicted N-glycosylation site lies at A8n  Hex attachment at this site and not at ‘%eor Sef°,

(NDS). A tryptic peptide,?>VPRPGPDTLQFTVDVFH- The same low-energy CID experiment was performed on

FANDSRS, shown as 3 and 4+ charged ions am/z native mouse ZP3 where TH? was proposed as an O-

872.75 and 654.81, demonstrated a conversion from Asn toglycosylation site 18). Figure 6C shows the tryptic peptide
Asp as a result of PNGase F treatment. The CID spectrum*QGNVSSHPIQPTWVPFR°where AsA*was converted
of 872.75" not only confirmed the sequence by the presence to an Asp as a8 charged ion atn/z 772.70 (inset). The
of y;—11 ions but also located the original N-glycosylation CID spectrum of this ion produced the most abundant ions
site at AsA’2 Similarly, a population of nonglycosylated as sugar losses from the peptide including [M-Hé&xdnd
peptide was detected ast-3and 4+ charged ions atn/z [M-(HexNAc-Hex)*" at m/z 719.2 and 976.4, along with
872.45 and 654.57, again revealing the heterogeneity of theits sugar signature ion of HexNAdex + H* at mv/z 366.0.
sample. The y,_gions atm/z1267.6 and 1395.8 carrying an additional
O-Glycosylation SitesDespite nearly complete sequence 365.13 Da indicate that THP in mouse ZP3 is a site of
coverage obtained from various digests, no information was O-glycosylation.
available on residues 14475 in the middle of the sequence, Additionally, there is a series of HexNAdex additions
possibly due to O-glycosylation at a number of serine and (a maximum of three core sugars of 1095.39 Da) to the
threonine residues. Therefore, human ZP3 was treated withpeptidé“QGNVSSHPIQPTWVPFRTTVFSEER0r*“QGN-
a combination of three exoglycosidases as previously de-VSSHPIQPTWVPFRTTVFSEEKLTFSLR without defi-
scribed for native mouse zona pellucida proteit®).(After nite assignment of up to three O-glycosylation sites out of
trypsinization, O-glycosylated peptides appeared bearingsix potential sites by CID (Table 3). This is most likely due
multiple core HexNAeHex residues (mass addition of 365.13 to the large size of the peptides (one to two trypsin miscuts
Da/HexNAcHex), as well as HexNAt¢iex plusN-acetyl- as a result of occupying O-glycans) and multiple labile
neuraminic (sialic) acid (291.3 Da/NANA). As shown in glycosidic bonds. In fact, the most intense peaks in frag-
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Ficure 4: Disulfide bond linkage in recombinant human ZP3. Human ZP3 was digested with trypsin, the resultant peptides were detected
by LC-QTOF, and CID was performed without DTT reduction. (A) A disulfide linkage betweer®@ysl Cy$° is shown as the-s and

6+ charges atn/z 1185.13 and 987.79. (B) Sequence confirmation of this disulfide paired peptide by CID. The disulfide bond®/of Cys
Cys!0 Cys8/Cys, Cy/Cys82 and Cy$YCysi® are indicated as solid lines in Table 1. Four cysteine residues{Cgys2L, Cysi22

Cys*?7) located too close together for a definitive determination of their linkages are indicated by dotted lines.

Table 2: LC-MS Analysis of Human ZP3 N-Linked Glycosylation Skes

Residues Sequences Enzymes m/z exp. m/z calc.

122-130 PVGN*LSIVR Trypsin 478.27* 477.79*"

145-161 QGN*VSSQAILPTAWLPFR Trypsin 114055 | 1140.05%

212-252 LFVDHC*VATPTPDQNASPYHTIVDFHGCLVDGLTDASSAFK Trypsin 1126.53% | 1126.53*

901.42%" 901.43>"

212-252 LFVDHCVATPTPDQNASPYHTIVDFHGCLVDGLTDASSAFK Trypsin 1044.345° | 1044.33%
_________________________ 1253.19%° | 1253.20°"

276-285 NMlYITCHL’K

299-304 AQSFSK

253-275 VPRPGPDTLQFTVDVFHFAN*DSR Trypsin 872.75 872.44%

654.81%" 654.58%"

aN*XS/T represents N-linked asparagine converted to aspartate after PNGase treatth@d4 (Da), whereas NXS/T is the predicted N-linked
asparagine site but is experimentally determined to be nonglycosylatedO-glycosylation sites. C* carbamidomethylated cysteines. Note:
All occupied N-glycosylation sites are partially glycosylated within the sample. All calculated masses for N-glycosylated peptides in tables are
based on Asn and not Asp to indicate a mass shift of 0.98 Da after PNGase F digestion (experimental).

mentation were [M-HeX]" and [M-(HexNAcHex)J*" ions ions, although these ions could have lost their sugars during
(spectra not shown). In one case, this same peptide carrieCID.
not only three HexNAdHex moieties but also arN- A second O-glycan cluster lies within a carbamidomethyl-

acetylneuraminic acid (291.10 Da). Again, the precise ated peptide**PGPDTLQFTVDVFHFANDSRNMIYIT-
O-glycosylation sites were not located by CID. Btand CHLK?8, shown as a# charged ion amn/z 1067.51 where
Set%0 are less likely the sites due to the presencesofb  Asr?’? was not converted to an Asp (again reflecting
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Ficure 5: Localization of N-glycosylation sites in recombinant human ZP3. (A) The ¢harge of an N-glycosylated peptide,
122PVGNLSIVR0, atm/z 478.28 where Asi®was converted to Asp after PNGase treatment. (B) The CID spectrum of this peptide clearly
indicated the replacement of AShby Asp by w-g and h-g ions. The three N-linked glycosylation sites (AZn Asn4’, Asr¢’?) are
indicated in Table 2. The fourth potential N-linked glycosylation site ¢83ns not N-glycosylated.

Table 3: LC-MS Analysis of O-Glycosylation (Core O-Glycan Structures) on Human*ZP3

residues sequences m/zexptl O-glycans sites

145-161 QA\*VSSQAILPTAWLPFR 1140.55" 1 HexNAcHex T156

162—-169 TTVFSEEK 653.28 1 HexNAcHex ND

145-169 QAN*VSSQAILPTWLPFRTTVFSEEK 1189.55 2 HexNAcHex ND

145-169 QAN*VSSQAILPTWLPFRTTVFSEEK 1311.25*% 3 HexNAcHex Ser149/Ser1%0
1966.35"

145-169 QMAN*VSSQAILPTWLPFRTTVFSEEK 1408.28* 3 HexNAcHex, 1 NANA Ser149/Ser150

145-175 QAN*VSSQAILPTWLPFRTTVFSEEKLTFSLR 1163.02+ 3 HexNAcHex Ser149/Ser150

145-175 QAN*VSSQAILPTWLPFRTTVFSEEKLTFSLR 1235.84* 3 HexNAcHex, 1 NANA Ser149/Ser150

256—285 PGPDTLQFTVDVFHFANDSRNMIYITC*HLK 1067.5%+ 2 HexNAcHex ND

a S/TA are O-glycosylation sites while the underline represents the region where O-glycosylation was dete<3éd.represents Asn residues
converted to Asp after PNGase F removal of N-glycans. C* = carbamidomethylated cysteine. The underline denotes the region where multiple
O-glycosylation sites most likely lie. NB= not determined. Ser149/Ser¥5re less likely the O-glycan sites.

heterogeneity of the sample) and was 730.32 Da higher thanwas determined by sedimentation equilibrium. Data collected
predicted, indicating the presence of two HexNHAex at a loading concentration of 0.24g, demonstrated that the
(Table 3). The sugar signature ionswalz 204.09 and 366.15 sample is paucidisperse, and analysis in terms of a single
and their corresponding J losses dominate the CID ideal solute yielded an average buoyant molecular mass of
spectrum ofi/z 1067.5%", along with yi—, and b3 ions 25300+ 3000 Da (Table 4). The sample paucidispersity, as
without definitive indication of the precise O-glycan sites reflected by the large error in the molecular mass determi-
(data not shown). These findings were further corroborated nation, may be a reflection of both heterogeneity in the N-
by the chemical addition of methylamine to previously and O-linked glycosylation and heterogeneity in C-terminal
O-glycosylated Ser/Thr residues, which results in a 13 Da processing. Assuming that the human ZP3 is fully N- and
mass increment relative to nonglycosylated residues. How- O-glycosylated, namely, three N-linked Mgand on average
ever, the yield for this chemical reaction was either too low three O-linked HexNAdex chains, the sedimentation
for CID selection or the converted peptides did not give equilibrium data appear to be consistent with the presence
satisfactory fragmentation, preventing assignment of specific of dimeric soluble human ZP3 (Table 4).

O-glycan sites. The sample paucidispersity may also be due to the
Sedimentation Equilibrium Analysis of Recombinant Hu- presence of species other than a dimer in solution. Sedi-
man ZP3.The stoichiometry of the purified soluble protein mentation equilibrium experiments at a loading concentration
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Ficure 6: Identification of O-glycosylation in recombinant human ZP3. (A) An N- and O-glycosylated pefig&N*VSSQAILPTWLPFR®,

that has a mass addition of 1 HexNltex (365.13 Da) atwz 1140.5%". Its CID spectrum did not precisely assign the O-glycosylation
site as sugars were readily lost during fragmentation as indicated by the dashed line. (B) Lower collision energy of the samerpiptide at
1140.55" in an ion trap (25%) unequivocally located Fras the site of sugar attachment due to the presence gf ipns carrying 1
HexNAc-Hex. (C) The same lower energy CID experiment was performed on a similar pépt@eN*VSSHPIQPTWVPFRY, in native
mouse ZP3 am/z 772.7G" (inset). Again, Th¥*>was determined to be the O-glycosylated site as shownhyigns bearing 1 HexNAc

Hex.

of 0.39A,50 confirmed this, and these data are best analyzed predominant species. This result indicated that soluble human
in terms of two single ideal solutes. An independent analysis ZP3 is dimeric (Table 4) and was consistent with the
of both the high and low concentration data sets in terms of observation that the C-terminal processing occurs primarily
two ideal solutes showed excellent data fits (Figure 7) and at Asr#%°. The higher mass aggregate, which has a buoyant
return a buoyant molecular mass of 2110@10 Da for the molecular mass of 5580& 3300 Da o = 4.9 + 0.3), is
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Table 4: Characterization of Human ZP3 by Sedimentation mouse ZP3 are quite similar and may not be the controlling

Equilibrium determinants that account for the ability of human sperm to
calcd calcd bind to human, but not mouse, zonae pellucidae.
exptl My(L = vpr) M(1 — vp)/ exptl To minimize heterogeneity for these analyses, recombinant
M@~ vp)iDa__ residues Da Da _stoichiometry human ZP3 was expressed in glycosylation-deficient CHO-
25300+ 3000* 23-N350 9673.2 11415 2.22+0.26 Lec3.2.8.1 cells designed to limit N-linked glycosylation to
211004 210 ggigggg 132773'3 1112431£57 i:ggi 8:(2)‘21 five mannose residues attached to the core GIGNBIENAC
423-N350 0673.2 10782  1.96+ 002 disaccharideL£fucose) and O-linked glycosylation to a single

a Experimental buoyant molecular mass obtained by the simultaneous.N_acetylgalacmsammé())' Analyses of proteins expressed

fitting of the low concentration data at different rotor speeds in terms 1N these cells indicate that, in practice, N-glycans can range
of a single ideal solute’ Experimental buoyant molecular mass obtained from Man to Mars and that O-glycans (as noted with
by the simultaneous fitting of data at different rotor speeds in terms of recombinant human ZP3) can contain core disaccharides
“’%"t’hnoni”éera(?“”gt idea',SO'Ut%S; TtEiS islthe %‘:Oyargfmo'eﬁf'ar mass (HexNAc'Hex), some with the addition of sialic acid. These
[0} e preadaominant species and Is the value obtainead from the analysis . .

of botf?the low and Eigh concentration experiments (Figureé Bhe g observatlons.appear to ref_IeCt mcomplete p?netrance of the
calculated buoyant molecular mass is the sum of the protein and L€C2 (defective CMP-sialic acid translocation) and Lec8
carbohydrate buoyant molecular masses. It is assumed that the ZP3 i{defective UDP-galactose translocation) complementation
N-|9|Y|<3<3ts}c/j|ated gtégfeeljit;es V\gtbebilﬁ*sNzi I;/|d= ?; >t<h1234-_;1 Da, " phenotypes40). Human ZP3 is present in the supernatant
Calculatedy. = 0. mL/g) an -glycosylated a ree sites wi H H i H _

HexNAG Hex (M — 3 x 365.1 Da, calculatodk = 0.65 mL/g). It is pnmanl_y as a dimer, anq enzymatic remove_ll of N glycans_
assumed that the ZP3 is N-glycosylated at three sites with Ky, r_es_ults in mmroaggreggnon detected by sedimentation equi-
M = 3 x 910.3 Da, calculated, = 0.64 mL/g) and O-glycosylated at librium ultracentrifugation (data not shown). Because of the
one site with HexNAeHex (M = 365.1 Da, calculated. = 0.65 mL/g). paucity of recombinant protein recovered from the super-
natant of cells grown in spinner flasks, the stably transformed

5% that of the dimeric C€lls were seeded onto microbeads that provide three-

present in concentrations of less than

human ZP3 (Figure 7). Qimensional_surface areas for attachment. Using a minicon-
tinuous feeding-collecting systen;-10 mg of recombinant
DISCUSSION human ZP3 was purified by column chromatography, and

microscale LC-MS was used to investigate the posttrans-

Mammals fertilize internally, and the evolutionary advan- lational modifications of secreted recombinant human ZP3.
tage of taxon-specific sperm binding is unclear. However, The primary structure deduced from full-length cDNA
understanding the molecular details of this specificity may predicts an N-terminal signal peptide (residue2) and a
provide insight into the molecular basis of speregg transmembrane domain (residues 386-408) near the C-
recognition. Initial biochemical analyses of human zonae terminus 8). The current study confirms the cleavage of the
pellucidae detected three glycoproteins (ZPB, ZP2, ZP3) with signal peptide between residues-23 and demonstrates that
observed motilities on SDSPAGE consistent with molec-  the N-terminal glutamine of the secreted protein has been
ular masses of 6478, 90-110, and 5773 kDa, respectively ~ cyclized to pyroglutamic acid. Similar cylization of the
(27, 34). Mice also have three proteins (ZP1, ZP2, ZP3), N-terminal glutamine in mouse ZP1 and ZP3 is observed in
but recent data suggest that human ZPB and mouse ZP1 ar@ative mouse zona pellucidd§). The zona pellucida is
not homologues and that humans have a fourth zona proteinnormally separated from the plasma membrane of the egg
more closely related to ZPB%). In mice, ZP3 is necessary that it surrounds, and the ectodomain of human ZP3 needs
(13, 14), but not sufficient {2), for formation of the to be released from the transmembrane domain (residues
extracellular zona matrix in eggs, and although implicated 387—408) to participate in the extracellular zona pellucida.
as a sperm receptor3g, 37), its role in spermegg A monoclonal antibody raised against a peptide epitope
recognition has become controversial,(38). The current (residues 335350) recognizes human ZP3 in the extracel-
investigations were undertaken to compare human and mousdular zona pellucidaZ?2), indicating that cleavage must be
ZP3 to gain insight into its potential structural role in C-terminal to this binding site. A potential proprotein
specifying taxon-specific sperm binding. Both human and endoprotease cleavage site (residues-382, RXR/KR)
mouse ZP3 are 424 amino acids in length with 67% identical is ideally positioned upstream of the transmembrane domain
residues. Both have identical signal peptide cleavage sitesand has been implicated in release of the ectodomain of
and share at least one carboxyl terminus. The conservationmouse ZP348, 29). However, an EGFP-ZP3 fusion protein
of 12 cysteine residues and the ordering of their disulfide expressed in transgenic mice with an inactivating mutation
bonds strongly suggest a common three-dimensional struc-of this site is incorporated into the zona pelluci@2)( and,
ture. The primary contribution to glycosylation is N-glycans, more pertinent to the current study, human ZP3 mutated in
and the presence of three in human and five in mouse largelythe furin site also is secreted, albeit less efficiently, from
accounts for differences observed in the apparent molecularheterologous cells3Q).
mass by SDSPAGE of human (64 kDa) and mouse (83 A previous mass spectrometric analysis of native mouse
kDa). Two patches of O-glycans are present in mouse ZP3,zona pellucida detected the C-termini of ZP1, ZP2, and ZP3,
only one of which is detected in human, but O-glycans are not at the preprotein convertase site (RXRHKRut N-
consistently detected on human ¥and the corresponding  terminal to the dibasic motif (RIR/KR) within the site 18).
mouse Tht%5. Neither human Sét nor Sef33 homologues  Whether this is the actual cut site or whether cleavage at
to mouse Séf2 and Set®, the glycosylation of which was  the furin site is followed by carboxylpeptidase activity, as
previously implicated in sperm bindin89), is occupied by has been suggested in quaenopusand pig homologues
O-glycans (Figure 8). These data indicate that human and(41—43), remains to be determined. The further observation
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FIGUurRe 7: Stoichiometry of soluble human ZP3. Sedimentation equilibrium profiles at 280 nm &@dot human ZP3 loaded at &g

of 0.39 and collected at 10000 (red), 12000 (green) and 14000 (blue) rpm. The data collected at 10000 rpm have been-sRifiéd by

Asgo, and those collected at 14000 rpm have been shiftee-0¥5 Axgo for clarity. The lines through the data represent the weighted
best-fit global analysis in terms of two noninteracting ideal solutes. The distributions of the residuals to this fit are shown in the panels
above. The inset shows the relative contributions of the human ZP3 dimer (solid line) and aggregate (dashed line) to the experimental data
collected at 12000 rpm.

of secretion of mouse ZP3 mutated at the furin site (RNRR with Asp-N endoproteinase is consistent with a C-terminus
— ANAA) suggests other points of cleavage must be comparable to the ASP observed in native mouse ZP3

available as well32). The detection of a recombinant human (Figure 8). Although the detection of at least two additional
ZP3 peptide terminating at A3 (RNIRR) after digestion peptides C-terminal to this site indicates heterogeneity of
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Human and Mouse ZP3
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Ficure 8: Comparison of native mouse and recombinant human ZP3. The primary amino acid sequence (single letter code) of recombinant
human ZP3 is compared to native mouse ZP3. Amino acid residues that are identical are indicated by a dash in the mouse sequence. Four
amino acids (white on gray background) in human ZP3 were not detected due to technical constraints. Both mouse and human ZP3 proteins
begin with N-terminal pyroglutamates (pyrQ23), and although C-terminal heterogeneity of human ZP3 expressed in CHO-Lec3.2.8.1 is
observed (e.g., H353R370; D373-S383, underlined), an Asp-N peptide, ending in N350, corresponds to the C-terminus observed in
native mouse ZP3 (N351). There are eight conserved cysteine (yellow on blue background) residues in the zona domain (yellow background)
that are disulfide linked, C46/C140, C78/C99, C217/C282, and C239/C300 (solid line), as well as four cysteines (C319, C321, C322,
C327) that are C-terminal to the zona domain. As in native mouse ZP3, the linkage of the latter (dotted lines) was indeterminate due to
clustering of cysteine residues and the absence of appropriate cleavage sites. Three of the four potential N-linked sites in human ZP3 (white
on green background) are glycosylated (shown in red; N125, N147, and N272 but not N226), and five previously determined N-glycans in
mouse ZP3 are noted in black (N146, N273, N304, N327, and N330 but not N227). Two clusters of O-glycosylation were detected within
residues 156173 and 266-281 of human ZP3. In the first, an O-linked glycan is present at T156 (blue) with five additional potential sites
(T162, T163, S166, T171, S173; red asterisks) nearby, and in the second, there are three sites (T260, T264, T281; red asterisks). Native
mouse ZP3 was reanalyzed, and O-glycan occupancy was confirmed on T155 (blue); previously identified potential O-glycosylation sites
on mouse ZP3 are indicated by black asterisks.
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the cleavage site, the presence of a single human ZP3 bandlisulfide-bonded cysteine residues indicates a highly ordered
on SDS-PAGE (~42 kDa) whose mobility does not change secondary structure near the carboxyl terminus of the secreted
after digestion with furin (Figure 1B) suggests a single protein that is conserved in mouse and human ZP3 but not
predominant C-terminus. the other zona proteins.

The mature human ZP3 protein has 12 cysteine residues Zona pellucida proteins are glycosylated with both N- and
that are capable of forming six disulfide bonds. By analyzing O-linked carbohydrate side chains. The recognition sequence
the mass spectra of enzymatic digests without reduction of for N-linked glycosylation is Asn-Xaa-Ser/Thr, where Xaa
cysteine residues, four disulfide bonds within the “zona is any amino acid except Pro. O-Linked glycosylation can
domain” were unequivocally assigned, the arrangement of potentially occur at any serine or threonine residue. The
which is conserved between native mou%8) @nd human extent of glycosylation of human ZP3 was initially analyzed
(Figure 8). The first four human ZP3 cysteines (€4&ysH°, by mobility on SDS-PAGE before and after enzymatic
Cys’®/Cy<s») form a loop-within-loop motif (+-4, 2—3), and removal of N- and O-linked oligosaccharide side chains. The
the second four (Cy&/Cys®2 Cys3YCys’%9) participate in recombinant protein secreted from CHO-Lec3.2.8.1 cells has
a 1-3, 2—4 crossover motif. The remaining four cysteine an apparent molecular mass o#2 kDa. Treatment with
residues (Cy8° Cys?L, Cys?2 Cys?) lie C-terminaltothe  N-glycosidase reduced the mass+88 kDa, consistent with
zona domain and contain two disulfide bonds. Similar to the presence of three Macarbohydrate side chains attached
native mouse ZP31Q), they lie within a tight cluster (eight to a GIcNAc disaccharide core (eachl.3 kDa). After
to nine amino acid residues), and the absence of proteolyticdigestion with O-glycosidases, there was minimal further
cleavage sites prevents precise assignment of disulfide bondslecrease in molecular mass, suggesting that few of the serine
among the four with precision. The close proximity of four and threonine residues were occupied by O-linked glycans.
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These observations are in accord with the predicted mass ofPosttranslational glycosylation of individual zona proteins
the native core polypeptide 636 kDa, and as observed has been implicated in sperm binding, but the role of specific
with mouse ZP344), human ZP3 appears more heavily N- glycans remains controversidlq, 38, 48—53), and specific
than O-glycosylated. differences between mouse and human have not been
Although glycoforms differing in N- and O-glycan oc- determined. There also may be as yet-to-be-identified factor-
cupancies (including nonglycosylated) are detected by mass(s) contributed during folliculogenesis that are important for
spectrometry, the majority of the recombinant human ZP3 postovulatory sperm binding. Thus, although the molecular
appears as a single band on SEFAGE run under nonre-  basis of taxon-specific speraegg recognition in mammals
ducing conditions prior to deglycosylation. Under reducing remains indeterminate, continuing investigations into the
conditions, a second band is observed on SPAGE that difference between mouse and human zonae pellucidae may

disappears after treatment with de-O glycosidases, confirmingyet prove fruitful.

heterogeneity of O-glycan occupancy (data not shown). To

determine sites of attachment, N-linked glycans were re- ACKNOWLEDGMENT
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O-glycanases, and the detection of peptides not previouslySUPPORTING INFORMATION AVAILABLE

observed identified O-linked glycosylation sites. Human ZP3
contained four potential N-linked sites of which three were
occupied (Ast?®, Asnt4’, and Asi”d similar to those (Ast?,
Asn6 and Ash’™) detected biochemically in the pig
homologue 45). Neither Asi?® in human ZP3 nor Asi#®

in native mouse ZP31Q) are glycosylated, perhaps because
of adjacent proline residues. The net gain of two additional
N-glycans in mouse ZP3 (A$H, Asre’s, Asm% Asn®?7,
Asn?30) results in the larger apparent molecular mass of the
native zona protein (83 kDa) compared to human (64 kDa)
and pig (55 kDa) ZP327, 46). Human ZP3 expressed in

transgenic mouse oocytes has a molecular mass equivalent

to native human ZP3 and distinct from mouse ZR3)(

although O- and N-glycans attached by the mouse oocyte
glycosylation machinery appear to be the same as endo-

genous mouse ZP3&T). However, attachment sites were not

reported, and whether the glycosylation patterns observed

in recombinant human ZP3 (expressed in CHO-Lec3.2.8.1

or mouse oocytes) match those in native human ZP3 remains

to be determined.
Of the 52 potential O-linked glycosylation sites in the

mature human ZP3 protein, O-glycans were detected clus-

tered in two regions: amino acid residues 363 and
260-281. In the first cluster, TA? was definitely glyco-
sylated while five nearby residues (¥ Thrl®3 Sef6s,
Thri7, Set’®) were heterogeneously occupied with zero to
two additional O-glycans. Reexamination of the CID spec-
trum of native mouse ZP3 using lower energy confirmed
O-glycan occupancy of the homologous Thr(18). The

second cluster in recombinant human ZP3 contained three

additional sites (THFEC, Thr?%4 Thr?8Y) that were heteroge-
neously occupied with one to two O-glycans. A fourth
potential site (S&r%) participates in the Asi#? recognition
site (Asn-Asp-Ser) for an N-glycan and is presumably not
available for occupancy (Figure 8).

To account for taxon-specific sperm binding, there must
be either differences in individual zona components or
differences in the organization of the components within the
zona pellucida. The number of zona proteins differs among
mammals, and the human matrix has a fourth protein, ZP4,
that is not present in mousB, 35). The other three proteins
(ZP1, zP2, ZP3) are well conserved, and the similarity

between the structures of mouse and human ZP3 suggests™

that it does not account for taxon-specific sperm binding.

One table providing LEMS and MS/MS analysis of
human ZP3 and one figure showing the purification of
recombinant human ZP3 by glycosylation-deficient CHO-
Lec cells. This material is available free of charge via the
Internet at http://pubs.acs.org.
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