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ABSTRACT

Studies on the role of specific molecules in the human fertilization process and additional assessments of potential applications
for these proteins are hampered by the limited amount of available biological material. However, this drawback might be cir-
cumvented by the recent cloning of several gamete-specific genes, which opens possibilities for the production of recombinant
proteins.

By use of cDNA and genomic DNA fragments of the human ZP3 gene, which encodes a major constituent of the zona pellucida
surrounding the oocyte, a 2.7-kb minigene was constructed containing the natural third and fourth introns of the gene and a
truncated intron between exons 2 and 3. This ZP3 DNA was transfected to Chinese hamster ovary cells, and a single-cell clone
producing the recombinant ZP3 protein (recZP3) was generated. Western blot analysis of culture medium from these cells
showed that recZP3 has a molecular mass + 5 kDa smaller than that of natural ZP3. Under reducing conditions, it migrates at
an apparent molecular mass of 55-60 kDa. RecZP3 induced the sperm acrosome reaction and promoted fusion of human sper-
matozoa with zona-free hamster oocytes, indicating that the recombinant protein is biologically active.

RecZP3 provides an attractive tool for studying the initial stage of the human fertilization process. Furthermore, it might have
clinical applications in the development of diagnostic tests for male infertility and serve as target antigen in the design of con-
traceptive vaccines.

INTRODUCTION

Human fertilization consists of at least three fundamental

stages, comprising sperm-egg recognition, zona pellucida

penetration, and finally sperm-oocyte fusion (for review see

[1, 2]). This sequence of events is initiated by a species-spe-

cific receptor-ligand interaction between male and female

gametes, which results in the activation of the spermato-

zoon and the induction of an exocytotic event known as

the acrosome reaction. Proteolytic enzymes released dur-

ing the course of the acrosome reaction then facilitate the

penetration of the fertilizing spermatozoon through the zona

pellucida and into the perivitelline space. Finally, subse-

quent fusion of the sperm and oocyte plasma membranes

results in the completion of fertilization and the initiation

of embryonic development.

At the molecular level, the mechanisms underlying this

series of events are still elusive, although recent years have

seen some progress in the understanding of the molecules

involved in sperm-zona interaction. With regard to the

spermatozoon's receptor for the zona pellucida, a number

of different candidate molecules have been put forward [3, 4],

including a murine tyrosine kinase [5-7] and galactosyl

transferase [8]. As far as the zona pellucida is concerned,

the glycoprotein ZP3 is generally believed to serve as a li-
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gand for receptors on the sperm surface that, after ZP3

binding, mediate a G protein-coupled signal transduction

event leading to the acrosome reaction [9]. In the case of

murine and porcine ZP3, the O-linked carbohydrate side

chains have been implicated as key elements in gamete rec-

ognition [10, 11]. A second zona glycoprotein, ZP2, has been

proposed as the mediator of secondary sperm binding,

whereby the inner acrosomal membrane of the acrosome-

reacted spermatozoon contacts the zona pellucida during

the process of gamete interaction [1]. A third zona glyco-

protein, designated ZP1, appears to be primarily involved

in maintaining the three-dimensional structure of the zona

pellucida [1].

Much of our current understanding of the functional roles

played by individual zona glycoproteins has been obtained

by use of the mouse as an animal model. The extent to

which these functional roles can be assigned to the ZP gly-

coproteins identified in other animal models has been

hampered by the heterogeneous molecular weights exhib-

ited by these molecules and the corresponding differences

in nomenclature. However, this situation is rapidly being

resolved as progress is made with the molecular cloning

of ZP genes. For the ZP3 glycoprotein, mouse, hamster, hu-

man, and marmoset cDNA sequences have been elucidated

with interspecies homologies ranging from 67-91% [12-

15]. Comparable similarities have been found for the cloned

sequences of human and mouse ZP2 and the homologous

rabbit rc75 protein [16-18]. Finally, sequences have been

reported for a third group of ZP proteins, i.e., rabbit rc55
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FIG. 1. Schematic presentation of construction of ZP3 minigene. Top
part of the figure shows the genomic organization of the human ZP3 gene
with exons (numbered 1 to 8) indicated as black boxes [25]. Below, the
structure of the ZP3 minigene is given with exons 1 to 8 shown as open
boxes. The assembling of segments A, B, and C, and subsequent insertion
of the DNA in a mammalian expression vector is described in Materials
and Methods. Arrows with numbers indicate the positions of oligonucleo-
tides used. Only restriction sites relevant for the cloning strategy are given.

and the homologous porcine ZP3ot. For the rabbit protein,

a cross-linking function has been hypothesized akin to the

putative role of ZP1 in the ZP matrix [19]. In addition, for

the pig protein, a direct role in sperm-binding has also been

reported [20].

ZP3 is a particularly important constituent of the zona

pellucida because it is this molecule that serves as the rec-

ognition site for spermatozoa and provides the stimulus that

induces the acrosome reaction. In a human context ZP3 is

important as both a potential target for contraceptive vac-

cine development and as a possible tool in the diagnosis

and treatment of male infertility. In order to explore this

clinical potential of ZP3 and to study the cellular mecha-

nisms by which the human spermatozoon becomes acti-

vated on making contact with ZP3, it is necessary to gen-

erate a biologically active recombinant form of this molecule.

In the studies reported in this article, we describe strategies

for the expression and purification of human ZP3 that have

resulted in a biologically active product with the capacity

to stimulate human spermatozoa to acrosome react and ini-

tiate sperm-oocyte fusion.

MATERIALS AND METHODS

General Methods

For cloning procedures, DNA, RNA, and protein analysis

standard protocols were followed [21].

Biological Material

The study population comprised 24 unselected normo-

spermic donors [22] who had been clinically examined and

shown to be free of any detectable pathology, including

hepatitis and sexually transmitted diseases such as Human

Immunodeficiency Virus (HIV), that might have influenced

the quality or cellular composition of their semen. The se-

men samples were produced by masturbation and col-

lected into sterile containers. After allowing at least 30 min

for liquefaction to occur, the spermatozoa were fraction-

ated on a discontinuous 2-step Percoll gradient comprising

a 3-ml volume of 100% isotonic Percoll [23] overlaid with

a further 3-ml volume of 50% Percoll in a 10-ml conical-

based sterile centrifuge tube. The 50% Percoll was pro-

duced by diluting isotonic Percoll with Biggers, Whitten,

and Whittingham (BWW) medium [24]. Semen (1-3 ml) was

layered on the top of each gradient and centrifuged at 500

x g for 20 min. Thereafter the seminal plasma was dis-

carded, and the cells were collected from the base of the

100% Percoll fraction. These spermatozoa were then re-

suspended in 7 ml of BWW medium + 0.3% human serum

albumin (HSA), centrifuged at 500 x g for 5 min, resus-

pended in the same solution at a sperm concentration of

20 x 106 cells/ml, and used for the experiments shown in

Figures 6 and 7. With respect to the experiments shown in

Figure 5, semen was purified over 70% Percoll and after

one wash step was resuspended in Hepes-buffered (15 mM,

pH 7.3) Ham's F-10 medium at a concentration of 5 x 106

cells/ml and left overnight at 20°C until further use.

Human zonae pellucidae were obtained from in vitro

fertilization (IVF) programs. Briefly, the oocytes that had

failed to be fertilized after incubation with spermatozoa were

stored at 4C in 20 mM Hepes (pH 7.2-7.4), 1.5 M MgC12,

0.1% dextran (D-4876, Sigma, St. Louis, MO), 10% glycerol,

and 0.1% polyvinylpyrrolidone (PVP-40, Sigma).

Chinese hamster ovary (CHO) cells were cultured in

Dulbecco's Minimum Eagle's medium (DMEM)/Ham's F-12

medium supplemented with 5% calf serum and antibiotics.

Oligonucleotides

Sequence primers and oligonucleotides for polymerase

chain reaction (PCR) experiments were synthesized on an

Applied Biosystems 381A DNA synthesizer (Applied Bio-

systems Inc., Foster City, CA). The following oligonucleo-

tides were synthesized (see also Fig. 1):

org713 CTGTCTTGTCGACGGTCTCACTGATGCCTC

org811 CGACAAGCTTGGATCCTTTATTCGGAAGCAGA-

CACAGG

org814 GTCGAAGCTTGAATrCGCAGGTACCATGGAGCT-

GAGCTAT

org815 CGCAAAGCTTCTAGACCCAACTTGGCCTGCA-

GCCACAC

org824 CACCAGGGCATCGTCAGTTACCTGCATGCTGT-

TGCCACACT

Construction of a Human ZP3 Minigene

For making a ZP3 expression construct, both genomic

and 3' cDNA fragments [25] were used. With respect to the

latter, cDNAs of exons 5-8 corresponding to both ZP3 al-

leles (as recently reported [25]) have been used, i.e., har-

boring a truncated open reading frame (ZP3-372) and en-

coding a normal ZP3 protein of 424 amino acids. The

following three DNA fragments (schematically shown in Fig.

1) were assembled to a so-called ZP3 minigene: a PCR-gen-

-
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RECOMBINANT HUMAN ZP3

FIG. 2. Autoradiograph of Northern blot with 20 Fig total RNA from
control CHO cells (lane 1), geneticin-resistant CHO transformant carrying a
ZP3 minigene (construct pNKSI.ZP3-minigene-372; lanes 2 and 4), and 5 g
poly(A)

+
RNA from human ovary tissue (lane 3). The following 32

P-labeled
probes were used: ZP3 Sal -Hindlll cDNA fragment (lanes 1-3); 260-bp Xba
I-Apa LI fragment from truncated intron between exon 2 and 3 (lane 4).

erated EcoRI-Xba I fragment with exon 1 and 2; a genomic
Xba I-Sal I fragment containing exons 3, 4, and a part of
exon 5 (from lambda clone I described in van Duin et al.
[25]; and a Sal I-HindIII cDNA part of ZP3-372 harboring
the rest of exons 5-8. These were cloned in pGEM-3Z (Pro-
mega, Madison, WI) opened with EcoRI and HindIIl. The
5' and 3' fragments of this construct were obtained as fol-
lows: with several genomic subclones carrying exons 1 and
2 (derived from previously described lambda EMBL clones

[25], a reported PCR procedure was used [26] to join exon
1 and 2 with use of primers org814 (creating a 5' EcoRI

site), org824 (overlapping exon 1 and 2), and org815 (de-
rived from 2nd intron, creating Xba I site); standard PCR
conditions [27] were used to provide ZP3-372 cDNA of ex-

ons 5 to 8 with 3' BamHI and HindIII sites using primers

org713 (5' part exon 5) and org811 (creating BamHI and
HindIIIl sites). The resulting 2.7-kb minigene was isolated
from the pGEM-3Z vector after digestion with EcoRI and
BamHl and placed behind the SV40 early promoter in a
pKCR [28], yielding construct pNKSI.ZP3-minigene-372. This
vector also carries the geneticin-resistance gene aminog-
lycosyl phosphotransferase [29]. A Sal I-BamHI fragment of
this construct (harboring the ZP3-372 specific mutation)
was replaced by the corresponding 3' part of the wild type

ZP3 cDNA [25] (yielding a open reading frame of 424 amino
acids) to yield plasmid pNKSI.hZP3-minigene-424. The con-
struct corresponding to the polymorphic ZP3-372 allele [25]
was used only to show that the artificial intron between
exons 2 and 3 was correctly spliced (see Fig. 2). The in-
tegrity of all PCR-generated DNA fragments was verified by
DNA sequence analysis to exclude mutations introduced by
the Taq-polymerase (Perkin-Elmer, Norwalk, CT).

Expression of Human ZP3 in Chinese Hamster Ovary

(CHO) Cells

Three dishes with 5.105 CHO cells were co-transfected
with ZP3 minigene DNA (10 ,jg/dish) and plasmid pMT2

(carrying the human metallothionein IIa gene, 1 g/dish)
according to the standard calcium phosphate precipitation
method. Transformants were first selected in medium con-
taining 800 g/ml geneticin (Life Technologies Inc., Gaith-
ersburg, MD), and a pooled mass population (consisting of
300-500 clones) was stored in liquid nitrogen and in part
further selected with medium containing increasing con-

centrations of cadmium chloride [30] to select transfected
cells with the highest ZP3 production levels. Subsequently,
approximately 90 single-cell clones were generated from a
pool of geneticin and 2.5 M CdCl 2-resistant ZP3 transform-
ants. Ten days after the cells were plated on microtiter plates
by limiting dilution, wells containing single-cell clones were
incubated for two days with 200 il serum-free medium,
after which 100 I1 was subjected to dot blot analysis using
a rabbit anti-human ZP antiserum. On the basis of visual
inspection of the intensity of immunostaining, clone ZP3-
424.14 was selected and used for production of recombi-

nant ZP3 (recZP3).

Production of Anti-ZP/ZP3 Antibodies

A rabbit anti-ZP antiserum was generated by five im-
munizations, with three-week intervals, of male rabbits with
20-25 heat-solubilized (incubation at 700C for 30 min) hu-
man salt-stored ZPs with complete and incomplete Freund's
adjuvant for the primary and booster immunizations, re-
spectively. Likewise, mice were immunized with similar ZP
material to allow selection of hybridomas producing hu-
man ZP3-specific monoclonal antibodies (mAbs). Condi-
tioned culture media of nontransfected CHO cells and ZP3
expressing CHO cells were used for hybridoma selection.
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VAN DUIN ET AL.

The production and characterization of this and other ZP3-

specific mAbs will be reported separately (van Duin et al.,

in preparation).

Detection of Recombinant ZP3

For Western blot analysis, proteins were separated by

SDS PAGE and blotted to PVDF membranes (Biorad, Her-

cules, CA). When appropriate, culture medium samples were

first concentrated on Centricon 30 columns (Amicon, Bev-

erly, MA). Immunodetection was carried out with a 1:500-

1:1000 dilution of a rabbit antiserum against human ZP and/

or with a ZP3-specific mAb at a concentration of 1 g/ml

followed by incubation with an appropriate second anti-

body conjugated to alkaline phosphatase. Similar condi-

tions were used for immunostaining of dot blots of serum-

free culture medium of ZP3-expressing CHO cells.

For Western blot analysis, salt-stored human ZPs were

washed 4-5 times in 1.5 ml PBS, collected in the smallest

possible volume (+ 20 1l), and heat-solubilized in sample

buffer [31].

Affinity Purification

A single-cell clone of CHO cells expressing recZP3 (clone

ZP3-424.14) was grown to 60-80% confluency in 850-cm2

roller bottles (Corning Glass Works, Corning, NY) or to a

concentration of 1-2 x 106 /ml in a 250-ml spinner culture

on CultiSpher-G microcarriers (Hyclone Laboratories, Lo-

gan, UT) in medium containing 2.5 F.M CdC12 and 50 p-M

ZnSO4. The cells were washed twice with serum-free me-

dium for 15-30 min each and subsequently incubated with

100 ml serum-free medium in the case of roller bottles, or

225 ml medium supplemented with 5 mg/ml bovine trans-

ferrin (Miles, Kankakee, IL) and 0.5 mg/ml porcine insulin

(Diosynth, Oss, The Netherlands) in the case of the spinner

culture, for 1-2 wk; medium was refreshed every 2-3 days.

After the medium was harvested, it was centrifuged and fil-

tered through a 0.2-plm membrane. Finally, the medium was

stored at -20°C until further use.

Anti-human ZP3 mAb was purified from serum-free hy-

bridoma culture medium by use of protein G coupled to

Sepharose beads (Pharmacia, Uppsala, Sweden). Subse-

quent covalent linkage of the antibodies to protein G was

achieved by incubation in 50 mM DMP (dimethyl pimelim-

idate; Pierce, Rockford, IL) in 0.2 Hepes buffer (pH 8.5) for

1 h at room temperature. Four to five milligrams of anti-

bodies per milliliter of protein G beads were coupled with-

out significant antibody leakage during the elution steps.

Serum-free ZP3-containing medium was incubated with

the affinity matrix at 4C for 16-24 h and subsequently

transferred to a C10/10 column (Pharmacia) and washed

with at least 10 bed volumes of PBS (flow rate 1.0 ml/min).

More than 95% of recZP3 did bind to the column material

as measured by immunoassay (see below). ZP3-containing

fractions were obtained by elution with 0.1 M glycine (pH

2.7) and immediately neutralized with 2.0 M Tris. ZP3-con-

taining fractions were dialyzed against Milli Q water and

stored at -20 0C until further use. The affinity column could

be used at least four times without significant reduction of

ZP3 recovery (usually 90-95%). From 1 L of serum-free cul-

ture medium, 1-2 mg (roller bottle culture) to + 5 mg

(spinner culture) recZP3 could be purified.

Quantitative ZP3 Determination

The protein concentration of purified ZP3 samples was

measured by the BCA protein quantification test (Pierce,

Rockfort, IL). In addition, all ZP3-containing samples were

analyzed by an immunoassay using two protein G-purified

ZP3-specific mAbs. In this immunoassay, a first mAb was

coated to maxisorb plates (NUNC, Roskilde, IL) in 50 mM

sodium carbonate buffer (pH 9.5), and a second mAb was

biotinylated with sulfo-NHS-LC-Biotin as described by the

manufacturer (Pierce). Streptavidin conjugated to Euro-

pium (Eu) was used to measure binding of the conjugated

second ZP3 mAb. Eu-fluorescence was determined by means

of the DELFIA system (Pharmacia). Heat-solubilized human

ZPs were used as a provisional standard in these experi-

ments. By combining the data obtained with purified ZP3

batches (containing known amounts of recZP3 as measured

by protein determination assay), it was possible to estimate

that a single salt-stored human zona pellucida contains on

the average approximately 5 ng ZP3. This information was

used in subsequent ZP3 immunoassays in which human ZPs

were used as standard.

Human Sperm Acrosome Reaction Assay

The acrosome reaction was assessed by use of fluores-

cein-conjugated Arachis hypogaea lectin (Sigma) in con-

junction with an assessment of viability using the hypoos-

motic swelling test, as described by Aitken et al. [32]. Cells

that were viable and exhibited dispersal of the label from

the acrosomal region of the cell were classified as acro-

some-reacted [32,33]. All experiments were done "blind"

with coded samples and contained either concentrated cul-

ture media of CHO cells or affinity-purified recZP3 samples

(see also legends to Figs. 5 and 6, respectively), apart from

the positive and negative controls for which the calcium

ionophores 4-bromo A23187 (Sigma) or the free acid A23187

form (Calbiochem, San Diego, CA) dissolved in DMSO or

DMSO alone were used, respectively. In all cases, at least

100 viable cells were scored.

In the experiments with culture media, spermatozoa were

capacitated overnight at 200C followed by 3 h at 370C. In

these experiments, 1-10 p.l of test sample was added to 100

ptl of 3 x 105 sperm cells in BWW + 0.3% HSA and in-

cubated for 1 h at 37°C.

In the time-course experiment, the Percoll-purified sper-

matozoa were incubated at 37°C for the indicated time pe-

riods. In this case, recZP3, A23187, or buffer alone was added
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RECOMBINANT HUMAN ZP3

to the sperm suspensions at T = 0, and the acrosome re-
action was assessed at the following time points: 0, 0.25,
0.5, 1, 3, 6, and 24 h. The stimulants were added in a vol-
ume of 10-190 p1A of Percoll purified spermatozoa at a con-
centration of 2 x 107 /ml. The final concentrations of A23187
and recZP3 were 2.5 RiM and ± 15-20 ng/pl, respectively.
The experiment was repeated six times with independent
donors.

Hamster Egg Penetration Assay

In order to determine whether spermatozoa that had been
induced to undergo the acrosome reaction in response to
recZP3 had also acquired the competence for sperm-oocyte
fusion, the zona-free hamster oocyte test was performed as
recently reported [32]. For this experiment, the spermato-
zoa were capacitated for 5 h before the addition of recZP3
at final concentrations ranging from 2 to 32 ng/ml to a
suspension containing 107 spermatozoa/ml. After 30 min
had elapsed, 18-20 zona-free hamster oocytes were intro-
duced into the sperm suspensions, prepared as 50-Ail drop-
lets under liquid paraffin and incubated for a period of 2
h. At the end of this period, the oocytes were removed and
examined for the presence of decondensing sperm heads
with an attached or closely associated tail.

RESULTS

Expression of Human ZP3 in CHO Cells

The construction of a ZP3 minigene is schematically de-
picted in Figure 1. Both genomic and cDNA fragments of
the cloned human ZP3 gene have been assembled to a 2.7-
kb EcoRI-BamHI DNA-fragment carrying a truncated intron
between exon 2 and 3 and the natural third and fourth ZP3
introns (for details see Materials and Methods). The deci-
sion to make a minigene construct rather than a vector car-
rying the complete ZP3 cDNA was based on experiments
showing that intervening sequences of, for example, P-glo-
bin, adenovirus, and thymidylate synthase, stimulate gene
expression [34-36]. It was suggested that the presence of
introns leads to enhanced efficiency of RNA 3' processing
resulting, in an accumulation of cytoplasmic RNA [35].

The ZP3 minigene was placed behind an SV40 early pro-
moter in a vector that also harbored the geneticin resis-
tance gene. CHO cells were transfected with the minigene
DNA and a geneticin- and cadmium-resistant mass popu-
lation was examined for ZP3 expression. To investigate
whether transcripts derived from the minigene construct
were correctly spliced, a pool of CHO ZP3 transfectants was
analyzed by Northern blot analysis by using probes specific
for the ZP3 coding region and for the intron between exon
2 and 3. Figure 2 presents an example of an autoradiograph
showing a relatively high level of ZP3 transcription in trans-
fected cells (equivalent to actin mRNA levels, not shown),
whereas no hybridization was detected in RNA from non-

transfected cells (compare lanes 1 and 2). A probe from
the truncated intron between exon 2 and 3 detected only
precursor transcripts (lane 4) that are also recognized by
the coding ZP3 probe. These signals probably represent
partially processed mRNA molecules. The size of the re-
combinant ZP3 mRNA is slightly larger than the natural ZP3
transcript in human ovarian tissue (compare lanes 2 and
3), which might be explained by 5' and 3' flanking DNA in
the expression vector and/or a difference in length of poly-
A tail. From these results it can be inferred that the ZP3
minigene-derived precursor RNA is correctly spliced. This
was further supported by PCR amplification of cDNA frag-
ments containing the correct sequence of exons 1 to 5 from
total RNA of CHO ZP3 transformants, and amplification of
fragments of similar size from human ovarian poly(A)+ RNA
(not shown).

By limiting dilution of a pool of geneticin-resistant CHO
cells carrying the ZP3 construct with an open reading frame
of 424 amino acids, a single-cell clone, designated ZP3-
424.14, was generated that secreted relatively high amounts
of recZP3 into the culture medium. Western blot analysis
of concentrated serum-free culture medium of this clone
with a rabbit anti-human ZP antiserum is presented in Fig-
ure 3A. Under nonreducing conditions, recZP3 migrated at
45-53 kDa (lanes 2 and 3), which is slightly smaller than
natural ZP3 (lane 1). The band migrating at 90-100 kDa
(lane 1) probably represents ZP1 and/or ZP2, the other
constituents of the human ZP [37]. Both natural ZP3 and
recZP3 were hardly detectable under reducing conditions
(not shown), indicating that the anti-ZP antiserum primarily
recognizes conformational ZP-epitopes. Western blot anal-
ysis of recZP3 in the presence of P-mercaptoethanol with
a ZP3-specific mAb revealed an immunostained protein mi-
grating at 55-60 kDa.

Affinity Purification of recZP3

A ZP3-specific mAb was used for affinity purification of
recZP3 directly from serum-free culture medium of ZP3-
424.14 cells. In Figure 4, protein and immunostaining are
shown after SDS-PAGE of the protein fractions eluting from
an antibody column at pH 2.7 (lanes 3 and 6) and of the
serum-free culture medium before and after incubation with
the immobilized anti-ZP3 antibodies (lanes 1 and 2, and
lanes 4 and 5, respectively). On the basis of these experi-
ments, it can be inferred that affinity chromatography with
a ZP3-specific mAb has yielded a considerable purification
of the recZP3 protein.

The amount of protein in the purified ZP3 fractions was
measured with BSA used as the standard. In addition, all
ZP3-containing fractions were also analyzed by an immu-
noassay with anti-ZP3-specific antibodies, with a batch of 10
heat-solubilized human zonae used as a reference. This re-
vealed that, depending on the culture conditions, i.e., in
roller bottles or on microcarriers, from 1 L of serum-free
culture medium 1-5 mg of recZP3 could be purified.
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VAN DUIN ET AL.

FIG. 3. Western blot analysis of recombinant and natural ZP3. Panel A: lanes 1 and 4, five human ZPs without and with P3-mercaptoethanol (1-meOH),

respectively; lanes 2 and 3 (both without -meOH), 1 and 2 til of 100x concentrated medium of ZP3 CHO-transformants and CHO control cells, respectively.

The blot was incubated with rabbit anti-human ZP antiserum, 1:1000 dilution. Panel B: lane 5, molecular weight markers; lanes 6 and 7, 2 and 5 LI of

100x concentrated medium (+ p-meOH) of control CHO cells and ZP3 transformants, respectively. The blot was incubated with an anti-ZP3 mAb. Blots in

both A and B were stained with the appropriate anti-rabbit and anti-mouse antibodies conjugated with alkaline phosphatase.

FIG. 4. Affinity purification of recZP3. Coomassie brilliant blue staining (panel A) and Western blot analysis (panel B) stained with rabbit anti-human

ZP antiserum and an alkaline phosphatase conjugate) of an immunoaffinity purification of recZP3 (see also Materials and Methods). Results are shown of

a purification from 200 ml serum-free medium, of which 150 pI1 before and after treatment with protein G-mAb affinity beads were concentrated (centricon

30; Amicon, Beverly, MA) to allow analysis by SDS PAGE (lanes 1 and 2, and 4 and 5, respectively). Volume of the recZP3-containing fraction was 10 ml,

of which 10 .
1
l was loaded on gel (lanes 3 and 6).
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FIG. 5. Analysis of recZP3 secreted in culture medium by transfected

CHO cells for potential to induce the human sperm acrosome reaction (see

also Materials and Methods). Serum-free culture media (samples 3 and 4)

were concentrated by centricon 30 spin columns and, together with neg-

ative and positive controls (samples 1 and 2, respectively), were analyzed

in independent experiments using sperm samples from 5 different donors.

Average results - standard errors of means are given. Stars refer to sig-

nificant differences at 5% level as determined by an analysis of variance

followed by a t-test on adjusted means. Samples tested: 1, DMSO control;

2, DMSO + 4-bromo A23187 (10 IM); 3 and 4, 10x concentrated serum-

free medium of CHO control and CHO ZP3-expressing cells, respectively

(ZP3 concentration: 10-20 ng/l). Before start of experiment spermatozoa

were capacitated overnight at 20°C and 3 h at 37°C.

By comparison of the data obtained from both the pro-

tein determination assay and the ZP3 immunoassay (data

not shown), it could be deduced that a single human ZP

contains approximately 5 ng of ZP3 protein. Given the com-

parable sizes of porcine and human zonae pellucidae, this

amount of human ZP3 corresponds reasonably well with

the estimated ZP3 content of a pig ZP [38]. However, further

determination of the absolute amount of protein in affinity-

purified recZP3 will be necessary to establish the ZP3 con-

tent of a single human oocyte more accurately.

Biological Activity of recZP3

The biological activity of recZP3, i.e., the potential of this

molecule to induce the sperm acrosome reaction and ini-

tiate sperm-oocyte fusion, was assessed with both the me-

dium of ZP3-secreting CHO cells and the affinity-purified

recombinant protein as stimulant. The results of these ex-

periments are shown in Figures 5 and 6, respectively.

The time-course analysis of the acrosome reaction rates

observed in response to recZP3 and A23187 revealed that

both of these reagents were capable of inducing significant

increases in acrosome reaction rates compared with the

control incubations. However, the kinetics of the response

varied with the agonist employed. Thus, A23187 induced a

significant increase in acrosome reaction rates after 3 h to

a mean value of around 30% and remained at that level

over the ensuing 21 h (Fig. 6). The response to recZP3 was

much slower: a significant increase in acrosome reaction

o

'5

a

4)

U

o0
0
'U

E
to
0
ci

4"!

0 MIN 15 MINS 30 SINS I HOUR 3 HOURS HOURS 24 HOURS

Length of incubation

FIG. 6. Effect of increasing durations of incubations of human sperm

cells with affinity-purified recZP3 (see also Materials and Methods) on per-

centage of acrosome-reacted cells. Black bar, purified recZP3 ± 15-20 ng/

1l; open bar, 2.5 I'M free acid A23187; shaded bar, BWW control. Error

bars represent standard error of means of six experiments. Stars refer to

significant differences at 5% level according to an analysis of variance and
X

2
test.

rates was not observed until the spermatozoa had been ex-

posed to this reagent for 6 h, although by 24 h the biolog-

ical response was not significantly different from that

achieved with ionophore (Fig. 6). This latency period be-

fore the spermatozoa responded to recZP3 appeared to be

a reflection of the capacitation status of the cells. If the sper-

5

) 4

O
O
O

o 3
0.

E

c 2
0

E-

a 1

2

A23187 BWW 2 4 8 16 32

human recZP3 concentration (ng)

FIG. 7. Effect of several amounts of recZP3 on sperm-hamster zona-
free oocyte fusion. Experiment was carried out as recently described [32]
(see also Materials and Methods). Spermatozoa were capacitated for 5 h
before addition of recZP3 at final concentrations ranging from 2-32 ng/Pll.
After 30 min had elapsed, 18-20 zona-free hamster oocytes were intro-
duced into sperm suspensions and incubated for 2 h. Cells treated with free
acid A23187 (2.5 iM) and BWW medium represent negative and positive
controls, respectively. From three independent experiments mean number
of penetrated spermatozoa per egg are given, plus or minus standard error
of means, indicated by error bars. Results obtained with highest and lowest
amount of recZP3 are significantly different at 1% level as calculated by X

2
-

analysis; furthermore, a nonparametric test against trent using ranking
numbers of individual data indicated a relationship between increasing dose
and response ( = 0.05).
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VAN DUIN ET AL.

matozoa were first capacitated for 16-20 h at room tem-

perature followed by 3 h at 37°C prior to the addition of

recZP3, then a much more rapid response to recZP3 was

observed, with a significant increase in acrosome reaction

rates being recorded within 3 h of treating the spermatozoa

with the concentrated medium of CHO clone ZP3-424.14

(see Fig. 5). This effect was comparable to the acrosome

reaction rates triggered by the calcium ionophore A23187

and was not obtained with medium of nontransfected cells.

In order to determine whether the acrosome reactions in-

duced by the recZP3 were biologically meaningful in the

sense that the cells had also acquired the competence to

engage in sperm-oocyte fusion, a further series of experi-

ments was conducted in which this aspect of sperm func-

tion was assessed. The results of those hamster egg pene-

tration tests are presented in Figure 7. After a capacitation

period of 5 h at 37°C it was found that recZP3 could induce

a dose-dependent increase in the rates of sperm-oocyte fu-

sion that at the highest dose examined was not significantly

different from the results obtained with A23187 (Fig. 7).

DISCUSSION

In this report we have demonstrated that purified hu-

man recombinant ZP3 produced in CHO cells is biologi-

cally active, as evidenced by its capacity to induce the ac-

rosome reaction and to generate a fusogenic equatorial

segment capable of initiating sperm-oocyte fusion. In the

latter experiment, a dose-response relationship was found;

and in additional experiments with independent batches of

recZP3, a significant biological activity was found (data not

shown). It has been shown that the protein can be affinity-

purified, and it appears that, in terms of some of the bio-

chemical and biological characteristics, there are no ap-

parent differences between recZP3 produced in roller bot-

tles or in spinner cultures (data not shown). It is furthermore

concluded that the ZP3-producing CHO cell line will allow

the production and purification of milligram quantities of

protein, which is roughly equivalent to the amount of ZP3

protein in at least 2 x 105 human ova.

The interaction between mammalian gametes is a highly

specific process in which the carbohydrate moieties of the

molecules involved are thought to play a major role in the

recognition events associated with fertilization. In princi-

ple, this specificity could limit the possibilities for express-

ing biologically active recombinant proteins involved in

sperm-egg recognition, since such recognition requires a

specific glycosylation mechanism similar to that present in

the developing sperm cell and oocyte. However, from the

data presented here, it appears that for the biosynthesis of

bioactive recombinant human ZP3, the amino acid se-

quence of the protein rather than the genetic background

of the expression system is important. A similar finding has

also been reported recently for mouse ZP3. Expression of

this gene in at least four different mammalian cell lines

yielded, in all cases, recombinant protein that could induce

the murine acrosome reaction [39,40]. In addition, it was

found that hamster ZP3 could be functionally expressed in

transgenic mice [41].

The molecular size of human recZP3 expressed in CHO

cells was slightly smaller than that of the native protein

present in salt-stored human ova. This was probably due to

differences in the glycosylation pattern, although such dis-

parities did not influence the capacity of this molecule to

recognize complementary molecules at the sperm surface.

Similarly, biologically active mouse recZP3 is smaller than

the natural protein [40], suggesting that the post-transla-

tional processing of these proteins during oogenesis differs

to some extent from that observed in the expression sys-

tems used. The four mammalian ZP3 genes that have been

cloned thus far, i.e., mouse, human, hamster, and marmoset

ZP3, all encode homologous proteins of 422-424 amino

acids. Post-translational processing of the protein leads in

the case of mouse ZP3 to a protein of + 83 kDa, whereas

in the other species, ZP3 has a size of approximately 55

kDa. The explanation for this difference is presently un-

known, although it is conceivable that variation in the ex-

tent and/or patterns of O-linked glycosylation accounts for

the disparate molecular weights. For the murine protein, it

was found that O-linked carbohydrate moieties are espe-

cially responsible for sperm recognition [10]. The mouse

protein contains three clusters of three or more serine res-

idues, which have been suggested to be potential sites for

O-linked oligosaccharides [42]. Only in the case of hamster

ZP3 is one of these regions conserved. Studies on porcine

ZP proteins have also suggested O-linked sugars as impor-

tant structures in sperm-egg interaction [11]. An O-glyco-

sylated domain of 25 amino acids has recently been mapped

in the porcine ZP3 homologue [43], although nothing is

known about the specific role of these structures in pig

gamete interaction. In contrast, preliminary data from ex-

periments with tunicamycin and N-glycanase, which inhibit

N-linked glycosylation and cleaves N-linked sugars, respec-

tively, have yielded a human recZP3 protein with a size al-

most identical to that calculated for the naked protein back-

bone (data not shown), suggesting a small contribution of

O-linked glycosylation to the processing of human ZP3.

Further experiments involving mutagenesis of ZP3, expres-

sion of recZP3 in glycosylation mutant cell lines, and/or

studies in which the purified recZP3 proteins are digested

with deglycosylating enzymes, such as N- and O-glycanases,

will have to be conducted to reveal the role of the carbo-

hydrate moieties in the bioreactivity of human recZP3.

The induction of the acrosome reaction and the assess-

ment of sperm-oocyte fusion are frequently used as diag-

nostic tests in cases of male infertility [22, 32]. In such cir-

cumstances, reagents such as the ionophore A23187 [32,33]

are used to trigger a biological response by generating the

second messengers, calcium, and pH needed to activate these

cells. Although this reagent is effective, it suffers from the
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RECOMBINANT HUMAN ZP3

inherent disadvantage that it bypasses the signal transduc-
tion pathway normally activated by ZP3. In order to address
this problem, several studies have used natural human ZP
proteins for the bioassay of human sperm function, at con-
centrations that are on the same order of magnitude as those
used in this report [9,44,45]. However, it appears from those
experiments that the level of acrosome reaction induced
with native zona proteins is, in most cases, lower than with
the ionophore A23187. Such differences probably reflect the
capacitation status of the spermatozoa. Whereas A23187
largely bypasses the need for capacitation, this process is
thought to be a prerequisite for the biological action of
ZP3. Significantly, human spermatozoa appear to be partic-
ularly difficult to capacitate, as evidenced by the low fre-
quencies of hyperactivated motility [46] and spontaneous
acrosome reactions [47] observed with these cells, even when
they have been incubated for prolonged periods of time in
vitro. A poor state of capacitation would explain the re-
fractoriness of human spermatozoa to stimulation with
recZP3, as reflected in the moderate magnitude and slow
kinetics of the biological responses observed in vitro. Ex-
periments involving the receptor-mediated activation of hu-
man spermatozoa with solubilized human ZP proteins
[9, 44, 45] or progesterone [48-50] have revealed a similar
dependence on sperm capacitation, in association with slow
reaction kinetics. The importance of sperm capacitation may
be to influence the level of receptor expression of the sur-
face of the spermatozoa, as indicated by independent stud-
ies using mannose [51] and progesterone receptor [52] as
models. Murine spermatozoa, in contrast, are extremely easy
to capacitate [53] and readily exhibit biological responses
to recZP3 [40]. Thus, the possible mechanistic explanation
for the observed biological activity of recZP3 could be the
slow exposure and/or activation of ZP3-binding receptors
at the sperm surface during the capacitation process. In ad-
dition, however, several other explanations might (in part)
account for the somewhat unexpected limited bioactivity of
recZP3 as compared to the calcium ionophore. First, the
apparently different glycosylation of recZP3 compared to
that of the native protein might have impaired the bioac-
tivity of the recombinant protein. Expression in other mam-
malian cell lines might overcome this problem. Second, it
is possible that soluble recZP3 per se can also be regarded
as a nonphysiological or incomplete trigger of the acro-
some reaction. In the in vivo situation, the interaction be-
tween spermatozoa and all ZP proteins in the zona-matrix,
rather than the isolated ZP3 molecule, might provide the
stimulus for sperm cells to undergo the acrosome reaction
(see for example [44]). In this respect, it is intriguing that
for the nonhomologous porcine ZP3oa protein, sperm re-
ceptor activity has been claimed [20], suggesting that there
could be more than one ZP protein with the capacity to
contribute to the induction of the acrosome reaction. More-
over, Topfer-Petersen et al. [54] have recently speculated in
this direction by hypothesizing that the sperm receptor ac-

tivity is associated with different ZP proteins in different
species. Third, additional natural inducers and/or pro-
moters of the acrosome reaction like follicular fluid, the
cumulus oophorus, and progesterone are absent from the
in vitro systems and yet might be important contributors to
the efficiency of sperm activation in vivo.

The obvious disadvantage of the native ZP proteins from
a diagnostic point of view is their limited availability and
lack of standardization, since the native ZP that might be
used for this purpose will come from ova at different stages
of maturity and, frequently, will have been exposed to sper-
matozoa during a failed IVF attempt. Clearly the advent of
the production of biologically active recombinant human
ZP3 and perhaps mixtures of recombinant ZP proteins will
have a considerable impact on the design and biological
relevance of sperm function bioassays. Moreover, these re-
agents may have an important therapeutic role in the stim-
ulation of human spermatozoa during micromanipulation
procedures, such as sub-zonal injection, that are currently
being used to facilitate IVF in cases of male factor infertility.

In terms of the fundamental cell biology of human sper-
matozoa, the availability of biologically active ZP3 may pro-
vide an important contribution to our understanding of the
cellular mechanisms by which the ZP activates these cells
during the early stages of fertilization [44]. In particular, this
material should help us to identify the components on the
sperm surface that are involved in binding to ZP3 and trans-
ducing this recognition signal. In this respect, a confusing
plethora of candidate proteins have been put forward, in-
cluding a group of low molecular weight zona binding pro-
teins identified by O'Rand et al. [3], a sperm surface -1,4-
galactosyltransferase which was found to bind murine ZP3
[8], the human sperm antigen FA-1, which has been claimed
to bind porcine ZP3 [55], a 56-kDa sperm protein identified
in photo-affinity labeling experiments involving murine ZP3
[56], and, finally, a 95-kDa tyrosine kinase that is activated
on interaction with murine ZP3 [6]. It seems unlikely that
all these proteins are involved in ZP3 recognition, and the
present uncertainty emphasizes the importance of purified
bioactive recombinant ZP3 for the definitive identification
of the sperm surface proteins involved in human fertiliza-
tion.

Finally, both ZP3 and the complementary zona-binding
sperm antigens are, in principle, attractive target antigens
for the development of contraceptive vaccines that would
prevent conception by disrupting the gamete recognition
events that initiate fertilization. With respect to the ZP ap-
proach, most research in this direction has been carried
out with either porcine or murine zona proteins as anti-
gens [57]. The cloning and expression of the human ZP3
gene therefore represents an important intermediate step
in generating the tools that are necessary to further the in-
vestigation of ZP3-based immunocontraception for the reg-
ulation of human fertility.
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