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Problem

To overcome availability of the purified native zona pellucida (ZP) gly-

coproteins for immunocontraception, porcine ZP3, and ZP4 were

expressed in E. coli.

Method of study

Purified recombinant proteins were characterized by SDS-PAGE and

Western blot, and immunogenicity and contraceptive efficacy deter-

mined in FvB/J female mice.

Results

Purified ZP3, ZP3 with promiscuous T-cell epitope of tetanus toxoid, ZP4

and ZP4 incorporating promiscuous T-cell epitope of bovine RNase

revealed ~44-, ~49-, ~53-, and ~55-kDa bands by SDS-PAGE and Wes-

tern blot, respectively. Immunization of female mice with recombinant

proteins elicited high antibody titers as well as T-cell responses. Immune

sera recognized mouse oocyte ZP and also inhibited in vitro fertilization.

Immunized mice showed significant decrease in fertility. Recombinant

proteins were able to recall memory antibody response in female mice

primed with porcine native ZP.

Conclusion

Availability of recombinant porcine proteins will be useful in the devel-

opment of contraceptive vaccine.

Introduction

Zona pellucida (ZP) glycoproteins by virtue of their

critical role during fertilization have been proposed

as candidates for the development of contraceptive

vaccine.1,2 In mammals, ZP matrix is comprised of

either 3 or 4 glycoproteins. For example, in mice, it

is composed of ZP glycoprotein-1 (ZP1), -2 (ZP2),

and -3 (ZP3)3; whereas pig ZP matrix is also com-

posed of 3 glycoproteins, but instead of ZP1, ZP gly-

coprotein-4 (ZP4) is present.4 Zp4 is a pseudogene in

mice.5 Human ZP matrix has complement of all the

four ZP glycoproteins.6 These proteins are evolution-

ary conserved and share variable degree of amino

acid (aa) sequence identity among various species;

for example, at aa level, mouse ZP3 has 68, 66, and

69 percent identity with porcine, canine, and human

ZP3. This property of ZP glycoproteins has made het-

erologous immunization as feasible proposition to

develop contraceptive vaccine. Studies from various

species suggest that ZP3 is the putative primary

sperm receptor and is also responsible for induction

of acrosome reaction.7–10 In addition to ZP3, in

humans and porcine model, ZP4 also binds to sper-

matozoa9–11 and in humans it has been shown to

induce acrosome reaction.9,10 However, subsequent

studies showed that in porcine model, ZP3 (previ-

ously designated as ZP3b/ZPC)-ZP4 (previously
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designated as ZP3a/ZPB) heterocomplexes bind to

boar sperm membrane vesicles but not to free glyco-

protein subunits.12 In mouse model, ZP1 has been

postulated to cross-link the filaments formed by ZP2

–ZP3 heterodimers and may provide structural stabil-

ity to ZP matrix.13 However, recent studies suggest

that in humans, ZP1 also binds to spermatozoa and

induces acrosome reaction.14 ZP2 during fertilization

acts as a secondary sperm receptor and maintains

the binding of the acrosome-reacted spermatozoa

to ZP15; however, recent studies using transgenic

mice suggest its direct involvement in sperm–egg
binding.16

Contraceptive vaccines based on ZP glycoproteins

have been used successfully to control population of

feral horses (Equus caballus)17, white-tailed deer (Od-

ocoileus virginianus)18, African elephant (Loxodonta

africana)19, koalas (Phascolarctos cinereus),20 and grey

seal (Halichoerus grypus).21 Long-term follow-up of

the immunized horses and white-tailed deer did not

reveal any significant debilitating effects on their

health.22–24 Oophoritis often associated with ZP-

based contraceptive vaccine may not be a major con-

cern in the management of wildlife population as

either long-term infertility or permanent sterility is

desirable. In the present manuscript, attempts have

been made to clone and express porcine ZP3 and

ZP4 in E. coli. Recombinant E. coli-expressed porcine

ZP3 and ZP4 have been evaluated for their immuno-

genicity and contraceptive efficacy in female mice.

Materials and methods

Expression of Recombinant Porcine ZP3 and ZP4

in E. coli

Porcine ZP3 and ZP4 were expressed as His6-tag

fusion proteins without or with promiscuous T-cell

epitope. The commercially available porcine ovarian

total RNA (Zyagen, San Diego, CA, USA) was

employed as starting material for cDNA synthesis

using Superscript-3 cDNA synthesis kit (Invitrogen

Corp., Carlsbad, CA, USA) following manufacturer’s

instructions. Primers were designed for porcine ZP3

and ZP4 on the basis of the sequences published in

the GenBank having the accession numbers

NM_213893 and NM_214045, respectively, to

amplify the cDNAs encoding ZP3 [amino acid (aa)

residues 20–344] and ZP4 (aa residues 22–462) with-

out the signal peptide and transmembrane-like

domain following consensus furin cleavage site. In

addition, ZP3 was also expressed as chimeric fusion

protein encompassing promiscuous T-cell epitope of

tetanus toxoid (TT; aa residues 830–844) at its N-ter-
minus and separated from ZP3 by dilysine linker

(TT-KK-ZP3). Similarly, ZP4 was also expressed as

chimeric fusion protein incorporating promiscuous

T-cell epitope of bovine RNase (bRNase; aa residues

94–104; bRNase-KK-ZP4). The constructs’ designs

are shown in Fig. 1.

The PCR amplification was performed in 50-lL
final reaction volume using 10 ng of template cDNA,

0.2 mM deoxyribonucleotide triphosphates (dNTPs),

50 pmol of primers, 5 lL of 10X Taq buffer B (MgCl2
free), 3 lL of 25 mM MgCl2, and 1 U of Taq DNA

polymerase (Invitrogen Corp.). Table I lists the

sequence of primers used to amplify cDNA encoding

various recombinant proteins. PCR amplification

involved initial denaturation at 94°C for 10 min and

30 cycles of 94°C for 1 min, appropriate annealing

temperature as shown in Table I for 1 min and 72°C
for 1 min followed by a final extension at 72°C for

10 min. The PCR amplified fragments were initially

cloned in pGEMT-Easy (Promega Corporation, Madi-

son, WI, USA) sequencing vector followed by

pRSET-A expression vector (Invitrogen Corp.) down-

stream of His6-tag under T7 promoter, and proteins

were expressed in BL21(DE3)pLysS bacterial cells

deficient in lon and ompT proteases (Stratagene, La

Jolla, CA, USA) following standard protocols.

To check the expression of recombinant proteins,

the transformants with respect to the four constructs

ZP422-462 aaHis6pT7

BamHI EcoRI

ZP320-344 aaHis6pT7

BamHI BglII

His6pT7

BamHI BglII

bRNase94-104 aa KK ZP422-462 aa

His6pT7

BamHI BglII

TT830-844 aa KK ZP320-344 aa

(a)

(b)

(c)

(d)

Fig. 1 Porcine ZP constructs cloned in pRSET-A expression vector. (a

and b) Porcine ZP3 (aa residues 20–344) and ZP3 linked to T-cell

epitope of tetanus toxoid (TT) by dilysine linker at N-terminus,

respectively. (c and d) ZP4 (aa residues 22–462) and ZP4 linked to T-

cell epitope of bovine RNase by dilysine linker at N-terminus,

respectively. The respective restriction sites used for cloning various

inserts are shown. pT7, T7 promoter; His6, histidine tag.
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were inoculated into 3 mL of Luria broth (LB) med-

ium (Difco Laboratories, Detroit, MI, USA) contain-

ing 100 lg/mL of ampicillin and 37 lg/mL of

chloramphenicol and grown overnight at 37°C in an

orbital shaker (New Brunswick Scientific, Edison,

NJ, USA) set at 200 rpm. The cultures were diluted

1:100 into fresh medium and grown until the cell

density reached an absorbance of approximately 0.5–
0.6 (mid-log phase) at 600 nm (A600). Expression of

the respective proteins was induced by addition of

1 mM isopropyl-b-D-thiogalactopyranoside (IPTG;

Biosynth International, Inc., Itasca, IL, USA) at 37°C
for 3 hr. Simultaneously, BL21[DE3]pLysS host cells

induced with same concentration of IPTG were used

as negative control. The cells were centrifuged at

6500 9 g in a microfuge for 5 min, and the resulting

pellets were stored at �20°C until used.

SDS-PAGE and Immunoblotting

The cell pellet obtained from 1-ml culture was boiled

for 10 min in 5X sample buffer (0.15 M Tris-HCl,

pH-6.8, 5% sodium dodecyl sulfate (SDS), 25% glyc-

erol, 12.5% b-mercaptoethanol, 0.025% bromophe-

nol blue), and proteins were resolved by 0.1%

SDS-10% PAGE and stained with 0.2% Coomassie

blue. Alternatively, SDS-PAGE resolved proteins

were processed for Western blot analysis essentially

as described previously.25 In brief, after transfer of

resolved proteins on nitrocellulose membrane, the

membrane was washed once with phosphate-buf-

fered saline (PBS; 50 mM phosphate and 150 mM

NaCl, pH 7.4), and non-specific sites were blocked

with 3% BSA in PBS for 1 hr at room temperature

(RT). All the subsequent incubations were carried

out for 1 hr at RT followed by three washings with

PBS containing 0.1% Tween-20. Expression of the

recombinant protein was detected by mouse mono-

clonal antibodies (MAbs): MA-451 for ZP3 and MA-

410 for ZP4.26–28 Murine MAb, MA-451 (IgG1), was

generated against native porcine ZP3, which reacted

specifically with glycosylated, deglycosylated and

reduced and carboxyamidomethylated forms of ZP3

both in ELISA and Western blot. 26 It recognized an

epitope corresponding to aa residues 166–171 of ZP3

(EEKLVF).27 MA-410 (IgG1) was developed against

native porcine ZP4, which reacted specifically with

glycosylated as well as deglycosylated ZP4 and

showed no reactivity with ZP3 in ELISA and Wes-

tern blot.28 The bound antibody was revealed using

goat anti-mouse immunoglobulin conjugated to

horseradish peroxidase (HRPO; Pierce, Rockford, IL,

USA) at a predetermined dilution of 1:5000. The blot

was developed with 0.1% (w/v) 3,3′-diaminobenzi-

dine (Sigma-Aldrich Inc., St. Louis, MO, USA) in

50 mM PBS and 0.06% H2O2. The reaction was

stopped by washing the membrane extensively with

milliQ water.

Purification of the Recombinant Porcine ZP3 and

ZP4 Proteins

To purify recombinant ZP3, TT-KK-ZP3, ZP4, and

bRNase-KK-ZP4, the respective clones were grown

at a shake-flask level (250 mL culture/flask; total

volume 1 L) as described above. The cells were

induced with 1 mM IPTG for 3 hr at 37°C and centri-

fuged at 6500 9 g for 15 min at 4°C, and cell pellet

Table I Sequence of the primers used for the amplification of cDNA-encoding recombinant porcine ZP3 and ZP4

Construct Primers

Annealing

temperature

(in °C) Sequence of the primersa

ZP3 Forward 60 5′-CGGGATCCTGCAGCCCGCAGCCC-3′

Reverse 5′-GAAGATCTTTCAGGGAGCAGACTGTCTCTT-3′

TT-KK-ZP3 Forward 62 5′-CGGGATCCCAGTATATAAAAGCAAATTCTAAATTTATA���
GGTATAACTGAACTAAAGAAGTGCAGCCCGCAGCCC-3′

Reverse 5′-GAAGATCTTTCAGGGAGCAGACTGTCTCTT-3′

ZP4 Forward 56 5′-CGGGATCCAGCCCAAAGCAGCAGAT-3′

Reverse 5′-GAGAATTCTCATCTGGCAGCAGGACAGGTTGT-3′

bRNase-KK-ZP4 Forward 58 5′-CGGGATCCAACTGTGCATACAAGACAACACAGGCTAA���
CAAGCAAGAAGAGCCCAAAGCAGCAGAT-3′

Reverse 5′-GAAGATCTTCATCTGGCAGCAGGACAGGTTGT-3′

aRestriction sites are represented by italic and underlined nucleotides.
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stored at �20°C until used. The bacterial cell pellet

(1 gm) was suspended in 5 mL of solubilization buf-

fer (6 M guanidine hydrochloride, 0.1 M NaH2PO4,

0.01 M Tris, pH 8.0) and lysed by sonication using a

Branson Sonifier-450 (Branson Ultrasonic Corp.,

Danbury, CT, USA) for 8 to 10 cycles of 30 s each at

a 40-watt output, with 2-min pause intervals on ice

and centrifuged at 10,000 g for 20 min at 4°C. The
recombinant proteins from the respective superna-

tants were purified by nickel nitrilotriacetic acid (Ni-

NTA; Qiagen, GmbH, Hilden, Germany) affinity

chromatography under reducing conditions followed

by renaturation essentially as described previously.25

The refolded proteins were finally dialyzed against

20 mM PBS, pH 8.0. The purified proteins were char-

acterized by SDS-PAGE and Western blotting as

described above. The concentration of purified pro-

teins was estimated by bicinchoninic acid assay

(Pierce) using BSA as the standard.

Active Immunization of Mice With the

Recombinant Porcine Zona Proteins

Inbred FvB/J female mice were used for active

immunization studies with various recombinant por-

cine zona proteins as they have higher litter size as

compared to BALB/cJ. Mice, 8–10 weeks of age,

kept under the conventional containment levels at

the Small Experimental Animal Facility, National

Institute of Immunology, New Delhi, India, were

used. These studies were conducted as per the guide-

lines and approval of the Institutional Animals Eth-

ics Committee. Female inbred FvB/J mice were

immunized subcutaneously with 25 lg of recombi-

nant protein in 100 lL of 20 mM PBS (pH 8.0)/injec-

tion/mouse using synthetic polymer MontanideTM

PetGel A (5%; Seppic, Paris, France) as an adju-

vant.29,30 Immunization groups comprised of the fol-

lowing:

Experiment I

(i) PetGel A only (n = 9)

(ii) ZP3 (n = 8)

(iii) TT-KK-ZP3 (n = 9)

(iv) ZP4 (n = 9)

(v) bRNase-KK-ZP4 (n = 10)

Experiment II

(i) PetGel A only (n = 14)

(ii) TT-KK-ZP3 (n = 14)

(iii) bRNase-KK-ZP4 (n = 14)

Primary immunization was followed by two boos-

ter doses administered intraperitoneally on days 21

and 49 of the same amount of the recombinant pro-

tein as used in the first injection. Immunized mice

(Experiment II) were also followed up for estrus

cycles by daily examination of vaginal cytology. Ani-

mals were bled retro-orbitally on days 0, 35, and 63,

and serum samples were processed for the determi-

nation of antibody titer by ELISA as described

below.

In addition, FvB/J female inbred mice (n = 7)

were also immunized subcutaneously with 50 lg of

porcine heat-solubilized isolated zona pellucida

(SIZP) in 100 lL of saline/injection/mouse along

with 5% PetGel A as an adjuvant. Another group of

mice (n = 7) was immunized with 5% PetGel alone.

Subsequently, both groups of mice were injected

intraperitoneally on day 21, with the physical mix-

ture (1:1) of TT-KK-ZP3 and bRNase-KK-ZP4. Each

animal received 25 lg of TT-KK-ZP3 and 25 lg of

bRNase-KK-ZP4, respectively. Animals were bled

retro-orbitally on days 0, 20, and 35, and serum

samples were processed for quantitation of antibody

titers against SIZP, ZP3, and ZP4 by ELISA.

Determination of the Antibody Titers by Enzyme-

Linked Immunosorbent Assay (ELISA)

Microtitration plates (Nunc a/s, Roskilde, Denmark)

were coated with the optimized concentration of

SIZP, recombinant ZP3, and ZP4 (200 ng/well) in

0.2 M carbonate buffer, pH 9.5 at 37°C for 1 hr and

then at 4°C overnight. The plates were washed once

with PBS and incubated with 1% BSA in PBS

(200 lL/well) for 2 hr at 37°C for blocking the non-

specific sites. Each incubation was followed by wash-

ings done with PBS containing 0.05% Tween-20

(PBST). Post-blocking, the respective coated plates

were incubated with doubling dilutions of serum

samples (100 lL/well) obtained from various groups

of immunized mice for 1 hr at 37°C. Bound antibod-

ies were revealed with goat anti-mouse immuno-

globulins conjugated to horseradish peroxidase at an

optimized dilution of 1:10,000 in PBST. Estimation

of the enzyme activity was carried out with 0.05%

orthophenylenediamine in 50 mM citrate phosphate

buffer, pH 5.2, with 0.06% hydrogen peroxide as

the substrate. The reaction was stopped with 50 lL
of 5 N H2SO4, and absorbance read at 490 nm with

630 nm as reference filter; values are represented as

antibody titers. Antibody titers were calculated by
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regression analysis and are expressed as antibody

units (AU), that is, reciprocal of the dilution of the

serum giving an absorbance of 1.0. The antibody

response generated in a group of mice was repre-

sented as arithmetic mean � standard error (S.E.) of

the antibody titers of the individual animals.

Immune sera were also checked for their reactivity

with the respective recombinant proteins by Western

blot.

T-Cell Proliferation Assay

To analyze T-cell proliferation, on day 64, mice

immunized with TT-KK-ZP3 and bRNase-KK-ZP4

were euthanized and their spleen removed asepti-

cally. Splenocytes (pooled from two immunized

mice) were used to perform T-cell proliferation with

recombinant porcine ZP3, TT-KK-ZP3, ZP4, and

bRNase-KK-ZP4, respectively. Splenocytes were

diluted to a final concentration of 5 9 106 cells/mL

in RPMI-1640 medium (Sigma) supplemented with

10% fetal calf serum (FCS; Gibco, Grand Island, NY,

USA). The cells (0.5 9 106/well) were dispensed into

a 96-well plate containing serial dilutions of the

recall antigens. Three days after addition of cells,

cultures were pulsed with 1 lCi/well of [3H]-thymi-

dine (NEN, Life Science Products, Boston, USA) for

16 hr. Cells were lysed and harvested onto glass

fiber filaments for liquid scintillation counting (Beta-

plate, Wllac, Turku, Finland). Phytohaemagglutinin

(2.5 lg/well; Sigma) was used as positive control. All

assays were carried out in triplicates. Data were rep-

resented as Stimulation Index (SI), which is calcu-

lated by dividing the mean counts per minute (cpm)

observed in the presence of stimulating antigen by

cpm observed in unstimulated cells.

Reactivity of Antibodies with Mouse Oocytes by

Indirect Immunofluorescence

FvB/J female mice (4–5 weeks old) were super-

ovulated by injecting intraperitoneally pregnant

mare serum gonadotropin (PMSG; 5 IU/mice; Inter-

vet, Boxmeer, Netherlands) followed by human cho-

rionic gonadotropin (hCG; 5 IU/mice; Intervet India

Pvt. Ltd.) after 48 hr. The next day, animals were

euthanized by cervical dislocation, and ovaries

removed surgically. Oocytes retrieved from ampulla

region were washed once with Brister modified

oocyte culture (BMOC) medium (Gibco) followed by

treatment for 5 min with hyaluronidase (0.1 mg/

mL; Sigma) at RT to obtain denuded oocytes. The

oocytes were subsequently incubated with 50 mM

PBS, pH 7.4, supplemented with 1% BSA for 45 min

at 37°C. The oocytes (n = 5) were washed twice

with PBS followed by incubation with 1:20 dilution

of serum samples from mice immunized with adju-

vant only, TT-KK-ZP3, and bRNase-KK-ZP4 for

45 min at 37°C. After washing 4 times with PBS, oo-

cytes were further incubated with 1:400 dilution of

goat anti-mouse IgG conjugated to fluorescein isothi-

ocyanate (Alexa Fluor� 488; Invitrogen Corp.) for

45 min at 37°C. After several washes in PBS, the oo-

cytes were observed under fluorescence microscope

(Nikon Optiphot; Nikon Corp., Tokyo, Japan). To

determine specificity of reactivity of the immune

serum samples with mouse ZP, the mouse oocytes

(n = 4) were incubated as described above with the

serum samples (1:20 dilution) pre-incubated for

30 min at RT with 5 lg/mL of the recombinant ZP3/

ZP4.

In Vitro Fertilization Assay

Mouse sperm were collected by flushing caudae epi-

didymis from male FvB/J mice in BMOC medium

and incubated at 37°C in a humidified atmosphere

of 5% CO2 for 10 min to allow the sperm to swim-

up. Sperm were further incubated for 1 hr to allow

capacitation, before use. Cumulus-free unfertilized

oocytes (18–30 oocytes/treatment group) obtained as

described above were transferred to 100 lL BMOC

medium droplet under mineral oil (Sigma) and incu-

bated for 1 hr with 1:20 dilution of decomplemented

serum samples from mice immunized with either

recombinant TT-KK-ZP3/bRNase-KK-ZP4 or adju-

vant alone. After incubation, sperm (0.5–1.0 9 106/

droplet) were transferred to the medium droplet

containing oocytes and further incubated at 37°C in

a humidified atmosphere of 5% CO2 for 4–6 hr.

After incubation, the oocytes were washed 2–3 times

with BMOC medium, transferred to fresh medium

and incubated overnight. Next day, numbers of 2-

cell embryos formed were counted. The experiment

was repeated 3 times.

Mating Studies

Immunized female mice comprising of the above

groups were mated with the healthy males of pro-

ven fertility next day after obtaining the last bleed as

described above. Mating was performed by housing
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two immunized female mice along with a male

mouse per cage. Male mice were rotated every third

day. Mating was confirmed by the presence of

vaginal plug. The male and female mice were co-

habitated for 15 consecutive days to assess the

contraceptive efficacy.

Ovarian Histology

Animals immunized with E. coli-expressed recombi-

nant ZP3, TT-KK-ZP3, ZP4, and bRNase-KK-ZP4

were euthanized by cervical dislocation on day 120

after the initiation of immunization. In addition,

mice immunized with recombinant TT-KK-ZP3 and

bRNase-KK-ZP4 (Experiment II) were also eutha-

nized on day 64 after the initiation of immunization.

The ovaries were surgically removed, fixed in buf-

fered 10% (v/v) formalin for 24 hr, and processed

for paraffin wax sections (5 lm). The sections were

stained with hematoxylin and eosin using standard

protocols. For each ovary, four to six sections were

chosen randomly and examined under a light micro-

scope for ovarian pathology with respect to follicular

development, cystic changes, or infiltration by lym-

phocytes.

Statistical Analysis

The statistical significance for the contraceptive effi-

cacy of the animals immunized with various recom-

binant proteins and the immune serum samples to

inhibit in vitro fertilization was performed by com-

paring the results obtained in experimental groups

with the respective controls by using one-way analy-

sis of variance. A P-value of <0.05 was considered to

be statistically significant.

Results

Characteristics of the Recombinant Porcine ZP3

and ZP4

PCR amplified cDNAs encoding ZP3, TT-KK-ZP3,

ZP4, and bRNase-KK-ZP4 were cloned in pGEMT-

Easy cloning vector (Promega Corporation) and were

used to determine the nucleotide sequence. The

deduced amino acid sequence of the cloned con-

structs did not reveal any changes as compared to

the GenBank sequences (ZP3, NM_213893; ZP4,

NM_214045). These constructs were then further

cloned into the expression vector pRSET-A, and

respective proteins expressed as His6-tag fusion pro-

tein in E. coli as described in Materials and Methods.

The BL21[DE3]pLysS E. coli cells harboring the plas-

mid encoding ZP3, TT-KK-ZP3, ZP4, and bRNase-

KK-ZP4 when induced with 1 mM IPTG revealed by

SDS-PAGE, major band corresponding to ~44, ~49,
~53, and ~55 kDa, respectively (Figs 2a, lane 2; 2b,

lane 4; 3a, lane 2 and 3b, lane 4).

The expressed proteins were purified using Ni-

NTA affinity chromatography. SDS-PAGE analysis of

the purified recombinant ZP3 revealed a dominant

band of ~44 kDa (Fig. 2c, lane 5) which reacted with

MA-451 generated against porcine ZP3b (now desig-

nated as ZP3) in Western blot (Fig. 2d, lane 5).

Recombinant TT-KK-ZP3 revealed a major band of

175

62

kDa

42
51

70

130
95

29

M 1 2 3 4M
175

62

kDa

42
51

70

130
95

29

M 5 6 M 5 6

(a) (b) (c) (d)

Fig. 2 SDS-PAGE and immunoblot analysis of the E. coli-expressed porcine ZP3 and TT-KK-ZP3. Recombinant porcine ZP3 and TT-KK-ZP3 were

expressed in E. coli, purified and renatured, as described in Materials and Methods. Total cell lysate of E. coli-expressed recombinant protein and

wild-type host cells induced with 1 mm IPTG were analyzed by SDS-PAGE, and the purified proteins were analyzed by SDS-PAGE and Western blot.

(a and b) Coomassie-stained SDS-PAGE profile of total cell lysate of recombinant ZP3 and TT-KK-ZP3, respectively. (c) Represents Coomassie-

stained SDS-PAGE profile of purified recombinant ZP3 (lane 5) and TT-KK-ZP3 (5 lg/lane; lane 6), and (d) Western blot of the same (3 lg/lane).

Various lanes represent the following: M, Molecular weight markers; lanes 1 and 3, wild-type BL21[DE3]pLysS cell lysate; lane 2, recombinant ZP3

cell lysate; lane 4, TT-KK-ZP3 cell lysate; lane 5, purified recombinant ZP3; and lane 6, purified TT-KK-ZP3.
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~49 kDa in both SDS-PAGE and Western blot

(Fig. 2c,d, lane 6). Ni-NTA purified recombinant ZP4

resolved in SDS-PAGE as ~53-kDa band (Fig. 3c,

lane 5) which reacted with MA-410 generated

against porcine ZP3a (now designated as ZP4;

Fig. 3d, lane 5). Purified recombinant bRNase-KK-

ZP4 revealed a dominant band of ~55 kDa in SDS-

PAGE as well as Western blot (Fig. 3c,d, lane 6). The

yield of the above recombinant proteins was in the

range of 2 to 5 mg per liter of the culture when

induced with 1 mM IPTG for 3 hr.

Immunogenicity of the Recombinant Porcine ZP

Proteins

Female FvB/J mice were immunized with the vari-

ous recombinant porcine ZP proteins following an

immunization schedule as described in Materials and

Methods. Serum samples were analyzed for antibody

titers against respective protein in an ELISA. The

results are summarized in Table II. Immunization of

mice with ZP3 led to generation of antibodies against

ZP3 which showed mean antibody titers of

278.0 � 25.4 9 103 AU on day 35 and 383.4 �
65.5 9 103 AU on day 63. Immunization with

recombinant TT-KK-ZP3 led to generation of higher

antibody titers as compared to animals immunized

with recombinant ZP3 at both 35 and 63 days of

immunization (Table II). The mean antibody titers

on day 63 in the group of animals immunized with

TT-KK-ZP3 were 508.5 � 62.9 9 103 AU in Experi-

ment I and 625.0 � 46.0 9 103 AU in Experiment

II. Similarly, animals immunized with recombinant

bRNase-KK-ZP4 also generated higher antibody titers

as compared to those immunized with recombinant

ZP4 (Table II). The immune serum samples from the

mice immunized with recombinant ZP3 reacted with

recombinant ZP3 and TT-KK-ZP3 in Western blot

(Fig. 4, lanes 1, 2). Similarly, the immune serum

samples from mice immunized with ZP4 reacted in

immunoblot with recombinant ZP4 and bRNase-KK-

ZP4 (Fig. 4, lanes 3, 4).

Recombinant TT-KK-ZP3 and bRNase-KK-ZP4

Boost Antibody Production in Female Mice Primed

With the Porcine SIZP

Group of female FvB/J mice immunized with por-

cine SIZP when boosted with physical mixture (1:1)

of recombinant TT-KK-ZP3 and bRNase-KK-ZP4 elic-

ited significantly higher antibody titers against SIZP,

recombinant ZP3 and ZP4 as compared to adjuvant

control group (Fig. 5), suggesting thereby that

recombinant proteins are competent to act as booster

in SIZP-primed mice.

Immunization with Recombinant Porcine Zona

Proteins also Elicit T-Cell Response

In vitro stimulation of splenocytes obtained from

mice immunized with TT-KK-ZP3 with either recom-

binant ZP3 or TT-KK-ZP3 showed generation of

T-cell responses (Fig. 6). The SI observed with

recombinant TT-KK-ZP3 (SI = 16.5) was higher as
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Fig. 3 SDS-PAGE and immunoblot analysis of the E. coli-expressed porcine ZP4 and bRNase-KK-ZP4. Recombinant porcine ZP4 and bRNase-KK-ZP4

were expressed in E. coli, purified and renatured, as described in Materials and Methods. Total cell lysate of E. coli-expressed recombinant

protein and wild-type host cells induced with 1-mM IPTG were analyzed by SDS-PAGE, and the purified proteins were analyzed by SDS-PAGE and

Western blot. (a and b) Coomassie-stained SDS-PAGE profile of total cell lysate of recombinant ZP4 and bRNase-KK-ZP4, respectively. (c)

Coomassie-stained SDS-PAGE profile of purified recombinant ZP4 (lane 5) and bRNase-KK-ZP4 (5 lg/lane; lane 6), and (d) Western blot of the same

(3 lg/lane). Various lanes represent; M, Molecular weight markers; lanes 1 and 3, wild-type BL21[DE3]pLysS cell lysate; lane 2, recombinant ZP4

cell lysate; lane 4, bRNase-KK-ZP4 cell lysate; lane 5, purified recombinant ZP4; and lane 6, purified bRNNase-KK-ZP4.
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compared with recombinant ZP3 (SI = 10.1). Simi-

larly, splenocytes obtained from mice immunized

with bRNase-KK-ZP4 also elicited T-cell response

against recombinant bRNase-KK-ZP4 (SI = 16.1)

which was higher as compared to recombinant ZP4

(SI = 6.9). The dose–response studies revealed that

lower concentrations of TT-KK-ZP3 (50 lg/mL)/

bRNase-KK-ZP4 (25 lg/mL) were required to obtain

optimum T-cell responses as compared to ZP3

(100 lg/mL)/ZP4 (50 lg/mL).
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Fig. 4 Reactivity of immune serum samples from ZP3/ZP4-immunized

mice with recombinant porcine zona proteins in Western blot.

Immune serum samples (day 63 bleed) collected from mice

immunized with either recombinant porcine ZP3 or ZP4 were

assessed for their reactivity with recombinant porcine zona proteins

(2 lg/lane) in Western blot. (a) Western blot profile of recombinant

ZP3 (lane 1) and TT-KK-ZP3 (lane 2) probed with sera (1:5000 dilution)

from the mice immunized with recombinant ZP3 protein. (b) The

reactivity profile of the immune serum (1:5000 dilution) collected from

ZP4-immunized mice with recombinant ZP4 (lane 3) and bRNase-KK-

ZP4 (lane 4). Lane M represents molecular weight markers.
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Fig. 5 Antibody titers in mice primed with porcine SIZP and boosted

with combination of recombinant ZP3 and ZP4. Female FvB/J mice

were primed with porcine SIZP (50 lg/animal) followed by booster on

day 21 with physical mixture of recombinant TT-KK-ZP3 (25 lg/animal)

and bRNase-KK-ZP4 (25 lg/animal). The sera were analyzed for

antibody titers against SIZP, ZP3, and ZP4 by ELISA as described in

Materials and Methods. Group I comprised of animals that did not

receive SIZP, whereas Group II comprised of animals that were

primed with SIZP followed by booster with recombinant proteins.

Table II Immunogenicity and contraceptive efficacy of the recombinant porcine ZP proteins in female FvB/J mice

Immunogen

Antibody titers (AUa 9 103) Percentage of

animals failed

to conceive

Pups born/ mated mouse

(mean � S.E.M.)Day 0 Day 35 Day 63

Experiment I

Nil (n = 9) <0.05b <0.05b <0.05b 0.0 5.60 � 0.17

ZP3 (n = 8) <0.05b 278.0 � 25.4 383.4 � 65.5 87.5 0.63 � 0.62

(P = 1.5 9 10�6)c

TT-KK-ZP3 (n = 9) <0.05b 542.5 � 55.2 508.5 � 62.9 88.8 0.55 � 0.55

(P = 4.1 9 10�6)c

ZP4 (n = 9) <0.05b 227.7 � 22.8 257.8 � 18.1 55.5 1.89 � 0.75

(P = 2.2 9 10�4)c

bRNase-KK-ZP4 (n = 10) <0.05b 477.5 � 37.0 406.0 � 32.8 50.0 1.73 � 0.58

(P = 2.2 9 10�5)c

Experiment II

Nil (n = 10) <0.05b <0.05b <0.05b 0.0 6.90 � 0.31

TT-KK-ZP3 (n = 10) <0.05b 500.5 � 52.1 625.0 � 46.0 80.0 0.70 � 0.47

(P = 2.25 9 10�9)c

bRNase-KK-ZP4 (n = 10) <0.05b 403.2 � 68.7 564.2 � 41.7 60.0 1.93 � 0.43

(P = 1.54 9 10�5)c

aAU represents antibody titers as reciprocal of the serum dilution giving an absorbance of 1.0 in ELISA.
bserum samples when tested at 1:50 dilution showed an absorbance of <1.0.
cP values calculated with respective control group.
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Antibodies Against Recombinant Porcine Zona

Proteins React with ZP of Mouse Oocytes

The immune serum samples (day 63 bleed) from

mice immunized with recombinant TT-KK-ZP3

(Fig. 7b) as well as recombinant bRNase-KK-ZP4

(Fig. 7c) reacted with ZP matrix surrounding the

mouse oocytes in an indirect immunofluorescence

assay, whereas the serum sample from the animal

immunized with adjuvant alone failed to show any

reactivity (Fig. 7a). Prior incubation of the respective

immune serum samples with either recombinant

ZP3 (Fig. 7b′) or ZP4 (Fig. 7c′) abrogated their reac-

tivity with the ZP of mouse oocytes.

Antibodies Against Recombinant Porcine Zona

Proteins Inhibit In Vitro Fertilization (IVF)

To investigate the in vitro contraceptive efficacy of

antibodies generated against porcine recombinant

zona proteins, mouse IVF assay was performed. The

serum samples had no effect on either the viability

or the motility of the sperm. Serum sample from

control mice (immunized with adjuvant alone)

showed 60.53% fertilized oocytes, while serum sam-

ples from mice immunized with TT-KK-ZP3 and

bRNase-KK-ZP4 resulted in a significant reduction in

fertilization of oocytes, that is, 8.33% (P = 0.00009)

and 11.84% P = 0.00005), respectively (Table III).

Effect of Immunization of Female Mice with the

Recombinant Porcine ZP Proteins on Fertility

Immunized mice corresponding to Experiment I/II

were mated with males of proven fertility as

described in Materials and Methods to assess in vivo

contraceptive efficacy of the recombinant zona pro-

teins. All animals immunized with adjuvant alone

conceived with an average litter size of 5.60 � 0.17
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Fig. 6 In vitro proliferation of T cells isolated from mice immunized

with recombinant porcine zona proteins. Single-cell suspension of

splenocytes was prepared from mice immunized with TT-KK-ZP3 and

in vitro stimulated with recombinant ZP3/TT-KK-ZP3 and processed for

T-cell proliferation. Similarly, splenocytes isolated from mice

immunized with bRNase-KK-ZP4 were stimulated with ZP4 and

bRNase-KK-ZP4. The graph represents stimulation index (SI) versus

concentration of recombinant protein used for in vitro stimulation.

Data are expressed as mean � S.E. of triplicate cultures.

(a) (b) (b’) (c) (c’)

Fig. 7 Reactivity with mouse oocytes of the immune sera from mice immunized with recombinant porcine zona proteins. Mouse oocytes were

incubated with 1:20 dilution of the immune serum samples (day 63 bleed) from mice immunized with either recombinant TT-KK-ZP3 or bRNase-KK-

ZP4 and processed for their reactivity by an indirect immunofluorescence assay as described in Materials and Methods. Serum sample obtained

from mouse immunized with adjuvant alone was used as negative control. Representative immunofluorescence profiles are shown. (a) Shows

reactivity profile with serum sample from mouse immunized with adjuvant alone. (b and c) Reactivity profile of serum samples from TT-KK-ZP3 and

bRNase-KK-ZP4-immunized mice and (b′ and c′) the same when the respective serum samples (1:20 dilution) were pre-incubated with either

recombinant ZP3 or ZP4 (5 lg/mL). The scale bar represents 50 lm.

Table III Inhibition of in vitro fertilization by antibodies against

recombinant porcine zona proteins

Treatment

groups

Number of

mouse oocytes

Number of 2

cell embryos

Percent

fertilization

Control 76 46 60.53

TT-KK-ZP3 60 5 8.33

bRNase-KK-ZP4 76 9 11.84

The denuded mouse oocytes were treated with serum samples

(1:20 dilution) obtained from mice immunized with adjuvant only

(control group), TT-KK-ZP3, and bRNase-KK-ZP4.
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pups/animal (Experiment I) and 6.90 � 0.31 pups/

animal (Experiment II). In contrast, only one of 8

female mice immunized with recombinant ZP3 con-

ceived (Table II). Recombinant TT-KK-ZP3 was also

efficient in curtailing the fertility in the immunized

animals. The average litter size ranged from 0.55 �
0.55 (Experiment I) to 0.70 � 0.47 (Experiment II),

which was significantly lower (P < 0.001) than the

respective control groups (Table II). Group of animals

immunized with recombinant porcine ZP4 also

resulted in significant sterility as compared to the

control group (55.5% versus 0.0%). The litter size

was also significantly reduced as compared to adju-

vant control group. Further, immunization with

bRNase-KK-ZP4 also resulted in significant curtail-

ment of fertility as well as litter size as evident by two

independent series of active immunization studies

(Table II). Moreover, immunized animals (Experi-

ment II) when assessed for estrus cycle did not

reveal any significant effect of immunization with

recombinant TT-KK-ZP3/bRNase-KK-ZP4 on cyclicity

as compared to adjuvant control group (data not

shown).

Mating studies with group of animals primed with

porcine SIZP followed by booster with mixture of

recombinant ZP3 and ZP4 proteins revealed that of 7

immunized animals, only one became pregnant

(data not shown). In comparison, all the 7 female

mice that were not primed with SIZP conceived

(data not shown).

Immunization with Recombinant Porcine ZP

Proteins Does not Lead to Ovarian Pathology

Histology of the ovaries from the PetGel A–immu-

nized group revealed follicles at the various stages

of development without any degenerative changes

in the zona pellucida matrix (Fig. 8). The ovarian

histology of the mice immunized with ZP3, TT-KK-

ZP3, ZP4, and bRNase-KK-ZP4 assessed on day 120

10 μm

(a) (b)

(c) (d)

(e) (f) Fig. 8 Photomicrographs of ovarian sections

of mice immunized with porcine ZP proteins.

Ovaries were surgically removed, and 5-lm

sections were cut and stained as described in

Materials and Methods. (a and b) Ovarian

section of mice from control group. (c, d, e,

and f) Show representative ovarian sections

of ZP3, TT-KK-ZP3, ZP4, and bRNase-KK-ZP4-

immunized mice, respectively. The scale bar

in (a) 10 lm, which is same for rest of the

panels.
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after initiation of immunization (Fig. 8) and of

mice immunized with TT-KK-ZP3 and bRNase-KK-

ZP4 on day 64 after immunization (data not

shown) also showed normal patterns of follicle

development along with the presence of corpora lu-

tea without infiltration of lymphocytes in the ovar-

ian follicles.

Discussion

Immunization studies with porcine zonae pellucidae,

SIZP as well as purified native proteins in various ani-

mal models established the efficacy of this procedure

to curtail fertility in the immunized animals.17–24 By

and large, active immunization studies employing

either zonae pellucidae or SIZP revealed that infertil-

ity is invariably associated with concomitant ovarian

pathology, suggesting that immunological interven-

tion is not only at the level of sperm–egg interaction

but may also involve inhibition of follicular develop-

ment.31,32 Ovarian pathology was considerably

reduced when purified porcine zona proteins were

used supplemented with adjuvants other than com-

plete Freund’s adjuvant (CFA)/incomplete Freund’s

adjuvant (IFA).33,34 Use of synthetic peptides, devoid

of oophoritogenic T-cell epitopes, corresponding to

zona proteins and DNA vaccine based on mouse ZP3

has revealed that it is feasible to inhibit fertility with-

out any ovarian pathology.35–37

To overcome the limitation of availability of puri-

fied native porcine zona proteins from pig oocytes

and possibility of contamination by other ovarian-

associated proteins, porcine ZP3 and ZP4 were

cloned and expressed in E. coli. A His-tag was added

at the N-terminus of the porcine ZP3 and ZP4 to aid

in their convenient purification. Purified recombi-

nant ZP3 revealed an apparent molecular weight of

44 kDa, which is higher than the calculated molecu-

lar weight of 36 kDa. Expression of porcine ZP3

excludes N-terminus signal peptide and C-terminus

transmembrane-like domain in E. coli, which has

also been reported previously.38 However, the

molecular weight reported was 38 kDa in SDS-

PAGE. The reasons of apparently high molecular

weight obtained by us are not clear at this stage.

Expression of porcine ZP4 has been reported earlier

using baculovirus expression system and Pichia pasto-

ris.39,40 To the best of our knowledge, expression of

porcine ZP4 in E. coli is being reported for the first

time. Surprisingly, baculovirus-expressed ZP3 and

ZP4 did not bind to porcine sperm but bound to

bovine sperm.39 It is likely due to the amendment of

glycosylation by insect cells (Sf9), which are similar

to bovine rather than porcine zona proteins. Simi-

larly, recombinant ZP4 has an apparent molecular

weight of 54 kDa, which is also higher than the

calculated molecular weight of 48 kDa. His6-tag

proteins often show a slightly retarded mobility on

SDS-PAGE, and this discrepancy between the appar-

ent and theoretical value could be explained by the

same phenomenon.41

In addition, recombinant porcine ZP3 and ZP4

have also been expressed by incorporating promiscu-

ous T-cell epitopes of TT and bRNase. Promiscuous

T-cell epitope binds to various major histocompati-

bility complex (MHC) molecules and thereby likely

to elicit immune response in larger proportion of the

immunized outbred population. Promiscuous T-cell

epitopes from a variety of antigens have a potential

to provide T-cell help that can be employed to gen-

erate humoral immune response against self pro-

teins.42–44 This will also avoid chemical conjugation

of the recombinant porcine ZP3 and ZP4 with ‘car-

rier’ protein. Dilysine linker used in the expressed

recombinant proteins is the target site for lysosomal

protease cathepsin B, which is an important protease

in the context of MHC II antigen presentation.45 The

successful cleavage at dilysine linker site by cathep-

sin B ensures generation of antibodies against the

fusion partners separately, concurrently avoiding the

generation of antibodies against the new epitope

that may result due to the fusion of two fragments

via linker.46 The proteins expressed in a lon- and

ompT-protease-deficient E. coli strain, BL21[DE3]

pLysS, have permitted the reduction/elimination of

proteolytic degradation of the expressed proteins.

Immunization studies in female mice with the

recombinant porcine ZP3 and ZP4 along with PetGel

A revealed these to be immunogenic as evident by

generation of both humoral- and cell-mediated

immune responses. The polyclonal antibodies thus

generated reacted with the respective recombinant

proteins both in ELISA and in Western blot. Studies

with PetGel A have shown that it is a safe adjuvant

and can be used for vaccines meant for animal appli-

cation.29 Incorporation of T-cell epitope of TT in

recombinant ZP3 (TT-KK-ZP3) as well as bRNase in

recombinant ZP4 (bRNase-KK-ZP4) led to generation

of higher antibody titers as compared to the respec-

tive protein devoid of T-cell epitope (Table II).

Recombinant TT-KK-ZP3 and bRNase-KK-ZP4 also

elicited higher T-cell proliferation as compared to
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recombinant ZP3/ZP4 thereby confirming that the

promiscuous T-cell epitope of TT, and bRNase are

also contributing to T-cell proliferation. The poly-

clonal antibodies generated in mice against porcine

ZP3 also reacted with mouse oocyte ZP, which may

be due to 68% sequence identity of the mouse ZP3

with the porcine ZP3 at the amino acid level.

Although Zp4 is a pseudogene in mice5, the reactiv-

ity of mouse polyclonal antibodies against recombi-

nant porcine ZP4 may be due to its cross-reactivity

with the mouse ZP1 that has a sequence identity of

50% with porcine ZP4 at amino acid level. The reac-

tivity of the antibodies against recombinant porcine

ZP3/ZP4 to the mouse oocyte ZP is specific as it can

be inhibited by prior incubation of the immune

serum samples with the respective recombinant

proteins. Interestingly, antibodies generated against

porcine SIZP showed reactivity with recombinant

porcine ZP3 and ZP4 (Fig. 5). Further, recombinant

proteins can act as booster in animals primed with

porcine SIZP and increased the antibody titers

against SIZP (Fig. 5). These observations suggest that

the recombinant porcine ZP3 and ZP4 described

herein may be useful in the efforts for the popula-

tion management of wild horses and white-tailed

deers by currently used contraceptive vaccine based

on native porcine ZP.17,18 These may act as good

candidates to boost the immune responses generated

by native proteins.

Antibodies against the native porcine zona pro-

teins have been shown to inhibit in vitro sperm–egg
binding in various animal models.47–49 The antibod-

ies elicited in female mice by immunization with

recombinant porcine TT-KK-ZP3 as well as bRNase-

KK-ZP4 also inhibited in vitro fertilization using

mouse oocytes and sperm, suggesting their contra-

ceptive potential. Further, immunization with

recombinant porcine ZP3 and ZP4 also led to curtail-

ment of fertility in the immunized mice. ZP3 has

been proposed as primary sperm receptor in mice.7

The cross-reactivity of antibodies generated against

recombinant porcine ZP3 with mouse ZP3 is likely to

be responsible for the curtailment of fertility. The

probable cross-reactivity of antibodies generated

against recombinant porcine ZP4 with mouse ZP1

may explain the curtailment of fertility in the recom-

binant ZP4–immunized groups. In mouse model, ZP1

has no direct functional role during fertilization and

has been proposed to primarily act as cross-linker of

filaments formed by ZP2-ZP3 heterodimers.13 At

this stage, it is a conjecture that antibodies against

recombinant porcine ZP4 cross-react with mouse ZP1

and bring out the contraceptive effect by steric hin-

drance. This may explain lower contraceptive efficacy

of recombinant porcine ZP4 as compared to ZP3

(Table II). Recombinant porcine ZP4 may have better

contraceptive efficacy in mammalian species that

have ZP4 instead of ZP1 such as dogs, pigs as com-

pared to mice, which remains to be investigated.

These preliminary active immunization studies

with the recombinant porcine zona proteins did not

reveal any apparent ovarian pathology. However,

further long-term active immunization studies

should be undertaken that not only include ovarian

histopathology but also various endocrine parame-

ters to determine the safety of this procedure. Nor-

mal ovarian histology observed in the present study

may be due to the following reasons: (i) recombi-

nant proteins are devoid of other ovarian-associated

proteins, (ii) the use of PetGel A as adjuvant instead

of CFA/IFA: it has been shown that animals immu-

nized with the zona proteins along with CFA

showed ovarian pathology as compared to animals

immunized with same preparation of zona protein in

alum50, and it has been demonstrated that Monta-

nideTMgel can be used safely with various antigens

and in several animal species29, and (iii) timing of

observations: 64 or 120 days after initiating immuni-

zation may be a short period to bring about adverse

effects on ovaries by antibodies generated against

recombinant porcine zona proteins.

To conclude, we report expression of recombinant

porcine ZP3 and ZP4 in E. coli, which are immuno-

genic and competent to curtail fertility in murine

model. The availability of these recombinant

proteins will facilitate our efforts to develop porcine

ZP–based contraceptive vaccine for wildlife popula-

tion management.
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