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SUMMARY

Characterization of the Pregnancy-Associated Glycoproteins (PAG) is
important for studies of reproduction of various eutherian domestic, wild and
endangered mammals. Distinct chorionic PAG genes are expressed in embryo-
origin cells: pre-placental trophoblast (TR) and in placental trophectoderm
(TRD) of various eutherians. This study demonstrates in vitro production of
the PAG proteins during long-term cultures of various chorionic explants:
porcine TR or TRD, cotyledonary (CT) of European bison (Eb), and CT or
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intercotyledonary (intCT)-TRD of the cattle. Chorionic proteins isolated from
media were analyzed by homologous or heterologous Western immunoblotting
with anti-PAG sera, raised against cellular bovine or secretory porcine antigens.
Used anti-PAG sera identified diverse molecular forms of released PAG
proteins: 43-69 kDa for EbPAG proteins, 40-85 kDa for bovine PAG (bPAG),
and 43-73 kDa for porcine PAG (pPAG). Immunoblotting revealed also that
both CT and intCT-TRD explants secreted equivalent amounts of bPAG
proteins. This useful system of in vitro protein production can provide native
chorionic PAG proteins with placental unique carbohydrate chains. The PAG
proteins are required as standard markers for diagnostic tests of pregnancy in
domestic and wild mammals, in which seasonal reproductive processes are
relatively difficult to control. Reproductive Biology 2005 5 (2):185-203.
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INTRODUCTION

Chorionic proteins are crucial components of a molecular complex
responsible for appropriate early embryonic development and advanced
pregnancy maintenance in mammals with different placentation types
[1, 9, 10, 41]. Pregnancy-associated glycoproteins (PAG) are expressed
in extra-embryonic cells of peri-placental trophoblast (TR), and after
implantation/placentation, in trophectoderm (TRD; chorionic epithelium)
of various ungulate species. The PAG family was identified according to
sequences of distinct complementary DNA (cDNA) of the PAG mRNA in
various chorionic transcriptomes (TR/TRD). The PAG cDNAs have been
cloned in several eutherians (Placentalia), including Artiodactyla: pig [38,
45], cattle, sheep [21, 60], goat [18], white-tail deer'; Perissodactyla: horse,
zebra [20], or Rodentia (mouse) [8] and Carnivora (cat) species®. Genomic

"Vawter GA Parks TE Killian G Ealy AD Green JA 2004 Cloning and preliminary characterization
of Pregnancy-Associated Glycoproteins expressed in the placenta of white-tailed deer. Biology of
Reproduction 70 153.

2Gan X Xie S Green J Roberts RM 1997 Identification of transcripts for pregnancy-associated
glycoprotein (PAG) in Carnivora and Perissodactyla. Biology of Reproduction 56 431 190
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studies indicated that the PAG genes originated from duplicated ancestral
conserved progene [27, 28], and multiple PAG genes are expected in
different genomes: over one hundred genes in ruminants [57, 60] or at least
eight pPAG2-like genes in pigs [46, 47]. However, a number of the PAG
genes or proteins in other mammals remain still unknown.

Amino acid sequences suggest [22] that the PAG family includes
catalytically active and inactive placental aspartic proteinases (AP). This
AP family (EC 3.4.23) includes also pepsins [32], cathepsins D and E [11]
and napsins [51] of various vertebrates; two histo-APs (HAP I and II) and
plasmepsins of malaria parasites [3, 6], as well as aspergillopepsin II [26]
and other fungial and retroviral AP enzymes. Most of these AP members are
secreted as zymogens, and presumably, a specific control of their catalytic
activation is strongly associated with still unknown functions of these
molecules [34, 44, 49, 50].

Identified cDNAs of the PAG family can be used as genetic markers for pre-
selection of young animals [7, 47], comparative microarray mapping [30, 52]
or as the major templates for recombinant PAG proteins (recPAG) required for
commercial application of prenatal diagnostic tests. /n silico cDNA translation
to amino acid sequences of polypeptide PAG precursors revealed their very high
homology to N-terminal micro-sequences of purified native PAG proteins. In
ruminants, the PAG protein family is also known as a pregnancy-specific protein
B (PSPB), SBU3 proteins or 60 kDa pregnancy-specific protein (PSP60).
Numerous native PAG proteins have been purified mainly from ruminant
cotyledons: cattle [61], zebu [43], sheep [2, 13, 15, 59], goats [17], elk and moose
[25]. In the pig, a single native pPAG2-like protein purified from culture media
and sequenced was named basic protein (BP, 43 kDa) previously [12].

Only a few of the aforementioned purified native PAG proteins have been
used as markers for plasmatic pregnancy diagnoses in domestic ruminants
[19, 36, 62] and for immunodiffusion tests in non-ruminant species [14].
These PAG proteins of domestic species have also been beneficially used
as standards and tracers during radioimmunologic tests of early pregnancy
and embryonic mortality in wild related ruminants [16, 23, 24, 29, 37, 53,
55]. The PAG proteins were also useful as prenatal markers for diagnosis of
multiple pregnancies [5, 40, 54].
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European bison (Bison bonasus L.) has been classified to international
Red List of endangered species (EN A2ce, C2a, IUCN). The European
bison is relative to a wood bison (Bison bison athabascae), in which the
PAG-like proteins were found in peripheral blood plasma during cross-
species pregnancy diagnoses with use of bovine PAG standards [23]. Thus,
characterization of chorionic molecules requires suitable method of native
protein harvesting, especially in wild animals, in which the reproductive
processes are difficult to control. The objectives of this study were: 1) to
produce in vitro secretory forms of native PAG proteins by various chorionic
explants of domestic or wild eutherians (Sus scrofa, Bos taurus and Bison
bonasus L.); and 2) to compare the PAG protein production by ruminant
placentomal and interplacentomal chorionic explants.

MATERIALS AND METHODS
Animals and placental tissue collection

Pregnant gilts (n=18) were slaughtered on day 16 (n=5) post coitum (dpc),
17-19 dpc (n=6), 20-25 dpc (n=4) and 30-39 dpc (n=3). Placentomes (6-8
cm) were collected post mortem from a middle-pregnant (~5 month) female
of European bison (Eb; Bison bonasus L.) eliminated in the forest of the
Bialowieza National Park (Poland). Uteri of pregnant cows (n=3) were
harvested at a local slaughterhouse and pregnancy status (30, 45 and 90 dpc)
was estimated according to crown-rump length of the fetuses (0.5-18 cm).

Porcine chorionic tissues, pre-placental TR and post-implantational
TRD, were recovered from uteri and dissected from embryos and remaining
membranes. Bovine cotyledons (CT) were dissected from the maternal
caruncles (0.5-2 cm) and from inter-cotyledonary TRD (intCT-TRD), an
interplacentomal chorionic epithelium. Collected chorionic tissues were
placed in sterile PBS supplemented with penicillin (100 1.U./ml) and
streptomycin (100 pl/ml), then all chorionic tissues were immediately
used for in vitro studies. Protocols for procedures used in this study and
for animal care were approved by the local animal authorities.
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Cultures of chorionic explants

Explants of the extra-embryonic chorionic membranes (TR, TRD and
CT or intCT-TRD) were long-term cultured as previously described for
porcine explants [39, 44, 45, 49, 50]. Briefly, collected TR, TRD and CT
or intCT-TRD explants (from 0.32 up to 529 g) were minced into small
pieces (1-3 mm?®), washed in PBS and harvested as pre-culture protein
fraction (0 h) for each explant type. These fractions represented chorionic
proteins leaking from damaged cells during slicing (cellular proteins). All
explants were cultured in serum free Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with antibiotics (ICN, Costa Mesa, CA, USA).
The explants (approx. 5 g/l medium) were placed in flasks on the rocking
platform and initially cultured for 8 h (37°C, 5% CO,:95% air; 1G 150,
Jouan, France). During extended periods of the long-term experiments,
collected media were replaced (in 24-48 h intervals) by fresh serum-
free DMEM with antibiotics and nystatine (240 1.U./ml). Cotyledonary
explants of European bison (Eb) were cultured for 72 h. Bovine CT or
intCT explants were cultured up to 480 h. Porcine TR or TRD explant
cultures were extended up to 768 h. The variable incubation times were
necessitated by the quality and conditions of chorionic explants harvested
in the forest or slaughterhouses.

Harvesting of chorionic proteins

Chorionic proteins, obtained during mincing of chorionic tissues in PBS
(cellular proteins, fraction 0 h) or released by long-term cultured explants
into media (for 768 h), were harvested according to a modified method
described previously for porcine placental tissues [44, 49, 50]. During the
current study, released TR, TRD, CT and intCT proteins were isolated from
media (total 20.88 liters) by ultrafiltration (>10 kDa) until each protein
reached approximately 1 pg/ 1ul. Ultrafiltration, dialysis and concentration
of chorionic proteins were performed in Centriprep-10 cartridges (MWCO
10 kDa; Amicon, Beverly, MA, USA). Final protein concentration was
determined by the Bradford procedure [42].
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Western blotting

Pre-placental TR, placental TRD and CT or intCT proteins (10 pg / sample)
were separated by SDS-PAGE parallel to molecular markers (ICN, Costa
Mesa, Ca, USA; or Kucharczyk T.E., Warsaw, Poland) and subjected to
Western blotting [39, 44, 45, 49, 50]. Briefly, chorionic proteins were
stained with Coomassie Brilliant Blue dye (CBB). Duplicates of PAGE-
separated proteins were analyzed by homologous or heterologous (cross-
species) Western analysis by alkaline phosphatase with use of NBT and
BCIP as standard substrates. Blotting was performed with rabbit (titer
1:300) anti-bovine (code: 497) PAG sera [62] or polyclonal/polyvalent
anti-porcine PAG sera [44], purified by adsorption and characterized for
binding specificity with negative and positive controls [48, 49]. Specific
binding of the anti-PAG sera was confirmed by using recombinant fusion
PAG proteins and/or by immunoscreening of PAG clones isolated from
cDNA libraries [20, 49, 60]. Gels and blots were photographed and archived
by FOTO/Analyst Archiver (Fotodyne, Hartland, WI, USA).

RESULTS
In vitro production of porcine and ruminant chorionic proteins

Mammalian TR, TRD or CT and intCT explants produced various amounts
of chorionic proteins released into the media harvested during long-term in
vitro cultures (tab. 1). Among the porcine TR and TRD as well as ruminant
CT and intCT proteins separated by SDS-PAGE, the family of the PAG
proteins (with various M) was detected by double homologous or cross-
species heterologous Western blottings (figs. 1-4). The anti-bovine PAG
serum (fig. 1 B) detected two major groups of the EbPAG proteins: 67-69
kDa and 43-45 kDa. This anti-bPAG serum also detected 67-69 kDa forms
of bovine and porcine PAG proteins. The anti-porcine PAG sera (fig. 1 C)
mainly detected 67-69 kDa major forms of the EbPAG, bovine PAG (~69
kDa) and porcine PAG (70-72 kDa) proteins.
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Table 1. The effectiveness of chorionic protein production during long-term in
vitro cultures of various explants harvested from eutherian mammals on different
day (dpc) or month (m) of pregnancy

Average protein production )
Total production

[ng/100 mg of | [mg/h of culture]
tissue]

Code of animals dpc
[mg/24h]

Domestic pig (Sus scrofa)

Z1 0.075 16.49 2.400 /768
Z 30 0.550 - 1.100 /48
732 16 0.029 46.40 0.464 /384
Z 35 0.313 1852.07 6.260 / 480
Z 36 0.139 952.17 3.066 /528
7?2 17 0.070 70.97 2.200 /744
Z31 0.933 169.09 1.860 /48
Z29 1.010 572.38 22.38 /528
Z07p 18 0.596 234.09 9.551/384
Z 0% 7.580 49.22 7.580/24
728 19 0.037 8.98 0.265/168
Z3 20 0.070 51.64 2.200/ 672
Z33 2 0.200 33.37 2.800/336
Z 34 5.729 104.17 11.459 /48
738 30 25.33 79.11| 157.270/ 149
SL T 33 31.23 969.52| 486.700/374
SL1I 39 64.93 164.08| 562.730/208
Ruminants (Bos taurus and Bison bonasus L.)
Cow I (CT) 30 4.00 - 64.3/384
Cow I (intCT-TRD 23.01 - 46.02 /48
Cow II (CT) 45 0.72 - 14.370 /480
Cow III (CT) 90 20.84 298.49| 180.615/208
Cow III (intCT-TRD) 17.33 250.94| 150.190 /208
European bison S5m 204.1 - 612.313/72

(-) not determined
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A) Porcine proteins produced in vitro B) Porcine PAG proteins (anti-pPAG sera)
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Figure 2. Porcine trophoblastic and trophectodermal proteins released in vitro by
placental explants harvested on various days (d) of pregnancy (16-30 dpc). A) SDS-
PAGE of cellular (0 hrs) or secretory (11-120 hrs) chorionic proteins (10 pg/lane)
stained with CBB dye. B) Homologous Western blotting of porcine PAG protein
family with anti-porcine PAG sera (anti-pPAG). Molecular marker (Mm) is on the
left. Arrows on the right indicate molecular range of the pPAG proteins.

Heterogeneity of the PAG proteins as pregnancy progresses

In the pig, homologous Western immunoblotting of the pPAG protein
family revealed similar molecular forms (M.W.) harvested on 18-30 dpc
as cellular proteins (0 fraction) and proteins released in vitro by TR/
TRD explants (11-120 hrs; fig. 2). The anti-porcine PAG serum detected
mostly two major groups of ultra-filtrated (>10 kDa MWCO) cellular (0
h) and/or secretory forms: ~43 kDa and 70-72 kDa pPAG proteins (fig.
2 B). During this comparative study, relatively strong cellular 43 kDa
pPAG protein expression (0 h) was detected on 16 dpc. However, this
smaller form was also determined in all protein samples examined during
other early placentation periods (18 - 22 dpc). After placentation (33 or
39 dpc), homologous Western blotting (fig. 3) revealed heterogeneity of
the pPAG proteins produced in vitro by TRD explants harvested from
various pigs on different days of pregnancy. The M.W.-heterogeneity
(from ~45 to ~73 kDa) of the pPAG proteins was detected throughout
period of the 208-374 h long-term cultures (fig. 3 A and B). Moreover,
during extended periods (88-184 h) of porcine TRD culture (39 dpc),
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A) Porcine PAG proteins (anti-pPAG sera) B) Porcine PAG proteins (anti-pPAG sera)
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Figure 3. In vitro production of porcine trophectodermal (TRD) proteins during
long-term cultures of explants harvested on days 33 and 39 of pregnancy (dpc).
A, B) Homologous SDS-PAGE Western blotting of pPAG proteins (10 pg/lane)
with anti-porcine PAG sera (anti-pPAG). Arrows on the right indicate molecular
range of the pPAG proteins.

additional ~47 kDa forms of the pPAG proteins were immunodetected as
culture time progressed.

In the cattle, double Western immunoblotting (fig. 4) revealed various
forms of the bPAG proteins (45-85 kDa) released by bovine CT or by
intCT-TRD explants collected on 90 dpc. During 208-h long cultures,
almost equal amounts of the bPAG proteins were produced by both types of
tissues, CT and intCT-TRD explants. The homologous Western blotting of
bovine PAG proteins with anti-bovine PAG sera (fig. 4 B and E) or cross-
species heterologous blotting with anti-porcine PAG sera (fig. 4 C and F)
demonstrated diverse profiles of secretory bPAG proteins. The anti-bovine
PAG sera detected two major groups of bPAG proteins (67 and 53 kDa)
produced by CT explants collected on 90 dpc (fig. 4 B), and only one group
of the dominant bPAG proteins (67 kDa) produced by intCT-TRD explants
(fig. 4 E). The anti-porcine PAG sera, in turn, recognized two major groups
of dominant bPAG protein forms (67 and 65 kDa) released by CT explants
on 90 dpc (fig. 4 C). This anti-pPAG serum detected also two major groups
of dominant bPAG protein forms (67 and 59 kDa) released by intCT-TRD
explants collected on 90 dpc (fig. 4 F) and expressed during the entire
208 h of culture. In addition, weak immunoreactive and smaller secretory
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A) Bovine proteins produced in vitro D) Bovine proteins produced in vitro
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Figure 4. In vitro production of the bovine PAG protein family during long-term
cultures of various placental explants of CT or intCT-TRD collected on Day 90
of pregnancy (90 dpc). A, D) SDS-PAGE of released CT and intCT-TRD proteins
(10 pg/lane) stained with CBB dye. B, E) Homologous Western blotting with
polyclonal anti-bovine PAG serum (anti-bPAG). C, F) Heterologous Western
blotting with anti-porcine PAG serum (anti-pPAG). Molecular marker (Mm) is
on the left. Arrows on the right indicate molecular range of the bPAG proteins.
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forms (49 and 36 kDa) were also detected, mainly during the early culture
periods (up to 136 h).

DISCUSSION

This paper demonstrates efficient in vitro production of multiple
native PAG proteins released by various chorionic explants of three
mammalian Artiodactyla taxons: domestic pigs and cattle as well as wild
endangered European bison. We compared molecular masses of multiple
immunoreactive forms of native PAG protein families (pPAG, bPAG and
EbPAG) as pregnancy advanced: 1/ cellular or secretory pPAG proteins
released by porcine TR and TRD explants; and 2/ various secretory bPAG
protein forms released by two dissected bovine placental tissue types, CT
or intCT-TRD explants. Such comparison of the PAG family expression
was not previously performed.

The proposed long-term in vitro procedure provides a few advantages
over protein purification by multistep extractions from placental tissues.
First, these secreted in vitro chorionic proteins do not require purification
steps to separate and remove numerous cellular or membrane proteins
which do not belong to the PAG protein family. Second, the long-term
cultures of pre-placental trophoblast explants provides efficient method of
chorionic protein harvesting from limited amounts of small pre-placental
trophoblastic tissues available during very early stages of the pregnancy
in wild and domestic mammals. Third, the harvesting of chorionic
tissues during advanced pregnancy in endangered mammals is limited
to occasionally eliminated wild females. Thus, the presented long-term
cultures of chorionic explants enable production of the secretory PAG
proteins without a requirement of multiple pregnant females. Moreover,
stable chorionic cell lines of endangered mammals are not available.

Previous morphologic studies demonstrated abundant chorionic
expression of multiple PAG transcripts and proteins in domestic pigs,
horses and cattle possessing various placenta types: epitheliochorial diffuse,
epitheliochorial with girdle cells and synepitheliochorial cotyledonaria,
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respectively [20, 44, 45, 49, 60]. However, available reports concerning
the PAG family are very limited for non-domesticated mammals with
seasonal reproduction. Only a few studies reported multiplicity of the PAG
family in wild pregnant females. Green et al. [20] has cloned only one
cDNA in zebra (zPAG). Recently, nine distinct cDNAs of the PAG genes
have been also cloned in white-tailed deer (wtdPAG)!. Numerous wtdPAG
proteins (30-90 kDa) were detected by cross-species Western blotting with
anti-bovine PAG sera'. Another earlier study [25] also reported the PAG
protein extraction from placental tissues harvested from three cotyledons of
hunter-killed elk (ePSPB: 31, 45, 57 kDa) and from two moose cotyledons
(mPSPB: 31, 58 kDa). Unfortunately, NH2-terminus of native purified
PAG proteins has not been micro-sequenced yet in any wild species.

In domesticated pecoran mammals, distinct members of the PAG protein
family have been recently identified and spatially/temporally specific
placental expressions were detected during early or advanced gestation. In
sheep, four oPAG proteins (55, 60, 61 and 65 kDa) were purified on 100 dpc
[59]. Recently, three novel oPAG proteins (55, 57 and 59 kDa) with different
N-terminal ends were extracted from more advanced (>100 dpc) ewe placenta
[13]. These studies revealed that the 55 kDa oPAG proteins (identical in kDa)
obtained during two different purification procedures represented various
forms with electrostatic properties [Ip: 5.54; 59] or [Ip: 4.1-5.9; 13]. However,
N-terminal micro-sequence of the 65 kDa oPAG protein was identical to
sequences of two distinct o0PAG3 and oPAG7 polypeptide precursors, coded
by open reading frame (ORF) of cloned cDNAs [59]. Moreover, the 59 kDa
oPAG protein sequence differs from previously identified sequence of the
oPAG4 polypeptide precursor (coded by ORF) only in one position among
the 15 identified N-terminal protein residues [13, 15, 59]. These studies
suggest that the oPAG family require more investigation for complete
identification of the entire multiple ovine PAG family.

Recently, novel PAG proteins were also purified by multiple step extraction
from placental tissues of zebu (Bos indicus; zebuPAG) and buffalo (Bubalus

! Vawter GA Parks TE Killian G Ealy AD Green JA 2004 Cloning and preliminary characterization
of Pregnancy-Associated Glycoproteins expressed in the placenta of white-tailed deer. Biology of
Reproduction 70 153.
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bubalis; bubPAG). Numerous forms of 51-69 kDa zebuPAG and 52-77 kDa
bubPAG proteins were detected by heterologous Western blottings performed
with different anti-PAG sera raised against extracted bovine, ovine and
caprine PAG cellular antigens [4, 43]. These studies revealed multiple forms
of the zebuPAG and bubPAG proteins during pregnancy stage-dependent
chorionic development in both examined species. Moreover, Sousa et al. [43]
reported a low efficiency of the zebuPA G-like protein extraction, from 0.61%
up to 1.81% of total crude proteins, which were extracted from 10-31 week
gestational age of placentas. Similarly, bubPAG-like proteins represented
only 0.33% of the total soluble proteins extracted from cotyledonary tissues
[4]. These studies proved that multiple step extraction procedures allow for
PAG protein purifications from various placental tissues, but with very low
extraction yield. Thus, complete purifications of various PAG proteins by
tissue extractions require large amounts of placental materials. In contrast,
during the long-term cultures, secretory chorionic proteins (without cellular
and membrane proteins) can be effectively produced by smaller amounts of
placental tissues.

The PAG proteins are differentially post-translationally glycosylated
and may contain 3-18% of oligosaccharides in pigs [12, 50], sheep [2, 58],
cattle [33, 56]. Carbohydrate contents of the PAG proteins were examined
in only two wild taxons [25], the elk (3.15%) and the moose (4.98%).
Similarly, high glycodiversity has been found in near-term epitheliochorial
placentas of other examined, interbreeding and non-interbreeding,
eutherian species including the horse, donkey and camel [31]. Presumably,
high glycodiversity of the PAG proteins found during pregnancy in close
related interbreeding wild and domestic taxons, is mainly associated with
abnormally induced high plasma concentration of PAG proteins measured
in peripheral blood circulation [16].

The plasmatic PAG protein concentration measurement is a very useful
tool for fetal well-being monitoring, because the PAG concentration is
usually pathologically changed in the cases of pregnancy difficulties [35].
Previously, a few cross-species diagnostic PAG tests were used in wild
ruminants, including wood bison (Bison bison athabascae) [23], moose
[24], French Alpine goats [29], white-tailed deer [37], sika deer [55] and
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rocky mountain elk [53]. These pregnancy tests were performed using
bovine PAG standards and iodinated tracers, mainly bPAG (R-37) or
bPSPB - cellular proteins extracted from cotyledonary tissues. However,
the pregnancy tests were not continued. The PAG/PSPB tests require
purified standard proteins and specific anti-PAG sera, produced against
various cellular or secretory antigens. Thus, obtaining huge amounts
of purified native PAG proteins, with their unique carbohydrate chains,
specific for various placentas during each period of gestation, would allow
further plasmatic RIA/ELISA pregnancy diagnostic tests.

In conclusion, we demonstrated very high M.W.-diversity of secretory and
cellular PAG forms and provided direct proteomical confirmation of multiplicity
of the PAG family in three domestic and wild species. The described method
provides the most effective harvesting system of glycosylated PAG proteins.
Our study demonstrates an effective long-term culture system of native
secretory and glycosylated PAG protein production in different domestic and
wild species. Native PAG protein harvesting is procedure equally important
to biotechnological production of recombinant PAG (recPAG) proteins. The
importance of the proposed in vitro system of native protein harvesting is due
to_a general lack of carbohydrate side chains in the recPAG proteins produced
in very popular and effective bacterial systems. The post-translational
modifications of native PAG proteins i.e. specific glycosylation within placenta
lead to a large variability of PAG proteins purified from placental extracts
or culture media. Complete characterization of particular placental proteins
requires suitable sources of placentas and/or useful method of placental protein
harvesting. This is especially important in wild endangered animals, in which
seasonal reproductive processes are relatively difficult to control.
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