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ABSTRACT The pregnancy-associated glycoproteins
(PAGs) are structurally related to the pepsins, thought to be
restricted to the hooved (ungulate) mammals and character-
ized by being expressed specifically in the outer epithelial cell
layer (chorion/trophectoderm) of the placenta. At least some
PAGs are catalytically inactive as proteinases, although each
appears to possess a cleft capable of binding peptides. By
cloning expressed genes from ovine and bovine placental
cDNA libraries, by Southern genomic blotting, by screening
genomic libraries, and by using PCR to amplify portions of
PAG genes from genomic DNA, we estimate that cattle, sheep,
and most probably all ruminant Artiodactyla possess many,
possibly 100 or more, PAG genes, many of which are placen-
tally expressed. The PAGs are highly diverse in sequence, with
regions of hypervariability confined largely to surface-
exposed loops. Nonsynonymous (replacement) mutations in
the regions of the genes coding for these hypervariable loop
segments have accumulated at a higher rate than synonymous
(silent) mutations. Construction of distance phylograms,
based on comparisons of PAG and related aspartic proteinase
amino acid sequences, suggests that much diversification of
the PAG genes occurred after the divergence of the Artiodac-
tyla and Perissodactyla, but that at least one gene is repre-
sented outside the hooved species. The results also suggest that
positive selection of duplicated genes has acted to provide
considerable functional diversity among the PAGs, whose
presence at the interface between the placenta and endome-
trium and in the maternal circulation indicates involvement in
fetal-maternal interactions.

The placenta is the hallmark of the eutherian mammal, yet,
rather than being the most anatomically conserved mamma-
lian organ, it is arguably the most diverse (1). Placentation
ranges from the invasive hemochorial type, as in the human,
where the trophoblast surface is in direct contact with mater-
nal blood, to the epitheliochorial (e.g., pig) where the uterine
epithelium is not eroded (2). Not only is placental structure
highly variable, the polypeptide hormones the placenta pro-
duces also vary between species (1, 3). For example, no group
of mammals other than higher primates possesses a chorionic
gonadotrophin homologous to hCG for luteal support in early
pregnancy, and only the ruminant ungulates are known to
produce type I interferon as an antilyteolytic hormone (4).
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Placentation in ruminants, such as cattle and sheep, is
superficial, relatively noninvasive, and known as synepithelio-
chorial cotyledonary (5). “Synepitheliochorial” describes the
fetal-maternal syncytium formed by the fusion of trophoblast
binucleate cells and uterine epithelial cells, whereas “cotyle-
donary” describes the gross structure of the placenta and
specifically the tufts of villous trophoblast (cotyledons) that
insinuate themselves into the crypts of the maternal caruncles.
These regions of interdigitated and partially fused fetal coty-
ledonary and maternal caruncles are the placentomes and are
the main sites for nutrient and gas exchange in the placenta.
The binucleate cells, which compose about 20% of the surface
epithelium (trophectoderm), migrate and fuse with maternal
uterine epithelial cells and deliver their secretory products
directly to the maternal system. Among the products are the
placental lactogens (6) and the pregnancy-associated glyco-
proteins (PAGs) (7), the subject of this paper.

The PAGs, also known under a variety of other names
including pregnancy-specific protein B (8), were discovered in
attempts to develop pregnancy tests for livestock (9-11).
Rabbits were injected with extracts of placental cotyledons,
and antibodies not directed against placental antigens were
removed by adsorption with tissue extracts from nonpregnant
animals. The resulting antisera provided the basis of an
accurate pregnancy test for cattle and sheep as early as 1 month
postinsemination.

Xie et al. (12) used an antiserum directed against purified
PAGs from cattle and from sheep to screen cDNA libraries
from late placental tissue. The full-length cDNAs shared 86%
nucleotide sequence identities with each other and a surprising
60% sequence identity to pepsinogens. The PAGs had muta-
tions in and around their active sites that would render them
inactive as proteinases (12, 13). The similarities to pepsin A
(=50% amino acid identity) and chymosin (=45% amino acid
identity) in primary structure has allowed atomic models of
ovPAG1 and boPAG1 to be built (13). Both molecules have the
bilobed structure typical of all known eukaryotic aspartic
proteinases and possess a cleft between the two lobes capable
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of accommodating peptides up to 7 aa long. Modeling strongly
suggested that both ovPAG1 and boPAG1 can bind the pepsin
inhibitor pepstatin, a prediction that has been validated (J.G.
and R.M.R., unpublished results).

Even in the initial studies (8, 10, 12) it was clear that the
PAGs were heterogenous in molecular weight and charge, and
as more isoforms have been purified it has become evident that
they differ in their amino-terminal sequences (14, 15). Further
library screening has revealed additional transcripts in rumi-
nants (16, 17) and the existence of PAGs in nonruminant
species such as the pig (18) and the horse (13, 19). This paper
addresses the heterogeneity of the PAGs in cattle and sheep,
the interrelationship of these molecules with PAGs from other
species, and their evolutionary origin.

MATERIALS AND METHODS

Cloning of Ovine PAG (ovPAG) Transcripts from Early
Conceptuses and Day 100 Placenta. Two procedures were used
to clone ovPAG transcripts from day 13 conceptuses and day
100 placenta. First, a day 13 ovine conceptus cDNA library was
screened with a mixture of bovine, ovine and porcine PAG1
and PAG2 ¢DNA, and equine PAG1 c¢cDNA labeled with 32P
by random primer reactions as described (17, 18). The positive
clones were isolated and partially sequenced.

Novel PAG transcripts from day 100 ovine placenta were
cloned by reverse transcription (RT) and PCR procedures
(15). Cellular RNA extracted from a day 100 placenta was first
reverse transcribed into cDNA and then amplified by PCR
with a pair of well-conserved primers (ovPAG forward, 5'-
AGGAAGAAGCATGAAGTGGCT-3’; ovPAG reverse, 5'-
TAAATGCTTGGACTTGTTCAGGAA-3"). The RT-PCR
products were cloned into TA cloning vectors (Invitrogen). All
the novel ovPAG cDNA were fully sequenced in both direc-
tions.

Cloning of boPAG Transcripts from Early Bovine Placenta
(boPAG). Three procedures were used to clone boPAG tran-
scripts from day 19 and 25 placentae. First, RNA from six
(Simmental X Hereford) placentas at day 25 of pregnancy was
used to construct a cDNA library in AZAPII (CLONTECH).
The library was screened with a mixed probe of 3?P-labeled
bovine, ovine, and porcine PAGI1 and 2, and equine PAG
cDNA (12, 16-19). The positive clones were isolated and
analyzed for the size of inserts by PCR and restriction endo-
nuclease digestion. Sixteen clones of the anticipated length
were partially sequenced. The second screening identified
boPAG transcripts that reacted with an anti-boPAG1 anti-
serum (10, 12). Duplicate filter screening was used to increase
the frequency of isolation of full-length clones. The first filter
was allowed to react with antiserum to identify immunoposi-
tive clones (12), whereas the second filter was hybridized with
a ¥P-labeled probe corresponding to exons 1 and 2 of
boPAG1, ovPAG1, and ovPAG2. The clones positive on both
filters were purified and partially sequenced.

PAG transcripts from a day 19 trophoblast of a Holstein cow
were cloned by RT and PCR procedures. Cellular RNA,
extracted from day 19 trophoblast tissue dissected free of
embryo proper and yolk sac, was first reverse transcribed into
cDNA then amplified by PCR with a pair of well-conserved
primers (boPAGexpS’, 5'-CCCAAGCTTATGAAGTGGCT-
TGTGCTCCT-3', and boPAGexp3’, 5'-GGGAAGCTTAC-
TTGTCATCGTCGTCCTTGTAGTCGGTACCCACCTGT-
GCCAGGCCAATCCTGTCATTTC-3"). The RT-PCR prod-
ucts were cloned into TA cloning vectors (Invitrogen). All the
novel boPAG cDNAs were fully sequenced.

Cloning of ovPAG Gene Fragments. DNA isolated from sheep
white blood cells (buffy coat) was used as a template to amplify
PAG genes at regions corresponding to part of exon 3, intron 3,
and part of exon 4 (see ref. 17) by a PCR procedure with two sets
of primers. The first set was derived from regions well conserved
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in both ovPAG1 and boPAG1 (bp314e3f, 5'-TGGGTAACAT-
CACCATTGGAA-3"; bp314edr, 5'-TTGTTGTTCATGACA-
CAGTTC-3"). The second set had sequences identical to
ovPAG?2 in corresponding regions (bp314e3f, 5'-TGGGTAA-
CATCACCATTGGAA-3'; opl3edr, 5'-CTTGCCTATGA-
CATGTTGG-3'). The amplified ovPAG gene fragments were
then cloned into TA cloning vectors and partially sequenced. If a
clone represented a distinct ovPAG gene, it was fully sequenced
(20).

Southern Blot Analysis. Genomic DNA (5 pg) was digested
to completion with a series of restriction endonucleases. The
DNA fragments were resolved on a 0.8% (wt/vol) agarose gel
by electrophoresis and blotted onto nylon membranes (20).
Specific DNA probes (803 bp) from the boPAG1 and boPAG2
genes (a part of intron 6, exon 7, intron 7, exon 8, and a part
of intron 8) (17) were labeled by using the PCR procedure in
the presence of [a-*’P]dATP (20). Hybridization and subse-
quent washing of the membrane was performed under condi-
tions described previously (17). The same blots were first
hybridized with the boPAG1-specific probe and subsequently
with the boPAG2 probe.

Genomic DNA from various mammals was digested with
EcoRI and separated by gel electrophoresis as described (21).
Southern blots of these gels were probed under standard
conditions with the boPAGI1 probe described above (17).

Evolutionary Analyses. The amino acid sequences of PAG
and selected aspartic proteins were first assembled into mul-
tiple sequence alignments by the PILEUP program or the
Wisconsin GCG Package, version 9.0 (Madison, WI). A dis-
tance matrix was then created (program DISTANCES) and a
phylogenetic tree constructed (GROWTREE) by a neighbor-
joining procedure (22).

To estimate the number of synonymous and nonsynonymous
substitutions within coding regions of the PAG genes, the
program NEWDIVERGE was used to make codon-by-codon
comparisons (23). Kimura’s two-parameter method (24) cor-
rected for multiple hits and differences in substitution rates for
transitions and transversions.

RESULTS AND DISCUSSION

Cloning of ovPAG from Ovine Placenta. Two ovPAG cDNA
have been previously identified. The first (ovPAG1) was
obtained by screening a day 100 placental library with an
antiserum raised against an antigen purified from late placen-
tal tissue (12). The ovPAG2 cDNA was isolated from a cDNA
library prepared from day 13 whole conceptuses by homology
screening with a boPAG1 probe under relatively nonstringent
conditions (13, 25). In the present study, mRNA from day 100
placental tissue was reverse transcribed and subsequently
amplified by PCR. Because the primers used well-conserved
PAG gene sequences located just 5’ to the ATG start codon
and 3’ to the stop codon, all the cDNA identified contained
uninterrupted ORFs.

A total of 66 cDNA were partially sequenced, of which 27
corresponded to the previously identified ovPAG2. However,
39 previously uncharacterized cDNAs were discovered and
fully sequenced; they fell into seven groups, subsequently
named ovPAG3 to ovPAGY9, based on the order of their
discovery (Fig. 1). To limit the amount of sequencing per-
formed PAG cDNAs that differed by <5% at the nucleotide
level in the initial sequencing reactions are not listed, even
though they may represent distinct, presumably recently du-
plicated, genes. Only two cDNA (ovPAG3 and ovPAG7)
encoded polypeptides corresponding at their amino termini to
proteins that had previously been purified (15). The remainder
represented novel PAG.

OvPAG4 and ovPAG7 are the most related of the cDNA,
sharing 95% nucleotide and 90% inferred amino acid sequence
identities. The most distantly related are ovPAG2 and ovPAG4
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Fic. 1. The aligned amino acid sequences of different ovPAGs.
Each structure was inferred from the sequences of its cDNA. The likely
signal sequence is underlined, and a known site of propeptide se-
quence cleavage (ISF |, RG/DS) for certain PAGs is shown (vertical
arrow). Many additional sequences, some from cDNA not containing
entire ORF and others differing less than 5% in nucleotide sequence
from those shown, are known but not shown. Numbering at end of rows
is by amino acid residue starting with Met-1. Numbers in parentheses
show the equivalent residue of pepsin. Boxes indicate the conserved
sequences around the catalytic aspartic acid residues (Asp-32 and
Asp-215). GenBank accession numbers for ovPAG1-ovPAGY are
M73962, U30251, and U94789-U94795, respectively.

(74% nucleotide; 58% amino acid). OvPAGS8 and ovPAG9
appear to be alternatively transcribed, short forms. Based on
the structures of the boPAG1 gene (17) and the boPAG2 and
poPAG2 genes (B.S., J.G., S.X., and R.M.R., unpublished
results), whose exon organizations are identical, the ovPAG8
cDNA lacked the entire sequence of exon 6, whereas ovPAGY
lacked exon 8. Full-length transcripts have not yet been
isolated for either of these ovine genes, nor is it known if these
transcripts give rise to PAG protein.

The inferred (26) signal sequences for each of the ovPAG
are 15 aa and terminate in a completely conserved cysteine
residue. Precisely where propeptide cleavage occurs is unclear
for the majority of the PAGs shown in Fig. 1. One motif that
is used in ovPAG9 (15), boPAG1 (10, 12), and most likely
ovPAG1 (12) is the sequence ISF | RG/DSN, with cleavage
occurring between the Phe and Arg residues. Six of the PAGs
in Fig. 1 contain either this or a closely similar motif. Never-
theless, numbering of amino acids poses difficulties because of
the variability in position 1 of the proteins that have been
purified (14, 15). As a consequence, pepsin, which has been
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used as the basis for construction of three-dimensional models
of ovPAGI1 and boPAG1, provides a convenient basis for
comparative amino acid numbering (13).

A comparison of the residues surrounding the catalytic
aspartic acid residues (32 and 215; pepsin numbering), which
are boxed, shows that the sequences are relatively well con-
served. The substitution of Gly for Asp-215 in ovPAG1 is likely
to be inactivating (12, 27), as is the replacement of Thr-35 by
Arg in ovPAGS-related molecules (28). If any of the other
substitutions would impede either catalysis or access of sub-
strate to the catalytic center is unclear. Modeling studies (13)
have indicated that a number of PAGs with perfectly con-
served sequences around Asp-32 and Asp-215 may be active
because several other subsites in the binding cleft are affected
by unfavorable amino acid substitutions.

The number of sites for potential N-glycosylation ranges
from two in ovPAG?2 to seven in ovPAGS (Fig. 2) and may
account for some of the variability in apparent mass of the
PAG family (12, 29). The three Asn likely to be glycosylated
in ovPAG1 (Asn-1, Asn-17, Asn-68) are all surface-located.

Cloning of boPAG c¢DNA from Bovine Trophoblast.
BoPAG1 (12),boPAG2 (16), and boPAG3 (previously boPAG
variant) (17) were each cloned from a day 260 bovine placental
cDNA library by immunoscreening. Here, two procedures
were used for obtaining additional cDNA. A day 25 bovine
cDNA library, prepared from trophoblast (pre-placenta)
mRNA, was screened with a mixture of PAG probes. Of 40,000
plaques screened, 3.4% hybridized strongly to one or more of
the probes in the mixture. In the second procedure, RNA from
a single day 19 conceptus was subjected to RT-PCR with
PAG-specific oligonucleotides, as described above for isolating
ovPAG cDNA. After subcloning randomly chosen positive
clones, inserts of the anticipated ~1,300-bp length were par-
tially sequenced from their ends. Those that were judged novel
were sequenced completely. A total of 15 clones from the day
25 library provided seven new PAG cDNA (boPAG4-
boPAG11) (Fig. 3). Four of the remainder closely resembled
the already characterized boPAG2 (16). The day 19 RNA
provided one additional clone (boPAG12) as well as additional
clones for boPAG2, boPAGS, boPAGY, and boPAG11.

BoPAG7 c¢cDNA lacked exon 6, but, because the intron
phases of introns 5 and 6 were unaltered, there was no shift in
the reading frame of exon 7. Two forms of boPAG4 have been
isolated. One, the short form, which is not shown in Fig. 4,
lacked exon 7. In this case, the intron phase was disturbed and
the ORFs of exons 8 and 9 destroyed. The significance, if any,
of such alternatively spliced forms is unclear.

The two most related PAGs in Fig. 3 are boPAG1 and
boPAG3, which share 91% nucleotide and 86% amino acid
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FiG. 2. A tabular representation of the potential sites for glyco-
sylation of the ovPAG and boPAG molecules shown in Figs. 1 and 3.
Numbering is according to the sequence of pepsin.
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Fic. 3. The aligned amino acid sequences of different boPAGs.
See legend to Fig. 1 for details. GenBank accession numbers for
boPAG1-boPAGI12 are M73961, L06151, L06153, and AF020506—
AF020514, respectively.

sequence identities. The most distant are boPAG4 and
boPAGS8 (67% nucleotide, 49% amino acid). Again they
resemble pepsin more than they do each other.

Of the 12 PAGs identified by cDNA cloning (Fig. 3), only 2
have had their amino termini sequenced (15). BoPAGI,
purified by conventional column chromatography, has Arg-54
(Arg-3, pepsin number) as its first residue (10, 12). BoOPAG6
was isolated from the medium after culturing day 100 explants
of bovine placenta and purified by means of graded pH and salt
elution from a pepstatin affinity column (J.G. and R.M.R.,
unpublished results), its amino terminus also begins at Arg-54.
Therefore, the ISF | RG/DSN sequence again provides a
conserved site for propeptide cleavage.

The boPAG, like their ovine relatives, are most likely
variably glycosylated (Fig. 2). The number of potentially
substituted Asn range from one in boPAGS to six in boPAG2
and boPAG7. BoPAG10 has five such sites, but two of them
may be in the propeptide (Asn-21 and Asn-13, pepsin num-
bering). Of the four Asn shown for boPAG1 N — 1 and N17
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F1G. 4. Modeling of ovPAGI1. (4) A ribbon diagram of ovPAG1
showing regions of amino acid hypervariability (red) that do not carry
sites for N-glycosylation. All these regions are surface loops. Amino
acids are numbered in yellow (ovPAG1 numbering). (B) A segment
with inwardly projecting side chains colored in green (288-290) links
two hypervariable loop domains in red (281-287 and 291-296). The
flap (pink) on the amino-terminal lobe and the hypervariable region
242-247 are also visible. This view of the two loops and the intervening
conserved segment shows the orientation of amino acid side chains,
which face outward in the loops and inward in the intervening segment.
The diagrams were prepared by Ben Dunn (University of Florida)
based on coordinates of Guruprasad et al. (13).

are almost certainly substituted, as they give no signals during
amino acid sequencing (10, 12).

Hypervariable Regions. A comparison of PAG sequences
both within a single species (Figs. 1 and 3) and between species
(13) reveals segments of primary structure that are hypervari-
able and others that are relatively constant. The signal se-
quences and the carboxyl termini, for example, are highly
conserved even when the PAG are aligned with pepsinogen
(ref. 13 and data not shown). There are also other constant
regions. The sequence between residues 71 and 100 (13-42,
pepsin numbering) shows very few substitutions and includes
the first catalytic domain. In general, the conserved regions are
ones that are internal and probably structurally important for
retaining the overall three-dimensional fold of the molecule
(13, 28). By contrast, the hypervariable regions are exposed
and generally correspond with surface loops (13).

Many of the hypervariable surface regions carry potential
sites for N-glycosylation. For example, the regions containing
N46, N68, and N127 (pepsin numbering) are among the most
variable in the entire series of PAG shown in Figs. 1 and 3. Not
all loop regions contain such sites, although other post trans-
lational modifications such as O-glycosylation and phosphor-
ylation (29) cannot be ruled out. Five such regions are illus-
trated in red in Fig. 44 for ovPAG1. The 281-296 region,
adjoining the conserved carboxyl terminus and magnified in
Fig. 4B, contains two exposed loops separated by three amino
acids (in green) with inward-facing side chains. Region 242-
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247 is preceded by a relatively variable helical domain and
projects out prominently from the surface. In the case of
regions 189-198 and 111-119, both loops are flanked by
conserved B-strands (Fig. 44). These data indicate that the
hypervariable regions represent surface domains where amino
acid substitutions could occur with little threat to the structural
integrity of the molecules but which might provide a diversified
repertoire of PAGs with different properties.

Southern Genome Blotting of Bovine DNA. The structure of
one PAG gene (boPAG1) has been published (17). Two other
genes, boPAG2 and poPAG2 (J.G., B.S., and RM.R., unpub-
lished data) have also been structurally characterized. All
three genes so far cloned contained nine exons and eight
introns organized in a manner similar to that of other mam-
malian aspartic proteinase genes (17).

Southern genomic blots of bovine DNA were performed
with probes corresponding to a segment of the boPAG1 and
boPAG2 genes encompassing part of intron 6, exon 7, intron
7, and exon 8 the proximal end and the proximal end of intron
8. Restriction enzymes were chosen that did not cleave either
probe. Conditions of hybridization were such that the PAG1
probe did not bind the PAG2 gene and vice versa; nor would
there be hybridization to genes for other known aspartic
proteinases. Despite this planned selectivity, it is clear from
Fig. 5 that many of the DNA fragments bound both probes,
either because boPAG1- and boPAG2-related genes were
contained in the fragments or because at least one gene
recognized by both probes was present. Some of the faster
migrating bands hybridized to only one of the probes. The data
confirmed that the bovine genome contains many different
PAG genes, but indicated also that Southern genomic blotting
is too imprecise to provide even an estimate of total gene
number.

Southern Genomic Blotting of DNA from Other Mammals.
Multiple PAG genes were detectable in all species of the
Bovidae family examined (Fig. 6). Signals were especially
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FiG. 5. Southern genomic blotting of a bovine (Bos taurus) DNA
probed with boPAG probes. The restriction enzymes used are shown
above the individual lanes. A single blot was hybridized first with a
specific boPAG1 probe designed not to hybridize to boPAG2 DNA;
they were subsequently hybridized with a specific boPAG?2 probe. Each
autoradiograph was photographed and the individual lanes cut from
the photographic print and aligned to show side-by-side comparisons.
Odd-numbered lanes were probed for boPAGI-related genes, and
even-numbered lanes for boPAG2-related genes. Size markers are on
the left.
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FiG. 6. Southern genomic blotting of DNA from some selected
ruminant and nonruminant ungulate species and from a member of the
Carnivora (Panda). DNA was digested with EcoRI and probed with a
boPAGI1 probe. DNA size markers are on the left. Some samples of
DNA (e.g., Suffolk sheep and mule deer) were analyzed twice.

strong in the species closely related to Bos faurus within the
subfamilies Bovinae (e.g., Bos frontalis gaurus, gaur; Bos
grunniens, yak; Syncerus caffer, Cape buffalo) and Caprinae
(e.g., Ovis aires, domestic sheep; Ovis dalli; Dall sheep; Capra
falconeri, Markhor goat; Nemorhaedus goral, goral; Budorcas
taxicolor, takin). Gazelle and antelope species in other related
subfamilies, including the impala, gnu, duiker, and nyala, also
gave strong signals.

In general hybridization, although detectable, was weaker to
DNA of members of the Cervidae family, including the
whitetail deer and mule deer, than to DNA from Bovidae.
Unexpectedly, moose (Alces alces) gave a relatively strong
signal. The giraffe (family Giraffidae) provided the weakest
signal of the true pecoran ruminants, possibly reflecting its
early divergence (31). Hybridization to DNA from the Nile
hippopotamus was barely detectable with the boPAG1 probe
employed. Because the hippo (family Hippotamidae; suborder
Suiformes) is related to the domestic pig (Sus scrofa), a species
with multiple PAGs (18), this result indicates the considerable
divergence of the genes within the Artiodactyla order over the
55-65 million years of its existence.

DNA of more distantly related hoofed species, including the
horse and rhinoceros, which are members of the Perissodactyla
order, and of all nonhoofed species examined, including panda
(shown in Fig. 7), mountain lion, tiger, and blackbear (data not
shown) all of which are within the Carnivora order, gave no
cross-hybridization. It is unclear whether these groups of
mammals that failed to provide hybridization signals lack genes
homologous to PAG or if evolutionary distance of the genes is
so great that the probes were incapable of binding the DNA.
Horse DNA, for example, failed to bind the probe, despite the
fact that a PAG-related transcript expressed in the outer
epithelial layer of the horse placenta has been cloned (13, 19).
The nucleotide sequence of this transcript is sufficiently dif-
ferent (less than 65% identity) that its gene would not be
detectable with the boPAG1 ¢cDNA probe under the condi-
tions of hybridization selected.

Estimation of PAG Gene Number from Screening a
Genomic Library. As reported earlier (17), 120 X 10° phage
plaques from a bovine GEM-11 genomic library were probed
with a boPAG1 cDNA under conditions that eliminated
binding to boPAG2 DNA. Thirty-four (0.028%) strongly pos-
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OPGB23 . .. TGCC.TTGA. C...TTh .G, T 109
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Consensus BRRABBRTCY TTCACYKRCC YTGYYRCYYT RTTYHSRHCC KTGRCAMMTG 180
OPGB17 CAG.CTA..C T..CCA.CC. G..TACGA.. T..G..CC.. 178
CPGB1l4 GGG.CCA..T C..CCA.CC. G..CCCAC.. T..G..CC. 169
CPGB25 GGG.CCA..T C..CCA.CC, G..CCCAC., T..G..CC.. 169
OFPGB26 TAG.CCG. .C C..CCA.CC. A..TCCAC.. G..G..CA. 169
COPGB21 CAG.GCA. .C €..CT6.CC. G..TCGAC.. T..G..AC.. 168
CPGB22 CAG.GCA. .C C..CTG.CC., G..TCGAC.. T..G..AC. 169
CPGB 6 CGA.TGA..T C..CCA.CC. G..TTCAC.. T..G..CC. 169
OPGB16 CGG.CCA. .T C..CCA.CC. G..TCCAC.. T..G..CC. 169
OPGB 1 CAG.CCA..T C..CCA.CT. A..TCCAC.. T..A..CC. 171
COPGB23 CGG.CCA. .C C..CCA.TC. G..TCCAT.. T..G..CC. 169
CPGB24 CGG.CCA. .C C..TCA.CC. G..TTCAT.. T..G..CC. 167
Consensus YCWCTTKTDT CTVCMHSYAM ACRNRHTARG TTYARAYAHC DYSWKTCKTC YAYCYTCYGG 240
OPGB17 T.T...G.T. ..G. «.AAGA..A. ..C.A.C.T. ACCAG..T.. C.C.T..C,, 238
OPGB14 T.T...G.G, . .GCAT..G. ..C.G.C.T. TTCAG..T.. C.C. . 229
OPGB25 T.T...G.G. . .GCAT..G, ..C.G.C.T, TTCAG..T.. C.C. 229
OPGB26 T.T...G.G. - .GTGT..G. ..C.G.C.A. ATCAG..T.. C.C. 229
OPGB21 T.T G.G. .+ .AGGT. .G, C.A.C.T. TICAT..G.. C.C. 228
OPGB22 T. G.G. . .AGGC..G. C.G.T.T. GTCAG..T.. C.C. 229
CPGB 6 T. G.G. . .ACGT..G, C.G.C.C., TTGAG..T.. C.T. 229
CPGB16 T.T...G.G. ++GTGT. .G, ..C.G.C.T. GCCAG..T.. C.C. 229
OPGB 1 C.T...T.A. +.ATGT..G. ..T.G.C.,T. TTCAG..T.. C.C. 231
OPGB23 T.T G.G. - .AGGC..G. ..C.G.T.T. GTCAG..T.. C.C. 229
OPGB24 T.A...G.G. . .ACAA..G., ..C.G.T.T. GTICTG..T.. T.C. 227
Consensus HYTRYMVRWR RVAYMTKCDG NWTMDHSTWY RRWKYYRGRR BMMTKRRARG ADG 293
OPGB17 TT.ACCAATG AC.CC.T.A. AA.CTAC.TT GGTTCIG.AA CAA.GAG.A. 250
OPGB14 CT.ACAGATA AG.TC.G.A. GA.RACC.AC GGATCCA.RA GAA.TAA.G 281
OPGB25 CT.ACAGATA AG.TC.G.A. GA.AACC.AC GGATCCA.GA GAA.TAA 281
OPGB26 TC.ACCCGAA AG.CC.T.A. CA.CAAC.AT GGATCTG.GA CAR.GAG 281
OPGB21 CT.ATCAATA GA.CC.T.T. TA.CACC.AT GGATCTG.GG GCC.GAA.G. .G- 280
OPGB22 CT.ACCAATA GA.CC.T.T. TA.CACC.AT GGAICCG. 281
CPGB 6 CC.ACCAATA AG.CA.T.T. GA.CAAC.AT GGAGCTG. 281
OPGB16 CT.GCCAATA AG.CA.T.G. GA.CATG.AT GGAGTTG. 281
OPGB 1 CC.ACCAATA AG.CC.T.A. CA.CACC.AT GGATCCG. . 283
QOPGB23 CT.ACCAATA GA.CC.T.T. TA,CACC.AT AGATCTG.GG GCC.GARA.G. .G- 281
OPGB24 AT.ACCAATA AG.CC.T.A, CT.CGCC.AC GAATCTG.GA GAA.GAA.G. .G- 279

Fic. 7. Alignment of the nucleotide sequences of cloned ovPAG
gene fragments. Sheep genomic DNA was amplified with a pair of
primers (data not shown) that were identical to ovPAG1 DNA
sequences in exon 3 and exon 4. Amplified gene fragments were
cloned, sequenced, and aligned. The boxed areas show intron 3 flanked
by exons 3 and 4. Gaps (-) were introduced to give optimal alignments.
Completely conserved nucleotides are shown as dots below the
consensus sequence (top).

itive plaques were identified, many of which contained por-
tions of two different genes. If it is assumed that the bovine
genome consists of ~3 X 10° nucleotide pairs and that the
library is representative, around 840,000 bp are likely to
encode PAG1-related genes. If each PAG gene is between 10
and 20 kb in length, there may be between 80 and 40 such
genes. A similar screening with a PAG2 probe under stringent
conditions provided an estimated number of 30-60 PAG2-
related genes.

Cloning of ovPAG Genomic Fragments by PCR. To confirm
the presence of multiple related genes in the sheep, primers
with specificities directed toward the ovPAGI gene but that
fail to hybridize to an ovPAG2 gene were used to amplify a
selected sequence segment encompassing part of exon 3 and
exon 4 by standard PCR. The resulting DNA, which included
all of intron 3, was then subcloned. Colonies were randomly
selected and, provided they possessed inserts of approximately
320bp, their amplicons were sequenced. Out of 29 individually
cloned PAG sequences, 14 distinct genes that had identities
ranging from about 80-90% with each other were identified.
Eleven of these were fully sequenced in both directions (Fig.
7). Exon 3 was less variable than either intron 3 or exon 4 and
encodes the first catalytic domain. Intron 3 was well conserved
in length (96 to 100 bp) and somewhat less variable than exon
4 which followed it. Of the genes so identified by PCR, only one
(oPGB17) corresponded with any of the cDNAs shown in Fig.
1 (ovPAG1). The nucleotide sequences at the 5" donor and 3’
acceptor sites of all clones conformed to the GT-AG rule, with
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the exception of oPGB21 which had GT-CA. Sampling of
randomly selected clones in this manner should, in theory,
allow an assessment to be made of the total number of genes,
as long as each gene that bound the oligonucleotides and could
be amplified had an equal chance of being in the sample.
Unfortunately the PCR procedure showed clear selectivity.
Seven of the 29 clones, for example, were 0PGB22 and five
were oPGBI14. Nevertheless, as only one clone matched any of
the cDNAs in Fig. 1, the estimate of 40—80 PAG1 genes in the
bovine made by screening genomic libraries may not be
exaggerated.

A similar procedure was carried out with primers designed
to amplify ovPAG2-related sequences. Here 13 clones were
picked, and five different genes were identified (data not
shown). Nine of the clones represented one unique gene
(0PGA3). Two of the five genes (0PGAI2, oPGAS) corre-
sponded to ovPAG?2 and ovPAGS (Fig. 1); the remainder were
unique. Because the sample size was small and the selection
process again apparently not random, it was not possible to
estimate total gene number, but again the indications were that
the number would be large.

Distance Relationships. Fig. 8 is an unrooted GROWTREE
phylogram based on the degree of divergence of amino acid
sequences among the PAGs that have so far been cloned and
the commoner mammalian aspartic proteinases to which the
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Fi1G. 8. A GROWTREE phylogram based on amino acid sequences
showing the relationship of all known cloned PAGs to the commoner
mammalian aspartic proteinases whose sequences are known. The tree
was constructed by the Wisconsin GCG programs DISTANCES and
GROWTREE. The lengths of the branches are proportional to the degree
of amino acid diversity within pairs of proteins. Occasional negative
branch lengths result because the neighbor-joining algorithm always
attempts to create an additive tree, even when this is not possible.
Analyses were carried out over the first 220 amino acids so as to include
PAG sequences with missing exons. Protein data bank symbols are as
follows: pep, pepsin; chym, chymosin; cate, cathepsin E, catd, cathep-
sin D; reni, renin; rabit, rabbit; bovin, bovine.
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PAGs are structurally related. Because it is likely that there
have been unequal rates of substitution for the different
molecules in the data set (see below) and a constant molecular
clock cannot be assumed, Fig. 8 probably does not provide an
accurate phylogeny.

The active aspartic proteinases, which include the various
pepsins, chymosins, cathepsin E and D, and renin, are clus-
tered in the central branches of the tree. Included among them
is equine PAG1 (eqPAG1), which is paired with rabbit pep-
sinogen F. EQPAGI is an active proteinase after propeptide
excision (19) and may therefore be the horse homolog of
pepsin F. Unfortunately little is known about pepsinogen F; it
has been cloned from the stomach of a neonatal rabbit (31),
but its overall expression pattern in the fetus has not been
studied. Nor has pepsinogen F been described in any other
species, although, based on Fig. §, it seems likely to be
widespread. porcine PAG1 (poPAG1) and poPAG?2 occupy an
intermediate position between the enzymatically functional
aspartic proteinases and the PAGs from cattle and sheep. Of
the latter, boPAGS, boPAG10, and ovPAGS are the three most
distant and possibly most ancient gene products so far iden-
tified. Most closely related to them are ovPAG2 and boPAG2,
boPAG11, and boPAG12. Together these seven PAGs are of
particular interest because, as determined by in situ hybrid-
ization analysis their genes are expressed in both the mono-
nucleated as well as the larger invasive binucleated cells of the
outer trophectoderm layer of the placenta (S.X., B. Bao, and
R.M.R., unpublished results).

The remaining PAG genes, ovPAG1, ovPAG3, ovPAG4,
ovPAG6, ovPAG7, ovPAGS, and ovPAGY and boPAGI,
boPAG3, boPAG4, boPAGS5, boPAG6, boPAG7, and
boPAGY, which have diverged less than the grouping above,
have strictly binucleate cell-specific expression. Because binu-
cleate cells are a typical feature of the trophectoderm of the
synepitheliochorial placentas of the pecoran ruminants (5), it
is tempting to speculate that the PAG1-related genes diverged
relatively recently.

If the entire PAG gene family arose by a series of relatively
recent duplications during the diversification of the Artiodac-
tyla, the expected lengths of the branches leading to the
individual PAG might be anticipated to be relatively short.
Instead many are long, far exceeding the distance between
human, rabbit, and rat cathepsin E (Fig. 8) whose divergence
encompasses more than 100 million years of evolutionary time.
There seem to be two alternative explanations. One is that the
recent origin theory is wrong and that duplication of PAGs
occurred early in the diversification of mammals. The second
is that the genes duplicated late but accumulated mutations at
a high rate. Early diversification seems unlikely in view of the
fact that large numbers of aspartic proteinase gene family
members have not been described in either rodents or man
despite considerable efforts to clone them (32). Our data for
the horse (Perissodactyla) and cat (Carnivora) indicate only a
limited number (and possibly only a single) expressed PAG
gene in each species (J.G., S. Gan, and R.M.R., unpublished
results). Therefore, we favor a late and rapid diversification of
the PAG within the Artiodactyla. In this regard, the related-
ness of ovPAG2 and boPAG11 (94% at the amino acid level)
suggests they are functional homologs. These genes are the
most closely related of all the PAGs shown in Fig. 8, despite
a species separation of around 18 million years (30).

Synonymous vs. Nonsynonymous Nucleotide Substitutions
in PAGs. An analysis (22, 23) of the nucleotide substitutions
within the protein-coding regions of the PAG genes reveals
that the ratio of synonymous (silent) mutations per synony-
mous site (Ks) to nonsynonymous (replacement) mutations
per nonsynonymous site (Ka) in pairwise comparisons among
all PAGs averages 1.18 = 0.27 (mean = SD). A closer
examination indicates that within highly conserved regions the
Ks to Ka ratio is high, whereas it is low in the hypervariable
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loop-encoding regions. For example, the Ks to Ka ratio
averages 3.07 = 1.08 for the highly conserved 29 codons
encoding the buried carboxyl end of the molecules. By con-
trast, the value for the preceding 21 codons, which are hyper-
variable and encode the two loops (291-296 and 281-287)
shown in Fig. 5B, is 0.53 = 0.18. Thus, mutations that alter
amino acids have accumulated faster than silent mutations.

Mutations that lead to amino acid changes are much more
likely to be deleterious and therefore to be eliminated than
synonymous changes. For this reason Ks/Ka ratios are gener-
ally greater than 2.0 (33). The PAGs appear exceptional in this
respect, with the data suggesting that their high variability has
occurred as the result of positive selection. Other related
aspartic proteinases, such as ovine and bovine chymosins,
enzymes whose coding regions are 95% identical in sequence
(34, 35) despite 18 million years of separation (30), exhibit a Ks
to Ka ratio of 2.47, a value more than twice as high as the
average PAG pair. The only PAG pair that exhibits a compa-
rable value to the chymosins is ovPAG2 and boPAG11 (ratio,
2.92) proteins whose relatedness has been commented upon
earlier (Fig. 8) and which may be functional homologs. Equine
PAG and rabbit pepsinogen F, both active enzymes, provide a
value of 2.61. Conceivably these genes have also acquired a
function that is less able to tolerate changes in the surface loop
regions than PAGs in general.

The Evolution of Multigene Family and the Functions of
PAGs. The evolution of multigene families has been the subject
of several recent reviews (36-38). All agree that most dupli-
cated genes are likely either to be quickly lost or accumulated
as pseudogenes, as a result of “purifying” Darwinian selection,
unless they acquire a novel function. By this argument it must
be assumed that individual PAGs are not only functional
molecules, but that each has a subtly different role. Hughes
(37) has argued that weak bifunctionality must be acquired
before gene duplication and that, once duplicated, genes
become separated by a burst of amino acid replacements that
allows a specific function to become fixed and enhanced. These
mutations are likely to be acquired by a combination of
nonsynonymous point mutations and by gene conversion
events that can probably occur readily between closely linked,
structurally similar genes (39). Genetic drift and natural
selection will ensure the retention of those mutations that are
not deleterious. At present it is not possible to estimate what
kinds of mutational changes contributed most to PAG diver-
Sity.

Fryxell (38) has argued that the retention of a duplicated
gene will, in general, require the presence of a pre-existing or
similarly evolving family of complementary molecules with
which the products of the duplicated genes can interact.
Among the best known rapidly evolving gene families are Igs,
T cell receptors and major histocompatibility complex anti-
gens, the cytochrome paso system, and the odorant receptors.
In each of these cases, diversification is linked to a more
exacting capacity to bind particular ligands. For the PAGs, it
is tempting to speculate that their function relates to their
peptide-binding capabilities, although a function involving
some structural feature other than the cleft, such as the
propeptide or carbohydrate, cannot be ruled out. Even though
the regions around the two catalytic aspartyl residues are
generally conserved in all aspartic proteinases (28, 40), sub-
stitutions elsewhere can markedly influence what peptides gain
access to the catalytic center, clearly evident when the exceed-
ingly narrow substrate specificity of renin is compared with
that of pepsin A. The reorganization of the combining site of
an antibody against a nitrophenyl phosphate hapten as it
evolved from its germ-line precursor led to a 30,000-fold
greater affinity for ligand and involved only a handful of amino
acids, many of which were in a surface location and none of
which made direct contact with the ligand (41). Small additive
changes in the packing of loops provided a combining site able
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to lock in the hapten with much greater efficiency. Similar
events could presumably modify the peptide-binding cleft of
PAGs and provide molecules with a considerable range of
specificities.

The placenta is a site at which considerable genetic exper-
imentation takes place, possibly because the relationship be-
tween the mother and the conceptus, rather than being strictly
nurturing, has elements of conflict (1). It seems that the PAG
gene family evolved in step with the superficial epitheliochorial
and synepitheliochorial placentation that occurs in most un-
gulate species (2, 5). Although their function remains un-
known, it is unlikely that the PAGs are simply curiosities in
view of their long-term evolutionary survival and conspicuous
presence at the interface between maternal and fetal tissues.
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