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ABSTRACT Uterine serpins (USs), designated as
SERPINA14, are expressed in the endometrium in
response to progesterone. All species identified as
having USs exhibit epitheliochorial placentation and
are in the Ruminantia and Suidae orders of the Laur-
asiatheria superorder. The objective was to identify US
genes in species within and outside Laurasiatheria and
evaluate whether evolution of the US gene was associ-
ated with development of the epitheliochorial placenta.
Through queries of nucleotide and genomic databases,
known US genes were identified (caprine, bovine, por-
cine, water buffalo), and new US coding sequences
were found in dolphins, horses, dogs, and cats. The cat
sequence contained several stop codons. No sequence
was found in completed genomic sequences for pri-
mates, rodents, rabbits, opossums, or duck-billed platy-
puses. Reverse transcription-polymerase chain reaction
confirmed expression of the US gene in the uterus of
pregnant horses and dogs. The ratio of nonsynony-
mous/synonymous substitutions suggests that the US
gene evolved under positive selection. In conclusion,
the US gene evolved within the Laurasiatheria super-
order to play a role in pregnancy for species with
epitheliochorial placentation and some but not all
Laurasiatheria species that have a different form of
placentation. The positive selection taking place in the
gene suggests development of species-specific func-
tions.—Padua, M. B., Kowalski, A. A., Cañas, M. Y.,
Hansen, P. J. The molecular phylogeny of uterine
serpins and its relationship to evolution of placenta-
tion. FASEB J. 24, 526–537 (2010). www.fasebj.org
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Evolution of placentation in mammals has been
dependent on new uses of existing genes, as well as the
appearance of new genes arising from gene duplication
and selection for sequence divergence. Knox and Baker
(1) have shown that genes expressed preferentially by
the placenta and decidua early in development tend to
be ancient genes, while the genes expressed preferen-
tially by the mature placenta have been formed re-
cently. One group of uterine genes formed by gene
duplication is the uterine serpins (USs) (also called
uterine milk proteins). These proteins are members of

the serine proteinase inhibitor (serpin) superfamily
and have been identified as secretory products of the
endometrial epithelium of pregnant sheep, goats, cows,
and pigs (2–5). USs have been classified as either a
separate clade of the serpin superfamily (6) or as a
highly diverged group of the �1-antitrypsin clade (7).
Recently, they have been designated as SERPINA14.

The prototypical serpins are competitive inhibitors of
serine and cysteine proteinases. The proteinase binds
covalently to the reactive center loop (RCL), which is
localized on the top of the serpin and contains a
complementary sequence to the active site of the target
proteinase. The scissile bond at the P1-P1� of the RCL
is cleaved and then incorporated as the central strand
of the serpin also known as �-sheet A (7, 8). The
inactivation of the proteinase is accompanied by an
irreversible conformational change of the serpin struc-
ture that increases its overall stability (8).

A few serpins, such as the USs, have evolved biolog-
ical functions that do not involve proteinase inhibitory
activity. Other examples are mammary serine protease
inhibitor (maspin) (9), corticosteroid and thyroxine
binding globulins (10), pigment epithelium derived
factor (11), and the heat-shock protein 47 (12). Inhib-
itory serpins are usually recognized by a consensus
sequence in the hinge region, which is localized within
the RCL of the serpin (7). The putative hinge region of
USs is not conserved with inhibitory serpins (5, 7). The
ovine (Ov) and bovine (Bo) USs exhibit either no or
very weak inhibitory activity toward a range of serine
and aspartic proteinases (13–16).

All of the species shown to possess US genes are in
the Ruminantia and Suidae orders of the Laurasiathe-
ria superorder of eutherian mammals, and all have
epitheliochorial type of placentation characterized by
limited invasiveness and maintenance of epithelial lay-
ers in endometrium and trophoblast. The epitheliocho-
rial placenta has evolved from a more primitive hemo-
tropic placenta three separate times in evolution—in a
subgroup of Laurasiatheria consisting of cetartiodac-
tyls, pigs, horses, and spiny anteaters; in a species of
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mole; and in lemurs (17). The evolutionary pressure
for development of an epitheliochorial placenta has
been attributed to increased efficiency of nutrient
transport and gas exchange (18), greater maternal
control of nutrient distribution to the conceptus (19),
and an altered immunological relationship between
mother and conceptus (20).

The objectives of this study were to identify novel US
genes in other species within and outside of the Laur-
asiatheria superorder to determine whether the pres-
ence of the US gene is restricted to species with
epitheliochorial placentation and to evaluate whether
the US gene has been subject to positive selection.

MATERIALS AND METHODS

Database queries to identify US genes

The nucleotide and protein sequences for the OvUS gene
were employed as query sequences to perform a blastn search
in the nucleotide (nr/nt) database of the National Center for
Biotechnology Information (NCBI) Web site to identify
known and novel US genes. The GenBank accession number
for the OvUS nucleotide and protein sequences were
NM_001009304.1 and NP_001009304.1, respectively. Subse-
quently, genomic blast (blastn) and cross-species megaBLAST
of completed genomic database sequences in the NCBI were
performed to identify sequences that have similarities with
the OvUS query sequence. Species examined were human
(Homo sapiens), rhesus macaque (Macaca mulata), chimpan-
zee (Pan troglodytes), orangutan (Pongo abelii), dog (Canis
lupus familiaris), cow (Bos taurus), pig (Sus scrofa), mouse (Mus
musculus), rat (Rattus norvegicus), rabbit (Oraryctolagus cunicu-
lus), opossum (Monodelphis domestica), horse (Equus cabalus;
incomplete at the time of analysis) and duck-billed platypus
(Ornithorhynchus anatinus), as well as other vertebrates, such
as chicken (Gallus gallus), zebrafish (Danio rerio), and puffer
fish (Tetraodon nigroviridis). In addition, the assembled whole
shotgun genomic sequences of dolphin (Tursiops truncatus)
and cat (Felis catus) were included in the search.

RT-PCR

Uterine endometrial tissue was collected from pregnant
mares at d 21 and 59 of gestation, two pregnant bitches (one
at �d 45–50 of gestation and one at d 60 of gestation), a
pregnant queen at d 60 of gestation, and from the interca-
runcular area of ovariectomized ewes treated with 100 mg/ml
of progesterone for 60 d (21). Dog liver tissue and ovaries
were also tested. Total RNA was isolated after homogeniza-
tion with the TRI reagent (Sigma-Aldrich, St. Louis, MO,
USA), according to the manufacturer’s instructions. RNA
purity and concentration were determined spectrophoto-
metrically.

The RT-PCR was performed by employing the SuperScript
One Step RT-PCR kit with Platinum Taq (Invitrogen, Carlsbad,
CA, USA). cDNA for OvUS and equine (Eq), canine (Can) and
feline (Fe) US was amplified from total RNA with primer sets for
sheep (forward: ACAGATGCTTTACAGCCGGTCAGA; reverse:
TGAACTTAACAACCACCGGGACCT), horse (forward: GCTGCA-
GAAATGTCCCACAGGAAA; reverse: AGAGGAAATCCCTGT-
GCTTCAGGT), dog (forward: ACCCAGTCTCGTCATGG-
GAAGTTT; reverse: TCACGTCATACATCGCCTGTGTGT), and
cat (forward: TACGAGATCCACAACGCGCACTAA; reverse:
AAGTCAGTCATCTGGGCCTTCACA). To verify that PCR prod-

ucts were amplified from RNA only, the SuperScript reverse
transcriptase/Platinum Taq mix was omitted from control reac-
tions, and an equivalent concentration of TaqDNA polymerase
(Invitrogen) was added. cDNA synthesis and predenaturation
reactions were 1 cycle of 50°C for 30 min and 94°C for 2 min,
respectively. PCR amplification reactions were performed in 40
cycles of 94°C for 15 s for denaturation, 50°C for 30 s for
annealing and 72°C for 1 min extension. A final extension cycle
was performed at 72°C for 5 min.

Identification of 5� end for the CanUS gene

Rapid amplification of cDNA ends (RACE) and RT-PCR were
used to obtain the 5� end of the CanUS gene. The RACE
reactions were performed with RACE core system kits (Takara
Bio, Shiga, Japan), following the manufacturer’s recommen-
dations. The 5� end was obtained with a gene-specific set of
primers, shown in Supplemental Table 1. Amplicons were
electrophoresed on 3% (w/v) agarose gels containing 1
�g/ml ethidium bromide in Tris acetate-EDTA buffer (40
mM Tris acetate and 2 mM EDTA, pH 8.5), visualized on a
ultraviolet transluminator, and photographed with a Canon
G-7 (Canon, Tokyo, Japan) power-shot digital camera and
Digi-Doc-IT imaging system (UVP, LLC, Upland, CA, USA).
Amplicons were purified from the corresponding agarose gel
bands by utilizing the QIAquick gel-extraction kit (Qiagen,
Valencia, CA, USA), according to the manufacturer’s instruc-
tions. DNA concentration was determined spectrophoto-
metrically, and purity was assessed by electrophoresis, as
described previously.

Identification of cDNA for the EqUS gene

The complete sequence of the EqUS gene was obtained by
primer walking and RACE to obtain the 5� and 3� ends. The
RACE reactions were performed following the manufacturer’s
recommendations. The 5� and 3� ends were obtained with
gene-specific sets of primers. For the 3� end, an oligo dT-3 site
adaptor primer was used (Supplemental Table 2). Amplicons
were electrophoresed and purified as described above.

Sequencing of amplicons

DNA amplicons were sequenced in both directions at the
University of Florida DNA Sequencing Core Laboratory by
using the ABI Prism 3130 genetic analyzer (Applied Bio-
sciences, Foster City, CA, USA).

We performed analyses of the deduced amino acid se-
quence with the program Scan Prosite at the ExPASy Molec-
ular Biology Server (http://ca.expasy.org). The predicted
signal peptide cleavage sites were obtained from SignalP 3.0
(22), and predicted glycosylation sites were deduced from
NetNGlyc 1.0, both from the ExPASy Molecular Biology
Server.

Detection of EqUS and CanUS by Western blot analysis

Ovariectomized ponies were treated daily with progesterone
(150 mg/ml), estradiol benzoate (10 mg/ml), and progester-
one plus estradiol benzoate, or vehicle as a control. After
28 d, uterine fluids were collected by flushing the uterus with
0.9% (w/v) NaCl (23). Samples were concentrated with
Centricon plus-20 devices (Millipore Corporation, Billerica,
MA, USA). Uterine endometrial tissue from a pregnant bitch
at approximately d 45–50 of gestation was homogenized with
lysis buffer. Samples were centrifuged at 12,000 g for 20 min
at 4°C. The supernatant fractions were collected, and differ-
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ent dilutions were prepared for Western blotting. Proteins in
aliquots of 20 �l were separated under reducing conditions by
1-dimensional discontinuous sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis by using 4–15% (w/v) polyacryl-
amide, Tris-HCl gels (Bio-Rad, Hercules, CA, USA). Aliquots
of 0.5 �g of protein from uterine fluid of an ovariectomized
sheep treated with 100 mg/ml of progesterone for 60 d and
from the control serpin ovalbumin (OVA) were utilized as
positive and negative controls, respectively. Western blotting
was performed as described elsewhere (21) with minor mod-
ifications. Briefly, a monoclonal antibody directed against
OvUS (HL-218; ref. 3) and IgG1 (MOPC21; Sigma-Aldrich;
1:32,000 dilution) were the primary and control antibodies,
respectively. The second antibody was ECL anti-mouse IgG
peroxidase-linked; 1:25,000 dilution (Amersham-GE Health-
care Bio-Sciences Corp., Piscataway, NJ, USA), and the detec-
tion system employed was ECL plus Western blotting detec-
tion kit (Amersham). The system was used according to the
vendor’s instructions.

Amino acid sequence alignments and analysis of
phylogenetic trees

We utilized ClustalW (24) to obtain amino acid alignments and
prepared alignments for publication with the Boxshade 3.21
multiple alignments designer program (http://www.ch.embnet.
org).

The phylogenetic trees were constructed by employing the
Neighbor Joining (NJ) method of the Molecular Evolutionary
Genetics Analysis (MEGA 4) software, version 4.1 (�) (25,
26). The NJ trees were based on the distance calculation
under the Jones-Taylor-Thornton (JTT) matrix substitution
model (27) after removing positions containing gaps (com-
plete deletion option). The NJ utilized to construct the
phylogenetic tree for the US group of proteins was based on
a gamma shape parameter (�) corrected JTT distance matrix.
The gamma shape parameter and amino acid frequencies
were estimated from the data by Tree-Puzzle software with
maximum likelihood analysis for amino acids (28, 29), and
the reliability of the trees was estimated by the bootstrap test
with 1000 repetitions (30).

Analysis of ratio of nonsynonymous and synonymous
substitutions

The ratio of nonsynonymous and synonymous substitutions
(dN/dS; termed �) of codons was employed to determine
whether the pressure of selection induces purifying or posi-
tive selection at specific areas of the sequence (31). Sites with
� values significantly higher or lower than 1 are an indication
of positive (Darwinian) or purifying selection, respectively.
The codon-based substitution model in the CODEML pro-
gram of the phylogenetic analysis by maximum likelihood
(PAML, version 4.2b) software package (32) was utilized to
identify the effect of selective pressures on the US genes.
Aligned sequences were tested with different models of
variable dN/dS ratios among sites. Models included M0 (null
model), M1 (nearly neutral, where ��1 is not allowed), M2
(positive selection, ��1 is allowed), M7 (��1 is not allowed,
� distribution), and M8 (��1 is allowed, � distribution)
(33–35). The likelihood ratio test (LRT) was obtained by
twice the difference in log likelihood (2�L) from two differ-
ent models, and the significance of the test was estimated by
using the 	2 distribution with degrees of freedom calculated
from the estimated parameters (36). The models M1 and M7
were tested against models M2 and M8, respectively. In
addition, the Selecton server (server for the identification of
site-specific positive and purifying selection, version 2.4) (37)

was employed to identify � at each codon site based on an
empirical Bayesian method. Aligned coding sequences in
FASTA format for USs were tested with the M8 model, (extra
category �s�1, � distribution and positive selection allowed).
The significance of � scores was also tested with the LRT test,
which compares the positive selection model M8 and the null
M8a model (extra category �s
1), which allows only for
purifying and neutral selection.

RESULTS

Identification of coding sequences of known and new
USs with blastn

US sequences have been previously described for sheep
(Ovis aries), goat (Capra hircus), cow (B. taurus), and pig
(S. scrofa). Results from the blastn search in the nucleotide
collection database of the NCBI identified an additional
US coding sequence that has been submitted to GenBank
for water buffalo (Bubalus bubalis, DQ 661648.1). This is a
species with epitheliochorial placenta that is closely re-
lated to the cow. The blastn search also identified a gene
in the dog (C. lupus familiaris, XM_850115.1) with similar-
ity to the query sequence, OvUS. The dog is a member of
Laurasiatheria but, unlike other species with US genes,
the dog has an endotheliochorial placenta. Currently,
XM_850115.1 is annotated as one of the two CBG genes
in the dog. Phylogenetic analysis shows, however, that
while the other predicted dog CBG (XP_547960.2) is
clustered together with CBG proteins present in other
species, XP_855208.1 clusters with the USs (Supplemental
Fig. 1).

Genomic blastn and cross-species megaBLAST searches
of complete genomic sequences identified US genes for
cow, pig, and dog. No US genes were identified in the
order Anthropoidea, represented by human, rhesus
monkey, orangutan, and chimpanzee; or in Rodentia,
represented by mouse and rat; or in Lagomorpha,
represented by rabbit. Likewise, the US gene was not
identified in opossum, a species with a primitive epithe-
liochorial placentation within the Marsupialia order; in
duck-billed platypus, an egg-laying mammal that be-
longs to the Monotremata order; or in any other
vertebrates with complete genome sequences (chicken,
puffer, and zebrafish).

A genomic blast was also performed with OvUS as a
query for the whole shotgun genomic sequence of the
horse, which was incomplete at the time of analysis.
There were 4 stretches of nucleotides of 664, 232, 72,
and 86 nt (GenBank: gbAAWR02019930) that matched
with the coding sequence of OvUS (68, 75, 86, and 79%
identity, respectively).

A cross-species megaBLAST search of the whole
shotgun genomic sequence of the cat with OvUS as the
query identified one stretch of 198 nt (GenBank:
gbACBE01215383.1) that matched with the coding
sequence of OvUS with 77% identity. The use of CanUS
as the query sequence identified 4 stretches of nucleo-
tides of 525, 273, 146, and 199 nt (same accession
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number) that matched the coding sequence of CanUS
with 82, 82, 80, and 89% identity, respectively.

A cross-species megaBLAST search of the whole shot-
gun genomic sequence of the dolphin with OvUS as the
query identified 5 stretches of 647, 270, 209, 111, and 79
nt (GenBank: gbABRN01410114.1) that matched with
the coding sequence of OvUS with 80, 84, 81, 75, and 86%
identity, respectively. The inferred dolphin US gene
(called TurUS-L for US-like because uterine expression
was not confirmed) is 1262 bp in length. The sequence
was submitted to NCBI GenBank (Third Party Annotation
inferential, GenBank: BK006873). The deduced amino
acid sequence is shown in Fig. 1. The predicted gene
encodes a polypeptide of 420 aa with a theoretical isoelec-
tric point of 9.41 and predicted molecular mass of 48.04
kDa. Analysis of the inferred TurUS-L protein sequence
showed a predicted signal peptide, most likely between
positions Cys25 and Glu26, with 2 potential glycosylation
sites at Asn223 and Asn269.

Chromosomal location of US genes

The US gene is located on chromosome 21, 7, 24, and
8 for the cow, pig, horse, and dog, respectively. Most of
the US genes have small untranslated regions (UTRs)
at either 5� or 3� regions. The BoUS gene clusters with
SERPINA1, SERPINA11, and SERPINA12. The CanUS
gene clusters with SERPINA1, SERPINA9, SERPINA11,
and SERPINA12. The EqUS gene is flanked at the 5�
side by SERPINA11, and the PoUS-2 gene clusters with
SERPINA1, SERPINA5, SERPINA6, and SERPINA12.
The PoUS-1 gene was not identified in the porcine
genome, suggesting it may be the same gene as PoUS-2.

Characteristics of CanUS and expression in tissues

The computationally derived CanUS gene (XM_850115)
is 1413 bp in length. There is a distinct putative start site
not found in other USs that results in a longer predicted
polypeptide of 471 aa, with a theoretical isoelectric point
of 9.43 and molecular mass of 54.25 kDa. The inferred
CanUS protein lacks a signal peptide. Amplicons were
obtained from endometrium of a bitch at approximately
d 45–50 of gestation and another at 60 d of gestation, but
there was no expression in the liver (Fig. 2A). Transcripts
for CanUS were also identified in the ovary by RT-PCR
(data not shown). However, 5� RACE and RT-PCR exper-
iments using endometrium and primers designed from
XM_850115 yielded amplicons that did not contain the
144-nt insert found at the 5� end of the computationally
derived sequence (partial coding sequences submitted to
NCBI; GenBank accession numbers GQ478079 and
GQ478080). Thus, the actual start codon of CanUS is
likely to be the same as for other USs. The inferred
polypeptide, assuming a start codon similar to other USs,
is 423 aa, with a theoretical isoelectric point of 9.59 and a
predicted molecular weight of 48.72 kDa. Analysis of this
shorter CanUS protein showed a predicted signal peptide,
most likely between positions Cys25 and Gln26, which
suggests that, like the other USs, CanUS is also a secreted

protein. There was one potential glycosylation site at
Asn271.

Results from Western blot experiments (Fig. 2B) also
support the conclusion from the RACE and RT-PCR
experiments. Immunoreactive protein bands were ob-
tained from endometrial samples from both pregnant
bitches. The molecular mass of the immunoreactive
CanUS (49 kDa) was lower than the molecular mass for
OvUS identified by Western blotting in uterine fluid
from a progesterone-treated ewe (55–57 kDa). Several
lower-molecular-mass bands were seen for both species.
In the sheep, these have been identified as proteolytic
products of USs (2, 3, 15, 38). No immunoreactive
bands were identified for the control serpin OVA (Fig.
2B) or when IgG replaced the primary antibody (data
not shown).

Uterine expression and amino acid sequence
of EqUS

Reverse-transcription PCR with primers designed from
EqUS sequences identified in the blastn search was per-
formed to identify expression of EqUS in endometrium
from a pregnant mare at d 21 (data not shown) and d 59
of gestation (Fig. 2C). The complete sequence of EqUS
was obtained by performing RT-PCR, 5� RACE, and 3�
RACE for endometrial cDNA of a mare at d 59 of
gestation. In this manner, 7 overlapping sequences were
obtained (GenBank: EU810388, EU810389, EU810390,
EU810391, EU810392, EU810393, EU810394) with a total
length of 1380 bp that includes 9 and 108 nt for the 5� and
3� UTR of the gene, respectively. The sequence was
submitted to NCBI GenBank (Third Party Annotation
experimental, GenBank: BK006618). The complete cod-
ing sequence of the experimentally derived sequence of
EqUS was 1263 bp and 100% identical to the genomic
sequence identified by blastn.

The deduced amino acid sequence is shown in Fig. 1.
The gene encodes a polypeptide of 421 aa, with a
theoretical isoelectric point of 9.49 and predicted mo-
lecular mass of 48.79 kDa. Analysis of the inferred
EqUS protein sequence showed a predicted signal
peptide, most likely between positions Cys25 and
Glu26, and 2 potential glycosylation sites at Asn212 and
Asn246.

Endometrial secretion of EqUS

Uterine flushings from ovariectomized mares treated
with steroids were examined by Western blotting with
an antibody to OvUS to determine whether EqUS was
secreted into uterine lumen and, if so, whether secre-
tion was under the control of progesterone. The West-
ern blot is shown in Fig. 2D. Immunoreactive protein
bands were obtained from uterine flushes from ovari-
ectomized mares treated with estradiol benzoate, pro-
gesterone, or progesterone and estrogen. There was an
absence of immunoreactive protein in flushes of ovariec-
tomized mares treated with vehicle. The molecular mass
of the immunoreactive EqUS was similar to OvUS and is
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Figure 1. Amino acid sequence alignment of the USs performed by using the ClustalW algorithm. Shaded columns indicate sites
of conservation; black-shaded columns represent identical amino acids, and gray-shaded columns represent similar amino acids.
Distinctive amino acid motifs limited to a subset of USs are marked with rectangles. Arrows indicate putative start codons.
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larger than the predicted molecular mass of 48.79 kDa,
suggesting the protein is glycosylated. Multiple immuno-
reactive bands were also seen for supernatant from lysed
endometrial tissue of a mare at d 59 of gestation. The
variety of lower-molecular-mass bands probably represents
proteolytic products, as has been described for OvUS (2,
3, 15, 38). No immunoreactive bands were identified for
the control serpin OVA (Fig. 2D) or when IgG replaced
the primary antibody (data not shown).

Lack of expression of the US gene in the pregnant
cat

RT-PCR experiments with primers designed for a puta-
tive FeUS sequence identified by blastn and cross-
species MegaBLAST against CanUS (525 bp in length)
failed to yield an amplicon from cDNA obtained from
pregnant endometrium of a pregnant queen at d 60 of
gestation (data not shown). Moreover, stop codons

Figure 2. Identification of USs as products of the uterus in dog and horse. A) Representative electrophoretogram of amplicons
obtained by RT-PCR of RNA from canine tissue performed with CanUS primers. RNA was isolated from dog liver or endometrium
from a pregnant bitch at d 60 of gestation. Control reactions excluded reverse transcriptase (w/o RT). Arrows at left represent size
of standards; arrow at right indicates expected amplicon size. B) Results of a Western blotting experiment with antibody to OvUS and
endometrial tissue from a pregnant bitch at approximately d 45–50 of gestation. The serpin ovalbumin (OVA) was used as negative
control. C) Electrophoretogram of amplicons obtained by RT-PCR of either RNA from endometrium of an ovariectomized ewe
treated with progesterone for 60 d (P4-treated ewe) or RNA from endometrium of a pregnant mare at d 59 of gestation. Control
reactions excluded reverse transcriptase (w/o RT). Arrows indicate size of the standard and expected size of the amplicons for the
ewe and mare, respectively. D) Results of a Western blot experiment with antibody to OvUS and either uterine fluid from an
ovariectomized ewe treated with progesterone for 60 d; uterine flushings from ovariectomized mares treated for 28 d with either
vehicle, progesterone (P4), estradiol benzoate (E), or the combination (P4�E); or endometrial tissue from a pregnant mare at 59 d
of gestation. As a negative control, OVA was subjected to Western blotting.
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were identified after translation of the deduced amino
acid sequences for at least 2 of the 4 stretches of
nucleotides identified by blastn and cross-species mega-
BLAST. With the frame for codon identification that
gave the highest similarity to the deduced amino acid
sequence of CanUS, the 525-bp sequence (50% identity
with corresponding amino acid sequence of CanUS)
had 5 stop codons, the 273 bp sequence (63% identity
with corresponding amino acid sequence of CanUS)
had 1 stop codon, the 199-bp sequence (68% identity
with corresponding amino acid sequence of CanUS)
had 0 stop codons, and the 146-bp sequence (74%
identity with corresponding amino acid sequence of
CanUS) had 0 stop codons.

Amino acid sequence conservation

The ClustalW amino acid sequence alignments of USs
are shown in Fig. 1. There is a 9-aa insert present in
OvUS and CapUS (KINLKHLLP) that is not present in
USs from other species. Likewise, the water buffalo US
(BuUS) contains a 13-aa insert (MNAKEVPVVVKVP)
that is highly conserved with a larger, 39-aa insert for
BoUS. There is also a 3-aa insert in the same relative
position for the PoUS-1, PoUS-2, CanUS, and EqUS.
This insert is nearly conserved between the PoUS-1 and
-2, but the inserts for CanUS and EqUS are not con-
served with any other species.

As mentioned previously, the computationally de-
rived CanUS sequence is 48 aa longer than other serpin
sequences and does not contain a signal sequence.
However, RT-PCR and 5� RACE experiments failed to
yield a nucleotide sequence that coded for this long
insert, and the molecular mass of the protein was less

than OvUS. Thus, it is likely that the start codon for
CanUS is the same as for other USs.

There is a KEVPVVVK motif located near the puta-
tive P1-P1� site originally described for the BoUS that
has been postulated to be a pepstatin-like domain (14).
This domain is completely conserved in OvUS, CapUS,
PoUS-1, and PoUS-2, is nearly completely conserved in
BuUS and TurUS-L (only one amino acid substitution),
but is not conserved in CanUS and EqUS.

Identification of the putative hinge region and P1-P1�
site of the RCL

ClustalW alignment with the ID matrix was carried out to
align all USs with inhibitory serpins, including human
�1-anti-trypsin (NP_000286), human and porcine �1-anti-
chymotrypsin (NP_001076.2 and NP_998952.1), human
plasminogen activator inhibitor (NP_000593.1), bovine
�2-plasmin inhibitor (NP_777095.1), human placental
thrombin inhibitor (P35237.3), bovine and rat protein C
inhibitor (BAA93451.1 and BAA32591.1), and human
squamous cell carcinoma antigen 1 (NP_536722) (Fig. 3).
The alignment generated by ClustalW was modified to
remove a gap from the CanUS and 2 gaps from the EqUS.
Note that while inhibitory serpins usually have a serine or
cysteine at the P1� site, most of the USs have a valine at the
same position. The exception is for CanUS and EqUS,
which have an alanine or histidine, respectively, at this
position.

The hinge region of the RCL (underscored in Fig.
3) is highly conserved among inhibitory serpins. The
consensus sequence of RCL involves an arginine at
P17; arginine, lysine or glutamic acid at P16; glycine
at P15; serine or threonine at P14; and for the hinge

Inhibitory serpin consensus sequence E 
P17

E/K/R 
P16

G
P15

T/S
P14

(A/G/S)4
P12-P9

 
|BAA93451.1|       323 FTS-DADLTGISNHSSIRVSEMVHKAVVEVDESGTQAAAATGMVITFKSAR-------------------
|BAA32591.1|       326 FTT-HADLSGLTDHTNIKLSEMVHKSMVEVDESGTTAAASTGILFTLRSAR-------------------
|NP_001076.2|      337 FTS-KADLSGITGARNLAVSQVVHKAVLDVFEEGTEASAATAVKITLLSALV------------------
|NP_998952.1|      335 FGD-NANLSGITNTKPLKVSQVVHSAVLDVNEEGTEAAAATGIDINVRS---------------------
|NP_000286.3|      336 FSN-GADLSGVTEEAPLKLSKAVHKAVLTIDEKGTEAAGAMFLEAIPMSIP-------------------
|P35237.3|         295 FELGKADFSGMS-QTDLSLSKVVHKSFVEVNEEGTEAAAATAAIMMMRCAR-------------------
|NP_536722.1|      323 FDETRADLTGISPSPNLYLSKIIHKTFVEVDENGTQAAAATGAVVSERSLR-------------------
|NP_001009304.1|   341 LTT-TASSQHVTLKAPLPNLEALHQVEIELSEHALTTDTAIHTDNLLKVP--------------------
|DAA05634.1|       341 LTT-TASSQDVTLKAPLPNLEALHQVEIELSEHALTTDTAIHTDNLLKVP--------------------
|NP_777222.1|      332 LTA-TAISQAITSKAPLPNLEALHQAEIELSEHALTVDTAIHTDNLLKVPVKAKEVPAVVKVPMKAKEVP
|ABG56442.1|       332 LTT-TAISQAITLKAPLPNLEALHQAEIELNEHALTVDTAIHTDNLLKVP--------------------
|BK006873|         344 STT-TAATQSITKKSSLSILEAVHQAEIEVSEHGLITDPAKDVD-VWKVP--------------------
|AAA31137.1|       332 FTT-KAVTWNTTGTS--TILEAVHHAVIEVKEDGLTKNAAKDKD-FWKVP--------------------
|NP_999010.1|      335 FTT-KAVTWNTTRTS--TILEAVHHAVIEVKEDGLTKNAAKDKD-FWKVP--------------------
|XP_855208.1|      335 FTT-GANFSGITKEDFPTIFEAMHEATMEVSKEGKMDTSKDMDSRNTIACHTY-----------------
|BK006618|         335 FSR-RANFSGITDETFPTIFEAIHEARLEVNEKGVIKAAAEDVHAKRAHHAP------------------
|NP_000593.1|      322 FRQFQADFTSLSDQEPLHVAQALQKVKIEVNESGTVASSSTAVIVSARMAP-------------------
|NP_777095.1|      361 FQA--PDLRGISDER-LVVSSVQHQSALELSEAGVQAAAATSTAMSRMSLSS------------------
CONSENSUS          421 fts  a  tgit    l v eavhka vev e g  a aa   d   kv                     

1P17 15 13 11 9 7 35 1’

U
te
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e
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Figure 3. Identification of the P1-P1� site and hinge region (underscored) in USs. Arrow indicates scissile bond. A portion of
the amino acid sequences of some inhibitory members of the serpin superfamily near the P1-P1� site aligned with ClustalW
software is shown. Sites of conservation are shaded; black-shaded columns represent identical amino acids, and gray-shaded
columns represent similar amino acids. Consensus sequence for inhibitory serpins is also shown.
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region, alanine, glycine, or serine at P12-P9 (7). For
the USs, the conserved arginine at P17 is present in
almost all USs, with the exception of CanUS, which
has a lysine at this position. At P16, USs possess an
aspartic acid or histidine, with the exception of the
CanUS (glutamic acid) and EqUS (lysine). Moreover,
the conserved glycine at P15 is present only in
PoUS-1, PoUS-2, EqUS, CanUS, and TurUS-L. USs do
not contain threonine or serine at P14, nor alanine,
glycine, or serine at positions P12 to P10 (with the
exception of EqUS, PoUS-1, and PoUS-2, which have
an alanine at P10). However, USs have a conserved
serine or alanine at position P9 (with the exception
of CanUS). Taken together, results indicate that the
RCL and the hinge region required for inhibitory
activity have not been conserved in USs.

Phylogenetic analysis of USs

The phylogenetic tree constructed with the NJ method is
presented in Fig. 4. The sheep and goat USs are clustered
together and formed a larger cluster with a sister group of
water buffalo and bovine. The dolphin protein is in a
separate branch, but closer to the ruminants than to other
species. The horse and dog were clustered together in a
sister group.

Positive selection of the US gene

Aligned sequences of USs were tested for evidence of
positive selection by employing different models of
variable dN/dS ratios among sites (Table 1). The LRT
for positive selection was significant when comparing
M2 and M8 against their null models (Table 2). The
Bayes empirical Bayes method used in PAML to
calculate the posterior probabilities at each codon
site (39) identified D112, C119, H122, G127, L356,
and T435 as positive selected sites for M2 and L110,
D112, K118, C119, H122, G127, Q135, L161, Q162,
T344, L356, L389, T435, and V471 as positive se-
lected sites for M8. These results partially agreed with
those obtained with the Selecton program, where 7
amino acid residues (Supplemental Fig. 2) were
identified as sites with potential positive selection
(L110, D112, C119, H122, T344, L356, and T435),
and 46 amino acid residues were likely to be under
purifying selection.

To identify whether codons undergoing positive or
purifying selection were associated with regions crit-
ical for antiproteinase activity, the amino acid se-
quence of OvUS was aligned to human �1-antitrypsin to
identify helices and � sheets of the protein (Fig. 5). Eight
amino acid residues were identified as being subject
to positive selection by at least 2 of the 3 statistical
methods. Of the 8 positive selected sites, 3 are in
coiled regions, 4 are in the putative helix D, and 1 is
at the P5� site relative to the putative scissile bond
(Fig. 5). Forty-six amino acid residues were identified
to be under purifying selection. Some of these amino
acid residues are localized in the shutter (part of s6B,
middle of s5B, top of �-helix), breach (top of s5A,
s4B, and s2B), and gate (part of s3C) (40). In
addition, 5 of these amino acid residues are located
in the signal peptide portion of the protein (Fig. 5).

DISCUSSION

Serpin genes are of ancient origin and are found in
bacteria, fungi, nematodes, archaea, and viruses (7, 41,
42). The fact that USs (SERPINA14) are apparently
limited to species in the Laurasiatheria superorder
means that they either arose recently, after Laurasiathe-
ria diverged from Euarchontoglires (�87 Mya) (43), or
have been retained during evolution in this superorder

TABLE 1. Ratios (�) of nonsynonymus (dN) to synonymous (dS) mutations, parameter estimates, and maximum log likelihood of models
for positive selection within the protein coding sequence of USs

Model dN/dS Parameter estimates L

M0 (one ratio) 0.9011 � 
 0.8970 �6639.90
M1 (nearly neutral) 0.7224 p0 
 0.32585, p1 
 0.67415, �0 
 0.14823, �1 
 1 �6587.69
M2 (positive selection) 1.0990 p0 
 0.28055, p1 
 0.55987, p2 
 0.15958, �0 
 0.17184, �1 
 1, �2 
 3.07621 �6565.92
M7 (�) 0.7779 p 
 0.13727, q 
 0.02725 �6589.11
M8 (�, �) 1.1105 p0 
 0.82327, p 
 0.45211, q 
 0.18682, p1 
 0.17673, � 
 2.99083 �6566.47

Numbers of free parameters are represented by p assigned to each class of �.

Figure 4. Phylogenetic tree of the US proteins (the CanUS
utilized in the construction of the phylogenetic tree was the
XP_855208.1 without the 48-aa insert present in the original
sequence). Jones-Taylor-Thornton matrix was used for dis-
tance calculation with gamma-corrected distances; tree was
inferred by the neighbor-joining method. Tree reliability was
tested with 1000 bootstrap replicates. Tree is drawn to scale,
with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.
Phylogenetic analyses were conducted with MEGA 4 software.
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only. Their uterine expression and loss of amino acid
motifs required for proteinase inhibitory activity in the
hinge region of the RCL indicates that the genes have
been selected for a new function required for mainte-
nance of pregnancy. On the basis of experiments with
sheep and pigs, USs may function to inhibit prolifera-
tion of lymphocytes or other cells (44) or interact with
other uterine proteins, such as pregnancy-associated
glycoproteins (14), uteroferrin (45), IgM and IgA (46),
and activin (47). Thus, the USs are an example of a new

gene arising from gene duplication and selection for
sequence divergence (48) that plays a particular role in
pregnancy.

While it was not possible to examine complete genomic
sequences in each order of mammals, the available evi-
dence points strongly to restriction of USs to Laurasiathe-
ria only. The distribution of known USs, as well as orders
where blastn search of complete genomic sequences fail
to identify a US, is shown in Fig. 6. All the identified USs
are in Cetacea, Ruminantia, Suidae, Perissodactyla, or

TABLE 2. Test of significance for models for positive selection within the protein coding sequence of USs

Models 2�L 	2 value df P value Positive selected sites (BEB)

M1 vs. M2 2 (�6565.92 � 6587.69) 43.54 2 0.0001 D112,* C119,* H122,** G127,* L356,* T435*
M7 vs. M8 2 (�6566.47 � 6589.11) 45.28 2 0.0001 L110,* D112,** K118,* C119,* H122,** G127,* Q135,*

L161,* Q162,* T344,* L356,* L389,* T435,* V471*

Likelihood ratio test statistics were calculated as 2 times the difference in the log likelihood between models (2�L). Significance was tested
by using the 	2 test with degrees of freedom (df ) calculated from the parameter estimates. Sites of positive selection were estimated by
calculating the posterior probability that each codon was from the site class of positive selection under models M2 and M8 by the Bayes empirical
Bayes (BEB) method. *P � 0.95; **P � 0.99.
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Figure 5. Alignment of the amino acid sequence of ovine US (NP_001009304.1; top sequence) and human �1-antitrypsin
(NP_000286.3; bottom sequence) with the ClustalW algorithm. Helices are shown as cylinders; �-pleated sheets are shown
as arrows (location and designation of these regions are based on ref. 55). Amino acid residues identified as being subject
to positive selection by at least 2 of 3 statistical methods employed are indicated by arrowheads. Amino acid residues subject
to purifying selection are indicated by stars.
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Carnivora orders of Laurasiatheria. No gene that sig-
nificantly matched OvUS was found within the orders
Anthropoidea, Lagomorpha, Rodentia, or Marsupialia
or in the nonmammalian species examined.

Given that all USs identified before this study were
present in species exhibiting epitheliochorial placen-
tation (Fig. 6), it was hypothesized that US genes
serve a role uniquely required for species with this
type of placentation. Although this hypothesis may
be correct, it is not true that the gene is only present
in species with epitheliochorial placentation. Of the
new USs identified in the present study, two are for
species with epitheliochorial placentation (dolphin
and horse), while the other has endotheliochorial
placentation (dog). Phylogenetic analysis indicated
that the genes in the dog and horse are closely
related. In fact, CanUS and EqUS are closer to each
other than to PoUS-1 or PoUS-2. For example, the

KEVPVVVK in other USs, including pig, is lost in
both horse and dog. In some mammalian phylog-
enies, the horse is more closely related to the pig
than to carnivores (17), whereas in others, the horse
is closer to carnivores than to pigs (49) or is equidis-
tant from carnivores and pigs (43).

Although the dog has a US gene, there was no
evidence for a functional US gene in another carnivore,
the cat. Nucleotide sequences identified in the cat as
being similar to USs contained stop codons, and a
functional US gene has presumably been lost in this
species. Taken together, it is likely that the US gene
arose within Laurasiatheria in a common ancestor of
carnivores, cetartiodactyls, and perrisodactyls and that
the gene has been retained in descendant species with
an epitheliochorial placenta and in some, but not all,
descendant species that exhibit other types of placen-
tation.

It is not known whether CanUS has a role similar to
that in species with epitheliochorial placentation or
has evolved a new function specific for requirements
of pregnancy in the dog. Even within species with
epitheliochorial placentation, USs may have multi-
ple, species-specific functions. Species diversity in
function may be reflected in the positive selection
that has taken place in the US gene family. Addi-
tional evidence for this idea exists. In particular, pig
US plays a role in iron transport across the placenta
that is exerted by stabilizing the iron bound to an
iron-binding protein secreted by the uterus of the
pig, called uteroferrin (45). Uteroferrin has not been
identified as a uterine protein in other species pos-
sessing USs. In addition, one property of OvUS is the
ability to bind a class of placental inactive aspartic
proteinases called pregnancy-associated glycopro-
teins (14, 15). This binding may involve a pepstatin-
like KEVPVVVK motif located near the P1-P1� site
(14) that is not conserved in the dog or horse. Other
evidence, however, suggests pepsin inhibitory activity
does not reside in the KEVPVVVK motif (15).

Indeed, USs may have functions outside the uterus,
at least in some species like the cow (50) and, as shown
here, the dog, where expression occurs in the ovary.
One possible function of USs in the ovary is to regulate
follicular growth by binding to activin. Activin im-
proves follicular growth and granulosa cell prolifer-
ation (51), and OvUS binds to this member of the
TGF-� family (47).

OvUS and BoUS exhibit no inhibitory activity toward
a range of proteinases, (13–16), and the present results
provide further support for the idea that US is probably
not an active proteinase inhibitor. Parts of the protein
involved in conformational change after binding to
proteinase have undergone purifying selection (parts
of the shutter, breech, and gate; refs. 7, 40). However,
several amino acid residues in the hinge region of the
RCL are not conserved with residues that are usually
conserved in inhibitory serpins. These conserved amino
acids are believed required for insertion of the RCL
into the �-sheet A (7). Furthermore, an amino acid at

Figure 6. Phylogenetic tree of placentation in mammals
(adapted from ref. 17) to illustrate the existence of US genes
relative to type of placentation. Diagram shows the 4 major
superorders of eutherian mammals (Laurasiatheria, Euar-
chontoglires, Xenarthra, and Afrotheria) with the order
Marsupialia as the outgroup of the tree. Blue branches
represent orders with epitheliochorial placenta; orange
branches represent orders with either endotheliochorial or
hemochorial type of placentation. Yellow branches represent
unresolved situations in the phylogeny. Symbol � indicates
orders within the Laurasiatheria superorder where the US
gene has been identified. Symbol � indicates orders where
the US gene was not identified after BLAST search of
complete genomic sequences.
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the P5� position relative to the putative scissile bond was
identified as subject to positive selection and the P1�
site is not conserved with inhibitory serpins. The fact
that several amino acid residues in the RCL show
evidence of evolution is consistent with the fact that the
RCL of serpins has undergone an accelerated rate of
evolution (52–54).

The identification of the P1-P1� site in this study is
different (K-V instead of P-V) from that identified in
the report by Ing and Roberts (13) and used as the basis
for assigning its location in other reports (5, 6, 14). The
site identified here is more reliable because of the
availability of more serpin sequences and improve-
ments in alignment programs since the original report
by Ing and Roberts (13).

In summary, the US gene is present only in a
restricted group of species within the Laurasiatheria
superorder of eutherian mammals and evolved under
positive selection, which suggests development of
functions of the proteins distinct from the proteinase
inhibitory activity characteristics of serpins. The find-
ing that the US has been retained in species within
the Laurasiatheria superorder that have epithelio-
chorial placentation and in some but not all Laur-
asiatheria species with other types of placentation
suggests that USs may have species-specific roles in
pregnancy that are not required for all Laurasiathe-
ria species.

We thank Dr. Savita Shanker and Xiao Hui Zhou (DNA
Sequencing Core, Interdisciplinary Center for Biotechnology
Research, University of Florida) for assistance with sequenc-
ing and Dr. Lokenga Badinga and Dr. Alan Ealy (Department
of Animal Sciences, University of Florida) for providing access
to laboratory equipment. We also thank the following people
for procuring and providing tissue samples: Dr. Dan C. Sharp,
Dr. Luciano Silva, Dr. Claudia Klein, Dr. Ellis Greiner, Dr.
John Verstegen, and Dr. Lilian Oliveira (University of Flor-
ida); Dr. Stephen Shores and Debi Gibson (Shores Animal
Hospital, Gainesville, FL, USA); Dr. Douglas C. Antczak and
Christina Costa (Cornell University, Ithaca, NY, USA); and
Dr. Fernanda Agreste (Universidade de São Paulo, São Paulo,
Brazil).

REFERENCES

1. Knox, K., and Baker, J. C. (2008) Genomic evolution of the
placenta using co-option and duplication and divergence. Ge-
nome Res. 18, 695–705

2. Moffatt, J., Bazer, F. W., Hansen, P. J., Chun, P. W., and Roberts,
R. M. (1987) Purification, secretion and immunocytochemical
localization of the uterine milk proteins, major progesterone-
induced proteins in uterine secretions of the sheep. Biol. Reprod.
36, 419–430

3. Leslie, M. V., Hansen, P. J., and Newton, G. R. (1990) Uterine
secretions of the cow contain proteins that are immunochemi-
cally related to the major progesterone-induced proteins of the
sheep uterus. Domest. Anim. Endocrinol. 7, 517–526

4. Malathy, P. V., Imakawa, K., Simmen, R. C., and Roberts, R. M.
(1990) Molecular cloning of the uteroferrin-associated protein,
a major progesterone-induced serpin secreted by the porcine
uterus, and expression of its mRNA during pregnancy. Mol.
Endocrinol. 4, 428–440

5. Tekin, S., Padua, M. B., Newton, G. R., and Hansen, P. J. (2005)
Identification and cloning of caprine uterine serpin. Mol. Re-
prod. Dev. 70, 262–270

6. Peltier, M. R., Raley, L. C., Liberles, D. A., Benner, S. A., and
Hansen, P. J. (2000) Evolutionary history of the uterine serpins.
J. Exp. Zool. 288, 165–174

7. Irving, J. A., Pike, R. N., Lesk, A. M., and Whisstock, J. C. (2000)
Phylogeny of the serpin superfamily: implications of patterns of
amino acid conservation for structure and function. Genome Res.
10, 1845–1864

8. Whisstock, J. C., and Bottomley, S. P. (2006) Molecular gymnas-
tics: serpin structure folding and misfolding. Curr. Opin. Struct.
Biol. 16, 761–768

9. Sheng, S. (2006) A role of novel serpin maspin in tumor
progression: the divergence revealed through efforts to con-
verge. J. Cell. Physiol. 209, 631–635

10. Pemberton, P. A., Stein, P. E., Pepys, M. B., Potter, J. M., and
Carrell, R. W. (1988) Hormone binding globulins undergo serpin
conformational change in inflammation. Nature 336, 257–258

11. Tombran-Tink, J., and Barnstable, C. J. (2003) PEDF: a multi-
faceted neurotrophic factor. Nat. Rev. Neurosci. 4, 628–636

12. Sauk, J. J., Nikitakis, N., and Siavash, H. (2006) Hsp47 a novel
collagen binding serpin chaperone, autoantigen and therapeu-
tic target. Front. Biosci. 10, 107–118

13. Ing, N. H., and Roberts, R. M. (1989) The major progesterone-
induced proteins secreted into the sheep uterus are members of
the serpin superfamily of protease inhibitors. J. Biol. Chem. 264,
3372–3379

14. Mathialagan, N., and Hansen, T. R. (1996) Pepsin-inhibitory
activity of uterine serpins. Proc. Natl. Acad. Sci. U. S. A. 93, 13653–
13658

15. Peltier, M. R., Grant, T. R., and Hansen, P. J. (2000) Distinct
physical and structural properties of the ovine uterine serpin.
Biochim. Biophys. Acta 1479, 37–51

16. Liu, W. J., and Hansen, P. J. (1995) Progesterone-induced
secretion of dipeptidyl peptidase-IV (cell differentiation antigen
26) by the uterine endometrium of the ewe and cow that costimu-
lates lymphocyte proliferation. Endocrinology 136, 779–787

17. Vogel, P. (2005) The current molecular phylogeny of eutherian
mammals challenges previous interpretations of placental evo-
lution. Placenta 26, 591–596

18. Leiser, R., Krebs, C., Ebert, B., and Dantzer, V. (1977) Placental
vascular corrosion cast studies: a comparison between rumi-
nants and humans. Microsc. Res. Tech. 38, 76–87

19. Mess, A., and Carter, A. M. (2007) Evolution of the placenta
during the early radiation of placental mammals. Comp. Biochem.
Physiol. A Mol. Integr. Physiol. 148, 769–779

20. Moffett, A., and Loke, C. (2006) Immunology of placentation in
eutherian mammals. Nat. Rev. Immunol. 6, 584–594

21. Padua, M. B., Tekin, S., Spencer, T. E., and Hansen, P. J. (2005)
Actions of progesterone on uterine immunosuppression and
endometrial gland development in the uterine gland knockout
(UGKO) ewe. Mol. Reprod. Dev. 71, 347–357

22. Bendtsen, J. D., Nielsen, H., von Heijne, G., and Brunak, S.
(2004) Improved prediction of signal peptides: SignalP. J. Mol.
Biol. 340, 783–795

23. Hansen, P. J., Bazer, F. W., and Roberts, R. M. (1985) Appear-
ance of �-hexosaminidase and other lysosomal-like enzymes in
the uterine lumen of gilts, ewes and mares in response to
progesterone and oestrogens. J. Reprod. Fertil. 73, 411–424

24. Chenna, R., Sugawara, H., Koike, T., Lopez, R., Gibson, T. J.,
Higgins, D. G., and Thompson, J. D. (2003) Multiple sequence
alignment with the Clustal series of programs. Nucleic Acids Res.
31, 3497–3500

25. Saitou, N., and Nei, M. (1987) The neighbor-joining method: a
new method for reconstructing phylogenetic trees. Mol. Biol.
Evol. 4, 406–425

26. Tamura, K., Dudley, J., Nei, M., and Kumar, S. (2007) MEGA4:
Molecular Evolutionary Genetics Analysis (MEGA) software
version 4.0. Mol. Biol. Evol. 24, 1596–1599

27. Jones, D. T., Taylor, W. R., and Thornton, J. M. (1992) The
rapid generation of mutation data matrices from protein se-
quences. Comput. Appl. Biosci. 8, 275–282

28. Strimmer, K., and von Haeseler, A. (1996) Quartet puzzling: A
quartet maximum likelihood method for reconstructing tree
topologies. Mol. Biol. Evol. 13, 964–969

29. Schmidt, H. A., Strimmer, K., Vingron, M., and von Haeseler, A.
(2002) TREE-PUZZLE: maximum likelihood phylogenetic anal-
ysis using quartets and parallel computing. Bioinformatics 18,
502–504

536 Vol. 24 February 2010 PADUA ET AL.The FASEB Journal � www.fasebj.org

www.fasebj.org


30. Felsenstein, J. (1985) Confidence limits on phylogenies: An
approach using the bootstrap. Evolution 39, 783–791

31. Yang, Z., and Nielsen, R. (2002) Codon substitution models for
detecting molecular adaptation at individual sites along specific
lineages. Mol. Biol. Evol. 19, 908–917

32. Yang, Z. (2007) PAML 4: a program package for phylogenetic
analysis by maximum likelihood. Mol. Biol. Evol. 24, 1586–1591

33. Yang, Z., Nielsen, R., Goldman, N., and Pedersen, A.-M. K.
(2000) Codon-substitution models for heterogeneous selection
pressure at amino acids sites. Genetics 155, 431–449

34. Bielawski, J. P., and Yang, Z. (2003) Maximum likelihood
methods for detecting adaptive evolution after gene duplica-
tion. J. Struct. Funct. Genomics 3, 201–212

35. Wong, W. S. W., Yang, Z., Goldman, N., and Nielsen, R. (2004)
Accuracy and power of statistical methods for detecting adaptive
evolution in protein coding sequences and for identifying
positively selected sites. Genetics 168, 1041–1051

36. Anisimova, M., Bielawski, J. P., and Yang, Z. (2001) Accuracy
and power of likelihood ratio test to detect positive selection at
amino acid sites. Mol. Biol. Evol. 18, 1585–1592

37. Stern, A., Doron-Faigenboim, A., Erez, E., Martz, E., Bacharach,
E., and Pupko, T. (2007) Selecton 2007: advanced models for
detecting positive and purifying selection using a Bayesian
inference approach. Nucleic Acids Res. 35, W506–W511

38. Leslie, M. V., and Hansen, P. J. (1991) Progesterone-regulated
secretion of the serpin-like proteins of the ovine and bovine
uterus. Steroids 56, 589–597

39. Yang, Z., Wong, W. S. W., and Nielsen, R. (2005) Bayes
empirical Bayes inference of amino acid sites under positive
selection. Mol. Biol. Evol. 22, 2472–2479

40. Whisstock, J. C., Skinner, R., Carrell, R. W., and Lesk, A. M. (2000)
Conformational changes in serpins I: the native and cleaved
conformations of �1-antitrypsin. J. Mol. Biol. 295, 651–665

41. Irving, J. A., Steenbakkers, P. J. M., Lesk, A. M., Op den Camp
H. J. M., Pike R. N., and Whisstock, J. C. (2002) Serpins in
prokaryotes. Mol. Biol. Evol. 19, 1881–1890

42. Steenbakkers, P. J. M., Irving, J. A., Harhangi, H. R., Swinkels,
W. J. C., Akhmanova, A., Dijkerman, R., Jetten M. S. M., Van Der
Drift, C., Whisstock, J. C., and Op den Camp H. J. M. (2008) A
serpin in the cellulosome of the anaerobic fungus Piromyces sp.
strain E2. Mycol. Res. 112, 999–1006

43. Murphy, W. J., Pringle, T. H., Crider, T. A., Springer, M. S., and
Miller, W. (2007) Using genomic data to unravel the root of
mammal phylogeny. Genome Res. 17, 413–421

44. Padua, M. B., and Hansen, P. J. (2008) Regulation of DNA
synthesis and the cell cycle in human prostate cancer cells and
lymphocytes by ovine uterine serpin. BMC Cell Biol. 9, 5

45. Baumbach, G. A., Ketcham, C. M., Richardson, D. E., Bazer,
F. W., and Roberts, R. M. (1986) Isolation and characterization
of a high molecular weight stable pink form of uteroferrin from
uterine secretions and allantoic fluid of pigs. J. Biol. Chem. 261,
12869–12878

46. Hansen, P. J., and Newton, G. R. (1988) Binding of immunoglobu-
lins to the major progesterone-induced proteins secreted by the
sheep uterus. Arch. Biochem. Biophys. 260, 208–217

47. McFarlane, J. R., Foulds, L. M., O’Connor, A. E., Phillips, D. J.,
Jenkin, G., Hearn, M. T. W., and Kretser, D. M. (1999) Uterine
milk protein, a novel activin-binding protein, is present in ovine
allantoic fluid. Endocrinology 140, 4745–4752

48. Louis, E. J. (2007) Making the most of redundancy. Nature 449,
673–674

49. Nishihara, H., Hasewaga, M., and Okada, N. (2006) Pegasoferae,
an unexpected mammalian clade revealed by tracking ancient
retroposon insertions. Proc. Natl. Acad. Sci. U. S. A. 103, 9929–9934

50. Khatib, H., Schutzkus, V., Chang, Y. M., and Rosa, G. J. M.
(2006) Pattern of expression of the uterine milk protein gene
and its association with productive life in cattle. J. Dairy Sci. 90,
2427–2433

51. Knight, P. G., and Glister, C. (2006) TGF-� superfamily members
and ovarian follicle development. Reproduction 132, 191–206

52. Brown, A. L. (1987) Positively Darwinian molecules? Nature 326,
12–13

53. Goodwin, R. L., Baumann, H., and Berger, F. G. (1996) Patterns
of divergence during evolution of �1-proteinase inhibitors in
mammals. Mol. Biol. Evol. 13, 346–358

54. Barbour, K. W., Goodwin, R. L., Guillonneau, F., Wang, Y.,
Baumann, H., and Berger, F. G. (2002) Functional diversifica-
tion during evolution of the murine �1-proteinase inhibitor
family: role of hypervariable reactive center loop. Mol. Biol. Evol.
19, 718–727

55. Silverman, G. A., Whisstock, J. C., Askew, D. J., Pak, S. C.,
Luke, C. J., Cataltepe, S., Irving, J. A., and Bird, P. I. (2004)
Human clade B serpins (ov-serpins) belong to a cohort of
evolutionarily dispersed intracellular proteinase inhibitor
clades that protect cells from promiscuous proteolysis. Cell
Mol. Life Sci. 61, 301–325

Received for publication July 17, 2009.
Accepted for publication September 24, 2009.

537UTERINE SERPINS AND PLACENTAL EVOLUTION


