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Trapping are a group of secretory proteins containing a WAP motif with an anchoring
domain. Previous studies showed that their genes, especially those of pig, have undergone
rapid evolution, which produced trappins with a broad spectrum of actions. To understand
the evolution of such a rapidly evolving multigene family, we isolated trappin genes of the
Artiodactyla, including pig, wart hog, collared peccary, hippopotamus, and cow, by means
of polymerase chain reaction (PCR). Two genes newly isolated from wart hog are orthologs
of trappin-1 (SPAI) and trappin-2 (elafin), the others are novel members of the trappin
family and named trappins-6 to 11. The divergence of the sequences is greatest in the region
that encodes the reactive site, and intron sequences appear to be more highly conserved than
the protein-coding sequences, especially among the pig paralogs. Phylogenetic analysis
showed that the trappin multigene family members of pig were generated through gene
duplication after the divergence of the Suidae (pig and wart hog) and Tayassuidae (collared
peccary). Similarities in the gene structure with seminal vesicle clotting proteins (REST)
and WAP motif-containing proteins suggest that trappins are naturally occurring fusion
proteins created through exon shuffling between ancestral REST and WAP motif-coding
genes.
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Trappins are a family of proteins comprising two character-
istic domains: the N-terminal transglutaminase substrate
(TGS) domain and the C-terminal WAP motif region. We
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term the TGS domain the "cementoin moiety" since it is
covalently cross-linked to extracellular matrix proteins
through the action of transglutaminase and helps to anchor
the biologically active WAP motif region at appropriate
sites (1-7). The TGS domain or cementoin moiety consists
of repetitive sequences rich in Gin and Lys. In this respect,
it resembles the transglutaminase substrate proteins in the
seminal vesicle, such as guinea pig seminal vesicle clotting
proteins (SVP) (8) and the human semenogelins (9, 10).
The WAP motif region has a compact structure that is
formed through four disulfide bonds and is resistant to
proteolysis. Members of the trappin family include
SKALP/elafin (4, 7, 11), an elastase inhibitor, and SPAI
(6, 12), which was initially isolated as a Na+,K+-ATPase
inhibitor, but its true physiological function remains to be
established. Recently, Zeeuwen et al. (3) coined the term,
trappin, for this family of proteins and proposed a naming
system according to the order of discovery (trappin-1,
trappin-2, etc.) to allow extension of the nomenclature. The
name trappin accounts for the structural and functional
features of the family members; for example, it implies (i)
the domain structure (consisting of the transglutaminase
substrate domain and the WAP inhibitor domain), and (ii)
their unique mode of action (getting trapped at the site of
action), and function (trapping and inactivation of protein-
ases). In this paper, therefore, we use the term trappin-1
for SPAI and trappin-2 for SKALP/elafin. Trappin-1
(SPAI) is synthesized in the enteroendocrine cells in the
crypt of the small intestine and then secreted into the
circulation (12, 13). Trappin-2 is abundantly expressed in
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the trachea and skin (2, 3, 14, 15). The cDNAs and genomic
clones of the members of the trappin family have been
isolated from various mammalian species such as: trappin-
2 from man (4, 16), monkey (3), pig (14), and cow (3);
trappins-1 and -3 from pig (6, 14); and trappin-4 and -5
from cow (3). The numbers of trappin genes vary depend-
ing on the species of the animals (3, 14).

Trappins are unique not only in their mode of action, but
also in their gene structure. Trappin genes are composed of
three exons and two introns. Exon 1 encodes the signal
peptide; exon 2, the mature protein sequence; and exon 3,
the 3'-noncoding region (14, 16). Our previous analysis of
pig trappin genes indicated that they are very similar in size
and exon-intron organization, and form a multigene family
that contain a SINE termed PRE-1 in intron 2 (14).
Sequence divergence is greatest in mature protein-coding
exon 2 rather than noncoding exons and introns. The latter
are remarkably conserved (14). The rapidly evolved exon 2
and the presence of a SINE, which is not present in the
trappin genes of the other animals, are interesting from an
evolutionary point of view. We therefore extended analysis
of the trappin gene family to the Artiodactyla to obtain
clues as to the rapid evolution of this multigene family in
the Suidae. We also formulated the hypothesis that exon 2
of the trappin genes evolved through exon shuffling and
fusion between the genes for transglutaminase substrate
proteins such as seminal vesicle clotting proteins (8, 17),
and WAP motif proteins such as secretory leukocyte
protease inhibitor (SLPI) (18).

EXPERIMENTAL PROCEDURES

DNA Samples—Genomic DNAs were isolated from pig
(Sus scorfa), wart hog (Phacochoerus africanus), collared
peccary (Pecari tajacu), hippopotamus (Hippopotamus
amphibius), and bovine (Bos taurus) tissues as described
(19). The first strand cDNA used for the isolation of cDNA
for pig trappin-7 was prepared from mENA of pig small
intestine as previously described (14).

Isolation of Trappin Family Genes—Seven PCR primers
were designed based on the results of sequence comparison
among human trappin-2 (elafin), pig trappin-1 (SPAI), and
pig trappin-2 (elafin). The sequences of the primers used
for cloning were as follows: primer PSl, 5'-CAAGGGAAC-
CCTGATCCACTAGAC-3'; primer PS2, 5'-GTCTAAAT-
GTGGGGATGTTTCTTC-3'; primer PS3,5'-TCCCCAGT-
GAGGTGAGAACT-3'; primer PA1, 5'-GAGGACCAGAG-
ATGTGATTCAGCA-3'; primer PA2, 5'-ACCAAGTCCA-
TGTGTCATCCCTCT-3'; primer PS980-1, 5'-GAGAATT-
CACCTTCCTGACAACATGAG-3'; and primer PA980-3,
5'-TTCTGCAGGTGCAGCAAGACTCCAC-3'. The primer
sites are shown in Fig. 1A. PCR was carried out with
genomic DNA digested with EcoBl or first strand cDNA as
template and an Expand Long Template PCR System
(Boehringer Mannheim, Germany). Primers PSl and PA1
were used to amplify the pig, wart hog, and collared peccary
trappin genes. Primer sets (PS2 and PA2; PS3 and PA1)
were used to amplify fragments of the hippopotamus
trappin gene. PS980-1 and PA980-3 were used to amplify
a fragment of cDNA for pig trappin-7. PCR reactions were
performed for 30 cycles under the following conditions:
denaturation for 30 s at 95'C, annealing for 1 min at 45*C,
and extension for 2 min at 68'C. The final PCR products

were fractionated by 1.2% agarose gel electrophoresis and
then transferred to nitrocellulose filters (Schleicher &
Schtill, Dassel, Germany). The filters were prehybridized
for 1 h at 42'C in 20% formamide, 6 X SSPE (1X SSPE is
0.15 M NaCl, 15 mM NaH2PO4, pH 7.0,1 mM EDTA), 1%
SDS, and 5xDenhardt's solution (lxDenhardt's solution
is 0.02% each of bovine serum albumin, polyvinylpyrro-
lidone, and Ficoll). Hybridization was performed for 12-16
h at 42*C in the same solution containing 1.0 X 10" cpm/ml
of a probe labeled with a Ready-To-Go DNA labeling kit
(Pharmacia, Piscataway, NJ, USA). Following hybridiza-
tion, each filter was washed twice with 2 X SSC (1X SSC is
0.15 M NaCl, 15 mM sodium citrate, pH 7.0) and 0.1%
SDS at room temperature for 30 min, and then 0.5 X SSC
and 0.1% SDS at 55'C for 8 h. The 617-bp fragment of the
pig trappin-1 (SPAI) gene, generated by digestion of the pig
trappin-1 (SPAI) gene with Pstl and Sacl, was used as a
probe for hybridization. Hybridized bands were extracted
from the gel and subcloned into pBluescript II (Stratagene,
La Jolla, CA, USA). The resulting clones were confirmed by
colony hybridization and DNA sequencing.

DNA Sequencing—DNA sequences were determined by
the dideoxynucleotide chain-termination method using a
SequiTherm Long-Read Cycle Sequencing Kit-LC (Epi-
centre Technologies, Madison, WI, USA), and automated
sequencing performed with an LI-COR LC4000 (LI-COR,
Lincoln, NE, USA). At least three clones of each trappin
gene were sequenced on both strands. Sequence data were
organized and analyzed using the program, GENETYX-
MAC (Software Development, Tokyo).

Construction of Phylogenetic Trees—The nucleotide or
amino-acid sequences of trappins were aligned using the
program, CLUSTAL W (20). Phylogentic analysis was
performed using PHYLIP (Phylogenetic Inference Pack-
age, version 3.5) (21).

Southern Blot Analysis—Ten micrograms of DNAs (pig
and collared peccary) were digested with restriction en-
zymes, fractionated on a 0.7% agarose gel, and then trans-
ferred to a nylon membrane. The membrane was prehy-
bridized at 37'C in 20% formamide, 6 X SSPE, 5xDen-
hardt's solution, 100^g/ml denatured herring sperm
DNA, and 0.5% SDS for 3 h, and then hybridized with
32P-labeled hippopotamus trappin gene fragment (727-bp
PCR product) at 37*C in 20% formamide, 6 x SSPE, 5x
Denhardt's solution, 100/^g/ml denatured herring sperm
DNA, and 0.5% SDS for 16 h. The membrane was washed
two times at 55*C with l xSSC and 0.1% SDS for 1 h,
exposed to an imaging plate for 12 h, and then analyzed
with a Bioimage Analyzer (model BAS 2000; Fuji Film,
Tokyo).

Isolation of Yeast Artificial Chromosomes (YACs)
Containing the Pig Elafin (Trappin-2) and SLPI Genes-
Clones containing the pig elafin gene were identified by
PCR-based screening (22) of a pig YAC library (23). The
PCR assay utilized the primers, 5'-GGGATGTTTCTTCT-
TTCCACAGGT-3' and 5'-TTGGTGAGTAAGATTAGAC-
GTTTG-3', which correspond to the sequences of intron 1
and exon 2 of the pig elafin gene, respectively. The isolation
of SLPI genes within these YACs was performed by PCR
using the primers, 5'-TGCCCTCCTAGAAAAATTGTCC-
AGTG-3' and 5'-GCGCAAGTATCTCGGCAACATTTC-3',
which correspond to sequences of exon 2 of the pig SLPI
gene. The existence of other trappin genes within these
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YACs were also examined by PCR using the primers,
5'-CAAGGGAACCCTGATCCACTAGAC-3' and 5'-ACC-
AAGTCCATGTGTCATCCCTCT-3', which correspond to
highly conserved regions in intron 1 and intron 2 of pig
trappin genes.

RESULTS

Cloning and Sequence Analysis of Trappin Genes of the
Artiodactyla—Using the primers shown in Fig. 1A, we
cloned trappin-coding regions (exon 2) and nearby intron
sequences by PCR. To avoid possible PCR artifacts, three to
six clones of each gene were sequenced and the consensus
sequences were used for the analysis. The error frequency
due to nucleotide misincorporation was very low (0.01-
0.06%). No chymeric or recombinant products were found.
Two genes for wart hog trappins and one gene each for
peccary, hippopotamus and bovine trappins were isolated
and characterized (Fig. IB). Three additional members of
the pig trappin gene family were also identified by analyz-
ing the pig genome and cDNA. The nucleotide sequences
and deduced amino acid sequences are shown in Fig. 2.
Comparison of the amino acid sequences of the newly
isolated genes with those of previously determined trap-
pins [i.e. trappin-1, -2, -3, -4, and -5 (3, 14)] revealed that
two trappin genes from wart hog are orthologs of trappin-1
and -2, and the others are new members. The novel
trappins have been named here trappin-6, -7, -8, -9, -10,
and -11 according to the nomenclature suggested by
Zeeuwen et al. (3).

Previous analysis of genes for pig trappins (trappin-1, -2
and -3) by Tamechika et al. (14) showed the presence of a
SINE (PRE-1) in intron 2, which is expected to have played
a role in the evolution of the trappin multigene family in
pig. In the case of the newly isolated genes, the wart hog
(trappin-1 and -2), pig (trappin-7, -8, and -9), and collared
peccary (trappin-10) genes contain a SINE (Figs. IB and 2)
like the three pig trappin genes previously isolated (14);
the hippopotamus gene (trappin-11) lacks a SINE in intron
2 (Fig. IB), as does the human trappin gene (14), suggesting
that the insertion of a SINE into the trappin gene occurred
after the divergence of the Suina (Fig. 1C).

Phylogenetic Analysis of Trappin Genes of the Artio-
dactyla and the Paralogous Origin of the Trappin Multi-
genes in the Suidae—To clarify the phylogenetic relation-
ship of these trappin genes, we constructed a phylogenetic
tree by the neighbor-joining method (24) (Fig. 3). The tree
shows that the Suidae (wart hog and pig) sequences are
clustered on the same branch of the tree. The Suidae branch
consists of two subgroups: The first group contains trappin-
1, -3, -7, and -9, and the second group contains trappin-8,
and the pig and wart hog orthologs of trappin-2. The
position of trappin-10 of collared peccary suggests that the
Suidae trappin paralogs originated from their ancestral
gene through duplications of the genes after the divergence
of the Tayassuidae and Suidae [16.8 million years ago
(25)]. The occurrence of wart hog orthologs for pig trappin-
1 and -2 also suggested that the duplications occurred
before the divergence of wart hog and pig [1.4 million years
ago (25)]. The phylogeny of the subgroups of these Suidae
(trappin-1, -3, -7, -8, and -9, and the pig and wart hog
orthologs of trappin-2) paralogs shows the second and third
duplications occurred during the evolution of the trappin

multigenes in the Suidae. The bovine sequences deter-
mined by Zeeuwen et al. (3) (trappin-4 and -5) and us
(trappin-6) are also clustered on the same branch, suggest-
ing these bovine paralogs (trappin-4, -5, and -6) occurred
after bovine speciation.

Genomic Southern Blot Analysis—Transposable ele-
ments are generally believed to be a strong force generating
variations of genes (for a recent example, see Ref. 26), and
pig trappin genes contain a SINE (PRE-1) in intron 2 (14).
Sequence data revealed that the insertion of PRE-1 only
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Pig (Trappin-1, 2, 3, 7, 8, 9)

Fig. 1. Trappin gene family. A: Structural features of pig trap-
pin-2 (SKALP/elafin) and its genomic organization. Exons are
represented by boxes and introns by lines. The SINE is indicated as
a small striped box. The nucleotide sequence of exon 1 encodes a
signal peptide. The nucleotide sequence of exon 2 encodes a trans-
glutaminase substrate domain (gray box) and an inhibitor domain
(solid box). Exon 3 is the 3'-noncoding region. Arrows indicate
primers. B: Complete or partial structures of trappin genes. C:
Phylogeny of the Artiodactyla. A phylogenetic tree was constructed
according to the results of a recent study on the phylogeny of the
Artiodactyla by Shimamura et al. (47). The names of the orders
(Primates and Artiodactyla) and families (Hominidae, Bovidae,
Hippopotamidae, Tayassuidae, and Suidae) are shown with the tree.
Suina is the name of the infraorder that consists of the Suidae and
Tayassuidae. The black circle indicates the insertion of PRE-1 into the
trappin genes in the Suina. Possible times of duplication of the
trappin genes are indicated by arrows. Trappins that have been
isolated and characterized from each animal are shown. The new
members of the family which were isolated in this study are indicated
in bold letters.
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A Trappin-1 (wart hog gene)
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C Trappin-6 (bovine gene)
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AB76Ae7eerGGTTGeABCTG8ACBAA7BAC7CAAATGrreAA6CA8BCACAT68erC7A 110

AA7G7GGG6ArGTT7CT7C7 7 7CCACA66 7CG7CCTAAA68TAAABBCAC7AA8AAAACC 240
ft P I f. t IC B T 111

C7 78C7C78<7CAAA66ACAAG8TCCa678AGAGGTAAA6ATCAABrCAAA66rCAA66 7 10 0
L A L Y 1 I I C C 0 6 P Y I l » B t P 0 V I I I C B 0 8 l

CCAaTCAAB«B7CAA8ATCTAGtCAAAAGTCAAtATCCAB7IAAAGCCCAACTTCCABAC 1«»
F ^ l i n e a o L ' G i i i c t a o p v i i K A a L P OI

AAABSACAA8A7CCAG7eAAAGCCCAACCraCAA7CAAACa7CIAA7CT7ACrCACCAA8 420

" * a p p vi i t A a

CCTaeC7CC7BCCCCAeeArrCreArCCeTTBCTT8A786 7CAATCCCCCTAACA8era7 410
p a s | p R i L I n | L H v a p p i i r i |

tTOA6TSAieCICA6T«CCC«et««7CAA0AAOI8CT6ie«»66CII7T«C800A»«tAC 540

7a7ATeGA7CCCAA6T6Aea76AaAAC7eeeAeaAaaAAGAGGAA6Aefl76ACC7eraAe 100
• M 0 •> K •

»A8aAA«AACC«0a88CAICCACASCIAUICI«««eiCCTeA«AS888TtAC6TCIA«A 710
710
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occurred in the trappins of the Suidae and Tayassuidae.
However, the phylogenetic analysis showed the duplication
of the pig trappin genes occurred after the divergence of the
Suidae and Tayassuidae. Furthermore, only a single trap-
pin gene (trappin-10) was isolated by PCR from genomic
DNA of collared peccary. To determine if multiple trappin
genes are also present in peccary, genomic DNA of collared
peccary was analyzed by Southern blotting. Compared to
the pig genome, a simple pattern was observed for collared
peccary (Fig. 4, left), consistent with the assumption of a

single gene or a small number of genes for trappin. These
data suggested that PRE-1 alone was not sufficient for the
duplication and rapid evolution of trappin paralogs in the
Suidae.

Conservation of Intron Sequences among the Paralogous
Trappin Genes in the Suidae—Figure 5 shows the homol-
ogy of intron 1, exon 2, and intron 2 of trappins of the
Artiodactyla. As previously noted (14), the similarities in
intron sequences are remarkably high compared to those in
the exon 2 sequences among the trappin paralogs. This

F Trappin-9 (pig gene)

CAAGGGAACCC7aATCCACTAaACCCTeTGCCCAAGGCCCAGaAAAAAGCCATaCAAGA6
tCCA6ACCCCA0CTAaCTCTaS00CCCTCCCCCAICTCAABTC»CABTTT0»CiGACACI
0CABT6AGTae7 6S776GAGCTGGACGAACGACTCAAAA8TTGAAeCATeCACACGGaTC

TAAATeTaa88ATGTTTCI7CTTTCCACAGGT66TCTTAAA6GTCAAGGCCAAGATCCTfl
6 8 I Q 6

t r e C O O A T C C C C O e T A A G A I O A

A D r R t

GCACASAGA6GCISAGCGGGGG6TG6GGGT6GGCATSATCCCAtGTTG6TCAAAGGAA6A
TCT8«AGCQAGGSSTCCTSA»UACACT0T80S0CATCCAAASCTAT»CCT0SC8TCCJSA
GAOOfl8TflACATSTA0ACTT66TCCTflCCTCCCATTflCCTCT

ifilf'liTjmMffl^^^^^

T 8 T T T S 6 A C C T 6 C 1 6 A A T C A C A T C T C T G 6 T C C T C
* * * * * ^ r A I

60
I 10
ISO

TTeceeGTCAA8CTBAAaB7aAAB8TCCAaTCAAA8T7aAAAT7C7AaACATA8GACAAt 3 00
I A G a ~A! I E a E a p YI I it v E i L a I i a o ~E1

A7CTAGTCAAAAGTCAACATCCA<TT6AtGGTCAAGAICCAtrCCAAGCCCAACTTCCAe 100
i L vi I T s a o p vi i E G o o P vi I a A a i f PI

A C A A A G T A C A A S A T C C A 6 T C A A A G C C C A A C C T 6 C A 8 T C C A A B G I G T A T T C C C T T T C T C T A 4 1 0
I K V O D P f l l K A O P A ~V~I O S V F P F J H

A G C T T G 6 C T T C I G C C C C A S S A T T G A S A T C C G T I G C A G A C T G C T C A A T C C T A A C A G G I G T T 4 1 0
L G F i P H I E l B | B L L « P » R | L

T 6 A T A B A T 6 C T C A e 7 a C C C A a 8 G T T C C A G A A e T a C T G T A B A a T C 7 B T B e T e 7 e A A a T C C T 5 4 0
I D A Q | P 8 F 0 l t | | F t V | e V l t l |

A8A«0AA«AaetGACCTGAtA«C SOO

910
7 1 0

7 1

1 4

• 0

• I
101
t o s

G Trappin-1O (collared peccary gene)

- P S I -
CAAGGaAACCCTGAICCACTAGACCCTATCCCCAAAGCCCAGGGAATAGCCAICCAAGAO «0
T6CA8ACCCIGGCTAecCCT6GG6ACCCTCCCCCATCTCAAGTCACAGIACQAa«GACAC 110
T6CA0T6AGCGGTG8TT6GAGCT0AAG8AAAGACTA8ATAGTT6AAGCA06CACATG0AT 110

CTTAATGT06GGAI8TTTCTTCTTTCAGCAtCTC8TCCTAAAGGTCAAB6CACGAABAAA 140
Ft t I It G Q G T Kl I II I I

GaCCATGCTCT8ATCAAA8aACAA8ATCC6tT«A6AB6TCAAGaTCCA6TCAA8GGTCAA 300

fc H A I K a a 6 6 G P ~ V I I K G Q~

OAICCASTCAAAGCCCAACITCCGGACAAAGGACAAGATCTAGTCAAAGGTCAAeATCCA

3 In A o i r MI it G Q o T 6 0 D t I

GTCAAeGGTCAAGATCTAGTCAAAGBTCAAGATCCAGTCAAABCCCAACTTCCAGACAAA

8EI c a p r vi i it A o L P PI I I

CGACAACATCIA6TCAAAG8TCAASATCCAGTCAA66BTCAAaATCCA6TCAAAGATCAA

b b D L VI I X G 0 G a p p"~vll it p a I

TICTGCCCCATeATTAAGATCCSITBTOCCCTBITCAATCCTCCTAACAGGTeTTTOACC
F | p y i t i R | A i . F « r r N n | L T

aATGCieaBTGCCCASBaGCCAeBAAeTtCTBCATAGOCTCTTGCBGGAABaCCTGTTTG

D A B B p < i * R I I H I S S B < > l ( A l l -
AATCCTaT6AGBTGAQAACTGaeT6AAeBAA8AflTAACA6GTGACCIGCGAaB6CACAaA

H P V R •

OAGaCCGGGTBSISBaSCACeeTCCCAGGTTfltTCAAAaSAAeATACGaflBSAGGBABGI
GATaAAGAeATIGCaaCGCATCAAAAaCTATATCTea«8ICCCaAGAGaeCTGACAC8TA
c*crTflfiTrrTCrcTrrrATTCCCTCTGAGTeTCTGTT TV

310
41

410
II

410
• 9

BATCCABTCAAAGCCaAAC77SCAGTCAGACa7CTSSTC7TACCCCGCCa7AAGCCTBBC 540

100
119

6 1 0
149

710
IS3

710
110
100
110

1110
1010
1140

1110TaACaTGCTOAATCACATCTCTGGICCIC

H Trappin-11 (hippopotamus gene)

Fig. 2. Nucleotide sequences of genes and cDNAs of trappins, and
the deduced amino acid sequences. The primers used for PCR
amplifications are indicated by arrows above the nucleotide sequence.
Conserved Cys residues within WAP motifs are indicated by white on
black. Lys- and Gin-rich repeated amino acid sequences are boxed.
SINEs (PRE-1) are boxed and shaded, which are flanked by a pair of
direct repeats marked by double underlines. A homologous sequence of
the direct repeat is also found in the hippopotamus trappin gene that has
no SINE, and is indicated by a double underline.

8 T C 7 A A A T a i a a 6 0 A T 6 T T T C T T C C T C A T C C T A A A » a T C A A e a C A C T A A A A A 8 8 a C A A T 8
H r u a o a T KI I K a M fi

T7CTBTTCAAA8eACAAGATCCAGICAAAa8TCAAeA7CCAaTCAAA88ACAATATCCAe 110
I L Fl FT" G O D r VI I K C O D p f l l K a O Y r t l J I

7CAAAeCACAACATCCA87CAAAB87CAAGA7CC«eTCAA<88ACAATATCCACTCAAAS
I f. 8 Q 0 r r a o p r vl TK e o Y p I II il

8ACAAaA7CCAe7CAAA667CAAaA7CCAe7CAAAe8ACAAGATCCA67CAAA88ACAAG
~VIP ~ V I I K a a D P vi 11 a p vi I K a o ~g1

A7CCAa7CAAAee7CAA6A7CCAe7CAAAeaACAAeATCCA87CAAA867CAAeA7CCA8
I F VII K a Q D r TI I n a t) o p YI I K q a p p vi

TCAAAGtTCAAeA7CCAGICAAAa8ACAA6ATCCAGTCAAA6e7CAA8ATCCAe7CAAA8
i it a o 6 p y i r x a B _ J vli it t o p p I K i l

GACAATA7CCAeTCAAA6BTCAAeATCCAG7CAAAG6ACAABATCCAflTCAAA87CCCAT
I Q Y P YI I It 6 Q D P YI I It G Q D P YI K V P F

eCGeeAA8A7C767TTCAAA7TCCCATGAG67aAGAAT7e667GaA6eAA8AaeAASAee
e i i S L ( F r •

7CACCTGAGAaaaCACAaAAAGGCCAAeiee7aeAeACCAACCCTAGGCIGATaAaGaAe

•4 PA1
AaGACA7aCGCAaeTGACaaAeAGACIGAGC«G7CT7e7CC7eAeAaaaA7GACACATGt

•* PA I
AC77ae7CC76CCTCCCACTCCC7C7eAe7C777GACCTGCieAA7CACA7C7C7eeTCC

110
II

140
71

30 0
II

310
111

410
131

410
I S 1

140
171

10 0
I K

110

7 1 0

7 1 0

7 1 1
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97
99

93
100

98
931—"

76l jr.

Trappin-1 (wart hog)
Trappin-1 (pig)

Trappin-7 (pig)
Trappin-3 (pig)
Trappin-9 (pig)

- Trappin-2 (wart hog)
- Trappin-2 (pig)

• Trappin-8 (pig)
Trappin-10 (collared peccary)

99 r
100

- Trappin-2 (bovine)
- Trappin-2 (simian)

' Trappln-2 (human)

9i— Trappin-4 (bovine)
I— Trappin-5 (bovine)

Trappin-6 (bovine)
Trappin-11 (hippopotamus)

-SLPI(pig)

Fig. 3. Phylogeny of trappin genes. A phylo-
genetic tree was constructed by comparing the
nucleotide sequences of trappin gene exon 2 (280
bp) using the neighbor-joining method. The se-
quence of the second WAP motif of pig SLPI was
used as an outgroup. The numbers for interior
branches refer to the bootstrap values for 100
replications. Bootstrap values of less than 50% are
not given. The scale at the bottom is units of
nucleotide substitutions per site.

0.1

kb
2 1 -

4.9-
4.3"
3.5"

2 . 0 -
1.6-
1.4-

0.94-

Fig. 4. Southern hybridization analysis of genomic DNAs of
pig and collared peccary. Five micrograms of genomic DNAs was
digested with restriction enzymes (.EcoRI, BamHI, and ffindlll),
fractionated on a 0.7% agarose gel, and then blotted onto a nylon
membrane. The membrane was probed with a radiolabeled fragment
of the hippopotamus trappin gene. The migration of size markers is
shown on the left of the figure. The generation of a multigene family
was only detected in the Suidae (pig), i.e. not in the Tayassuidae
(collared peccary).

tendency was remarkable among the paralogs of the
Suidae, suggesting the homogenization of intron sequences
occurred during the evolution of the trappin multigenes in
the Suidae, possibly through gene conversion.

Amino Acid Sequence Comparison in the WAP Motif or
the Inhibitor Domain—Figure 6 shows the deduced amino
acid sequences of the WAP motif regions of Artiodactyla
trappins as well as those previously determined for the
trappins from pig (6, 14), cow (3), man (4, 16), and
monkey (3). The eight cysteine residues (indicated by *)

that form the four disulfide core of the WAP motif are all
conserved among the trappin family members. Two re-
gions, VI and V2, are quite variable, one of which (V2) has
been demonstrated, by X-ray crystallography, to be the
inhibitory site that interacts with the active site of a
proteinase (27, 28). As typically seen in pig, the genera-
tion, through gene duplication and divergence, of multiple
trappin family members with different inhibitor selectiv-
ities appears to be a very useful mechanism for protecting
tissues and cells from attack by harmful proteinases.

Diversification of the Cementoin-Like Transglutaminase
Substrate Domain—The transglutaminase substrate do-
main (TGS) of trappins consists of semiconserved repeti-
tive sequences of 6 amino acid residues (2). The number of
repeats was found to vary depending on the species and the
family member; for example, wart hog trappin-1 has a
relatively long TGS domain of 25 repeats (Fig. 7) and
human trappin-2 has a short TGS domain of only 5 repeats
(2). Alignment of the nucleotide sequences corresponding
to the TGS domains of trappins of the Artiodactyla (Fig. 7)
allowed the construction of an evolutionary tree that
provides a reasonable explanation of how the present day
complex structures of the trappin TGS domains evolved
(Fig. 8).

Strong Similarity between Trappins and the Second
WAP Domain of Secretory Leukocyte Protease Inhibitor
(SLPI) Revealed by Analysis of the Phylogenetic Relation-
ship among Trappins and Other Proteins Containing WAP
Motif(s)—To determine the phylogenetic relationship of
trappins with other proteins, a phylogenetic tree was
constructed, using the neighbor-joining method (24), for
the amino acid sequences of WAP domains. This analysis
was also expected to help us to determine the origin of the
trappin gene. The tree in Fig. 9A shows that (i) all trappins
belong to a single branch and (ii) the second WAP region of
SLPI is the closest to trappins. SLPI is a serine protease
inhibitor consisting of two WAP domains, both of which are
encoded by individual exons possibly having arisen through
duplication of an WAP-coding exon. The phylogeny among
the two WAP domains of SLPI and trappins suggested that
the exon duplication of the SLPI gene occurred before the
divergence of SLPI and trappin.
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Fig. 5. Comparison of the sequences of intron 1, exon 2, and intron 2 for trappin genes. Numbers indicate the identity (%) of the
sequences. The identity of exon 2 is given in parenthesis. The identity of introns 1 and 2 is given over and under the identity of exon 2,
respectively. Values of more than 90% are shown in bold italic letters. Abbreviations: wart hog, 1 or war., 1, wart hog trappin-1.

Fig. 6. Comparison of the amino
acid sequences of the WAP motifs
of trapping. For alignment, the
amino acid sequences of the trappins
and SLPI WAP motifs are shown in
the single-letter code. Conserved resi-
dues among all trappins are shown in
black boxes. Residues conserved
among the orthologs of trappin-2 (ela-
fin) are indicated by gray boxes. The
eight Cys residues of WAP motifs are
indicated by *. Highly variable re-
gions are boxed, and numbered VI
and V2 (14). The accession numbers
of the compared proteins are as fol-
lows: human trappin-2 (elafin),
D13156; simian trappin-2, AJ-
223215; pig trappin-1 (SPAI),
D50302; pig trappin-2, D50319; pig
trappin-3, D50321; pig trappin-7,
D50323; pig trappin-8, D50322; pig
trappin-9, AB003285; collared pec-
cary trappin-10, AB003283; hippo-
potamus trappin-11, AB003284;

20

Trappln-2 (human)
Trappin-2 (simian)
Trappfn-2 (bovine)
Trappin-2 (wart hog)
Trappin-2 (pig)
Trappin-8 (pig)

Trappin-1 (pig)
Trappin-1 (wart hog)
Trappin-3 (pig)
Trappin-7 (pig)
Trappin-9 (pig)

Trappin-10 (collared peccary)
TrappJn-4 (bovine)
Trappin-5 (bovine)
Trappin-6 (bovine)
Trappln-11 (hippopotamus)

caltrin-Gke protein II (guinea pig)

SLPI 2nd (human)
SLPI 2nd (pig)
SLPI 2nd (mouse)
SLPI 1st (human)
SLPI 1st (pig)
SLPI 1st (mouse)

iffljAQtPVKGP-VS
R GR3PVKGP-VS
P RCSRIGSP-LL
P AC'AIKRLILL
WJAC'AIKRLIL1

AC'AIKRLILL

'AARARLPF--
'AOpRARLPF--

IWVAQDRA 3LPI

OTPNP
AITNP
PIRKP'

-LAPWAVE6S-GKSI
-KAPWAVE6A-
-UPWTVEGSWIDAI,

bovine trappin-2, AJ223216; bovine trappin-4, AJ223217; bovine trappin-5, AJ233218; bovine trappin-6, AB011010; guinea pig caltrin-like
protein II, P22075; human SLPI, X04470 and X04502; pig SLPI, M57446; and mouse SLPI, U73004.
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Tr«ppM(plo) Tr»pptrv7 (pig) Trapptn-1 (pig) Trapph-1 (mot hog) Trapptv2(iwthog) Tmpph-2 (pig)

• • • « • »••• J...».......B

.n .....Bi-B-B-B ...-BJ-B-B-B

.B1-8 B -B IB -
AAAG6TCAAGATCCAGTC AAAG6TCAAGATCCAGTC AAA66TCAAGATCCAGTC AAA6GTCAASATCCAGTC AAA6GTCAAGATCCAGTC AAAGGTCAAGATCCAfiTC AAA68TCAA6ATCCASTC
(conMrma taquanca) (consaraui Mquanca) (conMruus nquanca) iamtma aaquanc*) (cnnwmm Mquanca) (con—nmi mqutnot) (conMrota Mqianoa)

Tra»**v8<plB) Tra|l|)lrv-11(Mppopottnu) Ttl(l|*>-2 (bovht) Tn«iplrv-g (bovtia) Tra«ipin-5 (bovtv) Tr»p(Xn-4 (bovtM)

I «•

SCT. . C C T . 6CGT. TC
IB-CCg-S. JCT. 0 l i T M T f 8C|TC..
. CTCAS6T8. TStSCC. T

G G
G . A f t .

•I
. . . A.G C C S . . . .

B

. i f . C. I0C TT. CT

AAAGGTCAAGATCCAGTC AAA68TCAAGATCCAGTC AAAGGTCAAtATCCAGTC AAACSTCAAeATCCAGTC AAAGGTCAAGATCCAGTC AAAGGTCAAGATCCAGTC AAAGGTCAAGATCCAGTC
(consantus s«qu«not) (oonsanaus aaquanoa) (oonMraus Mqusnoa) (cainw^tut Mquano*) (con—ma Mqumoi) (coniwim M H U W K J ) (coniamta s«quanot)

Fig. 7. Sequence alignment of the TGS domains of trappin sus sequence but conserved among the trappin genes in the Artio-
genes in the Artiodactyla. Nucleotides identical to the consensus dactyla, which helped to define the evolution of the genes. Insertions
sequence are indicated by dots, and gaps are indicated by bars. The and deletions of the repetitive sequences are indicated by blocks A-G.
nucleotides boxed in black represent those different from the consen-

A WAP-motif containing protein termed "caltrin-like
protein II," which was purified from guinea pig seminal
vesicles by Coronel et al. (29), belongs to the same branch
of the WAP family as trappin. This fact raises the possibil-
ity that although the purified caltrin-like protein II lacked a
TGS domain, it may have an amino-terminal TGS domain
in its native form and therefore is a member of the trappin

gene family. Similar situations, namely the loss of the TGS
domain, have been encountered during the purification of
trappin-1 (SPAI) and trappin-2 (SKALP/elafin) (11, 30).

Proximal Localization of the Trappin-2 and SLPI
Genes—Many related genes that share a common ancestor
are known to occur in close proximity on the same chromo-
some. In humans, the trappin-2 (elafin) (32) and SLPI
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S/SS4& /
Fig. 8. Rapid evolution oftheTGS domains of trappin genes in
the Artiodactyla. Phylogeny of the TGS domains of trappin genes in
the Artiodactyla is shown with the possible times of insertions and
deletions of the repetitive sequences (blocks A-G, Fig. 7). Divergence
of the species is shown by filled circles, and the duplication of trappin
genes is shown by open circles.

[human STS WI-6969 (32)] genes are located on chromo-
some 20ql2-ql3 (Fig. 9C). We therefore determined
whether or not this is the case for the pig genes using a YAC
library. Two YAC clones that contain the pig elafin gene
were first isolated by PCR screening and then examined for
co-localization of the SLPI gene. PCR amplification with
primers specific for the SLPI gene indicated that the YAC
clones were also positive for the pig SLPI gene, demon-
strating the close localization of the two genes on the pig
chromosome.

DISCUSSION

In the present study, we characterized the trappin gene
family in the Artiodactyla in terms of the number of family
members, the nucleotide and amino acid sequence similar-
ities, and the presence of a SINE in intron 2. This allowed
us to determine the time of duplication of the trappin genes
and to construct a phylogenetic tree. The amino acid
sequences of Artiodactyla trappins, especially those of
variable region V2, will also provide valuable information
for the design of therapeutic agents such as anti-inflam-
matory and anti-infection drugs.

Origin of the Trappin Gene Family—Recently, Lundwall
and UlvsbSck (33) pointed out the structural similarity
between the trappin-2 (SKALP/elafin) and REST genes,
and suggested that the proteinase inhibitor, trappin-2
(SKALP/elafin), is a member of the REST gene family.
Members of the REST gene family are composed of three
exons and are transcribed almost exclusively in the seminal
vesicles. Like in the trappin genes, exon 1 codes for the
signal sequence; exon 2, the entire transglutaminase sub-
strate protein; and exon 3, the 3' untranslated region.
Exons 1 and 3 are highly conserved among the members
while the exon 2 sequences are quite variable, suggesting
rapid evolution of transglutaminase substrate proteins with
new specificities; thus the name rapidly evolving seminal
vesicle transcribed (REST) genes (34). As Lundwall and
Ulvsback (33) pointed out, the similarity in exons 1 and 3
extends to the members of the trappin gene family (Fig. 9).

The products of the REST gene family members are called
semenogelin in man (35), seminal vesicle secretory pro-
teins in guinea pig [SVP (8)] and rat [SVS (36)], and
semenoclotin in mouse (17).

Analysis by Hagstrom et al. (8) of the guinea pig REST
gene (termed GP1G) revealed another interesting relation-
ship between the trappin and REST genes. Namely, the
GP1G gene encoding guinea pig SVP was shown to consist of
tandem repeats of the REST genes with a total of 6 exons
(exons al , a2, a3, bl , b2, and b3; Fig. 9B), three of which
(exons a2, a3, and bl) are pseudo-exons. Guinea pig SVP is
therefore encoded by the combination of exons a l , b2, and
b3. Furthermore, sequence comparison indicated that the
first gene (al-a2-a3), although being a pseudo-gene, is
similar to the human semenogelin genes, and the second
gene (bl-b2-b3) is more closely related to the human
trappin-2 (SKALP/elafin) gene rather than to any of the
SVP genes.

We previously determined the gene structures of trappin
family members and showed that trappins are fusion
proteins comprised of SVP-like transglutaminase substrate
domains (termed cementoin moieties) and WAP motif
proteins (1, 2, 6). In the present study, we showed that the
WAP motif-coding regions of the trappin genes are much
more similar to the second WAP motif region of the SLPI
gene than those of the other genes that have WAP motif-
coding region(s) (Fig. 9A). These considerations led us to
propose the following mechanism for the evolution of the
trappin genes (Fig. 9B): The trappin genes have evolved
through duplication of the ancestral REST gene and succes-
sive shuffling of the exons encoding the WAP motif. In
support of this hypothesis, the human REST genes, trappin
genes, and WAP motif genes are clustered on chromosome
20, bands ql2-13.1 (Fig. 9B) (31, 32, 35). Also in the case
of pig, we mapped the genes for trappin-2 (elafin) and SLPI
on the same YAC clone.

It is also likely that, among all members, trappin-2 is the
prototype of the trappin gene family. This is plausible for
the following two reasons: (i) In addition to the structural
similarity, the functions of SLPI and trappin-2 are very
similar in the inhibition of neutrophil elastase (7, 37, 38),
and (ii) orthologs of trappin-2 are present in a variety of
species such as man, monkey, cow, pig, and wart hog.
Although trappin-2 genes have not yet been isolated from
collared peccary and hippopotamus on a number of PCR
analyses of their genomes, it is likely that these animals
may also have trappin-2 genes.

Mechanism and Biological Significance of Multiplication
of the Trappin Gene in the Suidae—The numbers of
members of the trappin gene family vary widely depending
on the species; for example, multiple trappin genes have
been demonstrated in the pig whereas only a single trappin
gene has been identified in the human genome (14, 16).
Based on the fact that there is a SINE in intron 2 of the pig
trappin genes but no such sequence is found in the human
counterpart, we suspected that insertion of a SINE might
have stimulated the duplication of the trappin genes. To
examine this possibility, we analyzed Artiodactyla trappin
genes, and determined the number of genes and the
presence of SINE. There appears to be a relationship
between the number of family members and the presence
of SINE (Fig. 1), but in the case of the peccary only one
trappin gene was detected despite the presence of a SINE,
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Human chromsome 20
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SLPI 20q12
HE4 2Oq12
trappln-2 (elafln) 2Oq12

semenogelln I 2Oq12-13.1
semenogelln II 2Oq12-13.1

suggesting that a SINE alone is not sufficient to trigger gene
duplication. The repetitive sequences in exon 2 may also be
a potential candidate for the cis element responsible for the
rapid evolution of the trappin genes (39-41). In this
context, it is interesting to note that the number of repeats
is smallest in the human and peccary trappin genes, that
have not been duplicated. Gene conversion, mismatch

repair, and replication slippage are likely to be involved in
the mechanism of this evolution.

The phylogenetic analysis shown in Fig. 3 suggests the
very recent duplication of the paralogs of pig trappins after
the divergence of the Suidae and Tayassuidae. The multi-
plication of trappin genes in the Suidae led to a highly
variable protein-coding region (exon 2) (Fig. 6 and Ref. 14)
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Fig. 9. Hypothetical mechanism of evolution of the trappin
family and chromosomal locations of the related genes. A:
Phylogeny of trappins and other related proteins which have one or
two WAP motifs. A phylogenetic tree was constructed by comparing
the peptide sequences of WAP motifs using the neighbor-joining
method. The accession numbers of the compared proteins are as
follows: human trappin-2 (elafin), D13156; pig trappin-1 (SPAI),
D50302; pig trappin-2, D50319; pig trappin-3, D50321; pigtrappin-
7, D50323; pig trappin-8, D50322; pig trappin-9, AB003285; collar-
ed peccary trappin-10, AB003283; hippopotamus trappin-11, AB-
003284; bovine trappin-2, AJ223216; bovine trappin-4, AJ223217;
bovine trappin-5, AJ233218; bovine trappin-6, AB011010; guinea
pig caltrin-like protein II, P22075; pig uterine secretory protein,
M31216; human SLPI, X04470 and X04502; pig SLPI, M57446;
mouse SLPI, U73004; mouse WAP (whey acidic protein), J00649;
rat WAP, J00801; camel WAP, P09837; rabbit WAP, X07943; red
sea turtle chelonianin, P00993; brook trout SLPI, U03890; brook
trout ovulatory protein-2, U67854; mouse WDNM1, X93037; rat
WDNM1, X13309; a mouse EST clone homologous to WDNM1,
W08116; horse antibiotic peptide eNAP-2; human KAL (Kallmann
syndrome interval gene), M97252; chicken KAL, L12144; a Caenor-
habditis elegans gene homologous to KAL, Z81561; human HE4,
X63187; rabbit epididymal protein BE-20, U26725; dog epididymal
secretory protein CE4, S77395; a mouse EST clone similar to human
HE4, AA276500; and human vasopressin, M25647. The numbers for
interior branches refer to the bootstrap values for 100 replications.
Bootstrap values of less than 40% are not given. The scale at the
bottom is unite of nucleotide substitutions per site. B: A possible
scenario explaining the origin and development of trappin genes.
Similarities in the exon-intron organizations and sequences among
the REST, SLPI, and trappin genes suggest that the trappin genes
originated from the ancestral REST gene through gene duplications
and exon or domain shuffling of the second WAP motif of the SLPI
gene, and are now members of the REST gene superfamily. Exons
originating from REST genes are indicated by open boxes, and those
originating from a SLPI gene are indicated by filled boxes. C: Co-
localization of the trappin, REST, SLPI, HE4, and transglutaminase
(TGM) genes on human chromosome 20 ql2-13.1 (31, 32, 35).

and highly homologous introns that flank exon 2 of the genes
(Fig. 5 and Ref. 14). Similar cases have been reported for
genes that become multimerized through recent duplica-
tions, such as genes of the murine serpins (Spi-2) (42) and
snake venom phospholipase A2 isozymes (43, 44). Accord-
ing to the theoretical work of Ohta (45, 46) on the evolution
of multigene families, a certain strength of adaptive selec-
tion is necessary for a useful gene family. Our previous data
on trappin genes (14) and the results of studies on murine
serpin and snake venom phospholipase A2 genes (42-44)
demonstrated many more amino acid substitutions of these
multigenes than synonymous changes especially around the
active sites, as seen in many other multigene families that
developed under positive Darwinian selection (45, 46). It is
conceivable that the trappin multigenes facilitate the
survival of the Suidae against invasive agents. The great
diversity, observed among mammalian species, in the
number and composition of the trappin genes can also be
explained by Ohta's theory, that postulates that gene
numbers can differ greatly among lineages even in the same
environment.

The highly homologous sequences of introns of the
trappin genes can be explained as a result of gene conver-
sion, and there may still be potential for further conversion
of the genes or gene locus that changes the number and
composition of trappin genes. Our recent study on the
trappin genes involving site-by-site analysis of shared
nucleotide changes among trappin genes revealed that gene

conversion occurred in the regions of introns 1 and 2 before
and after the divergence of pig and wart hog (Kato, A.,
Furutani, Y., Yasue, H., and Hirose, S., manuscript in
preparation). However, it remains unknown how only the
introns have become homogenized, while the exons were
allowed to maintain their variety. One explanation is that
pigs with homogenized exons of trappin genes were elimi-
nated through natural selection since the capacity to
produce trappins with a variety of reactive site sequences
must have been beneficial for the survival of the Suidae
against invasive agents. It is also possible that some other
unknown mechanisms exist that protect the variety of the
reactive sites from homogenization.

We wish to thank Ichiro Tamechika for the helpful discussion, and
Yohko Saruta, Setsuko Satoh and Kazuko Tanaka for the expert
secretarial and technical assistance.
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