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ABSTRACT We have isolated overlapping phage genomic
clones covering an area of 26 kilobases that encodes the human
a@,-plasmin inhibitor. The a,-plasmin inhibitor gene contains
10 exons and 9 introns distributed over ~16 kilobases of DNA.
To our knowledge, the number of introns is the highest yet
reported for a member of the serine protease inhibitor (serpin)
superfamily. All introns are located in the 5'-half of the
corresponding mRNA. The 5'-untranslated region and the
leader sequence are interrupted by 3 introns totaling =6
kilobases. A ‘““TATA box’’ sequence is located 17 nucleotides
upstream from the proposed transcription initiation site.
Multiple “GC box’’ sequences, G+ C-rich sequences, and
““CCAAT box’’-like sequence, the hepatitis B virus enhancer
element-like sequence and the human immunodeficiency virus
enhancer-like sequence appear in the 5’-flanking region. The
NH,-terminal region, which implements factor XIII-catalyzed
cross-linking of a,-plasmin inhibitor to fibrin, is encoded by the
4th exon. The reactive site and plasminogen-binding site, both
located in the COOH-terminal region, are encoded by the 10th
exon. When similar amino acids of a,-plasmin inhibitor and
other members of the serpin gene superfamily are aligned, the
position of the 7th intron of the «,-plasmin inhibitor gene aligns
precisely with that of the second intron of the genes for rat
angiotensinogen and human «,-antitrypsin genes and is mis-
aligned by only one nucleotide with that of the third intron of
antithrombin III, suggesting that the a,-plasmin inhibitor gene
originates from the common ancestor of these serine protease
inhibitors.

a,-Plasmin inhibitor (a,PI; a,-antiplasmin) is a plasma gly-
coprotein that functions crucially in the regulation of fibrinol-
ysis (1-3). Human a,PI is one of the major serine protease
inhibitors (serpin superfamily) and is highly structurally
similar to the other serpin superfamily members (4-6).
However, a,PI contains an extra =50-residue peptide be-
yond the COOH-terminal ends of the other family members
(4). This extra peptide contains a plasminogen-binding site (4,
7) that endows the inhibitor with high affinity for plasminogen
and enables the inhibitor to compete with fibrin for binding to
plasminogen (8-10). During blood coagulation, a,PI is cross-
linked by activated factor XIII to the a chain of fibrin at the
glutamine residue proximal to the NH,-terminal end (11-13).
The cross-linked a,PI inhibits in situ plasmin generation on
the fibrin surface by physiologically occurring fibrin-
associated plasminogen activation (14, 15). These properties
peculiar to a,PI enable it to be a much more specific and
effective inhibitor of plasmin-catalyzed fibrinolysis than any
other major protease inhibitors, such as a,-macroglobulin (2,
9, 16, 17). In individuals with a congenital deficiency of a,PI,
hemostatic plugs are dissolved prematurely by physiologi-
cally occurring fibrinolytic processes before the restoration
of injured vessels, resulting in a severe hemorrhagic tendency
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(18, 19). The role of a,PI in modulating fibrinolytic reactions
has been reviewed recently (2, 3).

Studies from our laboratories (4) and those of others (5, 6)
have led to the isolation of the cDNA coding for human a,PI.
Subsequently, the chromosomal localization of the a,PI gene
was demonstrated (20). In this investigation, the cDNA for
human o,PI was used for the isolation of overlapping ge-
nomic clones from a A phage library. Organization of the gene
was then analyzed$ and compared with those of the genes for
other serine protease inhibitors.

MATERIALS AND METHODS

¢DNA for a,PI. A partial cDNA clone for a,PI, pPI 39, has
been described (4). A longer cDNA, covering the regions
coding for the COOH-terminal 6 amino acids of the signal
peptide and the whole plasma protein plus the 3’-noncoding
region up to the poly(A) sequence was subsequently assem-
bled from clonal members of a new human hepatoma cell
cDNA library. The nucleotide sequence of the region coding
for the mature plasma protein was completely accordant with
those of the cDNA already reported (5, 6).

Screening of the Human Genomic DNA Library. The human
genomic library was provided by H. Matsushime and M.
Shibuya (Medical Institute, University of Tokyo, Japan) (21).
The library was prepared from human placenta DNA by
partial digestion with Alu I and Hae III and subsequent
cloning in the bacteriophage vector Charon 4A with EcoRI
linker. The library was screened by in situ hybridization of
1.2 x 10° phage plaques (22) with two a,PI cDNA fragments
corresponding to amino acids 31-130 and 179-429 as probes
(4, 6). A 15-mer synthetic oligonucleotide, 5'-ACTCCCC-
TGCCAGCC-3', that is the complementary sequence to
bases —15 to — 5 of the cDNA (6) plus the donor signal at 5’
(AC) and EcoRI linker at 3’ (CC), was used as a probe to
obtain a fragment containing the 5’-untranslated region. The
probes of cDNA fragments were labeled by nick-translation,
and the 5'-end of the oligonucleotide was labeled by T4
polynucleotide kinase. Fragments of human genomic DNA
were mapped with the restriction endonucleases EcoRI,
BamHI1, Hindlll, Dra 1, and Xba 1. Subcloning of the
genomic DNA fragments in the plasmid pUC-18 and -19 was
done.

Southern Blotting (23). The plasmid containing a,PI gene
was isolated and subjected to restriction endonuclease diges-
tions. The DNA fragments were then separated on agarose
gels, transferred to a nitrocellulose filter, and hybridized as
described (24) using cDNA and oligonucleotide probes,
which correspond to several regions of the «,PI gene.

DNA Sequencing. Appropriate DNA fragments, isolated
and digested with various restriction endonucleases, were

Abbreviations: a,PI, a,-plasmin inhibitor; nt, nucleotide(s).
‘o whom reprint requests should be addressed.
§The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA,
and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03830).
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sequenced by the dideoxy nucleotide chain-termination
method of Sanger et al. (25) using plasmid as described by
Hattori and Sakaki (26).

Primer Extension. One nanogram of a 5'-end-labeled syn-
thetic oligonucleotide (5'-ACCAGGAGCCCCCAGAG-
CAGCGCCATGTTC-3'), complementary to nucleotides (nt)
—4 to +26 as shown in Fig. 2, was hybridized with 50 ug of
total RNA from the hepatoma cell line Hep G2 or 2 ug of
poly(A)* RNA from normal human liver. The total RNA was
prepared by the guanidine thiocyanate extraction method.
Poly(A)* RNA was prepared by oligo(dT)-cellulose chroma-
tography. The hybridization occurred in 80% (vol/vol)
formamide/0.4 M NaCl/40 mM Pipes, pH 6.8, 1 mM EDTA
by heating to 80°C for 5 min and then incubating at 45°C for
24 hr. The hybrids were recovered, and primer-extension
reactions were done at 42°C for 1 hr with 40 units of reverse
transcriptase purified from Rous-associated virus 2 (Takara
Shuzo, Kyoto, Japan) and analyzed on 12% sequencing gels
7).

RNA-Blot Hybridization. Poly(A)* RNA prepared from
human normal liver cells was separated by electrophoresis on
a formaldehyde/agarose gel, transferred to a nitrocellulose
filter, and hybridized as described (24).

RESULTS AND DISCUSSION

Three bacteriophage clones (designated as API1, API2, and
API6) containing sequences of a,PI gene were isolated from
the genomic DNA library. By restriction endonuclease map-
ping, these clones were found to overlap (Fig. 1). API1 carried
the DNA insert of the EcoRI fragment of 13 kilobases (kb),
and API2 carried EcoRI fragments of 13, 0.5, and 1.8 kb. API6
had 11-kb and 1.8-kb EcoRI fragments. Both API2 and API6
contained the 1.8-kb fragments with identical sequence,
indicating that both clones (API2 and API6) overlap each
other. The synthetic 15-mer oligonucleotide probe, corre-
sponding to the 5'-untranslated region of the cDNA, and the
cDNA probe, corresponding to the 5’-region of the mRNA
for a,Pl, hybridized to the 11-kb fragment contained in API6.
The cDNA probe that corresponds to the 3’-region of the
mRNA of a,PI hybridized to the EcoRI fragment of 13 kb
contained in API1 and API2. These results show that these
clones contain the entire region of the a,PI gene (Fig. 1).
The gene structure of a,PI was further characterized by
subcloning appropriate fragments in the plasmid pUC-18 and
-19. Southern blotting analysis of restriction enzyme-digested
plasmid DN As containing exons and exon-intron boundaries
were used to deduce the overall gene organization. The
genomic DNA sequence of selected regions of the a,PI gene
was compared with the cDNA sequences, and this compar-
ison allowed a precise definition of the exon—intron bound-
aries (Fig. 2). All boundaries were consistent with the
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*GT-AG"’ rule formulated by Breathnach and Chambon (28).
The a,PI gene was found to be =16 kb in length and to consist
of 10 exons and 9 introns.

The sequence of the exons agrees perfectly with the
sequence of the entire coding region of the cDNA earlier
reported (4-6). However, a small section of the 5'-
untranslated region (nt —17 to —5 in Fig. 2) differed slightly
as compared with the cDNA reported by Tone et al. (6)—
CTGGCAGGGGA for the cDNA and CTGGGCAGGGAGG
for the genomic DNA. The sequence difference might either
have been caused by polymorphism or the origin of the
libraries—hepatoma cell line for the cDNA and placenta for
the genomic library.

To identify the transcription initiation site, we constructed
a 5'-end-labeled, antimessage sequence 30-base oligonucle-
otide primer complementary to a sequence of nt —4 to 26
including the initiator methionine codon in the cDNA. This
primer was hybridized to human hepatoma cell line RNA or
human normal liver cell poly(A)* RNA and extended with
reverse transcriptase. The products of the reaction were
sized by denaturing PAGE and migrated as 48- and 65-base
pair (bp) fragments (Fig. 3). Although the band corresponding
to 65-bp transcript was very faint from hepatoma cell line
RNA, the results suggest two major transcription initiation
sites; 22 nt and 39 nt upstream of the initiator methionine
codon in the cDNA. Therefore, one transcription initiation
site may be located at nt —22, suggesting sequence nt —22
to —5 is exon 1. To further define the initiation site, RNA
blotting was done with a synthetic oligonucleotide probe,
corresponding to proposed exon 1 (nt —22 to —5) or to its
immediate upstream sequences (nt —39 to —23), and the
cDNA probe. The probe corresponding to the proposed exon
1 hybridized to a band that corresponds to the mRNA of a,PI
(=2.4 kb), which was identified by the cDNA, whereas the
other probe (nt —39 to —23) failed to hybridize. These results
together with the presence of mRNA (G)GGT sequence
(consensus sequence at the intron—exon junctions) indicate
that the region from nt —22 to —35 is the first exon. Another
possible transcription initiation site is not known, but the
longer transcript may represent crosshybridization to an-
other mRNA.

The 1120-nt sequence of the 5’'-flanking region was deter-
mined. The result reveals the presence of a TATA box (29)
and 4 GC box sequences (5'-GGGCGG-3' and its inverted
complement sequence 5'-CCGCCC-3') (30) (Fig. 2). Three of
these GC box sequences are present in the =350-nt region
upstream of the transcription initiation site. In this region are
also several G + C-rich sequences in addition to the segments
containing GC boxes (Fig. 2). McKnight and Kingsbury (30)
stressed the importance of the GC box and G+C rich
sequences upstream of the TATA box for maintaining tran-
scription efficiency in eukaryotes. They further reported the
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Fi1G.1. Organization of the human a,-plasmin inhibitor gene. The first line shows the positions of exons as rectangles, and the numbers above
the line indicate the amino acids at which intron—exon junctions occur. Untranslated regions (UT) are shown as hatched areas. The second line
indicates the positions of restriction endonuclease-recognition sites. Straight lines at bottom indicate the region of the three phage clones (API1,
API2, and API6). B, BamHI; D, Dra I; E, EcoRl; H, HindIlI; and X, Xba 1. Note from Fig. 2 that a small 5'-untranslated region exists in the

second exon.
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FiGc. 2. Nucleic acid sequence of the a,-plasmin inhibitor gene. Exons are underlined with solid lines. Bases in the exons and the 5'- and
3'-flanking regions are numbered relative to the translation initiation site. Amino acids are numbered from the NH,-terminal residue in the plasma
protein. Regions corresponding to a potential TATA box, the GC boxes, a potential transcriptional start site (—22) and a polyadenylylation
recognition site (2189-2194) are boxed. The direct repeats of CCAAT box-like sequence are indicated by dots. G + C-rich sequences are indicated
by the dashed underlines. The sequence (—123 to — 108), similar to the hepatitis B virus enhancer sequence, is indicated by a waved line. The
sequence (—809 to —800), similar to the human immunodeficiency virus enhancer sequence or x-immunoglobulin light-chain gene enhancer

sequence, is bracketed.

CCAAT box homology (31) downstream of the GC box (27,
31). In our study, we found the two direct repeats of the
CCAAT box homology sequence, 5'-GCCATCA-3', sepa-
rately located in the downstream regions of the two different
GC boxes (Fig. 2). The TATA box may determine the
position of the start of transcription, whereas the GC box may
be the site interacting with a cellular transcription factor
necessary for transcriptional activity (32).

The first base of the most proximal GC box sequence or the
CCAAT box homology sequences is located 88 or 74 bases
upstream, respectively, from the proposed transcription
initiation site (Fig. 2). The relative positions of these sites are
accordant with that usually found in eukaryotes (28). The first
thymine of the TATA box is located 17 bases upstream from
the proposed transcription initiation site (Fig. 2). The TATA

FiG. 3. Primer-extention reac-
tions by reverse transcriptase. An
end-labeled oligonucleotide probe
from the gene for the a,PI was used.
Lanes: 1-4, DNA sequencing lad-
der for size comparison; 5 and 6,
primer-extension reactions with
liver cell line Hep G2 and normal
liver cell RNAs, respectively. Fig-
ures at right are the lengths of the
primer-extension products, corre-
sponding to 48 and 65 nt.

box is usually found between 20 and 30 bases upstream from
the transcription initiation site on most eukaryotic protein-
coding genes. Therefore, the distance between the TATA box
and the transcription initiation site here proposed might be an
exceptional case among eukaryotes.

It is interesting to note that the 16-bp sequence (nt —123 to
- 108 in Fig. 2) is 88% similar to the 17-bp sequence (nt 1193—
1209) in the hepatitis B virus enhancer element (33), which
displays tissue-specific activity (34, 35) and shows high
homology with sequences in the promoter region of several
liver-specific genes; a-fetoprotein, a,-antitrypsin, and albu-
min (33). Also interesting is the presence of a 10-bp sequence,
GTGACTTTCC, between nt —799 and — 810 (Fig. 2). This
sequence differs only by one base from the human immuno-
deficiency virus enhancer sequence, GGGACTTTCC (36),
that is 100% similar to an enhancer sequence in the «-
immunoglobulin light-chain gene (37). It is quite interesting to
see whether these sequences are also functional elements for
the enhancement of the transcriptional activity of a,PI gene.

The lengths of exons 1-10 were 17, 67, 39, 63, 202, 144, 204,
143, 205, and 1169 bp, respectively. Exon 1 is located 6 kb
upstream from exon 2 that contains initiation codon ATG.
The signal peptide is encoded by exons 2, 3, and a part of exon
4 (Figs. 1 and 2). The signal peptide consists of 39 amino
acids, of which 23 are hydrophobic and form hydrophobic
cores (Fig. 2). This agrees with the characteristic features of
signal peptides (38). One base difference was noted in the
sequence coding for the signal peptide as compared with the
sequence of the cDNA reported by Tone et al. (6). The
nucleotide (97 in their numbering system) was thymine in
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their cDNA, but the nucleotide at this position (nt 97) was
cytosine in our study and also in the cDNA reported by
Holmes et al. (5). Consequently, the predicted amino acid at
position —7 was arginine in our study and the study by
Holmes et al. (5), whereas tryptophan was predicted by the
cDNA sequence reported by Tone et al. (6). The difference
may have been caused by the difference of cell types from
which the cDNA was derived. Tone et al. (6) used the cDNA
derived from a liver carcinoma cell line for sequencing the
5'-region, whereas normal cells were used in our study and
the study by Holmes et al. (5).

The sequence of the 3'-noncoding region, including the
consensus polyadenylylation signal AATAAA (39), is iden-
tical with that of the cDNA reported by Tone et al. (6), except
for one substitution (T — G) at nt 1547. When compared with
the cDNA sequence of the 3'-noncoding region reported by
Holmes et al. (5), however, five minor differences including
one deletion, three insertions, and one substitution were
noticed (6). The poly(A) addition site, determined from the
cDNA sequences reported by Sumi et al. (4) and Tone et al.
(6), is cytosine at nt 2207 in Fig. 2. Another possible
polyadenylylation site, determined from the cDNA se-
quences reported by Holmes et al. (5), is thymine at nt 2212.
These differences are probably due to the origins used for the
construction of the cDNA libraries.

a,PI contains three functional domains—the reactive site,
the plasminogen-binding site, and the cross-linking site for
the fibrin « chain (2, 3). The plasminogen-binding site and the
cross-linking site are peculiar to a,PI among serine protease
inhibitors and make a,PI the most specific and effective one
in inhibiting plasmin-catalyzed fibrinolysis (2, 3). The cross-
linking site domain is located in the NH,-terminal region (12)
and is encoded by exon 4. The plasminogen-binding site
domain is located in the COOH-terminal region (4, 7) and is
encoded by exon 10. The reactive-site peptide bond that is
cleaved by the reaction with plasmin has been postulated to
be Met-362 to Ser-363 (4) or Arg-364 to Met-365 (5), and the
reactive site domain containing these peptide bonds is en-
coded by exon 10, like the plasminogen-binding site domain.

Homologous amino acid sequences of human «,PI and
other serpin superfamily members (antithrombin III, a,-
antitrypsin, and rat angiotensinogen) were aligned as previ-
ously reported (6), and the positions of the introns were
compared. Only one intron of nine introns of a,PI, intron 7,
was located at the position equivalent to those of the other
serpin members. When the positions of these introns are
compared at the nucleotide level, the intron of a,PI aligns
precisely with those of a;-antitrypsin and angiotensinogen
(40). However, the intron of antithrombin III is misaligned by
only one nucleotide as shown by Prochownik et al. (40).

Although the serpin gene superfamily may originate from
the same ancestor, explaining the discrepancies in intron
positions of its members is difficult. Cornish-Bowden (41) has
suggested that random losses of most introns occur during
evolution from an ancestral gene. Others (42) have suggested
that introns have been introduced into a particular family
after the divergence of its members from an ancestral gene.
The former proposal suggests that a,PI may be evolutionally
primitive because the number of introns in the a,PI gene is
the highest among the serpin gene superfamily members. The
latter proposal suggests, on the contrary, that a,PI may be
evolutionally new. The former proposal agrees with the
phylogenetic tree of the serpins constructed by Tone et al.
(6), which suggested that a,PI was the first gene to branch
from the common ancestor of the serpins.
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