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ABSTRACT A genomic clone carrying the human tissue-
type plasminogen activator (t-PA) gene was isolated from a
cosmid library, and the gene structure was elucidated by re-
striction mapping, Southern blotting, and DNA sequencing.
The cosmid contained all the coding parts of thie mRNA, ex-
cept for the first 58 bases in the 5’ end of the mRNA, and had a
total length of >20 kilobases. It was separated into at least 14
exons by at least 13 introns, and the exons seemed to code for
structural or functional domains. Thus, the signal peptide, the
propeptide, and the domains of the heavy chain, including the
regions homologous to growth factors, and to the “finger”
structure of fibronectin, are all encoded by separate exons. In
addition, the two kringle regions of t-PA were both coded for
by two exons and were cleaved by introns at identical posi-
tions. The region coding for the light chain, comprising the
serine protease part of the molecule was split by four introns,
revealing a gene organization similar to other serine proteases.

Plasminogen activators (PAs), are a class of serine proteases
that convert the proenzyme plasminogen into plasmin,
which then degrades the fibrin network of blood clots (1, 2).
The PAs have been classified into two immunologically un-
related groups, the urokinase-type PA (u-PA) (M,, 55,000)
and the tissue-type PA (t-PA) (M, 72,000) (3, 4). The latter
activator is believed to be the physiological vascular activa-
tor (5) and is composed of a single polypeptide chain (6).
However, in the presence of plasmin or trypsin it is cleaved
at a single site in the central region of the molecule (7), con-
verting it into a two-chain disulfide-linked form. This latter
form is composed of a light and a heavy chain, derived from
the COOH-terminal and NH,-terminal parts, respectively.
The light chain of t-PA contains the active site and is highly
homologous to other serine proteases (8). The heavy chain
exhibits a number of structural features homologous to
structures found in other plasma proteins. Thus, the heavy
chain contains two kringle structures (8) similar to those
found in prothrombin (9, 10), plasminogen (11), and uroki-
nase (12). It also possesses a growth factor-like domain (12,
13) and a domain that shows homology to the fibrin-binding
“finger”-like structures of fibronectin (13).

Although it has been postulated that exons represent ge-
netic building blocks coding for discrete structural or func-
tional domains (14, 15), other studies seem to argue against
this simple model (16). Herein we describe the isolation and
characterization of a cosmid carrying the gene for t-PA.
DNA sequence analyses revealed that the structural do-
mains of this protein correlate well with the exon—intron pat-
tern of the gene.
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MATERIALS AND METHODS

Materials. Restriction enzymes, T4 DNA ligase, and Esch-
erichia coli DNA polymerase I were purchased from New
England BioLabs. T4 polynucleotide kinase was from Boeh-
ringer Mannheim GmbH. Nick-translation kits, [a-*?PJdGTP
(3000 Ci/mmol; 1 Ci = 37 GBg), and [y-*?P]JATP (5000 Ci/
mmol) were from Amersham.

General Methods. Plasmid and cosmid DNA were isolated
by a modification of the clear lysate procedure of Birnboim
and Doly (17) and Grosveld et al. (18), followed by two con-
secutive ethidium bromide/CsCl equilibrium centrifuga-
tions. Enzyme reactions were carried out according to the
conditions suggested by the suppliers.

Screening of Human Cosmid Library. A human cosmid li-
brary derived from placental DNA (19, 20) (a generous gift
from Werner Lindenmaier) was used and screened essential-
ly according to Grosveld et al. (18). In vivo packaged cos-
mids were transduced into the E. coli K-12 strain HB101
(21). The cosmid-containing bacteria were grown on nitro-
cellulose filters on selective agar plates. Replica filters were
prepared and colony hybridization was carried out.

Analysis of Cloned DNA. The purified DNAs were cleaved
with various restriction enzymes either singly or in combina-
tion, and the DNA fragments were separated on agarose gels
(0.5%-2.0%) or polyacrylamide gels (5%—-8%). DNA blotting
was carried out according to Southern (22), and the filters
were hybridized as described by Moseley et al. (23).

DNA Sequence Analysis. DNA fragments were cloned into
the M13 cloning vectors mp8 and mp9 (24). Chimeric phages
carrying exon DNA were identified either by sequence anal-
ysis or by plaque hybridization (25). Either nick-translated
cDNA (26) or synthetic [y->2P]JATP-labeled oligodeoxyri-
bonucleotides (27) covering different parts of the t-PA gene
were used as hybridization probes. The synthetic probes
were designed using published nucleotide sequence data (8).
Single-stranded template DNA was isolated from the phage
essentially as described (24). The DNA sequence was deter-
mined by the dideoxy-chain-termination method (28) using
both a universal M13 primer and specific t-PA primers.

RESULTS AND DISCUSSION

Isolation of a Cosmid Carrying the Human t-PA Gene. A
c¢DNA clone (pPA01) containing sequences from the mRNA
for human t-PA (26) was used to isolate the t-PA gene from a
human genomic cosmid library (20, 21). This in vivo pack-
aged cosmid library is divided into 12 pools. Southern blot
analysis using digested DNA from these pools hybridized to

Abbreviations: PA, plasminogen activator; t-PA, tissue-type PA;

kb, kilobase(s); bp, base pair(s).
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the 32P-labeled pPAO1 revealed that the strongest hybridiza-
tion signal was obtained from cosmid pool 7 (data not
shown). This observation suggested that pool 7 had the high-
est proportion of cosmids carrying the t-PA gene. When
150,000 cosmids from this pool were examined for t-PA se-
quences by in situ hybridization, 15 cosmid clones were
found to hybridize strongly to the pPAO1 probe. Upon diges-
tion with EcoRI and BamHI, all 15 clones showed the same
restriction pattern. Therefore, one cosmid, pcosPAUO1, was
arbitrarily selected for further analyses.

Structural Characterization of the t-PA Gene. The DNA of
pcosPAUO1 was initially characterized by restriction en-
zyme analysis with BamHI, Nru I, and Hpa 1, and a gross
restriction map was established (Fig. 1). To further charac-
terize the genomic DNA of pcosPAUO1, five DNA frag-
ments (outlined in Fig. 1) were subcloned into pBR322 (29).
By restriction enzyme analysis of these subclones, a com-
plete restriction map was constructed (Fig. 2). As deter-
mined by gel electrophoresis, the length of the chromosomal
insert is about 30 kilobases (kb). To determine the location of
t-PA sequences in pcosPAUO1, Southern blot hybridizations
were carried out with restriction fragments of cosmid DNA
immobilized to nitrocellulose. The nick-translated cDNA of
pPAO1, which carries a 334-base-pair (bp) DNA sequence
from the middle part of the t-PA gene (26), hybridized to a
2.8-kb EcoRI fragment, as outlined in Fig. 2. To determine
the 5' to 3’ orientation of the t-PA gene, specific oligodeox-
yribonucleotide probes for the 5’ and 3’ ends were synthe-
sized and used as hybridization probes. A 5'-specific probe,
complementary to nucleotides 91-108 of the mRNA (8), hy-
bridized to a 690-bp BamHI/Cla I fragment, and a 3'-specific
probe, complementary to nucleotides 2168-2185 of the
mRNA, hybridized to a 440-bp Bgl 11/EcoRI fragment (Fig.
2). The human genome contains >300,000 copies of related
sequences, termed Alu I sequences (30), which are 300 bp
long and for which no known function has been demonstrat-
ed. Using an Alu I family hybridization probe (31), we de-
tected Alu I sequences at five different regions of the 30-kb t-
PA gene region (Fig. 2).

Sequence Analysis of Exons and Flanking Regions. Restric-
tion fragments containing exon sequences were first identi-
fied by Southern blot analysis. The hybridization probes
used are outlined in Fig. 2. After this initial mapping proce-
dure, many restriction sites present in the full-length cDNA
of the t-PA gene (8) were identified in the genomic t-PA
clone. To determine the DNA sequence, relevant restriction
fragments containing exon DNA were isolated from agarose
gels and subcloned into the M13 vectors mp8 or mp9 (24).
With this approach, it was possible to determine the posi-
tions of the exons relative to known restriction sites in the t-
PA gene (Fig. 2). Finally, the exact coding nucleotide se-
quence of the exons and their flanking regions of the inter-
vening sequences were determined with reference to the
known cDNA sequence (8) and the consensus sequence of
the exon—intron boundary (32).

Sequence analysis of the 5’ region of the t-PA gene
showed that the 5’ end and the first 58 nucleotides of the
published cDNA sequence were missing. The genomic DNA
sequence differed from the cDNA sequence upstream of nu-
cleotide 58. The dinucleotide A-G found at this position most
likely marks the 3’ border of the first intron of the t-PA gene.
Using a 5'-specific probe, we isolated 20 new cosmids from
the same library, but they all contained exactly the same ge-
nomic region as pcosPAUO1 (data not shown). Thus, the
transcription initiation site of the t-PA mRNA has not been
determined.

At the 3’ end of the genomic sequence, the last exon.en-
codes the entire 3' trailer sequence of the mRNA as well as
the coding sequence for the COOH-terminal amino acids
(Figs. 2 and 3). It is not possible to define the exact limit of
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the last exon because the first three adenines of the poly(A)
tail may have been transcribed from the genomic DNA (Fig.
3). About 30 bp upstream from the poly(A) attachment site
the consensus polyadenylation sequence A-A-T-A-A-A is
found (33).

The number of exons is tentative because the cosmid did
not contain the first 58 nucleotides of the mRNA. Because
exons of higher eukaryotes do not exhibit a marked variation
in size (34), we have made the assumption that these 58 non-
translated nucleotides are encoded by exon I (Fig. 2). Conse-
quently, the t-PA gene is divided into at least 14 exons by at
least 13 introns and has a total length of >20 kb. All intron
boundaries agree with the consensus sequence for such re-
gions (32). Each intron begins with G-T at the 5’ terminus,
and ends with A-G at the 3’ terminus.

The t-PA cDNA sequence previously determined (8) was
aligned with the genomic sequence as shown in Fig. 3. The
genomic sequence is consistent with the cDNA sequence,
except for a few indicated substitutions. None of the substi-
tutions affects the amino acid sequence of the protein, be-
cause they are either neutral changes at the third position of
codons or they are located in the noncoding parts of the gene
(Fig. 3).

Two lines of evidence support the conclusion that this is
the only t-PA gene in the human genome and that the cosmid
pcosPAUO1 represents a continuous stretch of the human
genome: (i) Southern blot hybridizations of restricted geno-
mic DNA probed with the 334-bp cDNA clone revealed the
hybrid fragments expected from the physical map of pcos-
PAUO1 (Fig. 2). (if) DNA sequences of the exons were iden-
tical to those of the cDNA, except for a few wobble base
shifts. These base substitutions are not unexpected, because
allelic variations normally are found.

Correlation of Exon Regions with Structural Units of the
Protein. It has been postulated that exons represent genetic
building blocks that code for discrete structural or functional
domains of proteins (14, 15). To determine whether this is
the case for the t-PA gene, we have indicated the positions of
the introns in the t-PA molecule (Fig. 4). The mRNA of
many eukaryotic viruses and some cellular proteins (e.g.,
ovalbumin) contain nontranslated RNA sequences at the 5’

pPAUO9

pPPAUO7

pPAUO8
pPAU11

F1G. 1. Gross restriction map of cqsmid pcosPAUO1. The thin
and thick lines of the circle represent the vector pHC79- 2cos/tK
and genomic DNA, respectively. The positions of the recognition
sites for the enzymes used are indicated. The restriction fragments
pPAUO07-pPAU11 that were subcloned into pBR322 for further anal-
yses are outlined on the outer semicircle.
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FiG. 2. Physical map of cosmid pcosPAUO1 and organization of the human t-PA gene. A restriction map of the cosmid is shown on the top
line. Thir and thick lines denote vector and inserted human DNA sequences, respectively. The DNA region encoding the t-PA gene is expanded
on the second line. The locations of exons II-XIV (solid boxes) and introns A-L were determined by Southern blotting and DNA sequence
analysis. The mRNA structure from Pennica ez al. (8) is depicted on the third line, and the open box represents the coding nucleotide sequences.
(A) indicates the poly(A) addition site of the mRNA. 5’ probe, 3’ probe, cDNA probe, and Alu probe were used to locate these regions in the
cosmid DNA, and the result is outlined at the top of the figure. The map positions of the oligodeoxyribonucléotides 1-10 used for Southern
blotting and sequence analysis are outlined at the bottom of the figure. The different restriction sites are indicated as follows: B, BamHI; Bg,
Bgl11; E, EcoRI; Hi, HindIll; H, Hpa I; N, Nru1; P, Pst I; Pv, Pvu 1; Sa, Sac 1; S, Sal I; Sm, Sma 1. Restriction sites for Sac I, Sma I, and Pst I

are not shown on the first line.

end that are encoded by DNA sequences physically separat- known, the signal peptidase likely cleaves at the carboxyl
ed from those coding for the protein (32). Our results indi- side of either serine number —15 or —13 (Fig. 4) (36). The
cate that the t-PA mRNA also has a so-called leader se- signal peptide and the following one or three amino acids are
quence (=58 nucleotides long) and that this sequence is en- encoded by exon II.-

coded by the first exon(s). Secreted proteins often contain Most of the exon III of the t-PA gene codes for a “pro”-
signal peptide, which is important for their secretion (35). sequence-like structure similar to that found for serum albu-

Although the exact size of the signal peptide in t-PA is not min (37, 38). The extension of this “pro”-segment cannot be

INTRON A X KB CAAGCTGTTTTTTCTCTCCTTCCAG AATTTAAGGGACGCTGTGAAGCAATC ATG GAT GCA ATG AAG AGA GGG CTC TGC TGT GTG CTG CTG CTG TGT GGA GCA GTC TTC
GTT TCG CCC AGC CAG GTTGGTGTGCAGGAT INTRON B 1,6 KB CTGGTTTCTTCGCAG GAA ATC CAT GCC CGA TTC AGA AGA GGA GCC AGA TCT TAC CAA G cmccc.'m
AAGCTGAGGGGTG INTRON C 2,1 KB NTCTI'I‘TCTCATAG TG ATC TGC AGA GAT GAA AAA ACG CAG ATG ATA TAC CAG CAA CAT CAG TCA TGG CTG CGC CCT GIG CT
C AGA AGC AAC CGG GTG GAA TAT TGC TGG TGC AAC AGT GGC AGG GCA CAG TGC CAC TCA GTG CCT GTC AAA A GTATGTACTGAGGCT INTRON D 0,8 KB TTTTAT
ACTTGACAG GT TGC AGC GAG CCA AGG TGT TTC ACC GGG GGC ACC TGC CAG CAG GCC CTG TAC TTC TCA GAT TTC GTG TGC CAG TGC CCC GAA GGA TTT GCT GGG AAG TGC
TGT GAA ATA G GTGAGTAGGTGAGAG INTRON E 0,3 KB CCTGCTCTCTGTCAG AT ACC AGG GCC ACG TGC TAC GAG GAC CAG GGC ATC AGC TAC AGG GGC ACG TGG

AGC ACA GCG GAG AGT GGC GCC GAG TGC ACC AAC TGG AAC AGC AGC GCG TTG GCC CAG AAG CCC TAC AGC GGG CGG AGG CCA GAT]GCC ATC AGG CTG GGC CTG GGG AAC

CAC AAC TAC TGC AG GT INTRON F 2,1 KB TGGCTGATTTTTCAG A AAC CCA GAT CGA GAC TCA AAG CCC T6G TGC TAC GTC TTT AAG GCG GGG AAG T. C AGC T
CA GAG TTC TGC AGC ACC CCT GCC TGC TCT GAG G GTAAGGTGGCAGCCA INTROR G 2,2 KB ATTCTTTTCTTCTAG GA AAC AGT GAC TGC TAC TTT GGG AAT GGG TC
A GCC TAC CGT GGC ACG CAC AGC CTC ACC GAG TCG GCC TC 'C CCG TGG AAT TCC ATG ATC CTG ATA GGC AAG GTT TAC ACA GCA CAG AAC CCC AGT GCC CA
G GCA CTG GGC CTG GGC AAA CAT AAT TAC TGC CG GTAGGTAGCACAGGG INTRON H 1,0 KB TCTCTTATCATTTAG G AAT CCT GAT GGG GAT GCC AAG CCC TGG TGC
CAC GTG CTG AAG AAC CGC AGG CTG ACG TGG GAG TAC TGT GAT GTG CCC TCC TGC T GTAAGGGCTGGGCCC INTRON I 1,1 KB TCCTTTCCTCCCCAG CC
GGC CTG AGA CAG TAC AGC CAG CCT CAG TTT CGC ATC AAA GGA GGG CTC TTC GCC GAC ATC GCC TCC CAC CCC TGG CAG Gé GCC ATC TIT GCC AAG CAC AGG AGG
CCC GGA GAG CGG TTC CTG TGC GGG GGC ATA CTC ATC AGC TCC TGC TGG ATT CTC TCT GCC GCC CAC TGC TTC CAG GAG AG GTAGGGGCTCGGAA _ INTRON J 0,2 KB
GTGTTTCTCCACCAG G TTT CCG CCC CAC CAC CTG ACG GTG ATC TTG GGC AGA ACA TAC CGG GTG GTC CCT GGC GAG GAG GAG CAG AAA TTT GAA G
T GTC CAT AAG GAA TTC GAT GAT GAC ACT TAC GAC AAT GAC ATT G GTAAGAGCTCGTCAT INTRON K 0,2 KB CTTTCTCCCTCCCAG CG CTG CTG CAG
GAT TCG TCC CGC TGT GCC CAG GAG AGC AGC GTG GTC CGC ACT GTG TGC CTT CCC CCG GCG GAC CTG CAG CTG CCG GAC TGG ACG GAG TGT
AAG CAT GAG GCC T GTAAGTGGAAGGAAG INTRON L 0,8 KB GTTCTCCCCTTTCAG TG TCT CCT TTC TAT TCG GAG CGG CTG AAG GAG GCT CAT
CCA TCC AGC CGC TGC ACA TCA CAA CAT TTA CTT AAC AGA ACA GTC ACC GAC AAC ATG CTG TGT GCT GGA GAC ACT CGG AGC GGC GGG CCC CAG GCA
GCC TGC CAG GTAACCAGGAGTGGCGCG INTRON M 2,8 KB CTGCTATCTCCTTTGCAG GGC GAT TCG GGA GGC CCC CTG GTG TGT CTG AAC GAT GGC CGC ATG ACT TTG
GTG GGC ATC ATC AGC TGG GGC CTG GGC TGT GGA CAG AAG GAT GTC CCG GGT GTG TAC ACC]AAG GTT ACC AAC TAC CTA GAC TGG ATT CGT GAC AAC ATG CGA €CG TGA -

CCAGGAACACCCGACTCCTCAAAAGCAAATGAGATCCCGCCTCTTCTTCTTCAGAAGACACTGCAAAGGCGCAGTGCTTCTCTACAGACTTCTCCAGACCAACCACACCGCAGAAGCGGGACGAGACCCTACAGGAGAGGGAAG
AGTGCATTTTCCCAGATACTTCCCATTTTGGAAGTTTTCAGGACTTGGTCTGATTTCAGGATACTCTG TCAGATGGGAAGACATGAATGCACACTAGCCTCTCCAGGAATGCCTCCTCCCTGGGCAG: ' TGGCCATGCCACC.

T ATCTTTCAGGAAAGACGGATTGCATTAGARATAGACAGTA
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CTGTTTTCAGCTAAAGCCCAACCTCCTGACCTGTCACCGTGAGCAGCTTTGGAAACAGGACCACAAAAATGAAAGCATGTCTCAATAGTAAAAG AAC.
TATTTATAGTCACMGS:CCCAGCACGGCPCAAAGTI‘GGGGCAGGC‘l’GGCTGGCCCGTCATGTTCCTCMMG?CCTTGACGTCMGTCTCCTTCCCCT’ITCCCCACECCC‘IGGCI‘CTCAGMGGTA’ITCCTH’I@}TACA

Gmm’l‘AMG'!BTMATCCTTT’ITCTTTATAMCT'H‘AGAGTAGCATGAGAGAAT'I'GTATCATTTGAACAACTAGGCTTCAGCATA'!TI‘ATAG@ATCCAIB:TIAGTMACHT@H‘NCCACMCCCNTMATA?

'rAc'rrAAnAAnc&unnrrrrﬁlacmrrmﬂ:cuurcmmmcMmcmmnATAcAmcmTAmccAcrcmn

FiG. 3. Nucleotide sequence of human t-PA gene and comparison with the cDNA sequence. Nucleotide sequences corresponding to 13
exons and their ﬂanking regions in the intervening sequences are shown. The approximaté length of introns A-M are shown in kb and intron
sequences are underlined. The first 58 bases present at the 5’ end of the cDNA are missing in the genomic DNA. Possible poly(A) attachment
sites were determined by companson with the cDNA sequence (8); they are indicated by arrows. The consensus polyadenylylation s1gna| A-A-
T-A-A-A is marked. The genomic sequence is consistent with the cDNA sequence (8) except where indicated. Deviating nucleotides in the
c¢DNA are shown below the genomic sequence enclosed in boxes. * indicates that a nucleotide is absent in one of the sequences in comparison

to the other.
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FiG. 4. Schematic two-dimensional model of the potential precursor t-PA protein including signal peptide and pro-sequernce. The standard
one-letter code for each of the aming acids is given in the open circles. The solid black bars indicate the potential disulfide bridges. The model is
a combination of the models presented by Pennica et al. (8) and Banyai ez al. (13). The arrows B-M indicate the map position of the individual
introns in the protein. The triangle between intron positions I and J indicates the cleavage site between the heavy and the light chain. The serine

designated as number 1 is suggested by Pennica et al. (8).

determined because of the NH,-terminal heterogeneity of
the mature t-PA protein (39). Sequence analysis of purified t-
PA from melanoma cells has shown that the protein starts at
the serine desighated number 1 or at the glycine designated
number —3 (Fig. 4) (7, 8). The “pro”-segment of serum albu-
min ends with the amino acids Phe-Arg-Arg (38). This same
amino acid sequence immediately precedes the glycine in po-
sition —3 of the t-PA sequence (Fig. 4). Assuming that the
longer form of t-PA is the cleaved product, these amino acids
may be part of a recognition sequence for the enzyme sys-
tem(s) that cleaves “pro”-sequences (40). The shorter form
of t-PA may result from additional proteolytic digestion, pre-
sumably by a plasmin-like enzyme in the culture medium
(39). In the t-PA gene, the signal peptide and the “pro”-seg-
meént are coded by separate exons, whereas both of these
segments belong to the same exon in the serum albumin gene
41).

Fibronectin has been implicated in a variety of biological
activities, most of which irivolve adhesive binding functions
(42). The fibrin-affinity of fibronectin has been correlated to
nine so-called “finger” domains (or type I homologies) (43).
t-PA has d segment in the heavy chain that is homologous to
these finger structures (13). The fourth exon of the t-PA gene
codes exclusively for this “finger-like” domain (Fig. 4). The
gene for chicken fibronectin contains at least 48 small exons.
One of these has been sequenced (44), and the deduced pro-
tein sequerice reveals type I homology. This exon and exon
IV of the human t-PA are similar in size. Therefore, it is
likely that the finger-like domains of t-PA arid fibronectin
have evolved from the same primordial gene.

A domain shared with growth factors has been found in
human t-PA, human high molecular weight u-PA, and bovine
clotting factor X (12, 13). Furthermore, homologies to this

part of t-PA exist in human and mouse epidermal growth fac-
tor, bovine protein C, factor IX (12), bovine prothrombin,
and rat transforming growth factor (45, 46). It is not known if
this domain is coupled to a function shared by these pro-
teins. In the t-PA gene, the growth-factor-like domain is en-
coded for exclusively by exon V, suggesting that this domain
may have a specific function in t-PA as well as in the other
proteins.

The heavy chain of t-PA contains two triple disulfide
structures (“kringles”). Such structures have also been
found in prothrombin (9, 10), plasminogen (11), and uroki-
nase (12), and they are thought to be important for the bind-
ing of these proteins to fibrin (11, 47, 48). In the t-PA gene,
introns demarcate each side of the kringles from the sur-
rounding sequences. The two kringles also show an identical
intron-exon pattern and are likely to have arisen from a
common ancestor. Both introns F and H divide the coding
regions for the kringles into two exons by cleaving an argi-
nine codon (Fig. 4). Around these arginine residues there are
6-amino-acid-long homologies between the kringles of plas-
minogen, prothrombin, and urokinase (9-12). The existence
of potential fibrin binding sites in both the finger and kringle
regions of t-PA raises the question of whether both of these
regions are important for the binding of t-PA to fibrin in vivo.

The light chain of t-PA, which contains the active site, is
divided into five exons by four introns. The amino acid se-
quences of t-PA and other serine proteases exhibit a charac-
teristic pattern of structurally conserved regions (49). Since
the intron positions for chymotrypsin, trypsin, and elastase
were known (50), we compared the map positions of the in-
trons in the protein structure between these proteins and t-
PA. All four genes have introns at or close to positions corre-
sponding to the introns J, L, and M of the t-PA gene, but



Biochemistry: Ny et al.

only the rat elastase gene has an intron at the same position
as intron K of the t-PA gene. The fact that there are not only
conserved regions of homologous amino acids within this
family of proteins, but also a conserved intron-exon struc-
ture of the genes coding for these proteins, supports the the-
ory that the serine proteases belong to a gene family derived
from a common ancestor (51).

It has been proposed that the positions of splice junctions
correspond to positions of length variations between differ-
ent members of the same gene family, and that these varia-
tions can be generated by “sliding” of the intron-exon junc-
tions (50). A comparison of the gene and protein structure of
t-PA with those of trypsin, chymotrypsin, and elastase re-
veals that introns J, K, and M map close to positions of ami-
no acid insertions in the t-PA gene as compared to the other
three serine proteases. Intron L maps at a position where the
sequence of the different serine proteases varies. This obser-
vation reinforces the hypothesis that splice junctions are as-
sociated with variations in protein structure between differ-
ent members of a gene family (50).

In summary, the t-PA molecule consists of several struc-
tural domains. Here we have shown that these domains are
encoded by separate exons. Although structural domains
have been found in many other proteins, it has been difficult
to correlate a structure to a specific function. Access to a
genomic clone for t-PA provides the opportunity of studying
the individual functions of these protein domains by sepa-
rately expressing them in bacterial systems.
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