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Abstract

Full-length cDNA for plasminogen activator inhibitor (PAI-1)
was isolated from a human umbilical vein endothelial cell (HU-
VEC) lambda gtl 1 cDNAlibrary. Three overlapping clones were
identified by immunologic screening of 10' recombinant phage
using a rabbit anti-human fibrosarcoma PAI-1 antiserum. The
fusion proteins encoded by these three clones also react strongly
with a monoclonal mouse anti-human fibrosarcoma PAI-1 an-
tibody. By nucleotide sequence analysis, PAI-1 cDNAencodes
a protein containing 402 amino acids with a predicted, nongly-
cosylated molecular mass of 45 kD. Identity of this material as
authentic PAI-1 was confirmed by the presence of high level
homology with the primary amino acid sequence of an internal
peptide prepared from purified rat hepatoma PAI-1. The pre-
dicted amino acid sequence also reveals extensive homology with
other members of the serine protease inhibitor gene family. Cul-
tured HUVECscontain two PAI-I mRNAspecies, both encoded
by a single gene, differing by 1 kb in the 3' untranslated region.
The PAI-i gene is located on human chromosome 7.

Introduction

Fibrinolysis is regulated, in part, by a balance between plasmin-
ogen activators (tissue plasminogen activator [tPA]' and uro-
kinase PA [uPA]) and specific, rapidly acting inhibitors, plas-
minogen activator-inhibitors (PAIs) (1). Two major types of
fast-acting PAI have been distinguished on the basis of biochem-
ical and immunological properties, and designated PAI- 1 and
PAI-2.2 PAI-1 is a 50-54-kD, acid-stable glycoprotein found in
plasma, platelets, endothelial cells, hepatoma cells, and fibro-
sarcoma cells (2-9). Vascular endothelial cells may represent
the major site of synthesis for plasma PAI- I (1, 3, 5). In human
umbilical vein endothelial cells (HUVECs), PAI- I activity is in-
duced by thrombin, endotoxin, and interleukin-1 (10-12) and
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decreased by protein C (13). PAI-I has been shown to be induced
by glucocorticoids in hepatoma and fibrosarcoma cells (14-16).
Recently, abnormal plasma levels of PAI-I have been associated
with thromboembolic disease in humans (17-19). PAI-2 is a 60-
kD (glycosylated) or 47-kD (nonglycosylated), acid-labile protein
found primarily in placenta and monocyte macrophages (20,
21). Wereport here the isolation and characterization of full-
length cDNAsequences for human PAI-1.

Methods

Materials. The preparation of rabbit polyclonal anti-human fibrosarcoma
(HT1080 cell line) PAI-I IgG (8) and mouse monoclonal anti-human
PAI-I IgG (IA5E2) (22), has been described previously. Antifibronectin
antibody, affinity-purified, peroxidase-tagged, goat anti-rabbit IgG, and
peroxidase-tagged, goat anti-mouse Igs were purchased from Cooper
Biomedical (Malvern, PA). Restriction enzymes and T4 DNAligase were
purchased from New England Biolabs (Beverly, MA), or International
Biotechnologies, Inc. (New Haven, CT), and reaction conditions were
those recommended by the manufacturer. Nitrocellulose membranes
(BA85) were purchased from Schleicher & Schuell (Keane, NH). Ohi-
gonucleotide primers for construction of sequencing deletions (23) were
purchased from International Biotechnologies, Inc. Radioisotopes and
DNAsequencing reagents were purchased from Amersham Corp. (Ar-
lington Heights, IL). Bluescribe transcription vector and T7 and T3 RNA
polymerases were purchased from Stratagene (San Diego, CA). Guanyl-
yltransferase was purchased from Bethesda Research Laboratories
(Gaithersburg, MD). The in vitro translation kit was purchased from
Promega Biotec (Madison, WI). Staphylococcus aureus protein A was
obtained from Zymed Laboratories, Inc. (San Francisco, CA). All other
reagents were of the best grade commercially available.

Immunoscreening of cDNA library. The construction of the HUVEC
lambda gtl 1 cDNA library used in these studies has been previously
reported (24, 25). Immunoscreening of recombinant phage was performed
by the method of Young and Davis (26) except that preincubation and
antibody treatment of filters was performed in BLOTTO(10 mMTris,
140 mMNaCI, and 5%Carnation nonfat powdered milk [pH 7.5]) (27).
To remove any background anti-Escherchia coli antibody activity, anti-
PAI- I antibody was diluted in BLOTTOand absorbed against nitrocel-
lulose filters that had been presoaked with a lysate prepared from E. coli
infected with wild type lambda gtl 1 (26). Isopropyl thio-beta-D-galac-
topyranoside-induced phage plaques were transferred to nitrocellulose
filters (24, 26) and incubated for 3 h at room temperature in BLOTTO-
containing anti-PAI-l antibody (at a final dilution of 1:100 for polyclonal
antibody [Ab] and 1:20 for monoclonal Ab). Filters were washed three
times in TBS (10 mMTris and 140 mMNaCI [pH 7.51), incubated for
one hour at room temperature in BLOTTOcontaining a 1:500 or 1:200
dilution of peroxidase-conjugated second antibody, re-washed three times
in TBS, and developed by immersion in substrate solution (10 mMTris
[pH 7.4] containing 20% methanol vol/vol, 0.06% 4-chloro-l-naphthol
wt/vol, and 0.03% H202 vol/vol) (28). Positive clones were plaque purified
through one to two additional rescreening steps, subcloned into pUC13
and analyzed by restriction enzyme digestion using standard
methods (29).

Northern and Southern blot analysis. cDNA fragments were radio-
labeled with [32P]dCTP by random priming (30). Preparation of RNA
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and DNA, and Northern and Southern blot analyses were performed,
as previously described (24, 29).

DNAsequence analysis. Full-length cDNAclones PAIB4 and PAIB6
were sequenced in Ml 3mp18 or MI3mpl9 by constructing nested dele-
tions using the method of Dale et al. (23). Sequence analysis for these
and other clones (also subcloned into Ml3mplO, M13mpl8, or
MI3mpl9) was performed by the method of Sanger (31, 32). Sequence
analysis was performed with the IBI-Pustell software package (Interna-
tional Biotechnologies, Inc.) (33), except for homology calculations, which
used DNASTAR(Madison, WI) software using the Needleman-Wunsch
algorithm (34).

Fusion protein and in vitro translation studies. Beta galactosidase-
PAI-I fusion protein from antibody positive clones was prepared as pre-
viously described (24, 26) and analyzed by SDS-polyacrylamide gel elec-
trophoresis (PAGE) and Western blotting using standard methods (35).
RNAwas transcribed in vitro from full-length cDNAclones PAIB4 and
PAIB6 (subcloned into the transcription vector Bluescribe) using T7 and
T3 RNApolymerase, and the RNAcapped with guanylyltransferase
using the conditions recommended by the manufacturers. This material
was used in an in vitro translation assay, radiolabeled by incorporation
of [35S]methionine. Translated protein was immunoprecipitated using
the purified IgG fraction of rabbit polyclonal anti-human fibrosarcoma
PAI-l. 4.7 Mg of IgG was added to 70 ,l of translation mix and allowed
to incubate for 30 min at room temperature and 2 h at 40C. IgG was
recovered using insoluble S. aureus protein A, the bound proteins released
into SDS-PAGEsample buffer by heating (1000C for 2 min), and then
examined by SDS-PAGEand autoradiography.

Purification and amino acid sequence analysis of rat PAI-1. HTCrat
hepatoma cell PAI-I was purified by immunoaffinity chromatography
from serum-free medium conditioned by cells incubated in the presence
of 10-' Mdexamethasone (Rafferty, U., R. Zeheb, P. Andreasen, and
T. Gelehrter, manuscript in preparation). The functional integrity of the
purified PAI-l was confirmed using a coupled esterolytic assay (9, 1 1),
and reverse fibrin autography (2). Peptide fragments were generated by
treatment with cyanogen bromide, according to the method of Koide
and Ikenake (36). One such fragment was purified by reverse-phase high
pressure liquid chromatography and subjected to primary amino acid
sequence determination (performed at the University of Michigan Protein
Sequencing Facility [37]).

Chromosomal localization. Chromosome suspensions were prepared
from a lymphocyte cell line in Tris-spermine buffer and stained with the
4'-6-bis(2'-imidazdinyl-4H,5H)-2-phenylindole-chromomycin A3 stain
pair (38). 30,000 chromosomes of each type were sorted directly onto a
single spot of a nitrocellulose filter paper using a Becton-Dickinson
(Mountainview, CA) FACS IV sorter with a triple laser optical bench
(39). The filter-bound chromosomal DNAwas denatured, neutralized,
prehybridized, and hybridized in 10% dextran sulfate (38) for 18 h to
random-primer-labeled PAIB6 insert (30). After washing to remove ex-
cess probe, the gene-specific signal was detected by autoradiography (38).

Results

Expression cloning of PAI-I cDNA. One million recombinant
clones from a lambda gtl 1 cDNAlibrary constructed from HU-
VECmRNAwere screened using a polyclonal rabbit anti-hu-
manPAI- I antisertim. Six positive clones were initially identified.
Three of these clones (PAI9, PAI 17, and PAI20) were also pos-
itive when screened with a mouse anti-human monoclonal PAI-
1 antibody, and these same three clones also contained overlap-
ping cDNAsequence as determined by cross hybridization with
radiolabeled insert. Clone PAIl9 encoded a fusion protein that
also reacted with anti-fibronectin antibody and was probably
due to background anti-fibronectin activity in our anti-PAI-l
antibody. Clones PAI7 and PA1l8 cross-hybridized with each
other but on Northern blot analysis of HUVECmRNArecog-
nized a single 1-kb mRNAspecies (data not shown), too small

to encode human PAI- 1, and thus were not examined further.
Lysogens of phage clones PAI9, PAI17, and PAI20 were prepared
in E. coli host Y-1089, and fusion protein synthesis induced
with isopropyl thio-beta-D-galactopyranoside. Fig. 1 shows SDS-
PAGEanalysis of bacterial lysate prepared from one of these
cultures. The wild type beta-galactosidase is replaced by a larger
fusion protein. Western blot analyses using both the polyclonal
and monoclonal anti-PAI- 1 antibodies show immunoreactivity
only with the fusion protein (Fig. 1).

The insert from clone PAI17 was radiolabeled and used as
a probe to rescreen the cDNA library. Positive clones were iden-
tified with an abundance of - 1:1000. 20 new phage clones were
isolated, most containing large inserts falling into two size classes
of - 3 and 2 kb, respectively. Fig. 2 shows a restriction map
constructed from two such clones (PAIB4-[3 kb], PAIB6-[2 kb]).
Positions for the original antibody positive clones are also in-
dicated.

Characterization of PAI-I cDNA. Radiolabeled insert from
clone PAI 17 was used in Northern blot analysis of mRNAfrom
HUVECs, and the results are shown in Fig. 3 A (lane 1). Two
mRNAspecies, -3 and 2 kb, are detected, with roughly equal
intensity. Southern blot analysis (Fig. 3 B) also using PAI17
insert, detects a single band consistent with a single gene product.
Fig. 3 A (lanes 2 and 3) shows the results of a Northern blot
analysis using PstI/RsaI fragments A and B, respectively (see
Fig. 2) as probe. Fragment A detects only the larger message,
whereas fragment B detects both species. This demonstrates that
the 3- and 2-kb mRNAspecies differ only by an additional 1
kb of sequence at one end of the larger message.

RNAproduced in vitro from clones PAIB4 and PAIB6, rep-
resentative of the 3- and 2-kb mRNAspecies respectively, were
used as template in an in vitro translation system. Fig. 4 shows
the results of this experiment with PAIB4 as template. Identical
results were obtained with PAIB6 (not shown). Both RNAspecies
direct the synthesis of a 40-45-kD protein, which is immuno-
precipitated by anti-PAI-l antibody.

Nucleotide sequence analysis. The complete sequence of
clone PAIB4 was determined (confirmed by analysis of both
strands), as well as partial sequence for PAI 17, PAI9, PAI20,
PAIB6, and several additional clones. Fig. 5 A shows the complete
sequence. The first ATGcodon appears 69 nucleotides from the
5' end of the sequence and is followed by a 1,206-nucleotide-
long open reading frame. The first 23 amino acids constitute a
typical hydrophobic leader peptide. Fig. 5 B shows a hydropho-
bicity plot derived from the predicted amino acid sequence.
There are three potential N-glycosylation acceptor sites indicated
in Fig. 5 A (40).

Amino acid residues 376-390 show identity at 10 positions
to a small region of primary peptide sequence obtained from
purified rat PAI- 1, including a segment of perfect homology for
8/8 residues (Fig. 5 A). Comparison of the predicted amino acid
sequence with that of other reported serine protease inhibitors
shows a high degree of homology between PAI-1 and other
members of the serine protease inhibitor gene family (Table I).

Chromosomal localization. The PAI-l gene was mapped by
hybridization analysis of mitotic human chromosome suspen-
sions sorted directly onto nitrocellulose filters. In two complete
filter panels sorted from two different cell lines, GM130 and
GM131, gene-specific hybridization was seen only to the spot
containing chromosome 7 DNA. Fig. 6 shows the results with
the GM130 filter panel.
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Figure 1. PAl-i/lambda gtl 1 fusion protein. (A) Crude bacterial ly-
sate prepared from either a control wild type lambda gtl 1 lysogen
(lane 1) or a lysogen of clone PAI9 (lane 2), was subjected to SDS-
PAGEand stained with Coomassie Blue. (B) A parallel gel was trans-
ferred to nitrocellulose by the Western blot procedure and examined

Discussion

The vascular endothelial cell may represent the major site of
synthesis for plasma PAI (1, 3, 5). PAI-l has been shown to
constitute as much as 2.5-12% of total protein synthesis in bovine.
aortic endothelial cells (5), and may serve as a major control
point in the regulation of fibrinolysis via its rapid interaction
with tPA (1, 6, 9). Overproduction of PAI-l may contribute to
the pathogenesis of human thromboembolic disease (17-19).

0 1 kb 2 kb

with polyclonal anti-PAI- I antibody. The smaller bands are due to
proteolytic degradation. (C) A duplicate Western blot was stained with
monoclonal anti-PAI- I antibody IA5E2 . Molecular mass standards are
myosin, 200 kD; beta-galactosidase, 116 kD; phosphorylase B, 97 kD.
Large arrows, the position of the fusion protein.

tPA and uPA are both serine proteases that share a number
of structural features with other members of this closely related
gene family including plasminogen, prothrombin, Factor IX,
Factor X, protein C, and a number of other proteolytic enzymes
(41). Therefore, it is not surprising that a specific inhibitor of
plasminogen activators, PAI- 1, also shares extensive homology
with other serine protease inhibitors (SERPINS) (42, 43), as our

sequence analysis demonstrates (Table I).
The first 150 amino acids at the N-terminus of PAI- 1 show

3 kb

Bg P BPS R

PAIB6

P-B

PA120
PAI17

PAI9

-= Figure 2. PAI-l restriction map. Location of
restriction sites is indicated by the arrow
heads. B, Bal I; Bg, Bgl II; N, Nco I; P, Pst I;

PAIB4 R, Rsa I, S, Sal I. All sites for these enzymes
are shown except Rsa I for which only one of
four sites is indicated. The relative positions
of clones PAIB4, PAIB6, PAI20, PAI 17, and

P-A PAI9 are shown. P-B, hybridization probe
fragment B. P-A, hybridization probe frag-
ment A (see text and Fig. 3 4). The figure is
drawn from 5' to 3' (left to right) with respect
to the coding sequence.
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Figure 3. Northern and Southern blot analysis. (A) Northern blot
analysis was performed on total RNAprepared from cultured HU-
VECs. Probes used were: Lane 1, PAI17; lane 2, the 3' Rsa I fragment
A; lane 3, the Rsa I/Pst I fragment B. The relative positions of ribo-
somal RNAsize markers are indicated. (B) Southern blot analysis of
Eco RI digested, total human genomic DNAwas performed with ra-
diolabeled PAI 17 as a probe. The positions of DNAsize markers are
indicated.

little homology to other SERPINs. Many of the other SERPIN
family members also contain nonhomologous amino terminal
extensions, some of which confer an activity related to their
specific function. For example, the first N-terminal 49 amino
acids of angiotensinogen contain the angiotensin I and II pep-
tides, and the first 25 residues of antithrombin Inl may contribute
to heparin binding (43). A specific function may exist for this
region of PAI- 1 as well. By alignment with the sequences of
other known serine protease inhibitors, the location of the active
site can be deduced (43). Our alignment predicts Arg369 as the
P1 residue. This alignment is consistent with the specificity of
tPA for the Arg560-Val561 bond of plasminogen (44). Alter-
native interpretations are possible and the precise alignment must
await more specific biochemical studies.

A distinct form of PAI is found in placenta. R. Ye et al. have
obtained cDNA clones for PAI-2 (E. Sadler, personal commu-
nication), and comparison between this sequence and PAI- I has
been made. PAI-2 also shows extensive homology to the SERPIN
gene family, including PAI-1. Surprisingly, the homology be-
tween PAI- I and PAI-2 (29.6% identity with optimized score of
554 [34]) is no higher than between either of these species and
the other members of the SERPIN family (see Table I). Thus,
it would appear that PAI- I and PAI-2 did not arise by a recent
gene duplication event, and in fact, must have diverged from a
common ancestral gene at a more distant time, similar to that
for other SERPINgene family members. Comparison of the two
sequences does reveal one region of striking homology at PAI-
1 amino acid residues 159-202 where 31 of 44 amino acids are
identical to PAI-2. There is marked homology in this region at
the DNAlevel as well (67%). This area corresponds to a highly

A
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97.4 kOD

68 kD

43 kD
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Figure 4. In vitro translation of PAIB4 RNA.
RNAtranscribed from clone PAIB4 was trans-
lated in vitro using a reticulocyte lysate system
in the presence of [35Slmethionine. Panel A, to-
tal radiolabeled protein after SDS-PAGEand
autoradiography. Panel B, the proteins immu-
noprecipitated with anti-PAI- I antibody. Lane
1, control translation using Brome mosaic virus
mRNAas template; lane 2, translation using

the anti-sense strand of PAIB4 as template;
lane 3, translation using the coding strand of
PAIB4 as template; lane 4, control translation
with no RNAadded.
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a -60 -50 -40 -30 -20 -10

TG CAG CTC AGC AGC CGC CGC CAG AGC AGG ACG AAC CGC CAA TCG CAA GGC ACC TCT GAG

1 10 20 30 40 50

AAC TTC AGG ATG CAG ATG TCT CCA GCC CTC ACC TGC CTA GTC CTG GGC CTG GCC CTT GTC
Met Gln Met Ser Pro Ala Leu Thr Cys Leu Val Leu Gly Leu Ala Leu Val 17

60 70 80 90 100 110
* a a a * a

TTT GGT GAA GGG TCT OCT GTG CAC CAT CCC CCA TCC TAC GTG GCC CAC CTG GCC TCA GAC
Phe Gly Glu Gly Ser Ala Val His His Pro Pro Ser Tyr Val Ala His Leu Ala Ser Asp 37

120 130 140 150 160 170

TTC GGG GTG AGG GTG TTT CAG CAG GTG G0G CAG GCC TCC AAG GAC CGC AAC GTG GTT TTC
Phe Gly Val Arg Val Phe Gin Gln Val Ala Gln Ala Ser Lys Asp Arg Asn Val Val Phe 57

180 190 200 210 220 230

TCA CCC TAT GGG GTG GCC TCG GTG TTG GCC ATG CTC CAG CTG ACA ACA GGA GGA GAA ACC
Ser Pro Tyr Gly Val Ala Ser Val Leu Ala Met Leu Gln Leu Thr Thr Gly Gly Glu Thr 77

240 250 260 270 280 290
* a a a a a

CAG CAG CAG ATT CMA GCA GCT ATG GGA TTC AAG ATT GAT GAC AAG GGC ATG GCC CCC GCC
Gln Gln Gln Ile Gln Ala Ala Met Gly Phe Lys Ile Asp Asp Lys Gly Met Ala Pro Ala 97

300 310 320 330 340 350
* * * a a a

CTC CGG CAT CTG TAC AAG GAG CTC ATG GGG CCA TGC AAC AAG GAT GAG ATC AGC ACC ACA
Leu Arg His Leu Tyr Lys Glu Leu Met Gly Pro Trp Asn Lys Asp Glu Ile Ser Thr Thr 117

360 370 380 390 400 410

GAC GCG ATC TTC GTC CAG CGG GAT CTG AAG CTG GTC CAG GGC TTC ATG CCC CAC TTC TTC
Asp Ala Ile Phe Val Gln Arg Asp Leu Lys Leu Val Gin Gly Phe Met Pro His Phe Phe 137

420 430 440 450 460 470

AGG CTG TTC CGG AGC ACG GTC AAG CMA GTG GAC TIT TCA GAG GTG GAG AGAGCC AGA TTC
Arg Leu Phe Arg Ser Thr Val Lys Gln Val Asp Phe Ser Glu Val Glu Arg Ala Mrg Phe 157

480 490 500 510 520 530

ATC ATC AAT GAC TGG GTG AAG ACA CAC ACA AAA GT ATG ATC AGC AAC TTG CTT GGG AAA
Ile Ile Asn Asp Trp Val Lye Thr His Thr Lys Gly Met Ile Ser Asn Leu Leu Gly Lys 177

540 550 560 570 580 590

GGA GCC GTT GAC CAG CTG ACA CGG CTG GTG CTG GTG AAT GCC CTC TAC TTC AAC GGC CAG
Gly Ala Val Asp Gln Leu Thr Arg Leu Val Leu Val Asn Ala Leu Tyr Phe Asn Gly Gln 197

600 610 620 630 640 650
* 0 * a a a

TGG AAG ACT CCC TTC CCC GAC TCC AGC ACC CAC CGC COO CTC TTC CAC AM TCA GAC GGC
Trp Lys Thr Pro Phe Pro Asp Ser Ser Thr His Arg Arg Leu Phe His Lys Ser Asp Gly 217

660 670 680 690 700 710
* * * a a a

AGC ACT GTC TCT GTT CCC ATG ATO GCT CAG ACC MC AAG TTC MCTAT ACT GAG TTC ACC
Ser Thr Val Ser Val Pro Met Met Ala Gln Thr MAn Lys Phe AMn Tyr Thr Glu Phe Thr 237

S
720 730 740 750 760 770

ACG CCC GAT GGC CAT TAC TAC GAC ATC CTG GAA CTG CCC TAC CAC G00 GAC ACC CTC AGC
Thr Pro Asp Gly His Tyr Tyr Asp Ile Leu Glu Leu Pro Tyr His Gly Asp Thr Leu Ser 257

780 790 800 810 820 830
* a a a a a

ATG TTC ATT GCT GCC CCT TAT GAA AMA GAG GTG CCT CTC TCT GCC CTC ACC AAC ITT CTG
Met Phe Ile Ala Ala Pro Tyr Glu Lys Glu Val Pro Leu Ser Ala Leu Thr AMn Ile Leu 277

840 850 860 870 880 890
AGT GCC CAG CTC ATC AGC CAC TGGOO U GGC00 C ATG ACC AGG CTG CCC CGC CTC CTG GTT
Ser Ala Gin Leu Ile Ser His Trp Lys Gly Aen Met Thr Arg Leu Pro Arg Leu Leu Val 297

900 910 920 930 940 950
* a * a a a

CTG CCC AAG TTC TCC CTG GAG ACT GkA GTC GAC CTC ACG MAG CCC CTA GAG AAC CTG GGA
Leu Pro Lys Phe Ser Leu Glu Thr Glu Val Asp Leu Arg Lys Pro Leu Glu Asn Leu Gly 317

960 970 980 990 1000 1010

ATG ACC GAC ATG TTC AGA CAG TTT CAG GCT GAC TTC ACG AGT CTT TCA GAC CAA GAG CCT
Met Thr Asp Met Phe Mrg Gln Phe Gln Ala Asp Phe Thr Ser Leu Ser Asp Gln Glu Pro 337

Figure 5. (a) Full-length PAI-I cDNA sequence. The complete cDNA
sequence is shown with nucleotides numbered from the putative initi-
ation codon. Amino acid residue numbers, beginning with the initia-
tor methionine, are indicated at the right. The proposed leader peptide
cleavage site is indicated by the arrow after amino acid 23. Three po-
tential N-glycosylation sites are indicated by circles. Alignment of pri-
mary amino acid sequence obtained from a small internal peptide of
purified rat PAI-I with amino acid residues 376-390 is outlined in a
box. Identical residues are denoted with an asterisk. The termination

hydrophobic portion of the molecule that immediately precedes
the hydrophilic domain recognized by the monoclonal Ab IA5E2
(Fig. 5 B). This may represent a region of unique function shared
by these two related proteins.

The three primary antibody positive clones, PAI 17, PAI20,
and PAI9, all overlap at the DNA level (Fig. 2). The fusion

1020 1030 1040 1050 1060 1070

CTC CAC GTC GCG CAG GCG CTG CAG AAA GTG AAG ATC GAG GTG AAC GAG AGT GGC ACG GTG
Leu His Val Ala Gln Ala Leu Gln Lys Val Lys Ile Glu Val Asn Glu Ser Gly Thr Val 357

1080 1090 1100 1110
a * *

a

GCC TCC TCA TCC ACA GCT GTC ATA GTC TCA GCC CGC ATG GCC
Ala Ser Ser Ser Thr Ala Val Ile Val Ser Ala Arg Met Ala 371

1120 1130 1140 1150 1160 1170

CCC GAG GAG ATC ATC ATG GAC AGA CCC TTC CTC TTT GTG GTC COGG CAC AAC CCC ACA
Pro Glu Glu Ile Ile Met Asp Arg Pro Phe Leu Phe Val Val Arg His Asn Pro Thr 390* a * a I

a
6 6 *

RAT U S IL: Val Leu Lenu Z Glu be Lou Pbe V1a1 Val Ar His AaDVal Thr

1180 1190 1200

GGA ACA GTC CTT TTC ATG GOC CAA GTG AT GM CCC TGA
Gly Thr Val Leu Phe Met Gly Gln Val Met Glu Pro --- 402

1210 CCC TGGGGAAAGACGCCTTCATCTGGGACAAAACTGGAGATGC
1253 ATCGGGAAAGAAGAAACTCCGAAGAAJAGAATTTTAGTGTTAATGACTCTTTCTGAAGGA
1313 AGAGAAGACATTTGCCTTTTGTTAAAAGATGGTMAACCAGATCTGTCTCCAAGACCTTGG
1373 CCTCTCCTTGGAGGACCTTTAGGTCAAACTCCCTAGTCTCCACCTGAGACCCTGGGAGAG
1433 AAGTTTGAAGCACAACTCCCTTAAGGTCTCCAAACCAGACGGTGACGCCTGCGGGACCAT
1493 CTCGGGCACCTGCTTCCACCCGTCTCTCTGCCCACTCGGGTCTGCAGACCTGGTTCCCAC
1553 TGAGGCCCTTTGCAGGATGGAACTACOGGGCTTACAGGAGCTTTTGTGTGCCTGGTAGAA
1613 ACTATTTCTG TTCCAGTCACATTOCCATCACTCTTGTACTGCCTGCCACCGCGGAGGAGG
1673 CTGGTGACACGCCAAAGGCCAGTGGAAGAAACACCCTTTCATCTCAGAGTCCACTGTGGC
1733 ACTGGCCACCCCTCCCCAGTACAGGGGTGCTGCAGGTGGCAGAGTGATGTCCCCCATCA
1793 TGTGGCCCAACTCTCCTGGCCTGGCCATCTCCCTCCCCAGAAACAGTGTGCATGGGTTAT
1853 TTTGGAGTGTAGGTGACTTGTTTACTCATT GAAGCAGATTTCTGCTTCCTTTTATTTTTA
1913 TAGCAATAGAGGAAGAAATGTCAGATGCGTGCCCAGCTCTTCACCCCCCAATCTCTTGGT
1973 GGCGAGGGGTGTACCTMATAITTATCATA TCCTTGCCCTTGAGTGCTTGTTAGAGAGAA
2033 AGAGAACTACTAAGGAAAATAATATTATTT AAACTCGCTCCTAGTGTTTCTTTGTGGTCT
2093 GTGTCACCGTATCTCAGGAAGTCCAGCCACTTGACTGGCACACACCCCTCCGGACATCCA
2153 GCGTGACGGAGCCCACACTGCCACCTTGTGGCCGCCTGAGACCCTCGCCCCCCCCGCGCC
2213 CCCCGCGCCCCTCTTTTTCCCCTTGATGGAAATTGACCATACAATTTCAT CCTCCTTCAG
2273 GGGATCAAAAGGACGGAGTGGGGGGACAGAGACTCAGATGAGGACAGAGTGGTTTCCAAT
2333 GTGTTCAATAGATTTAGGAGCAGAAATGCAAGGGGCTGCATGACCTACCAGGACAGAACT
2393 TTCCCCAATTACAGGGTGACTCACAGCCGCATTGGTGACTCACTTCAATGTGTCATTTCC
2453 GGCTGCTGTGTGTGAGCAGTGGACACGTGAGGGGGGGGTGGGTGAGAGAGACAGGCAGCT
2513 CGGATTCAACTACCTTAGATAATATTTCTG AAAACCTACCAGCCAGAGGGTAGGGCACAA
2573 AGATGGATGTAATGCACTTTGGGAGGCCAAGGCGGGAGGATTGCTTGAGCCCAGGAGTTC
2633 AAGACCAGCCTGGGCAACATACCAAGACCCCCGTCTCTTTMAA TATAT ATATTTTAAA
2693 TATACTTAAATATATATTTC TAATATCTTT AAATATATAT ATATATTTTA AAGACCAATT
2753 TATGGGAGAMTTGCACACAGATGTGAAATGAATGTAATCT AATAGAAGC
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codon following amino acid residue 402 is indicated by three dashes.
The 75-bp AT-rich sequence in the 3' untranslated region is under-
lined. (b) Hydropathy plot. This was determined for the predicted full-
length amino acid sequence of PAI- 1, using the Pustell sequence anal-
ysis program (33). Relative hydrophobicity is plotted along the Y axis
with amino acid residue number along the X axis. The hydrophobic
leader sequence is marked with an arrow. The dark line indicates the
position of the overlapping coding sequence present in clones PAI9,
PAI 17, and PAI20.

proteins encoded by all three clones also react with monoclonal
Ab IA5E2. The 5' ends of the three sequences begin within five
codons of each other and the region of overlap encodes amino
acid residues 204-280, thus localizing the epitope for this
monoclonal Ab. This region is seen to correspond to the most
hydrophilic portion of the molecule (Fig. 5 B), and may represent
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Table I. Amino Acid Homology Comparisons between Selected SERPINs

Angiotensinogen a-I-Antitrypsin Ovalbumin Antithrombin III a-l-Antichymotrypsin PAM-I

Angiotensinogen 24.6 (400) 21.4 (359) 22.2 (373) 22.8 (377) 21.8 (362)
a-I-Antitrypsin 30.4 (595) 29.3 (590) 38.9 (841) 29.9 (606)
Ovalbumin 31.2 (615) 29.7 (554) 27.9 (544)
Antithrombin III - - 31.2 (587) 28.9 (653)
a-l-Antichymotrypsin 29.4 (542)

Amino acid homology comparisons are shown between several members of the SERPIN gene family, including PAI-1. Calculations were per-
formed with the DNASTARamino acid alignment program using the Needleman-Wunsch algorithm (34). The percentages refer to the percentage
identity in the region of amino acid overlap. The numbers in parentheses are the optimized score calculated by the computer program, with higher
numbers indicating a greater level of statistical significance.
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ie protein. Such a dominant codon is not preceded by an in-frame stop codon, we cannot
se clones detected with our rule out the existence of another potential initiator codon further
ame region. upstream. However, the 68-nucleotide-long 5' untranslated re-
Ds (Fig. 3 A) is '-3 kb long. gion found in this sequence is an average length for eukaryotic
s contains 2,869 nucleotides mRNA,and the sequence immediately preceding the proposed
" complete PAI-1 sequence. initiator codon is consistent with the consensus sequence pro-
rminus of most eukaryotic posed by Kozak (45). A second ATGpresent only two codons
ice as well as the highly con- downstream would be expected to function poorly as an initiator
UAAA, which precedes the codon, with a pyrimidine present at position -3 (45). The can-
ilso not present at the 3' end didate initiator codon is followed by a typical hydrophobic leader
This probably represents an sequence containing a core of 13 hydrophobic residues (codon
hesis. Multiple phage clones 6-18) with a predicted cleavage site after the alanine at codon
ry, both for PAI-l as well as 23 (46). This sequence encodes a preprotein of 402 amino acids,
cell mRNAs. Most of these with the mature protein predicted to be 379 amino acids long,
d generally have lost 100- with an Mr of 42.7 kD. This sequence is remarkable for the
4, 25, and D. Ginsburg, un- presence of only a single cysteine which is located in the leader
g the probable loss of - 150 sequence. Rat PAI-1 is also low in cysteine content with amino
quence, this should account acid composition showing only one cysteine residue per molecule
iRNA. (Zeheb, R., and T. Gelehrter, unpublished data). PAI-l is known
e of a small amount of ad- to be glycosylated (3, 8) and the sequence predicts three potential
first ATGcodon appears at N-glycosylation sites (with the canonical sequence Asn-X-Ser/

cause this putative initiator Thr where X is not Pro) (40). Interestingly, the presence of a
Val in rat PAI-1, in place of Pro389 in the human (the single
difference in a 10 amino acid segment), creates an additional
potential N-glycosylation acceptor site in the rat protein
(Fig. 5 A).

* , Northern blot analysis of endothelial cell mRNAreveals two
T x PAI- I mRNAspecies, 3 and 2 kb long, respectively. The differ-

ence between these two species resides entirely in the 3' untrans-
lated region where the larger mRNAcontains an extra 1 kb.
The molecular mechanism for this is not clear from our sequence

6 i7 " Y though it may represent alternative polyadenylation. No con-
sensus poly-A signal (AATAAA) is found in the sequence near
the end of the 2-kb mRNA(approximately position 2000). Pos-
sibly, TTTAAA (position 2060), AAATAA(position 2049), or
CCTAAA(position 1986), could function as a weak poly-A sig-
nal. If this is the case, alternative processing at a more favorable
downstream polyadenylation signal could account for an abun-
dant longer message. Alternative splicing could also account for

lolabeled gene probe. 12 25- the finding of two mRNAspecies. The existence of alternatively
wo chromosome spots each are processed mRNAscould provide a mechanism for posttran-

of each filter adjacent to each scriptional regulation of PAI- I expression. To date, we have not
7 hybridizes more intensely, observed any difference in the ratio of the 3 kb to 2 kb PAI-l

osome. The lighter gray back- mRNAsin endothelial cells grown under varying conditions
he filters. (Konkle, B., and D. Ginsburg, unpublished data).

1678 Ginsburg, Zeheb, Yang, Rafferty, Andreasen, Nielsen, Dano, Lebo, and Gelehrter



The 3' end of the larger message (residues 2,670-2,744) con-
tains an unusual sequence that is adenine-thymine (AT)-rich
and contains a 75-bp imperfect palindrome. Within this are three
smaller palindromes of 16, 12, and 18 bp long. This region is
immediately preceded by a partial Alu repetitive element (nu-
cleotides 2560-2677) (47). This AT-rich sequence might play
an important role in the regulation of PAI- I gene expression by
a number of possible mechanisms. The sequence can assume a
number of complex RNAsecondary structures involving hairpin
loop formation. The high degree of symmetry and predicted low
melting temperature might also signify a region of protein-nu-
cleic acid interaction, either at the DNAor RNAlevel. Meijlink
et al. (48), have recently reported a 67-nucleotide-long AT-rich
sequence located 189 bp upstream of the poly-A addition site
in the normal c-fos mRNA.Removal of this sequence was suf-
ficient to convert this normal cellular homologue to a trans-
forming gene. Recently Caput et al. (49), have noted a repetitive
AT-rich 3' untranslated sequence shared between mRNAsfor a
number of different inflammatory mediators and postulate that
this sequence may have a common regulatory role.

The isolation of PAI-I cDNAsequences should facilitate the
future study of the regulation of PAI-I gene expression at the
molecular level. Determination of PAI-l genomic structure
should also be of interest. The gene family of serine proteases
provides an excellent model for the concept of "exon shuffling".
Intron-exon boundaries are highly conserved between different
members of the family and sharply delineate specific functional
domains (41, 44). In contrast, the distribution of introns in the
serine protease inhibitor gene family is difficult to fit into a simple
model. The number of introns varies widely, and the precise
location of these introns is not highly conserved (43, 50). The
number and placement of introns for the two forms of PAI,
PAI- 1 and PAI-2, may shed further light on the process of SER-
PIN intron evolution. The availability of cDNA and genomic
PAI- I sequences should also prove useful for the evaluation of
possible genetic defects in PAI- I as major risk factors for throm-
boembolic diseases in humans.
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