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ABSTRACT. Plasminogen activator inhibitor-1 (PAI-1) is a unique member of the serpin superfamily. In
the present study, we have evaluated the effect of substitution, with a proline, at positions P5, P7, P14,
P15, or P16, on the conformational flexibility and functional properties of PAI-1. These mutants (PAI-
1-P5, lle~Pro at P5; PAI-1-P7, AlePro at P7; PAI-1-P14, ThrPro at P14; PAI-1-P15, GiyPro at

P15; PAI-1-P16, SerPro at P16) were purified and fully characterized. WtPAI-1 had a specific activity

of 68 + 10% (meant SD, n = 6) whereas PAI-1-P5, PAI-1-P7, and PAI-1-P16 had specific activities

of 34 4+ 9.3%, 42+ 10%, and 36t 11%, respectively. PAI-1-P14 and PAI-1-P15 did not exhibit significant
inhibitory activity. Conformational analysis revealed that wtPAI-1 preparations contained 2.8%
substrate, whereas PAI-1-P5, PAI-1-P7, and PAI-1-P16 were characterized with a signifigan@y001)
increased substrate behavior (i.e.,#3.1%, 42+ 1.5% and 22+ 1.7%, respectively). The inactive
variants PAI-1-P14 and PAI-1-P15 behaved exclusively as substrates toward various serine proteinases.
Heat denaturation studies revealed that cleavage of any noninhibitory substrate form of PAI-1 resulted in
an insertion of the Nkterminal side of the reactive site loop. Incubation with plasmin showed the presence
of a unique plasmin cleavage site (Lys191-Ser192) exclusively present in all latent forms studied. We
conclude that (a) the entire P5 to P16 region in PAI-1 plays an important role in the functional and
conformational properties of PAI-1; (b) the substrate behavior of serpins is not associated with a lack of
insertion of the reactive site loop; (c) the identification of a plasmin cleavage site in latent PAI-1 may
provide new insights in the mechanisms for the inactivation of storage pools of PAI-1.

Plasminogen activator inhibitor 1 (PAI4)s a glyco- 1989). PAI-1 is synthezised as an active molecule that
protein with an apparent molecular weight of approximately converts spontaneously to a latent conformation that can be
50 000 and does not contain cysteine residues (Van Mourik partially reactivated by denaturants such as guanidinium
et al, 1984). PAI-1 rapidly inhibits tissue-type plasminogen chloride, sodium dodecyl sulfate, or urea (Hekman &
activator (t-PA) and urokinase-type plasminogen activator Loskutoff, 1985). In addition, a noninhibitory conformation
(u-PA) with second-order association rate constants of morewith substrate properties has been identified (Decletci,
than 2x 10° M~1 s71 (Sprengers & Kluft, 1987). Of the  1992; Urancet al, 1992; Munchet al., 1993). PAI-1is a
various plasminogen activator inhibitors, PAI-1 appears to member of the serine proteinase inhibitor (serpin) superfamily
be the principal physiological inhibitor of t-PA in plasma (Pannekoelet al, 1986; Nyet al., 1986; Ginsbergt al,
(Kruithof et al., 1984), and increased plasma levels of PAI-1 1986). The serpins comprise more than 40 single-chain
have been shown to correlate with an increased risk for proteins each containing 37390 residues with an amino
cardiovascular disease [Hamstenal., 1985; for a review  acid homology of approximately 35% (Huber & Carrell,
cf. Declercket al. (1994)]. PAI-1is also present in various 1989; Carrell & Boswell, 1986).
tissues where it is assumed to play a major role in Inhibitory serpins interact through formation of a 1:1
cell-mediated proteolysis induced by u-PA (Loskutetffl., stoichiometric complex with their target proteinases. The

reactive site is located within a loop structure situated 30
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structure of the active antithrombin revealed the partial
insertion of the reactive site loop ariisheet hydrogen-
bonding interactions between the PAB15 residues and the
s3A and s5A strands (Schreudsral., 1994; Carrellet al.,
1994). However, an uncomplexed active antichymotrypsin
mutant showed an intact reactive site loop in a distorte
helical conformation, and no preinsertion iftesheet A was
observed (Weet al.,, 1994). The crystal structure of latent
PAI-1 showed that strand s4A is inserted ifitsheet A from
the “hinge” at P15 to residue P4. The residues C-termina
to the cleavage site continue with an extended loop-P4
P10) lying on the surface of the molecule (Mottonenal.,
1992).

In general, inhibitory serpins appear to have a more
flexible reactive site loop compared to that of noninhibitory
serpins (Carrelet al, 1991). The structures of the cleaved
inhibitory serpins, cleaved at P1Pshowed that the new
N- and C-termini were separated by 70 A, vyielding a
thermodynamically stable conformation (Stein & Chothia,
1991; Loebermanet al, 1984; Baumanet al.,1991). The
new C-terminal residue (P1) is at the end@$trand s4A
within a six-stranded antiparallgtsheet structure whereas
the new N-terminal end (Plforms the news-strand s1C.
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EXPERIMENTAL PROCEDURES

Materials. Restriction enzymes were obtained from Phar-
macia (Uppsala, Sweden) or from Boehringer Mannheim
(Brussels, Belgium). JFDNA ligase, the Klenow fragment

d of Escherichia coliDNA polymerase |, and alkaline phos-

phatase were purchased from Boehringer Mannheim (Brus-
sels, Belgium). The oligonucleotide-directed mutagenesis
system (the pMa/c plasmids; Stanssensal, 1989) was

| kindly provided by Corvas (Ghent, Belgium). The oligo-

nucleotides for mutagenesis were purchased from Pharmacia.
M13KO7 helper phage was obtained from Promega (Leiden,
The Netherlands). The expression vector pIGE20 was kindly
provided by Innogenetics (Ghent, Belgium), together with
the bacterial strain&. coli DH1A for cloning andE. coli
MC1061 for expression as well as the pAcl plasmid encoding
the thermolabile repressor.

Luria broth growth medium was purchased from Life
Technologies, Inc. (Ghent, Belgium). The proteinase
inhibitors leupeptin, phenylmethanesulfonyl fluoride, dithio-
threitol, pepstatin, benzamidine hydrochloride, and antipain
were from Sigma (St. Louis, MO). SP-Sepharose was
purchased from Pharmacia. The chromogenic substrate
S-2403 was obtained from Chromogenix (kiaal, Sweden).

Recent data have shown that a sim_ilar confo.rmational t-PA was a kind gift from Boehringer Ingelheim (Brussels,
rearrangement occurs upon complexation of active PAI-1 Belgium); u-PA (consisting of a mixture of high and low

with t-PA or u-PA (Shoreet al., 1995; Wilczynskeet al.,

molecular weight u-PA in a 75:25 ratio) was a kind gift from

1995), thereby demonstrating a correlation between inhibition goyrnonville Pharma (Braine I'Alleud, Belgium). Plasmin
and reactive site loop insertion. In contrast, the noninhibitory gnd thrombin were kindly provided by Dr. R. Lijnen
serpin ovalbumin has not undergone such a conformational(University of Leuven, Belgium). t-PA-S478A, a mutant of

change upon cleavage (Wrigét al., 1990). The presence

t-PA in which the active site serine was replaced by alanine,

of a charged, rather bulky, arginine residue in the reactive a5 a kind gift from Genentech Inc. (South San Francisco,
site loop of ovalbumin has been suggested to preventca).

insertion after cleavage (Ste@ al.,, 1990). Taken together,

General DNA TechniguesDNA manipulations were

these observations have led to the hypothesis that insertio'berformed according to the instructions of the suppliers.

of the reactive site loop int@-sheet A is a prerequisite for
proteinase inhibition.

The alternative behavior of PAI-1 as an inhibitor, a

Plasmid DNA was isolated using a Quiagen purification
protocol (provided by Westburg N. V., The Netherlands).
Transformations oEscherichia coliwere performed using

noninhibitory substrate, or a nonreactive latent form has beenthe calcium chloride procedure (Sambraatlal., 1989). For

shown to be dependent on the initial conformation of this
serpin (Declerclet al,, 1992). The substrate form of PAI-1

reacts with its target proteinases, e.g., t-PA, u-PA, plasmin,

or thrombin, resulting in cleavage of the P1Bbnd but, in

contrast to the active form, without formation of a covalent
complex and without inhibition of the proteinase. The
characterization of PAI-1 variants carrying mutations at

preparation of single-stranded DNA, tke coli strain WK6

was used. Site-directed mutagenesis was performed using
the pMa/c system (Stanssess al, 1989) in the repair-
deficient E. coli strain WK6 mutS. Propagation of the
plasmids pMa/c or derivatives was carried outBn coli
WK®6. For expression, wild-type PAI-1 (wtPAI-1) and PAI-1
mutants were cloned into pIGE20, a Bxpression vector,

positions P12, P10, P8, or P6 revealed that at least the regiorand expressed iB. coliMC1061 after cotransformation with
P12-P8 contributes significantly to the substrate properties pAcl (encoding the heat-labile repressor). DNA sequencing

of PAI-1 (Audenaeret al,, 1994). Preliminary data on the

PAI-1 variant containing a proline at position P6 revealed
that also changes at this position affect the functional
properties of PAI-1. In order to further delineate functionally
important positions in the reactive site loop of PAI-1, we

was performed using the dideoxy chain termination reaction
method of Sangeet al. (1977) and the automated laser
fluorescent A. L. F. (Pharmacia).

Construction of PAI-1 Variants.pMc-PAI-1 was con-
structed as described before (Audenasral., 1994). For

have constructed and characterized five mutants, in whichin vitro site-directed mutagenesis, single-stranded DNA of
the amino acids at positions P16, P15, P14, P7, and P5 werehis construct was prepared by transformation of pMc-PAI-1
substituted with proline. The results demonstrate that in E. coli WK6 and infection of an overnight culture with
substitution of P15, P14, and P12 yields PAI-1 variants helper phage M13KO7. After 6 h of infection, cells were
exhibiting exclusively, stable substrate properties toward a centrifuged, and single-stranded DNA was isolated from the
variety of serine proteinases. On the other hand, heatsupernatant by poly(ethylene glycol)precipitation and phenol
denaturation studies carried out on all variants (including chloroform extraction. Subsequently, single-stranded pMc-
wild-type substrate PAI-1) and their cleaved substrate PAI-1 was hybridized withHindlll —EcdRI-digested pMa
derivatives demonstrate that insertion is not an exclusivity and with one of the following synthetic oligonucleotides, to
of the inhibitory pathway. obtain the desired mutation: PAI-1-P16&GGC CAC CGT
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GCC CGG CTC GTT CAC CTC'3PAI-1-P15, 5 GGA
GGC CAC CGT GGG GCT CTC GTT CAC'3PAI-1-
P14, 3 TGA GGA GGC CAC CGG TCC ACT CTC GTT
3; PAI-1-P7, 53 TGA GAC TAT GAC CGG TGT GGA TGA
GGA 3; PAI-1-P5, 5 GCG GGC TGA GAC CGG TAC
AGC TGT GGA TGA 3.

Specific restriction sites, i.e.,Mcil site (CGG/CGG) for
PAI-1-P16, aBanll site (GRGCYC) for PAI-1-P15, and an
Agd site (AICCGGT) for PAI-1-P14, PAI-1-P7, and PAI-
1-P5, were simultaneously created to allow confirmation of
the desired mutation. Extension reactions were carried out
with the Klenow fragment of DNA polymerase as described
(Sambrooket al., 1989). After transformation oE. coli
WK6 mutS, the cells were grown overnight in the presence
of ampicillin. Then plasmid DNA was isolated and used to
transformE. coli WK, followed by selection on agar plates
containing ampicillin.  Subsequently, randomly selected
clones were grown in small volumes, and mutations were

Gils et al.

PAl-1-containing fractions were pooled, dialyzed against
buffer 1, and again loaded onto a SP-Sepharose fast flow
column. The column was washed with buffer 1 and eluted
using a sodium chloride gradient (6:2.2 M NaCl). PAI-
1-containing fractions were evaluated for their purity, pooled,
and stored at-20 °C in aliquots until use.

Isolation of the active form of wtPAI-1 and separation of
the substrate conformation from latent wtPAI-1 or latent
PAI-1 variants were performed as described previously
(Declercket al., 1992). In brief, active wtPAI-1 or PAI-1
variants were incubated at 3T until the residual activity
was <0.5% of the theoretical maximal value. Inactivated
PAI-1 was applied to immobilized t-PA-S478A, the non-
binding fraction was collected= latent form), and bound
PAI-1 was eluted with 1.5 M NaCl in 0.1 M acetate buffer
containing 2 mM glutathione, pH 5.5=Substrate form).
Generation of cleaved substrate derivatives for heat de-
naturation studies was carried out by incubation of isolated

evaluated by restriction enzyme analysis. Then, larger scalesypstrate forms (26100ug/mL) with immobilized t-PA (80
DNA preparations were made for further confirmation of uL of Sepharose 4B containing 1.4 mg of t-PA/mL of beads).
the mutations by restriction analysis and by nucleotide Cleavage was confirmed by SBRAGE.

sequencing using A. L. F.

Construction of Expression PlasmidplGE20-PAI-1 was
constructed as described before (Audenaeral, 1994).
After mutagenesis of pMc-PAI-1 into pMa-PAI-1-P16, pMa-
PAI-1-P15, pMa-PAI-1-P14, pMa-PAI-1-P7, and pMa-PAI-
1-P5,Sad—Xbd fragments were recovered from the mutant
pMa-PAI-1 constructs and substituted for the wild-type
Sad—Xbad fragment in pIGE20-PAI-1.

Expression and Purification of WtPAI-1 and Variants.
After cloning the mutant fragments in the pIGE20 expression
vector, the expression plasmids were cotransformed with
pAcl in E. coli MC1061. Transformed. coli MC 1061
cultures were grown overnight at 2& and diluted 1:100.
Diluted cultures were grown untilA®"m = 0.2, and

subsequently PAI-1 synthesis was induced by increasing the

temperature to 42C for 3 h. Cells were harvested by
centrifugation for 15 min at 40@Pat 4 °C, and cell pellets
were either used immediately or frozen-&80°C. The cell
pellets were resuspended in 50 mM sodium acetate buffer,
pH 5.5, containing 2 mM glutathione and 0.01% Tween 80
(20 mL for a typical 1.6 L culture). After addition of
leupeptin (2.5:9/mL), pepstatin A (0.2g/mL), benzamidine
hydrochloride (203:g/mL), antipain (1.3:g/mL), PMSF (52
ug/mL), and DTT (13ug/mL), the cell suspension was
disrupted in a standard French Pressure 20K cell (Aminco,
Urbana, IL) imposing a pressure of 138 MPa. The broken
cell extract was centrifuged at 20 000 rpm for 20 min at 4
°C. The obtained supernatant was immediately subjected
to purification.

Purifications were performed at 4. The supernatant
was diluted (1:2 to 1:4) with a 0.15 M phosphate buffer
containing NaCl (except for PAI-1-P14 and PAI-1-P15),
glutathione and Tween-80 to obtain a final concentration of
0.2 M NacCl, 2 mM glutathione, and 0.01% Tween 80, pH
6.0, and loaded onto a SP-Sepharose fast flow column
(Pharmacia) (1.6< 20 cm), previously equilibrated with a
0.15 M phosphate buffer containing 2 mM glutathione,
0.01% Tween 80, pH 6.0 (buffer 1). The column was
washed with 4 volumes of buffer 1 containing 0.3 M NacCl
(0.2 M NaCl for PAI-1-P14 and PAI-1-P15), and bound
proteins were eluted using a sodium chloride gradient{0.3
1.3 M NaCl) (0.2-1.2 M for PAI-1-P14 and PAI-1-P15).

Immunological and Functional Determination of PAI-1.
PAI-1 antigen was determined with an enzyme-linked
immunosorbent assay as described previously (Declerrck
al., 1988) and is expressed in micrograms. PAI-1 activity
was determined using the method described by Verheijen
(Verheijenet al., 1984) by adding a fixed amount of t-PA
to the PAI-1-containing samples. t-PA was calibrated versus
the international reference preparation for t-PA (NIBSC 86/
670). All PAI-1 activity data are expressed as a percentage
of the theoretical maximal activity, i.e~745 000 units/mg,
calculated on the basis of a specific activity for t-PA of
500 000 units/mg and molecular masses of 67 and 45 kDa
for t-PA and PAI-1, respectively.

Characterization of Purified PAI-1 VariantsSamples of
both wtPAI-1 and PAI-1 mutants were incubated either with
catalytic amounts (5%) or with a 2-fold molar excess of t-PA,
u-PA, plasmin, or thrombin. PAI-1 samples were diluted
with phosphate-buffered saline (140 mM NacCl, 2.7 mM KCl,

8 mM NaHPQ,, and 1.5 mM KHPQ,) to a concentration

of 0.3 mg/mL and incubated for 30 min at 3T with the
serine proteinases. The reaction was terminated by adding
SDS (final concentration 1%) and heating for 30 s at 100
°C. Reaction products were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SBBAGE)

and subsequent densitometric scanning with the Imagemaster
(Pharmacia, Uppsala, Sweden).

Reactivation of PAI-1 preparations was performed by
incubating samples with 6 M guanidinium chloride for 25
min at 37°C, followed by extensive dialysis at’€ against
50 mM sodium acetate buffer, pH 5.5, containing 1 M NacCl,
2 mM gluthatione, and 0.01% Tween 20 (Sancktoal.,
1994).

Determination of the Stability of Purified WtPAI-1 and
PAI-1 Variants. Purified PAI-1 samples were diluted to a
final concentration of 56120 ug/mL using the appropiate
diluent (containing Tween 80 and MHPQO,) to obtain a
buffered solution with 45 mM phosphate, 70 mM NacCl, and
0.01% Tween, pH 7.4. Samples were incubated at@7
and aliquots were removed at various times and assayed for
inhibitory activity against t-PA and u-PA. The specific
activity obtained at time zero was assigned a value of 100%.
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Table 1: Specific Activitiesof WtPAI-1 and PAI-1 Mutants Table 2: Inactivation and Reactivation of WtPAI-1 and PAI-1
toward t-PA and u-PA Mutants
t-PA u-PA specific activityt
WtPAI-1 68+ 10 66+ 6.0 starting material after inactivation after reactivation
e i,
' ' wtPAI-1 71+ 7.0 19+ 1.6 56+ 12
PAI-1-P7 42+ 10 13+ 4.1
PAI-1-P5 344+ 3.5 0.5+ 0.1 29+ 8.3
PAI-1-P14 0.3:0.2 1.140.3 PAI-1-P6 40+ 3.8 0.8+ 0.6 26+ 4.2
PAI-1-P15 0.2-0.3 <0.01 3 9 2'3 2-6 39 2'
PAI-1-P16 36+ 11 58+ 19 PAI-1-P7 St 1 3+ 2. +2l
PAI-1-P14 0.3t 0.2 0.1+ 0.1 0.1+ 0.1
aExpressed as a percentage of the theoretical maximum value; meanPAI-1-P15 0.1+ 0.1 <0.01 <0.01
+ SD,n = 3-6. Towards u-PA
WtPAI-1 65+ 9.3 24+ 15 60+ 25
Heat Denaturation Studies of WtPAI-1, PAI-1 Variants iﬁ:‘i'gg 1%&0-(2)4 8-fi 8-1 13%;3-(2)7
and Deriatives. Samples contalnlng active, latent, s_ubstrate, PAI-1-P7 124 4.9 0.84 0.1 8.9+ 5.0
or cleaved substrate PAI-1 were diluted to29mL in 20 PAI-1-P14 0.7- 0.4 0.4+ 0.2 0.3+ 0.1
mM sodium acetate buffer, pH 5.5, containing 1 M NaCl PAI-1-P15  <0.01 <0.01 <0.01

and 0.01% Tween 80 and incubated at a constant temperature agxpressed as a percentage of the theoritical maximum value; mean
between 30 and 10€C for 2 h. The samples were then + SD,n=2-4.
cooled in ice and centrifuged for 15 min in a microfuge at

14 000 rpm to remove precipitated protein. The supematantsy,q jnactive PAI-1-P14 and PAI-1-P15, all other mutants
were carefully removed and either analyzed immediately or . ,/q pe reactivated up to 5813% of the initial activity
stored at-20°C. Residual PAI-1 protein in the supernatant by treatment with guanidinium chloride (Table 2).

was determined by ELISA (Declerek al, 1988). Remain- Reaction Products Formed after Incubation of WtPAI-1
ing PAI-1 antigen was expressed as a percentage Versus thg,y paj.1 Mutants with Various Serine Proteinaséscu-

initial value. The latter was obtained through analysis, in bation of WtPAI-1. PAI-1-P5. PAI-1-P6. PAI-1-P7. and PAI-
parallel, of control samples incubated at 0 and°80 1-P16 with catalytic amounts of t-PA (5%) resulted in the

Other An_alytical Methods.Sqdium dodecyl SUIfate neutralization of t-PA and the concomitant generation of
polyacrylamide gel electrophoresis was performed using 10 small amounts of t-PA/PAI-L complexes and a 41 kDa

15% gradient gels under nonreducing conditions with the degradation product, while the majority 90%) remained
Phast System (Pharmacia). Proteins were visualized byiniact |n contrast, incubation of PAI-1-P14 and PAI-1-P15

staining with Coomassie Brilliant Blue. The amount of i catalytic amounts of t-PA revealed exclusively and to
PAI-1 protein in purified preparations was determined g |5.46 extentt 95%) the formation of a 41 kDa degradation
spectrophotometrically at 280 nm using an absorbance n.oqct. This indicates that the noninhibitory mutants PAI-

T 1%
coefficient @y, of 10. ) ~ 1-P14 and PAI-1-P15 behave as substrates.
NH -terminal sequence analysis (before and after reaction |ncubation of wtPAI-1 with a 2-fold molar excess of t-PA

with t-PA) was kindly performed by Mrs. Anja Wuyts and  reyealed the formation of t-PA/PAI-1 complexes (56.4%,
Dr. J. Vandamme (Laboratory of Microbiology, Rega mean+ SD,n = 4), small amounts of cleaved derivative

Institute, University of Leuven, Belgium) using an Applied (12 + 2,0%), and residual nonreactive material (31..9%)
Biosystems 477A protein sequencer, with identification of (Figure1A). Under these conditions, the amounts of com-

phenylthiohydantoins by high performance liquid chroma- pjexes formed with PAI-1-P5, PAI-1-P6, PAI-1-P7, and PAI-

tography.

1-P16 (i.e., 40t 1.0%, 55+ 5.2%, 35+ 2.5%, and 73t

The statistical significance of differences was evaluated 1 go4 respectively) were compatible with their respective

using Student’st-test; p-values >0.05 were considered
nonsignificant.

RESULTS

Determination of Specific Inhibitory Aeity against t-PA
and u-PA. WtPAI-1 had a specific activity of 68 10%
(mean# SD,n = 6) of the theoretical maximal value. PAI-
1-P5, PAI-1-P6, PAI-1-P7, and PAI-1-P16 also exhibited
inhibitory activities toward t-PA with specific activities
ranging from 34 to 45% (Table 1). In contrast, both PAI-
1-P14 and PAI-1-P15 were mainly inactive toward t-PA. The
specific activities of wtPAI-1 and PAI-1-P5 toward u-PA

activity data, and in addition, cleaved derivative (4%.1%,
31+ 4.0%, 42+ 1.5%, and 22+ 1.7%, respectively) and
residual nonreactive material (165.8%, 14+ 1.1%, 23+
1.6%, and 5.0 1.4%, respectively) were found. In contrast,
PAI-1-P14 and PAI-1-P15 were virtually completely de-
graded £96%) (Figure 1A).

In the presence of a 2-fold molar excess of u-PA, wtPAI-1
revealed the formation of u-PA/PAI-1 complexes (&0
1.5%, meant SD, n = 3), small amounts of cleaved
derivative (9.9 2.0%), and residual nonreactive PAI-1 (30
+ 2.8%) (Figure 1B). Under these conditions, PAI-1-P5 and
PAI-1-P16 revealed a pattern comparable to that observed

were similar to those observed toward t-PA whereas thein the presence of t-PA, i.e., 4% 8.7% and 72+ 5.4%

specific activity of PAI-1-P16 was slightly higher toward
u-PA. PAI-1-P6 and PAI-1-P7 were significantly less active
(p < 0.001) toward u-PA than toward t-PA. PAI-1-P14 and
PAI-1-P15 were also virtually devoid of anti u-PA activity
(Table 1).

Incubation of wtPAI-1 and active PAI-1 mutants for 16 h
at 37°C resulted in a loss of inhibitory activity. Except for

u-PA/PAI-1 complexes, 36 8.7% and 14+ 0.7% cleaved
derivative, and 17 1.8% and 12t 6.0% nonreactive PAI-
1, respectively. PAI-1-P6 and PAI-1-P7, much less func-

tionally active toward u-PA, revealed the formation of

relatively small amounts of u-PA/PAI-1 complexes (2

5.2% and 26+ 11%, respectively) and nonreactive PAI-1

(17 £ 3.1% and 24 1.0%, respectively) but large amounts
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Ficure 1: SDS-PAGE of wtPAI-1 and PAI-1 variants after addition of a 2-fold molar excess of t-PA (A), u-PA (B), thrombin (C), and
plasmin (D). (1) PAI-1-P5; (2) PAI-1-P6; (3) PAI-1-P7; (4)PAI-1-P14; (5) PAI-1-P15; (6) PAI-1-P16; (7) wtPAI-1. Std represents the
molecular mass standards with the indicated molecular masses: phosporylase B (97.4 kDa), serum albumin (66.2 kDa), ovalbumin (45
kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa), and lysozyme (14.4 kDa). The closed arrowhead indicates the migration
position of intact PAI-1. The open arrowhead indicates the migration position of the serine proteinase/PAl-1 complex. The arrow indicates
the migration position of the serine proteinase.

of the 41 kDa cleaved derivative (#13.6% and 4 A 10%,
respectively) (Figure 1B). This observation indicates that

the low inhibitory activity of the latter mutants toward u-PA - - e - = 97
is mainly due to an increased substrate behavior toward u-PA - - 66
as compared to t-PA. Under these conditions, PAI-1-P14 > P 45
and PAI-1-P15 were virtually completely degrade®6%),

again indicative for their substrate behavior. e 31

Incubation of wtPAI-1 with a 2-fold molar excess of D = - =
plasmin revealed the formation of 586.5% PAI-1/plasmin - fi
—

complex, 17+ 0.9% of the 41 kDa cleaved derivative
material, 15+ 5.3% nonreactive material, and small amounts
(9.6 + 2.3%) of two additional degradation products migrat- . > SDS-PAGE of latent PALL f ter incubati "
i H i i IGURE 2. or laten -1 1orms arter incupation wi
TS)W|$]n%gcilﬁg:éa(r:lei?o%fsa%ﬂi)gﬁ?eg A2lflll_<Fl?g (gﬁulre a 3-fold molar excess of plasmin. (1) PAI-1-P5; (2) PAI-1-P6; (3)

: . ! ! ’ PAI-1-P7; (4) wtPAI-1. Std represents the molecular mass standards
P7, and PAI-1-P16 yielded a pattern comparable to that (see legend to Figure 1). The open arrowhead indicates the
observed for wtPAI-1, whereas incubation of PAI-1-P14 and migration position of the degradation products with mag8g kDa.
PAI-1-P15 with a 2-fold molar excess of plasmin yielded The closed arrowhead and the arrow indicate the migration positions
predominantly the 41 kDa cleavage product. Surprisingly, °f intact PAI-1 and plasmin, respectively.
incubation of the latent forms of wtPAI-1, PAI-1-P5, PAI- and PAI-1-P5 had comparable functional half-lifes (itg,
1-P6, and PAI-1-P7 with either an excess or catalytic = 80+ 23 min and 106 57 min, respectively). The half-
amounts of plasmin resulted in the quantitative generation life of PAI-1-P6 and PAI-1-P7 was slightly increasetgly(

1 2 3 4 Std kDa

of the 24 kDa derivatives (i.e., 68 5.7%, 94+ 2.6%, 88 = 151+ 32 and 132+ 36 min,p < 0.02 andp < 0.05,
+ 3.4%, and 74+ 1.3%, respectively, meatt SD,n = 3) respectively, versus wtPAI-1) whereas PAI-1-P16 was 4
(Figure 2). times more stable compared to wtPAIt,{= 325+ 225

Addition of a 2-fold molar excess of thrombin to wtPAI-1  min, p < 0.002). The substrate behavior of PAI-1-P14 and
or PAI-1 variants yielded a pattern comparable to that PAI-1-P15 after incubation for 24 h at 37TC remained
observed with t-PA (FigurelC). unchanged.

Stability of PAI-1 Mutants at 37C. WtPAI-1 and PAI-1 Heat-Induced Denaturation of Different Conformations of
mutants were incubated at 3C, and PAI-1 activity was  WtPAI-1 and PAI-1 VariantsThe heat denaturation profiles
determined at various time intervals (Figure 3). WtPAI-1 are shown in Figure 4. As expected, the active form of
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Ficure 3: Functional stability of active PAI-1 variants at 3C. Temperature (‘C)
WtPAI-1 (W); PAI-1-P5 @A); PAI-1-P6 (v); PAI-1-P7 (»); PAI- T
1-P16 ). All data represent meatt SD, n = 3—12. B
WtPAI-1 was more sensitive to heat denaturati®p,f, = 1507 A
51 &+ 2.0 °C, mean=£ SD, n = 5) than the latent form c I
whereas the substrate form of wtPAI-1 exhibited an inter- o
mediate heat denaturation profile,{= 60 + 2.3°C) (Figure £ 19
4A). The substrate forms of the PAI-1 variants exhibited =
slightly different profiles with the followingl, values: 66 3
+2.2°C, 68+ 2.3°C, 63+ 3.2°C, 51+ 4.4°C, 67+ 8.5 o 507
°C, and 66+ 4.8°C (mean+ SD, n = 3—6) for substrate )
forms of PAI-1-P5, PAI-1-P6, PAI-1-P7, PAI-1-P14, PAI- 0
1-P15 and PAI-1-P16, respectively (Figure 4B,C). Strik- 30 40 5 60 70 80 90
ingly, in all cases studied, the cleaved substrate variants Temperature (°C)
exhibited an extremely high resistance to heat denaturation
(i.e., Tm > 90 °C, Figure 4). c
Identification of the Cleaage Site in PAI-1-P14, PAI-1- 150~
P15, and in Latent PAI-1 FormsAmino-terminal sequence
analysis of PAI-1-P14 and PAI-1-P15 following incubation 5
with catalytic amounts of t-PA revealed the known amino- 2 1004
terminal sequence of PAI-1 (i.e., Val-His-His-Pro-Pro) and E
in addition the equimolar generation of a new sequence, Met- £
Ala-Pro-Glu-Glu-lle, indicative for cleavage at the At§ 2 so-
Met®4” (P1P1) position. £
Amino-terminal sequencing of latent wtPAI-1 and latent =
PAI-1-P5, PAI-1-P6 and PAI-1-P7 after incubation with 0
plasmin revealed the generation of a new sequence (corre- % 40 50 60 70 80 90
sponding to the lower band in Figure 2), Ser-Asp-Gly-Ser- Temperature (°C)
Thr-Val-Ser-Val, indicative for a plasmin cleavage site at Ficure 4: Heat denaturation profiles of wtPAI-1, PAI-1 variants,
Lys®LSef?? in latent PAI-1 forms. and their derivatives. (A) WtPAI-1: active®], substratcl), latent
(¥), and cleaved substratal); (B) Substrate (closed symbols) and
DISCUSSION respective cleavage products (open symbols) of wtPARI),

PAI-1-P5 (v,v), PAI-1-P7 @,0) and PAI-1-P16 &, A). (C)

The serpins can be divided into two groups: the active Substrate (closed symbols) and respective cleavage products (open
inhibitory serpins (e.g., antithrombin llé;-antitrypsin, C1-  Symbols) of wtPAI-1 W,0), PAI-1-P14 §,v), and PAI-1-P15
inhibitor, a-antiplasmin) and the noninhibitory serpins (e.g., (®:©)- All data represent meast SEM, n = 3-6.
ovalbumin, angiotensinogen, maspin) (Huber & Carrell, well as insertion of an alanine in the P4R8 region (Holmes
1989; Pembertoret al, 1995). The unique serpin PAI-1 et al, 1987) resulted in inactive serpins with substrate
can occur in (a) a labile active inhibitory conformation, (b) properties. On the other hand, two recent studies (Lawrence
a nonreactive latent conformation that can be reactivated, et al, 1994; Tuckert al, 1995) suggested that the charge
and (c) a noninhibitory but cleavable substrate conformation [rather than the size (Lawrenet al., 1994)] of the residue
(Declercket al.; 1992; Uranoet al, 1992; Munchet al., at position P14 [and not at P12, P10, P8, P6, or P4 (Tucker
1993). The P12P9 region of the inhibitory serpins consists et al, 1995)] plays an important role in the functional
mainly of aliphatic small alanines and appears to be highly behavior of PAI-1. The current study, together with our
conserved in the inhibitory serpins (Carrelf al., 1991) previous study (Audenaegt al, 1994), reveals that the entire
whereas the P12P9 region of the noninhibitory serpins P5-P16 region contributes to the functional properties of
consists of rather bulky or charged residues. Several PAI-1. Substitution with a proline at position P5, P6, P7,
naturally occurring mutants of inhibitory serpins have been or P16 yields inhibitory PAI-1 variants but with an in-
described where substitutions of small aliphatic residues by creased and stable substrate behavior. These data are
bulky or charged residues at position P10 or P12 (Letry = compatible with suggestions that, at least in part, the kinetics
al., 1990; Skriveret al, 1991; Perry & Carrell, 1989) as of insertion may govern the reaction pathway (Geténhal.,
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1993; Hoodet al., 1994). Whereas substitution with a general hypothesis (Carradt al., 1991), our findings are in
proline at P8 or P10 (Audenaest al., 1994) yields PAI-1 agreement with recent conformational studies on cleaved
variants with predominantly substrate characteristics, sub-antithrombin 11l Ala(P12)~Thr (Wrightet al.,1994), cleaved
stitution at P12 (Audenaeet al., 1994), P14, or P15 yields  ay-proteinase inhibitor Thr(P14)Arg (Hood et al., 1994),
PAI-1 variants with exclusively, stable substrate properties, cleaved PAI-1 Thr(P14yArg (Lawrence et al., 1994)
indicating that the P12P15 region is the “substrate”- (cleaved with elastase at the PR3 bond), and cleaved
determining region. Interestingly, for all of the mutants PAI-1 Ala(P12)~Pro (Sanchet al.,1995). In addition, the
exhibiting inhibitory as well as substrate properties (i.e., PAl- three-dimensional structure of the cleaved substrate mutant
1-P5, PAI-1-P6, PAI-1-P7, and PAI-1-P16), a functionally PAI-1-P12 (Aertgeertgt al., 1995) indeed clearly demon-
stable (i.e., no transition to a latent state) substrate form couldstrated the insertion of residues PI®3 into 5-sheet A.
be separated from the inhibitory form. These data are in Importantly, it should be stressed that the data from our
agreement with those observed for native PAI-1 (Declerck current study indicate a similar insertion upon cleavage of
et al, 1992), thereby confirming that the functional behavior the noninhibitory substrate form of wild-type PAI-1. To the
of PAI-1 as well as PAI-1 mutants is predetermined by the best of our knowledge, this is the first report on insertion
initial conformation; i.e., two distinct populations of mol- occurring upon cleavage of a nonmutated substrate-type
ecules (active and substrate) expsior to interaction with serpin. Overall, the information now available from a wide
the target proteinase. This is in contrast to the hypothesisvariety of substrate-type serpin variants and our native
put forward for other serpins in which it is believed that substrate serpin provides accumulating evidence that the
during interaction with the target proteinase a common substrate behavior of noninhibitory serpins is not associated
intermediate exists but that the ratio of substrate versuswith a lack of insertion of the reactive site loop.
inhibitory reaction is determined by the kinetics of insertion  Another important observation in the present study is the
and/or by conformational changes induckating interaction identification of a, previously unknown, plasmin cleavage
with the proteinase (Gettiret al,, 1993; Hoodet al, 1994;  site exclusively present in latent forms of wtPAI-1 or PAI-1
Huntingtonet al, 1995). This difference between serpins variants. NH-terminal sequence analysis revealed that this
in general and PAI-1 illustrates again the uniqueness of PAI-1 cleavage site is located at the E§/s-Sef®? peptide bond.
within the serpins. Our hypothesis, that the underlying From the comparison with the 3-D structure of cleaved and
molecular basis responsible for the substrate behavior oflatent PAI-1 (Aertgeertst al., 1995), it is clear that this
PAI-1 is different from that for the substrate reaction plasmin cleavage site, exclusive for latent forms, is situated
observed in other serpins, is supported by the observationin a region of the molecule (Hi®—Prc®) that constitutes
that incubation ofo-antitrypsin or antithrombin Ill with a  a major difference between latent and reactive forms of PAI-
peptide corresponding to the respectiveP1l4 sequence 1. This is the first biochemical evidence for this conforma-
induces a substrate behavior (Carelal,, 1991; Schulze  tional difference and the first report revealing a proteolytic
etal.,1990; Bjak et al,, 1992) whereas similar experiments cleavage site preferentially exposed in latent PAI-1. Only
with PAI-1 resulted in an inactivation without induction of  one other study, using cathepsin D, also revealed additional
a substrate reaction (Eitzmat al., 1995). cleavage sites outside the reactive site loop of PAI-1 (Simon
Crystallographic studies demonstrated that upon cleavageet al., 1995). In the latter, a preferential susceptibility was
of an inhibitory serpin, the N-terminal side of the active site observed for active PAI-1 whereas latent PAI-1 was much
loop inserts as a nep+strand s4A forming a more compact more resistant.
protein (Carrell et al., 1991; Stein & Chothia, 1991; In conclusion, we have shown that insertion of the reactive
Loebermanret al., 1984; Baumanret al., 1991) whereas  site loop is not directly associated with the functional
cleavage of the noninhibitory serpin ovalbumin into plakal- properties of the serpin PAI-1 and provided further evidence
bumin does not result in the insertion of the N-terminal side that the initial conformation of PAI-1, prior to its interaction
of the active site loop (Wrighet al., 1990). These typical  with its target proteinases, determines the reaction pathway.
differences are also reflected in heat denaturation studies ofin addition, we have identified a previously unrecognized
cleaved inhibitory serpins (Carredit al, 1991; Gettins &  plasmin cleavage site in latent PAI-1. The latter observation
Harten, 1988; Pembertoet al, 1989) revealing a large  may have implications in the irreversible inactivation of latent
increase in heat stability compared to their intact active form PAI-1 under pathophysiological situations.
whereas heat denaturation profiles of plakalbumin (Carrell
et al., 1991), cleaved maspin (Pemberteinal., 1995), and ACKNOWLEDGMENT
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