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Abstract t 

Plasminogenn activator inhibitor type 1 (PAI-1) is a member of the serine protease 
inhibitorr (serpin) superfamily. Its highly mobile reactive-center loop (RCL) is thought 
too account for both the rapid inhibition of tissue-type plasminogen activator (t-PA), 
andd the rapid and spontaneous transition of the unstable, active form of PAI-1 into a 
stable,, inactive (latent) conformation (t1/2 at 37°C: 2.2 hours). We determined the 
amino-acidd residues responsible for the inherent instability of PAI-1, to assess whether 
thesee properties are independent and, consequently, whether the structural basis for 
inhibitionn and latency transition is different. For that purpose, a hypermutated PAI-1 
libraryy that is displayed on phage (Stoop et al, 2000) was pre-incubated for increasing 
periodss (20 to 72 hours) at 37°C, prior to a stringent selection for rapid t-PA binding. 
Accordingly,, four rounds of phage-display selection resulted in the isolation of a stable 
PAI-11 variant (st-44: Xm = 450 hours) with 11 amino-acid mutations. The cumulative 
contributionss of nine out of eleven mutations in st-44 were determined by 
backcrossingbackcrossing this PAI-1 variant with wild-type (wt) PAI-1 cDNA, using DNA 
shuffling.. Furthermore, the stable mutant st-44 and additional stable mutants found in 
thee backcross are functionally indistinguishable from wild-type PAI-1 with respect to 
thee rate of inhibition of t-PA, cleavage by t-PA, and binding to vitronectin (Vn). The 
mutationss found in the stable PAI-1 variants constitute largely reversions to the stable 
"serpinn consensus sequence" and are located in areas implicated in PAI-1 stability 
{e.g.{e.g. the Vn-binding domain and the proximal hinge). Collectively, our data provide 
evidencee that the structural requirements for PAI-1 loop insertion during latency 
transitionn and target proteinase inhibition can be separated. 
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Introduction n 

Plasminogenn activator inhibitor type 1 (PAI-1) is a member of the serine protease 
inhibitorr (serpin) superfamily and acts as the major inhibitor of fibrinolysis by 
inhibitingg tissue-type and urokinase-type plasminogen activators (t-PA and u-PA) 
(review:: van Meijer & Pannekoek, 1995). The physiological relevance of PAI-1 is 
underscoredd by the observation that a deficiency in humans results in hemorrhagic 
episodess (Fay et ah, 1992; 1997). In addition, PAI-1 has been implicated in cell 
adhesionn and migration, events relevant to tissue remodeling and metastasis (review: 
Loskutofff  et al., 1999). These processes are mediated by binding of PAI-1 to the 
adhesivee glycoprotein vitronectin (Vn) (Deng et al., 1996; Stefansson & Lawrence, 
1996;; Waltz et al, 1997). PAI-1 is a single-domain glycoprotein of 379 amino acids 
organizedd in nine a-helices and three p-sheets. The molecular mechanism by which 
PAI-1,, and other serpins, inhibit their cognate serine proteinases has been 
characterizedd as a branched, suicide-substrate mechanism (Patston et al, 1990; Wright 
&&  Scarsdale, 1995; Lawrence et al, 1995; van Meijer et al, 1997). The reactive-center 
loopp (RCL) of the serpin serves as a pseudo-substrate for the proteinase, followed by 
translocationn and entrapment of the proteinase in a covalent serpin:proteinase 
complex.. Depending on the mobility of the RCL, the presence of a co-factor {e.g. 
heparin),, and the proteinase used, the serpin can also be cleaved in a substrate-type 
reaction,, resulting in an inactivated inhibitor (Lawrence et al, 2000). 

PAI-11 is distinguished from other serpins by the facile insertion of its RCL. This 
propertyy contributes to the rapid second-order rate constant for inhibition of t-PA of 
2.00 x 107 M'V 1, while on the other hand it is thought to account for the spontaneous 
transformationn of the unstable, active form of PAI-1 with a half-life (ti/2) of only 2.5 
hourss at 37 °C to a stable, inactive conformation (Declerck et al, 1988). The inactive 
conformationn can be reactivated by a cycle of denaturation and renaturation and, 
accordingly,, is generally denoted as "latent" PAI-1 (Hekman & Loskutoff, 1985). 
However,, at present it is not clear to what extent the conformational changes in the 
PAI-11 molecule that are involved in the transition of a free, active component into a 
complexx with its target proteinase mirror those occurring in the transition from the 
unstable,, active form into the stable, latent conformation. We hypothesized that 
stabilizingg the active form of PAI-1 by mutagenesis may provide insight into areas and 
mechanismss important for the latency transition and, simultaneously, for the inhibitory 
reaction.. Both rational design and random approaches have been applied to stabilize 
thee active conformation of PAI-1. Of note, rational designs have only succeeded to a 
limitedd extent (Lawrence et al, 1994a; Tucker et al, 1995), whereas an attempt based 
onn random mutagenesis and functional screening has proven quite successful: a 
combinationn of four mutations resulted in a 72-fold stabilization of PAI-1 (Berkenpas 
etet al, 1995). However, the functional capacity of this PAI-1 mutant was markedly 
affectedd since it displayed both a substantially increased substrate behavior and a 10-
foldd lower second-order rate constant for inhibition of t-PA as compared to wt PAI-1. 
Thesee effects were mainly caused by restrictions on the facility of RCL insertion as 
suggestedd by the crystal structure of the mutant (Sharp et al, 1999). Hence, in the 
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presentt study we aim to stabilize PAI-1, without affecting the rate-determining step of 
RCLL insertion related to proteinase inhibition. 

Thee potential of additive mutations to improve or alter protein function has been 
recognizedd previously (Wells, 1990, Sandberg & Terwilliger, 1993) and various 
successfull  attempts have been reported (Pantoliano et al, 1989; Cunningham et al, 
1990;; Chen & Arnold, 1993). The introduction of multiple mutations may be 
instrumentall  to changing a selected property, while conserving other properties of a 
proteinn due to the additive or compensatory effect of the combined mutations. Only 
recently,, however, has the introduction of multiple, random mutations with 
concomitantt preservation of protein activity become more feasible: this has resulted in 
thee construction of proteins with substantially altered properties (Giver et al, 1998; 
Ouee et al., 1999; Matsumura & Ellington, 1999). Frequently, the proteins generated 
wouldd not have been found by rational design and include subtle changes at locations 
distinctt from the reactive site (Moore et al., 1996; Spiller et al, 1999). These 
mutationss were nearly always introduced by iterative generations of random-
mutagenesis// recombination followed by screening or selection. In this context, DNA 
shufflingg and the staggered-extension procedure (StEP) have emerged as the two 
principall  techniques used to introduce and recombine mutations (Stemmer, 1994; Zhao 
etet al, 1998). To select interesting mutants, phage display is one of the most robust 
meanss available, since more than 109 variants can be subjected to in vitro selection for 
improvedd (binding) properties in a single round (review: Rodi & Makowski, 1999). 
Wee recently described a combination of DNA shuffling and phage display that was 
designatedd "Shuffled Proteins On Phages" (SPOP) (Stoop et al, 2000). 

Here,, we applied the considerations mentioned above to create substantial 
changeschanges in PAI-1 stability without sacrificing other properties by using a hypermutated 
library.. Subsequently, the necessity of each of these mutations has been investigated to 
determinee if additivity forms the basis for the observed changes. To that end, a 
selectedd stable PAI-1 mutant was backcrossed with an excess of wt PAI-1 cDNA, 
followedd by phage-display selection for stability. Preferentially, mutants were selected 
containingg eight or more amino-acid substitutions per protein, underlining the 
cumulativee effect of the combined mutations. From the location of the stabilizing 
mutations,, conclusions can be drawn concerning structural requirements for transition 
off  the active towards the latent conformation and the inhibition of t-PA, the target 
serinee proteinase. 

Results s 

Selectionn of stable PAI-1 from a hypermutated PAI-1 library 

Too obtain a stable PAI-1 variant that contains multiple amino-acid substitutions a 
hypermutatedd PAI-1 library was used of 1.0 x 107 independent colony-forming units 
(cfu)) (Stoop et al, 2000). This library has an average of 9.1 amino-acid substitutions 
perr clone and is displayed on phage. The PAI-1 displaying phages were subjected to 
fourr rounds of selection, during which pre-incubation time at 37°C was increased from 
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200 hours (first round) up to 72 hours (fourth round). Subsequently, phages were 
incubatedd with sub-nanomolar concentrations of t-PA and tPA:PAI-l complexes were 
capturedd with an anti-t-PA monoclonal antibody (CLB-16). Hence, only PAI-1 -
displayingg phages that rapidly form covalent PAI-1: t-PA complexes and are not 
subjectt to cleavage will be selected. After each round of panning, the number of eluted 
t-PA-bindingg phages was counted and compared to the number of eluted, non-
specificallyy bound phages (Table 1). As can be observed, after four rounds of 
increasingg selection conditions an enrichment of 60-fold is detected, indicating the 
preferentiall  selection of clones with enhanced stability. 

Tablee 1. Elution profile of PAI-1 phages in four sequential rounds of phage-display 
selectionn for stability. The fifth generation of PAI-1 mutants was displayed on phages 
andd stable mutants were selected in four rounds, as described in Materials and Methods. 
Priorr to selection, mutants were pre-incubated at 37 °C for the time intervals indicated in 
Materialss and Methods. Background represents the number of phages eluted in the 
absencee of t-PA. The enrichment is the fold difference between the eluted number of 
backgroundd and specific PAI-1 phages. 

Pannings s 

Roundd 1 
Roundd 2 
Roundd 3 
Roundd 4 

Pre-incubationn time 
att 37 °C (h) 

20 0 
60 0 
60 0 
72 2 

Background d 
phages s 

5.00 xlO4 

0.88 x 104 

8.00 x 104 

2.00 x 105 

PAI-11 specific 
phages s 

3.99 x 104 

3.00 xlO4 

1.11 xlO6 

1.22 xlO7 

Enrichment t 

0.8 8 
3.8 8 
14 4 
60 0 

Characteristicss of stable PAI-1 mutants 

Afterr the fourth round of panning, the entire PAI-1 library was transferred from a 
phage-displayy vector to the protein-expression vector pMBL-11-N. Six PAI-1 mutants 
weree randomly picked and purified, so they are consequently devoid of any phage 
relatedd stabilization factors. All these mutants efficiently inhibited the chromogenic 
activityy of t-PA and their active conformation was clearly stabilized as determined by 
monitoringg PAI-1 activity over time (Figure 1). The calculated half-lives demonstrated 
thatt these mutants were significantly more stable than wt PAI-1 (Xm - 2.2 hours), and 
rangedd from 48 hours (st-25) to >350 hours (st-44) (Table 2). In addition, analysis of t-
PA:PAI-11 complex formation by SDS-PAGE revealed that the substrate behavior of 
eachh of these preparations was comparable to that of wt PAI-1 (data not shown). 
Furthermore,, no differences in binding to Vn were found for any of these mutants as 
determinedd by Surface Plasmon Resonance (SPR): each of these PAI-1 mutant 
preparationss has a dissociation equilibrium constant (KD) for binding to immobilized 
Vnn below 0.1 nM, which was the detection limit of this experiment. 

DNA-sequencee analysis revealed that all mutants were unique and contained on 
averagee 20 nucleotide mutations, which resulted in 11 to 15 amino-acid substitutions 
perr mutant protein (Table 2). Although each mutant is unique, it should be noted that 
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Figuree 1. Decay of PAI-1 
activityy for six stable PAI-1 
mutantss upon incubation at 
377 °C. The mutants analyzed 
weree randomly picked after 
fivee rounds of DNA 
shufflingg and four rounds of 
phagee display selection for 
stability.. The percentage of 
residuall  PAI-1 activity, as 
determinedd by t-PA 
inhibitoryy activity, is plotted 
onn a log scale, as a function 
off  the incubation time at 37 
°C.. Symbols:  = st 9; O = st 
25,, T= 44, V = st 46, D = st-x4,  = st-xli and  = wild-type PAl-l. bach point 
representss the average of at least three measurements. Half-lives were determined using 
Sigmaa Plot 4.01 and are summarized in Table 2. 

several,, defined amino-acid substitutions are shared between the different mutants. 
Specifically,, R30C (6x), T94A (5x), N150D (4x) and M354I (3x) were found most 
frequently,, each of which has been implicated before in stabilization of PAI-1 
(Lawrencee et al., 1994a, Kvassman et al., 1995; Berkenpas et al., 1995). Three of 
thesee frequently occurring mutations (R30C, T94A, N150D) were also present in the 

Tablee 2. Amino-acid substitutions in stable PAI-1 clones, randomly picked after five 
roundss of DNA shuffling and four rounds of phage display selection for increased 
stability.. The corresponding half-lives at 37 °C are given  SE. The calculations of half-
livess are based on results presented in Figure 1. 

St-25 St-25 
R30C C 
V42A A 
G70D D 
T94A A 
R115K K 
K.141E E 
T142A A 
N150D D 
K154E E 
S183G G 
N209S S 
G264A A 
V341A A 

St-46 St-46 
R30C C 
M45K K 
T50A A 
D67G G 
Y79H H 
T93A A 
R118G G 
E128D D 
A156D D 
T211A A 
T214A A 
M354I I 

St-x4 St-x4 
R30C C 
M71V V 
R76Q Q 
T94A A 
F114Y Y 
VI299 A 
N150D D 
K154E E 
R186P P 
H190Y Y 
R287K K 
S331G G 

StSt 9 
R30C C 
M45K K 
G51R R 
H77Y Y 
Y79H H 
T94A A 
R115K K 
R118G G 
K141E E 
G153E E 
L169F F 
L188P P 
F302S S 

St-xll St-xll 
R30C C 
T94A A 
VI299 A 
T142I I 
K145E E 
M147R R 
N150D D 
R186H H 
T232A A 
D285N N 
S308R R 
I342T T 
M354I I 

St-44 St-44 
R30C C 
T50A A 
Q56R R 
G70D D 
T94A A 
H112R R 
N150D D 
D222G G 
I223V V 
G264D D 
S331G G 

M354II  S308G 
V341A A 

ti /2inhh 48 (  5) 60 ) 93 (  8) 98 ) 134 ) >350 

00 20 40 60 80 100 120 

Timee in hours 
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majorityy of clones analyzed without any particular selection for stability, suggesting a 
selectivee advantage of these mutations during the development of the library (Stoop et 
ah,ah, 2000). Taken together, the analysis of these six mutants resulted in the 
accumulationn of 77 amino-acid substitutions distributed over 48 positions, all of which 
weree compatible with full inhibitory activity of PAI-1. 

Backcrossingg of a stable PAI-1 mutant 

Thee most stable PAI-1 mutant that we isolated, denoted st-44, was further 
characterizedd to determine whether each of its 11 mutations is required for stability 
andd to test the validity of the hypothesis that additive mutations form the basis for 
stability.. Theoretically, 2048 (211) different combinations of these 11 mutations are 
possible,, illustrating that analysis of individual mutants is not practically feasible. 
Therefore,, we "backcrossed" mutant st-44 with a two-fold molar excess of wt PAI-1 
cDNA,, using a high-fidelity DNA shuffling protocol (Zhao et ah, 1997). This 
proceduree aims at minimizing the number of newly introduced mutations, but 
unavoidablyy a low percentage (0.1%) of new mutations is introduced during 
backcrossing.. A PAI-l/st-44 library of 2.0 x 106 cfu was generated and expressed on 
phages.. Again, phage-display selection for t-PA-inhibiting PAI-1 mutants was 
performed,, using increasing periods (20 to 450 hours) of pre-incubation at 37°C, prior 
too selection for t-PA binding. After both the first and the fourth round of panning, PAI-
11 cDNAs were inserted into an expression vector to evaluate mutation distribution and 
too purify PAI-1 mutant proteins. DNA analysis of 15 clones, picked after the first 
round,, revealed that these cDNAs contained two to six mutations derived from st-44 

Mutationss derived from st-44 

Figuree 2. Analysis of 
thee presence of st-44 
derivedd mutations in a 
PAI-l/st-444 backcross 
libraryy after one and 
fourr rounds of 
selectionn for stability. 
Afterr one (gray bars) 
andd four (hatched 
bars)) rounds of 
selectionn for stability 
155 and 14 PAI-1 
cDNAA clones, 
respectively,, were 
sequencedd and 
analyzedd for st-44 

derivedd mutations. Using Sigma Plot 4.01 a Poisson distribution was fitted for both 
categories. . 
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Tablee 3. Correlation between mutations derived from mutant st-44 and the half-life of 
thee corresponding PAI-1 mutant. After one (A) and four (B) rounds of phage-display 
selectionn for stable PAI-1 clones in a PAI-1 /st-44 library, 10 PAI-1 mutants of each set 
weree analyzed. Half-lives were calculated by determining residual PAI-1 activity after 0, 
3,, 6, 12 and 24 hours (A) or 0, 24, 48, 96, 192 and 384 hours (B). Values were 
determinedd in three times and are given  SE. Additional mutations obtained during 
backcrossingg are indicated with a symbol. 

A A 

St-44 4 
1-10 0 
1-1 1 
1-14 4 
1-8 8 
1-2 2 
1-5 5 
1-12 2 
1-4 4 
1-7* * 
1-15 5 
Wt t 

R30C C 

+ + 
+ + 

+ + 

+ + 

T50A A 

+ + 

+ + 

Q56R R 

+ + 

+ + 

G70D D 

+ + 
+ + 

+ + 

+ + 
+ + 
+ + 

T94A A 

+ + 
+ + 

+ + 
+ + 

+ + 
+ + 

+ + 

H112R R 

+ + 

+ + 

N150D D 

+ + 
+ + 

+ + 
+ + 

+ + 

+ + 
+ + 

D222G G 
I123V V 

+ + 
+ + 
+ + 

+ + 
+ + 

+ + 

G264D D 

+ + 

+ + 

+ + 

+ + 

S331G G 

+ + 

+ + 
+ + 
+ + 
+ + 

tl/22 0») 

4500 ) 
422 ) 
411 ) 
388 ) 
333 (  4) 
188 ) 
133 ) 
7.55 ) 
5.88 (  0.2) 
44 (  0.5) 
3.66 ) 
2.22 (  0.2) 

**  = + Y228C 

B B 

St-44 4 
4-2* * 
4-15 5 
4-14 4 
4-5 5 
4-6 6 
4-11 1 
4-1 1 
4-7 7 
4-3 3 
4-105 5 

R30C C 

+ + 

+ + 

+ + 
+ + 
+ + 

T50A A 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

Q56R R 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 
+ + 

G70D D 

+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

T94A A 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 

H112R R 

+ + 

N150D D 

+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

D222G G 
I223V V 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

G264D D 

+ + 
+ + 
+ + 
+ + 
+ + 

+ + 

S331G G 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

ti/2(h) ) 

4500 (  29) 
5400 (  53) 
3100 ) 
2955 ) 
2900 (  24) 
2500 (  17) 
1800 ) 
944 ) 
755 ) 
422 ) 
355 ) 

== +A61V 
§§ = +T211I 
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(averagee 4.1 mutations) (Figure 2). This finding correlates well with the two-fold 
molarr excess of wt PAI-1 cDNA used during the DNA shuffling procedure. Every 
mutantt analyzed was unique and all mutations that are present in st-44 were also found 
inn this collection. In contrast, DNA analysis of 14 mutant clones picked after the 
fourthh round showed an average of 8.1 amino-acid substitutions derived from st-44. 
Clearly,, a considerable enrichment had occurred of clones that contained multiple 
mutations,, even though clones containing eight or more st-44-derived mutations only 
representedd a very small fraction (< 0.6%) of the original PAI-l/st-44 cDNA library, 
ass determined by the fitted Poisson distribution (Figure 2). A comparison between the 
half-lifee of purified PAI-1 mutants from the first (10 clones) and the fourth round (10 
clones)) showed that the average half-life of the PAI-1 proteins increased from 20.6 h 
too 221 hours, respectively (Table 3). The half-life of individual clones ranged from 3.6 
hourss (cl 1-15 with two st-44-derived mutations) to 540 hours (cl 4-2 with nine st-44-
derivedd mutations and 1 new mutation), which is 245-fold more stable than wt PAI-1 
(2.22 hours). Table 3 summarizes for individual mutants the correlation between the 
mutationss found and the half-lives determined. Thus, the number of st-44-derived 
mutationss directly correlated with an increase of PAI-1 stability. 

Wtt wt 41S 415 42 42 45 45 st44 St44 

t-PAA . + - + - + - + - + 

WW "1 

t-PA:PAI-1 1 

t-PA A 

PAI-1 1 
PAI-11 (cleaved) 

Figuree 3. SDS-PAGE analysis of selected PAI-1 variants in the presence or absence of 
t-PA.. Purified mutant or wt PAI-1 preparations were analyzed prior to and after 
incubationn with t-PA by non-reducing 10% (w/v) SDS-PAGE, followed by Coomassie 
Brilliantt Blue staining, as described in Materials and Methods. Cleavage of PAI-1 is 
visualizedd by the formation of an additional band after incubation with t-PA, which has 
aa slightly smaller (38 kDa) molecular weight than intact PAI-1 (42 kDa). 

Second-orderr rate constants of inhibition for t-PA and inhibitor versus substrate 
propertiess were characterized for wt PAI-1, st-44 and three of the most stable PAI-1 
mutantss found after backcrossing (4-2, 4-5, 4-15). Significantly, second-order rate 
constantss of inhibition for t-PA were virtually undistinguishable between wt PAI-1 and 
thee different stable mutants: wt = 1.7 x 107 M'lsl; st-44 = 1.1 x 107M"V' ; 4-2 = 8.1 x 
1066 IvrV 1; 4-5 = 7.0 x 106 M's"1 and 4-15 = 8.8 x 106 MV 1. These values emphasize 
thatt a virtually complete stabilization of PAI-1 does not necessarily influence the rate 
off  proteinase inhibition. This observation was further substantiated by the 
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determinationn of inhibitor versus substrate properties of these PAI-1 variants. PAI-1 
variantss were incubated with t-PA and analyzed for t-PA:PAI-l complex formation by 
SDS-PAGEE (Figure 3). All mutants inhibited t-PA to a comparable extent as wt PAI-1, 
demonstratingg only very limited substrate behavior. Again, this underscores that the 
potentiall  for rapid RCL insertion involved in proteinase inhibition is not affected in 
thesee stable PAI-1 mutants. Finally, the binding characteristics of these mutants to Vn 
weree similar to that of wt PAI-1 as determined by SPR analysis, using immobilized 
Vn:: dissociation equilibrium constants below 0.1 nM were measured. 

Discussion n 

Wee report the use of a hypermutated PAI-1 library to study both the additive potential 
off  stabilizing mutations and to draw conclusions on the structural aspects of the 
transitionn of the unstable, active form of PAI-1 to its stable, inactive (latent) 
conformation.. This library of PAI-1 mutants was subjected to a phage-display 
selectionn for stable variants, using a stepwise selection scheme. Primarily, phages were 
selectedd that display stable PAI-1 variants; however, additional stringent selection was 
performedd to preserve full inhibitory activity and rapid second-order rate constants of 
t-PA-inhibition.. Analysis of individual mutants revealed an increase in stability up to 
245-fold,, while inhibitory behavior and second-order rate constants for inhibition were 
virtuallyy unaffected. Remarkably, Vn binding was also unaltered in any of the mutants 
testedd in either this or a previous study (Stoop et al., 2000), even though it was not 
subjectedd to selection. Together, these two studies contained mutations at 126 out of 
thee 379 different positions of PAI-1. However, none of the five amino-acid residues 
thatt have been specifically assigned to mediate the interaction with Vn were mutated 
inn our collection (Lawrence et al., \994b). This observation, in addition to results of 
Suii  and Wiman (1998), suggests an interdependence between full inhibitory potential 
off  PAI-1, including rapid inhibition and unrestricted RCL insertion, and an unaltered 
Vn-bindingg site. 

AA hypothesis for this study was that the cumulative effect of multiple mutations 
wouldd form the basis for an increase in PAI-1 stability without affecting other PAI-1 
properties.. Therefore, a library containing PAI-1 mutants with multiple amino-acid 
substitutionss was used as starting material to select for stable variants (Stoop et al, 
2000).. Since, during the development of this hypermutated library no particular 
selectionn was applied to isolate stable mutants, the introduction of mutations not 
directlyy contributing to stability was likely. Backcrossing of the most stable mutant 
foundd in the first selection (st-44), therefore, aimed at eliminating the non-contributing 
mutations.. Preferentially, stable clones contained at least eight out of eleven st-44-
derivedd mutations in order to exhibit a substantially prolonged half-life without 
displayingg increased substrate behavior (Table 3 & Figure 3). From these experiments 
thee absolute necessity for the presence of each individual mutation can not be inferred, 
duee to the preferential co-segregation of mutations in close vicinity of each other 
duringg the DNA shuffling procedure {e.g. T50/Q56 and D222/I223). Nevertheless, the 
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overalll  correlation between the number of st-44-derived mutations and the increase of 
PAI-11 stability strongly suggests that stability is accomplished by the cumulative 
effectt of different mutations. Furthermore, a cooperative effect of the different 
mutationss cannot be excluded. 

Thee results shown in Table 3 may provide some indications to the contribution of 
individuall  mutations to stability. For example, apart from the S331G substitution, 
mutantss 4-5 and 4-3 are identical but these proteins differ 6.9-fold in stability, an 
effectt that thus may be contributed to the S331G alteration. Support for this 
interpretationn comes from a comparable stabilizing effect (6-fold) reported upon 
introductionn of this single mutation into a wt PAI-1 context (Berkenpas et al., 1995). 
Alongg these lines, the individual contributions to stability can also be calculated for 
somee other mutations. However, since a potential cooperative affect between different 
mutationss may be present we would argue that over interpretation of Table 3 should be 
avoided.. To determine if a cooperative mechanism underlies PAI-1 stabilization, the 
divergentt effect of a single mutation in two different contexts should be analyzed: each 
mutationn should be introduced singly into wt PAI-1 and removed from the mutant 4-2. 

Tablee 4. Comments on mutations found in the stable PAI-1 mutants st-44 and 4-2. 

Mutation n 
R30C C 
T50A A 
Q56R R 
A61V V 
G70D D 
T94A A 
H112R R 
N150D D 
D222G G 
I223V V 
G264D D 
S331G G 

Serpinn consensus* 
none e 

A A 
none e 

GorV V 
D D 

Ao rG G 
none e 

Dorr E 
Ko rQ Q 
V > I I 
none e 

E E 

Structurall position9 

thAsóB B 
thBhC C 

hC C 
hC C 
hD D 
s2A s2A 
hE E 

thFs3A A 
s2B B 
s2B B 
hH H 

ts5As4A A 

**  Consensus residues are defined from a multiple sequence alignment (J. Whisstock, 
personall  communication).s Shorthand description of structural position: t=turn, h=helix, 
s=strand,, so that thAsóB denotes the turn between helix A and strand 6 of sheet B. 

Wee inspected the spatial position of the mutations of the two most stable PAI-1 
mutants,, st-44 and 4-2, using the three-dimensional (3-D) structures of the stable, 
inactivee (latent) and unstable, active form of PAI-1 (Mortonen et al, 1992; Sharp et 
al.,al., 1999) (Figure 4). The structural positions of individual amino-acid substitutions 
aree summarized in Table 4, together with details of the consensus sequence in the 
serpinn family. It is notable that almost half of the substitutions constitute a reversion 
towardss the "serpin consensus sequence" (Whisstock, 1996, and http://smart.embl-
heidelberg.de).. Specifically, the mutations determined at positions 50, 61, 70, 94, 150 
aree all substitutions to consensus residues for (stable) inhibitory serpins. Though not as 
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pronouncedd as in the current study, this trend of stable PAI-1 mutants to revert to the 
generall  "serpin consensus" was also seen in the study of Berkenpas et al. (1995) and 
mayy point at evolutionary selection to generate labile PAI-1. 

Stabilizingg mutations tend to be located in areas implicated in mobility of the 
serpinn structure. To a great extent, the conformational changes occurring on cleavage 
orr formation of the inhibited complex mirror those found in the transition to latency. 
Forr oci-antitrypsin, the conformational transition on cleavage has been analyzed in 
termss of a set of relatively rigid fragments connected by hinges (Whisstock et ah, 
2000).. Several mutations are found within hinge or interface regions, where they 
shouldd affect the ease of motions required for the transition to latency. The latency 
transitionn requires an additional flexibility , in which strand 1C is peeled away from 
sheett C and passed through the gate region (Mortonen et ah, 1992), where further 
mutationss are found. 

Overall,, the stabilizing mutations can be grouped into five distinct subdomains of 
PAI-1,, each of which has been associated with the latency transition (Figure 4). These 
findingss are summarized as follows: 

Figuree 4. Localization of stabilizing mutations in three-dimensional structure of PAI-1. 
Mutationss have been grouped in areas of PAI-1 that have been implicated in the latency 
transition. . 
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a)) The Vn binding domain. Substitutions G70D, T94A and H112R are all located in 
thee vicinity of the Vn binding site of PAI-1 (Lawrence et ah, 1994ft; van Meijer et al., 
1994).. This domain is known both to change conformation upon RCL insertion and to 
influencee the rate of various conformational changes involving the opening of sheet A 
(Carrelll  & Stein, 1996). In addition, this region is implicated in the binding of low 
molecularr weight inhibitors of PAI-1 (Friederich et al.y 1997 ; Bjorquist et al, 1998) 
andd neighbors the heparin-binding site (Ehrlich et al, 1992; Sui & Wiman, 1998). This 
regionn contains a high density of positively-charged residues (Lys69, Arg76, Lys80, 
Argll5 ,, Argll8); it is interesting that H112R, which would increase the positive 
chargee density, always occurs together with G70D, apparently counteracting the 
acquiredd positive charge. 
b)) The helix F/loop subdomain. Substitutions T94A and N150D are located in this 
subdomain,, which moves during RCL insertion and is implicated in control of latency 
(Sharpp et al., 1999; Nar et al., 2000). In active PAI-1, Thr94 packs against Hisl43, 
whichh has been implicated in the pH sensitivity of latency (Kvassman et al., 1995). 
Residuee 150 was also mutated (N150H) in the stable quadruple mutant described by 
Berkenpass et al. (1995). 
c)) The helix C subdomain. Substitutions T50A, Q56R and A61V are all close together: 
inn particular A61 forms part of a mobile interface identified in oii-antitrypsin 
(Whisstockk et al., 2000). A T68A mutation in arantitrypsin, structurally equivalent to 
T50AT50A in PAI-1, has been shown to increase stability (Lee et al., 1996). 
d)) The sheet C/"back of the gate" region. Substitutions D222G/I223V and G264D are 
foundd in tins region that is mobile in the stable quadruple mutant of PAI-1 (Sharp, 
2000).. This region forms the back of the gate through which strand 1C (slC) must 
passs in the latency transition. Mutations in this area may influence flexibilit y and 
hencee the rate of latency transition. This may also influence the stability of sheet C 
itselff  by changing the energy barrier to removing slC. 
e)) The proximal hinge, which is obviously of great importance for the latency 
transition.. Substitution S331G is located in this area and is clearly one of the most 
stabilizingg single mutations. 

Basedd on these five subdomains, in which stabilizing mutations are found, we 
proposee the following model for the consecutive steps involved in the latency 
transitionn of PAI-1. First, RCL insertion would occur up to the point where slC starts 
too peel away. Judging from the structure of the ai-antichymotrypsin 5-form (Gooptu et 
al.,al., 2000), about four residues can insert without removing slC. At this point, the helix 
F/loopp subdomain wil l have to move aside with concomitant conformational changes 
withinn the Vn binding domain and the C-helix, while slC passes through the gate 
region.. Finally, insertion of the remainder of the RCL takes place leading to the latent 
conformation. . 

Takingg the data together, some general remarks can be made with respect to RCL 
insertionn either during PAI-1 transition to latency or during inhibition of the target 
proteinase.. In this study, we demonstrated that it is possible to stabilize PAI-1 245-fold 
withoutt influencing the second-order rate constants of inhibition for t-PA or the rate of 
PAI-11 cleavage by t-PA. Since cleavage of PAI-1 by t-PA is directly related to the 
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facilityy of RCL insertion into P-sheet A (Lawrence et al., 2000), this implies that the 
structurall  requirements for PAI-1 transition to latency are not restricted to facile RCL 
insertion.. Furthermore, this argues that the rate-determining step of RCL insertion 
duringg the transition to latency is different from mat for RCL insertion during 
proteinasee inhibition. This deduction, together with the fact that PAI-1 is the serpin 
thatt most easily adopts a latent conformation, indicates that the transition to latency is 
ann independent property of PAI-1, which is not directly related to its function as a 
serinee proteinase inhibitor. Since the mutations found to stabilize PAI-1 were 
predominantlyy reversions to the serpin consensus, we would speculate that during 
evolutionn PAI-1 has preferentially acquired the property to rapidly become inactive. 
Thee physiological advantage of a strict temporal and thermo-sensitive regulation of 
PAI-1PAI-1 activity remains to be determined. 

Materialss and Methods 

Materials s 

Thee murine anti-t-PA MoAb CLB-16 has been described previously (van Zonneveld et 
al.,al., 1987). Two-chain human melanoma t-PA was purchased from Biopool (Umea, 
Sweden)) and the chromogenic t-PA substrate, CH3S02-D-HHT-Gly-Arg-para-
nitroanilidee (Pefachrome t-PA) was from Pentapharm (Basel, Switzerland). The 
EscherichiaEscherichia coli strain XL-1 Blue [F'] and the VCSM13 helper phages were obtained 
fromfrom Stratagene (La Jolla, CA). The construction of the plasmid pMBLl 1-N has been 
describedd previously (van Meijer et al, 1996). Primers used were from Pharmacia 
Biotechh (Roosendaal, the Netherlands). Al l DNA restriction and modifying enzymes, 
andd bacterial growth media, were purchased from Gibco BRL (Paisley, U.K.) unless 
otherwisee stated. Ampicillin, tetracyclin, and kanamycin were from Sigma (St. Louis, 
MO).. DNA sequencing was done with the ABI 377 DNA sequencer (Foster City, CA). 
Analysiss of DNA sequences was performed with the GCG Wisconsin package 10.0 
(Geneticss Computer Group, Madison, WI). 

Constructionn of a hypermutated PAI-1 library 

Previously,, we described the construction of a hypermutated PAI-1 library (Stoop et 
al.,al., 2000). Briefly, wt PAI-1 cDNA was subjected to five rounds of DNA shuffling, 
usingg error-prone conditions that introduce about two amino-acid substitutions per 
round,, leading to about 10 alterations after five rounds. After each round of DNA 
shuffling,, the entire PAI-1 mutant cDNA library was inserted "in frame" with the 
phagee coat protein gp3 of the phagemid vector pComb3 and the resulting mutant 
proteinss were displayed on the surface of phages (Barbas et al., 1991). Prior to the 
nextt round of DNA shuffling, two rounds of phage-display selection were performed, 
withh 0.3 nM t-PA and a capturing anti-t-PA monoclonal (CLB-16). These stringent 
conditionss were applied to select functional, t-PA-inhibiting PAI-1 molecules. After 
fivee rounds of DNA shuffling, a PAI-1 mutant library of 1.0 x 107 independent colony-
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formingg units (cfu) was obtained, with an average of 9.1 amino-acid substitutions per 
clone. . 

Phage-displayy selection for stable PAI-1 mutants 

Thee hypermutated PAI-1 library was subjected to four rounds of phage-display 
selectionn for stability and activity, with minor modifications to a previously described 
protocoll  (van Meijer et al, 1996; Stoop et al, 2000). Briefly, 1011 PAI-1-displaying 
phagess were pre-incubated for 20, 60, 60 and 72 hours at 37 °C in the first, second, 
thirdd and fourth round, respectively. Subsequently, phages were incubated with 0.3 nM 
t-PAA for 1 hour at 37 °C, followed by capture during 1 hour at 37 °C of t-PA:PAI-l 
complexess with anti-t-PA monoclonal antibody CLB-16 mat had been coated to a 
Nuncc Maxisorb plate. After extensive washing and phage elution, phages were 
countedd by plating serial dilutions. Phages were amplified before a next round of 
selection.. After backcrossing of st-44 cDNA with wt-PAI-1 cDNA, the corresponding 
PAI-1-displayingg phages were pre-incubated at 37 °C for 20, 68, 310 and 450 hours, 
respectively,, prior to standard selection for t-PA binding. 

Backcrossingg of stable PAI-1 mutant 

Too determine the additive contributions of the mutations in st-44, this mutant was 
backcrossedd with a two-fold molar excess of wt PAI-1 cDNA. Therefore, high fidelity 
DNAA shuffling was performed as described (Zhao & Arnold, 1997), using Pfu I DNA 
polymerasee with proofreading activity (Stratagene). Typically, wt PAI-1 and st-44 
cDNAA were randomly digested by pancreatic DNase I (Promega, Madison, WI) in the 
presencee of 1 mM MgCl2 and fragments of 40 to 80 basepairs (bp) were isolated from 
10%% (w/v) polyacrylamide gels. Fragments were reassembled in a PCR reaction using 
PfuPfu I DNA polymerase in the absence of primers (40 cycles: 94 °C, 30 sec; 55 °C 30 
sec;; 72 °C, 1 min and 5 sec; per cycle), followed by PCR-amplification with PAI-1 
specificc primers (forward: 5'- GTG CAG CTC GAG CTG CAC CAT CCC CCA TCC 
TAC-3',, reverse: 5'-GCC ACC ACT AGT GGG TTC CAT CAC TTG GCC CAT-3') 
too obtain full-length PAI-1 cDNA. After digestion with restriction enzymes Xhol and 
SpelSpel (cleavage sites are contained within the PAI-1 specific primers), the 
"backcrossed""  PAI-1 cDNA was inserted into the phagemid pComb3 (Barbas et al, 
1991)) and used to transform Escherichia coli XL-1 Blue cells. 

PAI-11 protein purification 

Too characterize individual mutant PAI-1 proteins, the corresponding full-length PAI-1 
cDNAA was inserted into the expression vector pMBLll-N . Subsequently, the proteins 
weree expressed in Escherichia coli XL-1 Blue cells, and purified as described (van 
Meijerr et al, 1996; Stoop et al, 2000). PAI-1 could be stored for several weeks at 4 °C 
inn 20 mM sodium acetate (pH 5.6), 1 M NaCl and 0.01% (v/v) Tween-20 without 
detectablee loss of activity. The protein preparations consisted of >95% pure PAI-1 as 
judgedd by SDS-PAGE and Coomassie Brilliant Blue staining. 
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Analysiss of mutant PAI-1 proteins 

Thee t-PA-inhibitory activity of purified PAI-1 mutants was assessed by two methods. 
First,, serial dilutions of PAI-1 mutant preparations were incubated for 15 min at 37 °C 
withh 4.5 nM t-PA and the residual t-PA activity was determined. For that purpose, 
chromogenicc substrate Pefachrome t-PA (final concentration 0.5 mM) was added and 
thee absorbance at 405 nm was recorded continuously for 1 hour at 37 °C, using a 
Titertekk Twinreader (Flow Laboratories, Irvine, U.K.). Second, t-PA (2 ng) and PAI-1 
mutantt (1 u,g) were incubated for 10 min at room temperature in 20 fil PBS and the 
formationn of complexes of t-PA and PAI-1 was analyzed by 10% (w/v) non-reducing 
SDS-PAGE,, followed by Coomassie Brillant Blue staining of the protein bands. The 
amountt of cleaved PAI-1 indicates the extent of substrate behavior of the protein 
preparation.. To determine the half-life of the various PAI-1 preparations, 60-80 nM 
mutantt PAl-1 protein in PBS was incubated for 25 to 384 hours at 37 °C, depending on 
thee mutants studied. At regular time intervals sub-samples were taken, and residual 
PAI-11 activity was determined by the first method described. 

Kineticc data analysis 

Second-orderr rate constants for inhibition of t-PA by PAI-1 mutants were determined 
att 37 °C as described (Horrevoets et al, 1993). Briefly, t-PA (0.5 ml, 1 nM) and PAI-1 
(0.55 ml, 1 nM) in Tris Buffered Saline containing Tween-20 (20 mM Tris (pH 7.6), 
1500 mM NaCl, 0.01% (v/v) Tween-20)(TBST), were mixed. At specific time intervals, 
10,, 20, 30, 40, 60, 120 and 180 seconds, aliquots of 50 (xl were withdrawn and the 
reactionn was quenched by diluting 5-fold in TBST buffer containing 2.0 mM of the t-
PAA specific chromogenic substrate, pefachrome t-PA. Residual t-PA amidolytic 
activityy of these aliquots was measured as mentioned above. Plots of residual activity 
(relativee to t-PA activity in the absence of PAI-1) versus time were constructed, and 
analysedd using equation [1]. 

1/Et-1/E00 = k * t [1] 

E,, is residual enzyme activity at t, E0 is enzyme activity at t = 0, enzyme and inhibitor 
concentrationn are equal at t = 0 (E = I), and k is second-order rate constant of 
inhibitionn (M's1). 

Surfacee plasmon resonance 

Thee binding of purified PAI-1 mutants to Vn was determined by surface plasmon 
resonancee (SPR), using a BIAcore™ 2000 instrument (BIAcore AB, Uppsala, 
Sweden).. Typically, Vn was coupled to a NHS/EDC-activated CM-5 sensor chip, 
usingg free amine groups, to yield approx. 200 resonance units (RU). Subsequently, a 
concentrationn range of mutant PAI-1 (10-90 nM) in HBS buffer (20 mM Hepes (pH 
7.4),, 150 mM NaCl, 3.4 mM EDTA and 0.005% (v/v) P20) was injected for 90 sec at 
aa flow rate of 20 jil/min and the interaction was monitored in real time. Regeneration 
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off  the sensor chip surface was done with 5 |J 100 mM H3PO4. All measurements were 
performedd at 25 °C. 
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