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Abstract t 

Thee identification of specific amino acid residues involved in protein-protein 
interactionn is fundamental to understanding structure-function relationships. Supported 
byy mathematical calculations, we designed a high-density mutagenesis procedure for 
thee generation of a mutant library of which a limited number of random clones would 
sufficee to exactly localize amino acids essential for a particular protein-protein 
interaction.. Experimentally, this goal was achieved by consecutive cycles of DNA 
shuffling,, under error prone conditions, each followed by exposure of the target 
proteinn on the surface of phages to screen and select for correctly folded, functional 
mutants.. To validate the procedure, human plasminogen activator inhibitor 1 (PAI-1) 
wass chosen, because its three-dimensional (3D) structure is known, many 
experimentall  tools are available and it may serve as a model protein for structure-
functionn studies of serine proteinases and their inhibitors (serpins). After five cycles of 
DNAA shuffling and selection for t-PA binding, analysis of 27 randomly picked clones 
revealedd that PAI-1 mutants contained an average of 9.1 amino acid substitutions 
distributedd over 114 different positions, which were preferentially located at the 
surfacee of the protein. This limited collection of mutant PAI-1 preparations contained 
multiplee mutants defective in binding to three out of four tested anti-PAI-1 
monoclonall  antibodies (MoAbs). Alignment of the nucleotide sequence of defective 
cloness permitted assignment of single dominant amino acid residues for binding to 
eachh MoAb. The importance of these residues was confirmed by testing the properties 
off  single point mutants. From the position of these amino acid residues in the 3D 
structuree of PAI-1 and the effects of the corresponding MoAbs on t-PA - PAI-1 
interaction,, conclusions can be drawn with respect to this serpin-serine proteinase 
interaction. . 
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Introduction n 

Thee identification of specific amino acid residues, involved in protein-protein 
interaction,, is an essential step towards understanding the function and the mechanism 
off  a target protein. Presently, the analysis of consistent co-crystals is the best approach 
too unambiguously assign amino acid residues involved in interaction and to establish 
thee nature of the interaction (reviewed in Janin & Chothia, 1990 and Jones & 
Thornton,, 1996). However, co-crystallization of proteins is frequently unsuccessful 
eitherr due to intrinsic properties of the complex or to inability to find appropriate 
conditionss for crystallization. Therefore, in most cases, either random, alanine 
scanningg or site-directed mutagenesis is performed, followed by comparing the 
functionall  properties of the corresponding mutant protein with its wild-type 
counterpartt (reviewed in Wells, 1991). Obviously, site-directed mutagenesis requires 
thoroughh prior knowledge of the structure and function of the protein of interest, 
extensivee alanine scanning mutation analysis is labor intensive, whereas random 
mutagenesiss demands screening of many individual clones. Consequently, to perform 
detailedd protein-protein interaction studies in the absence of suitable co-crystals, a 
comprehensivee procedure would be useful that requires analysis of only a limited 
numberr of clones and lacks the need for a 3 dimensional (3D) structure of the protein 
off  interest. 

Too meet this objective, the mutant library should: i) consist of mutants, with 
multiplee amino acid substitutions at the surface of the protein, likely to be hampered in 
aa particular protein-protein interaction, but otherwise fully active, ii) be devoid of 
mutantss with amino acid alterations that distort proper folding of the protein and iii ) 
lackk introduced translation termination codons that result in truncated proteins. The 
basiss to create such a library would be the powerful method of DNA shuffling, that has 
beenn designed for molecular evolution of proteins in vitro (Stemmer, \994a,b). DNA 
shufflingg is an iterative procedure to introduce and recombine mutations by 
homologouss recombination, under error-prone PCR conditions. The major advantage 
off  DNA shuffling vs. random mutagenesis is the possibility to remove deleterious 
mutationss in a consecutive round, while mutations are only additive in a next round of 
randomm mutagenesis. So far, spectacular results have been reported using DNA 
shuffling,, e.g. in altering substrate specificity (Zhang et ah, 1997) or in enhancing 
enzymaticc activity (Crameri et ah, 1997) although only a minor fraction of the 
diversityy generated by DNA shuffling was assessed. Display of a repertoire of variant 
proteinss on phages enables the simultaneous analysis of > 109 proteins in a single 
assayy (reviewed in Rodi & Makowski, 1999). Therefore, to fully exploit the diversity 
createdd by DNA shuffling, we combined it with phage display to select functional 
proteins.. Thus, we developed a stepwise procedure that yielded consecutive libraries 
off  highly mutated but functionally active proteins, of which individual clones could be 
screenedd by negative selection to provide valuable information on amino acid residues 
involvedd in a certain protein-protein interaction. We designated this method "Shuffled 
Proteinss On Phages" (SPOP). 
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Too validate SPOP human plasminogen activator inhibitor 1 (PAI-1) was chosen, 
becausee its 3D structure is known (Mottonen et aL, 1992; Sharp et at, 1999), many 
PAI-1-specificc experimental tools are available and it may serve as a model protein for 
serinee proteinase inhibitor (serpin) structure-function studies. The serpin PAI-1 is the 
majorr physiological regulatory protein of the fibrinolytic system (reviewed in van 
Meijerr & Pannekoek, 1995) and is also involved in cell adhesion and migration 
(reviewedd in Loskutoff et aL, 1999). PAI-1 regulates the activity of its target serine 
proteinasess tissue-type (t-PA) and urokinase-type plasminogen activator (u-PA) by 
rapidlyy forming irreversible equimolar complexes, in a reaction typified by a suicide 
substratee mechanism (Wilczynska et al., 1995; Lawrence et aL, 1995; van Meijer et al. 
1997).. To this end, the exposed reactive-center loop of PAI-1 serves as a pseudo-
substratee for the cognate serine proteinase. The subsequent cleavage and entrapment of 
thee proteinase induces a large conformational change, leading to insertion of the 
reactive-centerr loop into the central (3-sheet A of PAI-1 (reviewed in Gils & Declerck 
1998).. Insertion of the reactive-center loop also occurs spontaneously in the absence of 
aa serine proteinase and yields the, inactive, latent conformation (Mottonen et aL 1992). 
Too probe the various conformations and functions of PAI-1, we have employed a set 
off  well-characterized anti-human PAI-1 monoclonal antibodies (MoAbs). These 
MoAbss act either by preventing the interaction between PAI-1 and t-PA (Björquist et 
aL,aL, 1999), or by converting PAI-1 into a substrate (Debrock & Declerck, 1998), or by 
inducingg a latent conformation of the inhibitor (Verhamme et aL, 1999). In addition, 
anti-PAI-11 MoAbs are available that bind to PAI-1, but do not affect either one of the 
functionss mentioned above (Keijer et aL, 1991). Hence, precise mapping of the 
interactionn sites of these different MoAbs may provide detailed insight into the 
mechanismm of action of PAI-1. 

Inn this paper, we report the design, implementation and validation of the SPOP 
procedure,, to assign amino acid residues of PAI-1 that are essential for the interaction 
withh other proteins. For that purpose, a high density of mutations was created within 
thee PAI-1 protein by five consecutive rounds of DNA shuffling, each followed by 
phagee display of the mutant proteins and selection for functional PAI-1. Due to the 
selectionn pressure for functional PAI-1 proteins, mutations were preferentially located 
onn the exposed surface of the protein. By analyzing only a limited number of randomly 
pickedd clones from a library of PAI-1 mutants, a direct assignment could be 
unambiguouslyy made of single amino acid residues which are essential for the 
interactionn with three out of four classes of anti-PAI-1 MoAbs. 

Results s 

Characteristicss of phage-displayed PAI-1 mutant libraries 

Wee devised a procedure to create a PAI-1 library with a high density of mutations to 
performm detailed protein-protein interaction studies. The procedure, schematically 
depictedd in Figure 1, is based on the sequential use of error-prone DNA shuffling, 
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Figuree 1. Schematic 
representationn of consecutive steps 
inn SPOP. Full-length PAI-1 cDNA 
iss mutagenized by a round of 
DNAA shuffling, yielding PAI-1*. 
Thesee mutants are inserted into the 
phagemidd vector pComb3 and 
transformedd into E. coli, resulting 
onn a library PAI-1 *-pComb3. This 
PAI-1-mutantt library is expressed 
onn phage (<|)-PAI-l*-pComb3) and 
twoo rounds of stringent selection 
forr t-PA binding is performed (t-
PA-<t>-PAI-l*-pComb3).. This complete procedure is repeated an additional four times to 
obtainn the desired mutation frequency. 

phagee display of mutant libraries, and functional selection. Preferentially, amino acid 
alterationss should be selected at the surface of the target protein. The characteristics of 
thee successive phage-displayed mutant PAI-1 libraries, and the procedure to select 
phagess that properly express PAI-1 was assessed by analyzing the proteins before and 
afterr two rounds of t-PA binding. An antigen assay on filters was applied to determine 
thee percentage of fully translated proteins, using an anti-PAI-1 MoAb (MAI-12) that 
bindss to an epitope in the reactive center which is located close to the carboxyl 
terminuss of the protein (Keijer et al., 1991) (Table 1). 

Tablee 1. Characterization of five consecutive generations of mutant PAI-1 
librariess before and after 2 rounds of t-PA selection 

Consecutivee generations 
off  PAI-1 mutant libraries 

1 1 
2 2 
3 3 
4 4 
5 5 

Libraryy size (cfu) 

1.0x10' ' 
5.00 x 106 

3.00 xlO6 

4.00 xlO7 

1.00 xlO7 

MAI-122 reactive 
coloniess in library 

25% % 
50% % 
30% % 
20% % 
5% % 

MAI-122 reactive 
coloniess after two 

roundss of t-PA panning 
98% % 
98% % 
95% % 
95% % 
70% % 

Legend:: Five consecutive generations of PAI-1 mutants were made by DNA shuffling of 
PAI-11 cDNA that had been subjected to two rounds of phage display selection for t-PA 
binding.. Indicated are colony forming units (cfu) after transformation of shuffled 
pComb3/PAI-ll  cDNA ligation mixture to Escherichia coli XL-1 blue cells. Before and 
afterr phage display selection for t-PA-binding PAI-1 mutants, the percentage of PAI-1 
expressingg clones was assayed by colony lifting, combined with Western blotting, as 
describedd in Materials and Methods. The percentages refer to the number of colonies that 
bindd to anti-PAI-1 MoAb MAI-12 compared to the total number of colonies. 
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TwoTwo rounds of stringent selection for PAI-1 mutants, that are fully able to bind t-PA, 
increasess the percentage of properly translated PAI-1 clones for each cycle of DNA 
shufflingg from 20-50% to 95-98%, respectively. The fifth cycle of DNA shuffling 
resultss in a library of which only 5% of the colonies react with anti-PAI-1 MoAb 
MAI-12,, whereas two selection rounds for t-PA binding yields a library that consists 
off  about 70% MAI-12-reactive colonies. Insertion of the corresponding full-length 
PAI-11 cDNAs into the expression vector pMBLll- N allowed the subsequent synthesis 
andd purification of 27 randomly selected clones. Each of these PAI-1 preparations 
similarlyy inhibited the chromogenic activity of t-PA and formed SDS-stable t-PA/PAI-
11 complexes, as determined by SDS-PAGE (representative example in Figure 2). 
Consequently,, it is deduced that phage display selection is a powerful tool to select 
activee PAI-1 mutants in a library of shuffled PAI-1 proteins. 

455 50 54 55 wt 45 50 54 55 wt 
t-PAA + + + + + 

Figuree 2. Complex formation of representative mutant and wild-type PAI-1 preparations 
withh t-PA. Purified mutant or wild-type PAI-1 preparations (1 ug) were analyzed prior 
too and after incubation with t-PA (2 ug) by non-reducing 10% SDS-PAGE, followed by 
Coomassiee Brilliant Blue staining, as described in Materials and Methods. Numbers 
indicatee randomly picked mutant PAI-1 preparations, wt = wild-type. 

Distributionn of mutations in the mutant PAI-1 library 

DNAA sequence analysis revealed that the mutation rate of every round of DNA 
shufflingg was 0.3-0.4%. Therefore, five rounds of DNA shuffling should result in a 
finalfinal library with 1.5-2.0% nucleotide mutations, corresponding to an accumulation of 
approximatelyy 10 amino acid substitutions per PAI-1 protein. This expectation was 
bornn out by sequencing full-length PAI-1 cDNA (1,137 bp), isolated from 27 
independentt clones. It was found that the mutant PAI-1 proteins contain an average of 
9.11 amino acid substitutions that are encountered at 114 different positions in PAI-1 
(Figuree 3A). However, certain mutations at specific amino acid residues, and the 
relativee high frequency at which they appear, are indicative for the presence of two 
differentt populations of mutations (Figure 3B). The first one is composed of mutations 
thatt occur 1-3 times and fits within a regular Poisson distribution. The second 
populationn of mutations occurs with higher frequency (>3 times) and obviously does 
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Figuree 3. Distribution of 
mutationss found in 27, 
randomlyy picked, mutant 
PAI-11 clones after five 
roundss of DNA shuffling 
followedd by two rounds of t-
PAA selection. (A) For every 
aminoo acid position in PAI-
11 (379) the presence of a 
mutationn in one or more of 
thee 27 mutant PAI-1 clones 
iss indicated. DNA sequence 
analysiss for all mutant 
cloness was performed as 
describedd in Materials and 
Methods,, and compared to 
wild-typee PAI-1. Within this 
collectionn of mutants, 
positionss mutated more than 
fivee times have been 
specified.. (B) Distribution 
off  mutations according to 
frequency.. Indicated are the 
numberr of amino acid 
residuess that have been 
mutatedd with the indicated 

frequency,, e.g. 74 amino acids have been mutated once. The 265 positions, that have not 
beenn mutated, are not shown. 

nn n i- ii  l~l „ 

33 4 5 6 7 8 100 11 12 13 14 15 16 17 18 

Mutatio nn frequenc y 

nott fit Poisson distribution, which suggests a selective advantage for mutations at these 
positions.. It was anticipated that the selection during panning was not only directed 
towardss PAI-1 mutants that have unaltered capacity to bind to t-PA, but 
simultaneouslyy towards PAI-1 variants that display increased stability at the elevated 
temperatures,, used during overnight production of phages. This explanation is 
supportedd by a determination of the half-life of 12 random PAI-1 mutants. This 
analysiss revealed that the half-life of these PAI-1 preparations at 37 °C is 2 to 4 fold 
longerr than that of wild-type PAI-1 (Figure 4). We conclude that the population of 
mostt frequently observed mutations, that do not obey Poisson distribution, most likely 
contributess to stabilizing the active conformation. 

Too verify the assumption that mutations were preferentially selected at exposed 
residues,, we calculated the solvent accessibility of each amino acid residue to a probe 
withh a 1.4 A radius (as described in Materials and Methods), using the coordinates of 
thee 3D structure of active PAI-1 (Sharp et al., 1999). The values for accessible surface 
areaa (ASA) were expressed as percentage of maximal ASA for each residue when 
positionedd in an extended dipeptide. Based on their ASA, PAI-1 residues were then 
dividedd into three groups of comparable sizes: "buried" residues (0-5% ASA), 
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Figuree 4. Determination of half life of 
PAI-11 activity for a representative set 
off  mutant PAI-1 preparations. Purified 
mutantt and wild-type PAI-1 
preparationss were incubated at 37°C for 
upp to 25 h. Aliquots were taken at the 
indicatedd times, and incubated with a 
fixedfixed amount of t-PA. Residual t-PA 
activityy was determined in a 
chromogenicc assay, as described in 
Materialss and Methods. Symbols:  = 
wild-typee (t1/2 = 2.5 h); T= clone 16 
(t1/22 = 5.7 h);  = clone 61 (t1/2 = 7.5 h);  = clone 24 (t1/2 = 7.5 h); 
h). . 

55 10 15 20 

Incubatio nn tim e (in h) 

:: clone 7 (ti, 10 0 

moderatelyy accessible residues (5-35% ASA) and highly accessible residues (>35% 
ASA)) (Miller et al., 1987). About 3-fold more positions were mutated in the group of 
highlyy accessible residues (45%) than in the group of buried residues (17%), while one 
thirdd (33%) of the moderately accessible residues were mutated. Comparison of the 
numberr of non-buried residues (235) with the number of calculated mutable residues 
(247)) (outlined in Materials and Methods) revealed similar numbers, although the 
correspondingg residues are only partially overlapping. In conclusion, the results 
emphasizee that our library preferentially contains mutations at exposed residues and, 
therefore,, at potential protein-protein interaction sites. 

Applicationn of mutant PAI-1 library to study protein-protein interaction 
AA comprehensive analysis of MoAbs against human growth hormone demonstrated 
thatt the number of dominant amino acid residues involved in antigen-antibody binding 
amountss to about three non-linear residues (Jin et al., 1992). We assumed that the 
samee number is also valid for the interaction of PAI-1 with specific anti-PAI-1 MoAbs 
andd calculated that the probability (A) for our group of 27 mutants to harbor a 
mutationn in a dominant amino acid residue involved in antibody recognition would be 
78%% (outlined in Materials and Methods). 

Too experimentally validate the utility of the constructed mutant PAI-1 library, we 
investigatedd binding to four different classes of anti-PAI-1 MoAbs. The following 
MoAbss were selected (Keijer et al., 1991): 1) 1-201, a MoAb which binds to PAI-1, 
butt does not affect the interaction with t-PA, 2) CLB-2C8, a MoAb which induces the 
substratesubstrate behavior of PAI-1 (Björquist et al., 1999), 3) M-5, a MoAb which converts 
activee PAI-1 into an inactive (latent) conformation (A.A. Stoop and H. Pannekoek, 
unpublishedd data) and 4) MAI-12, a MoAb which directly blocks the interaction 
betweenn PAI-1 and t-PA (Debrock & Declerck, 1997). The binding of each mutant 
PAI-11 preparation to the indicated MoAbs was determined by surface plasmon 
resonancee (SPR). Therefore, the MoAbs were immobilized in separate channels on a 
sensor-chipp surface of a BIAcore 2000 instrument. Subsequently, the mutant PAI-1 
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Figuree 5. SPR analysis of binding of three mutant and wild-type PAI-1 preparations to 
threee anti-PAI-1 MoAbs. The anti-PAI-1 MoAbs 1-201 (black), CLB-2C8 (gray) and M-
55 (dashed) were immobilized to a sensor chip of a BIAcore™ 2000 instrument, as 
describedd in Materials and Methods. The baseline signal is obtained when buffer passes 
thee chip surface. Upon presentation of purified mutant PAI-1 preparations 7, 29, 50 and 
wild-typee (wt) to these antibodies an increase in the response units (RU) demonstrates 
bindingg of the protein to the MoAb. After association and dissociation (120 s) of the 
PAI-11 preparation and prior to presentation of the next sample, the chip surface was 
regeneratedd to baseline level by injection of 100 mM H3P04. Wild-type PAI-1 is 
includedd as a positive control for binding to the anti-PAI-1 MoAbs. 

preparationss were presented simultaneously to the different MoAbs and binding was 
quantifiedd by a rise in the (arbitrary) response units (RU). After the injection period, 
thee PAI-1 preparations are replaced by buffer and dissociation of the protein from the 
MoAbb is visualized. Finally, before the injection of the subsequent preparation, the 
surfacee is regenerated and the RU signal returns to baseline levels. The analysis by 
SPRR of a representative set of mutant PAI-1 preparations is shown in Figure 5 and 
demonstratess that affinity for a single MoAb could be reduced, while interaction with 
otherr MoAbs is unaffected. From these experiments a number of conclusions can be 
drawn.. First, among the collection of 27 mutant PAI-1 preparations none displays a 
substantiallyy altered binding to MoAb MAI-12. It is conceivable that this property is 
duee to a similar structural requirement for t-PA binding and MoAb MAI-12 binding. 
Second,, we found different mutant PAI-1 proteins that display a strongly reduced 
affinityy for at least one of the three remaining anti-PAI-1 MoAbs tested. Collectively, 
wee found that, among the 27 mutant PAI-1 preparations, 10 preparations have a 
substantiallyy reduced affinity for either one of the four anti-PAI-1 MoAbs: five 
proteinss with lower affinity for 1-201 (i.e. clones 7, 12, 40, 72 and B-13), five with 
reducedd binding to CLB-2C8 (i.e. 12, 16, 22, 29 and B-5) and three with reduced 
affinityy for M-5 (i.e. 12, 50 and B-5). We conclude that our first objective, namely to 
identifyy clones defective for a particular interaction of PAI-1 with another protein by 
analyzingg a limited number of random clones, has been reached. 
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Aligningg of mutations for direct assignment of dominant PAI-1 amino 
acidd residues for the interaction with various anti-PAI-1 monoclonal 
antibodies s 

Ourr second objective is to localize exactly the dominant amino acid residues in PAI-1 
thatt are responsible for the interaction with another protein, e.g. a monoclonal 
antibody.. Therefore, the amino acid sequences of the 10 different PAI-1 cDNAs, that 
codee for mutant PAI-1 proteins hampered in the interaction with either one of the anti-
PAI-11 MoAbs 1-201, CLB-2C8 and M-5, were aligned (Figure 6). Each mutant PAI-1 
cDNAA contained multiple nucleotide mutations (11-21), leading to between 8 and 12 
aminoo acid substitutions. The alignment shows that specific PAI-1 mutants, which 
havee in common a reduced affinity for a particular anti-PAI-1 MoAb, also share a 
specificc mutation that is not present in clones with unaffected binding. All five PAI-1 
mutantss hampered in binding to 1-201 harbor an amino acid substitution of glutamine 
att position 56 (Q56), which is not found in any of the 1-201 binding mutants. 
Similarly,, all three mutants with lower affinity for M-5 have a common alteration at 
D181.. Slightly more complex is the situation for CLB-2C8, five clones were found to 
havee a substantially decreased affinity for CLB-2C8. Three out of these five share a 
mutationn at position K154 (statistically this chance is ~ 6%), while the remaining two 
cloness have mutations in other dominant residues. Based on these results, it is likely 
thatt K154 is a dominant residue. However, no conclusions can be drawn on the other 
dominantt residues, even though the two remaining clones do contain a cluster of 
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Figuree 6. Mapping of antibody binding sites by consensus analysis. DNA sequences of 
tenn mutant PAI-1 cDNAs that encode proteins which share reduced affinity for the same 
anti-PAI-11 MoAb were aligned. Search for consensus amino acid substitutions 
(indicatedd with x) in mutants with impaired binding revealed positions that are solely 
alteredd in these variants (depicted with boxes). Of special interest is clone 12, which has 
reducedd affinity for all three tested antibodies. None of these mutations were found in 
anyy of the clones with unaffected anti-PAI-1 MoAb binding. 
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mutationss in the direct vicinity of K154. Of special interest is mutant clone 12, which 
containss all three indicated mutations and, consequently, does not bind any of the three 
MoAbs.. Taken together, these observations suggest that positions Q56, K154 and 
D1811 represent dominant residues for the interaction with MoAbs 1-201, CLB-2C8 
andd M-5, respectively. To verify these deductions, we constructed, expressed and 
purifiedd the corresponding mutants, containing single mutations (denoted PAI-1 
Q56R,, PAI-1 K154D and PAI-1 D181A). These mutants were assayed by SPR to 
measuree binding to immobilized anti-PAI-1 MoAbs 1-201, CLB-2C8 and M-5, 
respectivelyy (Figure 7). Indeed, each single mutant displayed reduced binding to the 
expectedd MoAb, thus unambiguously confirming that the substituted amino acid 
constitutess a dominant residue for the interaction with the respective MoAb. By using 
thee coordinates of the 3D structure of active PAI-1 (Sharp et al., 1999), it is clear that 
Q56,, K154 and D181 are located in different areas of the protein (Figure 8A). This 
observationn is in agreement with SPR data, demonstrating that all three MoAbs can 
simultaneouslyy bind PAI-1 (Figure 8B). Finally, the data confirm that an alignment of 
alteredd amino acids of PAI-1 variants, that share the property of defective interaction 
withh another protein, allows direct identification of dominant residues. 
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Figuree 7. SPR analysis of binding of single point mutant and wild-type PAI-1 protein 
preparationss to three anti-PAI-1 MoAbs. The anti-PAI-1 MoAbs 1-201 (black), CLB-
2C88 (gray) and M-5 (dashed) were immobilized to a sensor chip of a BIAcore™ 2000 
instrument,, as described in Materials and Methods. Binding to the single PAI-1 mutants 
Q56R,, K154D and D181A is determined by an increase in response units (RU) upon 
presentationn of the mutant. Regeneration of the signal to baseline level is performed by 
injectionn of 100 mM H3PO4. Wild-type PAI-l is included as a positive control for 
bindingg to the anti-PAI-1 MoAbs. 

JH H 
Q56R R K1S4D D 
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Discussion n 

Inn this paper, we describe the design and experimental validation of a method, SPOP, 
whichh is intended to delineate the amino acid residues involved in specific protein-
proteinn interactions. The method combines error-prone DNA shuffling, phage display 
andd selection for functionality of mutant proteins. The iterative character of this 
combinationn makes it possible to stepwise increase the mutation level in the target 
protein,, in order to create mutant libraries that harbor the desired high density of 
alteredd amino acids. In addition, the number of clones tested from this library can be 
increased.. Hence, the method can be extended along these lines to obtain an even 
largerr and systematic set of mutations. Nevertheless, two major requirements have to 
bee met for SPOP: a) the target protein must be functionally displayed on phage. 
Althoughh not all proteins can be displayed on phage, there are multiple successful 
reportss that describe the display of a wide variety of proteins on phage (e.g. enzymes, 
SH-33 domains and antibodies) (Kay & Hoess, 1996). b) A stringent selection for 
properr protein function of the target protein must be available. Once these 
requirementss are met then the generation of a high density of mutations in the target 
proteinn should be feasible. The application of phage display to determine the binding 
epitopess for antibodies has been described, previously (Jespers et al., 1997). However, 
inn that study only a single round of mutagenesis was applied, in combination with a 
negativee selection. In contrast, our ultimate objective was to develop a high density of 
mutationss in PAI-1. Thus, comparison of only a limited number of clones would be 
necessaryy to assign amino acid residues that are crucial for the interaction with a PAI-
1-bindingg protein {e.g. an anti-PAI-1 MoAb). This aim was born out since the analysis 
off  PAI-1 protein preparations, purified from 27 randomly picked colonies, 
demonstratedd that 10 out of 27 preparations were severely hampered in the interaction 
withh three different anti-PAI-1 MoAbs. A straightforward alignment of the mutated 
positionss of variants, which do not bind to one of these MoAbs, sufficed for the 
unambiguouss assignment of single, dominant amino acid residues. 

Selectionn of highly mutated PAI-1 variants that still interact with t-PA is thus 
feasiblee and therefore we assume that the mutations do not disturb the overall folding 
off  the protein. We anticipated that mutations would preferentially be located at the 
surfacee of the protein, which could be verified with the available 3D structure of the 
proteinn (Sharp et al, 1999). Actually, by a limited analysis of only 27 mutant PAI-1 
cDNAs,, we detected substitutions at 114 amino acid residues, predominantly located 
onn the surface of the protein. Most striking are mutations at 45% of all highly 
accessiblee residues. However, no mutations were found at highly accessible positions 
knownn to be vital for the interaction between t-PA and PAI-1, notably, in the reactive 
centerr loop at PI (Arg-347), P4' (Glu-350) and P5' (Glu-351) (Huber & Carrell, 1989; 
Madisonn et al, 1990; van Meijer et al, 1996), in the gate region 240 - 246 (Tucker et 
al,al, 1995), and at Glu-283 in P-strand 6A (Sharp et al, 1999). These findings stress the 
necessityy of these areas for PAI-1 - t-PA interaction and prompt further research into 
thee importance of especially the gate region for PAI-1 function. Overall, SPOP 
effectivelyy introduces mutations at tolerable and accessible positions in PAI-1, while 
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Figuree 8. Localization of dominant 
aminoo acid residues on PAI-1 for 
interactionn with the anti-PAI-1 MoAbs I-
201,, CLB-2C8 and M-5. (A) A ribbon 
diagramm is shown of the structure of 
activee PAI-1 (Sharp et at., 1999) in 
whichh the dominant residues for 1-201 
(Q56),, CLB-2C8 (K154) and M-5 
(D181)) are indicated by the arrows. (B) 
SPRR analysis demonstrating that the 
MoAbss 1-201, CLB-2C8 and M-5 can 
simultaneouslyy bind PAI-1. The anti-

PAI-11 MoAb 1-201 was immobilized to the sensor chip surface, subsequently wild-type 
PAI-11 was presented and bound as shown by a rise in response units (RU). That the 
bindingg sites for the three MoAbs do not overlap is demonstrated by the rise in RU seen 
uponn presentation of both CLB-2C8 and M-5. 

conservingg essential amino acid residues for the reaction with t-PA as well as residues 
indispensablee for structural integrity. 

Thee distribution of the mutations in the mutant PAI-1 library into two populations 
stressess the effect of performing consecutive rounds of DNA shuffling in which 
multiplee parents are used (Moore et al., 1997). For a given position in PAI-1, each 
roundd of shuffling combines a mutant sequence with wild-type sequence at that 
position.. Since the wild-type sequence is by far more abundant than an a-specific 
mutation,, the recombination event will preferentially lead to restoration of the wild-
typee sequence, and in that sense be considered a back-cross event. However except for 
newlyy introduced mutations, the overall mutation rate should stay the same during the 
DNAA shuffling process. Therefore, mutations present in the parent cDNAs at a higher 
frequencyy will  have more chance of being incorporated into the offspring and will , 
eventually,, accelerate the evolution of the protein toward the selection criteria. In the 
casee of PAI-1, at least three explanations can be advanced for the preferential 
occurrencee of a mutation in parental cDNA. First, the mutation may favor any of the 
intermediatee steps that lead to a higher production of phages. Second, the mutation 
mayy increase the stability of the active conformation of PAI-1. Finally, the mutations 
mayy enhance the interaction with t-PA. However, the second-order rate constant of 
inhibitionn for t-PA by PAI-1 is virtually diffusion limited (2.0 x 107 M's"1) and 
therefore,, further enhancement of this interaction is not feasible. Our preliminary 
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analysiss on the half life of mutant PAI-1 preparations indicates that mutations occur 
whichh increase the stability of the protein. Thus, mutations found at a higher frequency 
thann expected on the basis of a Poisson distribution are at least partially involved in 
increasingg PAI-1 stability and have for that reason been enriched during consecutive 
roundss of DNA shuffling and selection. 

Thee explicit data reported here are that the PAI-1 residues Q56, K154 and D181 
constitutee dominant residues for the epitopes that bind to the anti-PAI-1 MoAbs 1-201, 
CLB-2C88 and M-5, respectively. The significance of these data for the structure and 
functionn of PAI-1 can be deduced using the 3D structure (Sharp et al, 1999) (Figure 
8A).. The implications for the inhibition of t-PA by PAI-1 can be summarized as 
follows. . 

First,, no mutant PAI-1 preparation was found that displayed substantially altered 
bindingg to MoAb MAI-12. However, the epitope for MAI-12 was reported to cover the 
reactivee center of PAI-1 that is obviously required for stable interaction with t- PA 
(Keijerr et al, 1991). Thus, it is likely that selection for mutant PAI-ls with unaffected 
t-PAA binding, at least partially, coincides with preserving binding to MoAb MAI-12. 
Thiss observation may indicate that the same amino acid residue(s), which is (are) 
involvedd in t-PA inhibition, also constitutes a dominant part of the epitope for MAI -
12. . 

Second,, residue Q56, which is essential for binding to MoAb 1-201, is located on 
helixx C. MoAb 1-201 can bind all forms of PAI-1 (unreacted, complexed, cleaved and 
latent)) and does not affect the PAI-1 - t-PA interaction. These findings imply that none 
off  the intermediate reactions between PAI-1 and t-PA, namely docking of the 
proteinasee on the inhibitor, subsequent translocation to the central 6-sheet A and final 
entrapmentt of the proteinase, actually occurs at or near Q56. This conclusion is in 
agreementt with results reported by other investigators who used fluorescence 
resonancee energy transfer to study the interaction between trypsin and ai-proteinase 
inhibitorr (Stratikos & Gettins, 1999). In those studies it was observed that residue T85 
off  the inhibitor, located at an equivalent position as residue Q56 of PAI-1 (Huber & 
Carrell,, 1989), is remote from the trypsin moiety during and after covalent complex 
formation. . 

Third,, in this report we established that residue K154, present in the large loop that 
connectss helix F and P-strand 3A, is an essential part of the epitope for anti-PAI-1 
MoAbb CLB-2C8. Actually, this observation contrasts our previous conclusion (Van 
Zonneveldd et al., 1995). Initially, it had been deduced that the epitope is localized 
betweenn residues 110 and 145, using immuno-precipitation of in vitro translated 
deletionn mutants of PAI-1 (Keijer et al., 1991). It should be mentioned that, by virtue 
off  the design of those experiments, a straightforward immuno-precipitation of a 
peptidee solely composed of residues 110 to 145 with MoAb CLB-2C8, was not 
feasiblee (Keijer et al, 1991). In a subsequent study, using phage-displayed fragments 
off  PAI-1, the epitope was localized between residues 128 and 166 (van Zonneveld et 
al.,al., 1995). Taking these two studies together, it was deduced that the epitope would be 
localizedd between amino acids 128 and 145. However, in view of the present data, we 
believee that the deduction is not justified and that the epitope for MoAb is located 
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betweenn residues 128 and 166, encompassing the dominant residue K154 detected in 
thee present study. In addition, in mis study two mutants (numbered 16 and B-5) 
displayy a reduced affinity for MoAb CLB-2C8, but lack the K.154 mutation (Figure 6). 
However,, these PAI-1 variants did contain other unique, altered amino acids, located 
betweenn 128 and 166. As mentioned before, the anti-PAI-1 MoAb CLB-2C8 converts 
PAI-1PAI-1 to a substrate for t-PA. Furthermore, this MoAb binds equally well to active, 
latentt and cleaved PAI-1 as well as to complexes of PAI-1 and t-PA (Björquist et ai, 
1997).. These properties can be explained by assuming that binding of CLB-2C8 to 
residuee K154 would prevent or delay insertion of the reactive center loop of the 
inhibitorr into the central 6-sheet A by steric hindrance. Accordingly, it is conceivable 
thatt binding of the antibody to K.154 would again be possible after covalent complex 
formation,, subsequent to full insertion of the reactive center loop into the central 6-
sheett A. This explanation would oppose a model for the interaction between the 
inhibitorr and the proteinase in which partial insertion of the reactive-center loop 
occurss (Wilczynska et al., 1997) and support a model of full loop insertion leading to 
positioningg of the proteinase at the far end of the serpin, opposed to the docking site 
(Wright(Wright & Scarsdale, 1995; Stratikos & Gettins, 1999). 

Finally,, a dominant epitope for the anti-PAI-1 MoAb M-5 was mapped to D181, 
locatedd at the top of the protein in a loop connecting P-strand 3A with P-strand 4C, 
whichh is located directly below the reactive center loop. Curiously, residue D181 is 
moderatelyy accessible (25% ASA) in active PAI-1 and highly accessible (> 80% ASA) 
inn latent PAI-1 (Sharp et al, 1999; Mottonen et al, 1992). Therefore, it is conceivable 
thatt upon binding MoAb M-5 displaces and forces insertion of the reactive center loop 
intoo the central 6-sheet A, resulting in an inactive (latent) PAI-1 protein. 

InIn aggregate, we conclude that SPOP is a well-suited procedure to study protein-
proteinn interactions. To validate the method, the dominant binding sites for three 
MoAbss on PAI-1 were determined. However, the method is not restricted to antibodies 
and,, in the case of PAI-1, should also be applicable to map binding sites of 
physiologicall  relevance, e.g. with Vn or the LDL-receptor related protein (LRP) (J.G. 
Neels,, A.A. Stoop & H. Pannekoek, manuscript in preparation). Furthermore, we had 
thee advantage of a 3D structure of PAI-1 to interpret the results. This was particularly 
valuablee to correlate the binding sites of the MoAbs with their corresponding effect on 
t-PAA - PAI-1 interaction. Nevertheless, for SPOP a 3D structure is not a prerequisite, 
sincee the assignment of dominant residues was based on consensus analysis of 
aligned-mutantt sequences. In conclusion, once the target protein can be functionally 
displayedd on phage and an adequate selection for functional mutants is available, 
SPOPP provides a means to create high-density mutagenesis. Subsequent screening for 
losss of function of individual clones and alignment of corresponding clones should 
reveall  binding sites on the target protein for many different ligands. 
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Materialss and Methods 

Materials s 

Thee murine anti-human PAI-1 MoAbs 1-201 and M-5 were obtained from Monozyme 
(Charlottenlund,, Denmark) whereas MAI-12 was from Biopool (Ume4 Sweden). The 
murinee anti-PAI-1 MoAb CLB-2C8 and the murine anti-t-PA MoAb CLB-16 have 
beenn described previously (van Zonneveld et al., 1987; Keijer et al. 1991). Two-chain 
humann melanoma t-PA was purchased from Biopool and the chromogenic t-PA 
substrate,, CH3S02-D-HHT-Gly-Arg-para-nitroanilide (Pefachrome t-PA) was from 
Pentapharmm (Basel, Switzerland). The Escherichia coli strain XL-1 Blue [F'] and the 
VCSM133 helper phages were obtained from Stratagene (La Jolla, CA). The 
constructionn of the plasmid pMBLll- N has been described previously (van Meijer et 
al,al, 1996). Primers used were from Pharmacia Biotech (Roosendaal, the Netherlands). 
Al ll  DNA restriction and modifying enzymes, and bacterial growth media, were 
purchasedd from Gibco BRL (Paisley, U.K.) unless otherwise stated. Ampicillin, 
tetracyclin,, and kanamycin were from Sigma (St. Louis, MO). DNA sequencing was 
donee with the Thermo Sequenase kit (Amersham Pharmacia Biotech, Uppsala, 
Sweden)) and the ALF express automatic sequencer (Pharmacia Biotech). Analysis of 
DNAA sequences was performed with the GCG Wisconsin package 10.0 (Genetics 
Computerr Group, Madison WI). 

Calculations s 

Mathematicall  calculations were performed to support the theoretical considerations. 
PAI-1PAI-1 consists of 379 amino acid residues: a defined number of residues can be 
mutatedd without loss of t-PA inhibitory activity. To calculate the percentage of 
mutablee residues, we used the DNA sequence data obtained from a collection of 27 
mutantt PAI-1 clones (described in this paper). This collection contains 244 mutations 
distributedd at 114 different positions (W) (Figure 2A). These mutations can be divided 
inn two types: (I) according to a Poisson distribution: 126 mutations in 97 positions 
wheree each position is substituted 1 to 3 times and (II) a non-Poisson distribution: 118 
mutationss in only 17 positions where each position is substituted more than 3 times. 
Thee total number of mutatable positions (E) in PAI-1 (379) can be expressed as: 

EE = E(I) + E(II) 

wheree E(I) and E(II) denote the number of mutatable positions for respectively type I 
andd type II positions. It is assumed that all positions (17) of type II (highly substituted) 
havee been identified in the collection of 27 clones. Consequently, the above expression 
forr E can be rewritten as E = E(I) + 17. 
Too estimate E(I), we express E(I) as a fraction (f) of total number positions in type I: 

E(I)) = f- (379-17) = f- 362. 
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Thee probability (P) that a mutable position of type I has been mutated in our collection 
is: : 

PP = 126/(27- f- 362). 

Thee numerator represents the total number of mutations in type I, the denominator is 
thee number of mutable positions of type I in the 27 clones. The expected number of 
mutationss E(I) to be found at any mutable position of type I is: 

XX = P- 27 = 126/(f- 362) 

Thee probability that, at a given type I position one or more mutations are found is: (1 -
thee probability of no mutations) = 1 - e"\ Therefore, the expected number of positions 
thatt have one or more mutations is: 

WW = (1 - ex )  f  362 = (1 -e'126/(f 362))  f  362 = 97. 

Numericc analysis gives f = 0.6350 and consequently E(I) = 0.6350  362 = 230. Based 
onn these calculations, we assume that PAI-1 contains E = E(I) + E(II) = 230 + 17 = 
2477 mutable positions. 

Thee probability (A) that the collection of 27 mutant PAI-1 clones contains one or more 
clonesclones that have a mutation in at least one dominant residue for antibody binding, can 
bee computed as follows. Since we select for well-folded molecules (selection for t-PA 
binding)) it is assumed that any implied dominant residue is a mutable residue. When 
consideringg any dominant residue for the binding with a given antibody, this residue 
cann be either of the above two types of mutatable positions. Hence, the probability that 
thiss dominant residue is a type I or a type II mutatable residue is respectively 230/247 
andd 17/247. The probability (a) mat this dominant residue is substituted in one or more 
clonesclones can be expressed as 

aa = (230/247)- eI26/230+(17/247)- 1 

wheree we have assumed, as before, that all positions of type II (high frequency of 
substitutions)) have one or more substitutions in the set of 27 clones. We can now 
estimatee A by the following formula 

A = l - a s s 

wheree S = number of dominant residues for antibody recognitions. Using S = 3 (Jin et 
aL,aL, 1992), it is found that A = 78%. 
Too calculate the accessible surface area (ASA) of every amino acid residue in PAI-1, 
thee coordinates of active PAI-1 were used (Sharp et aL, 1999). This active PAI-1 is a 
quadruplee mutant with a prolonged half life, containing amino acid substitutions at: 
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N150H,, K154T, Q319L and M354I (Berkenpas et al, 1995). Calculations were 
performedd using a probe with a 1.4A radius and the Brugel modeling program 
(Delhaisee et al., 1984). ASA was expressed as a percentage of maximal ASA, when an 
aminoo acid residue is placed in an extended dipeptide. 

Constructionn and screening of mutant PAI-1 libraries 

DNAA shuffling of PAI-1 was performed essentially as described (Stemmer, 1994a; 
Zhaoo & Arnold, 1997). Typically, PCR-amplified PAI cDNA was randomly digested 
byy pancreatic DNase I in the presence of 1 mM MgCl2 (Promega, Madison, WI) and 
fragmentss of 40 to 80 basepairs (bp) were isolated from 10% (w/v) polyacrylamide 
gels.. Fragments were reassembled in a PCR reaction using Taq I polymerase in the 
absencee of primers (40 cycles: 94 °C, 30 s; 55 °C 30 s; 72 °C, 1 min + 5 s; per cycle), 
followedd by PCR-amplification with PAI-1 specific primers (forward: 5'- GTG CAG 
CTCC GAG CTG CAC CAT CCC CCA TCC TAC-3', reverse: 5'-GCC ACC ACT 
AGTT GGG TTC CAT CAC TTG GCC CAT-3') to obtain full-length PAI-1 cDNA. 
Afterr digestion with restriction enzymes Xhol and Spel (cleavage sites are contained 
withinn the PAI-1 specific primers), the "shuffled" PAI-1 cDNA was inserted into the 
phagemidd pComb3 (Barbas et al., 1991) and used to transform E.coli XL-1 Blue cells. 
Thee resulting library of PAI-1 mutants was expressed on the surface of phages, after 
infectionn with helper phages and overnight growth at 30 °C. Selection of non-
truncated,, properly folded active PAI-1 mutants, was performed as described (van 
Meijerr et al, 1996). Briefly, approximately 10n phages of the pComb3/PAI-l phage 
libraryy were incubated for 1 h at 37 °C with 0.3 nM t-PA in phosphate-buffered saline 
(PBS).. PAI-1-expressing phages that efficiently form complexes with t-PA were 
capturedd by binding to 3 ug of anti-t-PA MoAb CLB-16, coated to Nunc Maxisorb 
platess (Gibco BRL). Bound phages were extensively washed, eluted, amplified and 
subjectedd to a second round of selection for binding to t-PA. Next, phagemids were 
isolatedd and t-PA- binding mutant PAI-1 cDNAs were amplified, and subjected to a 
consecutivee round of DNA shuffling. The procedure of DNA shuffling and subsequent 
phage-displayy selection for t-PA binders was performed five times. DNA sequence 
analysiss of mutant clones revealed that DNA shuffling introduced an average mutation 
ratee of 0.3 to 0.4% per round. 

Libraryy screening for PAI-1 expression 

Too determine the percentage of colonies, that express an intact PAI-1 protein, we 
performedd a Western blotting-like screening (Persson et ah, 1991). Briefly, E.coli XL-
11 Blue cells were infected with multiplicity of infection of 100 to 300 phages and 
spreadd on plates containing IPTG for optimal induction of protein synthesis. Colonies 
weree transferred to nitrocellulose filters, the cells were lysed by saturated chloroform 
vapor,, and treated with 1 U/ml pancreatic DNasel in 150 mM NaCl, 50 mM Tris (pH 
8.0),, 5 mM MgCl2, 3% (w/v) bovine serum albumin and 400 ng/ml lysozyme. The 
filterss were incubated with the anti-PAI-1 MoAb MAI-12, which binds to the 
carboxyl-terminuss of PAI-1 (Keijer et al., 1991). Subsequently, the immune 
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complexess were incubated with rabbit anti-mouse immunoglobulins, conjugated to 
alkalinee phosphatase and, color development was monitored after NBT/BCIP (Sigma) 
treatment.. After each incubation, the filters were extensively washed in PBS 
containingg 0.5% (v/v) Tween-20. 

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 and PAI-1 was purified as 
describedd (van Meijer et al., 1996). Briefly, single colonies were grown for 10 h at 37 ° 
CC in 2 YT medium, pelleted and suspended in 10 ml M9 medium, supplemented with 
0.22 % (w/v) casaminoacids, 0.2% (w/v) glucose, 2 mM MgS04, 0.1 mM CaCl2 and 50 
jig/mll  ampicillin and, grown overnight at 30 °C. Cells were pelleted, suspended in 1 
mll  20 mM sodium acetate (pH 5.6), 200 mM NaCl, 0.01% (v/v) Tween-20, and lysed 
byy sonication. Cellular debris was removed by centrifugation and the supernatant was 
incubatedd for 1 h at 4 °C with CM-Sephadex C-50 beads. After extensive washing of 
thee beads with sodium acetate buffer, PAI-1 was eluted from the beads by incubation 
withh 20 mM sodium acetate (pH 5.6), 1 M NaCl and 0.01% (v/v) Tween-20. In this 
buffer,, PAI-1 can be stored for several weeks at 4 °C without loss of activity. The 
proteinn preparations consisted of >95% pure PAI-1 as judged by SDS-PAGE and 
Coomassiee Brilliant Blue staining. 

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 3.4 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 h at 37 °C, using a Titertek 
Twinreaderr (Flow Laboratories, Irvine, U.K.). Second, t-PA (2 ug) and PAI-1 mutant 
(11 ug) were incubated for 10 min at room temperature in 20 ul PBS and the formation 
off  complexes of t-PA and PAI-1 was analyzed by 10% non-reducing SDS-PAGE, 
followedd by Coomassie Brillant Blue staining of the protein bands. To determine the 
half-lifee of the various protein preparations, 100 nM mutant PAI-1 protein in PBS was 
incubatedd for 25 h at 37 °C. At regular time intervals sub-samples were taken, and 
residuall  PAI-1 activity was determined by the first method described. 

Surfacee plasmon resonance 

Thee binding of purified PAI-1 mutants to specific murine anti-human PAI-1 MoAbs 
wass determined by surface plasmon resonance (SPR), using a BIAcore™ 2000 
instrumentt (BIAcore AB, Uppsala, Sweden). Typically, anti-PAI-1 MoAbs were 
coupledd to a NHS/EDC -activated CM-5 sensor chip, using free amine groups, to yield 
approx.. 3000 resonance units (RU). Subsequently, mutant PAI-1 proteins (90 nM) in 
HBSS buffer (20 mM Hepes (pH 7.4), 150 mM NaCl, 3.4 mM EDTA and 0.005% (v/v) 
P20)) were injected for 90 $ at a flow rate of 20 ul/min and the interaction was 

87 7 



ChapterChapter 4 

monitoredd in real time. Regeneration of the sensor chip surface was done with 5 |il 100 
mMM H3PO4. All measurements were performed at 25 °C. 

Sitee directed mutagenesis 

Overlapp extension PCR was used to construct three, single residue mutant PAI-1 
cDNAss (Higuchi et al, 1988). Therefore, the following "mutagenic" primers were 
usedd 5'-GAA ACC CAG CGG CAG ATT CAA GC-3', 5'-CTT GCT TGG GGA 
AGGG AGC CGT G-3' and 5'-ACC CTT CCC CGC CTC CAG CAC C-3', together 
withh their corresponding complementary oligonucleotides and the mutants were 
designatedd Q56R, K154D and D181A, respectively. These mutagenic primers were 
combinedd with primers that are located at 5' and 3' end of the open reading frame of 
PAI-1.. DNA sequence analysis confirmed the introduction of the intended mutations 
andd the absence of additional mutations. 
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