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ABSTRACT: Staphylokinase (Sak), a 16-kDa bacterial protein, forms a 1:1 stoichiometric complex with
the serine proteinase domain of human plasmin, which in turn converts other plasminogen molecules into
plasmin. To identify amino acid residues critical for generating the Sak:plasmin activator complex, alanine-
scanning mutagenesis was performed on phage-displayed micro-plasmipdigh (Substitution of
Arg719 with Ala uPIg(R719A)] disrupted complex formation, although the sensitivity of phage-displayed
UPIg(R719A) to activation by urokinase and the amidolytic activity of the micro-plasmin derivat®ie [
(R719A)] remained unaffected. Likewise, the solullRig(R719A) molecule did not generate a functional
activator complex with Sak, whereas quantitative activation into plasmin was obtained upon incubation
with either urokinase or the Sak:plasmin complex. Real-time biospecific affinity measurements revealed
that the Arg— Ala substitution at position 719 increased the equilibrium dissociation constant between
uPIg(R719A) and Sak from 46 nM to/AM, primarily by reducing the association rate constant. Arg719
has recently also been implied in the functional complex formation between human plasmin and
streptokinase [Dawson, K. M., Marshall, J. M., Raper, R. H., Gilbert, R. J., and Ponting, C. P. (1994)
Biochemistry 3312042-12047.], suggesting that both bacterial cofactors may share common structural
and/or mechanistic aspects for plasminogen activation.

Plasmin (Pli} is an 85-kDa serine proteinase which plays soluble degradation productd)( In human plasma, it
a central role in hemostasis by degrading fibrin clots into circulates as a proenzyme, plasminogen (Plg), which is
activated by proteolytic cleavage of the Arg56lal562
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mechanisms of action. Thus, it has been shown that the 28- Modeling of the Serine Proteinase Domain of Plasmin
kDa serine proteinase domain of Pli, micro-plasmirl{), The main-chain trace of the serine proteinase domain of
is only required for functional complex formation with both  plasmin,uPli, was homology modeled using the spare parts
bacterial cofactorsl@, 13. Moreover, Sak and SK compete approach Z9) available in the Brugel modeling package,
for binding to PIi, thereby indicating that their respective using trypsin as the starting template. Side-chains were
binding sites on Pli overlap at least partiali/3]. added and oriented in their global minimum energy confor-

Most studies on the molecular determinants that mediate mation using the dead-end elimination methaa,(31.

Plg activator complex formation have focused on the Construction of the FmygPlg-5RSvector. The type 3
identification of the functional epitopes on SK and Sak. Phage vector FmygPlg, used for phage display aPlg by
Mutagenesis of two clusters of charged amino acid residuesfusion to the NH terminus of plll 1), was redesigned to

in Sak (46-50 and 65-69) resulted in a 10- to 20-fold  facilitate the mutagenesis experiments. Silent mutations were
impairment of its interaction with Plil@). In SK, the NH- sequentially introduced in codons 66602, 617-619, 724~
terminal segment @59) and a central region (14293), 725, 759-760, and 777779 (Plg numbering) to engineer
which were later delineated to segments-31, 234-253, five unique restriction sitesest, Aurll, Sad, Spé, andXha,

and 274-293 by peptide walking analysis, provide Plg- respectively. Mutagenesis was performed by SOE-PEZR (
binding ability (15 and references therein). Interestingly, in Uusing the mutagenic oligonucleotides listed in Table 1A and
both Sak and SK, mutation of several amino acid residues the vector-specific primers LJOO6{BTG-GTT-GTT-GTC-
which do not contribute detectably to the free energy of ATT-GTC-GGC-GCA) and LJ212 (PATG-GGG-TTT-
binding to Pli results in a markedly reduced activity for Plg TGC-TAA-ACA-ACT-TTC) for reamplification of the as-
activation (e.g., residues 11, 13, and 14 in Sak, and residuessembled DNA product after primerless PCR reaction. The
332 and 334 in SK) ¥4, 1§. This may suggest that the sequence of the resulting phage vector Fmitg-5RS was
respective Pli-binding epitopes are not congruent with the confirmed by automated DNA sequencing using the Cy5
functional epitopes. Autoread sequencing kit (Pharmacia).

The specific structures on Plg that mediate complex Construction of Micro-Plasminogen Mutants on Phage
formation with these bacterial cofactors are largely unknown, [N total, 94Plg mutants were constructed in which a single
although several recombinant expression systems for solubleMino acid residue was converted to alanine. FifRg
Plg or truncated forms thereof have been elaborat@e-( Mutants iPIg(H569A),4PIg(D660A),uPIg(Y672A),uPlg-
20). Recently, we have developed an alternative expression(R712A), anduPIg(R719A)] were assembled by SOE-PCR
approach whereby a truncated form of human Plg, micro- Using the Fmyq¢PIg-5RS vector as DNA template, the
plasminogengPlg), is functionally displayed on the surface Mutagenic oligonucleotides listed in Table 1B, and the
of filamentous phage via a covalent link to the minor coat Vector-specific primers LJ006 and LJ212. The purified DNA
protein 11l (plll) (21). For epitope mapping, the phage fragments were digested with the appropriate restriction
display system is particularly convenient because of the easyenzymes $fi/Rsil for uPIg(H569A), Auvrll/Sad for uPlg-
generation of mutants and the rapid production of small (P660A) anduPIg(Y672A), andAwrll/Xhd for uPIg(R712A)
amounts of material for biochemical evaluati@®) anduPIlg(R719A)], purified on agarose gels, and ligated into

In the present study, this sytem has been used to searcﬁhe corre;spondmg restriction sites O.f the Frfelg-5RS
for plasmin residues which are critical in the Sak:Pli vector prior to transformation d&scherichia coliTG1 cells.

; L ; : tte mutagenesis was used to construct 4 additiBiel
interface. Site-directed mutagenesis of nine soIvent-exposeoC asse
residues inuPlg led to the identification of one amino acid, mutants kPIG(R610A), uPIg(K615A), xPlg(T782A), and

Arg719, of which substitution by Ala strongly reduces the #PIg(R789A)]. For each mutant, a pair dfthosphorylated

g L - : - oligonucleotides (listed in Table 1C) was annealed and
i):)nmdgllgxafflnlty and Plg activation potential of the SaRii directly ligated in the appropriate restriction sites of the

FmycuPlg-5RS vector Pst/Avrll for uPIlg(R610A) and
(R789A)] prior to the transformation df. coli TG1 cells.
Reagents Oligonucleotides were synthesized at Euro- All DNA sequences were confirmed by sequencing, as
gentec (Belgium). Human Plg and urokinase (two-chain described above.
molecule) were prepared as previously descril2g] 4. Characterization of Micro-Plasminogen Mutants on Phage
Mini-plasminogen (mPIg) and the recombinant Plg mutant Phage production, purification, and storage were as described
S741A [Plg(S741A)] were obtained as describ28, (26. previously 1). The level of display of eachPlg mutant
The chromogenic substrate S-2403 (pyroglutamylphenylala- on phage was studied by Western blot analysis and densi-
nyllysine p-nitroanilide hydrochloride) was obtained from tometric scanning of phage proteins (free plll arRig-plll
Chromogenix (Sweden). Human-antiplasmin and recom-  fusion protein) as describe@X). Activation of the phage-
binant Sak were produced and purified as previously displayeduPlg moieties by urokinase or Sak (typicallyx2
described11, 27. p-Valylphenylalanyllysyl-chloromethane  10'2 colony-forming units (cfu)/mL with 15 nM urokinase
(p-Val-Phe-Lys-CHCI) was synthesized at UCB (Belgium). or Sak in 50 mM Tris-HCI, 140 mM NacCl, pH 7.4 (TBS)
Murine monoclonal antibody 31E9 directed against mPIg was containing 0.1% BSA during 30 min at 3) was monitored
produced as described previouslg28. CNBr-activated by following amidolytic activity toward the chromogenic
Sepharose, PD-10 columns, and horseradish peroxidasesubstrate S-2403. The catalytic properties of the phage-
conjugated anti-M13 Ig were purchased from Pharmacia displayeduPli moieties toward S-2403 were determined from
(Sweden). (Aminoethyl)benzenesulfonyl fluoride (AEBSF) the change in absorbance at 405 nm by Lineweaieirk
was obtained from Sigma (Belgium). analysis as previously describeil]. The binding activity
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Table 1: Synthetic Oligonucleotides for the Construction of the Fa®ig-5RS Vector (A) and the Micro-Plasminogen Mutants by SOE-PCR
(B) and Cassette Mutagenesis (C)

A. Restriction site Backward mutagenic oligonucleotide® Forward_mutagenic oligonucleotide
PstL GGG-TGT-TGA-CTG-CAG-CCC-ACT-GCT-TGG CCA-AGC-AGT-GGG-CTG-CAG-TCA-ACA-CCC
Avrll ACA-AGG-TCA-TCC-TAG-GTG-CAC-ACC CCA-ATC-CAC-CGA-GCT-CTG-TGC-TGG-GC
Sacl CCA-ATC-CAC-CGA-GCT-CTG-TGC-TGG-GC GCC-CAG-CAC-AGA-GCT-CGG-TGG-ATT-GG
Spel ACA-AGG-AGT-CAC-TAG-TTG-GGG-TCT-TGG-CTG-TGC GCA-CAG-CCA-AGA-CCC-CAA-CTA-GTG-ACT-CCT-TGT
Xhol CTA-TGT-TCG-TGT-CTC-GAG-GTT-TGT-TAC-TTG-G CCA-AGT-AAC-AAA-CCT-CGA-GAC-ACG-AAC-ATA-G
B. Mutation Backward mutagenic oligonucleotide Forward mutagenic oligonucleotide
H569A"  AGG-GGG-GTG-TGT-GGC-CGC-CCC-ACA-TTC-CTG-GCC-CTG-GC  GCC-AGG-GCC-AGG-AAT-GTG-GGG-CGG-CCA-CAC-ACC-CCC-CT
D660A  GCC-GTC-ATC-ACT-GCC-AAA-GTA-ATC-CC GGG-ATT-ACT-TTG-GCA-GTG-ATG-ACG-GC
Y672A  GCC-ATC-CCC-AAA-TGC-TGT-GGT-CGC-CGA-CCG-G CCG-GTC-GGC-GAC-CAC-AGC-ATT-TGG-GGA-TGG-C
R712A  AAT-AAA-GTG-TGC-AAT-GCC-TAT-GAG-TTT-CTG-AAT-GGA-AG CTT-CCA-TTC-AGA-AAC-TCA-TAG-GCA-TTG-CAC-ACT-TTA-TT
R719A  ATG-AGT-TTC-TGA-ATG-GAG-CTG-TCC-AAT-CCA-CCG CGG-TGG-ATT-GGA-CAG-CTC-CAT-TCA-GAA-ACT-CAT
C. Mutation Mutagenic cassette
R610A p—GCC—CAC—TGC-'ITG-GAG-AAG—TCC-CCA—GCG—CCT—TCA-TCC-TAC-AAG-GTC—ATCC
p-CTA-GGA-TGA-CCT-TGT-AGG-ATG-AAG-GCG-CTG-GGG-ACT-TCT-CCA-AGC-AGT-GGG-CTG-CA
K615A p-GCC-CAC-TGC-TTG-GAG-AAG-TCC-CCA-AGG-CCT-TCA-TCC-TAC-GCG-GTC-ATC
p-CTA-GGA-TGA-CCG-CGT-AGG-ATG-AAG-GCC-TTG-GGG-ACT-TCT-CCA-AGC-AGT-GGG-CTG-CA
T782A p-TCG-AGG-TTT-GTT-GAG-TGG-ATT-GAG-GGA-GTG-ATG-AGA-AAT-AAT-GC
p-GGC-CGC-ATT-ATT-TCT-CAT-CAC-TCC-CTC-AAT-CCA-CTC-AAC-AAA-CC
R789A p-TCG-AGG-TTT-GTT-ACT-TGG-ATT-GAG-GGA-GTG-ATG-GCA-AAT-AAT-GC

p-GGC-CGC-ATT-ATT-TGC-CAT-CAC-TCC-CTC-AAT-CCA-AGT-AAC-AAA-CC

aQligonucleotide sequence from @ 3 ends.” Single-letter codes for amino acids: A, Ala; H, His; D, Asp; Y, Tyr; R, Arg; T, Thr; K, Lys;
and numbering according to the sequence of full-length human plasminogemhosphorylated oligonucleotide dténd.

of the phage-displayediPli moieties toward Sak was loading at a flow rate of 0.12 mL/min on a 2-mL column of
evaluated by phage-ELISA. Briefly, Sak (48/mL in TBS) CNBr-activated Sepharose derivatized with 10 mg of a
was coated overnight in high-binding microtiter wells (Cos- murine monoclonal antibody, 31E9, specific for the protein-
tar) at 4°C. After blocking with TBS containing 2% skim  ase domain of PIg2g8). After the 31E9 column was washed
milk (1 h at 37°C), the wells were incubatedf@ h with a with 10 column volumes of TBS and 0.5 M NaCl and with
2-fold dilution series of each phage-displaye@li moiety 10 column volumes of 0.2 M glycireHCI buffer, pH 5.0,
(starting with a phage input of & 10*°cfu). After washing the bound proteins were eluted with about 3 column volumes
with TBS containing 0.1% Tween-20, bound phages were of 0.2 M glycine-HCI buffer, pH 3.0, and collected as 0.5-
detected with horseradish peroxidase-conjugated anti-M13mL fractions that were immediately neutralized with 100
Ig and o-phenylene diamine dihydrochloride (OPD) as the of 0.5 M Tris-HCI buffer, pH 8.0. The«Plg-containing
substrate. Absorbances were measured at 492 nm after 2@ractions were pooled and stored-a20 °C until further use.
min. The purity of the analytical preparations was evaluated by
Soluble Expression and Purification of Recombinant SDS-PAGE using the Phdssystem (Pharmacia) with 10%
Micro-Plasminogen MoietiesThe genes encoding?lg and to 15% acrylamide gradient gels. Protein concentrations
two mutants,uPlg(S741A) anduPIg(R719A), were sub-  were measured at 280 nm, assuming a molar absorption
cloned asSfil/Notl fragments into an expression vector, pHIS, coefficient of 42 000 M* cm* estimated from the amino
similar to pHENL1 but lacking genil , whereby the expres-  acid composition 33) and by densitometry of Coomassie
sion of free, soluble proteins is directed to tEe coli blue-stained proteins (from 0.1 to Q.§) after SDS-PAGE
periplasm. In addition, the DNA segment encoding the on 12.5% acrylamide gels using a standard of native Plg as
c-myc tag in pHEN1 was replaced by a (Hishcoding DNA internal control.
cassette. Overnight cultures were diluted 100-fold in 3 L  Binding Affinity MeasurementsThe binding kinetics of
of LB medium supplemented with carbenicillin (106/mL) Sak with recombinangPli, 4Pli(S741A), anduPIli(R719A)
and glucose (0.1%). After growing fa2 h at 37 °C, were studied by real-time biospecific interaction analysis
induction of the B, promoter was achieved by adding 2 L using the BlAcore instrument (Pharmacia, Biosensor AB,
of LB medium containing carbenicillin (1Q@g/mL) and 1.25 Sweden). Briefly, theuPlg moieties were activated by
mM IPTG. After 4 h of induction at 25°C, the cells were  treatment with urokinase (typically a 0.5-mL sample of 5
harvested by centrifugation, resuspended in 150 mL of TBS uM proenzyme with 0.kM urokinase for 40 min at 37C)
containing 10uM AEBSF, and disrupted by sonication (3 and blocked with the active-site inhibitar-Val-Phe-Lys-
x 10 min) on ice. After centrifugation for 30 min at 20 000 CH,CI (final concentration 0.4 mM). The buffer was
rpm, the cleared cell lysates were filtered through a 0.45 exchanged with 10 mM sodium acetate buffer, pH 5.0, by
um filter and adjusted to pH 7.5 and to 0.5 M NaCl before passing through a PD-10 column, and th#di samples were
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diluted to 20ug/mL before coupling on a CM-5 sensor chip
(Biosensor AB) using the Amine Coupling kit. After
coupling, about 2000 resonance unitsu®fi moieties were
immobilized. Various concentrations of Sak (from 125 nM
up to 5uM) in assay buffer (10 mM HEPES, 3.4 mM EDTA,
0.15 M NacCl, and 0.005% surfactant P20, pH 7.2) were
injected at a flow rate of SL/min at 20 °C. Maximal
binding resulted in the adsorption of 25800 resonance

units of Sak. Several cycles of regeneration of the sensor

chip by injection of 15«L of 5 mM HCI did not alter the
binding properties of the immobilizegPli moieties.
Activation of Micro-Plasminogen Moieties by Urokinase
Activation of human PlguPlg, uPlg(S741A), anduPIg-
(R719A) (final concentration tM) by urokinase (final
concentration 2 or 4 nM) was measured by incubation at 37
°C. The generated plasmin at different time points (from 0
to 60 min) was measured with S-2403 (final concentration
0.3 mM) at 405 nm after a 25- to 100-fold dilution of the
sample. Initial activation rates (from 0 to 5 min) were
obtained from plots of the concentration of generated plasmin
versus the incubation time. The catalytic efficiendy.(
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Ficure 1: Location of the amino acid residues targeted for alanine
substitution in the serine protease domain of humar . The
modeled 3D structure @fPli is pictured as a ribbon diagram using
the MolMol software 86). The mutated residues are numbered
according to the intact Plg sequence.

Km) was CaICUIated from the initial activation rate and the, Table 2: Characterization of Phage-Displayed Micro-Plasminogen
concentration of substrate and enzyme used. Plasminpytants

generation was further monitored in time until maximal
activation was obtained. At the end of the experiments,
samples were removed from the incubation mixtures, incu-
bated with humai,-antiplasmin (final concentration2\),
and subjected to SDSPAGE under reducing conditions (1%
dithioerythreitol) using the Phdstsystem with 16-15%
acrylamide gradient gels. Staining was performed with silver
nitrate. Stock solutions @fPli were obtained by activation
with urokinase immobilized on CNBr-activated Sepharose.
When maximal activation was obtained, the gel was removed
by centrifugation. The kinetic parameters of thli
moieties (final concentration 1-2.7 nM) for the hydrolysis
of S-2403 (final concentration 0.64..0 mM in 50 mM Tris-
HCI, pH 7.4 containing 38 mM NaCl and 0.01% Tween-
80) were determined by LineweaveBurk analysis.
Interaction of Micro-Plasminogen Moieties with Staph-
ylokinase The time course of active site generation (from
0 to 10 min) in equimolar mixtures qfPlg moieties (0.5
uM final concentration) with Sak (10% molar excess) in 50
mM phosphate buffer, pH 7.4, containing 0.01% Tween-80
at 37 °C was monitored with S-2403 (final concentration
0.3 mM), after a 50-fold dilution of samples. In separate
experiments, Pli (1% of the:fPlg concentration) was added
before the addition of Sak. At the end of the experiments,
samples were removed for SBEAGE under nonreducing
conditions, after addition of an excesswfantiplasmin as
described above. Hydrolysis of PIg(S741A) (final concen-
tration 1uM) by equimolar mixtures of Sak andPli or uPli-
(R719A) (final concentration 0.4M) after incubation for
90 min at 37°C was monitored by SDSPAGE under
reducing conditions as described above.

RESULTS

Design and Characterization of Phage-Displayed Micro-
Plasminogen Mutants Nine site-directed mutants @fPlg
were designed according to a grid-type approach in which

micro- relative activation k. fKmfor relative activation

plasminogen display by S-2403  binding by

derivative  leveP urokinase (uM~ts™1) affinity® Sak
uPlg 1 + 0.82 1 +
uPlg(H569A) 1 + 0.91 0.5 +
uPIg(R610A) 1 + 0.75 1 +
uPlg(K615A) 0.25 + 0.74 0.5 +
uPlg(D660A) 0.05 nél nd nd nd
uPlg(Y672A) 1 + 1.04 1 +
uPIg(R712A) 1 + nd 0.5 +
uPIg(R719A) 1 + 0.73 <0.02 -
uPlg(T782A) 0.5 + 0.72 05 +
uPIg(R789A) 1 + 0.99 1 +

a Relative phage display level of thé>lg mutant compared to wild-
type uPlg determined by densitometry of blotted phage proteins after
SDS-PAGE. " Relative binding affinity for Sak determined by phage-
ELISA of the uPlg mutant compared to wild-typePlg.¢nd: not
determined.

spatial arrangement of the targeted residues is shown on a
ribbon diagram of the modelized serine proteinase domain
of Pli (Figure 1). The mutations were engineered in the type
3 FmycuPlg vector which was first re-engineered such that
5 additional restriction sites were introduced in iiiég gene

for easy mutagenesis, cloning, and sequencing work. Like
the FmycuPlg vector, the new expression vector, referred
to as FmycPlg-5RS, allows the display @fPlg moieties

as fusion proteins with plll on the surface of filamentous
phage 21). Previously we have shown that anchoring of
uPlg on the phage surface does not preclude zymogen
activation by urokinase, Sak, or SK and that the kinetic
constants of phage-displaye®Ii toward S-2403 were very
similar to those of soluble mini-plasmin (mPli).

EachuPlg variant was characterized according to several
criteria: (i) level of display on phage, (ii) activation with
urokinase and Sak, (iii) amidolytic activity toward S-2403,
and (iv) binding activity to Sak. A compilation of these
results is shown in Table 2. As revealed by Western blot
analysis and densitometric analysis of phage proteins (data

residues spanning the accessible surface of the serinenot shown), alluPlg mutants, with the exception eflg-

proteinase domain of Plg were substituted with alanine. The

(D660A) anduPIg(K615A), were expressed on phage to
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Table 3: Binding Parameters of Sak to Active Site-Blocked
Plasmin Moietie3

binding to Sak

plasmin moiety ki (x10*°M~1s™1) kq(x103s1) Kp(x10°M)
Pli 330+ 50 15+ 0.5 46+ 9
uPli 570+ 100 25+ 25 44+ 3
uPli(S741A) 310+ 18 3.3£0.2 11+ 0.2
uPli(R719A) 942 9.1+ 0.4 1000+ 280

2 The association rate constarkg) (dissociation rate constantg),
and apparent dissociation constatits)(were determined by biospecific
interaction analysis. The data represent meastandard deviation of
three determinations.

about the same level as that of wild-typBlg. The levels
of display foruPlg(D660A) anduPlg(K615A) were signifi-
cantly lower 5% and~25% when compared taPlg,
respectively), and the former was not further characterized.
All other uPlg mutants were efficiently converted ini®li
derivatives by incubation with urokinase, as judged from the
generated amidolytic activity toward S-2403. The hydrolysis
of S-2403 by all phage-displayedPli variants obeyed
Michaelis—Menten kinetics withk./Kn, values ranging from
0.72to 1.uM~t s, in close agreement with the parameters
reported for phage-displayed wild-typ®li and soluble mPli
(0.66 and 0.84«M~1 s7%, respectively) 21). To identify
amino acid substitutions paPli that affect complex formation
with Sak, the activatediPlg mutants were subjected to
phage-ELISA, using Sak-coated wells. As shown in Table
2, only oneuPli mutantuPli(R719A), exhibits a significantly
reduced binding affinity ¥ 50-fold reduction) toward Sak.
The impaired binding affinity ofiPli(R719A) is compatible
with the absence of amidolytic activity toward S-2403 upon
incubation of phage-displayatPli(R719A) with Sak.
Expression and Purification of Plasminogen Detiives
To obtain free, solublgPlg anduPIg(R719A) in sufficient
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Ficure 2: Time course of the activation of different Plg moieties
(final concentration kM) by urokinase (final concentration 4 nM).
The Pli concentration is expressed as the percent of the concentra-
tion of native Pig @), uPlg (@), anduPIg(R719A) @). The inset
shows the SDSPAGE under reducing conditions of samples taken
at the start of the experiments or after the addition of excgss
antiplasmin at the end of the experiments [lanes 1 andP2g;

lanes 3 and 4yPIg(R719A)]. Lane 5 represents-antiplasmin,

and lane 6 shows a protein calibration mixture (94, 67, 45, 30, and
20 kDa).

lower than those of Pli andPli. This result is comparable

to a previous study wherein a 2-fold reduction in g
value was observed when Sak was complexed to Pli(S741A)
instead of native PliX3). The effect of the Arg719 to Ala
mutation on the affinity of Plg for Sak could not be measured
since, as recently reported for the Sak:Plg compB, the
binding affinities of Sak fouPlg anduPIg(R719A) are too
low to calculateKp values.

Activation of the Micro-Plasminogen Dertives by
Urokinase The catalytic efficiencies k{z/Km) for the
activation of wild-typeuPlg (0.53uM™* s71) and uPlg-
(R719A) (0.46uM~* s™Y) by urokinase, as determined from
the initial activation rates, were somewhat lower than those

amounts, the genes encoding these molecules were subclonei@r the activation of native Pig (0.72M~* s™*) (data are

into a Ryc-controlled expression vector, pHIS, which encodes
apelBsignal peptide for the export of recombinant products
to theE. coliperiplasm. Starting with cell lysates from 5 L
cultures induced with 0.5 mM IPTG dudni4 h at 25°C, a
single affinity chromatography using the immobilized mono-
clonal antibody, 31E928), yielded 0.15-0.45 mg of homo-
geneous proteins (at least 95% pure). Anogkielg mutant
that was described previousI21), uPlg(S741A), carrying
an inactivating mutation in the catalytic site, was also
obtained in soluble form with a comparable yield (0.5 mg).
In the absence of urokinase, the basal amidolytic activity of
uPlg anduPIg(R719A) toward S-2403 did not exceed 0.1%,
which is at least 1 order of magnitude better than previously
observed with their phage-attached equivaleg. (

Affinity of the Micro-Plasminogen Deratives for Sta-
phylokinase Table 3 summarizes the association and
dissociation rate constantg, @ndky) and apparent dissocia-
tion constantsKp) for the binding of Sak to PligPli, u«Pli-
(S741A) anduPli(R719A). The values were obtained by
biospecific interaction analysis using immobilized Pli and
uPli derivatives. The binding of Sak taPli(R719A)
occurred with a 24-fold lower affinity than the binding of
Sak to PliandPli. The increase# value of Sak fouPli-
(R719A) results from a 66-fold reduction in thgvalue (9
+2x 1° M~ts ! compared to 57@ 100 x 10°M~1s?
for uPli). TheKp value of Sak fouPli(S741A) was 4-fold

mean values of experiments with 2 or 4 nM urokinase,
performed with a variability ok 10%). Prolonged incuba-
tion resulted in nearly quantitative activation, as shown by
the measurement of the generated Pli activity with S-2403
(Figure 2). The addition of an excessaf-antiplasmin to
fully activated samples yielded nearly quantitative complex-
ation of the generatedPli anduPli(R719A) molecules with
op-antiplasmin, as monitored by SB®AGE (Figure 2,
insert). These results were confirmed by the total inhibition
of amidolytic activity after incubation witl-antiplasmin.

In this assay native Plg was completely converted to a two-
chain species, but neither amidolytic activity nor a complex
with a-antiplasmin was observed after the incubation of
uPlg(S741A) with urokinase (data not shown). THKe
values for the hydrolysis of S-2403 (determined by linear
regression analysis of the Lineweaver-Burk plots)/Bli

(Km = 90 uM; r = 0.996) and by:Pli(R719A) K, = 110
uM; r = 0.997) were comparable to that of native plasmin
(Km = 120uM; r = 0.999).

Interaction of the Micro-Plasmin Deratives with Staph-
ylokinase In equimolar mixtures (0.5M) of native Plg or
uPlg with Sak, active site exposure, as monitored by the
hydrolysis of S-2403, was rapid and nearly quantitative
(Figure 3). In contrast, no active site exposure was detected
with uPIg(R719A) anduPlg(S741A). SDSPAGE upon
addition of o-antiplasmin confirmed active site exposure
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Ficure 3: Time course of active site exposure in equimolar mix-
tures of Sak with native PIgi), uPlg (@), uPIg(R719A) @), or
uPIg(S741A) @®). The inset shows the SBFPAGE under reducing
conditions of samples taken at the start of the experiments or after
the addition of excess,-antiplasmin at the end of the experiments
[lanes 1 and 24Plg; lanes 3 and 4PIg(R719A); lanes 5 and 6,
uPIlg(S741A)]. Lane 7 represenis-antiplasmin, and lane 8 shows

a protein calibration mixture (94, 67, 45, 30, and 20 kDa).

with uPlg but not with uPIg(R719A) anduPIlg(S741A)
(Figure 3, insert). Native Plg was also completely converted
to a two-chain plasmin moiety (data not shown). Upon
prolonged incubation ofPIg(R719A) and Sak at a 3-fold
higher concentration (final concentration 1.81), some
amidolytic activity was detected, corresponding to 6% or
23% of the maximal level after 2 and 3 h, respectively (data
not shown). Upon addition of 1% (molar ratio) of Pli to the
Plg derivatives before the addition of Sak, active site expo-
sure was also observed wiitlg(R719A) (although slower
than with uPli) but not with uPIg(S741A), indicating that
the Sak:Pli complex can activatdlg(R719A) (Figure 4).
The observed amidolytic activity indeed most likely is due
to the activation ofuPIg(R719A) upon selective cleavage

Biochemistry, Vol. 37, No. 18, 199&385

400

350

300

250

200

150

100

Amidolytic activity (mA405 nm . min™! )

50

15

5 10 20

Time (min)

FicUure 4: The effect of the addition of Pli (final concentration 5
nM) on the time course of the generation of amidolytic activity in
equimolar mixtures (final concentration QM) of Sak and native
Plg @), «Plg (@), uPlg(R719A) @) or uPIlg(S741A) ®). Amido-
lytic activity was measured with S-2403 (final concentration 0.3
mM) after a 50-fold dilution of the samples.

12345

Plg

A-chain

B-chain
-

Ficure 5: Hydrolysis of PIg(S741A) (final concentrationiM)
by incubation at 37°C for 90 min with preformed equimolar
mixtures of Sak angPli or uPli(R719A) (final concentration 0.1

of the Arg561-Val562 bond by the Sak:Pli complex and xM), as monitored by SDSPAGE under reducing conditions [Lane

not due to the activator complex formation betwed®ii-
(R719A) and Sak. This assumption is substantiated by the
reduced binding affinity oftPli(R719A) for Sak as demon-
strated above. Furthermore, a preformed mixture:Pfi-
(R719A) with Sak (final concentration 0.AM) did not
significantly hydrolyze human PIg(S741A) (final concentra-
tion 1 uM), whereas the preformed complex wiglli did,

as shown by reduced SB®AGE (Figure 5, lane 4). Sak

1, Plg(S741A); lane 2, addition @fPli(R719A); lane 3, addition
of Sak; lane 4, addition of SakPli mixture; lane 5, addition of
SakuPli(R719A)].
charged residues in Sak (Glu46-Lys50 and Glu65-Asp69)
which mediates Sak:Pli complex formatiobj.

Nine single alanine mutants were engineeredRig and
expressed as fusion with the minor coat protein Il on the
surface of the filamentous phage. Functional phage display

alone did not hydrolyze PIg(S741A) (Figure 5, lane 3), Of these zymogens allows rapid expression and purification
whereasPli(R719A) alone (Figure 5, lane 2) caused some for the study of their biochemical properties (e.g., activation
minor cleavage, similar to that seen with its mixture with DY various plasminogen activators, catalytic efficiency of

Sak (Figure 5, lane 5), but most of the substrate remainedProteolytic forms, and binding affinity to ligands21). A
intact. grid approach using a modeled structure of the serine

proteinase domain of plasmin was used to select nine solvent-
exposed residues for alanine substitution. Out of eight
mutants that were studied in detaiRIg(R719A) exhibited

In the present study, the molecular interface of the Sak: markedly different properties tharPlg with respect to the
Pli activator complex was investigated to identify amino acid generation of a functional Sak:Pli complex. Incubation of
residues in the serine proteinase domain of human Pli which phage-displayedPIg(R719A) did not result in the generation
determine its interaction with Sak. A previous structdre  of proteolytic activity toward S-2403, and phage-ELISA
function study based on a “cluster charge” to alanine revealed a markedly reduced binding affinity of Sak to the
mutagenesis has been used to map two critical clusters ofmutant molecule. The impairment of the recognition of Sak

DISCUSSION
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by phage-displayedPIlg(R719A) was not associated with a
structural destabilization of the molecule sipd&lg(R719A)
was fully activatable with urokinase and had a comparable
catalytic efficiency toward S-2403 as phage-displayedi

and mPli. Thus, residue Arg719 in human PIg is an
important determinant for the formation of a functional Sak:
Pli complex. In the modeled structure of the serine pro-
teinase domain of Pli, residue 719 is located in an extended
loop in the neighborhood of the active site.

These observations were further confirmed using free,
solubleuPli derivatives produced iE. coli. While active
site exposure was rapid and quantitative in an equimolar
mixture of Sak and:Plg, no activity was detected with a
SakuPIg(R719A) mixture, as demonstrated by the absence
of (i) hydrolytic activity toward S-2403 and (ii) covalent
complex formation with-antiplasmin. The impairment of
Sak to activatePIg(R719A) is not due to the misfolding of
the zymogen since the catalytic efficiencies for the activation
of uPlg anduPIg(R719A) by urokinase were similar to that
for the activation of native Plg (0.53, 0.46, and 02!
s™1, respectively). In addition, thi€,, values for the hydrol-

ysis of S-2403 by these activated molecules were comparable.

The Arg719 to Ala mutation is, however, not as detri-
mental as the inactivating active site mutation Ser741 to Ala
in Plg, since a low but significant hydrolytic activity was
detected after prolonged incubation—2 h) of Sak with
uPIg(R719A). Interestingly, the large decrease of functional
activity in the Sak:PIg(R719A) complex is not proportional
to the reduction of binding affinity in the complex. Indeed,
the energetical contribution of residue Arg7191(9 kcal/
mol, as deduced from-RT In(Kp mutantKp wild-type)) is
only a fraction of the total binding free energy of the Sak:
Pli complex (-10.0 kcal/mol). These findings indicate that,
although Arg719 in Plg cannot fully account for the binding
affinity of the Sak:Pli complex, it may also be required for
inducing Plg activation ability in the Sak:Pli complex (e.g.,
by inducing a conformational change within the active site).
Further mutational analysis will be required to identify other
functionally important amino acids by probing adjacent
residues on the modeledPli structure.

Recently, Arg 719 was shown to be also an important
determinant of the SK:Plg comple8%). Thus, Sak and SK,
two “indirect” bacterial Plg activators with no significant
homology between their primary amino acid sequences, not
only share a common binding epitope on P1§)( but make
also critical energetical contacts with at least one common
residue, Arg719, within this region. This finding suggests
that, at the level of the cofactor:Pli complexes, Sak and SK
may share a common mechanism to induce Plg activation
ability in Pli. The elucidation of this mechanism will provide
a better understanding of the thrombolytic potential of these
molecules and may eventually be translated into a general
concept on how to modulate the substrate specificity of Pl
and other serine proteases.
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