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Role of residue Y99 in tissue plasminogen activator

ALESSANDRO VINDIGNI, MOLLIE WINFIELD, YOUHNA M. AYALA, anp ENRICO DI CERA

Department of Biochemistry and Molecular Biophysics, Washington University School of Medicine,
Box 8231, St. Louis, Missouri 63110

(Recervep November 11, 1999;1RaL Revision January 3, 2000Acceptep January 13, 2000

Abstract: The crystal structure of the fibrinolytic enzyme tissue plasmin is slowly inactivated bw,-antiplasmin(Holmes et al.,
plasminogen activatoftPA) shows that the bulky side chain of 1987. This important property presently makes tPA the molecule
Y99 hinders access to the active site by partially occluding the Saf choice in the treatment of acute myocardial infarction and stroke
site and may be responsible for the low catalytic activity of tPA (Ludlam et al., 199% Although tPA is extremely selective, its
toward plasminogen. We have tested the role of Y99 by replacingpecificity constant toward plasminogen measured.agK, is
it with Leu, the residue found in more proficient proteases likebelow 16 M~ s~ even upon assembly of the components on the
trypsin and thrombin. The Y99L replacement results in an increasébrin mesh(Hoylaerts et al., 1982; Higgins et al., 199Thera-
in the k.o/Km, for chromogenic substrates due to enhanced diffu-peutic applications would therefore benefit from tPA derivatives
sion into the active site. The increase is modgsteefold for that have either improved catalytic activity toward plasminogen or
substrates specific for tPA that carry Pro or Gly at P2, but reachedecreased tendency to be inactivated by PAGallen & Lijnen,
80-fold for less specific substrates carrying Arg at P2. On the othe995. Previous mutagenesis studies have shown that deletion of
hand, the Y99L mutation has no effect on the activity of tPA several residues in the 37-loop flanking the active ¢iteamba
toward the natural substrate plasminogen, that carries Gly at P&t al., 1996 compromises inhibition by PAI-1, but has no effect on
and reduces more than 10-fold the inhibition of tPA by plasmino-the cleavage of plasminogdiMadison et al., 1989 The same
gen activator inhibitor-1PAI-1), that carries Ala at P2. We con- effect is obtained with charge reversal of R37a and R37b in the
clude that the steric hindrance provided by Y99 in the crystalloop (Madison et al., 1990 However, the significant improvement
structure affects mostly nonphysiological substrates with bulkyof the catalytic activity of tPA toward plasminogen or even syn-
residues at P2. In addition, residue Y99 plays an active role in théhetic substrates remains a challenge for rational protein engineering.
recognition of PAI-1, but not plasminogen. Mutations of Y99 could  tPA has been studied in considerable detail, but the exact struc-
therefore afford a resistance to inhibition by PAI-1 without com- tural determinants of its low specificity are not known. The crystal
promising the fibrinolytic potency of tPA, a result of potential structure of the catalytic domain of two-chain tPA shows an envi-
therapeutic relevance. ronment for the catalytic triad without apparent constraints for
substrate binding or catalysitamba et al., 1996 A notable dif-
ference, however, is observed at the level of residue 99. In trypsin
and thrombin this residue is Leu, whereas tPA has Tyr at this
position like factor IXa and plasma kallikrein. It has been proposed
that the bulky aromatic side chain of Y99 may restrict access to the
Blood clots are dissolved by plasmin that is specifically activateds? site, thereby impairing the catalytic efficiency of tRfamba
from plasminogen by the serine proteases tPA and urokif@sle et al., 1996. In coagulation factor IXa, Y99 is in a conformation
len & Lijnen, 1995. Unlike urokinase, tPA catalyzes the activation that blocks access to the S2 site and accounts for the extremely low
of plasminogen on the fibrin surfa¢€ollins et al., 1997, where  activity of this enzymeHopfner et al., 1999 Reengineering the
region around Y99 brings about a dramatic increase in catalytic
activity in factor IXa. Mutagenesis studies carried out on thrombin
Reprint requests to: Enrico Di Cera, Department of Biochemistry andhave shown that the replacement of L99 with Tyr compromises
e sp . SCVENTOI thdkay K oWaTd Synthetic subsraes caring Pro a
Abbreviations: DRR, H-p-Asp-Arg-Arg-p-nitroanilide; ETI, Erythrina P2(Rezaie, 1998and about fivefold the inhibition of thrombin by
caraffatrypsin inhibitor; FGR, Hp-Phe-Gly-Argp-nitroanilide; FPR, He-  antithrombin I1l that carries Gly at P@Rezaie, 199¥. These stud-
Phe-Pro-Arge-nitroanilide; IGR, Hu-lle-Gly-Arg-p-nitroanilide; IPR, Hp- ies suggest that a bulkier side chain at position 99 may be delete-
lle-Pro-Argp-nitroanilide; LDPR, H-Leu-Asp-Pro-Arg-nitroanilide; PEG, rigys to binding, even when the substrate has a small group at the
ngﬁpg;ﬁﬂﬁle?lvg)h’pFEb'?\FfaII_g{;?ﬁg{i;ﬁ;ﬁ;%%g? %Tg?ehg'_\'xﬁ P2 position. The result_s on_factor IXa and thro_mbin are releva_nt to
Leu-Argp-nitroanilide; VPR, Hp-Val-Pro-Argp-nitroanilide; WRR, ~ tPA because the physiologic substrate plasminogen and the inhib-
H-p-Trp-Arg-Arg-p-nitroanilide. itor PAI-1 carry Gly and Ala at P2, respectively. We have therefore
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decided to test directly the role of Y99 in tPA by site-directed 5.75
mutagenesis.

Results and discussion:Compared to wild-type, the YO9L mu-
tant shows a significant increase in the specificity constaptK,
for chromogenic substrat€Big. 1), due entirely to improved bind-
ing and lowerK,,. In the case of the most specific substraiéxR,
FPR, and FGR the increase is up to fivefold. Inspection of Fig-
ure 1 reveals a consistently higher increase for substrates carrying
Pro at P2 over Gly, indicating that the Y99L substitution may
facilitate docking of a bulkier hydrophobic group at P2. However,
this trend is broken in the VLR substrate that experiences a smaller
increase in specificity compared to both VGR and VPR. The in- 1000/T

crease in Spe.C'f'C'ty of FPR was |nvest|gateq further by measurlng:ig. 2. Arrhenius plot of the specificity constast= kqq/Kry, for the cleav-
thekea/Kn ratio as a function of temperatu(Eig. 2) to obtain the  age of FPR by wild-type tPA®) and the YO9L mutanto). Experimental
second-order rate constant for diffusion of the substrate into theonditions are 5 mM Tris, 200 mM NaCl, 0.1% PEG, pH 8.0. Continuous
active sitek; as first demonstrated for the thrombin—fibrinogen lines were drawn according to Equation 1 in the text, with best-fit param-
interaction(Vindigni & Di Cera, 1996. The value ofk, increases ~ Ste' values listed in Table 1. The Y99L mutant has higher specificity than
. . . wild-type due to a slightly improved diffusion of substrate into the active

about threefold in the Y99L mutant relative to wild-typEable 0,  gje.
demonstrating that the S2 site has become more accessible with
replacement of the Tyr. No other significant difference is displayed
by the Y99L mutant in the hydrolysis of FPR, with the activation
energies for substrate binding, dissociation, and acylation, as weffécause XRR is the consensus sequence present in coagulation
as the stickiness parameter, being similar to those of the wild-typéactor Va at one of the sites cleaved by the anticoagulant enzyme
(Table 2. activated protein GEgan et al., 1997; Kalafatis et al., 1994n

In the case of the least specific substra®RR and WRR, the  fact, both DRR and WRR were originally synthesized as substrates
increase in specificity constant is significantly more pronouncedselective for activated protein (ang & Di Cera, 199Y. We
and goes up to 80-foléFig. 1). The resulting value ofsay/Knm for therefore tested the possibility that the Y99L mutant of tPA could
DRR and WRR is only 10-fold lower than that of the more specific have acquired specificity toward coagulation factor Va. In the pres-
substrates FPR and IPR, indicating that the Y99L mutant has ac@nce of activated protein C and phospholipid vesicles, factor Va
quired specificity for the XRR sequence. This finding is intriguing Was inactivated within 10 min of incubation and displayed the
expected cleavage produdtEgan et al., 1997; Kalafatis et al.,
1994, as determined by western blot analysis and N-terminal se-
quencing. On the other hand, the activity of the factor Xa-factor Va
complex toward prothrombin, with factor Va treated for 90 min
with wild-type tPA or the mutant Y99L, was identical to control
without treatment. Results from both the western blot analysis and
the N-terminal sequencing showed no difference between factor Va
treated with wild-type and Y99L mutant tPA and untreated factor
Va. Hence, despite its dramatic increase in specificity for DRR and
WRR, no evidence was found that the Y99L mutant of tPA could
cleave and inactivate factor Va at R506, following the amino acid
sequence DRR.
DRRpEPR FGR FPR IGR IPR LDPRVGR VLR VPR WRR The significant enhancement of catalytic activity experienced by
the Y99L mutant toward chromogenic substrates is not seen toward
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é’ - Table 1. Properties of wild-type and the Y99L mutant of tPA
~— 4 -
) j wt Y99L R
g5l ]
-7 Plasminogerkea/Km (MM~ s71) 59+ 4 54+ 2 0.9+ 0.1
PAI-1 kop (uM ™1 s71) 1.2+ 0.1 0.11+ 0.01 0.09+ 0.01
DRRpEPR FGR FPR IGR IPR LDPRVGR VLR VPR WRR ETI Kq (M) 62+02 99+9 16+ 2
Cu?* Kg (uM) 19+ 4 22+ 3 1.2+ 0.3
Fig. 1. Effect of the Y99L substitution on the hydrolysis of chromogenic FPRky o (MM ™! s™) 100+ 20 280+80  2.8+0.9
substrates by tPAA: The data are reported as specificity constants E; (kcal/mol) 10+ 2 13+ 3 1.3+ 04
keat/Km for the wild-type (white barg and the Y99L mutantblack bars. @ 6+3 5+ 3 0.8+ 0.6

B: The increase in specificity of the mutant relative to wild-type. Replace- ci (kcal/mol) 30+ 10 30+ 10 1.0+ 0.5
ment of Y99 enhances specificity in all cases. The increase reaches 80-fol

for DRR and WRR. Experimental conditions are 5 mM Tris, 200 mM
NaCl, 0.1% PEG, pH 8.0 at 2&. aChange of the parameter in the Y99L mutant relative to wild-type.
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the natural substrate plasminod@able 1. Plasminogen carries Gly mutant employed in this study are described in detail elsewhere
at P2 and perhaps the absence of a side chain at this position mak@éndigni & Di Cera, 1998. The Y99L mutant was expressed in
the steric hindrance provided by Y99 inconsequential on bindingEscherichia colas a truncated form of tPA, tPAd@&l4—-Cys261.
This conclusion is consistent with a comparative structural analysifRefolding and purification of the mutant by affinity chromatogra-
of tPA, trypsin, and thrombifRenatus et al., 1998; Hopfner et al., phy on an ETI-Sepharose column were carried out to a final yield
1999, where the constraints imposed by the S2 site on synthetic and-2 mg/L of media. Single chain tPA was converted to the two-
natural substrates have been discussed. It is also consistent with thkeain tPA using a plasmin-Sepharose resin. Titration of the active
data shown in Figure 1, where the presence of Gly at P2 results onlgite with a reference solution of ETI revealed a 98% degree of
in a small increase in thie.o/K, value. activity of the mutant. The titration also yielded tkg for ETI
The Y99L substitution is also inconsequential on the affinity for binding to tPA(Table 1. The identity and purity of the protein
Cu?* binding (Table 1. Recent mutagenesis studies of tPA show were confirmed by SDS-gel electrophoresis and electrospray mass
that Ci#* binds near H188 in the S1 cavifZantwell & Di Cera,  spectrometry.
unpubl. results a domain that is separate enough from the S2 site All measurements were carried out under experimental condi-
and apparently not energetically linked to it. The lack of linkagetions of 5 mM Tris, 200 M NaCl, 0.1% PEG, pH 8.0 at Z&
between the S1 and S2 sites is also consistent with previous da@hromogenic substrates were synthesized and purified to homo-
on the site-specific dissection of substrate binding to({AAdigni geneity as describe@/indigni & Di Cera, 1998. Progress curves
& Di Cera, 1998. of the release op-NA following the hydrolysis of chromogenic
The foregoing results suggest a predominantly mechanical rolsubstrates were analyzed using KINSIM and FITS(Mang &
for Y99 that would restrict access to the active site of tPA to Frieden, 199Yto extract the value of the specificity constégnl/K,
substrates carrying bulky side chains at P2. However, Y99 musgproperly corrected for product inhibition, if necessary.
also play an active role in the recognition of ETI and PAFable 1. The value ofk.,/K, for the hydrolysis of FPR by tPA was also
Inhibition of tPA by ETl is significantly compromised in the YO9L studied under experimental conditions of 5 mM Tris, 200 mM
mutant, with the value oKy increasing 16-fold relative to wild- NaCl, 0.1% PEG, pH 8.0, over the temperature range from 5 to
type. Furthermore, the inhibitor no longer behaves as slow-bindingd5°C. The pH was precisely adjusted at room temperature to ob-
as for wild-type(Vindigni & Di Cera, 1998, at least under the tain the value of 8.0 at the desired temperature. Tris buffer has a
conditions that enable accurate measuremenkg; &6r ETI bind- pK, = 8.06 at 25C and a temperature coefficient ApK,/AT =
ing. The structure of the tPA-ETI complex is not known, but most —0.027. These properties ensured buffering over the entire tem-
likely Y99 participates in favorable van der Waals or polar contactsperature range examined. It has been shown that the temperature
with residues of the inhibitor and removal of these contacts overdependence df.,/K;, for the hydrolysis of amide substrates by
rides possible favorable contributions to binding coming from aserine proteases obeys the equatigimdigni & Di Cera, 1996
less constrained S2 environment. As for ETI, binding of PAI-1 is

reduced 10-fold upon the Y99L substitution, supporting an impor-
. " : LS E.—E /1 1
tant role for Y99 in the recognition of the physiological inhibitor o €XP JR——
of tPA. PAI-1 carries Ala in P2 and is difficult to envision how the Keat R T To
Tyr — Leu substitution at position 99 may reduce Qg for the K_m = kuo E,/1 1 @)
inhibitor. Any van der Waals contact of the P2 residue with Y99 1+ g exp{ E (; - ?>}
would be preserved for the most part in the Y99L mutant. It is 0

more likely that the hydroxyl group of Y99 makes a polar inter-
action with other residues of PAI-1 that stabilize the enzyme-whereR is the gas constant] the absolute temperaturg; the
inhibitor complex. activation energy for substrate binding, the difference in the
The mutagenesis data reported in this study show that Y99 in thactivation energies for substrate dissociation and acylakgg,
S2 specificity site of tPA is more important for recognition of the value of the second-order rate constant for substrate bikding
PAI-1 than plasminogen. Hence, binding of the physiological sub-at the reference temperatufg = 298.15 K andag the parameter
strate and inhibitor can be dissociated by targeting either the 37ef stickiness defined as the rakg/k_, (ko, rate of acylationk_,
loop (Madison et al., 1989, 1990o0r the region around Y99. In rate of substrate dissociatipat the reference temperature. Details
thrombin, mutations in and around the S2 site that compromisen the properties of Equation 1 are given elsewh#fiadigni &
binding of the natural substrate fibrinogen also compromise theéi Cera, 1998.
inhibition of the enzyme by antithrombin Il{Rezaie, 1997; Di The apparent second-order rate constégy) for the inhibition
Cera, 1998 and the two interactions can only be dissociated byof tPA by PAI-1(American Diagnostica, Greenwich, Connectjcut
compromising binding of the cofactor hepa¢ifsiang et al., 19977 was measured by progress curves from the effect of the inhibitor
The effect observed on PAI-1 is of pharmacological interest pro-on the hydrolysis of FPR and were analyzed using KINSIM and
vided it can be reproduced in vivo. As for the mutants in the FITSIM assuming an irreversible reaction between the enzyme and
37-loop(Madison et al., 1989, 1990the Y99L mutant may offer inhibitor. For each concentration of enzyme and substrate, differ-
an advantage over the wild-type in the treatment of acute myocarent concentrations of PAI-1 were used to derive the valuk,of
dial infarction and stroke because the increased resistance to PAlflom a global analysis of the kinetic traces. The rate of Lys-
inactivation, coupled to normal fibrinolytic activity, would prolong plasminoger{American Diagnosticaactivation by tPA was mea-
the half-life and therapeutic effect of tPA in the blood. sured by continuous progress curves analyzed with KINSIM and
FITSIM as describedVindigni & Di Cera, 1998. Different con-
centrations of plasminogen were used in this assay to ensure ac-
Materials and methods: All the procedures for expression, pu- curate determination of thé,/K,, value. The equilibrium
rification, titration, and functional characterization of the Y99L dissociation constant for Cti binding to tPA was determined by
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measuring the initial rate of substrate hydrolysis as a function of of pl?sT]inOQen by human tissue plasminogen activator. Role of fibrin.
2+ ; va inhihiti J Biol Chem 2572912-2919.
[Cu ] and analyzmg the data for competitive inhibition. Kalafatis M, Rand M, Mann KG. 1994. The mechanism of inactivation of
human factor V and human factor Va by activated proteird ®iol Chem
. ) 269:31869-31880.
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