15730 Biochemistry2000, 39, 15730-15741

Conversion of Fibrinogen to Fibrin: Mechanism of Exposure of tPA- and
Plasminogen-Binding Sités

Sergei YakovleV, Eugeny Makogonenkd$ Natalia Kurochking;' Willem Nieuwenhuizert, Kenneth Inghani,and
Leonid Medved#

The American Red Cross Holland Laboratory, 15601 Crabbs Branch WayygiReckaryland 20855, and
TNO Presention and Health, Gaubius Laboratory, P.O. Box 2215, 2301 CE Leiden, The Netherlands

Receied August 7, 2000; Resed Manuscript Receéd October 24, 2000

ABSTRACT: Conversion of fibrinogen into fibrin results in the exposure of cryptic interaction sites and
modulation of various activities. To elucidate the mechanism of this exposure, we tested the accessibility
of the An148—-160 andy312—324 fibrin-specific epitopes that are involved in binding of plasminogen
and its activator tPA, in several fragments derived from fibrinogen (fragment D and its subfragments)
and fibrin (cross-linked B-D fragment and its noncovalent complex with the fEagment, B-D-E,).

Neither D nor D-D bound tPA, plasminogen, or antieA48-160 and antiy312—324 monoclonal
antibodies, indicating that their fibrin-specific epitopes were inaccessible. @ithid&-160 epitope became
exposed only upon proteolytic removal of theandy-modules from D. At the same time, both epitopes
were accessible in the-ED-E; complex, indicating that the DIE interaction resulted in their exposure.

This exposure was reversible since the dissociation of th®{E; complex made the sites unavailable,
while reconstitution of the complex made them exposed. The results indicate that upon fibrin assembly,
driven primarily by the interaction between complementary sites of the D and E regions, the D regions
undergo conformational changes that cause the exposure of their plasminogen- and tPA-binding sites.
These changes may be involved in the regulation of fibrin assembly and fibrinolysis.

Fibrinogen (340 kDa) is a multifunctional adhesive protein subsequent tissue repair. The major aspects of the fibrin
involved in a number of important physiological and assembly process were established in numerous stutjies (
pathological processes. Its multifunctional character is con- 6, 7 and references therein). The process is triggered by the
nected with its complex multidomain structure. Fibrinogen removal of fibrinopeptides from the E region and the
consists of two identical subunits, each of which is formed exposure of two pairs of polymerization sites “A” and “B”
by three nonidentical polypeptide chaingy A4, andy (1, (knobs) that associate with complementary sites “a” and “b”
2). Both subunits and the six chains are linked together by (holes) in the D regions8j. The noncovalent knob-to-hole
disulfide bonds and assemble to form at least 18 distinct (A—a) interaction between one E region and two D regions
domains grouped into four major structural regions, the of individual molecules (DEE interaction) generates two-
central E, two identical terminal D, arndC domains 8—5). stranded protofibrils in which individual monomers are half-
The E region is formed by the NHerminal parts of all six ~ staggered with their D regions aligned in an end-to-end
chains, while each D region is formed by the remaining manner. The protofibrils associate with each other laterally
COOH-terminal portions of the B and y-chains and a  to produce thicker fibrils that branch to form the fibrin clot.
portion of the Ax-chain (1, 2). The D and E regions can be  The clot is stabilized by factor Xllla-catalyzed cross-linking
separated by various proteases, resulting in the D and Ebetween neighboring D regions. After the fibrin clot has
fragments, respectivelyl{ 6). carried out its functions, it is dissolved by the fibrinolytic

Thrombin-mediated conversion of fibrinogen to fibrin  enzyme plasmin, resulting in soluble degradation products
results in spontaneous polymerization of the latter and that include the cross-linked dimeric-D fragment and its
formation of an insoluble clot that prevents the loss of blood noncovalent complex with the;Eragment (D-D-E; com-
upon vascular injury and serves as a provisional matrix in plex) (6).
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activities. The exposure of the tPA- and plasminogen-binding A B C
sites on fibrin represents a clear example demonstrating the *°e

importance of such conformational changes in the regulation  zp0— - e °
of fibrinolysis. Although plasmin exhibits proteolytic activity B

toward many plasma proteins, its activity in vivo is restricted — : - - e .
mainly to places of fibrin deposition, allowing effective ®— - -

dissolution of the latter without proteolytic damage of other b 8 -

proteins. This important natural adaptation occurs througha Jé—= e
number of orchestrated interactions between newly exposed **~ T as - 1234 123 ‘4"
binding sites on fibrin and complementary sites on tPA and

h L - Ficure 1: Polyacrylamide gel electrophoresis of the fragments used
plasminogen, resulting in activation of the latter by tPA and ;" study. (A) SDS-PAGE analysis of the D Dy, Dy, and

localization of fibrinolysis. Similarly, the exposure of some  Tsp fragments and the recombinanmodule (lanes 5). Panels
cell binding sites upon fibrin assembly may result in cell B and C represent the PAGE analysis of thelDfragment isolated

adhesion, proliferation, and migration on the fibrin surface. from the cross-linked fibrin (lanes 1), the-D-E, complex (lanes
ch in fibri f fi be tri db 2), and its individual components D (lanes 3) and E(lanes 4),
anges In fiorinogen conformation can be triggered by \nqer denaturing [0.55% SDS (B)] and native (C) conditions. The

different events that often lead to the exposure of the sameguter lanes in panels A and B contain marker proteins (Mark 12
epitopes as those exposed in fibrin. For example, the Unstained Standard, Novex) with the indicated molecular mass.
interaction of platelet receptor GP llbllla with fibrinogen
induces on the latter the exposure of specific receptor-inducedfrom Sigma. Recombinant single-chain tPA was a Genentech
binding sites, RIBS 15, 16). The appearance of these product known under the trade name “Activase”. Glu-
epitopes as well as some other fibrin-specific ones could be plasminogen (form IlI) was prepared from citrated human
also induced by adsorption of fibrinogen onto a surfdd ( plasma by affinity chromatography on Lys-Sepharose 4B
17). Implanted biomaterials adsorb fibrinogen, and this often (23) and further purified by size-exclusion chromatography
results in the increased level of interaction with phagocytic on Superdex 200.
cells via the Mac-1 receptor and the development of chronic  Fragments Fibrinogen fragments, human, Bnd bovine
inflammation near the implantl§, ;9). The exposure of  p,, were prepared by procedures described previo@sly (
RIBS and Mac-1-, tPA-, and plasminogen-binding sites can o5y The D, fragment was used as a starting material for
also. occur upon !imited proteolysis, chemical cleavage, and preparation of the Pand TSD fragments described in refs
partial denaturationd( 10, 17, 20, 21). 25 and26. The human fibrinogery-module corresponding
Although the exposure of fibrin-specific epitopes in the to y-chain residues 148411 was produced iEscherichia
above-mentioned events is well documented, the mechanismgoli and purified as described previouss).(The covalently
of this exposure remain unknown. A comprehensive under- cross-linked dimeric D fragment (BD) was prepared from
standing of how the conformation of the fibrinogen molecule, a plasmin digest of factor Xllla-cross-linked fibrin by the
especially those regions that are involved in fibrin assembly procedure described in réf7. All fragments were tested for
and various interactions, is changed upon polymerization homogeneity by 8 to 25% SBDIPAGE (Figure 1A,B) and
depends on the avallablllty of a high-reSO|Uti0n three- stored frozen at+20°C. Before each experiment, the—ﬂ)),
dimensional structure of fibrinogen. The recently established D, and Dy fragments were thawed and addmona”y purified
crystal structure of fibrinogen fragment D and its cross-linked gn fibrin—Sepharose as described previousig)( Only
counterpart from fibrin, the BD fragment @2), made it active fractions that bound to fibrinSepharose were used.
possible to address this question. To elucidate the mecha-The noncovalent complex of BD with the & fragment (D-
nisms of conformational change in the D regions of p.E, complex)was obtained as described in2&fvith some
fibrinogen upon its conversion to fibrin, we studied the mogifications. Namely, after termination of the digestion
exposure of their fibrin-specific plasminogen- and tPA- yeaction with aprotinin, plasmin was removed from the digest
binding sites in different model systems that mimic fibrino- by affinity chromatography on Lys-Sepharose. The complex
gen and fibrin. The .results indica@e that this_exposyre iS was homogeneous as revealed by 12.5% polyacrylamide gel
causegl _by confc_)rmat_|onal changgs inthe D regions trlgg_eredelectrophoresis under native conditions (Figure 1C) and size-
by their mteractlon_Wlth the E region. A detailed mechanism gy jusion chromatography on Superdex 200 (not shown). The
of these changes is proposed. NH.-terminal sequence analysis revealed that it contained

mainly the & fragment, and the content of the EEagment
EXPERIMENTAL PROCEDURES never exceeded 20%. Only the freshly prepared complex was

Proteins. Plasminogen-depleted human and bovine fi- used in further experiments.
brinogen, aprotinin, and bovine serum albumin (BSA) were  Dissociation and Reconstitution of thedD-E; Complex.
purchased from Calbiochem. Bovioethrombin, plasmin, Dissociation of the complex was achieved by the addition
and streptavidin conjugated to alkaline phosphatase wereof a 10-fold excessfdl M glycine buffer (pH 3.0), followed

by overnight dialysis versus 0.125% acetic acid aC4fter

! Abbreviations: tPA, tissue-type plasminogen activator; Pg, plas- Wh'Ch the complex was completely (_jISSOCIate(_j into indi-
minogen; BSA, bovine serum albumin; PAGE, polyacrylamide gel vidual components as revealed by size-exclusion chroma-
electrophoresis; Mab, monoclonal antibody; FITC, fluorescein isothio- tography on Superdex 200 and polyacrylamide gel electro-

cyanate; S-2251, #-valyl-L-leucyl+-lysinep-nitroanilide; TBS, 0.02 ; ; it ;
M Tris buffer (pH 7.4) with 0.15 M NaCle-ACA, e-aminocaproic phoresis under native conditions (not shown). At this stage,

acid; ELISA, enzyme-linked immunosorbent assay; SPR, surface & portion of the mixture was applied onto a column with
plasmon resonance. Superdex 200 equilibrated with 20 mM glycine buffer (pH
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3.5) to separate the-ED and g fragments from each other. added to the wells, and the amount of bound ligand was
The individual fragments were then brought to neutral pH measured after 20 min spectrophotometrically at 405 nm.
by the addition of a 10-fold exces$ DM Tris (pH 9.0) and Data were fitted by nonlinear regression analysis using eq 1
then concentrated with a Centriprep YM-10 filter (Amicon)

and dialyzed versus 0.02 M Tris buffer (pH 7.4) with 0.15 B=B,./(1+ K{/[L]) (D)

M NacCl (TBS). The remaining portion containing the mixture

of dissociated B-D and g fragments was brought to neutral whereB represents the amount of ligand bouBg. is the

pH in the same manner and incubated for 30 min at@7  concentration of ligand bound at saturation (or the signal
to reconstitute the complex. The formation of the complex proportional to it), [L] is @ molar concentration of free ligand,

was confirmed by the same methods. assumed here to be equal to total, &xds the dissociation
Antibodies Fibrin-specific murine monoclonal antibodies constant.
(Mabs) against the &148—160 andy312—324 regions (anti- Biosensor AssayThe interaction of the fibrin(ogen)

A0l148-160 Mab and antj*312—324 Mab, respectively)  fragments with tPA, plasminogen, and fibrin-specific mono-
were prepared as described previoug9, 30). y-Module- clonal antibodies, anti312—324 Mab and anti-&148-160
specific sheep polyclonal antibodies against the human Mab, was studied by surface plasmon resonance (SPR) using
fibrinogeny-module {148—411) were kindly provided by  the IAsys biosensor (Fisons, Cambridge, U.K.) which as-
Dr. S. Cederholm-Williams (Oxford Bioresearch, Oxford, sesses the association and dissociation of proteins in real time
U.K.). The conjugation of the anji-module antibodies with  (33). The Mabs, tPA, and plasminogen were covalently
N-hydroxysuccinimide biotin ester (Pierce) was performed coupled to the activated carboxymethyl dextran-coated
by the procedure recommended by the manufacturer. biosensor chip at a coupling density of-92 ng/mn# by
Preparation of FITC-Labeled Fragments$:luorescent  the procedure recommended by the manufacturer. Binding
fragments B, Dy, Dy, and TSD and the/-module were experiments were performed at 26 in 50 mM Tris buffer
prepared by labeling with fluorescein isothiocyanate (FITC). (pH 7.4) containing 1 mM Ca, 1% BSA, and 0.05% Tween
The fragments were dialyzed against 0.1 M NaHGpH 20 (binding buffer). The association between the immobilized
9.5), mixed with a 10-fold molar excess of FITC (Sigma), proteins and the added fibrin(ogen) fragments was monitored
and incubated fio2 h at 37°C in the dark. Unreacted dye as the change in the SPR response. To regenerate the chip,
was removed by chromatography on a Pharmacia NAP-5 complete dissociation of the complex was achieved by adding
Sephadex G-25 prepacked column with subsequent dialysis10 mM HCI for 2 min following re-equilibration with binding
against 0.1 M HEPES (pH 8.0) containing 1 mM2Cand buffer. The traces of the association process were recorded
5 mM octyl glucoside. The degree of labeling was determined and analyzed using the FASTfit kinetics analysis software
spectrophotometrically as described in3&fand was found  supplied with the instrument as previously described in detail
to be 1.7, 1.8, 1.6, 1.3, and 1.5 mol of FITC/mol of, Dy, (34, 35). Briefly, the association curves at each concentration
Dy, TSD, and they-module, respectively. of ligand were fitted to the pseudo-first-order equation to
Chromogenic Substrate Assakhe stimulating effect of  derive the observed rate constant (termed the on-rate constant,
fibrin(ogen) fragments on the tPA-catalyzed conversion of ko, in FASTfit). Then the concentration dependencegf
plasminogen into plasmin was evaluated by determination was fitted using linear regression to find the association rate
of the amidolytic activity of the newly formed plasmin with  constant K.s9 from the slope and dissociation rate constant
chromogenic substrate S-2251 (Hvralyl-L-leucyl-lysine- (kgis9 from the intercept. The dissociation equilibrium
p-nitroanilide) (Chromogenix) as described in &L The constant Kq) was calculated akgisdkass The values were
assay system contained Q:®1 Glu-plasminogen, 0.14 nM  examined for self-consistency of the data as described in ref
tPA, 0.3 mM S-2251, and M fibrin(ogen) fragments in 36.
TBS containing 0.05% Tween 80. The assay was performed Fluorescence-Detected Binding Measuremeifitse as-
in the wells of a microtiter plate at 37C. The amidolytic sociation of the FITC-labeled fibrinogen fragments with tPA
activity was determined by measuring the absorbance at 405n solution was studied by monitoring the change in
nm using a TERMOmax 96-well plate reader (Molecular fluorescence anisotropy. The anisotropy measurements were
Devices). performed with an SLM-8000C spectrofluorometer. A con-
Solid-Phase Binding AssaySolid-phase binding was centrated solution of tPA was automatically added with a
performed in a sandwich-type enzyme-linked immunosorbent motor-driven syringe to a stirred cuvette containing the FITC-
assay (ELISA). Wells of high-binding microplates (Fisher) labeled D species at 0. while monitoring the anisotropy
were coated overnight at°€ with 100uL of 5 ug/mL anti- at 524 nm with excitation at 493 nm. The resulting
A0148-160 Mab, anti¥312—324 Mab, or tPA per well in concentration-dependent increase in anisotrépyas fitted
0.1 M N&CO; (pH 9.5) (coating buffer). The wells were to eq 2
then blocked with 1% BSA in TBS fo2 h at room
temperature. Following washing with TBS containing 0.05% AA= AA,ILY(Ky+ [L]) (2)
Tween 20 (TBS-T), the indicated concentrations of fibrin-
(ogen) fragments in TBS-T containing 1 mM Tawere where Ky is the dissociation constant and [L] is the
added to the wells and also to control wells coated with just concentration of the free ligandAn.xwas treated as a fitting
BSA and incubated overnight at°€. The binding of these  parameter because the amount of tPA added was not enough
fragments was assessed by the reaction with the biotinylatedto achieve saturation. Since the concentration of labeled
anti-y148—-411 polyclonal antibodies and streptavidin con- proteins was small compared to tkg the concentration of
jugated to alkaline phosphatase. The alkaline phosphatasédree protein was assumed to be equal to the total concentra-
substratep-nitrophenyl phosphate (Sigma) at 1 mg/mL, was tion.
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Fluorescence-Detected Unfolding Studyluorescence
measurements of thermal unfolding were performed by
monitoring the ratio of the fluorescence intensity at 370 nm
to that at 330 nm with excitation at 280 nm in an SLM
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one cannot exclude the possibility that ffrenodule should
also be moved away to open up access ¢dA3—160 and
particularly to residues Vall52 and Lys157 which are thought
to be important for stimulatory activityd@—46). To test this

8000-C fluorometer. The temperature was controlled with a possibility, we evaluated the effect of the removal of these

circulating water bath programmed to increase the temper-

ature at a rate of-1 °C/min. The concentration of fibrinogen,
fibrin, and fibrin-derived fragments was-0.04 mg/mL.
Fibrin was prepared in the fluorescence cell by mixing 0.04
mg/mL human fibrinogen with 0.01 NIH unit/mL of throm-
bin followed by incubation at 37C for 30 min to form a
gel, cooling to 4°C, and heating to obtain a melting curve.

Protein Structure Analysig.he solvent accessible surface
areas of the fibrin-specific epitopes in the fragments BD)

structural elements on the accessibility of the148-160
epitope in the D fragment.

Calculation of the solvent accessible surface area of the
Aa148-160 region in the D fragment revealed that most of
its residues are almost totally buried, having accessible only
0—6% of their surface; only Arg149 has 16% of its surface
exposed (Table 1). The removal of the fourth helixu (46—

195) increases the accessible surface area of 5 of 13 residues;
Lys157 remains inaccessible, while the accessibility of

and D-D with two different bound ligands were calculated Val152 is changed only moderately (from 3 to 9%). In
using atomic coordinates that are available from the contrast, removal of only thémodule results in a substantial
Brookhaven Protein Database under access codes 1FZAincrease in the accessible surface of at least eight residues,
1FZB, and 1FZC, respectivel2, 37). All algorithms for including Lys157 (from O to 22%) and Val152 (from 3 to
protein structure analysis, including determination of the 32%) (Table 1). Removal of both regions results in the
solvent accessible surface area and interatomic contacts, angxposure of three more residues, Glul51, Aspl55, and
computer graphics were used from the Commercia”y avail- lle158. Visual examination of the D fragment revealed
able MOLE program (Applied Thermodynamics, Hunt Multiple contacts between side chain residues of th&48—

Valley, MD). 160 region and thg-module (Figure 2A). Calculation of
the distances between some neighboring residues revealed
RESULTS that Lys157 of the &148-160 region is in direct contact

with Asp398, Arg415, and Lys428 of themodule (Figure
2B). Obviously, these multiple contacts provide the interac-
tion between thg-module and the coiled coil domain. The
above data suggest that thenodule may play a major role

in covering the Ax148-160 epitope in fibrinogen and that
the interaction between the coiled coil domain and the
p-module must be disrupted and that the latter must be

The Ac148-160 andy312—324 sequences of the human
fibrinogen D region are involved in the binding of tPA and
plasminogen and in the stimulation of the tPA-catalyzed
activation of the latter 0). It was shown that the CNBr
fragment FCB-5, which compriseg312—324, interacts
exclusively with tPA in a Lys-independent mann&s,(39),
while fragments containing @148—160 bind both tPA and moved away to expose this epitope.
plasminogen in a Lys-dependent manné@-42). On the Modulation of the Exposure of thenA48—160 Epitope
basis of these observations and the results of activationpy | imited ProteolysisTo test the suggestions presented
studies, it was suggested that in fibrin plasminogen may ahove, we studied the effect of removing the individual
interact with the Ax-chain site, and tPA with th&—chain modules from the bovine ﬁbrinogen ﬂragment on the
site (10, 38). Here we will refer to Ax148-160 andy312- accessibility of its Ax148—160 epitope using tPA, plasmi-
324 as plasminogen/tPA (Pg/tPA)- and tPA-binding sites, nogen, and a specific antied48—160 monoclonal antibody
respectively, or fibrin-specific epitopes since they both are (Mab) as molecular probes. This fragment is highly homolo-
hidden in fibrinogen and become exposed in fibrin as gous to its human analogue, the ftagment (the sequence
revealed by experiments with monoclonal antibodies againstin the Ac148-160 region is identical), and has a similar
these sequenceq 30). These epitopes may serve as fold (47). The advantage of using the bovine fragment is
markers for monitoring the conformational changes that that the time course of its proteolysis was well-studi2@) (
accompany the conversion of fibrinogen to fibrin. To Clarify and the resu|ting discrete fragmentsy &nd TSD, were well-
the mechanism of their exposure, we analyzed their aCCGS-CharacterizedZS), while analogous fragments from human
sibility in the fibrinogen-derived D fragment and in the fibrin- ﬁbrinogen have not been described. Thefmgment occurs
derived cross-linked dimeric BD fragment that were upon removal of th@:_modu|e from Oy. Further removal of
thought to retain the conformation of the corresponding the8-module results in the TSD fragment that contains only
regions in fibrinogen and fibrin, respectively. the coiled coil domain, including &148-160, and binds

Evaluation of the Accessibility of theoA48—160 Fibrin- plasminogen42) and presumably tPA.

Specific Epitope in the D Fragmerithe crystal structure of All fragments were labeled with FITC and then titrated
the human fibrinogen D fragmenR2) revealed that the  with tPA while the fluorescence anisotropy was monitored.
A0l148-160 epitope is in a helical conformation and No convincing change in anisotropy was detected when the
represents a part of a triple-helical coiled coil domain (Figure FITC-labeled B fragment was titrated with tPA (Figure 3),
2A,B). As reported previously2Q), the Aa148—160 helix indicating no interaction and suggesting that in dth the

is closed off on one side by themodule, on two others by ~ Aal148-160 and y312—324 regions are hidden as in
the 8- andy-helices of the coiled coil, and on its frontside fibrinogen. Similar results were obtained with the human
by the fourth helix formed by the 166195 region of the  fibrinogen D fragment. At the same time, the anisotropy
Aa-chain. It was suggested that upon conversion of fibrino- was changed upon titration with tPA of the FITC-labeled
gen to fibrin the fourth helix should be pulled away from TSD, indicating formation of a complex between them. The
the coiled coil to expose the masked resid&s3. (However, changes were reproducible and provided a reliable determi-
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VR A g A Byl N5
FiGure 2: Spatial positioning of the fibrin-specific epitopesg PM48-160 andy312—324, in the three-dimensional structure of the human

fibrinogen D fragment. Panels A and B represent the space-filling model and ribbon diagram of the D fragment based upon its crystal

structure, respectivel\2@). The D fragment corresponds to the D region of fibrinogen and includes part of the coiled coil structure formed
by all three chains and two homologous moduj@sdy) formed by the COOH-terminal portions of tifie andy-chains, respectively.

The coiled coil domain is in gray; the fortizhelix of the Aa-chain (A166—195) is in yellow, and th@- andy-modules are in blue and
green, respectively. Thec48—-160 andy312—324 regions are in red. Panel B also shows the side chain contacts between Lys157 of the
Aa-chain (red balls) and Asp398, Arg415, and Lys428 of ghmodule (cyan balls) (see the text). Panel C represents an enlarged view of
the contacts betweenoAys157 and BAsp398, while panel D shows the positions of these residues in tHe ftagment loaded with the
GHRP peptide as reported by Everse et aF)(

nation of Kq (1.2 uM) (Table 2). The complex formation a dose-dependent manner while no binding was observed
was mediated most probably by the248—160 region, the  with Dy or D; (Figure 4A). The binding was blocked by
only one preserved in TSD. The fact that the complex was 100 mM e-ACA. The calculatedKys for TSD and D were
dissociated when further titrated withaminocaproic acid,  found to be 0.9 and 0.6M, respectively, similar to those
e-ACA, (not shown) is in agreement with the previous report values obtained in fluorescence experiments (Table 2). When
that this site is Lys-dependentl). We performed a similar ~ plasminogen was immobilized on a sensor chip, it also bound
binding study of tPA with the FITC-labeled \Dfragment both TSD and B in a dose-dependent manner while no
that contains the TSD domain and ffrenodule but is devoid  binding was observed with pand D, or with TSD and @
of the y-module. The fragment bound tPA in a saturable in the presence oé-ACA (Figure 4B). The calculate&qy
manner with &Ky of 0.9 uM, similar to that of TSD (Figure  was 1.2uM for TSD and 1.0uM for Dy (Table 2), close to
3 and Table 2). Such similarity i4s for TSD and B that determined for the TSD fragment earlier by affinity
suggests that the binding sites in both fragments are chromatography4?). It was also similar to that determined
essentially the same. here for tPA. Since in plasma the concentration of plasmi-
Binding studies performed by the surface plasmon reso- nogen is more than 4 orders of magnitude higher than that
nance (SPR) method gave similar results. When tPA wasof tPA, this fact reinforces the earlier suggestid®,(38)
immobilized on a sensor chip, it bound both TSD andiD that in fibrin, the Ax148—160 region should serve primarily
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Table 1: Solvent Accessible Surface Area (%) of thelA8—160 andy312—324 Fibrin-Specific Epitopes in the Human Fibrinogen D
Fragment and the BD Dimer

Aal148-160
Lys148 Argl49 Leul50 Glul51 Vall52 Aspl53 llel54 Aspl55 llel56 Lys157 llel58 Argl59 Serl60
D 2 16 0 3 3 0 0 1 3 0 0 6 0
D; without 48 16 0 30 9 0 2 34 3 0 23 13 0
Aal66-195
D, without 20 64 0 3 32 23 0 5 48 22 4 40 43
the f-module
D, without 76 64 0 30 43 23 2 40 48 22 23 46 43
the f-module
and Ao166-195
D—D with GPRP 4 17 1 9 7 1 0 5 4 6 0 14 3
and GHRP
y312-324
Phe312 Ser313 Thr314 Trp315 Asp316 Asn317 Asp318 Asn319 Asp320 Lys321 Phe322 Glu323 Gly324
Di 0 0 0 48 37 18 23 18 8 71 29 85 32
D—D with GPRP 0 0 0 42 41 17 33 12 8 46 12 78 29
and GHRP
0.22 |- D, TSD b
0.20 |- PR Time (se0
E " [ TsD
8
2 B
c 1723 L )
{ [o] 200 400
\“i; Time (sec)
(0]
2 T
[=]
& I Dy
Q
4
0 2(‘)0 4[‘!0
Time (sec)
[tPA]uM 100 1 b ~[re0
Ficure 3: Titration of FITC-labeled fragments of fibrinogen with w0
tPA. The FITC-labeled P(a), Dy (2), Dy (O), and TSD fragments —
(®) and they-module ©) at a concentration of 04M were titrated Dy, D,, TSD+e-ACA I
with tPA in 0.1 M HEPES (pH 8.0) containing 1 mM &aand 5 0 : | : :

mM octyl glucoside at 25C while monitoring the anisotropy at
524 nm. Curves represent a best fit to eq 2 which yieldedkthe ]
values presented in the text and Table 2. A diagram that defines Time (sec)

the fragments used in these experiments is presented at the top. Figure 4: Analysis of binding of various fibrinogen fragments to
immobilized tPA (A) and plasminogen (B) by surface plasmon

0 200 400 600 800

Table 2: Dissociation Constaatfor the Interaction of tPA and resonance. The DDy, Dy, and TSD fragments and themodule
Plasminogen with Various Fibrin(ogen) Fragments at 2uM were added to the immobilized tPA (A) or plasminogen
: (B), and their association was monitored in real time while
protein TsD & Dn D-D-& registering the resonance signal (response). Here and in other
tPA 1.2+ 0.2 0.9+ 0.4 NBP - figures, a signal of 200 s of arc corresponds~tb ng of protein
0.9+04 0.6+ 0.2 NB 0.6+ 0.1 bound/mnd of the sensor chip surface. The binding of &nd TSD
plasminogen 1.205 1.0+0.1 NB - fragments was dose-dependent as demonstrated in the insets. The

concentrations were 0.5, 1.0, 1.5, and 2\ for TSD and 0.25,

1.0, 1.5, and 2.@M for Dy. TheKy values were determined from

the association data as described in Experimental Procedures and
are presented in the text and Table 2. The curves for tharidl

D; fragments, they-module, and the TSD fragment in 100 mM
€-ACA presented in both panels essentially coincide.

a All dissociation constants are in units of micromolar. Values are
means+ the standard deviation of three experimefit®btained by
fluorescence anisotropy in fluid phase; remaining values obtained by
surface plasmon resonance. NB, no binding detected.

as a plasminogen-binding site. In other SPR experiments
when the anti-A148-160 Mab was immobilized on a interaction between th&module and the coiled coil domain
sensor chip, it bound theyDand TSD fragments while the  may depend on the status of themodule.

level of binding of the [} fragment was very low (Figure The results of the binding studies were well-correlated with
5). Thus, all the results presented above clearly demonstratehe stimulating properties of these fragments in a plasmino-
that the Ax148-160 epitope is exposed in both TSD and gen activation assay. When the activation of plasminogen
Dy fragments. They also indicate that removal of the by tPA was monitored by the cleavage of the chromogenic
y-module from the [} fragment seems to be sufficient for substrate S-2251 with newly formed plasmin, the reaction
the exposure of its 4148—160 epitope, suggesting that the was much more efficient in the presence of those fragments
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Ficure 5: Analysis of binding of various fibrinogen fragments to
the immobilized anti-A&148—-160 Mab by surface plasmon reso-
nance. The B, Dy, and TSD fragments at/2V were added to the
immobilized Mab, and their association was monitored in real time
while registering the resonance signal (response).
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Ficure 6: Stimulating effect of various fibrin(ogen)-derived
fragments on activation of plasminogen by tPA. (A) Stimulating
effect of Dy (A), Dy (), Dy (M), and TSD fragments%) and the
y-module @), each at uM. (B) Stimulating effect of the fibrin-
derived D-D (a) and E (M) fragments and the BD-E; complex
(®). The curve for B in panel B is presented for comparison and

Yakovlev et al.

epitope, y312—324, seems to be more exposed than the
Aa148-160 epitope (Figure 2A). In fact, the calculation of
its solvent accessible surface area revealed that only three
residues (Phe312, Ser313, and Thr314) are totally buried;
the rest are pretty much exposed with the highest level of
exposure (85%) for Glu323 (Table 1). Such a high degree
of exposure suggests that this region should be accessible
to tPA and to the specific Mab. However, neithes Bor D,
bound tPA in fluorescence or SPR experiments (Figures 3
and 4A). Moreover, the isolated recombinanmodule 6)
whose fold is similar to that of the--module in the D
fragment 22, 48) also failed to bind (Figures 3 and 4A).
This suggests that conversion of fibrinogen to fibrin induces
conformational changes in themodule that either expose
the buried residues or alter the disposition of those already
exposed to adopt an active tPA-binding conformation.

Modulation of the Exposure of Fibrin-Specific Epitopes
by the D-D-E Interaction.Since the B-D fragment derives
from polymeric fibrin, one might expect it to preserve the
conformation of the D regions of fibrin so that its tPA- and
plasminogen-binding sites are exposed. In agreement, it was
reported that the BD fragment retained stimulating capacity
and tPA-binding function 49, 50). However, it was also
reported that the BD fragment does not bind tPA and
plasminogerSepharose and does not stimulate activation
of plasminogen by tPAX1, 52). In our experiments, the
D-D fragment exhibited a weak stimulating efféapout
double that of D (Figure 6B), consistent with the presence
of two D regions in the B-D fragment. At the same time,
the noncovalent BD-E; complex, prepared also from cross-
linked fibrin, had much higher stimulating activity than the
D—D fragment (Figure 6B). Since in the-ED-E; complex
the D—D fragment interacts with the ;Efragment via
complementary polymerization sites a andé), this result
may suggest that this interaction induces the exposure of the
tPA- and plasminogen-binding sites in the D regions.
Alternatively, this increased stimulatory effect may be due
to the presence of the Eragment in the complex since this
fragment itself exhibited a relatively high stimulatory effect
(Figure 6B). The first alternative would agree with the recent
suggestion that the DIE interaction is necessary for
exposure of fibrin-specific epitopes4), while the second
one would support the mechanism suggested by Weitz et al.
(51), who attributed the stimulating effect of the-ID-E;
complex to the presence of.Ho discriminate between these
alternatives, we examined the binding of tPA and Mabs
specific for they312—324 and Ax148-160 epitopes.

We first tested binding of the isolatedD and g

is essentially the same as the corresponding curve in panel A. Thefragments and their BD-E; complex to immobilized tPA

stimulating effect was measured by hydrolysis of the chromogenic
substrate S-2251 as described in Experimental Procedures.

that bound tPA in the fluorescence and SPR experiments.

The TSD and B fragments stimulated effectively the
activation of plasminogen, while the stimulatory effect of
the Dy and D fragments was much smaller (Figure 6A).
These results together with the binding experiments indicate
that the appearance of the stimulating effect in thead
TSD fragments is connected with the exposure of their
A0148-160 epitope.

Evaluation of the Accessibility of thg312—324 Fibrin-
Specific Epitope in the D Fragmerithe other fibrin-specific

by SPR. Negligible binding was observed with the isolated
D—-D and g fragments, while the BD-E; complex bound

to tPA, suggesting that its tPA-binding sites are exposed
(Figure 7A). The level of binding was dose-dependent (not

2 This effect varied for different preparations. At the same time, when
the preparations were additionally purified on fibri8epharose and
immediately used for study, the effect was reduced and no variability
was observed, suggesting the presence in the starting material of the
D—D fragment with altered conformation that did not bind to fibfin
Sepharose and could be responsible for the increased stimulating effect.
It should be mentioned in this respect that freeze-drying or the presence
of EDTA increases the stimulatory effect of fibrinoges3). Thus,
proper handling of the BD fragment upon preparation seems to be
important for obtaining reproducible results.
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Ficure 7: Analysis of binding of various fibrin-derived fragments
and the B-D-E; complex to immobilized tPA (A), the an§i312—

324 Mab (B), and the anti-#4148—160 Mab (C) by surface plasmon
resonance. The fragments and the complex were added:st, 1
and their association was monitored in real time. The binding of
the D—D-E; complex was substantially recovered after dissociation
and reconstitution (broken lines in all panels). The binding of the
complex to tPA in the presence of 100 mMACA is shown in
panel A with the dotted line. The amount of binding observed with
the B fragment, the D-D fragment prepared from fibrin digest
(D—D) and from the dissociated ED-E; complex (D-Dg), the
D—D fragment loaded with 0.4 mM GPRP and GHRP—-D,),

and they-module {-mod.) was negligible in all cases.

shown), and thé&, of 0.6 uM was similar to those for b
and TSD (Table 2). In agreement with earlier observations
(38, 50), the binding was only slightly inhibited by 100 mM
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FIGURE 8: Analysis of binding of the fibrin-derived BD fragment

and the B-D-E; complex to immobilized tPA (A), the ani312—

324 Mab (B), and the anti-4148-160 Mab (C) by ELISA.
Increasing concentrations of the-ID-E; complex @), the D-D
fragment M), the peptide-loaded BD fragment, B-D, (O), and
they-module @) were incubated with microtiter wells coated with
tPA (A), the antiy312—324 Mab (B), and the anti-&148-160
Mab (C). Bound species were detected with the polyclonal antibody
directed against the--module. Error bars reflect the standard
deviation of three independent determinations. Curves drawn
through the points are the best fits obtained as described in
Experimental Procedures. Thg for the tPA/D-D-E; interaction

(A) was found to be 0.25% 0.03uM.

and 8C). These experiments demonstrate directly that the
DD-E interaction induces conformational changes in the D

e-ACA, suggesting that in the presence of this Lys analogue regions resulting in the exposure of thei812—324 and

the binding occurs mainly via thg312—324 binding sites
that are Lys-independent. In similar experiments, the anti-
y312—324 Mab immobilized on a sensor chip did not exhibit
noticeable binding of the BD and B fragments while it
did bind the D-D-E; complex (Figure 7B). These findings
were also confirmed in a sandwich ELISA in which the
D—D-E; complex bound to immobilized tPA with Ky of
0.25uM, comparable to that determined by SPR, while the
D—D fragment did not (Figure 8A and Table 2). Similarly,
only the complex bound to the immobilized ap812—324
Mab (Figure 8B). Thus, the/312—324 epitope is not
accessible in the BD fragment and becomes available in
the D—D-E; complex. It should be noted that the isolated
recombinanty-module also did not exhibit any binding in
either SPR or ELISA (Figures 7B and 8B), in agreement
with the fact that its fold is similar to that of themodule

in the D fragment 22, 48). In another set of experiments
carried out with SPR and ELISA, the immobilized anti-
A0148-160 Mab did not exhibit binding with the BD and

E: fragments but did bind the BD-E; complex, indicating
that the Ax148-160 epitope is also exposed (Figures 7C

Aa148-160 fibrin-specific epitopes.

Fibrin assembly is governed mainly by the EEDinterac-
tion in which newly exposed polymerization sites A and B
(knobs) of the E region starting with Gly-Pro-Arg (GPR)
and Gly-His-Arg (GHR) sequences, respectively, interact
with complementary binding sites a and b (holes) located in
they- andf-modules, respectively, of the D regions of two
other molecules§). It was shown that synthetic peptides
GPRP and GHRP mimicking these sequences bind to the
complementary holes and may compete with the E regions,
resulting in the dissociation of the-ED-E; complex 65).
To answer the question of whether the interaction of these
peptides with D-D is sufficient for the exposure of the
fibrin-specific epitopes, we studied the effect of excess levels
of these peptides on binding of the—ID fragment to
immobilized tPA or the antj*312—324 and anti-A148—
160 Mab by SPR and ELISA. Binding was not observed in
any case (Figures 7 and 8B), indicating that the interaction
of the peptides with the complementary holes is not sufficient
to cause conformational changes and the exposure of the
fibrin-specific epitopes in the D regions and that more
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involved in the DD and DEE interactions. The present result
suggests that the end-to-end contacts in theDfragment

do not affect noticeably the stability of these domains. The
D—D-E; complex exhibited a broader transition centered at
higher temperatures (Figure 9, solid curve 2), suggesting that
the thermolabile domains are stabilized by the interaction
with E;, which itself is much more stable and unfolds at
>80°C (3). This stabilization was reversible since the-D
fragment that was purified from the acid-dissociatedD

E; complex was also less stable [Figure®](and became
stable again after reconstitution of that complex [Figure 9
40 a5 50 55 80 65 70 75 80 (@)]. However, the stability of the BD fragment in the
complex is not as great as in polymeric fibrin whose
denaturation occurred at higher temperatures (Figure 9, curve
Ficure 9: Fluorescence-detected thermal stability of the D region 3). This is due to the fact that the DB interaction in the

in fibrinogen, fibrin, and the isolated-ED fragment and its complex D—D-E; complex occurs via primary polymerization sites

with the B fragment. Curves 1 represent fluorescence-detected . " . g " .
melting of fibrinogen and various fragments, while curves 2 and 3 ~ @nd a, while an additional interaction via secondary sites

represent the melting of the-ED-E; complex and polymeric fibrin, B and b occurs in fibrin §5). Thus, the melting study
respectively. The curves for fibrinogen-{) and fragment B indicates that the DEE interaction stabilizes certain domains

I(E_ - —)yl D—g) (solid li'npil 1), "’.‘“d.('j}DTﬁrepared ff?mt}qheglé' in the D regions. They also suggest that the-IDE
1 compiex b)) essentiatly coincioe. [he Curves for the-Ly ey interaction via sites A and a, preserved in the-DE
complex (solid line 2) and the reconstituted-D-E; complex @) . . P L v
also coincide. All experiments were performed in 50 mM glycine COMPplex; is only partially responsible for the stabilizing effect
buffer (pH 8.6) with 0.5 mM C#. observed in fibrin; however, it is sufficient for the occurrence

of the conformational changes that expose the fibrin-specific
extensive contacts between the-D and E regions are  epitopes.
required. In agreement, there is no substantial difference in
the calculated solvent accessible surface areas of the twaDISCUSSION
fibrin-specific epitopes in the D fragment and the-D
fragment loaded with GPRP and GHRP peptides (Table 1). Conformational changes upon conversion of fibrinogen
This result is also in agreement with the previous findings into fibrin result in the exposure of multiple sites that provide

Fluorescence Ratio (370/330)

Temperature (C)

that GPRP abolishes the stimulating effect of fibi&6,(57) interaction of fibrin with different molecules and cell types.
and that fibrin monomers kept in a monomeric state by this Although the importance of these changes is well-recognized,
peptide do not expose either fibrin-specific epitop# 66). their mechanism remains unclear because of the absence of

Reversibility of the Exposure of the Fibrin-Specific @ high-resolution structure of fibrin. A possible approach to
Epitopes.To test if the conformational changes induced by this problem may be to compare fibrinogen- and fibrin-
the DD-E interaction are reversible, the-ID-E; complex derived fragments that might be expected to preserve the
was dissociated and reconstituted and the affinity of the conformation and properties of the corresponding regions
reconstituted complex for immobilized tPA and antic8— in fibrinogen and fibrin, respectively. Recent X-ray studies
160 and antiy312—324 Mabs was measured by SPR. indicate that the fibrinogen-derived D fragment preserves the
Individual D—D and B fragments purified from the acid- overall fold of the D regions of the parent molecul2(
treated complex (see Experimental Procedures) showed ndt7). At the same time, the conformation of this fragment
binding, indicating that the fibrin-specific epitopes in the differs only modestly from that of the same regions in the
D—D fragment were inaccessible after separation from the fibrin-derived dimeric D-D fragment 22). The question of
E, fragment (Figure 7). At the same time, the reconstituted whether such modest changes are sufficient for the exposure
complex exhibited substantial recovery of its binding to of new binding sites arises. In fact, the study presented here
immobilized tPA and both Mabs (Figure 7) as well as most demonstrates that the fibrin-specific epitopes,148—-160
of its stimulating activity (not shown). These results indicate and y312—324, are inaccessible in both the D and-D
that both fibrin-specific epitopes were exposed after the fragments and that these fragments have similar thermal
reconstitution of the complex and that the conformational stabilities. In contrast, both epitopes were found to be
changes upon the DE interaction are reversible. exposed in the BD-E; complex whose B-D component

The DDE Interaction Stabilizes the Conformation of the was found to be stabilized as in fibrin. Furthermore, the
D—D Region.To further test the nature of these conforma- D—D-E; complex strongly stimulated the activation of
tional changes, we compared the thermal stabilities of the plasminogen by tPA, as does fibrin, whereas the D andD
D; and D-D fragments with that of the BD-E; complex fragments did not. These features of the D-E; complex
by heating them in the fluorometer while monitoring the ratio were lost when the complex was dissociated under nonde-
of fluorescence intensity at 370 nm to that at 330 nm as a naturing conditions and restored when the complex was
measure of the spectral shift that accompanies unfolding. Thereconstituted. These findings clearly indicate that it is the
D—D fragment exhibited a sigmoidal transition that is interaction with k that stabilizes the D regions of the-D
indistinguishable from that of the \Dfragment or intact  fragment and induces the exposure of their fibrin-specific
fibrinogen (Figure 9, curves 1). As shown previoush), ( epitopes, whereas the conformation of these regions in the
this transition is connected with the unfolding of the isolated D-D fragment resembles that in the monomeric D
thermolabile domains in the D fragment, some of which are fragment and fibrinogen, in agreement with the X-ray studies.
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Crystallographic data indicate that th812—324 region a results in the formation of protofibrils, while the subsequent
is located in a surface-oriented loop that is adjacent to the interaction via secondary polymerization sites B and b may
polymerization pocket (hole a) complementary to GPR knob promote the second stage, the lateral aggregation of protofibrils
A (37, 58). Although the calculation of solvent accessibility into thicker fibrils (1, 2, 6). The mechanism that governs
revealed that this epitope is largely exposed in the D and this two-stage process is not known. Crystal structures of
D—D fragments, having only three residues buried, it was D—D variants revealed that the secondary polymerization
not accessible to tPA and the ap®12—324 Mab. This site b (pocket) is situated in th&module and consists of
suggests that these three residues may be critical for bindingseveral residues, includingf&lu397 and BAsp398 @7).
and are exposed upon conversion of fibrinogen to fibrin. In the D—D fragment, this site is not fully developed since
Alternatively, the already exposed region may rearrange to the above-mentioned residues are pointed away from the
adopt an active fibrin-specific conformation. In either case, pocket, while in the B-D fragment loaded with the GHRP
the conformational changes would occur within jhenod- peptide that mimics complementary site B, they undergo a
ule. In contrast, the other epitopAn148-160, is situated  flap movement to become a part of the poclafl) (Figure
on the coiled coil domain and is almost totally buried by 2C,D). Our analysis of side chain contacts in the D fragment
the f-module and the fourth helix #166—195. Since the indicates that the ALys157 residue of the coiled coil domain
coiled coil is a rigid structure, one should not expect this interacts with EBAsp398, preventing the latter from moving
epitope to be exposed by intradomain conformational changeso the pocket (Figure 2B,C). Obviously, this interaction must
as in the case 0f312—324. Rather, it requires the movement be disrupted upon dissociation of tifemodule from the
of those structural elements that cover it. Our calculations coiled coil and3Asp398 must be liberated to complete the
suggest that the removal of the fourth helix, proposed to be formation of the polymerization pocket b that promotes
involved in the exposure2@), is not sufficient and that the  lateral aggregation. On the basis of the evidence for extensive
B-module must also move away (dissociate) from the coiled domain-domain interactions in the D region, we speculated
coil domain to allow access to this region. The experiments earlier that the occupation of the primary polymerization sites
with various fragments confirmed that proteolytic removal during protofibril formation may cause an increased exposure
of the 3-module results in the exposure of this epitope. Thus, of the secondary polymerization sites to enhance lateral
the exposure of the two fibrin-specific epitopes seems to aggregation of protofibrils25). The results presented here
occur by different mechanismg312—324 (tPA-binding site) are in good agreement with that speculation and allow a
by intradomain conformational changes in frenodule and further clarification of the mechanism of this process.
A0148-160 (Pg/tPA-binding site) by the disruption of the On the basis of the foregoing results and discussion, one
interdomain interactions between {hienodule (and possibly ~ can suggest a possible scenario of events in the D regions
the fourth helix) and the coiled coil domain. Both of these upon fibrin assembly (Figure 10). The intermolecular-BD
events are triggered by the DB interaction. interaction via primary polymerization sites A and a during

The crystal structure of the D fragment shows that the protofibril formation causes conformational changes in the
A0148-160 epitope of the coiled coil domain is situated +y-module, resulting in its stabilization and exposure of its
far away from they-module where the Aa interaction tPA-binding site that includes the312—324 region. These
occurs (Figure 1). The question of how an interaction in the changes may modulate the intramolecular interaction between
y-module causes conformational changes, namely, dissociathe f-module and the coiled coil domain, resulting in their
tion of theS-module from the coiled coil, in such a remote dissociation and the disruption of the interaction between
region arises. To clarify this question, the possible role of their BSAsp398 and ALys157 residues. Th&-module and
domain-domain interactions in these events may be con- the fourth helix move away from the coiled coil to open up
sidered. The interaction between individual domains in the access to the 4148—-160 Pg/tPA-binding site. The exposed
D region was detected in studies of the denaturation of tPA-binding site and Pg/tPA-binding site bind tPA and
various D fragments in which it was demonstrated that plasminogen, respectively, facilitating activation of the latter
removal of they-module results in destabilization of the by the former. The liberated®\sp398 undergoes movement
-module and that a single cleavage in fiemodule causes  to complete the formation of the secondary polymerization
destabilization of botlf- andy-modules 25, 26, 59). The site (hole b) and to promote the interaction of the latter with
interactions between th& andy-modules and between the complementary GHR knob B. The new conformation of the
B-module and the coiled coil domain were directly confirmed D—D region seems to be preserved in theDE; complex,
recently by crystallography2@). Finally, the results presented making it a more adequate model of fibrin than the D
here show that removal of themodule is sufficient for the  dimer. Obviously, the solution of the crystal structure of this
dissociation of thegs-module from the coiled coil domain  complex would allow one not only to visualize the mode of
(Figures 2 and 3). Thus, if there is an interaction-dependentinteraction between complementary polymerization sites in
communication between domains in the D region, the fibrin but also to clarify the conformation of the D regions
conformational changes in themodule upon contact with  in fibrin and to elucidate the mechanisms of the conforma-
E may modulate the interaction between thenodule and tional changes upon conversion of fibrinogen to fibrin in
the coiled coil domain, resulting in their dissociation and greater detail than presented here.
the exposure of the &148-160 epitope. The D—-D-E; complex accumulates upon degradation of

The D—D-E-induced dissociation of the-module from cross-linked fibrin by plasmin2{7). It was proposed that
the coiled coil may also be connected with the two-stage during thrombolytic therapy with tPA, activation of plasmi-
character of the fibrin assembly process that includes nogen on the B-D-E; surface results in systemic generation
formation of protofibrils and their lateral aggregation. The of plasmin, which degrades circulating fibrinogen thus
D—D-E interaction via primary polymerization sites A and reducing substantially the clot selectivity of tPA1( 61).
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Ficure 10: Schematic representation of the conformational changes in the D regions of fibrin andERE [omplex upon their interaction
with the E region. The coiled coil domains of the D and E regions are in gray; the fatrélix (Aal66—195) in the D region is in yellow,
and thef- andy-modules are in blue and green, respectively. The plasminogen/tPA-binding eitd&A160) and the tPA-binding site
(y312—324) are in red. A and a, and B and b, designate pairs of complementary polymerization sites. The dissociatigmuidhke
from the coiled coil domain is depicted by curved arrows.

On the basis of the observation that both the-IDE; of the B342—43 and B53—54 bonds with plasming2, 63)
complex and fragment E bound to both plasminogen and and seems to be involved in the regulation of fibrino(geno)-
tPA—Sepharose while isolatedHD did not, the stimulating  lysis. In vitro, the dissociation can be achieved in the
effect of the complex was attributed to the ability of the E presence of the GPRP peptidss). This provides a useful
fragment in the complex to bind both tPA and plasminogen hint for the search for effective dissociating agents that could
(52). The results presented here provide a different explana-be used upon therapeutic thrombolysis with tPA.

tion for this phenomenon, namely, that the {BDnteraction
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