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Fibrin clot lysis by plasminogen/plasmin system results in fibrin degradation products formation with
subsequent release into bloodstream. The fragments contain specific binding sites for fibrinolytic system com-
ponents and can interact with them. In this study, we investigated the way in which fibrin fragments effect
fibrinolytic process. We have shown that high molecular weight products of fibrin degradation and fibrin frag-
ments of DDE-complex and DD, but not end product E., stimulate plasmin formation. Additionally, compo-
nents of DDE-complex mixture of fragments E, and E, have potentiation ability. The intermediate fibrin frag-
ments hmFDPs and DDE attenuate clot lysis by plasmin and hmFDPs protect plasmin from a.-antiplasmin
inhibition but under further fragmentation to endpoint fibrin fragments loose this ability. The plasma inhibi-
tors reduce fibrinolytic system activity generated by the degradation products. Thus, fibrin fragments formed
during the clot lysis can bind and move out fibrinolytic system components from clot volume and in this way
result in clot resistance to hydrolysis.
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with subsequent release into bloodstream is
a result of fibrinolytic system action. The
main fibrinolytic enzyme plasmin is generated
from inert precursor plasminogen by either tissue-
type plasminogen activator (t-PA) or urokinase-type
plasminogen activator [1]. According to molecular
mechanism of fibrinolysis, plasminogen and its tis-
sue-type activator from plasma bind to fibrin, and
plasminogen activator converts proenzyme into
plasmin. Fibrin formed during clotting process, as
fibrinogen polymerization result is a high-avid sub-
strate and at the same time a stimulator for plasmin.
Plasminogen/t-PA binding sites in D-regions sub-
sequently Ao 148-160 and y 312-324 are hidden in
fibrinogen molecule and exposed under polymeri-
zation and fibrin clot formation [2]. The conversion
provides increase of plasminogen and its activator
local concentration, change of their conformation
and orientation, resulted in fast proenzyme activa-
tion and fibrin cleavage by newly formed plasmin.
First step of degradation of individual
fibrin(ogen) molecule by plasmin is aC-domains
removal and X-fragment formation. Than plasmin
cleaves one of the coiled-coil connector and re-

F ibrin degradation products (FDPs) formation
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moves one of D-domains forming Y-fragment. The
last stage is core fragments D and E formation. The
lysis of polymeric fibrin cross-linked by FXIIla
leads to formation of intermediate high-molecular
weight products that are the protofibril parts, for
example DX D, DXY, YY, DY. In vivo these mole-
cules can form supramolecular complexes due to
the noncovalent DDE-interaction [3] and contain
different number of DDE-blocks. In this work the
complex of soluble high molecular weight fibrin
degradation products are called hmFDPs. During
further degradation, these products are hydrolyzed
to DDE-complexes (two covalently bound D-do-
mains noncovalently associated with fragment E, or
E,) and then to core fragments DD and E,. Fibrin
degradation products get in wide range of biologi-
cal processes and affect all stages of hemostasis [4].
Soluble products of fibrin degradation stimulate
t-PA-induced fibrinogen proteolysis in blood plasma
[5]. FDPs activate inflammatory and/or structural
cells and regulate smooth muscle cell migration [6].
Like fibrin, DDE-complex can bind plasminogen
and its activator [7]. DD-fragment, a biomarker for
hyperfibrinolytic disorders such as disseminated in-
travascular coagulation (DIC), attenuates the fibrin
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polymerization, influences inflammatory process by
interaction with monocytes and stimulate increased
cytokine production in peripheral blood monocytes
and leukemia cell lines [8]. Fibrin fragment E indu-
ces leukocyte cytokine expression and migration by
binding vascular endothelial-cadherin and monocyte
and neutrophil migration [9]. At the same time the
effect of fibrin degradation products accumulated in
clot surrounding during its lysis on fibrinolytic sys-
tem activity is still unclear.

This study investigates the action of products of
fibrin degradation by plasmin on the different stages
of fibrinolytic process, such as plasminogen activa-
tion by t-PA and fibrin hydrolysis by plasmin.

Materials and Methods

Fibrinogen was purified from human plasma by
fractionation with sodium sulfate [10].

Plasminogen with an amino-terminal glutamic
acid residue (Glu-plasminogen) was prepared from
citrate donor plasma using the Lysine-sepharose 4B
affinity chromatography [11].

Plasmin was prepared by activation of Glu-
plasminogen with urokinase, immobilized to Sepha-
rose 4B [11].

Recombinant single-chain t-PA was a
Boehringer Ingelheim product known as the trade
name “Actylise”.

desAB-fibrin was obtained by dissolving
of thrombin fibrin clot formed in the presence of
50 mM g-aminocaproic acid (e-ACA) and parahy-
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droxy mercury benzoate (0.35 mg/ml) in 20 mM
acetic acid as described elsewhere [12].

Cross-linked fibrin was obtained by thrombin-
induced fibrinogen polymerization (2 NIH of throm-
bin per 1 mg of fibrinogen) in the presence of calci-
um ions (0.25 M) at 25 °C during 4 h. Concentration
of fibrinogen was 16 mg/ml.

Fibrin degradation products were prepared
from plasmin digest of human cross-linked fibrin.
Digestion was performed in 0.05 M TBS with 0.15 M
NaCl (pH 7.4), concentration of plasmin was 0.2 CU/
ml. Endpoint degradation products E- and DD-frag-
ments were obtained by 16-hour plasmic digestion at
25 °C as described elsewhere [13]. Reaction was in-
hibited by 1000 KIU aprotinin (Merckle GmbH) per
1 ml of reactive solution with g-aminocaproic acid
(e-ACA) and EDTA in final concentrations 20 mM.
Dialysis of digest was performed in 10 mM PBS
pH 6.0 with 10 KIU/ml aprotinin, 20 mM &-ACA and
20 mM EDTA at 4 °C. Fragments E and DD were
purified by ion-exchange chromatography on CM-
Sephadex G-50 (Fig. 1). Fragment DD was eluted
by 20 mM PBS with 300 mM NacCl (pH 7,6). Both
fragments were then dialyzed in 0.05 M TBS with
0.15 M NaCl (pH 7.4) at 4 °C.

Early plasmic degradation products DDE-com-
plex and high molecular weight fibrin fragments hm-
FDPs were isolated by modified method [14] using
Sephacryl S300 (Fig. 2). Cross-linked fibrin gel
was hydrolysed by plasmin during 72 h at 25 °C by
0.01 CU plasmin per 1 ml of reaction mixture. Fibrin
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Fig. 1. Core fibrin degradation products separation using ion-exchange chromatography by CM-
Sephadex-G-50. Elution graph of E, and DD fragments and electrophoretic analysis of proteins purity in 10%

SDS-PAGE
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concentration was 10 mg/ml. Hydrolysis products
were purified in the presence of plasmin inhibitor
aprotinin (25 KIU/ml) and then concentrated and
dialyzed using 50K Amicon filtration system (Mil-
lipore).

Fragments E E, mixture was obtained by non-
covalent complex DDE dissociation in presence of
3.0 M urea at 37 °C during 1 hour. Dissociation
products were isolated by size-exclusion chromatog-
raphy using Sephacryl S300 (Fig. 3). Product of DDE
dissociation fragment DD was not used in experi-
ments because of its denaturation under dissociation
conditions.

Protein concentrations were calculated by
measurement of the absorbance at 280 and 320 nm
using E, **" and molecular weights, respectively:
Glu-plasminogen, 17.0 and 92 000; plasmin, 17.0 and
84 000; tPA, 20.0 and 59 000; fibrinogen, 15.5 and
340 000; desAB fibrin, 14,48 and 300 000; hmFDPs,
16.0 and 500 000; fragment DDE-complex, 16.0 and
250 000; fragment DD, 20.0 and 180 000; fragments
E E, mixture, 10.0 and 53 000; fragment E, 10.0 and
45000 [14, 15].

Effect of fibrin fragments on the t-PA-catalyzed
conversion of plasminogen into plasmin was evalua-
ted by determination of the amidolytic activity of the
newly formed plasmin with chromogenic substrate
S-2251 (H-D-valyl-L-leucyl-L-lysine-p-nitroanilide).

The assay system contained 0.22 uM Glu-plasmi-
nogen, 0.09 nM t-PA, 0.3 mM S, ., and 0.625 uM
desAB-fibrin and/or 0.22 pM fibrin fragments in
0.05 M TBS with 0.15 M NaCl (pH 7.4) containing
0.05% Tween 80. The assay was performed in micro-
titer 96-well plate at 37 °C. The amidolytic activity
was determined by measurement of the absorbance
at 405 nm using Titertek Multiscan MC 96-well
plate reader.

For the estimation of FDPs effect on fibrin
clot lysis by t-PA-activated plasminogen, the turbi-
dimetric method was applied as described in [14].
The final concentration of desAB-fibrin was 0.6 uM,
Glu-plasminogen — 0.02 uM, t-PA — 0.001 uM. Fi-
brin fragments were added in 0.1-0.4 molar ratio to
desAB-fibrin. The rate of fibrin clot lysis was cal-
culated as V = 1/t,, . Time of 50% lysis (t,,,) was
measured as the time period from the initiation step
of the clot formation till the step characterized by
50% fall in absorbance from maximum.

To test plasmin inhibition by plasma inhibitors
turbidimetric analysis of clot lysis was performed af-
ter subsequent preincubation of fibrin fragment with
plasmin during 3 min and addition to the reaction
mixture 1 — 20 pl of plasminogen-depleted blood
plasma as source of plasmin inhibitor a,-antiplasmin
and desAB fibrin. The final concentration of desAB-
fibrin was 0.6 uM, plasmin — 0.02 uM. The max con-
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Fig. 2. Early fibrin degradation products purification by size-exclusion chromatography using Sephacryl
S300. Elution of hmFDPs and DDE-complex. Fractions No. 70-76 (hmFDPs) and 84-92 (DDE) were concen-
trated and analyzed by 8% SDS-PAGE
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Fig. 3. Purification of noncovalent complex DDE dissociation products by size-exclusion chromatography
using Sephacryl S300. Fragments E E, and DD elution peaks and electrophoretic analysis of E E, purity in
12% SDS-PAGE

centration of a2-antiplasmin equal to 20 pl of blood
plasma was 0.02-0.03 pM.

E., have potentiating effect on plasminogen activa-
tion by t-PA (Fig. 4, A). The rate of activation on
intermediate fibrin degradation products hmFDPs
and DDE-complex is similar to the rate on desAB
fibrin, whereas endpoint degradation products de-

Results and Discussion

Potentiation of t-PA-mediated Glu-plasmi-

nogen activation by FDPs. All products of fibrin
degradation by plasmin, apart from core fragment

crease (DD) or completely lose (E,) the potentiating
ability. The mixture of DDE-complex components
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Fig. 4. Potentiating effect of fibrin fragments hmFDPs, DDE, DD and E, (4) and DDE dissociation product
Jfragment E E, comparing with endpoint degradation product of fibrin fragment E, (B) on Glu-plasminogen
activation by tissue-type activator. Activation curves were fitted using absorbance changes during chromoge-
nic substrate conversion by plasmin formed upon activation. Reaction mixture contained fibrin fragment or
desAB-fibrin, Glu-plasminogen, t-PA and S,,.,. Kinetic curve of desAB fibrin is shown as a control. Kinetic

2251
curves were typical of three experiment series
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fragments E E, can interact with proenzyme and its
activator and potentiate activation process, but after
conversion to the fragment E, loses the stimulation
ability (Fig. 4, B). Summary potentiation of frag-
ments DD and E E, is close to the effect of initial
fragment of DDE-complex.

Effect of FDPs on polymeric fibrin lysis by
plasminogen. Turbidimetric analysis of desAB fibrin
clot destruction by t-PA-activated plasminogen have
shown a decrease of the reaction rate caused by in-
termediate degradation products hmFDPs and DDE
(70 and 38% reduction of lysis rate, accordingly). At
the same time, fragment DD does not attenuate the
fibrin clot lysis by plasmin (Fig. 5).

Effect of FDPs on plasmin inactivation by a.-
antiplasmin. None of fibrin fragments, except poly-
meric fragments hmFDPs, protects plasmin from
a,-antiplasmin inhibition (Fig. 6). Addition of blood
plasma as a,-antiplasmin source into the reaction
mixture of plasmin and fragment DD or DDE be-
fore desAB-fibrin addition leads to clot formation
without next hydrolysis. Plasmin inhibition in the
presence of fragments DD and DDE has the same
pattern as control probe without any effectors. In the
presence of hmFDPs, clot hydrolysis by plasmin is
also observed, but the plasma amount which totally
inhibits plasmin action in control probe results in
only 50% inhibition.

To explain the differences in activity enhancing
of various FDPs, some features of structures of this

fragments are considered in Fig. 7. Soluble high-mo-
lecular weight FDPs contain fibrin protofibrils sec-
tions and composed of several E and D domains. Po-
tentiation of t-PA-catalyzed plasminogen activation
by this primarily degradation product is 86% of the
level on desAB-fibrin. Such effect is caused by the
fragment structure that is similar to fibrin.

DDE-complex potentiation effect is close to
the plasminogen activation on hmFDPs. We sup-
pose that DDE conserves all plasminogen- and t-PA-
binding sites which are exposed in hmFDPs.

It is well established that each D region con-
tains t-PA- and plasminogen-binding sites that in-
clude sequences 312324 and Aal48-160, respec-
tively [1, 17]. In polymeric fibrin these regions are
exposed and they mediate ternary complex forma-
tion with proenzyme and its activator. D-domain
containing fibrin fragments have different ability
to interact with immobilized t-PA, anti-Aal48—160-
mabs and anti-y312-324-mabs: antibodies bound
with DDE, but do not bind with fragment DD [18, 2].
On the other hand in some experiments [17, 19, 20]
DD potentiated plasminogen activation process. Our
results confirm potentiation ability of fibrin degrada-
tion product DD. Based on this data we assume that
plasminogen-activation sites in D-domains remain
exposed after destruction of DDE-interaction.

Less potentiation effect of fragment DD in con-
trast to DDE-complex is probably caused by the ab-
sence of E-fragment activation sites. Fragments E,
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Fig. 5. Effect of FDPs on fibrin clot lysis by tissue-type plasminogen activator-conversed Glu-plasminogen.
The lysis rate changes were calculated by comparing the desAB-fibrin clot lysis in the presence of fibrin frag-
ments with that without fragments. These values were than expressed as a percentage of clot lysis rate in the
absence of fibrin fragments. The correlation coefficient r was calculated using linear regression analysis
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Fig. 6. Plasmin inhibition by a2-antiplasmin in the presence of fibrin fragments. Inhibition is shown as
decrease of clot lysis rate. The enzyme was preincubated with fibrin fragments. Plasminogen-depleted blood
plasma was added as the inhibitor source before desAB fibrin addition. Plasmin inactivation without FDPs

is a control

and E, are components of DDE-complex and do not
exist in bloodstream under fibrinolysis. The frag-
ment is susceptible to further plasmin action as in
the following row:

(DD)E, — (DD)E, — DD +E,.

The free form of fibrin central domain is the
fragment E,, which lost amino acid sequences of all
three peptide chains (Fig. 7). a-Chains of fragment E
are subjected to plasmin splitting off aGlyl7-Argl9

.—> hmFDPs =d DDE —m‘

peptide. B-chains lose one of their N-terminal se-
quences of Gly-B15 to Lys-f53 during conversion
to E, and the next one during free E, formation. C-
terminal BLys122, yLys62 are also lost — E, contains
C-terminal aLys78, BLeul20 and yLys58 [21]. The
leakage of potentiation ability on plasminogen acti-
vation by t-PA after carboxypeptidase treatment of
DDE-compex was found by Stewart and coworkers
[22]. In our previous study we have shown that in
fibrinogen early fragment E C-terminal lysine resi-

.' ‘ Aal7-78 ‘
E1 BR15-122
. ‘ y1-62 Jz |
Aal7-78
E, Fsls[m] -121(122)
| L y1-62 2

Aal105-206
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v63-411 I,
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Bp134-461 ‘ E3 l BB54-120
63411 |y (L y1s8 2

—> Plasmin action

Fig. 7. Cross-linked fibrin fragmentation by plasmin
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dues of all 3 chain pairs and 16 or 23 amino acid
residues of Aa-chain are essential for plasminogen
conversion into plasmin. C-terminal lysines of frag-
ment E Aca- and y-chains and lysine-binding site
of t-PA kringle 2 are responsible for the interac-
tion between these proteins. Binding of fragment E
to plasminogen is provided by N-terminal Aal—19
and C-terminal BB120—122 regions. Late plasmic fi-
brinogen degradation product fragment EL loses the
ability to potentiate plasmin generation but can bind
proenzyme and its activator [23]. Thus, the loss of
the potentiating action of fibrin fragment E, probably
is associated with the removal of C-terminal lysines
and N-terminal fragments from all three polypep-
tide chains. This data confirms that fragment E, as
a component of DDE-comlex, is involved in plasmi-
nogen activation.

Intermediate fibrin degradation products like
hmFDPs and DDE fragments can compete with fi-
brin clot for fibrinolytic system components and in
this way attenuate the clot lysis that is confirmed
by a decrease of polymeric fibrin lysis rate. Despite
its ability to stimulate plasminogen activation by
t-PA, DD fragment is not an effector for this pro-
cess. Thus, endpoint fibrin degradation products in
clot surroundings can bind plasminogen and t-PA,
stimulate proenzyme activation, but do not affect
clot destruction.

Ability to protect plasmin from inhibition by
plasma o,-antiplasmin is inherent only in high mo-
lecular weight FDPs, but not in DDE-complex and
fragment DD. We suppose it is a regulative mecha-
nism of last fibrinolysis stages: when clot is dis-
solved to core fragments, plasmin bound to them is
inhibited to protect other plasma proteins from non-
specific proteolysis.

Summarizing all the data, a presumable way of
FDPs action on fibrinolytic process is in delay of clot
lysis rate by the reversed feedback mechanism: more
soluble fibrin fragments bind more plasminogen and
t-PA and potentiate the activation, move them into
bloodstream, where high molecular fibrin fragments
are digested to endpoint products and plasmin bound
to them are inhibited by the plasma inhibitors.

Fibrin degradation products accumulated in
clots microsurrounding can bind plasminogen and
its activator and stimulate plasmin formation out-
ward the clot. The intermediate fibrin degradation
fragments (hmFDPs) protect plasmin from a,-
antiplasmin inhibition but under further fragmenta-
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tion (DDE-complexes, then fragments DD and E,) fi-
brin fragments loose this ability. Fibrinolytic system
activity generated by them will be inhibited under
the normal level of the plasmin inhibitor. Thereby
FDPs can attenuate fibrinolysis by competition for
enzymes with clot and FDPs accumulation in clot
volume can result in clot resistance to hydrolysis.

BILIMB ITPOJYKTIB JETPA JA LT
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Jlisuc piOpuHOBOrO 3rycTKYy TLIa3MiHOTEH/
IIJ1a3MiHOBOIO CHCTEMOIO MPHU3BOAWUTH OO YTBO-
pEHHSI HU3KH MPOAYKTIB Nerpanainii ¢piOpuny, sSKi
BHUBIUIBHIOIOTECS B KPOBOTiK. @parmentn iOpuHy
MICTATh Y CBOEMY CKJIali cCrenudidai MIeHTpH
3B’SI3yBaHHS KOMIIOHEHTIB (hiOpHHOIITHYIHOT CH-
CTEMHU 1 MOXYTh B3aEMOISTH 3 HUMH. Y pPOOOTi
JIOCTTIPKEHO BIUTMB MIPOAYKTIB Jerpasaiii Gpiopuny
Ha pi3Hi eTanu QidOpuHOMITHYHOTO Tporecy. [loka-
3aHO, 110 PO3YMHHI BUCOKOMOJICKYJISIPHI IPOAYKTH
nerpanarii ¢iopuay hmFDPs, ¢parmentn DDE-
komIuiekcy ta DD, ane He kinuesuid mponykt E,,
CTUMYJIIOIOTh PEaKIil0 aKTHBaUii IJIa3MiHOTCHY
TKaHWHHUM akTHBaTopoM. OnepkaHa 3a Aucouiarii
DDE-kommekcy cymim ¢parmentiB E E, Takox
BHSBJISIE CTUMYITIOBAJIbHI BIacTUBOCTI. PaHHI TIpo-
IyKTH Tiapomidy mnomimeproro ¢iopuny hmFDPs
ta DDE-koMruiekc TpUTHIYYIOTH — IIBHJKICTH
mizucy  GiOpHHOBOTO 3ryCTKY IUIa3MiHOM, a
BHCOKOMOIEKYIsipHi hparmentr hmFDPs 3axuma-
IOTh TUTa3MiH BiJl iHTiOyBaHHS (Xz—aHTI/Il'[J'IaBMiHOM.
[HribiTopH MIa3Mu KPOBi MPUTHIYYIOTh aKTHBHICTH
masminy, 3B’s13aHoro 3 DDE-kommiekcom i DD
(hparmentom. OnepxaHi pe3yabTaTH CBiUaTh, IO
(hiOpuHOBI (pparMeHTH, IO YTBOPIOIOTHCS TiJ Yac
TPOMOOITI3HNCY, MOXKYTH 3B’SI3yBaTH 1 BUBOAUTH 3
00’eMy 3ryCTKY KOMIIOHEHTH (hiOpHHOIITHIHOI CH-
CTEMH 1 B TAKWH CTIOCI0 CIPHYMHSTH HOTO CTIHKICTh
IO T1ApOomi3y.

KnaouoBi craoBa: mporykTu nerpajarii
¢biOpuny, mazmiHoreH, t-PA, akTuBais, CTUMYITO-
BalbHUH e(eKT, IHTi0yBaHHSI MJIa3MiHYy.
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JIuznc GuOpPUHOBOTO CTYCTKA TUIa3MHUHOTEH/
IIJIa3MUHOBOW CHCTEMOI NPUBOAUT K 00pPa30BaHUIO
psiAaa MpoAyKTOB Jerpagaunu (uOpuHa, KOTOpbIE
0CBOOOXIAtOTCSI B KPOBOTOK. DparmenTs! hudpu-
Ha cozxepXaT B CBOEM COCTaBe clenuduyeckue
LEHTPBl CBSA3BIBAHNS KOMIIOHEHTOB (HOPHHOIH-
TUYECKOW CHCTEMBl M MOTI'YT B3aMMOJCHCTBOBATH
c HUMHU. B nanHOI paboTe McciaenoBaHO BIHSHHE
MIPOAYKTOB Jierpajaunu (GpuOpuHa Ha pa3IHyYHbIC
sTansl (pubpuHONUTHYECKOro mpouecca. [lokasa-
HO, YTO PaCTBOPHMBbIE BBICOKOMOJICKYJISIPHBIC MPO-
IyKTHI nerpananuu ¢udpuaa hmFDPs, hparmenTst
DDE-kxomnekca u DD, HO HEe KOHEUHBIH TPOAYKT
E,, cTUMyIMpyIOT aKTHBAaLMIO MJIA3MUHOTEHA TKa-
HEBBIM aKkTHBaTopoM. llomydeHHast mpu Aucco-
nnanun DDE-xommiekca cMech pparmMeHTOB ElE2
TaK)Ke IPOSBISET CTUMYJHPYIOLINE CBOMCTBA.
PanHue mpomyKThl T'MIpOJiHM3a MOJIMMEPHOro ¢Gu-
opuaa hmFDPs u DDE-koMmmiiekc CHHKAIT CKO-
pocThb sn3uca (GpUOPUHOBOrO CTyCcTKa IJIa3MUHOM,
a BBICOKOMOJIEKysipHbIe (parmeHTsl hmFDPs 3a-
IMIIAKOT MJIA3MUH OT IEHCTBUSA (L -aHTHILIA3MHUHA.
WHrunOurtops! mia3Mbl KPOBU MHOAABISIOT AKTHB-
HOCTb IIa3MHUHA, cBsA3aHHOro ¢ DDE-komruiekcom
u DD-¢parmentom. [lomydeHHble pe3ynbTaThl CBH-
JETENBCTBYIOT, 4TO (hparMeHTHl (hnudprHa, 006pazo-
BaHHbIE BO BpeMs JIM3HCa TpoMmOa, MOTYT CBS3bI-
BaTh U BBIBOJUTH U3 00bEMa CI'yCTKA KOMIIOHEHTBI
(UOPUHOMTUTUYECKOW CHCTEMBI, MPHUBOAS, TaKUM
00pa3oM, K ero yCTOH4MBOCTH K THAPOIIN3Y.

KnmoueBbie ciaoBa: OpOAYKTHl Jerpa-
nmanun GubpuHa, TasMuHOreH, t-PA, aktuBamus,
CTUMYNHPYIOMHUI 3(pQexT, nHrubupoBaHue IIa3-
MUHA.
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