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Plasminogen/plasmin system is involved in such important processes as thrombosis, inflammation
and cancer. Plasmin and plasminogen mediate their action through plasminogen-binding proteins on the
cell surface. Lys-plasminogen, but not Glu-plasminogen, shows inhibitory effect on platelet aggregation in-
duced by ADP, collagen and thrombin in preparations of both: platelet-rich plasma and washed platelets. We
have shown that the kringle domains of Lys-plasminogen mediate interaction of this proenzyme with platelet-
surface proteins. The aim of the work is to study the role of certain kringle domains in the inhibitory effect of
Lys-plasminogen and to determine possible plasminogen-binding proteins on the platelet surface. All studied
plasminogen fragments (K1-3, K4 and K5) abolished the inhibitory effect of Lys-plasminogen on platelet ag-
gregation. We observed that K5 was more effective than K1-3 and K4. Biotin-labeled Lys-plasminogen, Glu-
plasminogen and plasminogen fragment K1-3 possessed the highest affinity for actin, whereas the binding of
biotin-labeled mini-plasminogen and K4 to actin was negligible. We have suggested that inhibitory effect of
Lys-plasminogen is due to the interaction of kringle domains of this proenzyme with membrane-bound pro-
teins which are exposed on the platelet surface during activation and are involved in thrombus formation.

Key words: plasminogen kringles, platelet aggregation, platelet plasminogen receptors, Lys-plasmino-

gen, actin.

lasminogen is the pro-enzyme of plasmin,
P the main enzyme of fibrinolysis. However,

plasminogen is also able to bind to cell sur-
face and provide many important reactions including
proteolytic activity, cell migration and signaling. So,
plasminogen can play a certain role in such impor-
tant biological processes as inflammation, thrombo-
sis and cancer [1, 2]. The circulating form of plasmi-
nogen is a 92 kDa single-chain zymogen, composed
of 791 amino acids and divided into seven structural
domains: N-terminal peptide domain, five kringle
domains and C-terminal serine protease domain.
Four of five kringle domains (K1, K2, K4 and K5)
contain lysine-binding sites (LBS), which mediate
plasminogen interaction with fibrin clots and cell-
surface receptors. K3-LBS does not bind lysine. It
was found that K1-LBS is the only LBS for ligand
binding in circulating plasminogen, whereas all
other LBS are blocked as they are engaged in intra-
molecular interactions [3]. Compact form of circu-
lating plasminogen is provided by inter-domain in-
teractions between the N-terminal peptide domain
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and K5 and between K3 and K4 organized in a spi-
ral-type domain conformation [4]. Cleavage of the
N-terminal peptide by plasmin yields a truncated
form known as Lys-plasminogen, which is present
in an open conformation. Lys-form of plasminogen
has some functional peculiarities. It is more read-
ily converted into plasmin [5]. Under physiological
conditions Lys-plasminogen is not present in circu-
lating blood [6]. However, on the cell surface Lys-
plasminogen is the predominant substrate for plas-
minogen activators [7]. Besides, we have found that
Lys-plasminogen but not its Glu-form inhibits the
thrombin- and collagen-induced aggregation in the
preparation of washed platelets and ADP-induced
aggregation in preparations of platelet rich plasma.
As it is known, there are many proteins which are
exposed on the platelet surface during activation and
play an important role in platelet aggregation. Some
of these proteins are able to interact with plasmino-
gen [8, 9]. It was shown that 6-aminohexanoic acid
abolishes the inhibitory effect of Lys-plasminogen
that is compatible with the participation of LBS of
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kringle domains in the inhibitory process [10]. The
aim of the present work is to study the role of certain
kringle domains of plasminogen molecule in the in-
hibitory effect of Lys-plasminogen and to determine
possible plasminogen-binding proteins on the plate-
let surface.

Materials and Methods

Human platelets were isolated from blood of
healthy volunteers (n = 9). Citrate-dextrose solu-
tion was used as an anticoagulant and platelets
were washed as previously described [10]. Human
Glu-plasminogen was purified from fresh donor
plasma with sodium citrate as an anticoagulant and
Lys-plasminogen was isolated from Cohn fraction
II-I11. Lysine-sepharose chromatography was used
in both cases [11]. Mini-plasminogen and plasmi-
nogen kringles K1-3 and K4 were obtained accord-
ing to [12] by elastase hydrolyses of plasminogen.
Fragment K5 was obtained by the limited proteolysis
of mini-plasminogen with pepsin. K5 isolation was
carried out by combination of ion-exchange chroma-
tography on DEAE-sephadex A-25 and gel-chroma-
tography on sephadex G-75 [13, 14]. The obtained
plasminogen forms, kringles K1-3, K4 and K5 were
homogeneous according to electrophoresis data in
PAAG [15]. All preparations of plasminogen had no
spontaneous plasmin activity.

The influence of plasminogen fragments (K1-3,
K4, K5) on the inhibitory effect of Lys-plasminogen
has been studied. Platelet aggregation was measured
in an aggregometer (SOLAR AT-02, Belorussia).
All assays were performed within 60-180 minutes
of platelet collection. The preparation of washed
platelets (350,000 cells/ul) was set in aggregometer
cuvette, then platelet suspension was preincubated
with plasminogen fragments (final concentration
0.12-1.2 uM) for one minute at 37 °C under stirring,
then 1.2 uM Lys-plasminogen was added to the re-
action mixture. After 3 minute incubation the plate-
let aggregation was stimulated with thrombin (final
concentration 1 NIH unit/ml). The preparation of
washed platelets stimulated by thrombin was used
as a control. The level of control platelet aggregation
(the range from 50 to 70%) was taken as 100% value
in the histograms.

Biotinylation of plasminogen and its fragments
was carried out as described in [16]. The binding of
biotin-labeled Glu-, Lys-, mini-plasminogen (Val
442-Pg) and plasminogen kringles K1-3 and K4 to
immobilized actin has been studied according to the
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following procedure. Microtiter plate wells (Nunc,
Denmark) were coated with 100ul of 10 ug/ml ac-
tin in PBS overnight at 4 °C and then washed five
times with 0.1 M sodium phosphate buffer (PBS),
pH 7.4, containing 0.02% tween-20. Wells were
blocked with 2% BSA in PBS for one hour at 37 °C.
Biotinylated Glu-, Lys-, mini-plasminogen and K1-3
or K4 were added to wells. After two hours of in-
cubation at 37 °C the wells were washed and phos-
phatase-labeled avidin (100 pl of 0.02 ng/ml avidin
in PBS) was added to the wells. After one hour of
incubation at 37 °C the wells were washed and p-
nitrophenyl phosphate (100 pl of 1 mg/ml in 10%
diethanolamine buffer, pH 9.8) was added. The al-
caline phosphatase-dependent conversion of the sub-
strate was read at 405 nm after 45 minute incubation
(Multiscan EX Thermo, China). Experimental data
were statistically analyzed using software MS Excel
and Agrometr 2.01.

Human plasma thrombin, porcine pancreas
elastase, porcine stomach mucose pepsine and bo-
vine muscle actin were purchased from Sigma
(USA).

Results and Discussion

As shown in Fig.1-3 the inhibitory effect of
Lys-plasminogen on thrombin-induced platelet ag-
gregation is observed. In the presence of Lys-plasmi-
nogen the level of platelet aggregation is an average
of two times lower. We have noticed that all studied
plasminogen kringles (K1-3, K4 and K5) abolish
the inhibitory effect of Lys-plasminogen on plate-
let aggregation at concentration 1.2 uM. However,
we have observed that K5 is more effective than
K1-3 and K4. The plasminogen kringle K5 added to
the reaction mixture (washed platelets and 1.2 uM
Lys-plasminogen) even at concentration 0.12 pM
recovers platelet aggregation to 90%, whereas K1-3
and K4 at this concentration reach only near 60% as
compared with control aggregation level (Fig. 1-3).
Besides, we have observed the tendency of slight
stimulation of platelet aggregation in the presence of
K5 at concentration 1.2 pM (Fig. 3).

We have also made an attempt to answer the
question concerning affinity of plasminogen forms
(Glu- or Lys-plasminogen) and plasminogen frag-
ments (K1-3, K4 or mini-plasminogen, which con-
tains K5 and serine protease domain) for actin. Our
results showed that Lys-plasminogen possessed the
highest affinity for actin (Fig. 4, 4). Glu-plasmino-
gen and plasminogen fragment K1-3 had similar IC, |
value, 113 and 117 nM, respectively. The binding of
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Fig. 1. The influence of plasminogen fragment
K1-3 on the inhibitory effect of Lys-plasminogen on
thrombin-induced platelet aggregation: 1 — control;
2—1.2uM LysPg; 3—0.12 uM KI-3 + 1.2 uM LysPg;
4-0.6 uMKI-3 + 1.2 uM LysPg; 5— 1.2 uM K1-3 +
1.2 uM LysPg. Here and below in Fig. 2—4: mean of
three experiments (bars, SD)

Aggregated platelets, %

mini-plasminogen and K4 to actin was negligible. To
precise IC, value in case of Lys-plasminogen, the
range of lower concentration was used (to 30 nM).
According to the obtained data, IC, value in this
case was 1.8 nM (Fig. 4, B).

The observed effect of plasminogen kringles
on the inhibition of platelet aggregation by Lys-plas-
minogen lets us conclude that LBS of plasminogen
kringles provide the plasminogen binding to the ad-
hesive proteins of platelet surface. There are several
candidates for the role of Lys-plasminogen receptors
on the surface of activated platelets [17, 18]. These
proteins are secreted from a-granules and remain
bound to platelet surface. One of them is throm-
bospondin, its receptor CD47 is highly expressed
on platelets [19]. Thrombospondin was proposed to
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Fig. 2. The influence of plasminogen fragment
K4 on the inhibitory effect of Lys-plasminogen on
thrombin-induced platelet aggregation: 1 — control;
2—1.2uM LysPg; 3 —0.12 uM K4 + 1.2 uM LysPg;
4—-0.6 uM K4 + 1.2 uM LysPg; 5 — 1.2 uM K4 +
1.2 uM LysPg

Aggregated platelets, %

84

bridge platelets via binding to fibrinogen bound to
the platelet integrin alIbB3 or by binding directly to
this integrin [20]. At the same time some of throm-
bospondin repeats, TSR1 and TSR2, are considered
as the binding sites to plasminogen [8]. Thrombos-
pondin has two binding sites for fibrinogen, one of
which (TSR1) coincides with plasminogen binding
site. It was suggested that the binding site of plas-
minogen to thrombospondin is located within the
kringle 5 domain [21]. It was interesting to note
that Lys-plasminogen binds to thrombospondin to a
greater extent than Glu-form. At saturation throm-
bospondin bound approximately 3 times as much of
Lys-plasminogen than Glu-plasminogen. So, we can
suggest that in our experiments Lys-plasminogen
can probably impede the effective binding of throm-
bospondin to fibrinogen and, as a result, the platelet
aggregation can be less effective (see Fig. 5). The pe-
culiarity of kringle 5 which we have shown here is in
accordance with this suggestion. On the other hand,
actin can also be considered as a possible candidate
for plasminogen binding. It is known that actin is ex-
posed on the platelet surface after thrombin-induced
secretion [22]. Plasminogen is able to bind actin with
high affinity [23]. As we can conclude from the ob-
tained results the leading role in this interaction may
belong to plasminogen fragment K1-3.

We cannot also strike off fibrinogen from the
list of possible candidates for plasminogen binding.
It is known that Glu-plasminogen does not bind to
fibrinogen in solution, and Lys-plasminogen under
these conditions shows little affinity [24]. As it was
found before, fibrinogen adsorbed on the surface
undergoes conformational changes and acquires
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Fig. 3. The influence of plasminogen fragment
K5 on the inhibitory effect of Lys-plasminogen on
thrombin-induced platelet aggregation: 1 — control;
2—1.2uM LysPg; 3 —0.12 uM K5 + 1.2 uM LysPg;
4—-0.6uMKS5 + 1.2 uM LysPg; 5 — 1.2 uM K5 +
1.2 uM LysPg

Aggregated platelets, %
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Fig. 4. The binding of biotin-labeled Glu-, Lys-, mini-plasminogen (Val 442-Pg) and plasminogen kringles
K1-3 and K4 to actin (A), the binding of biotin-labeled Lys-plasminogen to actin (B)
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Fig. 5. Fibrinogen-thrombospondin interaction in the presence of Lys-plasminogen: Fg — fibrinogen, TSP —

thrombospondin, Lys-Plg — Lys-plasminogen

the properties of fibrin [25], which possesses good
binding abilities to Lys-plasminogen [26]. There is
also a possibility of immediate interaction of plas-
minogen with B2-integrins on the platelet surface.
Activated but not resting platelets are able to express
B2-integrins [27] and specific interaction between
isolated K4 of plasminogen and aMp2-integrin was
identified in case of leucocytes [28]. The obtained data
let us suggest that kringle 4 may play a certain role in
the interaction of Lys-plasminogen with this integrin
on the platelet surface. However, the role of aMf2 in
platelet adhesion or aggregation is still unknown.

So, the obtained effects of plasminogen kring-
les let us conclude that LBS of plasminogen kring-
les can interact with some adhesive proteins on the
surface of activated platelets. This interaction may
lead to the disturbance of protein-protein interaction
which is the necessary condition for efficient platelet
aggregation.
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BUBUEHHSI CAUTIB MOJIEKYJIA
IIJIASMIHOI'ERY, IO
3ABE3NEYYIOTh IHT'IBY BAJIBHU N
BIIJIUB Lys-IIVIASMIHOTI'EHY

HA ATPET'AIIIO TPOMBOLIUTIB
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[1na3MiHoreH/mia3smMiHoBa cUCTeMa 3ajlyde-
Ha JI0 TAKUX BAXJIMBHX IPOLECIB SIK TPOMOOYTBO-
peHHSI, 3amajeHHs Ta KaHieporenes. [lnasMinoren
Ta TUJIA3MiH ONOCEPEAKOBYIOTh CBOIO JiI0 uepes
MJIA3MIHOT€H3B 13y 1041 MPOTETHH, IO PO3TAIIOBaHI
Ha TMOBEPXHI KIITHH. Lys-1ja3mMiHOTeH, Ha BIAMIHY
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Bin Glu-dpopmu, crpasisie iHriOyBaJbHUN BILIHB
Ha arperamiro TPOMOOIHTIB, cTUMYJIboBaHy ADP,
KOJIar€HOM Ta TPOMOIHOM B Ipenaparax 30aradeHoi
TPOMOOIMTAMH IJIA3MHU Ta BIIMUTHX TPOMOOIIMTIB.
Mu noka3aJiu, o KPUHIJIOBI IOMEHU IJIa3MiHOTEHY
3a0e3MeuyIoTh B3a€EMOMII0 Ii€l MOJEKYId 3 IIO-
BEPXHEBUMH MpPOTEIHAMH TpoMOOUHTIB. MeToro
pobotu Oyn0 BHBUYEHHS POJNI OKPEMHUX KPHHIJIO-
BUX JJOMEHIB y BHUSIBJIICHHI 1HT10yBaJbHOTO BILTUBY
Lys-nnasMiHoreny Ha arperamilo TPOMOOLUTIB Ta
BU3HAUYEHHS MOKJIMBHUX IUIa3MiHOT€H3B I3YI0UUX
MPOTEiHIB Ha MOBEPXHi TPOMOOIUTIB. Yci pparmeH-
i masminoreny (K1-3, K4 i K5), mo Oynu B3sTi
JUISL TOCTIJKeHHSI, 3HIMaJIM 1HTi0yBaJIbHUU BILIHB
Lys-nna3sminoreny Ha arperaiito TpoMoonuTis. [lo-
Ka3aHo, o edext K5 Oiabi BUupa>keHuid opiBHSHO
3 K1-3 Ta K4. Ilpenaparu GioTuninboBanux Lys-
mwiasmiHoreny, Glu-miasminoreny Tta (parmen-
ta Kl1-3 BusiBiasnu HaiOinbmy adiHHICTE 0
AKTHHY, TOJI SIK 3B’13yBaHHs 010 THHITLOBAHUX MiHi-
nias3miHoreny Ta K4 3 aktuHOM Oyllo HE3HAYHUM.
Mu npumnyckaeMo, mo iHri0yBanbHui epekT Lys-
IJIAa3MIHOT€HY € HACJiJIKOM B3a€MOJIi1 KPUHTIIOBUX
JIOMEHIB I[bOT0 MPOTEiHYy 3 MEeMOpaHO3B’SI3aHUMU
MPOTETHAMM, 1110 EKCTIOHYIOThCSI Ha TIOBEPXHI TPOM-
OolMTa Ti]] Yac aKTHBAIii Ta 3aJy4arThCs JI0 MPO-
LeCy TPOMOOYTBOPEHHSI.

Kinro4oBi €J10Ba: KPUHIIIH JIAa3MiHOTCHY,
arperariiss TpOMOOITUTIB, TJIa3MiHOIEHOBI PEIENTO-
pu TpoMOOIHTIB, Lys-1yia3MiHOT€H, aKTHH.

MU3YUEHUE CATOB

MOJIEKYJIBI ITIASMHUHOI'EHA,
OBECIIEYUUBAIOIINX
WHIMBUPYIOUUAN DODEKT Lys-
IJIASMHUHOI'EHA HA ATPETALIMIO
TPOMBOLIUTOB
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[Mna3MUHOTeH/IJIA3MUHOBAsE ~ CUCTEMa  BO-
BJICUCHA B TaKHE Ba)KHBIC MPOIECCHI KaK TPOMOO-
obpa3oBaHue, BOCIAJICHUE U KaHIeporenes. [1masz-
MHUHOTCH W IUIa3MHH OIMOCPEIYIOT CBOE JICHCTBHE
yepe3 IJIA3MUHOTCHCBSI3BIBAIONINEG TTPOTCHHBI HA
MOBEPXHOCTU KJIETOK. LyS-IIa3MHUHOTEH, B OTJIH-
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yie oT Glu-popmel, Okas3biBaeT MHrUOMpYlOLIEEe
BJIMSIHUE HA arperanuio TPOMOOLMUTOB, CTHUMYJIH-
poBannyio ADP, konnareHoM U TpPOMOMHOM B TIpe-
napaTax OOOrameHHOW TPOMOOLMTAaMHU IJIA3MbI U
OTMBITBHIX TPOMOOLUTOB. MBI IOKa3a/IH, YTO KPUH-
TJIOBBIE TOMEHBI TJIa3MUHOT'eHa 00eCIeYnBaloT B3a-
MMOZEHCTBHE 3TOr0 MPO3H3UMA C IOBEPXHOCTHBI-
MU IPOTEHHAMU TPOMOOIUTOB. Llenbio HacTosIIeH
paboThI OBUIO M3YUHTDH POJIb ONPEACICHHBIX KPUH-
IJIOBBIX JIOMEHOB B pealli3allid WHTHOUTOPHOTO
a¢pdpexta Lys-mna3zmMuHOreHa U ONPEACTUTH BO3-
MOXHBIC IUIA3MHHOIE€HCBS3BIBAIOLINE ITPOTECHHBI
Ha MOBEPXHOCTH TPOMOOIMTOB. Bee uccnemyembie
(hparmenTs! mnasmuHorena (K1-3, K4 n K5) canma-
Tu WHTHOWpylomee neiicTBue Lys-ma3zMuHOreHa
Ha arperaguio TPOMOOIHUTOB. MBI OOHApYXHUIIH,
gyro K5 obmamanm Oosee BeIpakeHHBIM d(hdexTom
no cpasHenuto ¢ K1-3 u K4. IIpenapatsr 6noTH-
HUWIMPOBAHHBIX INPOTEUHOB Lys-miia3MHUHOreHa,
Glu-nmazmunorena, u gpparmenra K1-3 nposBisiau
HanOoJbIIee CPOACTBO K aKTHHY, B TO BPEMs Kak
CBSI3bIBAaHME OMOTHMHMJIMPOBAHHBIX MHUHH-IUIA3MU-
HoreHa u K4 ¢ akTMHOM OBUIO HE3HAYWTEIBHBIM.
Mpb1 mpeanonaracM, 4TO WHTHOUTOPHBIA 3(deKT
Lys-nna3MuHOTeHa SIBISICTCS CIEICTBHEM B3aHMO-
JeWCTBUS KPUHIJIOBBIX JOMEHOB 3TOTO MPOTEHHA C
MeMOpPaHOCBSI3aHHBIMU MPOTEUHAMH, KOTOPBIE JKC-
MOHUPYIOTCS] Ha TOBEPXHOCTH TPOMOOLIMTA BO Bpe-
Msl aKTHBALMM ¥ BOBJIEKAIOTCS B IIPOLECC TPOMOO-
o0Opa3oBaHUsl.

KinioueBble €J10Ba: KpUHIJIbI LJIA3MUHO-
TeHa, arperanus TPOMOOIMTOB, IJIa3MHHOTCHOBBIC
perenTopsl TPOMOOITNTOB, Lys-TiTa3MUHOTCH, aKTHH.
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