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Beginning of Pre-incubation :

fluid [ Vio

gel Fo , Mo | Vao

Fo=Fq+FMg (1)
Mg =Mg+FMg (2)

Equilibrium condition:
<[ o)
: h20 h20 h20

FMOZ- (Fo’ +Myg' +h20.kd/ka).FMo+Fo’ Mo =0

Fo+ My +hyoky /K, —(Fo + M)+ gk, /K, f — 4F,.M,

FM, = 5 3)
End of Pre-incubation:
fluid Eo
Vr Mo, fluid
Fo, FMO gel

gel Fo, Mo, FMO V20
Current moment:
fluid E., Pu, Qu
VR My, EM, Ey, Px, Qx, fluid

Fy, FM,, EFM, EF gel
gel Fq, Mg, FMg. V,
Tablel. Species of moleculesin the separate volumes
Volume Height [m] Initial Height [m]
V1 (fluid phase) hs h1=2.6x107
Vy (reactive layer) | r=4x107 re=r=4x107
V2 (gel phase) ho—r hao—r0=5.2x10"— 4 x107

Time tg[s] is measured when (Fx+F4+EF+EFM+FM) reaches Ft[nmol/mz].
First problem: model of the process in order to predict t,, as an estimate of t..

E=E,+E, (4a)
P=P,+P, (4b)
Q=Q«+Qy (4¢)
F=F+Fq (4d)
M=M+Mgq (4e)

FM=FM,+FMq (41)



Convection dependencies

Assumption 1.: wx cy;=Cyx for the plasmin:

wE, Ex+EF+EM+EFM -

h1 r

e _WrE- h,(EF + EM + EFM)
* h, +w.r

)

Assumption 2.: cy».=Cyx for the fibrin, for the myosin and for the fibrin- myosin

complex:

F =5+E: F - r.F —(h,-r).EF
ho—r r r h,

Ma _Mx EM M = r-M—(h, —r).EM
ho—r r r h,
FMa _FMx EFM _ -\ - r.FM —(h, —r).EFM
hy —r r r h,
M, = (h, -r).FM J;](hz -1).EFM

2

(6)

(7

(8a)

(8b)

Assumption 3.: cy1=cyx for fibrin degradation product, and for myosin

degradation product

R_R r

=—= P, = P
hor h +r
P, = hy P

h, +r
Qu O« r
_:_: =
h; r QX h1+rQ
hl
! _hl+rQ

(9a)
(9b)
(10a)

(10b)



Process|:

Process|lI:

Processll1:

Process|V :

Process V:

ki,
Bx +Fx e EF — 5 B, + R

ks
Ex + Mxe=——EM — KB +Qx

L HCEN —X S Ey + Py + Fy
Ex + FMy EFM ‘
k75 —7>EX+QX+MX

Ka
FX+Mxk<:>FMX
d

Ka
Fd + Md—><k_|:|\/|d



. ki
Rate equationsfor Process|: Ex + Fx k(:>S EF —X 5 Ex + P

Formation of EF: Ey + Fx—“5 s EF

dEF E Y

- =k 1 F 12

(dt j (rj : (12

[dExJ k(Ej F (12b)
dt ) ; r

) _  (E.Y
%) e

Dissociation of EF: Ex + Fy G EF

dEF
— =—-k ..EF 13
[ o j.d g (13
dE

X =k ..EF 13b
(dt j B (130)
dF

X =k ..EF 13
(dt ] 5 (139

Degradation of EF: EF —“— E, + P

dEF
—| =-k,EF 14
( dt jldg ’ ( a)
(dEXj =k,.EF (14b)
dt ) 4

dP.
x| =k,.EF 14
[ dt jl,dg ’ ( C)



Summarized equationsfor Process| :

dEF j (dEF j (dEF j (dEF j
— | =] = + + =
dat J, dt ), ; dat ), 4 dt ) 4

JEF :kl(Exj F,—k,.EF -k, EF (15a)
r
|

(dEX] (dExj (dExj (dExj

= + + =

dt ), Ldt ), Udt ), Udt )

(dEXJ =—k1(EXj F,+k_.EF +k,.EF (15b)

de] ZKdej +(de] :{dFXJ =—k1(EX].FX+k1.EF (15¢)
a ), L), Uat ), Uat ) r

dpxj =(dPXj :(dPXj —k,.EF (15d)
dt ), dt ), g dt ),

dE_Mj - k{EX}M .~k .EM —k,.EM (16a)
r
1

dExj =—k3(EXJ,MX +k_;.EM +k,.EM (16b)
r
1

(
(
[d'\"xj“ :_k{Erxj.Mx+k_3.EM (160)
(

j =k,.EM (16d)



S SH N — K S Eyx+Px+Fx

Rate equationsfor Process|Il: Ex +FM EFM
NPT LN +Qx + M
Formation of EFM: Ex + FMy—29 > EFM
[¢]
(dEFMj =k5[EX] FM, (17a)
dt ", f r
9
cE, = —kK; E, FM, (17b)
dt ", f r
9
(dFij k(Ej M, (170)
dt ", f r
Dissociation of EFM: Ex + FM «——EFM
(dEFMj =-k ,.EFM (18a)
dt 11 ,d
(dExj =k .EFM (18b)
dt 11 ,d
[dFMXj =k .EFM (18¢)
dt 11 ,d
Degradation 1 of EFM: EFM —X > E, + P + Fy
[dEFMJ =—k,.EFM (19a)
dt 111 ,dgl
[dEXJ =k,.EFM (19b)
dt 111,dg1
[dij =k,.EFM (19¢)
dt 111,dg1
(dFX) =ke.EFM (19d)
dt 11 ,dgl
Degradation 2 of EFM: EFM —* E, + Q, + My
[dEFMj = —k,.EFM (20a)
dt 111,dg2
dEXJ =k,.EFM (20b)
dt 111 ,dg2
Q
” =k,.EFM (20¢)

111,dg2
dM «
dt

j =k, EFM (20d)
11 ,dg2



Summarized equationsfor Processli|

(dEFMj (dEFMj (dEFMj (dEFMj [dEFMj
= + + + =
dt 1 dt i, f dt 1 .d dt 111 ,dgl dt 111,dg2

[¢]
(dEdFtM j = k{Eer FM, -k ,.EFM —k,.EFM —k,.EFM (21a)
11
(dExj [dEX] (dExj (dEXJ (dEXj
= + + + =

dt 111 dt ", f dt 1 .,d dt 111,dgl dt 111 ,dg2

dE, E

dt =k, =) FM, +k . EFM +k,.EFM +k,.EFM (21b)

11
[dFMXJ (dFMXJ (dFMXJ
= + =
dt 11 dt 1", f dt 1 ,d
9
(dFMXj :—kS[EXj FM, +k ,.EFM (21c)
a /), r

(dpxj :[dPX] :{dPXJ =k,.EFM (21d)

dt 111 dt 111,dgl dt 11
[dej ZEdej N (dej — k. EFM (21e)

dt 11 dt 111 dgl dt 11
(de] :(dQXJ :{dej =k,.EFM (216)

dt 11 dt 111,dg2 dt 11

(dM—Xj :(dM—XJ :(dej =k;.EFM (21g)
dt 11 dt 111 dg2 dt 11



. Ka
Rate equationsfor Process|V: Fx + Mxk<:>|=|\/|x

Formation of FM,: Fyx + My —~ 5>FMy

(dFMXj zka(FXjMx (223)

at ) r

[de] =_ka[ij.Mx (220)
dt ) r

[dM j z_ka[ij_Mx (22¢)
dat )y r

Dissociation of FM,: Fx + My <TFMX

(dFij :_kd'FMx (233_)

dt 1V.,d

(de j K, FM, (23b)
dt 1VvV,d

(dMXj =k,.FM, (23¢)
dt 1V.d



Summarized equationsfor Process|V:

dFM j (dFM j (dFMXJ
+ =
v dt v, f dt 1V.d
il j VRS YE
dt

r
dF dF,
+ =
AL

-k, I:—M +ky.FM
r
Mj (

) )
+ =
IV, f dt 1vV.d

) =k, F—M +ky.FM,

d

Q.
—

—

o
=

—

r

5
a
&)
&)
[
(

, . Ka
Summarized equationsfor ProcessV: Fq + Mdk(:>FMd
d

(dFMdj =k,. Fa M, —k,.FM,
dt ), h, —r

(di] =k, —— Fo M, +k,.FM,
dat ), h, —r

[dej = —k,. Fa M, +k,.FM,
dt ), h, —r

(24a)

(24b)

(24c)

(25a)

(25b)

(25¢)

10



Summary of the differential rate-equationsfor basic substances:

dEF :(dEFj = B [Ex) F, K EF -k, EF
¢ Lt ) r

dt dt at

dEFM (dEFMj
= =
dt a ),

¢}

dEFM _ kS(EXj FM, —k ;. EFM —k,.EFM —k, .EFM

dt r
dFM, (dFM, dFM,

= + =
dt da ), da J
¢}
dFd'\t/'x =_k{EXj FM, +k EFM +k, XM, —k, FM,
r r

=k,. Fa
dt “h,-r

dFM _(dFMdj _, OFMm,
\%

M, —k, FM
dt it ¢ Tan

d&z(d&j +(d&j = dQ, =k,.EM +k,.EFM
dt dat )/, dat ), dt

@Q, _

at

dP, =(dPXj +(dPXj = Pk, EF +k, EFM
dt Lt ), Ldt ),

P, _,
dt

dEM :(dEMj _, BEM _ k{Eer.MX —Kk_,.EM —k,.EM
I

(26a)

(26b)

(26¢)

(26d)

(26e)

(261)

(26g)

(26h)

(26i)

11



dE, (dEXJ (dExj (dExj
= + +
at dat ), La ), Lad ),

cE, = k[E ] F,+k ,.EF +k,.EF - k(EXJ.MX+k3.EM+

dt r r
E g

+k,EM —ks( Xj FM, +k . EFM +ks.EFM +k,.EFM

r

dE,

dt

dF

. (dF J (dej (dej
= + =
dt dt da da J,

dFX_—kl( jFx+k1EF+k6EFM kaﬂMx+deMx
r

M, +k, FM,

=k
dt ot

dg_[dgj L Fe
- d  *h,—r

dMX de de dMX
= + + =
dt dt " dt 11 dt v
d';’lx z_k{ﬁj.mx +K3.EM +k1 EFM —ka X M ¢ + ke FM
r r

d'\"d:[d'\"dj _, M, Fa_ M, 1k, FM,
\%

-k,
dt dt dt h, —r

(26))

(26k)

(261)

(26m)

(26n)

(260)

12



Summary of the differential rate-equationsfor the artificial substances (4):

dE _dE, cE,
dt  dt

d—Ez—kl(Exj F,+k_.EF +k,.EF —k{EX j.M « +K3.EM +
dt r r

E g
+k,EM —k{ ] FM, +k_,.EFM +Kk,.EFM +k,.EFM
r

dp _dp, dR,

dt  dt

(il—':= k,.EF +k,.EFM
dQ_dQ, dQ, |
dt dt dt
c;—?zk4.EM +k,.EFM
dF  dF, dF,

- =4 =

dt dt dt

S
ddlj = kl [EJ .FX + kfl.EF + kﬁEFM _ka.i.M X +
r r

Fad
h —TI

.Md +kd.F|\/|d

+kd.FMx—ka.h

dM  dM, dM,
= + =

dt at dt

dd—l\:l = —k3 (EJM X + k—3.EM + k7EFM _ka&M X +
r r

Fd
h — I

My +kyg.FMy

+kd.FMx_ka.h

dFM  dFM, dFM,
= + =

dt dt dt

dt r r h, —r

9
dF—M:—kS[EX] FM, +k ;.EFM +ka[FX'NIX + I:d'lvldJ—kd.FM

(272)

(27b)

(27¢)

(27d)

(27¢)

(271)

13



M ass dependencies

Mass dependence for the plasmin
dE dEF +dEM +dEFM 0

—+
dt  dt dt dt

E-EotEF-EFo+tEM-EMo+EFM-EFMg=0,
EFo=EMy=EFM=0,
E=Eq,-EF-EM-EFM

Mass dependence for thefibrin
d= dFM dEF dEFM dP
+ + + +—=

= = -0
dt  dt ot dt dt

F-Fo+FM-FM+EF-EF+EFM-EFMg+P-Py=0,
FM0=EF0=EFM0=0

Fo =F+FM+EF+EFM+P =
F=F¢-FM-EF-EFM-P

Mass dependence for the myosin
am +dFM +dEM +dEFM +d_Q_

— 0
dt dt dt dt dt

M-Mg+FM-FM+EM-EMg+EFM-EFMg+Q-Qo=0 ,
FMo=EF =EFM¢=0,

Mo =M+FM+EM+EFM+Q =

M= M -FM-EM-EFM-Q

Geometric dependence for thelayers height
hZ _ h20

FC;—P Fc;
P
hz = hzo _?hzo

o

P
h1 +hz = th +h20 = hl = th +h20 _(hzo _Fh20)3

o

P
hl = th +Fh20

(o}

(28)

(29)

(30)

(31a)

(31b)

14



Model with myosin using thetimet asindependent variable

dt

dETM = kg[ E, ].M —k_,.EM —k,.EM
r

9
dEFM _ kS(EXj FM, —k 4 EFM —Kk,.EFM —k, EFM (352)
dt r

9
w:j_t'\":_ks(%j FM +k_..EFM +ka{

9Q _\ EM +k, EFM

dt

Z—T =k,.EF +Kk,.EFM

9EF _ kl(EXj F. -k LEF —k,.EF
r

F..M, N Fq-My
r h, —r

J—kaM

where:

E :LhEO—EF—EM —EFM
r+-—=+
W
r ,
F, =h—(|:O ~FM —EFM —P)-EF (35b)
2
r .
MX:h—(MO—FM—EFM—Q)—EM
2
_rFEM —(h, —1).EFM
X = h2
h,—r(_.
Fy=—2 (Fy—FM —EFM —P)

2

FM

M, =h2h_r(|v|;,—|:|v| —EFM -Q)
2

Initial conditionsat t=0 :

EFini=0, EMini=0, EFM;,i=0, FMin=F Mo, Qini=0, Pini=0 (35¢)

15



Model with myosin using the product P asindependent variable

dEF kl[EXj F, —k_,.EF —k,.EF
dEF gt r

> dP k,.EF +k,.EFM

dt

M [E)m K EM -k, EM
dEM gt r

P~ dP k,.EF +k,.EFM
dt
E g
dEFM ks(xj FM, —k_.EFM —k,.EFM —k,.EFM
dEFM ot _ r (360)
dP dP K,.EF +k,.EFM
dt
9
dFM _kf’[EXj FM ko EFM k| M FaMa ]y ey
dFM _oodt r r h2 —r
P dP K,.EF +k,.EFM
dt
dQ

dQ dt ki EM +k,.EFM

dP  dP Kk, EF +k,.EFM

dt

@ 1 1

d dP k,.EF +ks.EFM
at

where (35b) holds.

I nitial conditions at P=0:

EFini=0, EMini=0, EFM;»i=0, FMini=F Mo, Qini=0, tini=0

F, =F,+F, +EF +EFM +FM =F + EF + EFM +FM =

(36b)

=F,—EF —EFM —FM —P, + EF + EFM +FM =F, - P, =

Pt:Fo’ -Ft

(37)

16



Approach 1: “precise and slow”

1) Integrate (35a) from t=0 [s] to t=¢&[s],

Initial conditions at t=0:

EFini=0, EMini=0, EFM;,;=0, FMi,i=FMo, Qini=0, Pini=0
2) Integrate (36a) from P=P,[nmol/m?] to P=P; [nmol/m?],
Initial conditions at P=P,:

EFin=EF,, EMin=EM, EFMi,=EMF,,

FMini=FM¢, Qini=Q, tini=¢

Approach 2: “quick and dirty”

1) Estimate feasible non-singular values for the initial complexes

EF, =Minl—E,/4 1 (F,—FM,)/2
h, h,
r+—+
W
EM; =Mini—Eo/4 ——(My-FM)/2
hl hz
r+—
W
. r r
EFM ;= Mini——Eq /4 ——FM,/2
r+—=+ 2
w

FM, =FM, - EFM,

2) Integrate (36a) from P=0 [nmol/m?] to P=P; [nmol/m?],
Initial conditions at P=0:

EFin=EF:, EMin=EM¢, EFMini=EMF,

FMin=FMo— EMFy, Qini=0, tin=0

40% faster

(39)

(40a)

(40b)

(40¢)

(40d)

(41)

17



Model without myosin using thetimet asindependent variable

M=M,=Md=FM=FM,=FM=EM=EFM=Q=Q,=Q,= 0

Mo’ =F M():O; FozFo’

dlj—th 1(Ej F, -k ,.EF —k,.EF
r
d—P: k,.EF
dt
where:
P
h,=h,+—nh
1 10 FO 20
P
hz = hzo _tho
0
r
E>< - —h EO - EF
r+-+
w
F, = hL(F0 _P)-EF

I nitial conditionsin t=0:

EFini=0, Pini=0

(42a)

(42b)

(43a)

(43b)

(43¢c)

18



Model without myosin using the product P asindependent variable

dEF kl(EXj F, —k_,.EF —K,.EF
dEF dt r

P dP k,.EF

dt

dt 1 1

dP  dP  k,.EF

at

where (43b) holds.

I nitial conditionsat P=0:

EFini=0, tin=0

F,=F, +F,+EF =F +EF =F, —EF -P,+EF =F, - P, =

Pt:Fo’ -Ft

(44a)

(44b)

(45)

19



Approach 3: “precise and slow”
1) Integrate (43a) from t=0 [s] to t=¢ [s],
Initial conditions at t=0:

EFini=0, Pini=0

2) Integrate (44a) from P=P, [nmol/m”] to P=P; [nmol/m’],
Initial conditions at P=P,:

EFin=EF., tin=e

Approach 4:” quick and dirty”
1) Estimate feasible settled value for the initial plasmin-fibrin complex

dEF _
d

0=

EF |
| —Eo_ = .(hLFO—EFf]—kl.EFf—kZ.EFf -0
2

2) Integrate (44a) from P=0 [nmol/m?] to P=P; [nmol/m?],
Initial conditions at P=0:

EFin=EF, tin=0

50% faster

(46)

(47)

(48)
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Second problem: identify the parameters

Ky, K1, K2, S, Kz, K3, Ka, Ks, K5, Ks, k7 and g

Given
Known: ks=1.728x10""" [nmol.m*s'], k¢=3.2x10"* [s7'], w=10[-]

Experiment: to"'* measured at Eo(i), Mo (j), Fo' and Fy(k)
Replicas 3 for each point

Eo(i)x hioe {0.08, 0.16, 0.32, 0.64, 1.28, 2.56} [uM]

Mo () x haoe {0, 0.42, 0.8, 1.26, 1.6, 3.2} [uM]

Fo xh20=5.57 [uM]

Fuk)/Fo € {59, 47, 43, 36,25, 17, 14} [%)]

Solution N
Model: calculate t"1'% measured at Eq(i), Mo (j), Fo' and Fy(k)
Software: MATLAB

Working horse: odelS5s for stiff differential equations, variable order method from the
Shampine’s ODE suit

Jacobiants: jacobiants of (35a), (36a), (43a), and (44a) are derived and used in
odel5s

Identify:

kl, k_l, kz, S

by x? minimization for all experiments with Mq' (1)=0
MATLAB optimization toolbox

Identify:
Ks, K3, Ka, Ks, K5, Kg, k7, 0
by x? minimization for all experiments with Mg’ (1)>0

whereks, K.1, Ko, Sare held fixed to the identified values
MATLAB optimization toolbox

21



Kinetic parameters calculated from the plasmin-catalysed dissolution
of fibrin containing myosin

Parameter

rate constant for the formation of the
plasmin-fibrin complex (ky)

rate constant for the dissociation of the
plasmin-fibrin complex (k1)

rate constant for the degradation of fibrin in
the plasmin-fibrin complex  (ky)

exponent of the enzyme concentration in the
gel phase fibrin reaction (S)

rate constant for the formation of the
plasmin-myosin complex (ks)

rate constant for the dissociation of the
plasmin-myosin complex (k)

rate constant for the degradation of myosin in
the plasmin-myosin complex (Ky)

rate constant for the formation of the
plasmin-myosin-fibrin complex (Ks)

rate constant for the dissociation of the
plasmin-myosin-fibrin complex (ks)

rate constant for the degradation of fibrin in
the plasmin-myosin-fibrin complex (Ke)

rate constant for the degradation of myosin in
the plasmin-myosin-fibrin complex (k)

exponent of the enzyme concentration in the
gel phase fibrin-myosin reaction (g)

optimized value of the relative square error of
the function ( ;(2)

Measurement unit

ms.nmol S.st

m.nmolt.s?

%

Value

0.14

98.87

0.14

0.32

2.98x10°

196.4

0.91

1.98x10™

0.71

2.90x107

0.038

0.079

11.72
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Lk
=

5

reshilisal tatal Tibrin mmad.m ™)

[ (]
o |
L

I
o
i

—_—
=
'l

residual total fibrin (pmol.m )
tn

on

fime (min}
Figure 3
Legend 7
o  —mean experiment value Mg x h,0=0 [uM], Egx h16=2.56 [uM]
O  — mean experiment value Mg x hyg=0 [uM], Egx h1g=0.32 [uM]
e — mean experiment value Mg xhy=3.2 [uM], Egx h16=2.56 [uM]
m - mean experiment value Mg xhpo=3.2 [uM], Egx h1=0.32 [uM]

|----| — standard deviation

Solid lines — without myosin

Dashed lines — with myosin
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&0

40 .

30+ T

plasmin-fibrin complex {nmol.m'z}

---..._________ —
-‘-‘-""'-l—__,__-hh""‘-l-u

10 —-t=x b
0 —

| I | I | |

0 30 &0 a0 120 150

time (min)
Figure 4A

Legend

Solid lines — Mg x hpg=0 [uM]
Dashed lines — Mg x hy=3.2 [uM]
a— Egxhyg=0.16 [uM]

b — Egxhig=0.32 [uM]

C— Egxhyg=0.64 [uM]

d — Egxhy=1.28 [uM]

e— EoX h10:2.56 [HM]
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30

20 I,

10 =

resicual substrate {qumol.m®)

0 -

0 20 40 &) &0 00 120 140
tirme {min)

Figure 4B — Fibrin and myosin at 2.5 molar ratio
digested with plasmin Egxh15=0.32 [uM]

Legend

Dashed line — free fibrin

Dotted line — myosin

Dash-dotted line — fibrin-myosin complex

Solid line — monocomponent fibrin without myosin
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Conclusions;

- The substrate competition for the enzyme (fig. 4B) acts as inhibitor for
fibrin digestion.

- InlInitial period (first 10 min of the example) the fibrin degradation is
blocked in the fibrin-myosin complex because of the low ks and can
proceed efficiently only after the removal of the myosin (at the same time

free myosin is preferentially degraded).

- Themyosin forms a shield on thefibrin fibers, which is removed
preferably through degradation of the free myosin followed by
dissociation of the myosin-fibrin complex (s, k7).

- Plasmin removes at first the myosin in the myosin-fibrin complex and
only following this the fibrin network becomes susceptible for digestion

(comparing ks and k7).

- The myosin is worse co-factor of the plasminogen activator than the
fibrin. That isthe third inhibitor effect of the myosin over the fibrinolysis.

General conclusion:

The delay of fibrinolysis in the presence of myosin can be attributed not
only to the competing nature of the two substrates, but also to the
formation of a complex that is relatively resistant to plasmin. The amount
of plasmin in complex with fibrin varies in parallel with the changes in
the availability of free fibrin, thus the enzyme-catalysed process is not in

a steady-state.
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