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Abstract: A marine fibrinolytic compound FGFC1 enhancing fibrinolysis was obtained involving
enzymatic kinetic parameters of a reciprocal activation system with a single chain urokinase type
plasminogen activator and plasminogen. FGFC1, a kind of bisindole alkaloid from a metabolite of
the rare marine fungi Starchbotrys longispora FG216, modulated enzymatic kinetic parameters
including the fibrinolytic reaction rate and fibrin degradation characteristics. The enzymatic
kinetics of fibrinolysis was described based on the enzymatic reaction of a chromogenic-substrate
associated with p-nitroaniline (p-NA). While the single chain urokinase-type plasminogen activator
(pro-uPA) activated plasminogen, kcat and kcat/Km increased significantly with an increase of FGFC1
concentration. Moreover, kcat and kcat/Km exhibited 26.5-fold and 22.8-fold enhanced activity at the
concentration of 40 μg·mL−1 of FGFC1, respectively. The results suggested that FGFC1 significantly
improved the maximum catalytic efficiency and the total catalytic activity of fibrinolysis base on
the reciprocal activation of pro-uPA and plasminogen. Km increased with increasing FGFC1
concentration, which indicated that FGFC1 slightly decreased the affinity activity of the pro-uPA
and plasminogen versus the enzyme substrate. The marine bisindole alkaloid FGFC1 enhanced
fibrinolysis, which was taken on enzymatic kinetic characteristics.
Keywords: fibrinolytic activity; FGFC1; plasminogen activator; plasminogen; enzymatic kinetic

1. Introduction
The activation between the single chain urokinase-type plasminogen activator (pro-uPA) and
plasminogen (plg) plays an important role during the process of fibrinolysis such as start-up,
acceleration, and localization [1,2]. As shown in Figure 1, pro-uPA with faint intrinsic activity
cleaved the Arg561-Val562 peptide bond of plasminogen [3,4], which was converted to bioactive
plasmin (plm). After that, plasmin cleaved the Arg275-Ile276 peptide bond of pro-uPA [5] and
converted to more bioactive urokinase (uPA) [6]. Thus, substances that can accelerate its activation
has promising applications for the treatment of thrombosis or arteriosclerosis [7].
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Figure 1. Principle diagram of activation reaction between the pro-uPA and plasminogen in the
fibrinolytic process.

Natural products with various structures offer more opportunities to discover lead compounds
or
drugs
[8,9].
An
isoindolone
derivative,
Fungi
fibrinolytic
compound
(R)-2,5-bis((2R,3R)-2-((E)-4,8-dimethylnona-3,7-dien-1-yl)-3,5-dihydroxy-2-methyl-7-oxo-3,4,7,9-tetr
ahydropyrano[2,3-e]isoindol-8(2H)-yl)pentanoic acid (FGFC1, Fungi fibrinolytic compound 1,
Figure 2), was isolated from a rare marine microorganism strain Stachybotrys longispora FG216. This
compound was also evaluated for fibrinolytic activity in vitro and in vivo [10,11]. The results
showed that FGFC1 could stimulate the generation of plasmin activity by measuring
Glu-plasminogen and Lys-plasminogen activation in vitro. The experiment of fluorescein
isothiocyanate (FITC)-fibrinogen degradation indicated that the effect of FGFC1 on fibrinolytic
activity was mediated by plasminogen and pro-PA. In addition, FGFC1 (10 mg/kg) could dissolve
most of the pulmonary thrombus of Wistar rats in vivo [12]. Previously, we reported that FGFC1
accelerated the mutual activation reaction between a single chain urokinase-type plasminogen
activator and plasminogen, and reacted with plasminogen/plasmin, which indicated that FGFC1
accelerated the fibrinolytic process [13]. In the presence of a plasminogen/single chain urokinase
type plasminogen activator, the rate of plasminogen converted into plasmin was accelerated. The
extent of acceleration can be expressed using plasminogen activation kinetics. The constant kinetics
of enzyme-catalyzed reactions can reflect affinity quantitatively and the catalytical activity of the
activator to uPA and plasminogen.
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Figure 2. The chemical structure of FGFC1.

In this paper, the enzymatic reaction kinetics of plasminogen activation by fibrinolytic FGFC1
was described via chromogenic-substrate to research further the effect of FGFC1 on the structure of
fibrinolytic factors. kcat and kcat/Km increased significantly with increasing FGFC1 concentration.
Moreover, kcat and kcat/Km exhibited 26.5-fold and 22.8-fold increased activity at 40 μg·mL-1 FGFC1
concentration, respectively. FGFC1 improved the maximum catalytic efficiency and the total
catalytic activity of pro-uPA. Km increased with increasing FGFC1 concentration, which indicated
that FGFC1decreased slightly on the affinity activity of pro-uPA versus plasminogen.
2. Results and Discussion
2.1. Kinetic Characteristics of Plasmin
According to the experimental method, A405 nm was measured by S-2444 hydrolysis with
different concentrations of plasmin (5, 10, 20, 30, 40, and 50 nmol·L-1). The plot of A405 versus t of the
S-2444 hydrolysis by different concentrations of plasmin is shown in Figure 3. From the equation Kn =
ε·L·kcat,Plm·[Plm]n, Kn (the slope of each curve) was obtained by the linear regression of A405nm-t in
Figure 3, the results of which are shown in Table 1. The linear slope Kn varied from 0.7 × 10-3 to 16.3 ×
10-3/min with concentrations of plasmin (5–50 nmol·L-1). a (a = ɛ·L·kcat,plm = 3.514 × 10-4
A405·min-1·nmol-1) is constant, and was obtained via linear regression of figure (Kn-[Plm]) (Figure 4). a
was utilized for the followed experiments.

Figure 3. Plot of A405 versus t the hydrolysis reaction of S-2444 by different concentrations of plasmin.
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Figure 4. Plot of Kn versus [Plm].

2.2. The Effect of FGFC1 on Km,plm of Pro-uPA Activation Plg
A405 and t were the function of the second-order polynomial in the reaction of pro-uPA activated
plasminogen, where A is the coefficient of second-order polynomial [A = 0.5ɛ·L·kcat，plm·v(plm)]. The
concentration of pro-uPA was constant in the reaction of pro-uPA/plasminogen/FGFC1. Figure 5
shows the coefficient of the quadratic term (0.076 × 10-4 – 11.000 × 10-4t-2/min-2) with different
concentrations of FGFC1 (0–40 μg·mL-1) and plasminogen (30–110 nmol·L-1).
v(plm) was obtained by the equation (v(plm) = 2A/a) and double-reciprocal plot of initial
velocity v(plm) versus [plm], as shown in Figure 6. The slope of the line divided by intercept was
Km,pro-uPA, which was obtained by linear regression of the double-reciprocal plot of v(plm) versus
[plg] (Figure 4). Km,plg with different concentrations of FGFC1 is shown in Table 1.
Table 1. The values of Kn at different concentration of plasmin.

plm/nmol·L-1
50
40
30
20
10
5

Kn (A405·t-1)/10-3 ·min-1
16.3
12.2
6.3
3.9
1.5
0.7
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Figure 5. The coefficient of quadratic item value A and v(Plm) derived from A at different
concentrations of plasminogen.

Figure 6. Double-reciprocal plot of initial velocity v(plm) versus [plg].

2.3. The Effect of FGFC1 on kcat,pro-uPA of Pro-uPA Activation Plg
The curve of A405-t was polynomial regression in the reaction between pro-uPA and
plasminogen, and the coefficient of the second-order item A was obtained (Figure 7) as follows: A =
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0.5ɛ·L·kcat,plm·v(plm). The concentration of plasminogen was constant in the reaction of
pro-uPA/plasminogen/FGFC1. The coefficient of quadratic term (0.050 × 10-4 – 5.000 × 10-4t-2/min-2)
with different concentrations of FGFC1 (0–40 μg·mL-1) and pro-uPA (10–40nmol·L-1) is shown in
Figure 7. v(plm) was obtained according to the equation [v(plm) = 2A/a] and the curve of vm versus
pro-uPA-[pro-uPA] was drawn according to v(plm) = (vm,pro-uPA·[plg])/(Km,pro-uPA+[plg]) (Figure 8).
The slope of the line kcat,pro-uPA was yielded according to regressing linearly Figure 8. When
FGFC1 with different concentrations was added in reaction, the kcat,pro-uPA was as listed in Table 2.
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Figure 7. The coefficient of quadratic item value A and v(Plm) derived from A at different
concentration of pro-uPA.

Figure 8. Plot of vm,pro-uPA versus [pro-uPA].
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Table 2. Kinetic constant (with different concentrations of FGFC1).
Kinetic constant
FGFC1/μg·mL-1
kcat/S-1

Km/μmol·L-1

40

0.743

0.484

1.535

30

0.438

0.439

0.998

20

0.148

0.422

0.351

0

0.028

0.413

0.067

kcat/km

The plasmin hydrolyzed synthetic enzyme substrate S-2444 (pyro-Glu-Gly-Arg-pNA·HCl) on
the peptide bond of Arg-pNA and the steady-state rate of synthetic enzyme substrate degradation by
plasmin were determined at various plasmin concentrations. The linear dependence between the
plasmin concentrations and synthetic enzyme substrate degradation was obtained in a parameter a
(a = ɛ·L·kcat,plm = 3.514 × 10-4 A405·min-1·nmol-1). The slope of the line was lower than a = ɛ·L·kcat,plm = 3.4 ×
105 A405·min-1·mol-1 where the slope was calculated by synthetic enzyme substrate S-2251
(H-D-Val-Leu-Lys-pNA·2HCl) and plasmin [14]. The enzymatic kinetic parameter was associated
with both the amino acid sequence of the synthetic enzyme substrate and peptide bond. It was
suggested that the 1000 folds by plasmin cleavage was via Lys-pane than Arg-pNA.
The reaction of mutual activation between the single chain urokinase type plasminogen
activator and plasminogen, the kinetic constant (single chain urokinase type plasminogen activator
actives plasminogen) was as follows: Km = 0.413 μmol·L-1, kcat = 0.028 s-1 and Km = 0.4–1.1 μmol·L-1, kcat
= 0.020–0.093 s-1 from a similar reaction system [5]. Km and kcat were affected by plasminogen species
of human, cat, dog, bovine, rabbit and horse. Km and kcat of plasminogen was 0.69 ± 0.07 - 1.40 ± 0.26
and 6.18 ± 0.37 - 298.42 ± 26.91 by urokinase, respectively [15]. The range of Km/kcat was from 5.8–80.7.
The enzymatic kinetics parameters Km and kcat of plasminogen were ascertained by the type of
plasminogen activators, such as two chain urokinase type plasminogen activators, or tissue type
plasminogen. The data of Km, kcat and Km/kcat of 0.413, 0.028 and 0.067 were reasonable values in the
absence of FGFC1. It was shown that the intrinsic activity single chain urokinase type plasminogen
activator had a torpid activity to cleavage plasminogen [16], which was an equitable physiological
reaction.
In the reaction of pro-uPA activating plasminogen, kcat and kcat/Km increased significantly with
increasing FGFC1 concentration. kcat and kcat/Km exhibited 26.5-fold and 22.8-fold increased activity at
40 μg·mL-1 FGFC1 concentration, respectively. The results suggested that FGFC1 significantly
improved the maximum catalytic efficiency and the total catalytic activity of pro-uPA. Moreover, Km
increased with increasing FGFC1 concentration, which indicated that FGFC1 slightly decreased the
affinity activity of pro-uPA versus plasminogen.
The hydrophilicity of the reaction system changed after weakly acidic FGFC1 was added.
Therefore, it was concluded that the Km value increased slightly after the addition of FGFC1 was
attributed to the change in solution micro-environment caused by FGFC1. The active center of
scu-PA interacted with Arg560-Val561 near K5 of the plasminogen in the reaction of plasminogen and
scu-PA. Scu-PA cleaved the Arg560-Val561 bond of plasminogen by intrinsic activity similar to uPA
activity. FGFC1 accelerated the transformed efficiency that the single chain urokinase type
plasminogen activator transformed the plasminogen. Moreover, fibrinolytic activity was enhanced
by FGFC1, which changed the conformation of plasminogen [17,18]. It was concluded that FGFC1
changed the space structure near K5 and further formed the peptide fraction of Arg560-Val561 of
plasminogen, which consisted of the activated center of single chain urokinasetype plasminogen
activator [13]. The urokinase from the single chain urokinase type plasminogen activator
transforming plasminogen changed conform to plasmin easily in the reaction system. The results
showed that the kinetic constants (kcat and kcat/Km) increased drastically in the reaction system.
vmax of the enzymatic reaction was given through expression to degradation of S-2444
(pyro-Glu-Gly-Arg-pNA·HCl) by urokinase associated with plasminogen and the single chain
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urokinase type plasminogen activator (Figure 9). Km was a steady-state constant in absence of FGFC1
and presence of FGFC1 at the enzymatic reaction. At low values of S-2444
(pyro-Glu-Gly-Arg-pNA·HCl), the initial velocity, vi, rose almost linearly with increasing substrate.
Km was calculated in substrate concentration when vi was one-half vmax. kcat of the enzymatic reaction
increased with the presence of FGFC1. FGFC1 had enhanced fibrinolysis via raising the value of
kcat/Km at enzymatic kinetic performance.
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Figure 9. The diagrammatic sketch of FGFC1 enhancing fibrinolytic kinetics performance based on
the reciprocal reaction of plasminogen and single chain urokinase type plasminogen activator.

3. Materials and Methods
3.1. Materials
Pro-uPA, plasminogen and plasmin were purchased from Sigma-Aldrich (China). The
chromogenic s S-2444 and S-2251 were purchased from BioMed. Tris-HCl buffer (50 mmol·L-1, 100
mmol·L-1 NaCl, pH 7.4) and an enzyme-labeled instrument (SH-1000, CORONA) were used
throughout the experiments. FGFC1 was isolated from the rare marine microorganism strain S.
longispora FG216.
3.2. Kinetic Theoretical Analysis of Plasminogen Activation [19]
The reaction rate of pro-uPA was obtained by measuring the UV absorbance of p-NA at 405 nm,
which was produced by the plasmin-catalyzed hydrolytic reaction of the chromogenic substrate
S-2444 [20].
The conversion of pro-uPA and plasminogen to plasmin and p-NA is represented by a sequence
of two reactions which obey Michaelis-Menten kinetics, i.e.,
Reaction 1:
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k

m,pro-uPA
cat,pro-uPA
→ pro-uPA ⋅ plg ⎯⎯⎯⎯⎯
→ pro-uPA+plm
pro-uPA+plg ←⎯⎯⎯⎯

Reaction 2:

Km ,plm
Kcat，plm
plm + S − 2444 ←⎯⎯⎯→
plm ⋅ S − 2444 ⎯⎯⎯⎯⎯
→ plm + VLK + p − NA
In Reaction 1, the rate of plasmin was generated by pro-uPA within the interval, which can be
expressed as Equation (1). Therefore, at any time, νt(Plm):

ν t ( Plm ) =

d[Plm]t VmPA ⋅ [Plg]t
=
KmPA + [Plg]t
dt

(1)

As νmPA=kcat·[PA], the integrals toward t in Equation (1) are as follows:

[Plm] = 

k
⋅ [PA] ⋅ [Plg]t
d[Plm]
⋅ dt =  cat ,PA
⋅ dt
KmPA + [Plg]t
dt

(2)

t

In Equation (2), [Plg]t = [Plg]0-  vt(P l m) ·dt < [Plg]0 - ν0(Plm)· t. According to the references, Km
0

and kcat of plasminogen activation by natural scu-PA were located in the range of range in 0.4–1.1
μmol·L-1 and 0.02–0.093 s-1, respectively [21–23]. Under the condition of [Plg]0 = 0.1 μmol·L-1, [PA] =
1.4 × 10-9 mol·L-1, ν0(Plm) was calculated (0.02 × 1.4 × 10-9 × 0.1 × 10-6/[(0.4 + 0.1) × 10-6] = 5.6 × 10-12
mol·L-1·s-1). 0.1 μmol·L-1 plasmin, which was approximately consumed about 17,857 s or 297 min, was
ignored in comparison with produced plasmin in 2400 s. Therefore, [Plg]t = [Plg]0 = [Plg] in 2400 s
was substituted into Equation (2) ,resulting in the following:

[Plm] = 

As

kcat ,PA ⋅ [PA] ⋅ [Plg]
KmPA + [Plg]

⋅ dt =

kcat ,PA ⋅ [PA] ⋅ [Plg]
KmPA + [Plg]

⋅ t + C1

(3)

kcat ,PA ⋅ [PA] ⋅ [Plg]
= ν(Plm) and C1 is essentially constant, Equation (3) can be described as
Km PA + [Plg]

follows:
[Plm] = ν(Plm)·t·C1

(4)

From Reaction 2, it can be seen that generation rate of p-NA can be described by the following
rate:

v(p-NA)=

vmPLm ⋅ [S-2251] kcat [PLm] ⋅ [S-2251]
=
KmPLm ⋅ [S-2251] KmPLm +[S-2251]

(5)

Under the experimental conditions, Km,Plm of plasmin hydrolysis S-2444 (250 μmol·L-1) was far
less than S-2444 (1.5 mmol·L-1). Therefore, Km,Plm was deleted and Equation (5) reduced to ν (p - NA) =
Kcat,Plm·[Plm], which integration yielded:

[ p − NA] = 

d[p− NA]
⋅ dt =  kcat, PLm ⋅ [ PLm] ⋅ dt
dt

(6)

When Reaction 1 and 2 happened at the same time, [Plm] is the function of t, substitution of
Equation (4) in Equation (6) gave:

1
[p-NA]=  kcat,Plm ⋅ [v(Plm)]] ⋅ t+C1] ⋅ dt = kcat,Plm ⋅ v(Plm) ⋅ t 2 +kcat,Plm ⋅ C1 ⋅ t+C 2
2

(7)

The most absorbance of chromophore group p-NA is A405, which was expressed as: ε·L·[p-NA]
where L is the height of the reaction liquid in 96-hole plate; and ε is molar extinction coefficient of
p-NA. Therefore, substitution of Equation (7) in A405 = ε·L·[p-NA] gave:

A405 = 0.5·ε·L·kcat, Plm·ν{Plm }·t2 + ε·L·kcat, Plm·C1·t + ε·L·C2

(8)
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Equation (8) can be simplified as follows:

A405 = A·t2 + B·t + C

(9)

where C = ε·L·C2; B = ε·L·kcat,Plm·C1; A = 0.5·ε·L·kcat,Plm·ν{Plm },
From Equation (9), it can be seen that the relationship between A405 and t meets up with
second-order polynomial when Reactions 1 and 2 occurred simultaneously.
A is the coefficient of second-order polynomial. The standard curve of S-2444 of plasmin
hydrolysis is introduced to delete ε·L·kcat,Plm as follows:
[p - NA] = kcat,Plm·[Plm]·t + C'
where [Plm] is constant. Consequently, A405 was expressed as:

A405 = ε·L·kcat,PLm·[Plm]·t + C3

(10)

Equation (10) can be simplified as follows:

A405 = K·t + C3

(11)

where C3 = ε·L·C', K = ε·L·kcat,PLm·[Plm]
From Equation (10), it can be concluded that the scatter diagram of S-2444 by plasmin
hydrolysis is made with constant concentration of [Plm]n, and the slope on [Plm]n is obtained as
follows:
Kn = ε·L·kcat,Plm·[Plm]n
The second scatter diagram was drawn and the equation of Kn = ε·L·kcat,Plm·[Plm]n obtained. If the
slope is ɑ, it can be concluded that ɑ = ε·L·kcat,Plm. Moreover, A = 0.5·ε·L·kcat,Plm·ν{Plm } was substituted in
Kn = ε·L·kcat,Plm·[Plm]n.
ν{Plm} = 2A/ɑ

(12)

According to Equation (12), ν(Plm) was calculated with different concentrations. Then, according
to the method of Line weaver-Burk, the equation can be obtained as follows:

K
1
1
1
= mPA ⋅
+
v(Plm) vmPA [Plg] vmPA

(13)

At the same time, the corresponding linear regression line was also obtained. The slope of a
straight line divided by intercept was the value of Km,PA.νm,PA, which can be calculated with a fixed
concentration of [PA]n according to the equation as follows:

v(Plm)=

vmPA ⋅ [Plg]
KmPA + [Plg]

(14)

Then the curve is drawn by νm,PA versus [PA] and the equation is obtained as follows:

νm,PA = kcat,PA·[PA]

(15)

The corresponding line is also obtained, and the slope is kcat,PA.

3.3. Determination of Standard Curve by S-2444 Hydrolysis
The reaction mixture contained chromospheres substrates S-2444, Tris-HCl buffer (50 mmol/L,
100 mmol/L NaCl, pH7.4, 25 °C), and plasmin (5, 10, 20, 30, 40, and 50 nmol·L-1) was incubated in a
96-well plate with a round bottom at 37 °C for 90 min. The absorbance of reaction mixture was
determined continuously at 37 °C for 44 min. From the equation Kn = ε·L·kcat,Plm·[Plm]n, Kn (the slope
of each curve) was obtained by the linear regression of A405nm-t (Figure 3).

3.4. Determination of Km,pro-uPA of Plasminogen Activation by Pro-uPA
Pro-uPA (10 nmol·L-1) was incubated with a range of concentrations (30, 50, 70, 90, and 110
nmol·L-1) of plasminogen in 0.8 mmol·L-1 S-2444, Tris-HCl (50 mmol/L, 100 mmol/L NaCl, pH7.4, 25
°C), and FGFC1 (20, 30, and 40 μg/mL) at 37 °C for 90 min. The absorbance of the reaction mixture
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was determined continuously at 37 °C for 44 min. The concentration of pro-uPA was constant in the
reaction of pro-uPA/plasminogen/FGFC1. The Michaelis constant (Km,pro-uPA) was determined from
Line weaver-Burk plots with a computerized program (Figure 5).

3.5. Determination of kcat,pro-uPA of Plasminogen Activation by Pro-uPA
The reaction mixture was made up of pro-uPA (20, 30, and 40 nmol·L-1), 0.8 mmol·L-1 S-2444,
Tris-HCl buffer (50 mmol/L, 100 mmol/L NaCl, pH7.4, 25 °C), and FGFC1 (10, 20, 30, and 40 μg/mL)
at 37 °C. The absorbance of the reaction mixture was determined continuously at 37 °C for 44 min.
The concentration of plasminogen was constant in the reaction of pro-uPA/plasminogen/FGFC1.
The Michaelis constant (Kcat,pro-uPA) was determined from Line weaver-Burk plots with a
computerized program (Figure 7).
4. Conclusions
In this paper, the enzymatic kinetics of fibrinolysis was described based on an enzymatic
reaction of a chromogenic-substrate associated with p-nitroaniline (p-NA). kcat and kcat/Km increased
significantly with an increase in FGFC1 concentration. Moreover, kcat and kcat/km exhibited 26.5-fold
and 22.8-fold enhanced activity at a concentration of 40 μg·mL-1 of FGFC1, respectively. The results
suggested that FGFC1 significantly improved the maximum catalytic efficiency and the total
catalytic activity of fibrinolysis base on the reciprocal activation of pro-uPA and plasminogen. Km
increased with increasing FGFC1 concentration, which indicated that FGFC1 slightly decreased the
affinity activity of the pro-uPA and plasminogen versus enzyme substrate. The marine bisindole
alkaloid FGFC1 enhanced fibrinolysis, which was taken on enzymatic kinetic characteristics. It is
possible that FGFC1 is a potential thrombolytic agent in the future.
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