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Abstract. The aim was to relate fibrin structure and the
stimulatory effect of fibrin on plasminogen activation
during t-PA-mediated fibrinolysis using Lys’®-plasmino-
gen as activator substrate. Structural studies were under-
taken by static and dynamic laser light scattering, cryo
transmission electron microscopy and by the measure-
ment of conversion of fibrin to X-, Y- and D-fragments.
The kinetics of plasmin formation were monitored by
measurement of the rate of pNA-release from Val-Leu-
Lys-pNA. The process of fibrin formation and degrada-
tion comprised three phases. In the first phase, pro-
tofibrils with an average length of about 10 times that of
fibrinogen were formed. The duration of this phase de-
creased with increasing t-PA concentration. The second
phase was characterized by a sudden elongation and lat-
eral aggregation of fibrin fibers, most pronounced at low
levels of t-PA, and by formation of fragment X-polymer.
The third phase was dominated by fragmentation of
fibers and by formation of Y- and D-fragments. Plasmin
degraded the fibers from within, resulting in the forma-
tion of long loose bundles, which subsequently disinte-
grated into thin filaments with a length of less than 10
and a mass per length close to one relative to fibrinogen.
Plasmin generation at high t-PA concentrations sets in
Jjust prior to (and at low t-PA concentrations shortly af-
ter) the onset of the rapid second phase of elongation and
lateral aggregation of fibrin fibers. The maximal rate of
plasmin formation per mol t-PA was the same at all con-
centrations of activator and was achieved close to the
time of the peak level of fragment X-polymer. Plasmin
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formation ceased after formation of substantial amounts
of Y- and D-fragments. At this stage the length was be-
tween 300 and 3 and the mass per length close to 1, both
relative to fibrinogen. In conclusion our results indicate
that (1) formation of short fibrin protofibrils is the mini-
mal requirement for the onset of the stimulatory effect of
fibrin on plasminogen activation by t-PA, (2) formation
of fragment X protofibrils is sufficient to induce optimal
stimulation of plasminogen activation, and (3) plasmin
degrades laterally aggregated fibrin fibers from within,
resulting in the conversion of the fibers into long loose
bundles, which later disintegrate into thin filaments.

Key words: Biopolymer — Protofibril — Effector function
— Fibrin degradation — Rotational diffusion — Dynamic
light scattering

Introduction

The t-PA-catalyzed conversion of the proenzyme plasmi-
nogen to plasmin and the subsequent plasmin-cleavage of
fibrin are considered to play a role in the resolution of
fibrin deposits in thrombi and in areas of tissue repair
(Thorsen 1992; Wiman and Hamsten 1990). The plasmin
degradation of fibrin is a highly specific process. This
specificity is related to two main mechanisms. Firstly,
t-PA, plasminogen and fibrin form a ternary complex
which leads to an enhanced rate of plasmin formation in
association with the fibrin surface (Hoylaerts et al. 1982).
Secondly, fibrin decreases the rate of t-PA and plasmin
inhibition by their specific inhibitors, plasminogen activa-
tor inhibitor-1 and «,-plasmin inhibitor, respectively.
The stimulatory effect of fibrin on plasminogen activa-
tion during fibrinolysis is variable, since the precursor,
fibrinogen (M,=340000, consisting of two identical
disulfide-linked structures, each containing an Aa-, BS-
and y-polypeptide chain) and fibrin itself are continuously
modified by thrombin- and plasmin-cleavages yielding a
diversity of reaction products (Doolittle 1984; Mosesson
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1992; Shafer and Higgins 1988). Initially, thrombin cata-
lyzes the release of fibrinopeptide A (residues 1—16) from
the NH,-terminal part of the Aa-chains of fibrinogen.
This release exposes an A polymerization site in the cen-
tral region of the molecule (E domain) which binds to the
COOH-terminal region (D domain) of another molecule
to form staggered overlapping dimers and oligomers,
which subsequently extend to form elongated, thin, two-
stranded fibrils (desA-fibrin), also denoted protofibrils.
With some delay thrombin catalyzes the release of
fibrinopeptide B (residues 1-14), preferentially from the
NH,-terminal part of the Bf-chain of polymerizing fibrin
and evidently exposes an independent B polymerization
site. Fibrinopeptide B release promotes lateral associa-
tion and branching of protofibrils, yielding a three-di-
mensional network of thick fibers (desAB-fibrin).

Plasmin-catalyzed modification of fibrin involves
cleavage of numerous Lys-X and Arg-X bonds (Medved’
et al. 1986; Mihalyi 1983; Nossel et al. 1983). The majority
of highly labile bonds are in the hydrophilic COOH-ter-
minal protuberances of the (A)a-chains (Lys2°6-Val®!9).
Cleavage of these bonds leads to the release of parts, or
the whole, of one or both COOH-terminal protuber-
ances. The Arg*?-Ala*® bonds in the NH,-terminal BS-
chains of desA-fibrin are also rapidly cleaved by plasmin,
releasing the NH,-terminal residues 1-42 (Nossel et al.
1983). The early plasmin-cleavages lead to formation of a
heterogeneous population of X fragments, which are still
solid-phase polymers, but containing impaired polymer-
ization sites. More extensive plasmin-cleavage of the o-,
B- and y-chains in the central part of the coiled-coil region
splits fragment X-polymer into soluble Y and D frag-
ments and fragment Y into D and E fragments.

The stimulatory effect of fibrin on plasminogen activa-
tion requires fibrinopeptide A release from fibrinogen
(Suenson and Petersen 1986; Suenson and Thorsen 1988).
Evidence exists that formation of fragment X-polymer is
necessary for optimal second phase enhancement of plas-
minogen activation (Norrman et al. 1985; Suenson et al.
1994; Suenson and Thorsen 1988; Suenson et al. 1990).
Plasmin-cleavage of fragment X-polymer to Y and D
fragment leads to cessation of enhancement of plasmino-
gen activation. Up to now, little is known about size of the
polymer structures or the sites which are cleaved by plas-
min when optimal fibrin stimulation of plasmin genera-
tion sets in or when the stimulatory effect ceases (Kacz-
marek et al. 1993; Suenson and Petersen 1986).

The structure of fibrin polymers has been the subject of
many studies using static and dynamic light scattering as
well as electron microscopy (Carr et al. 1977; Casassa
1955; Hantgan and Hermans 1979; Hunziker et al. 1990;
Marx 1988; Medved’ et al. 1990; Mueller and Burchard
1978; Palmer and Fritz 1979; Weisel and Nagaswami
1992). The aim of this paper is to present laser light scat-
tering and electron microscopy data on the structural
features of fibrin polymers, which are of importance for
their stimulatory effect on plasminogen activation by
t-PA.

Materials and methods

Reagents

Tris buffer: 50 mm Tris-HCI, 100 nM NaCl, 0.01% (v/v)
Tween 80, adjusted with NaOH to pH 7.7 at 25°C. Phe-
Pip-Arg-pNA

(S-2238) and Val-Leu-Lys PNA (S-2251) were from Chro-
mogenix AB (Mdlndal, Sweden). Preparations of human
fibrinogen, '?°I-labeled fibrinogen, thrombin, Lys’®-plas-
minogen and single-chain t-PA were those described
(Suenson and Thorsen 1988). Two-chain t-PA was pre-
pared according to Petersen et al. (1987).

Concentration of proteins

The concentrations of Lys’®-plasminogen and fibrinogen
were determined spectrophotometrically at 280 nm
(Thorsen 1975). The concentration of active t-PA was
determined by an immunosorbent assay (Petersen et al.
1987). The concentration of thrombin was determined at
25°C by measuring the initial rate of hydrolysis of Phe-
Pip-Arg-pNA (425 um) in Tris buffer and using the kinetic
constants K, =2 uM and k_,=91.4 s~ ! (Jorgensen et al.
1984).

Assay system and experimental conditions

All experiments were carried out at 25°C. The system
examined contained fibrinogen (150 nm), Lys’8-plasmi-
nogen (50 nM), Val-Leu-Lys-pNA (600 pM), thrombin
(130 pM) and t-PA (0-100 pm) in Tris buffer. Fibrin for-
mation and plasminogen activation were intitiated by
simultaneous addition of thrombin and t-PA to the sys-
tem.

Laser light scattering analysis:
dynamic laser light instrumentation

The experimental arrangement consisted of a 35 mW
HeNe laser, Spectra Physics model 127 and an ALV 5000
multiple tau autocorrelator on a single expansion board
in a Personal Computer for experimental control and
data collection. The detector was a red sensitive photo-
multiplier tube, Hamamatsu R649 in combination with a
photon counting unit, Hamamatsu C1050. A computer
controlled attenuation system was built to adjust the
power incident on the sample. This was necessitated by
the fact that light scattering power of the sample (the
Rayleigh ratio) increased by several orders of magnitude
during polymerization and the fact that too high scatter-
ing intensity would overload the detecting system. The
automatic attenuation system consisted of a facility to
monitor the count rate of the detecting system and a
variable circular attenuator, (Newport 50G00AV.2) with
a transmission coefficient varying continuously from 0.01
to 1, driven by a stepper motor. Prior to ecach measure-
ment the count rate of the detector was read and the



computer automatically would adjust the attenuation ac-
cordingly. The resulting magnitude of the laser power
was stored in a separate log file to be used during data
analysis (Eq. (4) below).

Analysis of the dynamic light scattering spectra

The aim of the analysis of dynamic light scattering spec-
tra is to obtain a distribution of relaxation times present
in the sample. Since the photon count rate is also mea-
sured and stored in the correlation spectrum file it is
possible to determine the Rayleigh ratio of the sample.
No universally accepted single method to analyze auto-
correlation functions exists. The reason is that the analy-
sis 1s mathematically equivalent to an inverse Laplace
transform on noisy data. This is known to produce an
infinite number of possible solutions unless constraints
are imposed. Using the program CONTIN (Provencher
(1982), adapted by the ALV company) gave very broad
distributions of relaxation times which would have to be
interpreted in terms of translational and rotational diffu-
“sion coefficients. However, to produce unambiguous re-
sults CONTIN generally requires very good quality data
which were not obtainable in this study because the mea-
surement time of each spectrum was limited to 20 s in
order to obtain proper time resolution. The measured
homodyne autocorrelation function can in general be
written

g2 = Con (V1) + 1 M)

where ¢ is the correlation time and C,, is the spatial
coherence factor (an instrumental constant). The mathe-
matical form of g™)(¢) depends on the physical properties
of the system investigated. In the present case it was nec-
essary to employ different functional forms of g'*)() de-
pending on the state of the system (i.e. how far the poly-
merization and subsequent degradation had proceeded).
We employ the form of g¥(z) shown in Eq. (2) to describe
both gel relaxation and free translational diffusion of a
polydisperse system whereas we employ the form of g*(¢)
shown in Eq. (9) to describe a system where both transla-
tional and rotational diffusion contribute significantly to
the measured correlation function.

In the phases where rotational diffusion could be ne-
glected the least squares fitting to the autocorrelation
spectra employed the following expression for g‘*X(¢)

gU(t) = A e~ PIa0 4 g et )

where 4, and A, are positive amplitude factors satisfying
A, + A, =1, fis afitting parameter introduced to account
for a polydisperse distribution of molecules (Patterson,
1983), D¥ is a diffusion coefficient parameter, I', is a rclax-
ation constant fixed to 0.1 s~ ! and g is the length of the
scattering vector given by

dnn . 0
q= /li: sin 2 3)
where n is the refractive index of the sample solution, 4,
is the vacuum wavelength of the laser beam and 8 is the
scattering angle of the light. The amplitude A4, is propor-
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tional to the Rayleigh ratio of the species to which it
pertains. This means that

M, C,P,(q) = KA, 2™ gin g @)
laser

where P,(q) is the form factor of the molecular species
with molar mass M, and weight concentration C,, P,,.,
is the measured laser power, n,, is the measured mean
photon count rate, and K is an instrumental constant
which has been determined empirically using yeast super-
oxide dismutase as a calibrating standard. The term sinf
corrects for the change in scattering volume with detector
angle. In the absence of concentration effects M, P, (g) can
be regarded as the apparent molar mass. The constant K
was subsequently found to give the correct molar masses
of carbonic anhydrase (3.0 g/L), bovine serum albumin
(1.0 g/L) and human fibrinogen (0.05 g/L). The second
exponential term in Eq. (2) is included in order to be able
to allow for trace amounts of impurities (dust and aggre-
gated protein) of very large size in the sample (and to
correct for very slow decays for which the data collection
time is too short. These might be present owing to the
nonergodic nature of the gelling system. The relaxation
constant is fixed to avoid values interfering with the first
term in Eq. (2)). These impuritics will also contribute to
the total light scattering of the sample even if their weight
concentration is small, because light scattering scales as
the weight concentration times the mass. If the molar
mass of the impurities is sufficiently high (which is indicat-
ed by their corresponding low diffusion coefficient, i.e.
low value of I,) then their possible contribution to the
total weight concentration can be neglected. In Eq. (2) the
range of §is 0 to 1 where =1 corresponds to an infinitely
sharp distribution and =0 to an infinitely wide distribu-
tion of diffusion coefficients. A measure of the polydisper-
sity is then suggested to be (1 — §)/f. When f < 1 the distri-
bution is no longer symmetrical and the value for the
mean diffusion coefficient is different from the fitting pa-
rameter D¥ in Eq. (2). The mean value of the distribution
of the inverse diffusion coefficients (1/D,)> belonging to
species of class 1 is given by Patterson (1983)

raysp)
DY p

where I' is the gamma function. We then define the aver-
age diffusion coefficient to be 1/{1/D>.

/D) = )

Models for the apparent molar mass
and average diffusion coefficient

In order to derive information about the structures of
protofibrils, gel and plasmin digested fragments from the
apparent molar mass and average diffusion coefficient it
is necessary to use a model for the structure to fit the two
measured quantities. Electron microscopy (Carr et al.
1977; Casassa 1955; Medved et al. 1990) has shown that
very elongated molecules are dominant during all stages
of the fibrin polymerization. We have therefore modelled
the molecules as rigid cylinders with length L and radius
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R. The molar mass is then given by
M,=N,(enR*L) (6)

where N ,is Avogadro’s number and g is the mass density.
The form factor for the cylinder was calculated using the
semianalytical formula (Feigin and Svergun 1987)

LiJ, (gR(1 — 21z
P(Q)=4£( (](32(1(—3;)1)/2)

where F(t)=sin (t)/t and J, (t) is the Bessel function of the
first kind of order 1.

This diffusion coefficient for a single cylindrical species
was calculated as described by Richards (1980)

F(q Lx/2)>2 dx )

2k Tep —Inp + 0.577)
b= 6nyL ®)
where k is Boltzmann’s constant, T is the absolute tem-
perature, p=2 R/L is the axial ratio and # is the viscosity
of the solvent at temperature 7.

The use of an autocorrelation function of the form
given in Eq. (2) with the parameters 4, and D¥ given by
the cylinder model requires that the cylinders are non-ro-
tating. This seems to be a reasonable assumption in the
gel phase because cross links will inhibit free rotation.
(The possible effect of branching on light scattering is not
considered in this model but is supposedly small owing to
the long linear stretches between cross links (Wachenfeld-
Eisele and Burchard 1988)). Moreover, the use of an au-
tocorrelation function of the form of Eq. (2) is necessary
in the gel phase owing to the large apparent polydispersi-
ty. In the phase of plasmin degradation molecules short
enough to rotate freely will ultimately be produced. How-
ever, they are not likely to be rigid cylinders and more
importantly they are expected to represent a broad distri-
bution of differently sized molecules which justifies the
use of Eq. (2). But in the lag phase polydispersity is low
and the oligomers are adequately modelled as elongated
freely rotating rigid cylinders, so in this phase rotational
diffusion must be included. An expression for the auto-
correlation function for freely rotating rigid cylinders for
arbitrary values of the length of the scattering vector, g,
relative to the length, L, of the cylinder is given by
Schmitz (1990) (see also Russo 1993):

gV =Ae P T 2]+ 1)B(gLye VI (9)
j=0

where A is a normalization constant, B; is a sum of Bessel
functions as described in Schmitz (1990) and D, is the
rotational diffusion coefficient given by

3k T(in(p) + )
Dy=———7——
oyl
where y=—0.662+0.917/p—0.050/p%. In Eq.(9) the
translational diffusion coefficient D, changes gradually
from D, =D (given by Eq. (8)) whengL~1to D,=0.75D
when g L =40 (Russo 1993).

(10)

Fitting of autocorrelation spectra from the first phase
of fibrinogen polymerization

It is necessary to know the weight concentration (C,) of
polymerized fibers in order to calculate the apparent mo-
lar mass (M) from Eq. (4). This value can be considered
to be equal to the initial weight concentration of fibrino-
gen at late stages of fibrin formation. However, during the
slow first phase of fibrin polymerization (Ending after
700-1500 s; Figs. 4 and 6) it was calculated that thrombin
(130 pM) converted only 40—65% of the fibrinogen to
desA-fibrin, when it was assumed that k_,,/K _ (25°C) is
two fold lower than k., /K, (37°C)=1.09- 10" M 15!
for the thrombin-catalyzed release of fibrinopeptide A
(Lewis et al. 1985). This gives T,,,=980s, in agreement
with experimental data of Blombéick and Okada (1982)
and Wiltzius et al. (1982). In order to correct for the pres-
ence of fibrinogen during the first phase of fibrin polymer-
ization the length and mass per length of fibrin oligomers
are derived from the light scattering data using a sum of
three terms for gV(t): The oligomers are represented by
the term given in Eq. (9) for cylinders including rotational
diffusion, fibrinogen is represented by an exponential
term with an exponent containing the known diffusion
cocfficient for fibrinogen and an amplitude calculated
from the time dependent weight concentration and
M, =340 000. The third term is the usual “dust term” with
a fixed relaxation constant:

gV(t)=A,e 2.0 Y (2j+1)B;(qL)e /Ut VDot
j=0
+A3€_F3t. (11)

This procedure resulted in satisfactory y? values in the
first phase i.e. for lengths less than 20 times that of the
monomer (Fig. 5).

Fitting of autocorrelation spectra from the second and third
phase of fibrinogen polymerization

As mentioned, the autocorrelation function including ro-
tational diffusion is only meaningful up to a certain
length of the cylinder (for a given concentration of
protein) because free rotation of the individual cylinders
is eventually hindered by their neighbors (Maguire 1981).
This restricts the use of Eq. (11) to the first phase. Fitting
the autocorrelation spectra using Eq. (1) with the theoret-
ical function given in Eq. (2) should, as previously ar-
gued, be restricted to the second and third phase. Howev-
er, it was also chosen to fit the autocorrelation spectra
from the first phase in this way in order to obtain the
amplitude A, the average diffusion coefficient 1/(1/{D,>)
and the polydispersity (through the value of ) in a uni-
form way for the entire time course. Results are shown in
Figs. 1 and 5. Finally, using Eqgs. (4)~(8) the radius and
length of the cylinder are obtained. To obtain agreement
with the measured diffusion coefficient for fibrinogen
equal t0 0.21 - 10~ m? s~ ! at 20°C (Van der Drift et al.
1983) a cylinder of 46 nm long and 3.4 nm in cross sec-
tional diameter with a hydration layer of 2.6 nm was used
giving a diameter of 8.6 nm. The values for the hydrated



Liu

\-f
al P

CR
‘'t F 3
3 B 4
2 ]
2 r ]
) 1
s 0 E
< ]
g 0-
8 o0 .
F o]
[ o& ]
10-1 b— : : —_— ]
i ° ]

102

T T
)

101

TTTTT

L1l

100 OB 0

Mass per length (relative units)

o |

2500

B

4500

10-1

1 1 i
3500 5500 6500

Time (s)

1
500 1500

Fig. 1. Polynomial fits (solid curves) to data (circles) for relative
length A and relative mass per length B of fibrin fibers versus time
during thrombin induced polymerization and single-chain t-PA-me-
diated fibrinolysis. The data for relative length and relative mass per
length were obtained via the cylinder model and fitting of the auto-
correlation functions using Egs. (1) and (2) throughout the time
course. Fibrinogen (150 nM), Lys’8-plasminogen (50 nM) and Val-
Leu-Lys-pNA (600 um) in Tris buffer were incubated at 25°C in a
thermostated cuvette. Fibrin formation and plasminogen activation
were initiated by simultaneous addition of thrombin (130 pM) at
t-PA (3pM) in the same buffer. Length (panel A) and mass per
length (panel B) are both given relative to fibrinogen. The loga-
rithms of values for length or mass per length versus time (obtained
at 30 s intervals) were fitted with polynomials. This was done after
dividing the time course into three sections (0—1600 s, 1600—4800 s
and after 4800 s) with overlapping regions (plus/minus 5 spectra
equivalent to 150 s). The data points in the early slow first phase of
fibrin assembly were fitted with a first order polynomial while the
data points in the two following sections were fitted with 6th to 10th
order polynomials. For further details see Materials and methods

and dry volume thus obtained are in agreement with pub-
lished values (Van der Drift et al. 1983; Montejo et al.
1992). This hydration was used in the least squares fits at
all stages of the polymerization and degradation of fibrin.
The hydration can be converted to an equivalent mass
density of 0.12 gcm ™2 whereby the mass per length is
derived.

In order to reduce noise fluctuations between consecu-
tive values (obtained at 30 s intervals) of the length or
mass per length so that a meaningful time derivative of
the value could be made and in order to ensure maximal
curve continuity the logarithm of the length or mass per
length data as a function time were fitted with polynomi-
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Fig. 2. Definition of specific times for length (light scattering) and
plasmin generation. Panel A shows the first order derivative of time
course of length shown in Fig. 4D. The derivative curve was arbi-
trarily normalized to have a maximum value of 1. It was used to
define the onset time of sudden increase (¢;) and the time of maximal
rate of decrease (#4) in length. The time ¢, is the intercept between
the time axis and the tangent at the half maximum point before the
maximum of the derivative plots and ¢z, is the time of the minimum
of the derivative plots. The ¢, and ¢, values for mass per length and
turbidity, respectively, were defined in the same way (sec Materials
and methods). Panel B shows the first order derivative of the plas-
min generation curve in Fig. 8 (upper panel). This derivative curve
reflecting the first order rate of plasmin formation versus time was
used to define the onset time of plasmin generation (¢,) and the
cessation time of plasmin generation (¢,) which were the intercept
between the time axis and the tangent at the half maximum before
and after the maximum rate of plasmin formation, respectively

als. This was done after dividing the time course into
three sections with overlapping regions (plus/minus 5
spectra equivalent to 150 s). An example of a data fit is
shown in Fig. 1. The data points in the early slow phase
of fibrin polymerization were fitted with a first order
polynomial while the data points in the two following
sections were fitted with 6th to 10th order polynomials.
The values of length or mass per length versus time were
transformed to produce derivative plots (4s/At versus
time (z,,)) normalized to have a maximal value of As/
At=1; As is the change in length or mass per length over
the fixed time interval Ar=r,—¢, (=305s) and 7 =
(z; +1,)/2. These derivative plots were used to define the
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onset time of sudden increase (¢;) and the time of maximal
rate of decrease (z,) in either length or mass per length
(Fig. 2A). The time ¢ is the intercept between the time
axis and the tangent at the half maximum point before
the maximum in the derivative plots and ¢, is the time of
the minimum in the derivative plots.

Cryo transmission electron microscopy

The time course of fibrin polymerization and degradation
was followed by cryo electron microscopy by withdraw-
ing 10 pl of the reaction solution at given times after
addition of thrombin and t-PA. The samples withdrawn
were then immediately placed on a “holey” carbon grid
and rapidly immersed in liquid ethane. The cryo transfer
system (Gaton model 626, Pleasanton, CA, USA) was
used to transfer the specimen to a Philips EM 400 elec-
tron microscope fitted with a minimum dose kit. Images
taken at magnification 46k were recorded on film S0163
(Eastman Kodak Co).

Assay of plasminogen activation kinetics and change in
[ibrin turbidity during t-PA-mediated fibrinolysis

The time course of plasmin generated from plasminogen
activated by t-PA and change in fibrin turbidity were
measured simultaneously with 30 s intervals by a HP
model 8452A diode array spectrophotometer (Hewlett
Packard, Rockville, MD, USA) or a Shimadzu 60
spectrophotometer, selecting the wavelengths 404, 434
and 474 nm (Suenson and Petersen 1986). The amount of
plasmin formed was calculated from the rate of release of
pNA from Val-Leu-Lys-pNA. Formation of pNA was
recorded at two different wavelengths (404 and 434 nm)
and the amount of pNA at any given time was calculated
from the absorbance difference 4,q,_,44 using the ex-
tinction, coefficient, &,9,_43,=7165M *cm™!. This
was done in order to minimize the influence of fibrin
(derivative) turbidity. The low amounts of plasmin gener-
ated at 3—13 pM t-PA made it necessary to subtract the
turbidimetric contribution of fibrin(derivative) to
A4oa-434- The value to be subtracted was calculated by
multiplying the absorbance at 474 nm (assumed to origi-
nate solely from light scattering) with a factor equal to
(474/404)3—(474/434). The validity of this correction
procedure is based upon a A~ dependency of turbidity of
fibrin derived from other studies (see for example Carr
et al. 1977, Hantgan and Hermans 1979). Data for num-
ber of moles plasmin formed per mol t-PA versus time
were fitted with 6th to 10th order polynomials (Fig. 8,
upper panels). The same data were used to construct
derivative plots reflecting the rate of plasmin formation
(4p/At) per mol t-PA versus time (7)), where Ap is the
increase in amount of plasmin over the fixed time interval
At=t,—t, (=305) and 1 =(¢; +1,)/2. These derivative
plots were used to define the onset time of plasmin gener-
ation and the cessation time of plasmin generation which
were the intercept between the time axis and the tangent
at the half maximum before and after the maximum rate
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Fig. 3. Experimental (circles) autocorrelation functions g'*'(r) and
corresponding fits (solid curves) taken at respectively, 624, 1270,
1430, 1590, 1930, 2610 and 3230 seconds (from left to right) after
addition of thrombin (130 pM) to a sample containing fibrinogen
(150 nM), Lys’®-plasminogen (50nM) and Val-Leu-Lys-pNA
(600 pm) in Tris buffer at 25°C. Values in parentheses refer to final
concentrations. Equations (1) and (2) for g'®(¢) and gV(¢), respective-
ly, were used (see Materials and methods). The experimental and
fitted g¥(r) was set to 1 at t=0

of plasmin formation, respectively (Fig. 3 B). The data
for turbidity (A,,,) versus time were plotted directly as
point-to-point line graphs (Fig. 8) or transformed to de-
rivative plots reflecting the rate of change in turbidity
versus time. The derivative plots were constructed in a
similar way as described for plasmin above. They were
used to define the onset time of sudden increase (¢;) and
the time of maximal rate of decrease (z,) in turbidity in an
analogous manner as described for the light scattering
data above (compare Fig. 2A).

Assay of plasmin-catalyzed degradation of '*3I-labeled
Jribrin to fragments X, Y and D during t-PA-mediated
fibrinolysis

This was done as previously described (Suenson and
Thorson 1988). The moieties distinguished as fragment X
by SDS-polyacrylamide gel electrophoresis were of
M ~225 000-290 000 as determined by supplementary
gel filtration of plasmin-degraded fibrinogen on Seph-
arose CL 6B (Pharmacia, Uppsala, Sweden) in 50 mm
Tris-HC], 300 mm NaCl (adjusted with NaOH to pH 7.7
at 25°C), using Dextran 2000 and high molecular weight
calibration kit (3, 158 000—669 000) from Pharmacia
(Suenson et al. 1990).

Results

Determination of the molecular mass and the diffusion
coefficient for fibrinogen by dynamic light scattering

The autocorrelation function for 150 nm fibrinogen, pH
7.5, ionic strength 0.15 and temperature 25°C has been
measured and analyzed with a least squares fit using



Eqgs. (1) and (2) (=1). The results (mean + SEM (n=15))
were a diffusion coefficient equal to (0.21+0.01) - 10~ 1°
m? s~ ! (corrected to 20°C) and a M, =332 000+ 30 000.

Dynamic light scattering spectra from fibrin monomer
assembly in the absence of t-PA

Autocorrelation functions were measured immediately
after addition of 130 pM thrombin to a sample containing
fibrinogen (150 nM), Lys’®-plasminogen (50 nm) and Val-
Leu-Lys-pNA (600 pm) in Tris buffer at 25°C. Values in
parentheses refer to final concentrations. Examples of fits
to the autocorrelation function during various stages of
polymerization after addition of thrombin are shown in
Fig. 3. In the gel phase the parameter f is significantly
lower than 1, typically about 0.7. The maximal value of
the length parameter L in the gel phase derived from
these fits (as described in the Materials and Methods
section) is about 28 um (610 times the value for fibrino-
gen). The maximal value for the mass per length in the gel
phase is about 100 times the value for fibrinogen (at ionic
strength 0.15 M and pH 7.7).

Estimate of the form factor for fully polymerized fibrin

The autocorrelation functions were measured at 6 differ-
ent angles (30°, 45°, 60°, 75°, 90° and 105°) for one fully
polymerized sample of fibrin 1h after addition of
thrombin. No time effect was observed when the mea-
surements at the six angles were repeated within one
hour. The data were analyzed with a least squares fit
using Eqs. (1) and (2). The ratio between the value of the
form factor at 30° and 105° (mean+SEM (n=10)) was
estimated, using Eq. (4), as the ratio between the appar-
ent weight average molar mass at 6=30° and §=105°
and was found to be 8 +2. For comparison a cylinder
model fit to the values of the apparent molar mass at 90°
predicts a ratio of 3.6 between 30° and 105°. The average
diffusion coefficient varied from 1.1-107** m? s7! at
105° to 5.8 - 10~ '* m? s~ ! at 30°. The polydispersity was
determined to be 0.4 (§=0.7) independent of angle.
The discrepancy between the measured and calculated
angular variation gives an indication of the limitation of
the cylinder model in the gel phase. However, in a recent
work (Farge and Maggs 1993) a theory was developed to
describe the autocorrelation function of semiflexible
- polymers. They relate the autocorrelation function to the
bending elasticity of a filament of the polymer and this to
the persistence length of the filament. For the relaxation
times observed here (See Fig. 3) and for the low concen-
tration of fibrinogen used Farge and Maggs (1993) pre-
dict that

g () = e~ et

where a is constant which scales with £~ /4, Our § value
of 0.7 is in agreement with the time exponent of 3/4 and
furthermore the ratio between the diffusion coefficient at
30° and that at 105° is consistent with a q® dependency in
the exponent of the first term in Eq. (2). From the theory
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of Farge and Maggs it follows that our length values are
likely to represent a persistence length for the linear
strands in the fibrin network.

Fibrin monomer assembly and plasmin-catalyzed fibrin
[fragmentation studied by laser light scattering

Figure 4 shows representative progress curves of length
and mass per length of fibers in the course of simulta-
neous fibrin monomer assembly and fibrin degradation at
different concentrations of single-chain t-PA (3—100 pm).
The progress curves can be divided into 3 phases, namely
the first phase with a slow rate of fibrin polymerization,
the second phase with a rapid rate of fibrin polymeriza-
tion and the third phase dominated by fibrin fragmenta-
tion.

During the first phase (ending after 700—1500 s), it is
necessary to correct for unmodified fibrinogen since it is
present in significant amounts. When this correction is
performed as outlined in Materials and Methods pro-
gress curves for the length and mass per length of fibrin
fibers are obtained as shown in Fig. 5. It is noticed that
objects with an average mass per length ratio of 2.5 rela-
tive to fibrinogen are formed right from the beginning and
that molar mass changes during the first phase are due
mainly to an increase in fiber length to an average value
of about 10 times the length of fibrinogen. These results
indicate that formation of short protofibrils dominates
the first phase.

The second phase sets in after about 700 s to 1500 s,
the longest delays, being observed at low t-PA concentra-
tions (Fig. 6). This phase is characterized by sudden in-
crease in both fiber length and mass per fiber length
(lateral aggregation) to maximum values which depend
on the t-PA concentration (Fig. 4). From 3 to 25 pm t-PA,
the maximal length (average of 3 experiments) decreases
from about 590 to about 320 and the maximal mass per
length (average of 3 experiments) from about 200 to about
80 relative to fibrinogen. The curves of length divided by
mass per length versus time in Fig. 5 show that the length
increases more rapidly than mass per length (first peak at
3-25 pMm t-PA).

The third phase dominated by fibrin fragmentation is
characterized by a decrease in both length and mass per
length, where the length reaches values less than 10 times
the value of fibrinogen and the mass per length gets close
to the value of fibrinogen (Fig. 4). The decrease in mass
per length sets in earlier than the decrease in length. This
is cvident from the curves reflecting length divided by
mass per length (Fig. 4, second peak at 3-25 pm t-PA)
and from the difference between the time of the maximal
rate of decrease of length and the time of the maximal rate
of decrease of mass per length (Fig. 6).

Fibrin monomer assembly and plasmin-catalyzed fibrin
Sfragmentation studied by cryo transmission electron
microscopy

Figure 7 shows electron microscopy pictures of the time
sequence of changes in fiber structure under the condi-
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Fig. 4 A—F. Progress curves of relative length and relative mass per
length of fibrin fibers during thrombin induced polymerization and
single-chain t-PA-mediated fibrinolysis. Shown are the polynomial
fits to the logarithm of the light scattering data (not shown) versus
time for the length (solid line), mass per length (dotted line) and the
length curve divided by the mass per length curve (dot dashed line).
The data for relative length and relative mass per length were ob-

tions of 13 pM t-PA used in the laser light scattering study
(Compare with Fig. 5 C). The specimen examined 915 sec.
after initiation of the fibrin polymerization reaction re-
vealed many small fibrin oligomers and a single relatively
thick, but very long, fibrin fiber (Fig. 7 A). Extensive later-
al aggregation is observed after 1780 s (Fig. 7B) and evi-
dent signs of plasmin induced fragmentation is seen after
2600 s and 3600 s (Fig. 7C, D). It is noticed that plasmin
degrades the fibers from within, resulting in conversion of
the fibrin fibers into long loose bundles (Fig. 7C). Later
they disintegrate into thin filaments (Fig. 7D). Figure 7B

Time (s)

tained via the cylinder model and fitting of the autocorrelation
functions using Egs. (1) and (2) throughout the time course. The
units and the assay conditions are the same as in Fig. 2. The vertical
lines indicate the times of cessation of plasmin formation. These
times were equal to the t, for mass per length + the median value
(715 s) for (z, (plasmin)—t,(turbidity)) from all data in Table 1. The
concentration of t-PA was 3 A, 6 B, 13 C, 25D, S0 E and 100 pm F

to 7D show branching of fibers, a feature which cannot be
derived from the light scattering measurements. Other-
wise the fibrin structures observed by electron microsco-
py are in good agreement with the laser light scattering
data.

Correlation of the rate of plasmin formation to structural
changes of fibrin during t-PA mediated fibrinolysis

Figure 8 shows the time courses of plasmin formation, gel
turbidity and fibrin degradation during fibrinolysis in-
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Fig. 5. The time course of length and mass per length relative to
fibrinogen in the slow first phase of fibrin polymerization during
single-chain t-PA-mediated fibrinolysis, after correction for the pres-
ence of fibrinogen using Eq. (1) for g®(¢) and Eq. (11) for g'¥(y).
Shown are data both without and with t-PA at 3, 6, 13, 25, 50 and
100 pM. A first order polynomial fit was made to the logarithm of the
values for the length (solid lower curve) and mass per length (solid
upper curve) versus time. The correction of the length and mass per
length of fibrin oligomers for the presence of fibrinogen was based
on the assumptions that the thrombin-catalyzed release of fibrino-
peptide-A was a first order reaction with a half-life of 980 s. Data
with relative length larger than 40 and mass per length larger than
6 and less than 1 were excluded

duced by 6 and 50 pM single-chain t-PA under conditions
identical to those used for measurements of laser light
scattering spectra. It is noticed that at both activator
concentrations plasmin generation sets in after a lag
phase, at the time where significant amounts of fibrin(ogen)
starts to be converted to fragment X (compare upper and
lower panels of Fig. 8). Maximal rates of plasmin forma-
tion are achieved when most of the fibrin is converted to
fragment X. We ruled out the possibility that the increase
in rate of plasmin formation could be related to conver-
sion of single chain t-PA to its two-chain form. In agree-
ment with the results obtained by others (Norrman et al.
1985; Petersen et al. 1988), identical rates of plasmin for-
mation versus time were found with single-chain and two-
chain t-PA, when analyzed at 6 or 100 puM activator (not
shown). The maximal rate of plasmin formation per mol
t-PA did not vary significantly with activator concentra-
tion. In experiments with single chain t-PA it was
0.027+0.0055~ 1, when analyzed at 3, 6, 13, 25, 50 and
100 pM activator (mean+SEM, n=4 for each activator
concentration). The maximal values were estimated from
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Fig. 6. Onset times (t;) of sudden increase in length (circles) and
mass per length (plus) and times (t,) of maximal rate of decrease in
length (squares) and mass per length (crosses) during single-chain
t-PA-mediated fibrinolysis. The data are from the experiments of
Fig. 4 and other similar experiments. The ¢(length) and t,(mass per
length) are defined as the intercept between the time axis and the
tangent at the half maximum point before the maximum of deriva-
tive plots (Fig. 2A) of the progress curves of length and mass per
length, respectively. The ¢4(length) and t4(mass per length) are de-
fined as the time of the minimum of derivative plots (Fig. 2A) of the
progress curves of length and mass per length, respectively. Least
squares regression analysis showed a significant shortening of t; for
both length (r=—0.875; P<0.001; n=18) and mass(r= —0.881;
P <0.001; n=18) with increasing t-PA concentration. Non-para-
metric Sign Test analysis using Minitab Statistical Software, version
8.0 (Minitab Inc., PA, USA) showed that the difference, t,(length)—
t(mass per length) ranging between —150 s and 40, was insignifi-
cant (P=0.48). An average time difference between t4(length) and
t{mass per length) of 288 + 76 s was determined

derivative plots reflecting the rate of plasmin formation
per mol t-PA versus time. These derivative plots (an ex-
ample is shown in Fig. 2B) were constructed from data
showing the amount of plasmin generated per mol t-PA
versus time (Experiments of Fig. 8 and other similar ex-
periments) as described in Materials and Methods. The
stimulation of plasminogen activation ceases when sub-
stantial amounts of fragment X are converted to Y- and
D-fragments (Fig. 8).

The main purpose of this study was to correlate the
time course of plasmin formation with the structural
changes of fibrin when analyzed by laser light scattering,
A precise correlation was impeded by the fact that the
data on plasmin formation (Fig. 8) and the light scatter-
ing data (Fig. 4) were obtained by analysis of separate
reaction mixtures. The problem was in part circumvented
by the simultaneous measurements of turbidity and plas-
min formation in the same reaction mixtures and by the
use of the turbidity measurements as a link to the light
scattering data. The validity of this approach was based
on the fact that turbidity reflects mainly mass per length
of fibers (lateral aggregation) (Carr and Hermans 1978). A
comparison of the time courses of plasmin generation and
turbidity shows that plasmin formation sets in just prior
to the sudden increase in turbidity at 50 and 100 pm t-PA
(4 out of 6 experiments), while it sets in shortly after the
time of the sudden increase in turbidity in most experi-
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Table 1. Onset time (¢,(plasmin)) and cessation time of plasmin gen-
eration (¢ (plasmin)) related to onset time of sudden increase in
turbidity (t(turbidity) and maximal rate of decrease in turbidity
(¢4(turbidity)), respectively, during fibrinolysis induced by single-
chain t-PA

t-PA (t;(plasmin)— n (¢t (plasmin)— n
conc. (pM)  ti(turbidity)) (s) t(turbidity)) (s)
3 430 (230-680) 4
6 225 (100-490) 6 1020 (940-1100) 2
13 125 (50-200) 4 400 1
25 20 (—440-90) 4 660 (480—860) 3
50 —25(—390-100) 6 785 (420-970) 6
100 —140 (—280-10) 4 675 (630-790) 4

The data [median (range)] are derived from the experiments of Fig. 8
(upper and middle panels) and other similar experiments. The
t(plasmin) and t (plasmin) are defined as the intercept between the
time axis and the tangent at the half maximum before and after the
maximum of derivative plots reflecting the rate of plasmin formation
versus time (Fig. 3B). The ¢(turbidity) and t4(turbidity) are defined
in the same way as the analogous parameters for length and mass
per length, respectively. (See legends to Tables 1 and 2)

ments at lower activator concentrations (Fig. 8 and
Table 1). Assuming, that the onset times of sudden in-
creases in turbidity (Fig. 8) and in mass per length of
fibrin fibers (Fig. 4) are comparable, it can be inferred that
plasmin formation at the high t-PA concentrations sets in
at the stage where short protofibrils are present (Fig. 5),
while at the low t-PA concentrations plasmin formation
sets in after the onset of lateral aggregation (Fig. 4).

Fig. 7A-D. Cryo transmission electron micros-
copy of fibrin fibers during t-PA-mediated fibri-
nolysis. Fibrinogen (150 nM), Lys”®-plasminogen
(50 nm) and Val-Leu-Lys-pNA (600 pm) in Tris
buffer were incubated at 25°C. Fibrin formation
and plasminogen activation were initiated by
simultaneous addition of thrombin (130 mm)
and t-PA (12.5 pm) in the same buffer. Values in
parentheses refer to final concentrations. Speci-
mens for electron microscopy were taken 915 s
A, 1780 s B, 2600 s C and 3600 s D after addi-
tion of thrombin and t-PA. Turbidity measure-
ments performed on the same sample which was
used for cryo electron microscopy gave a time
of 1230 s for the half maximal value of turbidity
before the increase in turbidity and a time of
3280 s for the half maximal value of turbidity
after the decline in turbidity

Plasmin generation ceases 715 s (median value) after
the time of maximal rate of decrease in turbidity at all
concentrations of activator (Table 1). Assuming that the
maximal decrease in the rate of turbidity reflects the max-
imal rate of decrease in mass per length it can be inferred
that the mass per length of fibrin fibers at cessation of
stimulation of plasminogen activation is about the same
as that of fibrinogen at all concentrations but 3 pm of t-PA
and that the length decreases from about 300 to about 3
times that of fibrinogen when the t-PA concentration is
increased from 3 to 100 pm (Fig. 4).

Discussion

In the present study fibrin structures were related to the
stimulatory effect of fibrin on plasminogen activation
during t-PA-mediated fibrinolysis. Structural studies
were undertaken by analysis of static and dynamic laser
light scattering spectra, cryo transmission electron mi-
croscopy and by analysis of plasmin-cleavage of fibrin to
X-, Y- and D-fragments. The stimulatory effect of fibrin
was analyzed by measurement of the time course of plas-
min formation. Very low concentrations of thrombin
(130 pm) and t-PA (3—100 pM) were used to initiate fibrin
formation and fibrin degradation, respectively. At these
low concentrations the proteolytic processes were slowed
down sufficiently to enable the characterization of fibrin
structures in the course of the reciprocal improvement of
fibrin stimulation of plasminogen activation and the plas-
min-cleavage of the fibrin.
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Fig. 8. Progress curves of plasmin formation, fibrin polymer turbid-
ity and plasmin degradation of !?°I-labeled fibrin during single-
chain t-PA mediated fibrinolysis. Fibrinogen (150 nm), Lys”®-plas-
minogen (50 nM) and Val-Leu-Lys-pNA (600 pm) in Tris buffer were
incubated at 25°C in a thermostated cuvette. Fibrin formation and
plasminogen activation were initiated by simultaneous addition of
thrombin (130 pM) and t-PA 6 pM (left panels) or 50 pM (right panels)
in the same buffer. Values in parentheses refer to final concentra-

The process of fibrin polymerization and fibrin degra-
dation can be divided into 3 phases. During the entire first
phase (ending after 700—1500 s) the average mass per
length of fibers was about 2.5-3 times that of fibrinogen,
while the average fiber length increased to a value of
about 10 times the length of fibrinogen (Fig. 5). This is
consistent with the results obtained by others that the first
phase of fibrin polymerization is governed by formation
of short oligomeric protofibril structures, resulting from
self-association of desA-fibrin monomers or association
of desA-fibrin monomers and fibrinogen (Jamney et al.

500 1000 1500 2000 2500
time (s)

tions. Plasmin concentrations (upper panels) and fibrin turbidity
(middle panels) were monitoring continuously and simultancously in
the same reaction mixtures. Plasmin concentrations were calculated
from the rate of release of pNA as described in Materials and
methods. Plasmin degradation of *2°I-labeled fibrin (Jower panels)
was monitored in separate reaction mixtures. *2°I-Labeled fibrin (e),
fragments X (m), Y (a) and D (v) were quantified as described in
Materials and methods

1983; Hantgan et al. 1983; Lewis et al. 1985; Medved’
et al. 1990; Shainoff and Dardik 1983; Wilf and Minton
1986; Wolfe and Waugh 1981; Weisel and Nagaswami
1992). The second phase of fibrin polymerization and
fibrin degradation was characterized by a sudden increase
in both fiber length and mass per length (lateral aggrega-
tion) of fibers (Fig. 4). This sudden change in rate of fibrin
polymerization is compatible with the results obtained by
others and conforms with the fact that protofibrils have to
reach a certain length before lateral aggregation of fibers
takes place (Janmey et al. 1983; Hantgan and Hermans
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1979; Hantgan et al. 1993; Medved’ et al. 1990; Wilf and
Minton 1986, Wolfe and Waugh 1981; Weisel and Na-
gaswami 1992).

The value of the length parameter L in the gel phase
derived from the cylinder model fits (as described in the
Materials and Methods section) is in the range of 10 to
50 pm and does not represent a true length of the fibers
(this is true for the gel state, independent of the t-PA
concentration) but rather an equivalent length of a rigid
cylinder. The relationship between the structure of a gel
and its scattering and hydrodynamic properties has not
been worked out. However, as shown by Carr and Her-
mans (1978) the scattering at 90° follows the behavior of
elongated rods even in the gel state. The mass per unit
length obtained from gel permeation, light scattering and
turbidimetry (Carr et al. 1977; Carr and Hermans 1978)
at the concentration of fibrinogen used here was 130 times
the value for fibrinogen (assuming a value of 7400 Dal-
tons per nM for fibrinogen) at ionic strength=0.15 M and
pH 7.4. When no t-PA is present the maximal value of

"about 100 for the mass per length in the gel phase (at ionic -

strength 0.5 M and pH 7.7) is in good agreement with the
above cited value of 130.

As stated in the results section the maximal values
achieved for length and mass per length of fibrin fibers
decrease with increasing t-PA concentration (Fig. 4) re-
sulting from a higher rate of plasmin formation and a
higher rate of conversion of fibrin to fragment X (Fig. 8).
This is consistent with the fact that early plasmin-cleav-
ages of fibrin in both the NH ,-terminal(B)f-chains and in
the COOH-terminal (A)x-chains in the course of frag-
ment X formation impair fibrin polymerization sites
(Medved’ et al. 1986; Shen et al. 1977; Siebenlist et al.
1990). The third phase of fibrin polymerization and deg-
radation was characterized by extensive plasmin-cleav-
age reducing fiber length to less than 10 times the length
of fibrinogen and fiber thickness to values close to the
value obtained for fibrinogen. Fiber length decreased lat-
er than the fiber thickness (Figs. 4 and 6) indicating that
the fibers primarily dissociated into long thin bundles.
This agrees with cryo electron microscopy of specimens
which showed that plasmin degraded fibrin fibers from
within, resulting in conversion of the fibers into long loose
bundles (Fig. 7C). Later, the loose bundles disintegrate
into thin filaments (Fig. 7 D). During the third phase frag-
ment X was converted to fragments Y and D (Fig. 8).

Significant formation of plasmin was found to set in
close to the onset time of the sudden increase in turbidity
(Fig. 8 and Table 1). In most experiments at 50 and 100
pM t-PA, the onset time of plasmin generation preceded
the onset time of the sudden increase in turbidity, while at
concentrations less than 50 pM t-PA the onset time of
plasmin generation sets in after the time of the sudden
increase in turbidity. Assuming, that the onset times of
sudden increases in turbidity (Fig. 8) and in mass per
length of fibrin fibers (Fig. 4) are comparable (Carr and
Hermans 1978), it can be inferred that plasmin formation
at the high t-PA concentrations sets in at the stage where
short protofibrils with a length of about 10 times that of
fibrinogen dominate (Fig. 5), while plasmin formation at
the low t-PA concentrations sets in after the onset of

lateral aggregation (Fig. 4). The onset of plasmin forma-
tion after the onset of lateral aggregation at the low-PA
concentrations was associated with a later onset of the
stage where the maximal rate of plasmin formation was
achieved (Fig. 8). This was most likely related to the slow-
er rate of generation of fragment X-polymer at the low
than at the hight concentrations of t-PA and to the corre-
spondence between the amount of fragment X and the
rate of plasminogen activation (Suenson et al. 1990). Ap-
proximately the same value for the maximal rate of plas-
min formation per mol t-PA (=k_, /(1 + K /[Lys’3-plas-
minogen])) was attained at all concentrations of activator
(see results section). This value agrees with that which can
be calculated from the reported kinetic data on activation
of Lys”®-plasminogen by t-PA in the presence of fragment
X-polymer (Suensen etal. 1990). Plasmin formation
ceased 400—1020 s after the time of the maximal rate of
decrease of turbidity (Table 1), which was assumed to be
comparable with the maximal rate of decrease of mass per
length. At this stage, the mass per length of fibers was
about the same as that of fibrinogen (except at 3 pm t-PA)
and the length ranged from about 300 to about 3 relative
to fibrinogen, the longest fibers being formed at the low
activator concentrations (Fig. 4). The cessation of plas-
min formation was correlated with extensive degradation
of fragment X to fragments Y and D, confirming the re-
sults of Suenson et al. (1984, 1990).

Both the D- and the E-region of fibrinogen have been
reported to contain binding sites for t-PA (Bosma et al.
1988; Hasan et al. 1992; Weitz et al. 1991) and plasmino-
gen (Bosma et al. 1988; Varadi and Patthy 1983, 1984;
Wiman et al. 1979). In addition a t-PA binding site has
been located in the coiled coil region of the Aa(148—160)-
chain (Yonekawa et al. 1992). These binding sites appear
to be masked in intact fibrinogen, but to be exposed dur-
ing thrombin and plasmin modification of the fibrinogen
molecule. It has been reported that soluble (DD)E com-
plex is an effective stimulator of plasminogen activation
(Hasan et al. 1992; Weitz et al. 1991). It is very likely that
the DDE regions of the fragment X protofibrils play a
decisive role for the binding of t-PA and plasminogen and
the subsequent optimal stimulation of plasminogen acti-
vation.

In agreement with the results reported by Gaffney
et al. (1983), the onset time of the sudden increase of fibrin
assembly shortened with increasing concentration of
t-PA (Fig. 1). This may be explained by the recent obser-
vation that t-PA can catalyze the release of fibrinopep-
tides A and B from fibrinogen, fibrinopeptide B being
cleaved off at the highest rate (Weitz et al. 1988). Another
possibility may be that very early plasmin-cleavage of
fibrin protofibrils increased the rate of lateral aggregation
of protofibrils. It has been demonstrated that under cer-
tain conditions the rate of fragment-X polymerization is
higher than the rate of fibrin polymerization (Sato and
Weisel 1990).

In conclusion our results indicate that (1) formation of
short fibrin protofibrils is the minimal requirement for the
onset of the stimulatory effect of fibrin on plasminogen
activation by t-PA, (2) formation of fragment X pro-
tofibrils is sufficient to induce optimal stimulation of



plasminogen activation, and (3) plasmin degrades later-
ally aggregated fibrin fibers from within resulting in the
conversion of the fibers into long loose bundles, which
later disintegrate into thin filaments.
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