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We present a kKinetic assay based on the use of fluo-
rescein isothiocvanate (FITC)-labeled fibrinogen as a
fluoroactive substrate. The multiple FITCs bound to f-
brinogen experienced quenching due fo their close
proximity. The thrombin-induced polymerization of
FITC-fibrinogen led to additional fluorescence quench-
ing due to enhanced neighber—neighbor interacfions in
protofibrils and protofibril aggregates. The initial rate
of quenching was directly dependent on the thrombin
concentration at either low or high ionic strength. The
final extent of quenching during polymerization with
thrombin could be modulated by prevailing ionic
strength and thrombin concentration suggesting that
the quenching was due to fibril extension as well as ag-
gregation. The full extent of quenching was greatly re-
duced by addition to the reaction of unlabeled fibrino-
gen or Gly-Pro-Arg-Pro, as expecied for gquenching dae
to neighbor-neighbor interactions. In contrast to poly-
merization, cleavage of fibrinogen by plasmin released
FITC-labeled fragments free of proximity-based
guenching that resulted in a large intensity increase as
lysis proceeded——a process itermed deguenching. The
majority of the dequenching signal during fibrinogeno-
lysis ocecurred during the generation of fragment X
which proceeded as a first-order process with respect to
fibrinogen-bound plasmin with k... = 0.479 s, The K
of active plasmin to fibrinogen was calculated to he 0.42
#M. Addition of c-aminocaproie acid {(cACA)-plasmin
complex to FITC~fibrinogen produced little dequench-
ing, demonstrating a requirement for binding in order
to initiate lysis. Also, addition of excess :ACA after
plasmin-mediated Bbrinogenolysis was initiated re-
suited in a dose-dependent inhibition of dequenching,
indicating that plasmin can be desorbed from fibrino-
gen either by <ACA disruption of the fibrinogen—plas-
min complex or by cACA capiure of desorbing plasmin,
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Similar to fbrinogenolysis, dequenching occurred in a
plasmin-dependent manner during lysis of polymerized
fibyin fibers in suspension. The use of Auocrescently ia-
beled fibrinogen as a luoroactive substrate for plasmin
or thrombin will allow kinetic analysis of very dilute
systems where (i) the presence of the lysine binding
sites and (ii) steric phenomena are critical—two situa-
tions where small chromogenic peptide substrates are
unsuited. © 1995 Academie Press, Ine.

Chromogenic and fluorogenic substrates have been
widely used to assay the activity of proteases such as
plasmin (1). These substrates are small peptides with a
relatively low-affinity interaction with plasmin (K, >
160 uM) and are cleaved rapidly by plasmin (k. ~ 10-
40 5}, Although useful, chromogenic substrates do not
directly yield kinetic information regarding the action of
fibrin-bound plasmin on cleavage sites within the o, 8,
and v strands of fibrin(ogen). Given the competition of
glu- and lys-plasminogen and glu- and lys-plasmin for
lysine binding sites (LBS)? in fibrin and LBS generation
during lysis (2—4), kinetic analysis of these complex re-
action mixtures would benefit from substrates that allow
binding while simultaneously producing a signal related

The complex and dynamic nature of fibrin{ogen)olysis
has prevented.quantifative kinetic analysis, although
the reaction pathway is well established (5-7). Briefly,
plasmin binds fibrinogen (340 kDa) and initially cleaves
several sites inthe C-terminus of the « chains of fibrin-
ogen and the B{Arg,—Alag) bonds to yield fragment X
{240-265 kDa}, The cleavage of a ¥{Lyss—-Args:) bond in
late fragment X-—which has cleaved o(Lysg—Aspg)
of alArgis-Aspis} and B{Lyses—Aspin) or G(Lys;sa-

2 Abbreviations used: LBS, lysine binding sites; FITC, fuorescein
iscthioccvanate; BSA, hovine serum slbumin.
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Aspia,) bonds—yields fragment Y (155 kDa) and frag-
ment D {70-100 kDa). Finally, the cleavage of the second
vy{Lysg—Args:) bond of fragment Y results in the gener-
ation of fragment E (50 kD}a} and the second fragment. DD,
both of which can undergo further degradation. During
fibrin(ogen) degradation, plasmin can cleave over 30
cleavage sites in a fairly specific order {8) while generat-
ing additional lysine binding sites. About 10 of these
cleavage sites are considered kinetically significant (9).
It has been observed that under some conditions coarse
fibers of fibrin lvse faster than fine fibers (10). These
multiple processes contribute to the complexity of ki-
netic analysis and the reliance on lumped indicators
such as percentage lysis to indicate selubilization. An
added complexity to the kinetic study of lytic processes
is the presence of cryptic binding sites in fibrinogen that
are revealed in intact fibrin as well as the different
affinity of plasminogen toward fibrin and fibrinogen.
The kinetics and mechanisms of fibrinogenolysis and
fibrinolysis are different. During later stages of lysis, as
the contributions of carboxy terminal lysine binding
sites become important, the kinetics of fibrinogenolysis
and fibrinolysis may share some common aspects,

The basic mechanisms and kinetics of fibrin pelymer-
ization and fibrin structure formation are well studied
(11,12). In general, thrombin releases fibrinopeptide A
with subsequent protofibril extension of staggered
monomers with an eguivalent of two monomers per unit
length of protofibril. The slower release of fibrinopeptide
B by thrombin is associated with lateral aggregation to
form thick fiber bundles containing many protofibrils.
Under high salt conditions (0.3 M NaCD the rate of pro-
tofibril extension is kinetically favored leading to a
transparent {fine} gel of thin fihers (13-15). Physiologi-
cal levels of salt (0.1 M NaCl) allow for aggregation
events to compete successfully with protofibril exten-
sion, resulting in turbid (coarse) gels. Polymerization at
low levels of thrombin or elevated Ca®' levels results in
thicker fibers (13,16). Within the fiber, the density of
fibrin is about 210 mg/mi for fine fibers (17) and 280 mg/
m] for coarse fibers (14,17). This fibrin density is almost
two orders of magnitude greater than the bulk concen-
tration of fibrinogen which is 3 mg/mi (8.8 uM} in plasma
prior to polymerization.

An additional challenge in studying fibrinolytic rates
is the heterogeneous nature of a fibrin gel. Significant
time is required for proteins to diffuse into gels or clots
and kinetic measurements under these conditions likely
contain diffusion limitations (18,19). Pressure-induced
permeation of lvtic agents into fibrin helps to overcome
these limitations and leads to large enhancement of fi-
brinolysis (20). Kinetic studies of fibrinolysis are most
easily analyzed in well-mixed systems that do not con-
tain concentration gradients. Dilute suspensions of fi-
brin fibers are suited for this purpose and have been used
(21,22} for kinetic analysis. Fiber suspensions provide a
suitable approach for the study of intrinsic kinetics

without influence of the rates of diffusion and permea-
tion through fibrin structures.

We present a kinetic assay based on the use of fluo-
rescein isothiocyanate (FITC)-labeled fibrinogen as a
Auorcactive substrate. The multiple FITCs bound to fi-
brinogen experienced quenching due to their close prox-
imity as first noted by Genton ef al. (23). Cleavage of
fibrinogen by plasmin releases FITC-containing peptide
fragments that were free of proximity-based quenching,
resulting in a large intensity increase as lysis pro-
ceeded—a process termed dequenching. In contrast,
thrombin-induced polymerization of FITC-fibrinogen
led to fluorescence quenching due to enhanced neigh-
bor-neighbor interactions in protofibrils and protofibril
aggregates. The extent of quenching during polymeriza-
tion with thrombin was dependent on the extent of pro-
tofibril extension and aggregation. By egploiting fluo-
rescence quenching, fluorescently labeled fibrinogen can
be used as a fluoroactive substrate for plasmin or throm-
hin. In this approach, binding and macromolecular
structures of fibrin and fibrinogen are maintained and
kinetic phenomena can be studied in well-mixed systems
at nanormolar concentrations.

MATERIALS AND METHODS
Reagenits

Purified human thrombin (Sigma) was obtained as a
Iyophilized powder (specific activity: 3000 NIH U/mg).
The thrombin was dissolved in high-purity water at 200
NTH U/m), aliquoted, and frozen at —75°C. Lyophilized
human fibrinogen (grade L, Kabi AB) was dissolved in
0.05 M tris(hydroxymethyllaminomethane (Tris-HCD,
pH 7.4, and dialyzed at 4°C against 0.05 M Tris-HCl con-
taining 0.1 or 0.3 M NaCl for 18 h with 1-liter changes
every 6§ h. The solution was centrifuged at 2000g for 20
min (4°C) and the supernatant was frozen in small ali-
guots at ~75°C. Purified human plasmin (American Di-
agnostica Inc.} was reconstituted, centrifuged at 2000g
for 20 min (4°C), and stored at —75°C, Fluorescein iso-
thiocyanate, isomer I (FITC) was obtained from Molec-
ular Probes, For the labeling reaction (24), fibrinogen
{10 mg/ml} was incubated with FITC (1 mg/ml} with
continuous stirring for 1 h at 22°C in a labeling buffer
of 0.1 M sodium bicarbonate (pH 9.0). The reaction was
stopped with hydroxylamine (0.15 M final concentra-
tion) after which the FITC-fibrinogen was dialyzed ex-
tensively in the dark at 4°C and stored at —75°C. Nonre-
duced FITC-fibrinogen had an apparent size of 320 to
340 kDa as indicated by SDS/PAGE. Reduction of
FITC-fibrinogen produced full-length a, 3, and v chains
of 67, 55, and 47 kDa, respectively, indicating the molec-
ular integrity of the « chain in the preparation,

SDS/PAGE and Fluorescence Scanning

Small samples were removed from fibrinogenolytic re-
actions at various times and promptly heated at 95°C for
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5 min in SDS running buffer [TE buffer (pH 8.0), 2% (v/
v} SDS, 8 M urea, + 1% {v/v) S-mercaptoethanol]. The
sampies were run on 0.5-mm-thick, 4 to 15% polyacryl-
amide gels (Pharmacia PhastGel) and scanned using an
epifluorescence microscope with a 10X objective {Leitz
Aristoplan). The Buorescence emission was directed at
an intensified CCD eamera (Dage MT1), recorded digi-
tally using an 8-bit frame grabber (Data Translation,
Inc.), and evaluated using NTH Image 1.49 software. Fol-
lowing fluorescence scanning, the gels were developed
using a silver staining kit (Pierce, Ine¢.) according to
manufacturer’s Instructions and analvzed using scan-
ning densitometry.

Reaction Conditions and Fluorimetry

The buffer for polymerization and lysis experiments
contained 0.1 or 0.3 M NaCl, 0.05 M Tris-HCIL, 5 mM
CaCl;. Cuvettes were preincubated with 10 uM BSA for
30 min to minimize adsorption. FITC-fibrinogen had
stable fluorescence emission with little variation for sev-
eral hours. To produce suspensions of fibrin fibers,
thrombin {final concentration 1 U/ml} was mixed {(for 5
s) into dilute fibrinogen {80 nM) selutions at 0.1 0r 0.3 M
NaCl after which the polymerization was monitored un-
til fluorescence quenching was complete and stable for
1 h. The daily-made fiber suspensions yielded a highly
repeatable extent of quenching and were stable for sev-
eral hours as indicated by the stability of the fluores-
cence signal. Small volumes of the fiber suspension were
then pipetted into 2.4 ml of the reaction buffer and
monitored for 200 to 400 s to establish the Auorescence
baseline before addition of plasmin or other reagents.
Fluorescence was measured in a Perkin~-Elmer L5-50 lu-
minescence spectrometer.

We have carried out structural evaluation of these fi-
brin suspensions. Using epifluorescence microscopy or
digitally enhanced DIC microscopy {100, 1.32 NA pla-
napo objective lens with 1.4 NA oil immersion con-
denser), we visualized the fibrin formed during polymer-
ization of dilute fibrinogen solutions. Long, thin fibrin
fibers with lengths of b to 20 gm were easily visualized
by epifiourescence. The diameter of these fibers was
likely less than ~100 nm since they were just barely vis-
ible by contrast-enhanced DIC microscopy. We also ob-
served loose aggregated forms { ~10 uimn in size) of fibers,
but these loose structures would not be expected to hin-
der enzyme penetration into the aggregate.

RESULTS

Fibrinolysis or fibrinogenolysis is a multistep and
heterogeneous reaction process which includes the
transport by diffusion or permeation of the enzyme into
fibrin, the binding of reactive species to fibrin, and irre-
versible catalytic reactions on the solid fibrin phase. In
this study, the reactions occurred under well-mixed con-
ditions. Addition of 10 nM of plasmin to 20 nM of FITC-
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FIG. 1. Fluorescence intensity {at 516 nm) of 20 oM FITC-fibrin-

ogen upen addition of 10.0 nM plasmin (top curve), demonsirating
rapid dequenching that occurred during fibrinogenolysis. Rapid
guenching was seen when 20 nM FITC-fibrinogen was polymerized by
addition of 1.0 U/ml thrombin (bottom curve}. The resulting
quenched fibrin was rapidly degraded and dequenched upon addition
of 10.6 nM plasmin, reaching 2 maximum flucrescence emissian iden-
tical to that of degraded FITC-fibrinogen. Reaction eonditions were
.05 M Tris-HCI, 0.1 3 NaCl, 5 mym Calll, (pH 7.4, 22°C).

fibrinogen resulted in an immediate increase in fluores-
cence emission, reaching a final level that was 2.0-fold
above the baseline intensity {Fig. 1). Addition of 1 U/
m] of thrombin to 20 nM of FITC-fibrinogen caused an
immediate quenching of the fluorescence emission to a
final level that was 0.7 times the initial intensity. Addi-
tion of 10 nM plasmin to the polymerized fibrin caused
immediate dequenching to a final extent that was iden-
tical to the final extent of dequenched degraded fibrin-
ogen (Fig. 1). The FITC bound to fibrinogen experienced
significant quenching as indicated by a red shift of 5 nm
of maximum fluorescence emission compared to the
maximum emission of pure FITC at 516 nm. We ob-
served a repeatable blue shift (1.0 nm) during the
breakup of fibrinogen under conditions of dequenching.
This relatively small shift was likely due to the fact that
the FITCs on the protein fragments remained fairly
guenched compared to FITC in free solution. During po-
lymerization of fibrinogen, red shifts were consistently
observed but were less than 0.5 nm which also indicated
that the FITC on the fibrinogen was quenched under
resting eonditions.

Fibrinogen Polymerization

The addition of thrombin to FITC-fibrinogen led to a
rapid and dose-dependent reduction of fuorescence
emission due to quenching. At these extremely low con-
centrations of species (<40 nM) the solutions were opti-
cally elear and the drop in fluorescence was not due to
turbidity or scattering effects during polymerization.
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FIG. 2. Dependence of fluorescence intensity of 30 nm FITC-fibrinogen upon addition of 0.1 te 1.6 U/ml thrombin at 0.1 M NaCl {A} or 0.3
M NaCi (B). A slight and identical dilution of the reaction mixtiure occurred at 200 s with the additien of thrombin as indicated by the arrow.
Fhaorescence intensities were normalized by initial intensity o eliminate small variations {<3%) in the initisl eoncentration of FITC-fibrin-
ogen. Addition of varying amounts of uniabeled fibrinogen to 36 nM FITC-fibrinogen prior to addition of 8.5 U/ml thrombin resulted in a
substantial attenuation in the final extent of quenching during polymerization of Sbrinogen at 9.1 M NaCl (C) or 0.3 8 NaCH (D).

Release of fibrinopeptide A and B by thrombin caused no
dequenching of the FITC moieties on fibrin monomers.
Also, the release of FPA and FPB by thrombin was not
expected to cause quenching, which suggests that fi-
brinogen and fibrin monomers have the same fluores-
cence emission.

The initial rate of quenching was dependent on the
initial concentration of thrombin for 30 nM fibrinogen
polymerized at 0.1 M NaCl (Fig. 24) or 0.3 M NaCl (Fig.
2B). At the lewest concentrations of thrombin used, a
significant lag time was observed before dequenching
proceeded. After the generation of sufficient monomer
and protofibril extension, lateral aggregation of fibrils
proceeded. Omee dequenching began, the maximum rate
of dequenching with time appeared to be largely inde-
pendent of thrombin concentration as seen for similar

maximum slopes on curves in Figs. 2A or 2B. Also, the
final extent of quenching appeared to be modulated by
the final thickness of the fiber. At low thrombin concen-
tration and low salt, the thicker fibers that formed (after
a significant lag) resulied in a greater final extent of
quenching compared to the thinner fibers formed at high
thrombin concentration (Fig. 2A). In high salt, which fa-
vors the formation of thin fibers, the modulation of the
final extent of quenching by adjusting the thrombin con-
centration was qualitatively similar to the findings with
low salt, but the final differences were much smaller.
This may be due to the fact that fibers are relatively thin
when formed at high salt conditions, their thickness
only weakly dependent of thrombin concentration.
However, at all thrombin concentrations, the lag phase
was considerably longer in high salt buffer than that in
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low salt, suggesting the importance of lateral aggrega-
tion during dequenching, since protofibril extension is
fast at high salt conditions. This was consistent for po-
lymerization conditions that favored protofibril exten-
sion and very thin fibers (>0.3 M NaCl, high thrombin,
and low CaCl;) which had very long lag phase, but ulti-
mately produced a final extent of quenching similar to
that seen in Figs. 2A and 2B (data not shown). When
quenching achieved its maximal rate at a given stage of
the polymerization, there was litile difference between
that rate for low and high salt concentrations,

The addition of unlabeled fibrinogen to the reacting
mixture attenuated the thrombin-induced quenching in
a dose-dependent manner (Figs. 2C and 2D)—the exact
opposite would be expected for a scattering-based mech-
anism of loss of fluorescence signal. Increasing the con-
centration of unlabeled fibrinogen reduces the prob-
ability of two FITC-fibrin monomers either being
incorporated sequentially in a protofibril or interacting
within a given cross section of fiber. Increasing the unla-
beled fibrinogen in the reaction altered the initial
quenching rate slightly (at constant thrombin concen-
tration) and reduced the final extent of quenching in a
dose-dependent manner. At 5:1 ratio of unlabeled to la-
beled fibrinogen, the quenching during polymerization
was completely eliminated in fine fibers (Fig. 2C) while a
small amount of quenching occurred at this ratio during
polymerization of coarse fibers {Fig. 2D). This is consis-
tent with an increased probability of two or more labeled
FITC-fibrin monomers guenching each other in a thick
fiber cross section compared to the quenching probabil-
ity in a thin fiber cross section which contains less fibrils.
Thus, the quenching during polymerization is due to a
mechanism involving molecular proximity which is
achieved by two processes: fibril extension and fibril ag-
gregation.

Fibrinogenolysis

The action of plasmin on FITC-fibrinogen produced
a large increase in fluorescence intensity in a plasmin-
dependent manner. The degradation events which re-
sulted in dequenching were studied via SDS/PAGE. Flu-
orescence scanning of a late digest separated by SDS/
PAGE indicated that each major fragment was fluores-
cent. The major extent and most rapid rate of dequench-
ing occurred at the earliest reaction times which corre-
lated temporally with the degradation of fibrinogen to
fragment X species during the first three minuties of the
reaction (Figs. 3A and 3B}. Fragment Y first.-became vis-.
ible by silver-stained SDS/PAGE after 3 min when over
50% of the dequenching had already occurred. Fis
Y reached its mazimal concentration between 10-and
min after digestion was initiated when the dequench
rate had already slowed considerably. The obtainment
of the final extent of dequenching was seen at 60 min
and occurred concomitantly with the presence of the last
remaining fragment X in the digestion.
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FIG. 3. Flucrescence intensity of 250 nM FITC-fibrinogen and 750
nM unlabeled fibrinogen upon addition of 10 nM plasmin {A}. Smali
samples were removed at varicus times during fibrinogen degradation
(as indicated by arrow) and subjected to SDS/PAGE, silver staining,
and densitometry. Density scans are shown for variocus times of the
reaction (B). During the reaction, fibrinogen (F) was degraded to frag-
ment X, Y, D, and E as indicated.

During fibrinogenolysis, the total fluorescence emis-
sion at any time is related to the amount of fluorescent
fibrinogen and the amount of individual fiucrescent deg-
radation products in the sample. The intensity of fluo-
rescence emission F{t) is described by

F(t) = alfbg(t)y] + 2 i- [FDPi{#)], (1]

where
i=X,Y,D E, ete. and
o = F(0}/[thg(®)] at £ = 0,

The majority of the dequenching oceurs temporally dur-

generation of fragment X. Thus, an initial reac-
ﬁé?lysis would relate the rate of dequenching
Wi e first reaction step—the rate of fragment X gen-
eration. We conclude that all degradation fragments
have approximately the same fluorescence intensity per
molecule, 3, which is justified by the fact that the de-



88 WU AND DIAMOND

quenching signal reaches steady state long before lysis is
complete—conversion of the Y fragment to D fragment
produced little additional dequenching. Plasmin degra-
dation of one fibrinogen molecule ean produce at least
three dequenched fragments that include a single X frag-
ment and at least two small fragments from the carboxy
terminus of the « chains. For the reaction where plasmin
converts one quenched fibrinogen molecule to n de-
quenched fragments {(of different size, but same ) with
n 2 3, Eq. {1] becomes

F(t) = a[fbg{t)] + 8. |n dequenched fragment {(£)] {2a]
or

Fit) = alfbg(t)] + 8- [X(1)] i2b]
where

g =Bnand
§ = Fon/lfbg(0}] as all fibrinogen ~» X.

Diiferentiating Eq. [2b] where [fbg(0)] = [fhg(t}] +
[X(#}], the rate of dequenching is related to X generation
by Eq. [3]. One measure of the consistency of this ap-
proach is that the expression [fbg(D]/(F(0) — Fou)
which is equal to 1/{e — #') remained constant as ex-
pected, regardless of reaction conditions.

i dF _dlfbg] _ _ d[X]
{0 — ) dt df dt

(31

For kinetic analysis whers reversible binding and disso-
ciation oceurred by distinct binding sites separate from
the catalytic site, the rate of complex formation is de-
scribed by (19)

d[plm"}/dt = k{plm"] (B — plm"] — A[pim"], [4]

where the total available plasmin binding site concen-
tration, #,,, is equal to ¢-[fbg] and g = 2 initially for two
plasmin binding sites per fibrinogen molecule (25). At
all times, the free plasmin concentration [plm’} plus the
bound plasmin concentration [plm”] is equal to the ini-
tial plasmin concentration [plm°]. For rapid binding
that equilibrates quickly (d[plm®}/dt = 0), the concen-
tration of bound plasmin is given by:

[plm®] = (K, + [plm®] + glfbg"])/2

_ V(K + [pIm°] + qlfbg"])* - 4 qlfhg”][plm®
2

I 151

and the initial reaction rate is given as:
v keat" [pimh}' [6]

Using this model, as the initial concentration of fibrin-
ogen increases to very large values {at constant plasmin
concentration), the maximum reaction rate goes 10 Unax
& k- 1pim°l. As the initial plasmin concentration in-
creases (at constant fibrinogen concentration), the max-
irmum reaction rate goes to v, = ke - ¢[fbg"l.

300000 -

Eqn. Sand 6
Kog » 3479 sec
Kg - 0.42 oM

200000
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T H
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Fi(i. 4. Reciproeal plot showing the effect of fibrinogen concentra-
tion on plasmin-mediated fibrinogenolysis. Various concentrations of
FITC-fibsinogen from 1.25 to 20 M were digested with 1.0 nM plag-
min. The initial rate of dequenching (dF/dt) was related to the rate of
fragment X getieration (dX/dt, 1d/3) using Eq. [3} in the text. I all
instances, initial rates were highly linear (r? > 0.998) for over 70 s after
addition of plasmin. The theoretical curve using Egs. [5] and [6] is
shown for b, = G479 s 'and K, = 0.42 pM.

Using 1 nM plasmin and varying concentrations of fi-
brinogen from 1.25 to 20 nM, we conducted a kinetic
analysis for the generation of fragment X. A reciprocal
plot is given for the initial rate of fragment X generation
{Fig. 4) calculated from Eq. 3. A linear regression of the
experimental data allowed direct calculation of the v,
and a determination of k., = 0.479 5!, Using Eqgs. [5]
and [8], the K, of active plasmin binding to fibrinogen
was then calculated to be .42 M.

Although enzyme assays are typically conducted un-
der conditions of excess substrate, the sensitivity of flu-
orescence-based systems allowed the study of excess
plasmin on nanomolar concentrations of fibrinogen.
The fibrinogen substrate has two binding sites for plas-
min, each with fairly high affinity for plasmin. Thus, it
is expected that under the conditions of excess plasmin,
these binding sites can be saturated with plasmin. This
was indeed observed experimentally for the initial stage
of the reaction when the ratio of plasmin to fibrinogen
exceeded twice that of the initial concentration of fi-
brinogen (Fig. 5}. Using values of k., = 0.479 87! and K,
= 0.42 uM obtained previously, we accurately predicted
with Eqs. [5] and {8] the kinetic rates for reactions where
the plasmin/fibrinogen ratic was less than one. A large
deviation from the model was observed when the plas-
min was in excess of the initial fibrinogen. Given the
number of lysine binding sites per fibrinogen molecule,
the measured reaction rates reached saturation at the
expected plasmin concentrations, but the value of that
maximum rate was considerably less than predicted.
This may be due to the very short linear regime of the
initial rate and the rapid destruction of fibrinogen such
that the assumption of loeal binding equilibrium does
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rate of fragment X generation using Eq. [3] in the text. In all in-
stances, initial rates were highly linear (r? > 0.997) for over 10 s after
addition of plasmin. The theorstical curve using Eqgs. [5] and [6] is
shown for k. = 0.479 s and K, = 0.42 M.

not hold or the initial concentration of fibrinogen cannot
be used in Eq. [5] since it drops so rapidly at high plas-
min concentration.

We found that preincubation of plasmin with ¢ACA
{10 M) prior to addition to fibrinogen greatly reduced
the dequenching rate which suggests that plasmin must
bind fibrinogen in order to initiate lysis (Fig. 6A). Thisg
preparation of eACA-plasmin remained active on chro-
mogenic substrates {chromozym PL}. Addition of excess
¢ACA after plasmin-mediated fibrinogenolysis was initi-
ated resulted in a dose-dependent inhibition of de-
quenching (Fig. 6B}, Addition of eACA {10 mM) immedi-
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ately inhibited the progression of fibrinogenolysis as
indicated by the cessation of dequenching. This indi-
cated that plasmin can be removed from fibrinogen ei-
ther by eACA disruption of the fibrinogen-plasmin com-
plex or by eACA capture of desorbing plasmin. Addition
of 10 nM plasmin to a mixture of 10 mM ¢ACA and 20 nMm
FITC-fibrinogen resulted in a competition between free
plasmin binding with fibrinogen and plasmin binding
with ¢éACA. Tn that competition, some plasmin was able
to bind fibrinogen as indicated by the initial rate of de-
quenching (data not shown}.

Fibrinolysis

During fibrinolysis, the dequenching of dissolving fi-
brin is more difficult to deseribe since the initial state of
the substrate is quenched by three mechanisms: interac-
tions within the monomer, monomer—monomer intersc-
tions in the protofibril, and fbril-fibril interactions in
the fiber. During fibrinoclysis, the monomers in the fibrils
are degraded with subsequent loss of fibril/fiber struc-
ture. The early dequenching during fibrinolysis is due to
the loss of quenching in the fibril/fiber and the genera-
tion of dequenched degradation products. The initial
rate of dequenching was very similar for lysis of coarse
and fine fibers (Fig. 7) and was dependent on the con-
centration of fibrinogen used at constant plasmin con-
centration. As seen in Fig. 1, the final dequenched state
of lyzed fibrin {noncrosslinked) achieved a final Auores-
cence emission identical to the final dequenched state
of lyzed fibrinogen. A kinetic analysis as conducted for
fibrinolysis was not possible since various factors influ-
ence the rate of dequenching; however, the initial rate of
fluorescence change for FITC-fibrin appeared similar to
that seen for FITC-fibrinogen.
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FIG. 8.  Addition of cACA-plasmin complex to FITC-fibrinogen caused essentially ne dequenching in comparison an equal amount of plasmin
{1.0 nM) added to FITC-fibrinogen (A). Addition of 0.1 to 10 mM ¢ACA to fibrinogen {20 nM} undergoing degradation by plasmin {1.0 nM)

resuited in a dose-dependent inhibition of dequenching (RB).
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PIG. 7. Effect of fibrin concentration on the initial rate of de-
guenching by 6.0 nM plasmin, FITC-Bbrinogen (80 nM) was polymer-
ized using 1.0 U/ml thrombin at 0.1 M NaCl (coarse) or 0.3 M NaCl
{fine) to create fibrin fibers. Aliguots of the polymerization mixture
0.5 to 30 nM equivalent FITC—fibrin monomer) were resuspended in
a reactipn buffer prior to addition of plasmin. in all instances, initial
rates were highly linear {r* > 0.996) for over 40 s after addition of
piasmin.

DISCUSSION

Extensive data are available for the kinetics of chro-
mogenic substrate cleavage by glu- and lys-plasmin,
However, these types of experiments do not allow the
exploration of binding interactions and macromolecular
structure that are critical to the regulation and rate of
fibrinolysis. Lysis experiments are difficult to follow in
real-time and typically require the use of isotopes and
electrophoretic separations, The use of a fluorescence
quenching and dequenching assay allows the real-time
monitoring of very dilute systems (nM)} under well-
mixed conditions. The results of the polymerization and
lysis assays that we conducted were qualitatively and
guantitatively similar to optical density measurements
condueted at micromolar concentrations of fibrin{ogen).

In considering the molecular proximity of monomers
in the fibril and the nature of quenching of fine and
coarse fibers, we suggest that the quenching during po-
lymerization is due to fibril extension with fiber aggrega-
tion playing an additional important role. The deconvo-
lution of the signal was not possible. Nonetheless, the
guenching is the result of molecular proximity of labeled
monomers at a “crowdedness’’ not achieved in solution
prior to polymerization. Although the fiber aggregate is
80% water and the fibrils in the fiber are on average sep-
arated by significant distances {(~5 to 25 nm}, the fibrils
may transiently interact closely, resulting on average
with an aggregate-based quenching.

Based on electron microscopy analysis of fibrin,
Veklich et al. {26} recently demonstrated that the car-
boxy-terminus domain of the & ehains (aC) of fibrinogen
are in close proximity to each other and to the E domain.

These workers report that the o«C domains move away
from each other and from the E domain upon generation
of the fibrin monomer (FPA and FPB release), but that
«C domains of monomers closely interact during poly-
merization. These structural changes observed by elec-
tron microscopy are consistent with our ohservation
that (i} fragment X generation from fibrinogen or fibrin
results in strong fluorescence dequenching and (ii) poly-
merization leads to fluorescence quenching. The confor-
mational changes of the «C domain away from the E do-
main during fibrinopeptide release (26) would be
expected to produce dequenching in our assay system.
Dequenching during thrombin polymerization was not
observed, perhaps due to masking by the large quenching
that accompanies polymerization. We have found that
pelymerization of FITC-fibrinogen by 1 U/ml of throm-
bin in the presence of 0.1, 10, and 100 uM Gly-Pro-Arg-
Pro—a peptide that prevents polvmerization {27)—re-
duced in a dose-dependent manner the rate and extent
of quenching associated with polymerization. Over 80%
of the thrombin-induced quenching was prevented when
100 uM GPRP was added before polymerization, Under
conditions of inhibited polymerization using 100 M
GPRP, we observed only a very small amount of de-
quenching (~1% increase in fluorescence} upon fibri-
nopeptide release by 1 U/ml thrombin. The nonspecific
nature of the FITC labeling used in the assay may have
precluded the adequate probing of more subtle intramo-
lecular conformational changes that have been observed
by electron microscopy {26).

There are little kinetic data available for the actual
rate constants of fibrinolysis. Such determinations
would require information regarding dvnamic bound
plasmin concentrations, dynamic binding site concen-
trations, and release rates of plasmin from degraded fi-
brin. We have used a kinetic analysis based on the as-
sumption of local binding equilibrium to estimate the
rate of fragment X generation during plasmin-mediated
fibrinogenolysis as dX/df = .479 s7. [bound plasmin].
This rate of fragment X generation is considerably
slower than that seen for the cleavage of chromogenic
substrates. However, the avidity of active plasmin bind-
ing to fibrinogen is fairly strong compared to that of
chromogenic substrates. We calculated the K of active
plasmin binding to fibrinogen to be (.42 uM which is con-
sistent with the measured value of active-site inhibited
glu- or lvs-plasmin binding to fibrin (K, = 0.5 to 10 uM)
{28) or the binding of lys-plasminogen to fibrin (K, =
0.32 uM) (25). However, Lucas et al. (25} found that lys-
plasminogen had a very weak interaction with fibrino-
gen (K; = 1 mM). Our study with ¢ACA suggests that
during early lysis when the fibrinogen is largely intact
(little Y, D, or E generated}, the action of bound plasmin
can be blocked with excess ¢ACA in a dose-dependent
and rapid manner (Fig. 6B). This suggests that plasmin
can be desorbed from degraded fibrinogen either by
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¢ACA disruption of the fibrinogen-plasmin complex or
by ¢ACA capture of transiently desorbing plasmin.

The dequenching method for following fibrinolysis
and fibrinogenolysis reported the earliest kinetic event
prior to complete degradation. In no experiments was a
lagtime detected after plasmin was added to the samples.
In future work, it may be possible to isolate and fluores-
cently label fragment X or ¥ such that these fragments
would be suited for the kinetic study of X to Y and ¥ to
D + E conversion. Coupled with measurements of ad-
sorption/desorption rate constants, fluorescence de-
quenching may be useful for the evaluation of intrinsic
rates based on the bound concentrations of enzyme.

In summary, the quench and dequench assay method
exploits the sensitivity of fluorescence detection allow-
ing the measurement of kinetic phenomena using rea-
gent concentrations at the nanomolar level on sub-
strates of physiological relevance. A single substrate
(FITC-fibrinogen) can be used for study of fibrinogen
polymerization, fibrinogenolysis, or fibrinolysis. Addi-
tionally that assay is easily adapted for studies of plas-
minogen activation on FITC-fibrin. When the binding
and macromolecular complex formation are important,
the use of Auorescence quenching and dequenching as-
say provides for possibilities not obiainable with chro-
mogenic or fluorogenic substrates.
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