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Background: Elevated levels of extracellular DNA and aberrant fibrinolysis occur in a range of severe diseases.
Results: DNA competes with fibrin for fibrinolytic enzymes. DNA stimulates fibrin-independent plasminogen activation and
increases enzyme susceptibility to serpins.
Conclusion: DNA is a macromolecular template that both potentiates and inhibits fibrinolysis.
Significance: Understanding the interaction of DNA with the fibrinolytic system could improve the outcomes of fibrinolytic
therapy.

The increased levels of extracellular DNA found in a number
of disorders involving dysregulation of the fibrinolytic system
may affect interactions between fibrinolytic enzymes and inhib-
itors. Double-stranded (ds) DNA and oligonucleotides bind tis-
sue-(tPA) and urokinase (uPA)-type plasminogen activators,
plasmin, and plasminogen with submicromolar affinity. The
binding of enzymes to DNA was detected by EMSA, steady-
state, and stopped-flow fluorimetry. The interaction of dsDNA/
oligonucleotides with tPA and uPA includes a fast bimolecular
step, followed by two monomolecular steps, likely indicating
slow conformational changes in the enzyme. DNA (0.1–5.0
�g/ml), but not RNA, potentiates the activation ofGlu- and Lys-
plasminogen by tPA and uPA by 480- and 70-fold and 10.7- and
17-fold, respectively, via a template mechanism similar to that
known for fibrin.However, unlike fibrin, dsDNA/oligonucleo-
tides moderately affect the reaction between plasmin and
�2-antiplasmin and accelerate the inactivation of tPA and
two chain uPA by plasminogen activator inhibitor-1 (PAI-1),
which is potentiated by vitronectin. dsDNA (0.1–1.0 �g/ml)
does not affect the rate of fibrinolysis by plasmin but
increases by 4–5-fold the rate of fibrinolysis by Glu-plasmin-
ogen/plasminogen activator. The presence of �2-antiplasmin
abolishes the potentiation of fibrinolysis by dsDNA. At
higher concentrations (1.0–20 �g/ml), dsDNA competes for
plasmin with fibrin and decreases the rate of fibrinolysis.
dsDNA/oligonucleotides incorporated into a fibrin film also
inhibit fibrinolysis. Thus, extracellular DNA at physiological
concentrations may potentiate fibrinolysis by stimulating
fibrin-independent plasminogen activation. Conversely,
DNA could inhibit fibrinolysis by increasing the susceptibil-
ity of fibrinolytic enzymes to serpins.

Growing interest in the clinical effects of extracellular (EC)3
DNA and a report that EC DNA in the circulatory system
affects the fibrinolytic system (1) provide a strong rationale to
elucidate the mechanisms of interaction of DNA with compo-
nents of the fibrinolytic system. Fibrinolysins, including uroki-
nase plasminogen activator (uPA) and tissue-type plasminogen
activator (tPA), have long been used to treat a variety of throm-
botic conditions as follows: acute myocardial infarction (2, 3),
ischemic stroke (4), pulmonary emboli (5–7), organizing pleu-
ral effusions (8, 9), and acute respiratory distress syndrome (10,
11). An increase in the levels of ECDNA inplasma accompanies
a number of pathological states (12), including cancer (13),
myocardial infarction (14), stroke (15, 16), and trauma (17).
Increased levels of EC DNA also serve as a predictor of the
severity and clinical outcome in sepsis (18, 19), pulmonary
emboli (20, 21), and exudative pleural injury (22, 23) as well as
the mortality of critically ill patients in intensive care units (24,
25).
The major endogenous inhibitor of tPA and uPA, plasmino-

gen activator inhibitor 1 (PAI-1), is markedly increased in pleu-
ral loculation (26–28), myocardial infarction (29–34), acute
respiratory distress syndrome, and sepsis (35–37). High levels
of PAI-1 inhibit the fibrinolytic system and promote thrombo-
sis and uncontrolled fibrin deposition (38, 39). The level of
PAI-1 strongly correlates with the size of myocardial infarction
(40) and unfavorable outcomes in severe multiple organ failure
in sepsis, disseminated intravascular coagulation (41–44), and
pleural injury (26). It has been unclear as to whether there is a
molecular mechanism that connects physiological effects of
high levels of EC DNA and PAI-1 to the fibrinolytic system.
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A better understanding of the molecular mechanisms of
fibrin-independent activation of plasminogen (Plg) by tPA and
uPA and the effects of DNA on the reactions of fibrinolytic
enzymes with serpins is of potential clinical importance.
Although the activation of tPA by proteins, protein aggregates,
and macromolecular templates other than fibrin have been
described (45–49), to the best of our knowledge there are no
prior studies of the effects of DNA on fibrinolytic enzymes.
In this study, we investigated the effects of nucleic acids on

the activation of Glu- and Lys-Plg by tPA and uPA and on the
reactions between the serpins PAI-1 and �2-antiplasmin
(�2AP) and their target proteinases. DNAmarkedly accelerates
Plg activation by tPA in a manner similar to that previously
described for fibrin (50–55). Higher concentrations of DNA in
solution orDNA incorporated into the FITC-labeled fibrin film
(FITC-fibrin) inhibit fibrinolysis. Although dsDNA slightly
decreases the rate of reaction between plasmin (PL) and �2AP,
it affects the kinetics of the reactive center loop (RCL) insertion
because of the reaction of two-chain (tc) and single chain (sc)
tPA and tcuPA with S338C PAI-1 selectively labeled with
N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-2-
oxa-3-diazole (NBDP9PAI-1) and its complexwith vitronectin
(Vn). dsDNA caused no effect on the stoichiometry of inhibi-
tion (SI) of fibrinolytic proteinases by serpins.

EXPERIMENTAL PROCEDURES

Proteins and Reagents—Human recombinant WT sctPA
(Activase�) was obtained from Genentech (San Francisco);
sctPA was converted to tc form by treatment with immobilized
PL (Molecular Innovations, Novi, MI), as described previously
(56). Human recombinant tcuPA was a gift from Abbott; a
tcuPA activity standard (100,000 IU/mg) was purchased from
American Diagnostica (Stamford, CT). Human Glu- and Lys-
Plg, PL, �2AP, thrombin, and fluorogenic PL substrate were
obtained fromHematologic Technologies Inc. (Essex Junction,
VT). FITC-fibrinogen (FITC-Fbg; 3 mol of fluorescein per mol
of Fbg), FITC-tPA, FITC-uPA, and FITC-Plg were purchased
through Molecular Innovations (Novi, MI). Fluorogenic uPA,
tPA, and chromogenic PL substrates were acquired from Cen-
terchem Inc. (Norwalk, CT). Human Vn (2 mg/ml), purified
from plasma, was from Promega (Madison, WI). WT and
S338C (S338C mutation at position P9 of RCL) (P9 Cys) PAI-1
were purified and characterized as described elsewhere (56, 57).
P9 Cys PAI-1 was labeled with N-((2-(iodoacetoxy)ethyl)-N-
methyl) amino-7-nitrobenz-2-oxa-3-diazole as described pre-
viously (57, 58). The concentrations of tPA, uPA, or PAI-1 were
calculated fromabsorbance values at 280nm, usingMr values of
63,500, 54,000 and 43,000, and extinction coefficients of �280 of
1.90, 1.36, and 0.93 ml mg�1 cm�1, respectively. Protein con-
centration was also determined using a BCA protein assay kit
(Pierce). Human DNA, salmon DNA, RNA (Saccharomyces
cerevisiae), and bovine serum albumin (BSA) were purchased
from Sigma. Custom oligonucleotides (oligo(dT)20; oli-
go(dT)65, oligo(dAT)10 (a 20-mer containing 10 AT repeats);
oligo(dAT)33 (a 66-mer containing 33 AT repeats); and
TEX615-oligo(dAT)33, (an oligonucleotide labeled with red
wavelength dye TEX615 at the 5� end) were synthesized by
Integrated DNA Technologies Inc. (Iowa City, IA). All experi-

ments were carried out in 0.05 M Hepes/NaOH buffer (pH 7.4)
with or without NaCl (20–200 mM) and/or BSA (1 mg/ml).
Measurement of uPA, tPA, and PL Amidolytic Activity—

Amidolytic uPA and tPA activities were determined from time
traces of the change in fluorescence emission at 440 nm (exci-
tation 344 nm) of fluorogenic uPA- and tPA-based substrates
(Pefafluor uPA benzyl-�-Ala-Gly-Arg-7-amino-4-methylcou-
marin AcOH and tPA CH3-SO2-D-Phe-Gly-Arg-7-amino-4-
methylcoumarin AcOH, respectively; Centerchem Inc. (Nor-
walk, CT)) in 0.05 M Hepes/NaOH (pH 7.4) as described
previously (59). PL activity was measured using either fluoro-
genic (6-amino-1-naphthalenesulfonamide-based) D-Ala-Phe-
Lys-ANS-NH-iC4H9�2HBr (HTI, Essex Junction, VT) or chro-
mogenic (p-nitroanilide (pNA) based)H-D-Ala-CHA-Lys-pNA
2AcOH (Centerchem Inc., Norwalk, CT) substrates (0.5 mM).
Activitywasmeasured in eitherwhite 96-well flat bottomplates
from Costar (Corning Inc.) or Pro-Bind 353915 (BD Biosci-
ences). PL activity was calculated from an increase in either
fluorescence emission at 470 nm (F470) (excitation at 352 nm),
using a Varian Cary Eclipse fluorescence spectrophotometer
(Varian Inc.), or in absorbance at 405 nm (A405), using a Spec-
traMax 96-well optical absorbance plate reader (Molecular
Devices, Sunnyvale, CA). Enzymes with a known specific activ-
ity were used as standards.
Effect of DNA on the Rate of Plg Activation—Glu- or Lys-Plg

(0–20�M)was incubated in 50�l of 0.05MHepes/NaOHbuffer
(pH 7.4) (1 mg/ml BSA) with 1 mM chromogenic (Sc) (37 °C) or
fluorogenic (Sf) (room temperature) PL substrate in 96-well
plates. To study the effects of DNA, RNA, or oligonucleotides
on Plg activation, increasing amounts of the ligand were added
to the reaction mixture 10–20 min prior to PL activity mea-
surements. The reaction was started by adding 50 �l of 0.05 M

Hepes/NaOH (pH 7.4) (1 mg/ml BSA), containing 0.01–2.0 nM
tPA or uPA. Changes in PL activity in the reaction mixtures
were monitored using either a SpectraMax or Varian Cary
Eclipse. Initial increases in A405 and F470 were proportional to
the square of time (t2) as follows: F470 � A1 B1 kcat [E] [Plg]
t2/2(Km � [Plg]) � C1; and A405 � �405 B2 kcat [E] [Plg] t2/
2(Km � [Plg]) � C2; respectively, where E is tPA or uPA. For
fluorescence measurements, A1 represents changes in F470
(8.3 � 106 AU M�1 determined experimentally for the linear
part of the dependence of F470 on [6-amino-1-naphthalenesul-
fonamide], which corresponds to the complete digestion of 1 M

of Sf), B1 � kS1 [Sf]/(KS1m � [Sf]), where kS1 � 220 min�1, and
KS1m corresponds to the hydrolysis of Sf by PL. For A405 mea-
surements, �405 is the extinction coefficient for pNA generated
from Sc (determined experimentally for the 96-well plate assay)
andB2� kS2 [Sc]/(KS2m� [Sc]), where kS2� 680min�1,KS2m�
440�M, and �405� 6.16� 103M�1 correspond to the hydrolysis
of Sc by PL. C1 and C2 correspond to the nonspecific degrada-
tion of Sf or Sc, respectively, and their hydrolysis by PL impuri-
ties in the Plg sample. Therefore, the slopes of the linear depen-
dences of the concentration of the products of the hydrolysis of
the fluorogenic (6-amino-1-naphthalenesulfonamide) and
chromogenic (pNA) substrates (determined from F470 and
A405, respectively) with t2 are equal to 0.5B v (where v is the rate
of PL generation (v � kcat [E] [Plg]/(Km � [Plg]) and B corre-
sponds to B1 and B2 for Sf or Sc, respectively). kcat and Km were
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calculated fromdouble-reciprocal plots of the rate of PL forma-
tion v by tPA or uPA and Plg concentration (0.025–1.0 �M). A
linear equationwas fit to the data, and the x and y axis intercepts
were �1/Km and 1/Vm, respectively. The values of kcat were
calculated as Vm/[E].
Pleural Fluids and Isolation of Total Nucleic Acids—Pleural

fluids (PFs) were collected as described previously (26). Total
DNA was purified from 100 �l of human PF (pneumonia (PN),
lung cancer (LC), empyema (EMP), and congestive heart failure
(CHF); n � 2–3 per group) using a DNeasy blood and tissue kit
fromQiagen (Valencia, CA) as described in the manufacturer’s
protocol. The amounts and size distribution of DNAwere esti-
mated by A260 and agarose gel electrophoresis (EGel, 0.8%,
Invitrogen) and visualized and analyzed using Molecular
Imager supplemented with Quantity One (version 4.2.3) soft-
ware (Bio-Rad).
Electrophoretic Gel Mobility Shift Assay—Ability of tPA,

uPA, Plg, and PL to bind oligonucleotides and TEX615-oligo-
(dAT)33 was assessed by EMSA using 6% DNA-retardation
PAGE (Invitrogen) and 4% agarose E-gels (Invitrogen). Reac-
tion mixtures (10 �l) contained oligonucleotide (0.08–0.4 �M)
and enzyme (0.25–10 �M) in a 10 mMHepes/NaOH buffer (pH
7.4), with 0.5�OrangeDNA loading dye (Fermentas,GlenBur-
nie, MD) or in 0.5� TBE (pH 8.0) buffer (Invitrogen) with 100
mM NaCl and 0.5� Orange DNA loading dye. The mixtures
were incubated for 10 min at room temperature, loaded in 6%
DNA-retardation PAGE, and resolved as described in theman-
ufacturer’s protocol (Invitrogen). At the end of the run, gels that
contained unlabeled oligonucleotides were incubated in
ethidium bromide for visualization. SimplyBlue SafeStain
(Invitrogen) was employed to visualize protein bands, accord-
ing to the manufacturer’s protocol. In parallel experiments,
mixtures (20 �l) containing oligonucleotides with a final con-
centration of 3 �M and various concentrations tPA or uPA
(0–16 �M) in 10 mM Hepes/NaOH buffer (pH 7.4) were sub-
jected to agarose electrophoresis. Mixtures were incubated at
room temperature for 10min and loaded on a 4%E-gel contain-
ing ethidium bromide and resolved as suggested by the manu-
facturer’s protocol. The gels were then visualized and analyzed
using a Molecular Imager supplemented with Quantity One
(version 4.2.3) software (Bio-Rad).
Fluorescence Titration—The effects of dsDNA and oli-

go(dT)65 on the intrinsic tryptophan fluorescence emission of
tctPA and tcuPA at 340 nm (excitation at 290 nm) were studied
as described previously (60, 61). The effects of dsDNA and
TEX615-oligo(dAT)33 on the fluorescence emission of FITC-
tctPA and FITC-tcuPA at 520 nm were studied in a similar
manner. Briefly, ligands (L) (dsDNA or oligonucleotides) were
added to 0.6–1.0ml of the enzyme solution (20–100nM) in 0.05
Hepes/NaOH buffer (pH 7.4) with 20 or 200 mM NaCl in a
quartz cuvette (wave pathway of 1 cm) at 25 °C. Fluorescence
emission spectra (excitation at 290 (tryptophan) or 493 (FITC)
nm)were recorded at 25 °C using a Varian Cary Eclipse fluores-
cence spectrophotometer equipped with a Peltier thermocon-
troller (Varian Inc.). The changes in fluorescence emission at
340 (tryptophan) or 520 (FITC) nm (�F) induced by ligands
were calculated as 100�(F � Fmin)/(F0 � Fmin), where F0, Fmin,
and F are fluorescence emission before, at saturation, and after

the addition of the indicated amount of ligand, respectively.
The changes in fluorescence emissionwere plotted against [oli-
gonucleotides] or dsDNA concentrations (�g/ml). The values
of the apparent dissociation constants (Kd) were calculated as
the concentration of the oligonucleotide that induced half of
the maximal quenching of the fluorescence emission by fitting
hyperbolic Equation 1,

�F � 100 � [L]/(Kd � [L]) (Eq. 1)

to the data using SigmaPlot 11.0.
Stopped-flow Kinetics of Interaction between tPA, uPA, and

Oligonucleotide—Changes in the fluorescence emission
detected through a 650-nm cutoff filter (excitation at 493 nm)
resulting from interaction between TEX615-oligo(dAT)33
(20–40 nM) and FITC-tctPA or FITC-tcuPA (0.12–0.70 �M)
was employed to study the kinetics of the interaction of plas-
minogen activators with DNA. FITC proteins were mixed with
TEX615-oligo(dAT)33 in amicrovolume stopped-flow reaction
analyzer (model SX-20, Applied Photophysics Ltd., Leather-
head, UK), equipped with a fluorescence detector and a ther-
mostated (25 °C) cell. Pro-Data Viewer software (Applied
Photophysics Ltd.) was employed to fit single, two-, and three-
exponential equations to the data to find the best fit. The values
of the observed first-order rate constants (kobs) were calculated
from the traces by fitting three-exponential Equation 2,

Ft � F� � A1 � e � �kobs1	t) � A2 � e � �kobs2	t � A3 � e � �kobs3	t (Eq. 2)

where Ft is the fluorescence emission at time t, F∞ the final
fluorescence (arbitrary units, AU); kobs and A the observed rate
constants and amplitudes, respectively, to the changes in the
fluorescence emission recorded at different [FITC-enzyme].
Dependences of kobs on [FITC-enzyme] were plotted using Sig-
maPlot 11.0. Linear (kobs � k�1 � k1�[FITC-enzyme]) and
kobs � constant or hyperbolic (kobs � klim�[FITC-enzyme]/
(K0.5 � [FITC-enzyme]) equations were fit to the data, where k1
and k�1 are rate constants for formation and dissociation of the
initial enzyme�DNAcomplex; constants are the rate constant of
the monomolecular step, which is independent [FITC-en-
zyme]; klim is kobs at infinite [FITC-enzyme], and K0.5 is the
[FITC-enzyme] at kobs � klim/2).
Effect of DNA on Rate of RCL Insertion for the Reaction of

NBD P9 PAI-1 with tPA and uPA—Time-dependent inactiva-
tion of tcuPA, sc, and tctPA was measured by incubating vari-
ous amounts of the enzyme (0.02–2.5 �M) with 5–20 nM NBD
P9 PAI-1 (or its complex with Vn) in the presence of DNA
(2–20 �g/ml). SX-20 (Applied Photophysics Ltd.) was used to
record time changes in NBD fluorescence emission through a
515-nm cutoff filter (excitation at 490 nm). kobs values were
calculated from the traces by fitting a single exponential equa-
tion (Ft � F∞ � Ae�(kobs)t) using Pro-Data Viewer software
(Applied Photophysics Ltd.) to the recorded changes in the
NBD fluorescence. Ft is the fluorescence emission at time t; F∞
is the final fluorescence (AU); kobs and A are the observed rate
constant and amplitude, respectively. The simplest mechanism
of the serpin reaction (Scheme 1) includes the formation of the
Michaelis complex (E�I) between a serpin (I) and proteinase (E),
which transforms into the final inhibitory complex (E-I*). The
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values of klim andKm� (klim� k�1)/k1were estimated by fitting
a hyperbolic equation kobs � klim�[E]/(Km � [E]) to the depen-
dence of kobs on enzyme concentration.
Effect of DNA on Stoichiometry of Inhibition of uPA and tPA

by WT PAI-1 (PAI-1�Vn Complex)—The number of moles of
PAI-1 required for the inactivation of 1 mol of proteinase is
called the SI. The SI for the reaction betweenWT PAI-1 and its
complex with Vn and tPA or uPA in the presence of DNA was
estimated from the results of the analysis of the products of the
reaction by SDS-PAGE (4–12% gradient gel; Invitrogen) as
described previously (58, 62). Briefly, 3–5 �M uPA or tPA was
preincubated with dsDNA (10 �g/ml) for 10 min at room tem-
perature in 0.05 M Hepes/NaOH (pH 7.4). A 1.5–2.0 molar
excess of PAI-1 or its complex with Vn was added to the pro-
teinase and incubated for 5 min. SDS loading buffer (Invitro-
gen) was added to each reaction mixture, heated at 100 °C for 2
min, and analyzed by SDS-PAGE. The amount of PAI-1 (active
plus latent, cleaved, and complexed with proteinase) was esti-
mated from the intensity of the corresponding bands on gel
scans. The SI was calculated as an average of 3–5 measure-
ments 
 S.E.
Effect of DNA on Interaction of PL with �2AP—The effects of

DNAon the fast step of the reaction between PL and�2APwere
determined observing the change in the intrinsic tryptophan
fluorescence resulting from the Michaelis complex formation
(63). Briefly, equimolar amounts of PL and �2AP weremixed in
an SX-20 thermostabilized at 25 °C; the change in fluorescence
emission with time (excitation at 290 nm) was monitored
through a 335-nm cutoff filter. The second-order rate constant
(k2) was calculated as described elsewhere (63).
Effect of DNA on the Stoichiometry of Inhibition of PL with

�2AP and on PL Activity—To determine whether or not DNA
affects PL activity with a fluorogenic substrate, PL (0.5–5 nM)
was preincubated with dsDNA (0–20 �g/ml) in 50 �l of 0.05 M

Hepes/NaOH buffer (pH 7.4) (1 mg/ml BSA) for 15–20 min at
room temperature. Then equal volumes of 1.0 mM fluorogenic
substrate were added. Changes in fluorescence emission with
time were detected using a Varian Eclipse spectrofluorometer.
To determine the effect of DNA on the inactivation of PL by
�2AP and on the stoichiometry of inhibition, the reaction was
carried out in the presence of the fluorogenic PL substrate. PL
(0.5–5 nM) was preincubated with dsDNA. Equal volumes of a
mixture of the PL substrate (1.0mM) and�2AP (0–40 nM) were
added to start the reaction. The inactivation of PL by �2AP was
monitored as a loss of PL amidolytic activity, as described pre-
viously for slow inhibition of the Factor VIIa�tissue factor com-
plex by PAI-1 (64). Alternatively, �2AP was incubated with
DNA, and a freshly made mixture of PL and the substrate was
employed to start the reaction. Changes in fluorescence emis-
sion were recorded using a Varian Eclipse to monitor the inac-
tivation of PL by �2AP. An increase in the ratio [PL]/[�2AP] for
the same residual PL activity indicates an increase in the SI. To
determine the effects of DNA on the rate of the second slow

step of the reaction between PL and �2AP, we used an assay
described by Wiman and Collen (65).
Effects of DNAonRates of inVitro Fibrinolysis—Tomodel the

effects of DNA on fibrinolysis, a FITC-fibrin film in a fluores-
cence quench and dequench assay (66) was employed. FITC-
fibrin/DNA (oligonucleotide) films were formed at the bottom
of 96-well plates. FITC-Fbg (Molecular Innovations) was
diluted 1:1 with unlabeled Fbg at a total concentration of 0.4
mg/ml in 0.05 M Hepes/NaOH (pH 7.4) (20 mM NaCl, 5 mM

CaCl2) buffer at room temperature. A solution of FITC-Fbg,
with or without dsDNA (0–25 �g/ml) or oligo(dT)65 (0–9.5
�M) added,was titrated into 96-well plates (50�l/well). Throm-
bin (final concentration 10 nM) was added to each well. Poly-
merization of Fbg was confirmed by monitoring the quenching
of FITC-fluorescence emission, with time, using a Varian
Eclipse. Plates were dried overnight at room temperature, in a
dark enclosed space, washed three times with 0.3 ml of Hepes/
NaOH buffer, and were either used immediately or stored at
�20 °C. The incorporation of the dsDNA and oligonucleotide
into the fibrin network was verified by monitoring their
increasing levels in the solution during the cleavage of the film
by PL.
Fibrinolysis was monitored via the time-dependent increase

in the fluorescence emission of fluorescein due to dequenching,
as described by Wu and Diamond (66). Human Glu-Plg (20–
100 nM) inHepes/NaOHbufferwith 1mg/ml BSAwas added to
each well, followed by the addition of tPA or uPA (0.25 nM). In
control experiments, PL (0–20 nM) was added to the FITC-
fibrin film.To study the effects ofDNA in solution on the rate of
fibrinolysis, dsDNA (0–10 �g/ml) was added to a Glu-Plg solu-
tion. Fibrinolysis was also studied in the presence of both
dsDNA (0–10 �g/ml) and �2AP (15 nM). The rate of degrada-
tion of a solid FITC-fibrin film by PL depends on different
parameters (66). Assuming that the rate of fibrinolysis is pro-
portional to the concentration of active PL, which forms due to
the activation of Glu-Plg by tPA and uPA, the slopes of a linear
increase in FITC-fluorescence emission on square of time were
used for comparison of the rates of fibrinolysis.
Data Analysis and Statistics—Stopped-flow fluorescence

traces were analyzed using a Pro-Data viewer (Applied Photo-
physics Ltd.). Assuming pseudo first-order kinetics (the con-
centration of proteinases was at least 5-fold higher than that of
NBD P9 PAI-1 or its complex with Vn), a single exponential
equationwas fit to the stopped-flow traces to calculate kobs. The
quality of the fit was estimated by visual analysis of the plots of
the residuals (deviation of the fitted function from the actual
data). The values of kobs (average of 4–6 measurements; S.E.
less than 10%) were plotted against [E]. Plots were fit by hyper-
bolic equation to calculate parameters (klim, Km), using nonlin-
ear least squares fitting with the Levenberg-Marquardt algo-
rithm (SigmaPlot 11.0 for Windows; SPSS Inc.). Correlation
coefficients (r) calculated from curve fittings were used as a
parameter of the goodness of fitting (r2 of the fit was greater
than 0.90 for all the kinetic data).

RESULTS

dsDNAPotentiates Plg Activation by tPA and uPA—To study
the effects of dsDNA on Plg activation, human recombinant

SCHEME 1.
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tPA and uPA were preincubated for 10 min, with increasing
amounts of salmon dsDNA, in 0.05 M Hepes/NaOH buffer (pH
7.4), containing 1 mg/ml BSA. Plg activation was initiated by
adding an equal volume of solution of Glu- or Lys-Plg mixed
either with fluorogenic or chromogenic PL substrate (0.5 mM)
in the same buffer. The generation of PL from Plg was moni-
tored by measuring increasing PL amidolytic activity, which
was proportional to the rate of accumulation of the cleavage
products of the fluorogenic (Fig. 1) or chromogenic (Fig. 2)
substrate. The effects of dsDNA (0.3�g/ml) on the activation of
Glu- and Lys-Plg (0.2 �M) by 0.18 nM tPA and 0.09 nM uPA are
shown in Fig. 1, A and B, respectively. Although dsDNA signif-
icantly increases the rate of PL generation by tPA fromGlu-Plg,
and to a lesser degree fromLys-Plg, its effect on uPAwas at least
10-fold less pronounced (Fig. 1,A andB). Complete digestion of
dsDNA with DNase I eliminates its effect on Plg activation by
tPA and uPA (data not shown). The slopes of the linear depen-
dences of the initial increase in the fluorescence emission on t2
(50–54) were used to calculate rates of PL generation at differ-

ent dsDNA concentrations. Concentration dependences of the
rates of PL generation (Fig. 1, insets) demonstrate that dsDNA
considerably potentiates the activation of Plg by tPA. In con-
trast, the effect on uPA was rather moderate. A decrease in the
rates of PL generation at dsDNA concentrations significantly
higher than those found in pathological conditions such as sep-
sis (data not shown) could indicate either inhibition of the enzy-
matic activity or a decrease in the concentration of the ternary
(plasminogen activator�DNA�Plg) complex due to competition
with free template.
Humands- and ssDNAandNucleic Acids fromPleural Fluids

Accelerate Plg Activation—Although incubation of Glu- (Fig.
2A) and Lys- (Fig. 2B) Plg with human dsDNA (1 �g/ml) with-
out tPA did not result in the conversion of Plg to PL, human
dsDNA accelerated the activation of both Lys- and Glu-Plg by
tPA (Fig. 2) in a manner similar to that observed for salmon
dsDNA (Fig. 1). To determine whether or not DNA from the
PFs of patients with pleural loculation affects the activation of

FIGURE 1. Effects of salmon dsDNA on the activation of Glu-Plg (A) and
Lys-Plg (B) by tctPA and tcuPA. Glu-Plg (A) or Lys-Plg (B) (0.2 �M) was incu-
bated with 0.18 nM tPA (f) or 0.09 nM uPA (�) alone or with dsDNA (0.3
�g/ml) (F) and (E), respectively, in 0.05 M Hepes/NaOH buffer (pH 7.4) (room
temperature). Plg activation was monitored by observing an increase in the
fluorescence emission of 0.5 mM fluorogenic PL substrate using a Varian
Eclipse spectrofluorimeter. Insets, dependences of the rate of PL generation
from Glu-Plg (A) and Lys-Plg (B) by tPA (F) and uPA (E) on the concentration
of dsDNA. The rates of PL generation (v) were calculated from the slopes of
the linear dependences of the concentration of the product of the cleavage of
fluorogenic PL substrate (Sf) on t2 that are equal to 0.5(B1)v, where B1 � kS1
[Sf]/(KS1m � [Sf]) as described under “Experimental Procedures.”

FIGURE 2. Effects of human dsDNA, ssDNA, RNA, oligo(dT)20, and total
nucleic acids from PFs of patients with EMP, PN, and LC on activation of
Glu-Plg (A) and Lys-Plg (B) by tPA. Plg (0.1 �M) was incubated in 0.05 M

Hepes/NaOH (pH 7.4) with 0.18 nM tctPA alone or together with total
nucleic acids isolated from 0.1 ml of PF of patients with EMP, PN, and LC, or
with commercially available human dsDNA (1 �g/ml). A mixture of Plg
with human dsDNA (1 �g/ml) was used as a negative control; n � 3 for PN;
and n � 2 for all other PF samples. Inset, effect of human dsDNA (F), ssDNA
(Œ), RNA (�), and oligo(dT)20 (�) on the rate of PL generation from Glu-Plg
(A) or Lys-Plg (B) by tctPA (0.18 nM). The rates of PL generation (v) were
calculated from the slopes of the linear dependences of [pNA], formed due
to the hydrolysis of PL chromogenic substrate (Sc), on t2 that are equal to
0.5(B2)v, where B2 � kS2 [Sc]/(KS2m � [Sc]).
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Plg, samples of total nucleic acids were isolated from the PFs of
PN or EMP patients. Control PFs were from patients with LC
and CHF. Nucleic acids isolated from the PFs of patients with
PN and EMP increased Glu-Plg (Fig. 2A) and Lys-Plg (Fig. 2B)
activation by tPA. Notably, the amount of isolated nucleic acids
(estimated by electrophoresis in agarose gel with ethidium bro-
mide; data not shown) correlated with the observed effect on
the rate of PL generation. The increase in the rate of Plg activa-
tionwas considerably lower for the PFs of patients with LC (Fig.
2, A and B) and CHF (data not shown), which contained less
DNA than the PFs of patients with EMP and PN.
The magnitude of the effect of ds- and ssDNA on the activa-

tion of Plg by tPA was substantially higher for Glu-Plg (Fig. 2A,
inset) than that for Lys-Plg (Fig. 2B, inset). In contrast to DNA,
neither RNA (Fig. 2, insets) nor short ss-oligonucleotides (oli-
go(dT)20 (Fig. 2, inset), and oligo(dAT)10 (data not shown))
affected the activation of Glu-Plg (Fig. 2A, inset) or Lys-Plg (Fig.
2B, inset) by tPA. Low molecular weight dsDNA (0.2–1.0 kb),
obtained by partial DNase I digestion of dsDNA, and longer
oligonucleotides (oligo(dT)65 and oligo(dAT)33) potentiated
the activation of Plg in a manner similar to that observed for
high molecular weight dsDNA (data not shown).
dsDNA Increases Specificity of Plg Activation—The effects of

dsDNA on the kinetic parameters (kcat and Km) for the activa-
tion of Glu- and Lys-Plg by tPA and uPAwere determined next
as described under “Experimental Procedures.” The values of
kcat andKm, whichwere calculated from the dependences of the
rates of generation of PL from Plg by tPA or uPA, with or with-
out dsDNA, are shown in Table 1. dsDNA induced a significant
increase in the specificity (kcat/Km) of Plg activation by tPA by
�480 and 71 times forGlu- and Lys-Plg, respectively. However,
the effect of DNA on the activation of Plg by uPA was smaller
(10.7- and 17.0-fold increase, respectively, Table 1). Therefore,
dsDNA likely serves as a macromolecular template for fibrin-
independent Plg activation, bringing plasminogen activator
and Plg into close physical proximity. However, the binding of
the ligand (oligonucleotide greater than 60 bases in length)
could result in the activation of the enzyme toward its substrate
Plg. To further elucidate DNA-mediated Plg activation, the
interaction of DNA with fibrinolytic enzymes was studied.
Gel Shift Analysis of Interactions between Fibrinolytic

Enzymes and DNA—Direct binding of tcuPA, tctPA, PL, and
Plg to oligonucleotides was demonstrated by EMSA. Mixtures
of oligonucleotide (0.08–0.4 �M) with enzyme (0.25–10 �M)
were subjected to electrophoresis in 6% DNA-retardation
PAGE (Invitrogen). Unlabeled oligonucleotides were visualized
with ethidium bromide (Fig. 3). The effect of tctPA and tcuPA

(1.25–10.0 �M) on the electrophoretic mobility of 400 nM oli-
go(dAT)33 is shown in Fig. 3A. Although the majority of the
oligonucleotide was localized to the top of the tcuPA gel (Fig.
3A, right gel), where tcuPA was identified by protein staining
(data not shown), an oligo(dAT)33 smear was detected on the
tctPA gel (Fig. 3A, left gel), indicating relative instability of the
tctPA�oligonucleotide complex under the EMSA conditions.
tPA and uPA used in the same concentrations affected the
mobility of the longer oligonucleotides to a greater extent (Fig.

TABLE 1
Effect of dsDNA on the kinetic parameters of activation of Glu- and Lys-Plg by tPA and uPA
kcat andKmwere calculated from double-reciprocal plots of the rate of PL formation by tPA or uPA and Plg concentration (0.025–1.0�M) as described under “Experimental
Procedures.” A linear equation was fit to the data; x and y axis intercepts were �1/Km and 1/Vm, respectively. The values of kcat were calculated as Vm/�E.

Enzyme
Glu-Plg Lys-Plg

dsDNA Km kcat kcat/Km Increase Km kcat kcat/Km Increase

�g/ml �M s�1 �M�1s�1 -fold �M s�1 �M�1s�1 -fold
tctPA 0 9.0 
 2.5 0.009 
 0.002 0.001 1 6.2 
 4 0.040 
 0.004 0.007 1
tcuPA 0 0.90 
 0.22 0.60 
 0.07 0.66 1 4.5 
 0.9 1.2 
 0.2 0.27 1
tctPA 5.0 0.025 
 0.007 0.012 
 0.002 0.48 480 0.03 
 0.01 0.015 
 0.002 0.50 71
tcuPA 5.0 0.12 
 0.04 0.85 
 0.12 7.08 10.7 0.20 
 0.10 0.92 
 0.13 4.60 17.0

FIGURE 3. Effects of tcuPA, tctPA, Glu-Plg, and PL on the electrophoretic
mobility of oligo(dAT)33. A, effects of tctPA (left panel) and tcuPA (right
panel) on the electrophoretic mobility of 400 nM oligo(dAT)33. The concentra-
tions of plasminogen activators in the reaction mixture (10 �l) loaded on the
gel were 10.0 (lane 1), 5.0 (lane 2), 2.5 (lane 3), and 1.25 (lane 4) �M, respec-
tively. Lane 5 represents the electrophoretic mobility of the free probe (oligo-
nucleotide without protein) in the same gel. Arrows indicate the position of
the free oligonucleotide. The positions of the proteins were verified by stain-
ing with SimplyBlue (Invitrogen). B, effects of Glu-Plg (left panel) and PL (right
panel) on the electrophoretic mobility of oligo(dAT)33. The concentrations of
proteins in the reaction mixture (10 �l) were 10.0 (lane 1), 5.0 (lane 2), 2.5 (lane
3), and 1.25 (lane 4) �M, respectively. Lane 5 represents the electrophoretic
mobility of the free probe in the same gel. Arrows indicate the position of the
free oligonucleotide. The positions of the proteins were verified by staining
with SimplyBlue (Invitrogen). Oligo(dAT)33 mixed with increasing amounts of
the enzyme (0 –10 �M) in 10 �l of 10 mM Hepes (pH 7.4) were resolved by gel
electrophoresis using a 6% DNA retardation gel from Invitrogen. Gels were
developed in ethidium bromide, and the position of the oligonucleotide was
visualized using a Molecular Imager supplemented with Quantity One (ver-
sion 4.2.3) software (Bio-Rad) as described under “Experimental Procedures.”
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3A) than that of the oligo(dAT)10 (data not shown). However,
although both tctPA and tcuPA bind long oligo(dAT)33 (Fig.
3A) and short oligo(dAT)10 or oligo(dT)20 (data not shown)
oligonucleotides, only longer ones (oligo(dAT)33 and oli-
go(dT)65) potentiated Plg activation. Effects of Glu-Plg and PL
on the electrophoretic mobility of oligo(dAT)33 are shown in
Fig. 3B. Although both the proenzyme and enzyme bind to the
oligonucleotide, the complex of PL with oligo(dAT)33 appar-
ently is more stable under the EMSA conditions.
Binding of dsDNA and Oligonucleotides to Fibrinolytic

Enzymes—The affinities of fibrinolytic enzymes to dsDNA and
oligonucleotides weremeasured under equilibrium conditions,
using either the changes in the intrinsic tryptophan fluores-
cence as described previously (60, 61, 67) or by monitoring the
quenching of the fluorescein fluorescence emission that
resulted from the interaction of DNA and FITC-labeled pro-
teins. Equilibrium fluorescence titration of tPA and uPA (data
not shown), as well as their FITC-derivatives (Fig. 4A), by
dsDNA was employed to estimate the affinity of enzyme/
DNA interactions. dsDNA induces concentration-dependent
quenching of both the intrinsic tryptophan fluorescence emis-
sion of WT enzymes at 340 nm and FITC-fluorescence emis-
sion at 520 nm.The dependences of changes in the fluorescence
at 520 nm (excitation at 493 nm) of FITC-tcuPA and FITC-
tctPA with and without 200 mM NaCl on concentration of
dsDNA are shown in Fig. 4A. As expected from the results of
EMSAanalysis, the affinity of tPA and uPA to dsDNAdecreases
with an increase in the ionic strength of the solution and the
effect of NaCl on uPA is stronger than that for tPA (Fig. 4A;
Table 2). The values ofKd for tPA and uPA to dsDNAwere 2.7

0.5 and 4.2 
 0.6 �g/ml, which approximately correspond to
70–80 and 100–140 nM of ds-60-mer, respectively. The values of
Kd for oligo(dT)65 (intrinsic tryptophan quenching) were 70
 20
and 170 
 20 nM for tPA and uPA, respectively (Table 2).
TEX615-oligo(dAT)33, an oligonucleotide with a single

TEX615 dye molecule attached to the 5� end, was employed to
further elucidate the mechanism of interaction between DNA
and plasminogen activators. uPA (Fig. 4B), tPA, Plg, and PL
(data not shown) affect the electrophoretic mobility of

FIGURE 4. Binding of WT and FITC-tctPA and FITC-tcuPA to oligonucleo-
tides. A, dependence of the changes in the fluorescence emission at 520 nm
(�F520) (excitation at 493 nm) on the dsDNA concentration for the equilibrium
fluorescence titration of 20 nM FITC-tctPA and FITC-tcuPA in 0.05 M Hepes/
NaOH buffer (pH 7.4). FITC-tctPA (F) and FITC-tcuPA (E) with 20 mM NaCl,
FITC-tctPA (f), FITC-tcuPA (�) with 200 mM NaCl. �F520 were calculated as
100�(F � Fmin)/(F0 � Fmin), where F0, F, and Fmin are fluorescence emission at
520 nm without dsDNA, after the addition of dsDNA, and at saturation,
respectively. Solid lines represent the best fit (r2 �0.90) of the hyperbolic
equation �F520 � 100�(dsDNA)/(Kd � (dsDNA)), where (dsDNA) is the concen-
tration of dsDNA in �g/ml, to the data using SigmaPlot 11.0. The values of the
apparent dissociation constant Kd, which correspond to the concentration of
dsDNA that induced half of the maximal quenching of the fluorescence emis-
sion, were 2.7 
 0.5 and 4.2 
 0.6 �g/ml for tctPA and tcuPA with 20 mM NaCl,
and 14.3 
 1.6; 32.0 
 4.0 �g/ml for tctPA and tcuPA with 200 mM NaCl,
respectively (Table 2). B, EMSA analysis of the interaction of TEX615-oligo-
(dAT)33 with tcuPA. Mixtures of 400 nM of TEX615-oligo(dAT)33 with increas-
ing amounts of the enzyme (0 –10 �M) in 10 �l of 10 mM Hepes (pH 7.4) (left
panel) or 0.5� TBE (pH 8.0) buffer with 100 mM NaCl (right panel) were
resolved by gel electrophoresis using a 6% DNA retardation gel, Invitrogen.
The position of the oligonucleotides was visualized using a Molecular Imager

supplemented with Quantity One (version 4.2.3) software (Bio-Rad) as
described under “Experimental Procedures.” The upper band represents
TEX615-oligo(dAT)33 co-migrating with tcuPA. The position of tcuPA was ver-
ified by staining with SimplyBlue, Invitrogen. EMSA analysis of mixtures of
TEX615-oligo(dAT)33 with FITC-tctPA, FITC-tcuPA, and FITC-Plg directly dem-
onstrated the co-migration of labeled protein and oligonucleotide in the top
band (data not shown). The lower band represents free oligo(dAT)33. The con-
centration of the enzyme is indicated above the lanes. C, changes in the fluo-
rescence emission spectrum of 20 nM FITC-tcuPA in the presence of increas-
ing concentrations (0 –270 nM) of TEX615-oligo(dAT)33. An arrow indicates the
effect of an increase in the ionic strength on the fluorescence emission at 520
nm (200 mM NaCl was added to the mixture of 20 nM FITC-tcuPA and 270 nM of
TEX615-oligo(dAT)33 (E)). Inset, dependence of the changes in the fluores-
cence emission at 520 nm (�F520) (F) (excitation at 493 nm) on [TEX615-
oligo(dAT)33] for the equilibrium fluorescence titration of FITC-tcuPA. The val-
ues of �F520 were calculated as 100�(F � Fmin)/(F0 � Fmin), where F0, F, and Fmin
are fluorescence emission at 520 nm without TEX615-oligo(dAT)33, after the
addition of TEX615-oligo(dAT)33, and at saturation, respectively. The solid
lines represent the best fit (r2 � 0.96) of the hyperbolic equation �F520 �
100�[TEX615-oligo(dAT)33]/(Kd � [TEX615-oligo(dAT)33]) to the data, using
SigmaPlot 11.0. The value of the apparent dissociation constant Kd, which
corresponds to the concentration of TEX615-oligo(dAT)33 that induced half of
the maximal quenching, was 31 
 5 nM (Table 2).
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TEX615-oligo(dAT)33 in a manner similar to that found for
oligo(dAT)33 (Fig. 3). An increase inNaCl concentration affects
stability of the tcuPA�oligonucleotide complex (Fig. 4B, right
panel) and tctPA (data not shown). Similarly, an increase in the
ionic strength destabilized oligonucleotide�plasminogen acti-
vator complexeswith unlabeled oligo(dAT)33 (data not shown).
Therefore, electrostatic interactions at the enzyme/DNA inter-
face and possibly a hydrophobic effect contribute to the binding
of oligonucleotides to plasminogen activators. TEX615-oligo-
(dAT)33 quenches the fluorescence emission of FITC-tcuPA
(Fig. 4C) and FITC-tctPA (data not shown) in a manner similar
to that observed for dsDNA (Fig. 4A). The values of Kd calcu-
lated for the interaction of TEX615-oligo(dAT)33 with FITC-
tcuPA and FITC-tctPA are shown in the Table 2. Thus, an
increase in the ionic strength decreased the affinity of tcuPA
and tctPA (as well as FITC-tcuPA and FITC-tctPA) to dsDNA
and TEX615-oligo(dAT)33 (Fig. 4; Table 2).
Mechanism of Interaction of DNA with Plasminogen

Activators—Interaction between FITC-enzymes and TEX615-
oligo(dAT)33 results in a decrease in the fluorescence emission
of fluorescein at 520 nm (excitation at 493 nm) and an increase
in the fluorescence of TEX615, probably due to FRET between
FITCon the enzyme andTEX615. A time course of the increase
in the fluorescence emissionmonitored through a 650-nm cut-
off filter (excitation at 493 nm) after fast mixing of FITC-tcuPA
and TEX615-oligo(dAT)33 using a stopped-flow spectrofluo-
rimeter is shown in Fig. 5, inset. A three-exponential equation
was fit to the data as described under “Experimental Proce-
dures.” The dependences of kobs on [FITC-enzyme] are shown
in Fig. 5. The mechanism of interaction of both tcuPA and
tctPA with TEX615-oligo(dAT)33 most likely includes a fast
bimolecular step (kobs,1 increased linearly with increasing
[FITC-enzyme]) with second-order rate constants as k1 � 39

4 and 14 
 2 �M�1 s�1, respectively. The corresponding values
of the dissociation rate constant (k-1) for the first step of the
interaction were 0.9 
 0.2 and 0.3 
 0.1 s�1, for FITC-tcuPA
and FITC-tctPA, respectively. The tPA mechanism also
includes twomonomolecular transformations with k2 � 0.35

0.10 and k3 � 0.10 
 0.02 s�1, which were independent of
[FITC-tctPA] (Fig. 5). In contrast, the hyperbolic dependence
of kobs,2 on [FITC-tcuPA] (Fig. 5) could reflect the interaction of
the secondmolecule of the enzyme with TEX615-oligo(dAT)33
with K0.5 � 0.21 
 0.12 �M. Nevertheless, similar to tctPA,
formation of the FITC-tcuPA�DNA complex was followed by
two transformations, with k2 � 3.5 
 0.7 and k3 � 0.30 
 0.05
s�1, respectively (Fig. 5). Therefore, the simplest mechanism of

interaction of the plasminogen activators with TEX615-oligo-
(dAT)33 likely consists of three reversible steps: a fast formation
of the initial enzyme�oligonucleotide complex followed by two
relatively slow transformations, most likely due to an induced
fit between molecules of the enzyme and DNA.
Effects of DNA on Inhibition of tPA and uPA by PAI-1 and

PAI-1�Vn Complexes—To determine the effects of DNA on the
kinetics of the reaction between PAI-1 and its target protei-
nases, NBD P9 PAI-1 was employed. NBD P9 PAI-1 reports the
insertion of RCL by a significant increase in the fluorescence
emission of the NBD group (57). The values of kobs for the RCL
insertionwere calculated from time traces of the increase in the
fluorescence emission of NBD P9 PAI-1 reacting with tPA or
uPA in the presence of dsDNA (Fig. 6A). The dependences of
kobs on the proteinase concentration demonstrated saturation

TABLE 2
Affinities of dsDNA and oligonucleotides to WT and FITC-modified tctPA and tcuPA in 0.05 M Hepes/NaOH buffer (pH 7.4) at 25 °C

Enzyme
dsDNA oligo(dT)65

20 mM NaCl
TEX615-oligo(dAT)33

20 mM NaCl20 mM NaCl 200 mM NaCl

�g/ml nM nM
tctPAa 2.7 
 0.5 14.3 
 1.6 70 
 20 NDb

tcuPAa 4.2 
 0.6 32.0 
 4.0 170 
 20 ND
FITC-tctPAc 2.3 
 0.3 7.6 
 1.1 ND 25 
 9
FITC-tcuPAc 3.4 
 0.4 26.5 
 3.6 ND 31 
 5d

a The values of apparent Kd were determined from measurements of the enzyme’s intrinsic tryptophan quenching by dsDNA and oligo(dT)65.
b NDmeans not determined.
c The values of apparent Kd were determined from measurements of the changes in FITC-enzyme fluorescence emission at 520 nm (excitation at 493 nm) induced by dsDNA
(Fig. 4A) or TEX615-oligo(dAT)33 (Fig. 4C).

d The value of the apparent Kd for the interaction of FITC-uPA with unlabeled oligo(dAT)33 was 27 
 4 nM.

FIGURE 5. Stopped-flow kinetics of interaction of TEX615-oligo(dAT)33
with FITC-tctPA (filled symbols) and FITC-tcuPA (open symbols). The
dependences of kobs,1 (circles); kobs,2 (triangles), and kobs,3 (squares) obtained
from the best fit of the three-exponential equation to stopped-flow traces
(inset) on [FITC-enzyme] are shown. Solid lines represent the best fit of linear
equations kobs,1 � k�1 � k�1�[FITC-enzyme] (E and F); kobs � const (Œ, �,
and f); and the best fit of a hyperbolic equation kobs � klim�[FITC-enzyme]/
(K0.5 � [FITC-enzyme] (�), where klim is kobs at infinite [FITC-Enzyme] and K0.5 is
the [FITC-enzyme] at kobs � klim/2. The values of the rate constants for the first,
second, and third step of the mechanism of interaction between TEX615-
oligo(dAT)33 with FITC-tctPA were 14 
 2 �M

�1s�1 and 0.35 
 0.10 and
0.10 
 0.02 s�1 and with FITC-tcuPA were 39 
 4 �M

�1s�1 and 3.5 
 0.7 and
0.30 
 0.05 s�1, respectively. Inset, time dependence of the changes in fluo-
rescence emission, monitored through a 650-nm cutoff filter (excitation at
493 nm), due to the interaction of FITC-uPA (0.35 �M) and TEX615-oligo-
(dAT)33 (30 nM). Pro-Data Viewer software (Applied Photophysics Ltd.) was
employed to fit single, two-, and three-exponential equations to the data. The
white line inside the trace represents the best fit of a three-exponential equa-
tion, Ft � F� � A1�e

�(kobs,1)t � A2�e
�(kobs,2)t � A3�e

�(kobs,3)t (where Ft is the
fluorescence emission at time t; F� is the final fluorescence (AU); kobs and A are
observed rate constants and amplitudes, respectively), to the data. Residuals
are shown below the trace.
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for tctPA and sctPA (Fig. 6A) and tcuPA (Fig. 6B). The values of
klim and Km were calculated by fitting a hyperbolic equation to
the data (Table 3). dsDNAalone induced an 1.5-fold decrease in
the klim for the reaction of NBD P9 PAI-1 with uPA but did not
significantly affect the klim for the reaction with sc- and tctPA
(Fig. 6). Conversely, dsDNA induced a significant decrease in
the Km value for each enzyme (Table 3), which resulted in a
corresponding increase in the efficiency of RCL insertion (klim/
Km). Therefore, the effects of DNA on the kinetics of the reac-

tion between plasminogen activators and PAI-1 were similar to
those observed for the reaction of tPA and uPA with Plg.
Vn, an endogenous PAI-1 cofactor that, like Plg, is present in

the bloodstream in micromolar concentrations (68, 69) stabi-
lizes the active PAI-1 conformation (70, 71) and affects the
kinetics of the reaction between PAI-1 (PAI-1�mAb complexes)
and tcuPA or tctPA (72, 73). The effects of Vn on the kinetics of
RCL insertion for the reactions of NBD P9 PAI-1 with sc- and
tctPA and tcuPA and values of klim, Km, and klim/Km are shown
in Fig. 6 and in Table 3, respectively. Vn induced a 1.8-fold
decrease in the klim for uPA but did not affect the klim for tPA
(Table 3) (72). Vn significantly potentiated the effect of DNA
on the specificity of PAI-1 inhibition of both sc- and tctPA,
considerably decreasing the Km for the reaction and having a
lesser effect on the reaction with tcuPA, affecting both klim
and Km (Table 3).
SDS-PAGE analysis of the products of the reaction (59) was

employed to determine the effects of ds- and ssDNA, RNA,
oligo(dT)20, and oligo(dT)65 on the SI for WT PAI-1. Fluores-
cence titration (58, 72) was employed to determine the SI for
the reactions of tPA and uPA with NBD P9 PAI-1. Neither of
the ligands significantly affected the partitioning between the
inhibitory and the substrate branches of the PAI-1 mechanism
for the reactions of PAI-1with the target proteinases. Vn,which
by itself does not affect the SI but potentiates PAI-1 neutraliza-
tion by monoclonal antibodies (72), caused no effect on the
reactions of PAI-1 with tPA and uPA (Table 3) in the presence
of DNA.
Effect of DNA on Inhibition of PL by �2AP—The mechanism

of inhibition of PL by �2AP includes the fast formation of the
Michaelis-like complex (PL* �2AP; Scheme 2) with low nano-
molar affinity, followed by slow inactivation of the enzyme (74,
75).
To test whether or notDNAaffects the rate of the first step of

the reaction between PL and �2AP, changes in the intrinsic
tryptophan fluorescence emission that accompany the forma-
tion of the Michaelis complex between the two proteins (63)
were monitored using stopped-flow fluorimetry (Fig. 7A).
Although the amplitude of the fluorescence emission quench-
ing decreased in the presence of dsDNA or oligo(dAT)33 (Fig.
7A), ligands did not significantly affect the values of the sec-
ond-order rate constants (Fig. 7A, inset). Even at 100 �g/ml,
dsDNA only slightly affected the rate of formation of the

FIGURE 6. Effects of dsDNA on the inactivation of tctPA, sctPA (A), and
tcuPA (B) by NBD P9 PAI-1 and its complexes with Vn. The dependences of
kobs on the [proteinase] for the reactions of NBD P9 PAI-1 (open symbols) or its
complex with Vn (filled symbols) with (squares) or without (circles) dsDNA (10
�g/ml) are shown. The values of kobs were calculated by fitting a single expo-
nential equation to the time traces of an increase in NBD-fluorescence emis-
sion. The lines represent the best fit (r2 �0.98) of a hyperbolic equation kobs �
klim�[E]/(Km � [E]) to the data shown. The values of klim (the limiting rate of RCL
insertion) and Km (concentration of the enzyme at kobs � klim/2) for the reac-
tions of tPA and uPA with NBD P9 PAI-1 and its complex with Vn are shown in
Table 3. SCHEME 2.

TABLE 3
The kinetic parameters and stoichiometry of inhibition for the reaction of sctPA, tctPA, and tcuPA with NBD P9 PAI-1 and its Vn complexes in the
presence of dsDNA
klim and Km were calculated by fitting an equation kobs � klim �E/(Km � �E) to plots of kobs versus �E using SigmaPlot 11.0 (SPSS, Inc.) as described under “Experimental
Procedures.” The stoichiometry of inhibition (SI), the number of moles of PAI-1 required to inhibit 1 mol of the enzyme, was estimated from the results of a gradient
SDS-PAGE of the products of the reaction of recombinant WT PAI-1 and its complexes with Vn with the proteinase with or without dsDNA (10 �g/ml).

Enzyme
dsDNA Vn dsDNA � Vn

klim Km klim/Km SI klim Km klim/Km SI klim Km klim/Km SI

s�1 nM �M�1 s�1 s�1 nM �M�1 s�1 s�1 nM �M�1 s�1

tctPA 0.87 
 0.03 16 
 4 54.4 1.1 
 0.2 0.54 
 0.04 34 
 6 15.9 1.0 
 0.1 1.04 
 0.04 4 
 3 260 1.1 
 0.1
sctPA 0.70 
 0.04 60 
 10 11.7 1.0 
 0.1 0.86 
 0.05 300 
 20 2.9 1.0 
 0.1 0.68 
 0.03 10 
 4 68 1.1 
 0.2
tcuPA 15.2 
 0.6 70 
 10 218 1.2 
 0.1 13.0 
 0.2 300 
 30 43.3 1.1 
 0.2 8.6 
 0.2 30 
 5 280 1.2 
 0.2
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Michaelis complex (Fig. 7A, traces I and IV). The values of
the second-order rate constant (k�1) (Scheme 2) without
DNA but with 1.7 �M oligo(dAT)33, 3.4 �M oligo(dAT)33, 30
�g/ml dsDNA, and 100 �g/ml dsDNA were 7.2 
 0.6, 6.1 

0.4, 5.1 
 0.4, 4.1 
 0.4, and 3.6 
 0.2 �M�1 s�1 (Fig. 7A).
Therefore, it is unlikely that DNA interacts with the active
site or the kringle 1 domain of PL, which plays a major role in
the interaction with �2AP (76).

To test whether or not DNA (0–10 �g/ml) affects the stoi-
chiometry of inhibition of PL by�2AP, the reaction between the
enzyme (2 nM) and the serpin (0–80 nM) was carried out in the
presence of the fluorogenic PL substrate as described under
“Experimental Procedures.” Changes in PL activity were mon-
itored for 0–300 min. The residual amidolytic activity of PL
(after a 60-min incubation) was plotted against [PL]/[�2AP]
(Fig. 7B). Neither dsDNA nor oligo(dAT)33 significantly
affected the stoichiometry of inhibition of PL by �2AP (Fig. 7B)
or the amidolytic activity of PL (Fig. 7B, inset, filled symbols, left
axis).

Finally, the effect of dsDNA (0–10 �g/ml) and oligo(dAT)33
(0–10 �M) on the rate constant for the second slow step of the
reaction (k�2; Scheme 2) was studied by monitoring the resid-
ual PL amidolytic activity after mixing high concentrations of
PL (0.1–0.5 �M) with equimolar amounts of �2AP in the pres-
ence of the fluorogenic substrate, as described previously (63,
77). Although the values of k�2 did not change with an increase
in the dsDNA concentration and slightly decreased with an
increase in the [oligo(dAT)33] (Fig. 7B, inset, open symbols, right
axis), the effect was rather moderate (the values of k�2 without
ligands andwith 10�Moligo(dAT)33 andwith 10�g/ml dsDNA
were 2.5
 0.4, 2.1
 0.3, and 3.0
 0.4� 10�3 s�1, respectively;
Fig. 7B, inset).

These results demonstrate that despite accelerating Plg acti-
vation by tPA and uPA, DNA and oligonucleotides, unlike
fibrin, do not protect tPA, uPA, or PL from inactivation by
serpins. Therefore, similar to protein aggregates (45, 46), EC
DNA is able to form a macromolecular template, which could
compete for fibrinolytic enzymes with fibrin and therefore
affect fibrinolysis.
Effects of DNA in Solution on Fibrinolysis in Vitro—The

quenching-dequenching of fluorescence emission during the
polymerization of FITC-Fbg and its cleavage by PL, respectively
(66), was used to monitor the effect of DNA on the rates of
fibrinolysis. FITC-fibrin films were formed in 96-well plates as
described under “Experimental Procedures.” Pre-formed
FITC-fibrin films (66) were incubated with either 20 nM PL or
with a mixture of 100 nM Glu-Plg with 0.25 nM plasminogen
activator (tPA or uPA) in 0.05 M Hepes buffer (pH 7.4) (20 mM

NaCl, 1 mg/ml BSA) with or without dsDNA (0–25 �g/ml).
Fibrinolysis was monitored as an increase in the fluorescence
emission at 520 nm (excitation 493 nm) using a Varian Eclipse
spectrofluorimeter (Fig. 8A). Although dsDNA at low concen-
trations (0.05–0.5 �g/ml) did not significantly affect fibrinoly-
sis by PL, higher levels ofDNAcaused inhibition (Fig. 8A, inset).
In contrast to PL, 0.1–1.0 �g/ml dsDNA increased the rates of
fibrinolysis bymixtures of 100 nMGlu-Plg with tPA and uPA by
almost 5-fold (Fig. 8A, inset). The observed increase in the rate
of fibrinolysis in the presence of dsDNAmost likely reflects the
contribution of the template mechanism to Plg activation.
However, dsDNA at higher concentrations (1.0–25 �g/ml)
inhibited fibrinolysis by Glu-Plg with tPA or uPA, similar to its
effect on fibrinolysis by PL (Fig. 8A, inset). Thus, despite the fact
that DNA in solution did not affect PL amidolytic activity (Fig.
7B, inset, left axis), it is able to compete with fibrin for fibrino-
lytic enzymes, slow down fibrinolysis, and make enzymes sus-
ceptible to mechanism-based inhibition by serpins (Figs. 6 and

FIGURE 7. DNA and oligo(dAT)33 do not affect significantly interaction
between PL and �2AP. A, changes in the intrinsic tryptophan fluorescence
emission (excitation at 290 nm) after mixing equal volumes of 0.25 �M PL and
0.25 �M �2AP in the presence of 100 �g/ml dsDNA (IV), 3.4 �M oligo(dAT)33
(III), 1.7 �M oligo(dAT)33 (II), and without DNA (I), using stopped-flow fluorim-
eter. The second-order rate constants (k�1 (Scheme 2)) were calculated as
described elsewhere (63). The white lines inside the traces represent the best
fit. Inset, values of k�1 measured at different [PL] � [�2AP] without DNA (E),
with 30 �g/ml dsDNA (f), with 100 �g/ml dsDNA (�), and with 1.7 �M oligo-
(dAT)33 (�). B, DNA does not affect the dependence of the residual PL amido-
lytic activity on [�2AP]/[PL]. PL (2.0 nM) was preincubated with 0 (F), 0.625 (E),
2.5 (�), and 10 (�) �g/ml dsDNA. An equal volume of mixture of the PL sub-
strate (1.0 mM) and �2AP (0 – 40 nM) was added to start the reaction. Residual
amidolytic PL activity was plotted against the ratio of [�2AP]/[PL] to deter-
mine the SI. A solid line represents the best fit of the linear equation to all data
observed for 0 � [�2AP]/[PL] � 1. Inset, left axis, dsDNA does not affect the
amidolytic PL activity (F); PL (2 nM) was preincubated with dsDNA (0 –10
�g/ml). Then an equal volume of 1.0 mM fluorogenic substrate was added,
and changes in the fluorescence emission with time were detected using a
Varian Eclipse spectrofluorimeter. The relative amidolytic activity of PL (% of
PL activity without dsDNA) was calculated from the slopes of linear increase in
the fluorescence emission with time. Inset, right axis, dependence of the first-
order rate constant (k�2) for the second slow PL inactivation (Scheme 2) on
the concentration of dsDNA (E) or oligo(dAT)33 (�). To determine the effects
of DNA and oligo(dAT)33 on the rate of the second slow step of the reaction
between PL and �2AP, an assay described by Wiman and Collen (65) was
employed.
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7). To test this hypothesis, the rate of fibrinolysis of FITC-fibrin
film in the presence of dsDNAby amixture of Glu-Plg with tPA
and uPA was studied in the presence of 15 nM �2AP (Fig. 8A,
inset). Because fibrin protects bound PL from inactivation by
�2AP, the fibrinolysis of FITC-fibrin was detected. However,
there was no activation of fibrinolysis by 0.1–1.0 �g/ml dsDNA
in the presence of �2AP (Fig. 8A, inset). Therefore, �2AP likely
inactivated the PL bound to DNA in solution.
Effects of DNA in the Fibrin Matrix on Fibrinolysis in Vitro—

To test the effects of DNA on fibrin degradation in vitro, FITC-
fibrin films, containing different amounts of dsDNA or oli-
go(dT)65, were obtained as described under the “Experimental
Procedures.” The effects of dsDNA (and oligo(dT)65) incorpo-
rated into the FITC-fibrin film on the rates of fibrinolysis by 20
nM PL and 100 nM Glu-Plg with 0.25 nM tPA or uPA are shown
in Fig. 8, B and C, respectively. Although at the lowest amounts
per well both ligands demonstrated a slight (less than 1.5-fold)
increase in the rate of fibrinolysis by mixtures of Glu-Plg with
tPAor uPA, an increase in theDNA in FITC-fibrin film resulted
in inhibition of fibrinolysis (Fig. 8, B and C).

Finally, the fibrinolytic activity of 100 nM Glu-Plg (with 0.25
nM tPA or uPA) toward FITC-fibrin/DNA films was studied in
the presence of 15 nM �2AP (Fig. 8D). In the presence of �2AP,
low concentrations of oligo(dT)65 did not increase the rate of
fibrinolysis, although dsDNA did (by �1.2-fold; Fig. 8D). The
latter observation suggests that Plg activation on the dsDNA
template, which is incorporated into a fibrin film, could be par-
tially protected from �2AP in solution.

DISCUSSION

This study reports newly recognized interactions between
DNA and tPA, uPA, Plg, PL, as well as their endogenous inhib-
itors PAI-1 and �2AP. Fibrinolytic enzymes bind DNA with
submicromolar affinity (Table 2). Increasing the ionic strength
of the solution induces a decrease in the affinity of tPA and uPA
to DNA, indicating the contribution of electrostatic interac-
tions to the formation of the enzyme�DNAcomplex. Themech-
anism of interaction of tPA and uPA with DNA includes a fast
binding step, followed by two monomolecular transformations
most likely reflecting conformational changes resulting in a

FIGURE 8. Effects of DNA in solution and DNA incorporated into a FITC-fibrin film on fibrinolysis. A, changes in the fluorescence emission at 520 nm
(excitation 493 nm) during the incubation of FITC-fibrin film with 100 �l of a mixture of 100 nM Glu-Plg with 0.25 nM tctPA without DNA (F) and with 1.0 (E) and
25 (�) �g/ml dsDNA in 0.05 M Hepes/NaOH buffer (pH 7.4) (with 20 mM NaCl and BSA 1 mg/ml). Inset, dependences of rates of fibrinolysis of FITC-fibrin film by
20 nM PL (�), mixtures of 100 nM Glu-Plg with 0.25 nM tctPA (F), or 0.25 nM tcuPA (E), 100 nM Plg/tctPA with 15 nM �2AP (f) and 100 nM Plg/tcuPA with 15 nM

�2AP (�) on the concentration of dsDNA in the solution. The rates of fibrinolysis were calculated as slopes of a linear (r2 �0.9) increase in the fluorescein
fluorescence emission with time (PL) or the square of time (tctPA/Plg and tcuPA/Plg) and expressed as the % of the control reaction (no DNA added). B, effects
of dsDNA incorporated into a FITC-fibrin film on the rates of fibrinolysis by 20 nM PL (�) and a mixture of 100 nM Glu-Plg with 0.25 nM tctPA (F) or 0.25 nM tcuPA
(E). The indicated amounts of dsDNA (�g/well) were added to 20 �g of FITC-Fbg before its polymerization. The rates of fibrinolysis were calculated as slopes
of a linear (r2 �0.9) increase in the fluorescein fluorescence emission with time (PL) or the square of time (tctPA/Plg) and expressed as % of the control reaction
(no DNA added). C, effects of oligo(dT)65 incorporated into FITC-fibrin film on the rates of fibrinolysis by 20 nM PL (�) and a mixture of 100 nM Glu-Plg with 0.25
nM tctPA (F) or 0.25 nM tcuPA (E). The indicated amounts of nanomoles of oligo(dT)65 per well were added to 20 �g of FITC-Fbg before its polymerization. Rates
of fibrinolysis were calculated as slopes of a linear (r2 �0.9) increase in the fluorescein fluorescence emission with time (PL) or the square of time (tctPA/Plg) and
expressed as % of the control reaction (no oligo(dT)65 added). D, effects of �2AP (15 nM) on the rates of fibrinolysis of FITC-fibrin films with incorporated dsDNA
(circles) or oligo(dT)65 (squares) by 100 nM Plg/tctPA (filled symbols) and 100 nM Plg/tcuPA (open symbols). The indicated amounts of dsDNA (�g/well) or
oligo(dT)65 (nanomoles/well) were added to 20 �g of FITC-Fbg before its polymerization. The rates of fibrinolysis were calculated as slopes of a linear (r2 �0.9)
increase in the fluorescein fluorescence emission with the square of time and expressed as % of the control reaction (no dsDNA or oligo(dT)65 added).

DNA Promotes Plg Activation and Serpin Inhibition of PL, PAs

DECEMBER 9, 2011 • VOLUME 286 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 41959



mature enzyme�DNA complex. DNA and oligonucleotides
greater than 60 bases in length act as a template for Plg activa-
tion by tPA and uPA. The DNA template promotes the assem-
bly of a productive enzyme�Plg complex, resulting in an
increase in the specificity of the reaction (kcat/Km; Table 1).
DNA induces a significant increase in kcat/Km for tPA, mostly
due to a dramatic decrease inKm for bothGlu- and Lys-Plg (360
and 200 times, respectively). Thus, the increased affinity of Plg
to DNA/enzyme templates promotes formation of productive
ternary (DNA�enzyme�Plg) complexes. However, the higher
apparent affinity of PL to DNA (Fig. 3B) could result in compe-
tition between DNA and fibrin for PL and decrease the rate of
fibrinolysis (Fig. 8). This decrease inKm value is smaller for uPA
(7.5- and 22-fold, respectively). Notably, the effects of dsDNA
on Plg activation by tPA were within the same order of magni-
tude as that described for the fibrin template-mediated mech-
anism (50, 55). Such an increase in the efficiency of Plg activa-
tion could reflect the stabilization of the ternary complex due to
conformational changes in the enzyme bound to DNA that
bring the substrate closer to the enzyme. As expected for the
template mechanism, the length of DNA is an essential factor
when forming the ternary complex. Thus, ECDNA could act as
a macromolecular template for plasminogen activators and Plg
and therefore promote fibrin-independent Plg activation.
Moreover, the DNA template competing with fibrin for

fibrinolytic enzymes increases their susceptibility to serpins.
Although fibrin protects tPA from inactivation by PAI-1 (79),
DNA markedly potentiates the inactivation of sc- and tctPA
and tcuPA by PAI-1 (Table 3). Vn, an endogenous ligand of
active PAI-1, further increased the efficiency of mechanism-
based inhibition of tctPA, sctPA, and tcuPA by PAI-1 (by 4.8,
5.8, and 1.3 times, respectively). As a result, in the presence of
both DNA and Vn, the specificity constants for inactivation of
tctPA and tcuPA by PAI-1 became almost identical (260 and
280 �M�1 s�1, respectively, see Table 3). Therefore, the inter-
actions of the somatomedin B domain of Vn with the �-helices
F and E and strand 1 of �-sheet A of PAI-1 (80) induce confor-
mational changes that could further stabilize DNA�enzyme�
PAI-1 complexes. Neither DNA nor DNA with Vn affected the
SI for the interaction of PAI-1with any enzyme (Table 3). Nota-
bly, DNA and Vn did not significantly affect the difference in
specificity constants between sc- and tctPA (Table 3). In con-
trast, the rates of inhibition of sc- and tctPA bound to fibrin by
PAI-1 were equal (79). DNA and Vn did not affect the reaction
between PAI-1 and pro-urokinase (data not shown), which is
limited by a slow transition from the inactive to active form of
scuPA (59). Thus, it is unlikely that interaction with DNA
affects the equilibrium between inactive and active species of
the proenzyme.
In contrast to fibrin, which protects PL from inactivation by

�2AP (76), DNAonly slightly decreases the rate of tight binding
of the enzyme to the serpin (Fig. 7A). DNA causes no effect on
the rate of the second step of the PL/�2AP reaction (Fig. 7B) or
on the stoichiometry of interaction (Fig. 7B). Because dsDNA
did not affect PL amidolytic activity, and did not protect PL
from inactivation by �2AP (Fig. 7), it is unlikely that interaction
betweenPL andDNA template involves the kringle 1 domain or
the active site of the enzyme. Thus, unlike fibrin, DNA does not

protect plasminogen activators or PL fromendogenous serpins.
The latter mechanism is similar to that described for the reac-
tion between cathepsin V and SERP (81).
Thus EC DNA in vivo could both compete with fibrin for

fibrinolytic enzymes and induce fibrin-independent Plg activa-
tion and promote the inhibition of fibrinolytic enzymes by
endogenous serpins. Indeed, a decreased level of Plg in plasma
(up to 60% in septic shock (82)) togetherwith increased levels of
PAI-1 (41–44) and ECDNA (18, 19) are predictors of the sever-
ity of sepsis (83, 84). Moreover, the median Plg level in the PFs
of patients with PN is 2.2–4.0 times less than that in the PFs of
patients with CHF and LC (85), which correlates with the rela-
tive concentrations of EC DNA observed in PFs this study.
The observed effects of DNA on fibrinolysis of FITC-fibrin

film support the putative mechanism of DNA interaction with
fibrinolytic enzymes. Indeed, although dsDNA (0.1–1.0 �g/ml)
in solution caused no effect on the degradation of FITC-fibrin
by PL, it markedly potentiated fibrinolysis by Plg/tPA or Plg/
uPA,most likely due to the accelerated fibrin-independent acti-
vation of Plg. �2AP, which rapidly inactivates PL both in solu-
tion and bound toDNA (Fig. 7A) but does not affect the activity
of PL bound to fibrin (76), inhibited fibrinolysis that originated
from DNA template-mediated Plg activation. Further increas-
ing the DNA concentration (up to 25 �g/ml) resulted in the
inhibition of fibrinolysis by both PL or Plg/tPA or Plg/uPA,
most likely due to the competition of DNA with fibrin for PL.
The role of the structure of fibrin in fibrinolysis is incom-

pletely understood, and the degradation of a pure fibrin net-
work depends on its structure and thickness (86, 87). The
entrapment ofDNAcould further stabilize the fibrinmeshwork
and affect both Plg activation and subsequent fibrinolysis. Poly-
anions such as unfractionated (but not low molecular weight)
heparin (88) and polyphosphates (89) affect fibrin structure
inducing formation of thicker fibrin fibrils. It is known that
myosin (90), other proteins (86, 91, 92), as well as polyphos-
phates (89) affect fibrinolysis when incorporated into fibrin.
Conversely, heparin, which potentiates Plg activation by tPA
(47, 88) through a so-called semi-template mechanism (48),
does not affect fibrinolysis (48, 93). Recently, the DNA of neu-
trophil extracellular traps was shown to promote thrombosis
and be incorporated into a fibrin structure (1). Indeed, an
increase in the dsDNA (Fig. 8B) or oligo(dT)65 (Fig. 8C)
entrapped in FITC-fibrin slows fibrinolysis with both PL and
Plg/tPA or uPA. Only a small (1.2–1.5-fold) stimulation of
fibrinolysis was detected at low concentrations of ligands (Fig.
8, B and C). The increased fibrinolysis with the addition of
dsDNA that was observed in the presence of �2AP could reflect
the resistance of DNA-mediated Plg activation by DNA/fibrin
surfaces to serpins. However, the lack of a similar effect for
oligo(dT)65 (Fig. 8D) could indicate that there is a fast dissoci-
ation of short oligonucleotides into solution during fibrinolysis.
A two-faceted mechanism of contributions of soluble EC

DNA to fibrinolysis suggests the following: (i) the profibrino-
lytic role of EC DNA-mediated Plg activation under conditions
of neutralization by endogenous serpins; (ii) the profibrotic
effects of EC DNA under conditions of overexpression of
endogenous serpins. The former mechanism could potentially
contribute to the success of fibrinolytic therapy with a combi-
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nation of tPA and DNase in an animal model (94) and in
humans with complicated organizing pleural effusions (95).
However, the salutary effects of the DNase/tPA treatment have
been attributed to decreasing the viscosity of pleural effusions
(94, 95). In a related vein, the use of DNase alone should result
in an increase in the concentration of soluble EC DNA and
products of its degradation, which would promote inhibition of
endogenous fibrinolytic enzymes by serpins. Such amechanism
could contribute to the increased mortality and need for sur-
gery that was observed in the DNase group in MIST2 (95).
Moreover, high levels of EC DNA intrapleurally, in combina-
tion with high serpin activity, could also contribute to the lack
of efficiency of the plasminogen activator alone, as observed in
both the MIST1 and MIST2 clinical trials (78, 95).
In summary, our results support the concept that fibrinolytic

enzymes are prone to distinctmolecular interactions in an envi-
ronment enriched with EC DNA and serpins, as occurs in
severe sepsis, complicated parapneumonic effusions, EMP, and
acute respiratory distress syndrome. Competition between the
fibrin and non-fibrin Plg-activating template formed by protein
aggregates for tPAhave been recently shown in injured neurons
(46). The results of this study demonstrate another macromo-
lecular template, which not only competes with fibrin for tPA,
uPA, and PL but also promotes the inhibition of the fibrinolytic
enzymes by endogenous serpins. The novel interactions we
describe here have potentially important clinical ramifications.
This study provides a rationale to determine how DNA/fibrin-
olysin interactions contribute to the outcome of fibrinolytic
therapy in future clinical studies.
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31. Thögersen, A. M., Jansson, J. H., Boman, K., Nilsson, T. K., Weinehall, L.,
Huhtasaari, F., and Hallmans, G. (1998) Circulation 98, 2241–2247

32. Wiman, B. (1999) Scand. J. Clin. Lab. Invest. Suppl. 230, 23–31
33. Johansson, L., Jansson, J. H., Boman, K., Nilsson, T. K., Stegmayr, B., and

Hallmans, G. (2000) Stroke 31, 26–32
34. Nordenhem, A., Leander, K., Hallqvist, J., de Faire, U., Sten-Linder, M.,

and Wiman, B. (2005) Thromb. Res. 116, 223–232
35. Zeerleder, S., Hack, C. E., and Wuillemin, W. A. (2005) Chest 128,

2864–2875
36. Haj, M. A., Robbie, L. A., Croll, A., Adey, G. D., and Bennett, B. (1998)

Intensive Care Med. 24, 258–261
37. Watanabe, R., Wada, H., Miura, Y., Murata, Y., Watanabe, Y., Sakakura,

M., Okugawa, Y., Nakasaki, T., Mori, Y., Nishikawa, M., Gabazza, E. C.,
Shiku, H., and Nobori, T. (2001) Clin. Appl. Thromb. Hemost. 7, 229–233

38. Dawson, S., and Henney, A. (1992) Atherosclerosis 95, 105–117
39. Grimaudo, V., Bachmann, F., Hauert, J., Christe,M. A., and Kruithof, E. K.

(1992) Thromb. Haemost. 67, 397–401
40. Ioannidou-Papayannaki, E., Lefkos, N., Boudonas, G., Efthimiadis, A.,

Psirropoulos, D., Vogas, V., Papadopoulos, I., and Klonizakis, I. (2000)
Acta Cardiol. 55, 247–253

41. Gando, S., Nakanishi, Y., and Tedo, I. (1995) Crit. Care Med. 23,
1835–1842

42. Iba, T., Kidokoro, A., Fukunaga,M., Sugiyama, K., Sawada, T., andKato,H.
(2005) Shock 23, 25–29

43. Raaphorst, J., Johan Groeneveld, A. B., Bossink, A. W., and Erik Hack, C.
(2001) Thromb. Haemost. 86, 543–549

44. Hack, C. E. (2001) Semin. Thromb. Hemost. 27, 633–638
45. Gebbink, M. F., Bouma, B., Maas, C., and Bouma, B. N. (2009) FEBS Lett.

583, 2691–2699
46. Samson, A. L., Borg, R. J., Niego, B.,Wong, C.H., Crack, P. J., Yongqing, T.,

and Medcalf, R. L. (2009) Blood 114, 1937–1946

DNA Promotes Plg Activation and Serpin Inhibition of PL, PAs

DECEMBER 9, 2011 • VOLUME 286 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 41961



47. Andrade-Gordon, P., and Strickland, S. (1986) Biochemistry 25,
4033–4040

48. Liang, J. F., Li, Y., and Yang, V. C. (2000) Thromb. Res. 97, 349–358
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