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Effects of Plasmin on von Willebrand Factor Multimers
Degradation In Vitro and Stimulation of Release In Vivo

Karen K. Hamilton, Larry J. Fretto, David S. Grierson, and Patrick A. McKee

The Howard Hughes Medical Institute Laboratories, Departments of Medicine and Biochemistry,
Duke University Medical Center, Durham, North Carolina 27710

Abstract

von Willebrand factor (vWF), a multimeric protein that me-
diates platelet adhesion, circulates in association with the
procoagulant Factor VIII (FVIII). In previous reports, plasmin
was shown in vitro to inactivate FVIII and cleave the vWF
subunit extensively, but to cause only a modest decrease in
vWF platelet-agglutinating activity. In the present study, the
digestion of vWF multimers by plasmin was analyzed by
sodium dodecyl sulfate-agarose gel electrophoresis and ra-
dioimmunoblotting. In vitro, plasmin degraded the large vWF
multimers to smaller forms that could be distinguished from
the small multimers present before digestion only by a slightly
increased electrophoretic mobility. These plasmin-cleaved
"multimers" were composed of disulfide-linked fragments with
no intact vWF subunits. Thus, many plasmin cleavages occur
within disulfide loops. The slight increase in mobility of
plasmin-digested vWFis in part explained by the early cleavage
from the multimers of a 34,000-mol wt peptide, which was
purified and partially sequenced. The amino-terminal sequence
(33 residues) agrees with the previously reported sequence (15
residues) for the amino terminus of the intact vWF subunit.
Analysis of plasmin-digested vWF allowed deduction of a
model for the native vWFstructure, including the approximate
location of the interprotomer disulfide bond(s).

To determine whether plasmin would digest vWF in vivo,
plasmas from 12 patients and 2 normal volunteers who received
intravenous streptokinase (SK) were analyzed. Rather than
vWF digestion, a two- to threefold rise in vWF antigen and
platelet-agglutinating activity occurred within 2 h after a single
SK dose, and the increase was greatest among the largest
multimers. In contrast, FVIII clotting activity dropped to 10-
20% of pre-SK levels. Thus, although plasmin destroys FVIII,
a pharmacologically induced fibrinolytic state is associated
with significant release of vWFfrom endothelial cells, platelets,
or some other storage pool.

Introduction

Factor VIII/von Willebrand factor (FVIII/vWF)' is a plasma
protein complex with two hemostatic functions. Although
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1. Abbreviations used in this paper: CTA, Committee on Thrombolytic
Agents; FVIII, Factor VIII; FDP, fibrin-fibrinogen degradation products;
PAGE, polyacrylamide gel electrophoresis; SK, streptokinase; vWF,
von Willebrand factor.

present in only trace amounts in the complex, the FVIII
protein possesses the procoagulant activity lacking in hemophilia
A. vWF, which is deficient or defective in von Willebrand's
disease, mediates platelet adhesion to subendothelium and
platelet agglutination in the presence of ristocetin (1). vWF
circulates as a series of large multimers that range in size from
- 500,000-800,000 to 12-20 million mol wt, as estimated
from electrophoretic mobilities in sodium dodecyl sulfate
(SDS)-agarose or agarose-acrylamide gels (2-4) and from vol-
umes on electron micrographs (5). The smallest form of vWF
seen in plasma (the protomer) appears to be a dimer of
200,000-280,000-mol wt subunits, whereas the larger forms
are currently presumed to be oligomers of this dimer (3).

Plasmin is a plasma serine proteinase responsible for
thrombolysis. Its circulating zymogen form, plasminogen, is
converted to plasmin by urokinase, by the streptokinase-
plasminogen activator complex, as well as by other circulating
or tissue-associated plasminogen activators. In vivo, the primary
plasmin substrates are fibrin and fibrinogen. However, plasmin
will selectively cleave arginyl-X and lysyl-X peptide bonds in
other proteins in vitro. Several laboratories have described the
effects of plasmin on FVIII/vWF (6-9). In these early studies,
when purified FVIII/vWF was incubated with plasmin, FVIII
clotting activity was destroyed within 5-15 min; however, the
vWF ristocetin-cofactor platelet-agglutinating activity was rel-
atively resistant, with -70% of the activity remaining even
after 24 h of digestion (6, 9). When plasmin-degraded FVIII/
vWFwas examined by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), after disulfide bond reduction, the vWFsubunit
was found to be cleaved into multiple fragments, ranging in
molecular weight from 15,000 to 185,000, depending on the
duration of digestion. There was not good agreement among
the studies about the number of fragments in the terminal
digest or their molecular weights. When nonreduced plasmin-
digested FVIII/vWF was analyzed, the protein did not enter
4-5% polyacrylamide gels to any significant extent (6-9), but
by crossed immunoelectrophoresis, the mobility was increased
(10). Because the multimeric structure of vWF was not rec-
ognized at the time of those studies and in light of current,
though still limited, understanding of vWF structure, we
analyzed the effect of plasmin in vitro on vWFmultimers and
found that the pattern of degradation allowed several deductions
about the structure of native vWF. In addition, we undertook
to determine whether vWFis significantly degraded by plasmin
in vivo, and unexpectedly found that a dramatic increase in
the plasma vWF level occurred during thrombolytic therapy.

Methods

Plasma preparation. Plasma was prepared from freshly drawn whole
blood anticoagulated with citrate (one part 3.8% sodium citrate, nine
parts whole blood) by centrifugation at room temperature at 2,500 g
for 30 min. The normal pooled plasma, which was used as the standard
for our FVIII and vWF assays, was obtained from five apparently
healthy male donors with no personal or family history of bleeding
tendencies.
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Purification ofFVIII/vWF. FVIII/vWF was purified from lyophilized
intermediate purity (I 1) concentrates (American Red Cross) by poly-
ethylene glycol 4000 precipitation and 4% agarose gel (Biogel A-15m;
Bio-Rad Laboratories, Richmond, CA) chromatography as previously
reported (12). Protein concentration was determined by the method of
Lowry et al. ( 13).

Purification of plasminogen. Glu-plasminogen was obtained by
affinity chromatography of fresh-frozen plasma on lysine-agarose (14).
Protein concentration was calculated using a molecular weight of
92,000 and an extinction coefficient (E280 nm) of 17.0.

Plasmin degradation of purified FVIII/vWF. Plasminogen (15 J1,
3.2 mg/ml, 20 Committee on Thrombolytic Agents [CTA] U/mg) was
activated using 10 Ml (10 CTA U) of urokinase (Sterling-Winthrop
Pharmaceuticals, Rensselaer, NY). After 15 min at room temperature,
1 ml of purified FVIII/vWF (2 mg/ml) was added; digestion proceeded
at 370C and aliquots were taken from 5 min to 60 h. Plasmin in each
aliquot was inactivated by the addition of a 10-fold molar excess of
aprotonin (Trasylol; FBA Pharmaceuticals, New York, NY). Controls
containing FVIII/vWF plus buffer or urokinase (without plasminogen)
were incubated simultaneously.

Trypsin degradation of purified FVIII/vWF. Trypsin-N-tosyl-L-
phenylalanine chloromethyl ketone (231 U/mg; Millipore Corp., Bed-
ford, MA) was dissolved in I mMHCI, left at room temperature for
I h, and added to purified FVIII/vWF (2 mg/ml) at a final concentration
of 8 gg/ml. As was done for the plasmin degradation, aliquots were
removed at intervals from 5 min to 60 h of digestion and trypsin
inactivated with aprotonin in a 10-fold molar excess; a control (con-
taining FVIII/vWF plus buffer) was incubated and sampled in parallel.

Isolation and characterization of the 34,000-mol wt plasmic peptide
from vWF. vWFwithout FVIII activity was obtained from FVIII/vWF
as previously described (15). Purified FVIII/vWF was mixed with one-
ninth part 2.5 MCaCl2-0.02 MTris, pH 6.8, and rechromatographed
on 4% agarose columns (2.6 X 90 cm) that had been equilibrated with
0.01 ML-histidine-0.25 MCaCI2-0.10 MNaCI-0.001 Mbenzamidine-
HCl, pH 6.0. The FVIII-free vWF in the void volume was pooled,
precipitated with 12% polyethylene glycol 4000, and redissolved at 2.5
mg/ml in 0.05 MTris-0.15 MNaCl, pH 7.35. Plasmin at 0.74 CTA
U/ml (1.6% of vWFby weight) was incubated with 200 mg of vWF
at 37°C with stirring for 4 h, after which aprotonin was added to give
100 kallikrein inhibitor units/ml final concentration. The final incu-
bation mixture (81 ml) was then lyophilized, dissolved in 30 ml of 4.0
M guanidine-HCI, concentrated to 12 ml (model YM30; Amicon
Corp., Danvers, MA) and gel-filtered on Biogel A-lSm (2.6 X 87 cm)
in 4 M guanidine-0.05 M Tris-0. 15 M NaCl, pH 7.35. Subsequent
rechromatography was performed on Sephacryl S-200 (Pharmacia Fine
Chemicals, Piscataway, NJ) in the same buffer. The final pool was
exhaustively dialyzed against 0.1 Macetic acid and Iyophilized.

Amino acid analyses for 22- and 72-h hydrolysates (6 N HCI, 0.1%
phenol; 1 10°C) were performed as previously detailed (16). Amino-
terminal sequence analysis was done on a gas-liquid solid-phase
peptide sequenator (17).

Effect of plasmin on vWFin plasma and clots in vitro. Plasma was
clotted in glass tubes by recalcification with 0.05 volume of 0.5 M
CaCI2. After 30 min at 37°C, 0.05 vol of buffer or streptokinase (SK)
(Kabikinase, KabiVitrum, Stockholm, Sweden) was added to the clot.
Final SK concentrations were 50, 100, 200, 500, and 2,500 U/ml
plasma. Buffer-treated clots showed no evidence of lysis after 12 h, but
all SK-treated clots lysed within 1 h. Similar experiments were performed
in which SK or buffer was added to unclotted plasma, serum, or
platelet-rich plasma. In some experiments, additional SK was added
hourly for 6 h. In one experiment, plasmin was activated in plasma
by the addition of urokinase (final concentration 2,500 CTA U/ml
plasma) rather than SK. Gel analyses of the vWF multimers in the
treated and control samples were performed as described below.

Effect of "euglobulin" lysis on vWF. "Euglobulin" precipitates of
plasma were prepared by diluting 0.5 ml of plasma with 8 ml of
deionized H20 and adding 0.15 ml of 1% acetic acid (final pH 5.6),
incubating at 4VC for 30 min, centrifuging at 630 g for 5 min at 4VC,

and resuspending in 0.5 ml of borate buffer (I g of NaCl, 9 g of Na
borate in 1 liter H20, pH 9.0). Samples were either clotted by
recalcification or mixed with aprotonin (control sample) and incubated
at 370C until the clotted sample lysed and then for an additional 4 h.
The vWFmultimer pattern in the lysed sample was compared to that
in the proteinase-inhibited control euglobulin fraction.

Evaluation of SK therapy on FVIII/vWF in vivo. Informed consent
was obtained from 12 patients and two normal volunteers who were
participating in a study of the pharmacokinetics of SK (Grierson,
D. S., and T. D. Bjornsson, manuscript in preparation). Plasmas were
obtained immediately before the initial dose of SK, during this dose
at 5-1 5-min intervals, and every 30 min for the first 2 h. Five patients
with acute myocardial infarction received a single dose of 500,000 U
of intravenous SK over 30 min; FVIII clotting activity was not assessed
in these patients because they received heparin during cardiac cathe-
terization. Seven patients with deep vein thrombosis, pulmonary
embolus, or superior vena cava occlusion received 250,000 U of SK
over 30 min; 2 h later five of these patients were started on a
continuous SK infusion at 100,000 U/h for 1-3 d. The length of
infusion was determined by the patient's diagnosis and the occurrence
of complications. Two normal volunteers received 100,000 U of SK
over 15 min. All subjects, except one of the normal volunteers,
achieved a fibrinolytic state as manifested by decreased fibrinogen and
plasminogen levels. No patient had evidence of a febrile or allergic
reaction. vWFantigen and FVIII/vWF activity levels were measured
(as described below) and compared with pretreatment levels. To be
more certain that changes in FVIII/vWF were indeed due to SK
therapy and were not due simply to stress or the effects of contrast
injection, similar analyses were performed on plasmas from three
patients undergoing cardiac catheterization and from four normal
volunteers who received an intravenous dose of heparin (5,000 U over
10 min).

Ristocetin cofactor activity. vWF-dependent platelet agglutination
in the presence of ristocetin (H. Lundbeck & Co., Copenhagen,
Denmark) was measured using paraformaldehyde-fixed platelets (18)
as previously described (5). Final ristocetin concentration was 1.5
mg/ml.

FVIII procoagulant activity. FVIII procoagulant activity was mea-
sured using both the one-stage partial thromboplastin time (19) and
the two-stage thromboplastin generation methods (20, 21). Thrombofax
(Ortho Diagnostic Systems Inc., Raritan, NJ) was used as the phos-
pholipid source. In addition, thrombin clotting times (21) were per-
formed on patient plasmas to determine whether fibrin-fibrinogen
degradation products (FDP) were present in concentrations sufficient
to inhibit fibrin polymerization. To determine whether FDP might
also be interfering with the FVIII assays, thrombin clotting times were
performed on: (a) the one-stage assay mixture containing diluted
patient plasma, hemophilic substrate plasma, and Thrombofax; and
(b) the two-stage assay mixture of diluted adsorbed patient plasma,
normal serum, bovine Factor V, Thrombofax, and normal substrate
plasma. All FVIII and vWFassay results were compared with normal
pooled plasma, which was defined as containing 1 U of each activity
per milliliter.

Gel analysis of vWF. vWFmultimers were analyzed by SDS-1.5%
agarose gel electrophoresis in Tris-borate buffer (12.1 g of Tris base,
3.7 g of boric acid per liter, pH 8.6). Proteins were transferred
electrophoretically from the gels to nitrocellulose paper, reacted with
affinity-purified '25I-labeled rabbit antibody to human vWF, and au-
toradiographed (Hamilton, K. K., J. G. Keck, L. J. Fretto, M. E. P.
Switzer, and P. A. McKee, manuscript in preparation). Total vWF
antigen and vWFantigen in various regions of the multimer distribution
were quantitated by counting radioactivity bound to nitrocellulose in
each sample lane or subregion of the sample lane. Samples were
compared with normal pooled plasma which was defined as having
1 U of vWF antigen per milliliter. Serial dilutions of this pooled
plasma were included on each gel.

Samples of purified vWFtaken before and during plasmin digestion
were reduced with 5% fl-mercaptoethanol and analyzed by SDS-PAGE
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Figure 1. Plasmin- and trypsin-degraded vWF. (A)
Plasmin-degraded vWFanalyzed (nonreduced) by
SDS-1.5% agarose gel electrophoresis and radioimmu-
noblotting. vWFwas incubated with the proteinase
for the times indicated. Plasma (P) and control vWF
incubated without enzyme (C) were included on the
same gel; multimers consisting of one to five proto-
mers are indicated. The 34,000 mol wt degradation
product is not seen on agarose gels. The gel origin is
marked with a small arrow. (B) Trypsin-degraded
vWFanalyzed as described for A. (C) Plasmin-de-
graded vWFanalyzed after disulfide bond reduction
by SDS-PAGE(5-12% gradient) followed by radioim-
munoblotting. Molecular weight standards are shown.
A fragment of mol wt 168,000, seen by immunoblot-
ting all starting (lane C),

degraded by plasmin. (D) Trypsin-degraded vWF(re-
duced) analyzed as in C.
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(5-12% gradient resolving gels with a 3.3% stacking gel), using the
buffer system of Laemmli and Favre (22). These gels were either
stained with Coomassie Blue or in selected instances with silver (23),
or transferred to nitrocellulose, reacted with "51-labeled rabbit anti-
vWF, and autoradiographed.

Statistical analysis. To assess the effects of SK on vWF antigen,
vWF ristocetin-cofactor activity, and FVIII clotting activity, all assay

results were expressed as a percentage of the respective patient's
pretreatment values. The median and the 95% confidence intervals for
these medians at various times during the course of SK therapy were

computed by using distribution-free estimators based on the Wilcoxon
signed rank statistic (24).

Results

Plasmin degradation of purified FVIII/vWF
Effect on vWFmultimers. The time course of plasmin digestion
of the purified vWFmultimers, analyzed nonreduced by SDS-
1.5% agarose gel electrophoresis and radioimmunoblotting, is
shown in Fig 1 A. The most striking feature was the progressive
loss of the larger multimers and concordant increase in smaller
forms. There was also a loss of sharpness in the original triplet
pattern which was prominent in our purified vWF. The
plasmin-degraded multimers migrated slightly faster than the
corresponding multimers in the control sample, which can be
explained by the loss of a small peptide (34,000 mol wt) that

was not seen on the large-pore agarose gels, but which was

detected by SDS-PAGEof nonreduced samples. This fragment
was much more prominent on Coomassie staining than on

immunoblots, suggesting that it contains few binding sites for
our rabbit antibody to native vWF.

Trypsin also degraded vWFfrom larger to smaller multimers
(Fig. 1 B), but much more rapidly than plasmin at the same

molar concentration, which is consistent with the broader
specificity of trypsin. Even with prolonged digestion and
addition of more proteinase, vWF with fewer than three
multimers was never produced by plasmin. In contrast, the
terminal trypsin digest consisted of a major form that is smaller
than the vWF protomer and many smaller fragments not
visualized on agarose gels. The amount of radiolabeled antibody
bound to each lane of the immunoblot shown in Fig. 1 A
decreased during plasmin digestion, indicating gradual loss of
antigenic sites (17% loss by 15 min, 31% by 5 h). In previous
reports, when "FVIII-related" antigen (i.e., vWFantigen) was

measured by rocket immunoelectrophoresis, the rocket height
after plasmin digestion increased 200-500% (6, 7). Rocket
immunoelectrophoresis may measure primarily the concentra-
tion of the fastest migrating form of vWF, which does increase
dramatically as digestion proceeds (Fig. 1 A). The greater loss
of antigenicity with trypsin (25% loss by 15 min, 82% by 5 h)
suggests more rapid degradation of native structure than occurs

with plasmin.
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digests. This fragment may be generated by plasmin or some
other proteinase either in vivo or during purification.

Plasmin degradation of purified v WF: characterization
of a 34,000-mol wt peptide

WPIW As shown in Fig. 3, the major products of plasmin-digested
vWFare eluted in the void volume of 4% agarose with 4 M
guanidine hydrochloride; the peak designated as pool 5 contains

-13 4

the major peptide of lower molecular weight. Rechromatog-
11 4= raphy of pool 5 on S-200 gives a single 34,000-mol wt peptide

by SDS-PAGE that is also homogeneous by amino-terminal
analysis. This peptide, designated P34, has an amino acid
composition similar to that of vWFexcept for enrichment in
half-cystine, methionine, aspartic acid, glycine, tyrosine, and

-43
4

lysine and relatively lesser amounts of proline and alanine
(Table I). The amino-terminal sequence to residue 33 (Fig. 4)

- 21 - _- has four half-cystines which are involved in intrachain disulfide
bonds inasmuch as the peptide was isolated without reduction
and contains no free sulfhydryls. The mobility of P34 on SDS-
PAGEalso decreases after reduction, which is consistent with

C 90 breaking intrachain disulfides. The yield of P34 (14 mg/200

ma nf vWF) inalirnter1 that thi,ic nentidie wa,a releaqed1 from. at
Figure 2. Two-dimensional gel analysis of plasmin-degraded vWF. A
90-min plasmin digest was first electrophoresed nonreduced on an

SDS-1.5% agarose gel (top horizontal lane). After disulfide bond
reduction by incubation in Laemmli sample buffer with 5% ,B-mer-
captoethanol, the excised agarose lane was electrophoresed into an

SDS-polyacrylamide gel with three layers (5, 8, and 12%), followed
by immunoblotting. The control vWF(C) and 90-min digest (90)
were both analyzed after reduction on a similar gel in one dimension
only for comparison (right). The nonreduced multimers seen in the
90-min digest (top) were composed predominantly of two large frag-
ments (134,000 and 1 14,000 mol wt) with some 66,000-, 60,000-,
48,000-, 43,000-, and 2 1,000-mol wt fragments. The 34,000-mol wt
fragment seen in the one-dimensional analysis of the reduced 90-min
digest (right) is not present in the second dimension of the two-
dimensional gel, confirming that it is not disulfide-linked into the
multimers. The 240,000-mol wt subunit seen in reduced control
vWF(C) is also not present in the multimers of the 90-min digest.

Pattern of vWF subunit cleavage. Plasmin- and trypsin-
degraded purified FVIII/vWF were also analyzed by SDS-
PAGEafter disulfide bond reduction (Fig. 1 C and D). The
major early plasmin digestion products were 134,000, 114,000,
and 34,000 mol wt, with minor bands at 220,000, 168,000,
43,000, and 21,000 mol wt (Fig. C). With further digestion,
all forms larger than 134,000 mol wt disappeared and the
concentration of the 134,000- and 1 14,000-mol wt bands
decreased as the intensity of the bands at 78,000, 66,000,
60,000, 48,000, 43,000, and 21,000 mol wt increased. Com-
parison of the nonreduced and reduced patterns (Fig. I A and
C) suggests that many of the plasmin cleavage sites lie within
disulfide loops, in that the large multimers persisted long after
the intact subunit (240,000 mol wt) had disappeared. Two-
dimensional SDSgel analysis of a 90-min digest (Fig. 2) shows
conclusively that the plasmin-degraded vWF multimers are

composed of multiple disulfide-linked fragments, rather than
240,000-mol wt subunits. The loss of the sharp triplet pattern
seen on nonreduced gels (Fig. 1 A) is therefore not surprising.

Of note, all of our purified FVIII/vWF preparations, even

before plasmin treatment, contained variable amounts of a

168,000-mol wt band which is easily seen on immunoblots
(Fig. 1 C, lane 1) and which intensified early in some plasmin

least half of the vWFsubunits during the 4 h digestion.

Plasmin degradation of FVIII/vWF
in whole plasma in vitro
Although plasmin will degrade purified FVIII/vWF, the latter
may be poor plasmin substrates in a plasma milieu or in clots
where the concentration of fibrinogen or fibrin, presumably
the preferred substrates, overwhelms that of FVIII/vWF. More-
over, plasmin may be inhibited by plasma proteinase inhibitors
before a secondary substrate such as FVIII or vWF can be
cleaved. When whole plasma or plasma clots were treated with
selected concentrations of either SK or urokinase for 1-12 h,
no change in the vWFmultimer pattern was discerned. That
active plasmin was in fact generated was verified by the rapid
lysis of the fibrin clots. Moreover, FVIII clotting activity of
the plasma was destroyed (only 15% remained 15 min after
addition of 100 U of SK per milliliter). To determine whether
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Figure 3. Purification of P34 from plasmin-digested vWF. The elu-
tion profile of whole 4-h digest on 4% agarose in 4 Mguanidine-HCl,
pH 7.0; pool 5 contains P34 (34,000-mol wt fragment). (Inset) Re-
chromatography of pool 5 on Sephacryl S-200 in 4 Mguanidine-
HCI, pH 7.0. A290, absorbance at 280 nm; Ve, elution volume; V,,
total column volume.
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Table I. Amino Acid Compositions*

P34
Amino acid residues P34 vWF

n mol% mol%

Asp 32.2 10.7 9.2
Thr 15.9 5.3 5.7
Ser 20.2 6.7 7.0
Glu 32.5 10.8 11.6
Pro 14.0 4.7 6.6
Gly 24.5 8.1 7.0
Ala 10.0 3.3 5.3
'/2CyS 23.8 7.9 7.0
Val 26.2 8.7 8.9
Met 5.4 1.8 1.4
Ile 9.9 3.3 3.7
Leu 24.0 8.0 7.6
Tyr 9.2 3.0 2.6
Phe 8.6 2.8 2.7
His 7.1 2.3 2.5
Lys 17.9 5.9 4.5
Arg 15.0 5.0 4.7
Trp 5.4 1.7 2.0

* Amino acids were determined as described in Methods. Calculation
of number of residues is based upon estimate of 34,000 mol wt from
SDS-PAGE.

vWFmight be digested when the fibrinolytic system is activated
by naturally occurring circulating plasminogen activators,
"euglobulin" precipitates were prepared just as for measuring
euglobulin lysis times. This technique, which is based on
precipitation of proteins at low ionic strength near their
isoelectric points, yields fibrinogen, plasminogen, and plasmin-
ogen activators relatively free of plasmin inhibitors. Because
the isoelectric point of vWFhas been reported to be 5.7-5.9
(25), we expected it to be present in the precipitate also.
Indeed, a 60-70% yield of vWF, with a multimer pattern
indistinguishable from that in the starting plasma, was obtained
in the euglobulin fraction. However, when the euglobulin
fractions were clotted and allowed to lyse, no degradation of
vWF multimers was observed. Hence, the sum of our efforts
to demonstrate proteolysis of vWF in whole plasma, fibrin
clots, or euglobulin fractions suggested that vWF is not a
significant plasmin substrate in vivo.

Acute effect of SK infusion on FVIII and vWFin vivo
Despite being unable to demonstrate plasmin degradation of
vWF in whole plasma in vitro, we decided to examine the
plasmas from patients receiving SK to determine whether
multimer degradation occurred in vivo. A typical example of
the acute effect of SK on the vWFmultimers is shown in Fig.
5. Although we anticipated that, as plasmin was generated, the

Ser-Leu-Ser-Cys-Arg-Pro-Pro-Met-Val -Lys-
5 10

Leu-Val -Cys-Pro-Ala-Asp-Asn-Leu-Arg-Ala-
15 20

Gl u-Gly-Leu-Gl u-Cys-Thr-Lys-Thr-Cys-Gl n-
25 30

Asn-Tyr-Asp...
33

Figure 4. Amino-terminal se-
quence of P34.
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Figure 5. Typical acute response of FVIII/vWF after SK. This patient
who had deep vein thrombosis received 250,000 U of SK over 30
min. (A) vWFmultimer patterns analyzed by SDS-agarose gel elec-
trophoresis and immunoblotting. (B) Total vWFantigen quantitated
from the radioimmunoblot. (C) vWFplatelet-agglutinating activity
(ristocetin cofactor activity) and FVIII clotting activity (two-stage
assay). Antigen and activity levels are each expressed as percent of
pretreatment level.

multimers would be either unchanged or slightly degraded to
smaller forms, we found instead that the level of vWFantigen
(in all multimer sizes) was increased in 12 of 14 patients by
30 min after starting the SK and in all patients by 2 h. The
changes in vWF antigen, platelet-agglutinating activity, and
FVIII clotting activity for these subjects are shown in Fig. 6.
By 30 min after initiation of SK, total vWF antigen had
increased to 150%, and by 2 h the level was 193% of pretreat-
ment level. This rapidly appearing vWFwas apparently normal
and functional because it was accompanied by an even greater
increase in platelet-agglutinating activity, which reached 180%
of base-line level by 30 min, and remained elevated at 210-
260% for the next 90 min (Fig. 6). The plasma vWFlevels in
controls (who underwent cardiac catheterization or received a
heparin loading dose) were unchanged. vWFantigen was also
measured in small, medium, and large multimers, represented
by multimers 1-4, 5-8, and 9 or larger, respectively. Although
an increase in response to SK occurred in all three subpopu-
lations of multimers (Fig. 7), the large forms showed the
greatest increase: 290% of pretreatment level by 2 h.

All but two patients had increased vWFantigen levels by
the end of the single SK dose; however, during the first 5-20
min of the actual SK infusion, 8 of the 14 patients had
transient decreases of 5-50% in total vWFantigen and attendant
losses in platelet-agglutinating activity. A typical example is
shown in Fig. 8. The multimer patterns and quantitation of
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Figure 8. Typical transient de-
crease in vWFoccurring early
during a single SK dose. Multi-
mer analysis in this patient
who received 250,000 U of SK
demonstrates that the antigen
decrease was greater for the
larger multimers. Total vWF
antigen levels in this patient
were 2 U/ml (0 min), 1.2
U/ml (21 min), 1.8 U/ml (60
min), 2.7 U/ml (75 min). Such
decreases in vWFantigen
along with platelet-agglutinat-
ing activity occurred in 8 of 14
patients.

antigen distribution among the small, medium, and large
forms demonstrated decreases in all multimer populations,
but the greatest decrease occurred in the large forms (data not
shown). These findings are consistent with plasmin degradation
plus clearance of some vWF from the circulation. The early
decreases in vWFdid not appear to be related to the dose of
SK or to the patient's underlying disease, and were always
followed by a rise in vWF antigen and platelet-agglutinating
activity to above pretreatment levels, usually by 30 min and
in all cases by 90 min.

FVIII clotting activity could not be assayed by the one-
stage method, in that all patients had prolonged thrombin
times after SK, presumably due to FDP. In the one-stage
FVIII assay, the test plasma (diluted 1:5 to 1:40) was mixed
with an equal volume of hemophilic plasma and Thrombofax
before recalcification. When thrombin was substituted for
calcium in this assay, mixtures containing post-SK plasma had
prolonged clotting times compared to those with normal
plasma or the patient's pretreatment plasma, suggesting that
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Figure 7. Differential effect of SK on small, medium, and large vWF
multimers. The vWFantigen in multimers 1-4 (small), 5-8 (me-
dium), and .9 (large) was quantitated from radioimmunoblots. Re-
sults are expressed as the percentage of the pretreatment vWFanti-
gen level in the appropriate multimer subgroup. Medians and their
95% confidence intervals are shown; (n) values are the same as those
in Fig. 6 A.

FDP interference with fibrin polymerization was obscuring
FVIII measurement. In the two-stage FVIII assay, patient
plasma (diluted 1:32 to 1:256) was further diluted 1:5 in the
first stage incubation mixture and then 1:5 in the second stage.
The FDP present in patient plasmas at these dilutions did not
interfere with fibrin polymerization as demonstrated by normal
clotting times when the two-stage assay mixture was clotted
with thrombin instead of calcium. Hence, FVIII activity could
be assessed by the two-stage assay even during SK treatment.
Indeed, 30 min after starting the SK dose, FVIII procoagulant
activity was 8% of its pretreatment level (Fig. 6), which
coincided with the rapid increases in vWF antigen level and
platelet-agglutinating activity. I h later, median FVIII activity
was still only 18% of the pre-SK level.

Effect of prolonged SK infusion on plasma vWF.
Five patients in our study received SK for >12 h. In all of
these patients, the initial rise in vWF antigen was sustained,
but in most, the platelet-agglutinating activity declined. These
changes were clearly demonstrated when the ratio of vWF
platelet-aggregating activity to antigen was plotted for each
patient over the course of therapy (Fig. 9 A). There was an
initial increase in the activity-to-antigen ratio (specific activity)
after the SK loading dose, followed by a decline toward
pretreatment level in every patient during continued SK
infusion. Multimer analysis of plasmas from these patients
allowed an explanation for this loss of activity: a shift in the
multimer distribution occurred over time in some patients,
with a progressive loss of the largest multimers and a gradual
increase in smaller forms (Fig. 9, B and C). Although the
sample size is small, these observations suggest that plasmin
degradation of vWF may occur during extended fibrinolytic
therapy.

Discussion

Limited proteolysis is a common mechanism by which circu-
lating proteins are activated and degraded. In vitro, FVIII is
activated by thrombin (26) and inactivated by plasmin (6, 7,
9) and protein C (27). It is presumed that these proteinases
modulate the rate of fibrin formation in vivo by changing
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Figure 9. Effect of prolonged SK infusion on plasma vWF. (A) The
ratio of vWFplatelet-agglutinating activity to vWFantigen in five
patients treated for pulmonary embolus or deep vein thrombosis. The
maximum ratio for each patient during the first 2 h after the loading
dose is shown, along with values obtained on days 1, 2, and 3 of the
SK infusion. (B) vWFmultimer analysis in one patient treated with

FVIII activity. vWFis not a known substrate for any proteinase
in vivo and the regulation of its synthesis, release, size, activity,
and clearance is not well understood. The present study
addresses the effect of plasmin on vWFmultimer structure in
vitro and the question of whether plasmin significantly affects
FVIII/vWF in vivo.

Plasmin degradation of vWFin vitro: structural implications.
Gel analyses of purified plasmin-degraded vWF(Figs. 1, A and
C and 2), together with the electron microscopic appearance

of the vWF protomer (Fowler, W. E., L. J. Fretto, K. K.
Hamilton, H. P. Erickson, and P. A. McKee, manuscript
submitted for publication), suggest a model for the plasmin

Figure 10. Model for plasmin degradation of vWF. The vWFproto-
mer (A; inset) is a dimer of 240,000-mol wt subunits. Probable
carboxy- and amino-termini are designated Cand N, respectively.
Thin lines bridging the subunit(s) represent disulfide bonds. Although
the dimer is relatively resistant to reducing agents, the number of
intersubunit disulfide bonds is unknown. A portion of a vWFmulti-
mer is shown in A; large arrows represent approximate sites of
preferred plasmin cleavages, one of which (arrow 1) releases a

34,000-mol wt amino-terminal fragment (P34). Others (arrows 2 and
3) occur within disulfide loops and generate 134,000- and 114,000-
mol wt fiagments. Minor cleavages are shown with thin arrows. At
least one of these (arrow 4) cleaves the multimer chain very near the
interprotomer disulfide bond(s). Typical products of plasmin diges-
tion (B) consist of small "multimers" and the P34 peptides.

SK for 60 h. (C) vWFantigen in small, medium, and large multi-
mers (as defined in Fig. 7) quantitated from the immunoblot shown
in B. The initial increase in all multimer sizes, followed by a gradual
loss of large forms, and accumulation of small multimers with time
(as seen in B) is confirmed.

degradation of vWF (Fig. 10). The vWFprotomer (inset, Fig.
10 A) is comprised of two identical subunits linked near their
C-termini by disulfide bond(s) that are relatively resistant to
reduction (2). The protomers are then linked into filamentous
polymers (Fig. 10 A) by disulfide bond(s) which are much
more vulnerable to reducing agents. One rapid plasmin cleavage
(arrow 1, Fig. 10 A) releases the 34,000-mol wt fragment (P34),
explaining the slight increase in electrophoretic mobility of the
multimers (seen in Fig. 1 A as early as 5 min after the addition
of plasmin). The amino-terminal sequence of P34 (Fig. 4)
matches the 15 residues recently reported for the amino-
terminal sequence of the intact vWFsubunit (28). Most of the
other plasmin cleavages must occur within disulfide loops,
because the fragments that are generated remain disulfide-
linked into multimers. Two large fragments (134,000 and
114,000 mol wt) are produced early, and preliminary Staphy-
lococcus aureus V8 digest peptide patterns by SDS-PAGE
suggest that these overlap each other and the 168,000-mol wt
fragment. In addition, V8 peptides of P34 are also present in
the pattern of V8 peptides from the 168,000-mol wt fragment,
but not in the V8 peptide patterns from the 134,000- and
114,000-mol wt fragments. Hence, the 34,000- and 134,000-
mol wt fragments may compose the 168,000-mol wt piece. Of
note, in all previous studies of plasmin-degraded vWF, two
large, rather stable fragments have been observed in terminal
digests, although their molecular weight estimates have been
quite variable: 103,000 and 88,000 mol wt (9), 118,000 and
98,000 mol wt (6), and 155,000 and 120,000 mol wt (7).

Plasmin only slowly degrades the 134,000- and 114,000-
mol wt fragments. Most of these minor or slower cleavages
(thin arrows, Fig. 10 A) occur within disulfide loops, generating
smaller fiagments (21,000 mol wt and 43-78,000 mol wt) that
remain bound within the multimers. However, at least one of
these slower cleavages does not lie within a disulfide loop
(arrow 4, Fig. 10 A) and produces shorter vWF polymers
which are still multiples of a nearly normal-sized, though
fragmented, protomer (Fig. 10 B). This cleavage site must
therefore be very close to the interprotomer disulfide bond(s).
With trypsin (Fig. 1 D) the 134,000- and 114,000-mol wt
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fragments are generated early and then rapidly digested; their
disappearance after 5 h (Fig. I D) corresponds to the disap-
pearance of multimers (Fig. 1 B). Further cleavage of the
134,000- and 1 14,000-mol wt fragments by trypsin or plasmin
parallels proteolysis of the large multimers, suggesting that the
cleavage that produces shorter multimers probably occurs
within these two fragments. The incomplete degradation of
the multimers (and specifically their 134,000- and 114,000-
mol wt fragments), despite repeat additions of plasmin, suggests
that as degradation proceeds, vWF becomes progressively
resistant to further proteolysis. Thus major changes in vWF
structure may occur during digestion which causes initially
available cleavage sites to become poorly accessible to plasmin,
whereas trypsin, with its smaller size and broader specificity,
completes its digestion.

Plasmin effects on FVIII in vivo. In vitro degradation of
FVIII/vWF by plasmin does not imply that either of these
proteins is a significant physiologic plasmin substrate. Wedid
find, however, that addition of SK to plasma destroyed FVIII
activity, suggesting that plasmin inactivates FVIII even in the
presence of fibrinogen. Although textbooks and reviews of
thrombolytic therapy (29, 30) often state that plasmin cleavage
of FVIII, in addition to fibrin and fibrinogen, contributes to
the "Iytic state," few patient studies have been performed (31-
33), and the effect of FDP on the FVIII assays used in those
studies was not addressed. Lombardi et al. (33) examined
FVIII activity in patients receiving urokinase therapy for deep
vein thrombosis and found an insignificant change by the one-
stage assay and a significant decrease (from 163 down to 96
U/dl) by the two-stage method in eight patients after 6 h of
urokinase. In contrast, we could not use the one-stage FVIII
assay for our patients receiving SK in that FDP levels were
sufficient to inhibit fibrin polymerization. However, the standard
two-stage assay (21) circumvented this problem, and we found
that SK-induced fibrinolysis was accompanied by decreases in
FVIII procoagulant activity to 10-20% of its pre-SK level
(Fig. 6).

SK effects on vWFin vivo: stimulation of vWFrelease and
modulation of activity. In contrast to FVIII, we were unable
to detect plasmin degradation of vWF in whole plasma in
vitro, and therefore suspected that vWF may not be an
important plasmin substrate in vivo. Nevertheless, we reasoned
that if plasmin-degraded vWF multimers could be generated
in vivo, we should find them in the plasmas of patients
receiving SK. Surprisingly, however, rather than degradation,
a twofold median increase in vWF antigen and platelet-
agglutinating activity occurred after a single dose of SK (Fig.
6). Lombardi et al. (33) did not find increased vWF antigen
in their urokinase-treated patients by immunoradiometric assay,
but they did find an increase by rocket immunoelectrophoresis
that was attributed to proteolysis of vWF. They observed a
new fast-moving peak (also seen in patients with disseminated
intravascular coagulation) by radio-crossed immunoelectro-
phoresis when eight to nine times the usual plasma load was
applied and suggested this to be a minor cleavage fragment of
vWF. After a 30-min SK infusion, we documented an increase
in vWF antigen (Fig. 6), which was comprised of multimers
of all sizes (Fig. 7) and cannot be explained by proteolytic
modification of already circulating vWF. It appears that SK,
presumably via either the SK-plasminogen activator complex,
plasmin, or plasmin degradation products of other proteins
(e.g., FDP), stimulates rapid release of vWF from endothelial

cells, platelets, or some as yet unrecognized storage pool. This
rapidly releasable vWF (often appearing within the first 5-10
min of an SK dose) probably comes from the secretory vesicles
or luminal surface of endothelial cells, where it has been
shown to be present by electron microscopy (34, 35). Cultured
endothelial cells release vWFin response to thrombin (36, 37),
a serine proteinase for which these cells have high-affinity
binding sites (38). However, thrombin does not cleave vWF
as plasmin does. Whether plasmin binds to endothelial cells
and stimulates release of intracellular vWF remains to be
determined. Alternatively, by very selective proteolysis, plasmin
might release vWF attached to the endothelial cell surface.
Finally, the additional vWF might have been derived from
platelets, although we were unable to demonstrate vWFrelease
in vitro by treating platelet-rich plasma with SK. That the
newly released vWF multimers were predominantly large
explains the greater increase in platelet-agglutinating activity
than in total vWFantigen and also provides some insight into
the multimer distribution within the acutely releasable vWF
storage pool.

Many stimuli such as exercise, catecholamines, and vaso-

pressin increase both FVIII/vWF and plasminogen activator
activity in plasma (39-41). However, neither plasminogen
activators nor plasmin has ever been suggested to cause vWF
release. There is an important difference between the FVIII/
vWF response to such stimuli as exercise or vasopressin and
its response to SK: after SK, only vWF increases while FVIII
activity rapidly falls. To our knowledge, there are no other
physiologic or pharmacologic stimuli that cause simultaneous,
profound increases in vWF activity and decreases in FVIII
activity.

Although the major effect of SK was a dramatic increase
in vWF antigen and platelet-agglutinating activity, we did
observe probable plasmin degradation of vWF, albeit very
transiently, during the first 5-20 min of SK in about half our

patients (Fig. 8). It is likely that some degradation and clearance
of vWF occurred in all of these patients and the release of
new vWF is superimposed on these processes. Which effect
predominates early after SK must depend on the rate and
magnitude of each response in a given patient. Later (after
30-60 min), the release of new vWF consistently outweighed
any degradation or clearance, such that vWF levels remained
elevated. Perhaps some form of feedback regulation of plasma
FVIII/vWF exists, wherein a fall in FVIII or vWFconcentration
or the presence of circulating FVIII/vWF degradation products
triggers release of one or both proteins. During SK therapy
that extended for 1-3 days, a relative loss of platelet-aggluti-
nating activity occurred in most patients, and a downward
shift in the size of the multimer population (consistent with
plasmin degradation) occurred in some. Loss of larger multi-
mers, however, is not definitive evidence of plasmin cleavage,
as such a shift might also occur if endothelial cells, under
continuous stimulation to release vWF, were unable to assemble
the very largest multimers, or if large forms were preferentially
consumed.

In our patients who received prolonged SK therapy, the
high levels of vWFantigen relative to vWFplatelet-agglutinating
and FVIII clotting activities are similar to those reported in a

group of 100 patients with acute respiratory failure (42).
Patients with mild lung injury showed an increase in slow-
moving (large) vWFby crossed immunoelectrophoresis (similar
to the immediate response to SK we observed), whereas those
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with severe lung injury showed an absence of slow forms and
fourfold increases in rapidly migrating forms (similar to the
changes observed in some patients after prolonged SK). The
authors concluded that plasmin was not responsible for high
vWF antigen levels because treatment of vWF with plasmin
in vitro did not increase antigenicity. However, we did observe
a consistent increase in vWFantigen in vivo after SK, suggesting
that plasmin may contribute to the FVIII/vWF abnormalities
reported in acute respiratory failure by stimulating vWFrelease
and then causing its partial degradation.

Some of our findings may have important physiologic and
therapeutic implications. First, patients treated with SK can
have very high levels of vWF which might predispose to
excessive platelet adhesion in areas of ulcerated endothelium
that are reexposed after thrombolysis. Such platelet masses
may contribute to the early reocclusions that can occur when
single doses of SK or short SK infusions are used to lyse
intraarterial thrombi, as in the treatment of acute myocardial
infarction (30). Secondly, plasminogen activators and/or plas-
min may be very important in stimulating release and modu-
lating the size and activity of vWF. The physiologic interactions
of plasminogen activators and plasmin with the endothelium
and the circulating FVIII/vWF complex deserve further inves-
tigation.
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