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125].1abeled heparin cofactor II (HCII) was mixed
with plasma and coagulation was initiated by addition
of CaCl., phospholipids, and kaolin or tissue factor. In
the presence of 67 ug/ml of dermatan sulfate, radioac-
tivity was detected in a band which corresponded to
the thrombin-HCII complex (M, = 96,000) upon sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. No
other complexes were observed. The thrombin-HCII
complex was undetectable when 5 units/ml of heparin
was present or when prothrombin-deficient plasma
was used. In experiments with purified proteases, HCII
did not significantly inhibit coagulation factors VIla,
IXa, Xa, XIa, XIIa, kallikrein, activated protein C,
plasmin, urokinase, tissue plasminogen activator, leu-
kocyte elastase, the vy-subunit of nerve growth factor,
and the epidermal growth factor-binding protein. HCII
inhibited leukocyte cathepsin G slowly, with a rate
constant of 8 x 10* M* min™! in the presence of der-
matan sulfate. These results indicate that the protease
specificity of HCII is more restricted than that of other
plasma protease inhibitors and suggest that the anti-
coagulant effect of dermatan sulfate is due solely to
inhibition of thrombin by HCII.

Heparin cofactor II (HCII?) is a 65,600-dalton glycoprotein
in human plasma which inhibits thrombin by forming a stable,
equimolar complex with the protease {1-7). Heparin and
dermatan sulfate bind to HCII and thereby increase the rate
of inhibition of thrombin ~1000-fold (4, 5, 8). Heparin also
catalyzes the inhibition of thrombin and other proteases by
antithrombin III (ATIII) (9). In contrast, dermatan sulfate
specifically catalyzes the thrombin-HCII reaction but has no
appreciable effect on the activity of ATIII (5, 10). HCII is
present in plasma at a concentration of ~1.2 uM.? At this
concentration, thrombin could theoretically be inhibited with
a t,, approaching 50-100 ms in the presence of an optimal
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amount of heparin or dermatan sulfate.

Little information is available about the protease specificity
of HCII. In previous studies, HCII did not inhibit coagulation
factor Xa, plasmin, or trypsin (2, 4, 6, 7). In contrast, ATIII
inhibits a broad range of proteolytic enzymes, including the
coagulation factors thrombin, Xa, IXa, Xla, XIIa, and kalli-
krein, and the fibrinolytic enzyme plasmin {9, 11). We have
now examined all of the proteases known to be involved in
coagulation and fibrinolysis, as well as several other extracel-
lular proteases, and have discovered that HCII is a relatively
specific inhibitor of thrombin. Previously we reported that
12*].thrombin added to plasma containing dermatan sulfate
becomes bound to HCII (5). We have now shown that throm-
bin generated in plasma during coagulation is inhibited by
HCII when dermatan sulfate is present, thus explaining the
anticoagulant effect of dermatan sulfate that has been ob-
served in vitro {10, 12).

EXPERIMENTAL PROCEDURES

Materials—Benzoyl-lle-Glu-Gly-Arg-p-nitroanilide (S-2222), pyro-
Glu-Gly-Arg-p-nitroanilide (8-2444), Val-Leu-Lys-p-nitroanilide (8-
2251), Pro-Phe-Arg-p-nitroanilide (5-2302), and Phe-Pip-Arg-p-ni-
troanilide (S-2238) were purchased from Helena Laboratories; succi-
nyl-Ala-Ala-Pro-Phe-p-nitroanilide from Vega Biochemicals; succi-
nyl-Ala-Ala-Ala-p-nitreanilide from Sigma; and tosyl-Gly-Pro-Arg-
p-nitroanilide (Chromozyme TH) from Boehringer Mannheim. Hep-
arin from porcine intestinal mucosa was obtained from Abbott Lab-
oratories. Porcine skin dermatan sulfate was obtained from Sigma
and was treated with nitrous acid prior to use to remove contaminat-
ing heparin (5, 10). Sodium|['®*I}iodide (16.8 Ci/mg) was purchased
from Amersham. lodogen was purchased from Pierce. Prothrombin-
deficient plasma containing ~2% of the normal concentration of
prothrombin was purchased from George King Biologicals. Normal
plasma was obtained from blood (4.5 ml) drawn into evacuated tubes
containing 0.5 ml of 0.129 M buffered sodium citrate (Vacutainer
#6418, Bectin-Dickinson). Activated partial thromboplastin reagent
was obtained from Hyland Laboratories. Rabbit brain thromboplastin
was obtained from Ortho Diagnostics and was reconstituted with
water according to the manufacturer. Human brain thromboplastin
(13) was obtained from Dr. George Broze, Washington University.
Rabbit brain cephalin was purchased from Sigma. Polybrene (1,5-
dimethyl-1,5-diazaundecamethylene polymethobromide} was ob-
tained from Aldrich.

Proteins—Human HCII and thrombin were purified as previously
described (4). Human factor XIla (14) was prepared by Dr. Allen
Kaplan, State University of New York, Stony Brook. Human factor
Xla (15) was obtained from Dr. Paul Bajaj, University of California,
San Diego. Human coagulation factors VIla (13), IX, X, Xa {16}, and
activated protein C (17) were obtained from Drs. Hatem Salem,
George Broze, and Joseph Miletich, Washington University. Factor
IX (69 uM) was converted to IXa by incubation with 40 nM factor
Xla for 2 h at 37 °C in buffer containing 8 mm CaCly, 0.05 M NaCl,
0.02 M Tris-HCI, pH 7. Tissue plasminogen activator derived from
cultured human melanoma cells (18) was obtained from Dr. Désiré
Collen, University of Leuven. Human urokinase was the product of
Winthrop Laboratories. Glu-plasminogen II was purified from human
plasma by the method of Deutsch and Mertz (19) and the zymogen
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(1 uM) was converted to plasmin by incubation with 50 nM urokinase
for 30 min at 37 °C in buffer containing 8 mM lysine, 20% glycerol,
0.8 M Tris-HCI, pH 9.6. Human leukocyte elastase (20) and cathepsin
G (21, 22) were prepared by Dr. Robert Senior, Washington Univer-
sity. The proteolytic subunits of murine nerve growth factor (y-NGF)
(23) and epidermal growth factor (EGF-BP) (24) were provided by
Dr. Thomas Maciag, Meloy Laboratories. Human plasma kallikrein,
human fibrinogen, Bothrops atrox venom, and bovine serum albumin
were purchased from Sigma.

Todination of HCII—200 ul of HCII (~8 uM in 0.15 M NaCl, 0.02
M Tris-HCI, pH 7.4) were incubated with 2 mCi of carrier-free Na'*I
for 10 min at 4 °C in a polypropylene tube coated with 100 ug of
Todogen according to the method of Fraker and Speck (25). Unbound
12T was removed by gel filtration on a 1 X 10-cm column of Sephadex
G-25. The final specific radioactivity was 1.2 X 10° cpm/nmol of
HCIL

Electrophoresis—SDS-PAGE was performed with 7.5% gels and
the Laemmli buffer system (26) under nonreducing conditions. Au-
toradiography was performed as described previously (3). Molecular
weight standards obtained from BioRad included ovalbumin (M, =
45,000), bovine serum albumin (M, = 66,000), phosphorylase b (M, =
92,000), B-galactosidase (M, = 116,000), and myosin (M, = 200,000).

Assays for Thrombin, Factors Xa, Xla, Kallikrein, Activated Protein
C, Plasmin, Urokinase, Cathepsin G, Elastase, v-NGF, and EGF-BP—
Reactions were carried out in 1.5-ml polypropylene microcentrifuge
tubes at 37 °C. The enzyme, HCII, heparin, and dermatan sulfate
were mixed at the final concentrations specified in Table I in buffer
containing 0.15 M NaCl, 0.02 m Tris-HCI, pH 7.4, and 1 mg/ml bovine
serum albumin. Reactions were initiated by addition of the protease.
At specified times, protease activity was determined by addition of
an equal volume of the appropriate chromogenic substrate in water.
The rate of hydrolysis of the substrate was determined from a
continuous recording of the absorbance at 405 nm. Alternatively,
hydrolysis of the substrate was terminated after 3 min by addition of
1/10 volume of 50% (v/v) acetic acid, the precipitated glycosamino-
glycan was removed by centrifugation if necessary, and the absor-
bance of the supernatant solution was determined at 405 nm. In the
absence of HCII, a standard curve of AA4s versus protease concen-
tration was linear for each protease in the concentration range
employed in the experiment. The following substrates were used: 0.1
mM Chromozym TH for thrombin, y-NGF, and EGF-BP; 0.3 mM S-
2222 for factor Xa; 3 mM S-2222 for factor Xla; 0.4 mM S-2302 for
kallikrein; 0.2 mM S-2238 for activated protein C; 0.5 mM S-2251 for
plasmin; 0.6 mM S-2444 for urokinase; 0.2 mM succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide for cathepsin G; and 0.2 mM succinyl-Ala-Ala-
Ala-p-nitroanilide for elastase.

Protease Specificity of HCII

Assay for factor VIla—Factor VIla was incubated with HCII and
heparin or dermatan sulfate in the presence of 5 mM CaCl; and 1 mg/
ml human brain thromboplastin in 0.15 M NaCl, 0.02 M Tris-HCI,
pH 74, for 15 min at 37 °C. Tritiated human factor X (4.8 x 10°
cpm/nmol) prepared by the method of Silverberg et al. (27) was then
added at a final concentration of 0.4 uM. After 1 min, proteolysis of
SH-factor X was terminated by addition of 50 mM EDTA, and the
protein was precipitated with 5% trichloroacetic acid at 4 °C. The
radioactivity of the supernatant solution containing the labeled acti-
vation peptide of factor Xa was then determined. In control incuba-
tions without HCII, the amount of *H-peptide released was propor-
tional to the concentration of factor VII,.

Assay for Factor IXa—Factor IXa, HCII, and heparin or dermatan
sulfate were incubated for 15 min at 37 °C in 55 ul of buffer containing
0.15 M NaCl, 0.02 M Tris-HCIl, pH 7.4, and 1 mg/ml bovine serum
albumin. At the end of the incubation period, 45 ul of 0.1 mg/ml
Polybrene in the above buffer, 100 ul of citrate-anticoagulated normal
plasma, 50 ul of rabbit brain cephalin, and 100 yl of 25 mm CaCl,
were added sequentially at 15-s intervals. The clotting time following
the addition of CaCl, was determined with a Fibrometer (Bectin-
Dickinson). Samples (55 ul) of factor IXa at concentrations of 15-
245 nM yielded clotting times which decreased from 72 to 36 s. A plot
of log clotting time versus log [factor IXa) was linear in this range.

Assay for Factor XIla—Factor X1la was assayed in the laboratory
of Dr. Allen Kaplan as previously described (14).

Assay for Tissue Plasminogen Activator—TPA, HCII, and heparin
or dermatan sulfate were mixed with 0.9 mg/ml fibrinogen in 0.15 M
NaCl, 0.02 M Tris-HCl, pH 7.4. B. atrox venom (1 unit/ml final
concentration) was added immediately to clot the fibrinogen. After a
60-min incubation at 37 °C, an equal volume of 0.6 mM S-2444 was
added. Hydrolysis of the substrate was terminated after 3 min by
addition of acetic acid (5% final concentration), the mixture was
centrifuged for 10 min in an Eppendorf microcentrifuge, and the
absorbance at 405 nm of the supernatant solution was determined.
Control experiments demonstrated: (a) that A4s was proportional to
the amount of TPA present in the absence of HCII; (b) that the
venom did not hydrolyze the substrate S-2444; and (c) that HCII did
not inhibit nor was it degraded by the venom protease. In preliminary
experiments, fibrinogen and B. atrox venom were omitted from con-
trol incubations without HCII; as previously reported (18), the rate
of substrate hydrolysis by TPA in the absence of fibrin was ~30% of
the rate obtained in the presence of fibrin.

Kinetic Analysis—The second-order rate constant for inhibition of
a protease by HCII was estimated according to the equation: k =
In([P]o/[P].)/t/[HCII], in which [P], = initial protease activity, [P],

TABLE |
Inhibition of purified proteases by HCII

Reactants were incubated at 37 °C at the final concentrations indicated in 0.15 M NaCl, 0.02 M Tris-HCI, and 1
mg/ml bovine serum albumin, pH 7.4. At the end of the incubation period, the remaining protease activity was
determined as described under “Experimental Procedures.”

Incubation

Activity remaining after incubation with

Protease [Protease] [HCII] time [Heparin] [2?111.;2::?“ HCI Heparin HCII + D:;xle::tt:n dle-lr(;]l:t:n
alone alone heparin alone sulfate
nM min unit/mi ug/mi % of control®
Thrombin 2.2 150 20 0.5 100 22 101 <2 100 <2
Factor Xa 11.6 200 30 1 100 109 ND? M ND 108
Factor VIla 0.83 760 15 80 108 ND 110 ND 115
Factor IXa 69 1220 20 1 100 95 ND 106 ND 116
Factor Xla 2.8 100 15 1 100 105 103 106 79 83
Factor Xlla 4.3 50 15 1 100 100 101 92 98 95
Kallikrein 2.9 100 10 1 100 102 98 99 100 101
Protein Ca 83 760 10 1 100 98 98 99 47 50
Plasmin 290 750 30 1 100 100 101 84 87 98
Urokinase 540 830 30 1 100 107 108 104 109 106
TPA 55 760 60 0.5 400 102 51 56 95 95
Cathepsin G 730 1250 40 0.5 400 30 43 36 76 <2
Elastase 670 1780 60 0.5 400 56 45 50 95 57
v-NGF 100 760 10 1 100 106 105 103 91 91
EGF-BP 100 760 10 1 100 95 95 96 76 69

2 Averages of duplicate determinations.
® ND, not determined.






