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A B S T R A C T The regulation of human Factor Xa was
studied in vitro in human and mouse plasma, and in
vivo in mouse. In human plasma, '251-Factor Xa bound
to a1-proteinase inhibitor, antithrombin III, and a2-
macroglobulin in a ratio of 4.9:1.9:1 as determined by
gel electrophoresis and by adsorption to IgG-(antipro-
teinase inhibitor)-Sepharose beads. The distribution of
Factor Xa in mouse plasma was similar. The clearance
of Factor Xa in mice was rapid (50% clearance in 3
min) and biphasic. a1-Proteinase inhibitor-trypsin, even
at a 2,000-fold molar excess, failed to inhibit the clear-
ance of Factor Xa, while a2-macroglobulin-trypsin in-
hibited only the later phase of clearance. The plasma
clearance of diisopropylphosphoryl-Factor Xa was more
rapid than native Factor X. (50% clearance in 2.5 min),
and the clearance was blocked by diisopropylphos-
phoryl-thrombin. Electrophoresis experiments con-
firmed that by 2 min after injection into the murine
circulation, 90% of the bound Factor Xa was on a2-
macroglobulin, in marked contrast to the in vitro results.
Organ distribution studies at 3 and 15 min with 125I_
Factor X. demonstrated that the majority of radioac-
tivity was in the liver, with significant radioactivity
also present in lung and kidney. Autopsies performed
30 s after injection of 125I-Factor Xa also demonstrated
significant binding to the aorta and vena cava. These
studies indicate that Factor Xa binds to specific throm-
bin-binding sites on endothelial cells, and that this
binding alters its proteinase inhibitor specificity. Factor
Xa binds to a2-macroglobulin in vivo, whereas the pre-
dominant in vitro inhibitor of Factor X. is a,-proteinase
inhibitor.
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INTRODUCTION

Factor X is a vitamin K-dependent coagulation protein
activated by both the intrinsic and extrinsic pathways
(1). The regulation of Factor Xa depends on the presence
of the plasma proteinase inhibitors. a2-Macroglobulin
(a2M),' antithrombin III (ATIII), and al-proteinase in-
hibitor (a1-antitrypsin, a1PI) all are capable of inac-
tivating Factor X. in vitro. a2M is unique in its ability
to inhibit proteinases from all four classes (2), including
the homologous serine proteinases thrombin and Factor
Xa (3-7). ATIII only inhibits serine proteases such as
thrombin and Factor X. (8-12). Its inhibitory potential
is greatly enhanced by heparin as determined by in
vitro studies (8, 13, 14). a1PI is homologous to ATIII
in its sequence and reaction mechanism (15) and is
responsible for >90% of the trypsin inhibitory capacity
of human plasma (16). Like ATIII, it is capable of
inhibiting thrombin and Factor X. in vitro (6, 17, 18).
While the in vitro inhibition of a number of the

coagulation enzymes has been studied, much less is
known about the in vivo inactivation of these proteinases
with the exception of thrombin. ATIII appears to be
the most important plasma proteinase inhibitor of
thrombin (19). In vivo studies demonstrate that throm-
bin binds to high affinity sites on endothelial cells. The
binding of thrombin to the endothelium then leads to
an acceleration of ATIII-thrombin interactions and the
resulting complex is cleared from the circulation by
hepatocytes (20, 21). One class of endothelial cell
thrombin-binding sites is the endothelial cell surface

' Abbreviations used in this paper: ATIII, antithrombin
III; a2M, a2-macroglobulin; aPI, a,-proteinase inhibitor, a,-
antitrypsin; DIP, diisopropylphosphoryl; RVV, Russell's viper
venom.
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protein, thrombomodulin. Thrombin bound to throm-
bomodulin activates protein C, which has potent an-
ticoagulant properties (22, 23).

Kinetic studies with purified inhibitors indicate that
a1PI is the major in vitro plasma inhibitor of Factor
Xa (24). The present studies were undertaken to examine
the in vivo regulation of Factor Xa. The distribution
of 'I-Factor Xa among the plasma proteinase inhibitors
in human plasma was studied using sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and
IgG-(antiproteinase inhibitor)-Sepharose beads. These
results were compared with those obtained using mouse
plasma, and the in vivo regulation of Factor Xa then
was studied using our previously described mouse
model. Human and mouse plasma proteinase inhibitors
including a2M, ATIII, and a1PI have been shown to
bind proteinases and clear from the circulation via he-
patic receptor systems without distinction attributable
to crossing species lines (25-29).
The possibility of proteinase transfer, from either

a1PI or ATIII to a2M, as described by Beatty et al. (30)
was examined, as well as the possible involvement of
the endothelium in the regulation of Factor Xa.

METHODS
Reagents. Diisopropylfluorophosphate, Russell's viper

venom (RVV), bovine serum albumin, Sephacryl S-200, and
Sepharose 4B CL were purchased from the Sigma Chemical
Co., St. Louis, MO. "251odine, carrier-free, and lactoperoxi-
dase, coupled to Sepharose, were obtained from New England
Nuclear, Boston, MA and P-L Biochemicals, Inc., Milwaukee,
WI, respectively. Iodo-beads were obtained from Pierce
Chemical Co., Rockford, IL. The Factor Xa substrate, N-
benzoyl - L - isoleucyl - L - glutamyl- L - glycyl- L - arginine - p -
nitroanilide hydrochloride (and its methyl ester), S-2222, and
the thrombin substrate H-D-phenylalanyl-L-pipecolyl-L-ar-
ginine-p-nitroanilide, S-2238, were purchased from the Kabi
Co., Greenwich, CT. The IgG fractions of goat antisera to
human a2M, a1PI, and ATIII were obtained from Atlantic
Antibodies, Scarborough, ME. Ultrogel AcA-22 was purchased
from LKB Instruments, Rockville, MD. Electrophoresis re-
agents were purchased from Bio-Rad Laboratories, Richmond,
CA. All other reagents were of the best commercial grade
available.

Proteins. Human Factor X was purified to homogeneity
from plasma according to the method of Miletich et al. (31).
The Factor X-activating fraction of Russell's viper venom
(RW-X) was purified as described by Schiffman et al. (32)
and coupled to Sepharose 4B CL according to the method
of Porath et al. (33). Factor X was activated by incubating
50 Mug with 100 Ml RW-X-Sepharose in the presence of 10
mM CaCl2 at 370C for 3-5 min. Activation was at least 95%
complete, as assessed by both the hydrolysis of S-2222 (34)
and by polyacrylamide gel electrophoresis in the presence
of SDS and 2-mercaptoethanol. a2M, ATIII, and a1PI were
purified to homogeneity from human plasma as previously
described (25-27).

Trypsin was purchased from Worthington Biochemicals
Corp., Freehold, NJ, and was 70% active, as determined by
active site titration (35). Trypsin complexes of a2M, a1PI,
and ATIII were prepared by incubating equimolar amounts

of active trypsin and proteinase inhibitor at room temperature
for 10 min. Human a-thrombin (sp act 2,700 units/mg), di-
isopropylphosphoryl (DIP)-thrombin and DIP-Factor Xa were
prepared as previously described (26, 36).

Protein concentrations. The concentrations of purified
proteins were calculated using the following extinction coef-
ficients and molecular weights: Factor X, A 1%/i cm, 280
nm = 11.6, 49,000 and 17,000 for the heavy and light chains,
respectively (31); Factor Xa, 34,000 and 17,000 for the heavy
and light chains, respectively (37); human a2M, A 1%/i cm,
280 nm = 8.93, 718,000 (38); mouse a2M 720,000 (28); human
ATIII, A 1%/1 cm, 280 nm = 5.6, 56,000 (39); mouse ATIII,
63,000 (26); human a1PI A 1%/1 cm, 280 nm = 5.3, 53,000
(40); mouse a1PI, 64,000 (41).

Protein radiolabeling. Human a2M, a1PI, and ATIII were
radiolabeled with 125I using the solid state lactoperoxidase
method (42). Human Factor X and bovine albumin were
radiolabeled with "2I using Iodo-beads, in 50 mM Tris-HCI,
0.15 M NaCl, pH 7.4. Typically, 100 Mg of Factor X or
albumin was incubated with 1 mCi "2I and two beads at
room temperature for 30 min. Radioactivity was measured
in a gamma counter (model AW14-120 Scientific Products,
Inc., Div. American Hospital Supply Corp., McGraw Park,
IL). Proteins were labeled to specific radioactivities of 1,000-
2,000 cpm/ng and assayed for activity. a2M was assayed by
the method of Ganrot (43). a1PI was assayed as described
by Dietz et al. (44) by measuring the inhibition of the hy-
drolysis of a-N-benzoyl-DL-arginine-p-nitroanilide (BAPNA)
by trypsin. ATIII activity was assayed as the inhibition of
the thrombin-catalyzed hydrolysis of the chromogenic sub-
strate, S-2238 (45). Factor X was assayed as described above.
In all cases, proteins retained at least 95% activity following
radiolabeling.

Polyacrylamide gel electrophoresis. SDS-polyacrylamide
gel electrophoresis of purified protein samples was performed
using 5 and 7.5% acrylamide slab gels, as described by Wyck-
off et al. (46). Samples were denatured in 1% SDS and 1%
2-mercaptoethanol at 95°C for 2 min. SDS-polyacrylamide
gel electrophoresis of plasma samples was performed on 5%
slab gels according to the method of Weber and Osborn (47).
25-Ml plasma samples were denatured in 75 Ml 6% SDS at
95°C for 2 min. After drying, gel lanes containing radiolabeled
proteins were sliced into sections 3 mm long in the direction
of migration and the radioactivity in each slice measured in
a gamma counter. Protein content was then calculated using
the previously determined specific radioactivities of the
preparations. Gel profiles were plotted and relative peak areas
obtained by cutting and weighing the peaks.

Reaction of factor Xa with purified plasma proteinase
inhibitors. Complexes of "25I-Factor X. wth human a2M,
a1PI, and ATIII were prepared by reacting "RI-Factor X.
with each inhibitor for 10 min at room temperature at pro-
teinase inhibitor excess. The complexes of a1PI and ATIII
with "RI-Factor X. were then purified by chromatography
on Sephacryl S-200. The complexes of a2M with '25I-Factor
X, were purified by chromatography on Ultrogel AcA-22.
The purified complexes were denatured in 6% SDS and sub-
jected to gel electrophoresis according to the method of Weber
and Osborn (47) as described above to assess the degree of
covalent binding of "SI-Factor X. to each inhibitor, and to
establish reference markers for the in vitro experiments with
mouse and human plasma and the in vivo clearance studies.

IgG-(antiproteinase inhibitor)-Sepharose beads. The IgG
fraction of goat anti-human a2M, a1PI, or ATIII (20 mg each)
was coupled to 5 ml of CNBr-activated Sepharose 4B CL
(33, 48). The beads were characterized by incubating 50 Ml
of the resultant IgG-Sepharose preparations with 1-500 Mg
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of '25I-labeled a2M, a1PI, and ATIII or the corresponding
'25I-proteinase inhibitor-trypsin complex in 500 Al of 50 mM
Tris-HCI, 0.15 M NaCi, pH 7.4, 60 mg/ml bovine serum
albumin at 370C for 2 h with constant mixing in a series of
saturation curves. The tubes were then centrifuged in an
Eppendorf microcentrifuge. The supernatants were removed
and the beads washed three times with cold Tris buffer (1
ml each). The bottoms of the tubes were cut off, and the
radioactivity content in beads, supernatants, and washes was
determined. Under the conditions chosen for the plasma ex-
periments described below, 80-90% of the applied "MI-labeled
proteinase inhibitors bound to the corresponding IgG-Se-
pharose, with -1.5% nonspecific binding as determined by
incubating the noncorresponding inhibitors with a given IgG-
Sepharose preparation. The binding of the proteinase inhib-
itors to their corresponding IgG-Sepharoses was virtually un-
affected by formation of trypsin complexes before incubation
with the beads. 125I-Factor Xa (5 Mg) was also incubated with
the IgG-Sepharoses; the maximum binding of this ligand to
any of the IgG-Sepharose preparations was 3%.
Mouse plasma. Mouse plasma for in vitro studies was

obtained by incising anesthetized mice in the midline, and
cannulating the inferior vena cava. Blood was drawn into
syringes containing 1/10 vol of 3.8% sodium citrate, and
centrifuged immediately. The plasma was drawn off and used
in experiments within 1 h of bleeding.

In vitro plasma studies. Citrated human or mouse plasma
(250 Ml) was incubated with 1 Mg '25I-Factor X. at 370C.
Samples (25 Ml) were removed at various times and either
incubated with IgG-Sepharose beads in 500 Ml of 50 mM
Tris-HCI, 0.15 M NaCl, 60 mg/ml albumin, pH 7.4 as de-
scribed above, or denatured immediately for SDS gel elec-
trophoresis.
Plasma elimination studies. Plasma elimination studies

of "MI-Factor X. alone or in the presence of unlabeled proteins
were performed using CD-1 female mice as previously de-
scribed (29). Studies were performed either with or without
the precipitation of sampled blood in 7.5% trichloroacetic
acid with no significant difference in results. To examine the
distribution of Factor X. between the plasma and the cellular
elements of blood, 125I-Factor Xa was injected and 600 Ml of
blood was collected after 5 min into 1/10 vol 3.8% sodium
citrate. The sampled blood was centrifuged at 10,000 g for
10 min at 4°C to pellet the cellular elements, and the su-
pernatant plasma was removed with a pipette. The cellular
pellet was washed three times with 1 ml cold 0.050 M Hepes,
0.15 M NaCl, pH 7.4, and the radioactivity content of the
plasma, washes, and the cellular pellet was determined. In
some studies, duplicate samples were taken at each time
point. One sample was counted in a gamma counter, the
other was drawn into 1/10 vol of 3.8% sodium citrate and
centrifuged immediately at 4°C. The plasma was then de-
natured immediately for SDS gel electrophoresis. In general,
studies were performed a minimum of four times.

Tissue distribution studies. Organ distribution studies
were performed as previously described (29). In some studies
aorta and inferior vena cava were removed en bloc and
counted.

RESULTS

Reaction of Factor Xa with purified plasma pro-
teinase inhibitors. Complexes prepared with 1251_
Factor Xa and either a1PI or ATIII were 100% covalent,
as assessed by SDS gel electrophoresis (data not shown).
The degree of covalent binding of proteins to a2M

varies with the proteinase (49). Complexes of a2M pre-
pared with two different Factor Xa preparations were
examined by gel electrophoresis on multiple occasions
consistently demonstrating essentially 100% covalent
binding of '25I-Factor Xa to a2M (Fig. 1). The small
radioactivity peak at slice 34 represents free Factor Xa,
which was noncovalently bound to a2M.

In vitro distribution of Factor Xa among the pro-
teinase inhibitors in human plasma. The time course
of inactivation of 1251-Factor Xa in human plasma was
studied using SDS-polyacrylamide gel electrophoresis.
The distribution of radioactivity was unchanged from
1 to 20 min of incubation. This result suggests that
Factor Xa does not transfer from one inhibitor to another
in contrast to porcine trypsin (30). The 5-min sample
is shown as a representative distribution (Fig. 2 A).
The arrows indicate the positions of reference standards
of proteinase inhibitor-'25I-Factor X. complexes and
free '25I-Factor Xa. Peak I represents a2M-'25I-Factor
Xa complexes. Peak II consists of both alPI-_25I-Factor
Xa and ATIII-'25I-Factor Xa complexes, as these two
species differ by only 3,000 Mr, and are not resolvable
using this gel technique. Peak III represents free 125I-
Factor Xa. The areas under these peaks correspond to
the relative amounts of '25I-Factor Xa in each species
(Table I). The vast majority of '251-Factor X. is bound
to a1PI and/or ATITI, with much less bound to a2M.
To distinguish between binding of '25I-Factor Xa to
a1PI and ATIII, the following studies were performed.
IgG-(antiproteinase inhibitor)-Sepharose bead stud-

ies. Samples of human plasma, after 10-min incubation
with 125I-Factor Xa were mixed with goat IgG anti-
human a2M, a1PI, or ATITI covalently linked to Se-
pharose. The results are shown in Table II. These studies
indicate that a1PI is the principal inhibitor of Factor
Xa in vitro, a result consistent with the kinetic data of
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FIGURE 1 SDS-polyacrylamide gel electrophoresis of a2M-
Factor X.. Electrophoresis performed as in Methods with
a2M-'25I-Factor X. complexes purified by gel filtration chro-
matography on Ultrogel AcA-22 before electrophoresis.
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FIGURE 2 In vitro distribution of 125I-Factor Xe in human
and mouse plasma. SDS-polyacrylamide gel electrophoresis
of 1 ,ug 1251-Factor X. incubated with 250 !d citrated human
(A) or mouse plasma (B) for 5 min. Arrows indicate the
positions of reference samples of proteinase inhibitor com-
plexed, or free 125I-Factor Xe. Peak I represents a2M-'251-
Factor Xe complexes. Peak II consists of both aPI-'25I-Factor
Xe and ATIII- '25I-Factor Xe complexes, as these two species
differ by only 3,000 Mr, and are not resolvable by this gel
technique. Peak III represents free '251-Factor Xe. Approx-
imately 10,000 cpm were loaded onto each lane and run as
described in Methods.

Ellis et al. (24). The data are also consistent with the
SDS-polyacrylamide gel electrophoresis experiments
described above, since the total Factor Xe bound to
ATIII and ajPI yields a virtually identical ratio for
a2M:a1PI/ATIII of 1:6.8.

TABLE I
In Vitro Distribution of lIII-Factor X. in Human Plasma
Determined by SDS-Polyacrylamide Gel Electrophoresis

Proteinase inhibitor-bound
Factor X.

a2M aePI/ATIII Free Factor X.

Factor
X. in peak (%) 11.0 75.0 14.0

Molar ratio of factor
X. in peak 1.0 6.82 1.30

Bound
Factor Xe (%) 12.8 87.2 -

Ratio of
bound Factor X. 1.00 6.82

TABLE II
In Vitro Distribution of "ssI-Factor X. in Human Plasma

Determined by Adsorption by IgG-Sepharose

Antiserum to

Plasma aeM aePI ATII Free Factor X.

Total (%) 10.9 53.4 20.7 15.0
Ratio of bound Factor X. 1.00 4.90 1.90 -

Ratio of bound factor X.
as determined by Ellis
et al. (24)8 1.00 4.64 2.08

a The data of Ellis et al. (24) is based on in vitro kinetic studies using
purified proteinase inhibitors. The second order rate constants obtained
in this manner were then multiplied by the plasma concentrations of
the proteinase inhibitors to assess their relative effectiveness as Factor
X. inhibitors in plasma (24).

In vitro distribution of Factor X. among the pro-
teinase inhibitors in mouse plasma. Before studying
the in vivo catabolism of Factor Xa in mouse, the dis-
tribution of human Factor Xa in mouse plasma in vitro
was examined using SDS-polyacrylamide gel electro-
phoresis after various times of incubation. There was
no significant change in the distribution of Factor Xa
between 1- and 20-min incubation with mouse plasma,
and the 5-min sample is shown as a representative dis-
tribution (Fig. 2 B), for comparison to human plasma
(Fig. 2 A). The relative amounts of Factor Xa bound
to a2M and a1PI/ATIII are shown in Table III. Again,
the vast majority of Factor Xa was found in the a1PI/
ATIII peak with much less Factor Xa bound to a2M,
essentially identical to the distribution seen in human
plasma.
Plasma elimination of Factor Xa. The clearance

curve of 1251-Factor Xa is biphasic (Fig. 3), with an
initial rapid disappearance of protein followed by a

TABLE III
In Vitro Distribution of l'2I-Factor X. in Mouse Plasma
Determined by SDS-Polyacrylamide Gel Electrophoresis

Proteinase inhibitor-bound
Factor X.

aM aPI/ATIII Free Factor X.

Factor
X. in peak (%) 10.7 73.5 15.8

Ratio of Factor X.
in peak 1.00 6.87 1.48

Bound
Factor Xe (%) 12.7 87.3 -

Ratio of
bound Factor X. 1.00 6.87
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FIGURE 3 Clearance from the circulation of intravenously
injected Factor Xa. '25I-Labeled protein was injected into
mice and blood samples were collected at intervals. '25I-Factor
Xa (@). The clearance of '25I-Factor Xa in the presence of a
2,000-fold molar excess of unlabeled a1PI-trypsin (E) and a
1,000-fold molar excess of a2M-trypsin (A).

slow phase of longer duration. To further characterize
the clearance of Factor Xa, competition experiments
with unlabeled proteinase inhibitor-proteinase com-
plexes were performed. The clearance pathways for
proteinase complexes of a2M, ATIII, and a1PI have
been characterized in mouse (25-27). Because pro-
teinase complexes of ATIII and a1PI are cleared by
the same hepatocyte receptor (27), competition ex-
periments were performed only with a2M-trypsin and
a1PI-trypsin. Even at 2,000-fold molar excess, a1PI-
trypsin failed to inhibit the clearance of Factor Xa,
which is inconsistent with clearance of Factor Xa in
complexes with either a1PI or ATITI. In contrast, a2M-
trypsin at 1,000-fold molar excess did inhibit the clear-
ance of '25I-Factor Xa (Fig. 3). It appears, however,
that only the later phase of clearance is inhibited by
a2M-trypsin, indicating that the early clearance phase
involves some other mechanism. The possibility that
the cellular elements of blood are involved in the ca-
tabolism of Factor Xa was investigated by injecting 125I_
Factor Xa into a mouse, collecting blood into 1/10 vol
sodium citrate and separating the plasma and cellular
elements as described in Methods, and determining the
radioactivity content of each. The cellular pellet con-
tained 0.3% of the recovered radioactivity with the
remaining 99.7% in the plasma.
The possibility that Factor Xa binds to endothelial

cell-binding sites, analogous to the related proteinase

thrombin (20), was investigated using DIP-'251-Factor
Xa. The inactivated Factor Xa cannot bind to the plasma
proteinase inhibitors, but might bind to endothelial-
binding sites, since proteinase activity would not be
required for this interaction (20). The clearance of DIP-
'251-Factor Xa (Fig. 4) is extremely rapid, and apparently
first order (t/2 = 2.5 min). The clearance of DIP-'251-
Factor Xa is dramatically slowed in the presence of a
1,000-fold molar excess of DIP-thrombin.
Organ distribution of '25I-Factor Xa and DIP-125I-

Factor Xa. Radiolabeled Factor Xa and DIP-Factor Xa
were injected intravenously. The organ distributions
of radioactivity at 3 and 15 min are shown in Table
IV. Both Factor Xa and DIP-Factor Xa are found pri-
marily in lung, kidney, and liver, with a greater amount
in lung at 3 min than at 15 min.
Organ distribution studies were then performed 30

s after injecting either '251-Factor Xa, a2M, or albumin.
The recovery of radioactivity in the various organs as
well as aorta and inferior vena cava was compared
(Table V). These studies demonstrated that 10-fold
more radioactivity was bound to the vessel wall when
1251-Factor Xa was injected than was bound when either
1251-albumin or a2M were injected. These latter proteins
were chosen for comparison since neither should bind
to the vessel wall.

In vivo distribution of 125I-labeled Factor Xa among
the plasma proteinase inhibitors. Plasma samples ob-
tained 15 s, 2 min, and 20 min after the injection of
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FIGURE 4 Clearance studies of intravenously injected DIP-
"25I-Factor X.. Clearance studies as described in Fig. 3. 125I-
DIP-Factor X. (S). The clearance of 1251-Factor X. is shown
for comparison (0). Clearance of '25I-DIP-Factor X. in the
presence of 1,000-fold molar excess of DIP-thrombin (-).
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TABLE IV
Organ Distribution of '25I-Factor X. and DIP-'25I-Factor X.

Active Factor X. DIP-Factor X.

3 min 15 min 3 min 15 min

% injected dose

Heart 1.5 1 0.5 0.5
Lung 11 6 20 12.5
Spleen 3 3 2 2
Kidneys 24 22 23 28
Liver 60 68 54.5 57

'25I-Factor Xa were subjected to SDS-polyacrylamide
gel electrophoresis (Fig. 5). The 2-min sample is shown
as a representative distribution. The reference peak
positions are identical to those in Fig. 1. The relative
amounts of '251-Factor X. in the various species are
shown in Table VI. The distribution of Factor Xa in
vivo differs markedly from that observed in vitro, since
by 2 min in vivo, 90% of the bound Factor Xa was
complexed to a2M.

DISCUSSION
These studies were undertaken to elucidate the catab-
olism of Factor Xa, which occupies a central position
in the coagulation cascade. The control of Factor Xa
activity may, therefore, play a crucial role in the in
vivo regulation of coagulation. Ellis et al. (24) used
purified plasma proteinase inhibitors to study the ki-
netics of inactivation of Factor X.. They concluded that
a,PI was the major plasma proteinase inhibitor of Factor
Xa, based on second order rate constants and plasma
inhibitor concentrations. No experiments were per-
formed with mixtures of the inhibitors to confirm these
calculations and to rule out the possibility of transfer
of Factor X. from aPI to a2M. Such transfer occurs

TABLE V
In Vivo Binding of III-Factor X., Albumin, and a2-M

to Aorta and Vena Cava'

Protein "'I-Radioactivity

(%)

Factor X. 5
Albumin 0.6
Ca2M 0.5

° Comparable '25I-radioactivity was injected into mice in each study
and the animals autopsied 30 s after injection. The percent recovered
in the tissues was then calculated.

a.. 500H
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FIGURE 5 In vivo distribution of '251-Factor X, among the
plasma proteinase inhibitors. SDS-polyacrylamide gel elec-
trophoresis of blood samples obtained at 2 min after injectionof 1251-Factor X,. The reference peak positions are identical
to those in Fig. 2.

with porcine, but not bovine, trypsin (30). Nevertheless,
their result was confirmed in human plasma by SDS-
polyacrylamide gel electrophoresis and IgG-(antipro-
teinase inhibitor)-Sepharose, since we obtained very
similar ratios of inhibition, 4.9:1.9:1 (aPI/ATIII/a2M).
The in vitro distribution of Factor Xa among the pro-
teinase inhibitors in mouse plasma was very similar to
that obtained in human plasma. Clearance studies with
mice were then performed to determine whether this
result holds in vivo. The clearance of Factor Xa in mice
was rapid and biphasic. The clearance pathways for
proteinase complexes of a2M, ATIII, and aPI have
been well studied (25-27), and it has been found that
proteinase complexes of ATIII and a1PI are cleared by
the same receptor in hepatocytes (27). Therefore, to
elucidate the role of these proteinase inhibitors in the
clearance of Factor Xa, competition experiments were
performed with large molar excesses of unlabeled a2M-
trypsin and a1PI-trypsin. Only a2M-trypsin slowed the
clearance of Factor Xa, suggesting that in vivo a2M,

TABLE VI
In Vivo Distribution of l"I-Factor X. among the Plasma

Factor X. bound to

proteinase inhibitors

Time a2M aPI/ATIII

15 s 62 38
2 min 90 10
20 min 97 3
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and not a1PI or ATIII, is the primary plasma inhibitor
of Factor Xa. a2M-trypsin only inhibited the late phase
of Factor Xa plasma clearance, indicating that the early
clearance of Factor Xa occurs via a different mechanism.
The distribution of Factor Xa among the plasma pro-
teinase inhibitors in vivo was also examined using SDS-
polyacrylamide gel electrophoresis, demonstrating that
90% of the Factor Xa bound to inhibitors is complexed
to a2M by 2 min. This is in contrast to the result obtained
in vitro, where only 12.7% of the bound Factor Xa is
present on a2M after 10-min incubation in mouse
plasma. The early mechanism of clearance of Factor
Xa may therefore be responsible for the altered spec-
ificity for proteinase inhibitors seen in vivo.
The possibility that the cellular elements of blood

may be involved in the catabolism of Factor Xa was
examined by separating the plasma and the cellular
elements from an in vivo blood sample by centrifu-
gation. The plasma fraction contained 99.7% of the
recovered radioactivity, indicating that the cellular
elements of blood, such as platelets and leukocytes, are
not involved in the regulation of Factor Xa.
The possibility that the early clearance of Factor Xa

may be due to endothelial cell binding was examined
by studying the clearance of DIP-Factor Xa. Lollar and
Owen (20) have shown that DIP-thrombin is cleared
more rapidly from the circulation than thrombin, and
that the binding of DIP-thrombin to endothelium is
saturable, using competition studies with large molar
excesses of unlabeled DIP-thrombin. This result was
confirmed in mice by our laboratory (23, 26). Similarly,
the clearance of DIP-Factor Xa, which cannot bind to
the plasma proteinase inhibitors, is more rapid than
Factor Xa (t/2 of 2.5 vs. 3 min) and this clearance can
be greatly diminished in the presence of a large molar
excess of unlabeled DIP-thrombin. These studies suggest
that Factor Xa binds to thrombin-binding sites on the
endothelial surface. Organ distribution studies with
Factor Xa and DIP-Factor Xa demonstrated that both
ligands are concentrated mainly in three organs-lung,
kidney, and liver, with a greater fraction of the ligand
in lung at earlier times. These results are similar to
those obtained with thrombin and DIP-thrombin (22,
23, 26), where 80% of the injected DIP-thrombin was
found in the lung, the first vascular bed available to
the injected ligand, at 3 min. It appears that the affinity
of Factor Xa for these endothelial thrombin-binding
sites is lower than that of thrombin, since only 20% of
the DIP-Factor Xa is removed in the first pass through
the lung, and more is available to distribute in other
vascular beds throughout the body. That Factor Xa does
bind to endothelium was directly demonstrated by au-
topsy studies performed 30 s after injecting '25I-Factor
Xa. In these studies, a significant fraction of the radio-

activity was recovered in the aorta and inferior vena
cava. Organ distribution studies at later times show a
higher percentage of Factor X. as compared with DIP-
Factor Xa in the liver, consistent with the hepatic clear-
ance of proteinase inhibitor-proteinase complexes
(25-27).
These data indicate that the clearance of Factor Xa

occurs by a two step mechanism. The first step involves
the binding of Factor Xa to thrombin-binding sites on
the endothelial surface. The binding alters the affinity
of Factor Xa for the plasma proteinase inhibitors, and
a2M becomes the primary in vivo inhibitor of this pro-
teinase, whereas a1PI is the primary in vitro inhibitor
of Factor Xa. A similar alteration in specificity for
plasma proteinase inhibitors by proteinase bound to a
macromolecule has been described previously (29). The
primary plasma inhibitor of plasmin is a2-antiplasmin,
but a2M is the principal inhibitor of plasmin in activator
complexes with streptokinase (29). Similarly, the bind-
ing of thrombin to thrombomodulin on the endotheliurm
alters the substrate specificity of thrombin since the
cleavage of fibrinogen and Factor V by thrombin bound
to thrombomodulin, is drastically reduced (50). How-
ever, thrombin bound to thrombomodulin activates
protein C at least 100-fold faster than does free throm-
bin (51).
The identification of the shared endothelial cell-

binding site for thrombin and Factor Xa, and the pos-
sibility that the substrate specificity of Factor Xa is
altered on binding, analogous to the change in pro-
teinase inhibitor specificity, are currently under in-
vestigation.

ACKNOWLEDGMENTS
This work was supported by a grant from the National Heart,
Lung, and Blood Institute (HL-24066). Mr. Fuchs is a Pre-
doctoral Fellow, Medical Scientist Training Program (GM-
07171).

REFERENCES
1. Jackson, C. M., and Y. Nemerson. 1980. Blood coagu-

lation. Annu. Rev. Biochem. 49:765-811.
2. Barrett, A. J., and P. M. Starkey. 1973. The interaction

of a2-macroglobulin with proteinases. Biochem. J.
133:709-724.

3. Harpel, P. C. 1970. Human plasma alpha-2-macroglob-
ulin. An inhibitor of plasma kallikrein. J. Exp. Med.
132:329-352.

4. Ganrot, P. 0. 1967. Inhibition of plasmin activity by a2-
macroglobulin. Clin. Chim. Acta. 16:328-339.

5. Lanchantin, G. F., M. L. Plesset, J. A. Friedman, and
D. W. Hart. 1966. Dissociation of esterolytic and clotting
activities of thrombin by trypsin-binding macroglobulin.
Proc. Soc. Exp. Biol. Med. 121:444-449.

6. Colman, R. W., C. F. Scott, M. Schapira, H. L. James,
and A. B. Cohen. 1982. Inactivation of Factor XI. by

Catabolism of Factor Xa 2047



plasma protease inhibitors. Predominant role of a1-pro-
tease inhibitor and protective effect of high-molecular-
weight kininogen. J. Clin. Invest. 69:844-852.

7. Schreiber, A. D., A. P. Kaplan, and K. F. Austen. 1973.
Inhibition by Ci-INH of Hageman factor fragment ac-
tivation of coagulation, fibrinolysis, and kinin generation.
J. Clin. Invest. 52:1402-1409.

8. Rosenberg, R. D., and P. S. Damus. 1973. The purification
and mechanism of action of human antithrombin-heparin
cofactor. J. Biol. Chem. 248:6490-6505.

9. Kurachi, K., K. Fujikawa, G. Schmer, and E. W. Davie.
1976. Inhibition of bovine factor IX. and factor Xa5 by
antithrombin III. Biochemistry. 15:373-377.

10. Yin, E. T., S. Wessler, and P. J. Stoll. 1971. Rabbit plasma
inhibitor of the activated species of blood coagulation
factor X. J. Biol. Chem. 246:3694-3702.

11. Harpel, P. C., and R. D. Rosenberg. 1976. a2-Macro-
globulin and antithrombin-heparin cofactor: modulators
of hemostasis and inflammatory reactions. Prog. He-
mostasis Thromb. 3:145-189.

12. Kurachi, K., and E. W. Davie. 1977. Activation of human
factor XI (plasma thromboplastin antecedent) by factor
XIIa (activated Hageman factor). Biochemistry. 26:5831-
5839.

13. Jordan, R. E., G. M. Oosta, W. T. Gardner, and R. D.
Rosenberg. 1980. The binding of low-molecular-weight
heparin to hemostatic enzymes. J. Biol. Chem.
255:10073-10080.

14. Rosenberg, R. D., G. M. Oosta, R. E. Jordan, and W. T.
Gardner. 1980. The interaction of heparin with thrombin
and antithrombin. Biochem. Biophys. Res. Commun.
96:1200-1208.

15. Laurell, C.-B., and J.-O. Jeppsson. 1975. Protease in-
hibitors in plasma. In The Plasma Proteins. F. W. Putnam,
editor. Academic Press, Inc., New York. 1:229-264.

16. Eriksson, S. 1965. Studies in a1-antitrypsin deficiency.
Acta Med. Scand. Suppl. 177:432.

17. Downing, M. R., J. C. Taylor, and K. G. Mann. 1976.
Interaction of human a,-antitrypsin and human a-
thrombin. Blood. 48:975 a. (Abstr.)

18. Borsodi, A. D., and R. A. Bradshaw. 1977. Isolation of
antithrombin III from normal and a,-antitrypsin-deficient
human plasma. Thromb. Haemostasis. 38:475-485.

19. Downing, M. R., J. W. Bloom, and K. G. Mann. 1978.
Comparison of the inhibition of thrombin by three plasma
protease inhibitors. Biochemistry. 17:2649-2653.

20. Lollar, P., and W. G. Owen. 1980. Clearance of thrombin
from circulation in rabbits by high-affinity binding sites
on endothelium. J. Clin. Invest. 66:1222-1230.

21. Shifman, M. A., and S. V. Pizzo. 1983. In vivo metabolism
of reversibly inhibited a-thrombin. Biochem. Pharmacol.
32:739-741.

22. Awbrey, B. J., J. C. Hoak, and W. G. Owen. 1979. Binding
of human thrombin to cultured human endothelial cells.
J. Biol. Chem. 254:4092-4095.

23. Comp, P. C., R. M. Jacocks, G. L. Ferrell, and C. T.
Esmon. 1982. Activation of protein C in vivo. J. Clin.
Invest. 70:127-134.

24. Ellis, V., M. Scully, I. MacGregor, and V. Kakkar. 1982.
Inhibition of human factor X. by various plasma protease
inhibitors. Biochim. Biophys. Acta. 701:24-31.

25. Imber, J. J., and S. V. Pizzo. 1981. Clearance and binding
of two electrophoretic "fast" forms of human a2-mac-
roglobulin. J. Biol. Chem. 256:8134-8139.

26. Shifman, M. A., and S. V. Pizzo. 1982. The in vivo me-

tabolism of antithrombin III and antithrombin III com-
plexes. J. Biol. Chem. 257:3243-3248.

27. Fuchs, H. E., M. A. Shifman, and S. V. Pizzo. 1982. The
in vivo catabolism of a1-proteinase inhibitor-trypsin, an-
tithrombin III-thrombin, and a2-macroglobulin-methyl-
amine. Biochim. Biophys. Acta. 716:151-157.

28. Gonias, S. L., A. E. Balber, W. J. Hubbard, and S. V.
Pizzo. 1983. Ligand binding, conformational change, and
plasma elimination of human, mouse, and rat a-mac-
roglobulin proteinase inhibitors. Biochem. J. 209:99-105.

29. Gonias, S. L., M. Einarsson, and S. V. Pizzo. 1982. Cat-
abolic pathways for streptokinase, plasmin, and strep-
tokinase activator complex in mice. J. Clin. Invest.
70:412-423.

30. Beatty, K., J. Travis, and J. Bieth. 1982. The effect of
a2-macroglobulin on the interaction of a1-proteinase in-
hibitor with porcine trypsin. Biochim. Biophys. Acta.
704:221-226.

31. Miletich, J. P., G. J. Broze, and P. W. Majerus. 1980.
The synthesis of sulfated dextran beads for isolation of
human plasma coagulation factors II, IX, and X. Anal.
Biochem. 105:304-310.

32. Schiffmann, S., I. Theodor, and S. I. Rappaport. 1969.
Separation from Russell's viper venom of one fraction
reacting with factor X and another reacting with factor
V. Biochemistry. 8:1397-1405.

33. Porath, J., K. Aspberg, H. Drevin, and R. Axen. 1973.
Preparation of cyanogen bromide-activated agarose gels.
J. Chromatogr. 86:53-56.

34. Aurell, L., P. Friberger, G. Karlsson, and G. Claeson.
1977. A new sensitive and highly specific chromogenic
peptide substrate for factor Xa. Thromb. Res. 11:595-
609.

35. Chase, T., and E. Shaw. 1967. p-Nitrophenyl-p'-guani-
dinobenzoate' HCL: a new active site titrant for trypsin.
Biochem. Biophys. Res. Commun. 29:508-514.

36. Thompson, A. R. 1976. High affinity binding of human
and bovine thrombins to p-chlorobenzylamido-E-ami-
nocaproylagarose. Biochim. Biophys. Acta. 422:200-209.

37. Discipio, R. G., M. A. Hermodson, and E. W. Davie.
1977. Activation of human factor X (Stuart factor) by a
protease from Russell's viper venom. Biochemistry.
16:5253-5260.

38. Hall, P. K., and R. C. Roberts. 1978. Physical and chem-
ical properties of human a2-macroglobulin. Biochem. J.
171:27-28.

39. Kurachi, K., G. Schmer, M. A. Hermodson, D. C. Teller,
and E. W. Davie. 1976. Characterization of human, bo-
vine, and horse antithrombin III. Biochemistry. 15:368-
373.

40. Pannell, R., D. Johnson, and J. Travis. 1974. Isolation
and properties of human a-1-prbteinase inhibitor. Bio-
chemistry. 13:5439-5445.

41. Takahara, H., and H. Sinohara. 1982. Mouse plasma
trypsin inhibitors. Isolation and characterization of a,-
antitrypsin and contrapsin, a novel trypsin inhibitor. J.
Biol. Chem. 257:2438-2446.

42. David, G. S., and R. A. Reisfeld. 1974. Protein iodination
with solid state lactoperoxidase. Biochemistry. 13:1014-
1021.

43. Ganrot, P. 0. 1966. Determination of a2-macroglobulin
as trypsin protein esterase. Clin. Chim. Acta. 14:493-
501.

44. Dietz, A. A., H. M. Rubinstein, and La Verne Hodges.
1974. Measurement of alpha,-antitrypsin in serum by

2048 H. E. Fuchs and S. V. Pizzo



immunodiffusion and by enzymatic assay. Clin. Chem.
20:396-399.

45. Abildgaard, U., M. Lie, and O. R. Odegaard. 1977. An-
tithrombin (heparin cofactor) assay with "new" chro-
mogenic substrates (S-2238 and chromozym TH). Throm.
Res. 11:549-553.

46. Wyckoff, M., D. Rodbard, and A. Chranbach. 1977.
Polyacrylamide gel electrophoresis in sodium dodecyl
sulfate-containing buffers using multiphasic buffer sys-
tems: properties of the stack, valid Rf measurement, and
optimized procedure. Anal. Biochem. 78:459-482.

47. Weber, K., and M. Osborn. 1969. The reliability of mo-
lecular weight determinations by dodecyl sulfate-poly-
acrylamide gel electrophoresis. J. Biol. Chem. 244:4406-
4412.

48. Peake, I. R., and A. L. Bloom. 1976. The dissociation of

factor VIII by reducing agents, high salt concentration,
and affinity chromatography. Thromb. Haemostasis.
35:191-201.

49. Salvesen, G. S., and A. J. Barrett. 1980. Covalent binding
of proteinases in their reaction with a2-macroglobulin.
Biochem. J. 187:695-701.

50. Esmon, C. T., N. L. Esmon, and K. W. Harris. 1982.
Complex formation between thrombin and thrombo-
modulin inhibits both thrombin-catalyzed fibrin for-
mation and factor V activation. J. Biol. Chem. 257:7944-
7947.

51. Esmon, N. L., W. G. Owen, and C. T. Esmon. 1982.
Isolation of a membrane-bound cofactor for thrombin
catalyzed activation of protein C. J. Biol. Chem. 257:859-
864.

Catabolism of Factor Xa 2049


