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A B S T R A C T Human activated protein C (APC) is a
plasma serine protease that possesses amidolytic and
anticoagulant activity. The rate at which the amido-
lytic and anticoagulant activity of APC was neutral-
ized in normal plasma was essentially identical to that
observed in plasma obtained from four individuals
with combined Factor V/VIII deficiency disease. In-
cubation of radioiodinated APC with either normal
human plasma or the combined Factor V/VIII-defi-
cient plasmas resulted in the formation of a stable com-
plex (Mr = 96,000) of the enzyme and a plasma protein
as determined by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Pretreatment of the radio-
labeled APC with diisopropyl fluorophosphate pre-
vented the formation of the enzyme-protein complex.
On the basis of its ability to form a complex with ra-
diolabeled APC, the APC-binding protein was purified
to homogeneity from normal human plasma by am-
monium sulfate fractionation, heparin-agarose chro-
matography, and QAE-Sephadex A-50 chromatogra-
phy. The APC-binding protein (Mr = 54,000) is a gly-
coprotein, and possesses an amino-terminal sequence
of Gly-Arg-Thr-Cys-Pro-Lys-Pro-Asp. The amino-ter-
minal sequence of the APC-binding protein exhibited
considerable homology with bovine colostrum inhibi-
tor and pancreatic trypsin inhibitor, but no apparent
sequence homology with the plasma serine protease
inhibitors. Affinity-purified antibody against APC-
binding protein immunoprecipitated a complex of ra-
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diolabeled APC and native APC-binding protein from
normal human plasma. Complex formation was vir-
tually eliminated in plasma immunodepleted of the
APC-binding protein. Quantitative electroimmunoas-
say indicated essentially equal levels of APC-binding
protein antigen in normal plasma compared with
plasma from four patients with combined Factor V/
VIII deficiency disease.

INTRODUCTION

Protein C is a vitamin K-dependent glycoprotein that
circulates in blood in a zymogen form (1-3). Purified
preparations of both human and bovine protein C are
readily converted to a serine protease called activated
protein C (APC).' This reaction is catalyzed by trace
amounts of a-thrombin (3, 4). Recently, this reaction
has been shown to be greatly accelerated by a cofactor
isolated from endothelial cells (5-7).

Previous work from our laboratory, as well as several
others, has clearly demonstrated that APC exhibits
anticoagulant activity through its selective inactiva-
tion of Factor Va and Factor Vllla by limited prote-
olysis (4, 8, 12). Furthermore, recent studies suggest
a physiological role for APC in promoting fibrinolysis
(13). Thus, protein C apparently plays a critical role
in blood coagulation, and its congenital deficiency,
hypothetically, would result in a hypercoagulable state
with episodes of thrombosis. Indeed, Griffin and his
colleagues (14) have identified and characterized a

' Abbreviations used in this paper: APC, activated protein
C; DIP, diisopropyl; DFP, diisopropyl fluorophosphate;
KCCT, kaolin-cephalin clotting time; S-2238, D-phenylala-
nine-L-pipecolyl-L-arginyl-p-nitroanilide; SDS-PAGE, SDS-
polyacrylamide gel electrophoresis; TBS, Tris-buffered sa-
line (0.05 M Tris-HCL [pH 7.5]:0.1 M NaCl); VIII:CAg, Fac-
tor VIII coagulant antigen.
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family with a recurring thrombotic disease associated
with an apparent plasma protein C deficiency.

Although a considerable amount of information has
accumulated on the mechanism of action of APC, rel-
atively little is known regarding the mechanism
whereby APC is regulated in plasma. Recently, Marlar
and Griffin (15) proposed that the molecular basis of
the combined Factor V/VIII deficiency disease was
due to a congenital deficiency of a plasma inhibitor
to APC. In preliminary experiments, we observed no
significant difference in the rate at which the antico-
agulant activity of human APC was neutralized in
plasma obtained from normal individuals and two un-
related patients with combined Factor V/VIII defi-
ciency disease (16). We now have expanded this study
to include four patients, and in this article we present
evidence that the functional levels of the putative APC
inhibitor in normal and combined factor V/VIII-de-
ficient plasma samples are essentially identical.

METHODS

Sepharose 4B, QAE-Sephadex A50, SP-Sephadex C-50,
Sephadex G-150, Sephadex G-50, Sephadex G-25, activated
CH-Sepharose, protein A-Sepharose CL-4B, and low molec-
ular weight sodium dodecyl sulfate (SDS) electrophoresis
standard proteins were products of Pharmacia Fine Chem-
icals, Div. of Pharmacia Inc., Piscataway, NJ. Electropho-
resis-purity acrylamide, bisacrylamide, N,N,N',N'tetrameth-
ylenediamine, ammonium persulfate, and agarose (standard
low-mr) were obtained from Bio-Rad Laboratories, Richmond,
CA. Kaolin (acid-washed) was purchased from Fisher Scientific
Co., Fair Lawn, NJ. Benzamidine hydrochloride, diisopropyl
fluorophosphate (DFP), and 4-vinyl pyridine were purchased
from Aldrich Chemical Co., Inc., Milwaukee, WI. SDS was
obtained from Gallard-Schlesinger, Carle Place, NY. Lithium
heparin (150 U. S. Pharmacopeia U/mg) was obtained from
Riker Laboratories, Inc., Northridge, CA. D-Phenylalanyl-L-
pipecolyl-L-arginyl-p-nitroanilide (S-2238) was obtained from
Ortho Diagnostics, Inc., Raritan, NJ. Freund's incomplete and
complete adjuvant were purchased from Difco Laboratories,
Detroit, MI. Carrier-free sodium '2I in dilute NaOH (506 mCi/
ml) was purchased from New England Nuclear, Boston, MA.
Sequenator reagents (Sequanol grade) and 1,3,4,6-tetrachloro-
3a,6a-diphenyl glycoluril (lodo-gen) were supplied by Pierce
Chemical Co., Rockford, IL. Heparin-Sepharose was prepared
as described (17). Human brain cephalin was prepared ac-
cording to Bell and Alton (18). Purified rabbit IgG was pur-
chased from Pel-Freeze Biologicals, Rogers, AR. Pansorbin, and
rabbit antisera directed against human a,-antitrypsin, anti-
thrombin III, a2-macroglobulin, Cl inactivator, and inter-a-
trypsin inhibitor were purchased from Calbiochem-Behring
Corp., American Hoechst Corp., La Jolla, CA. Rabbit antiserum
against human a2-antiplasmin was kindly provided by Dr.
Nubuo Aoki, Jichi Medical School, Tochigi-ken, Japan. Plasma
was prepared from normal individuals and combined Factor
V/VIII-deficient patients by withdrawing nine parts of whole
blood from the antecubital vein into polyethylene tubes con-
taining one part 3.8% sodium citrate, followed by centrifugation
at 2,500 g for 15 min at room temperature. Citrated plasma

from five normal individuals was pooled and served as a normal
reference plasma. Plasma samples from clinically-defined, com-
bined Factor V/VIII-deficient patients were obtained through
the courtesy of Dr. P. M. Mannucci (patient A), Dr. Maribel
Clements (patient B), and Dr. Kenneth Smith (patients C and
D). Dr. Smith provided plasma samples from two combined
Factor V/VIII-deficient siblings (patient C and D). In the four
samples of Factor V/VIII-deficient plasma obtained, the Factor
V activity ranged from 13- to 15% of normal, whereas Factor
VIII:C activity ranged from 8 to 16% of normal. Factor VIII-
related antigen levels in these plasma samples were 70-90%
normal. The plasma Factor VIII coagulant antigen (VIII:CAg)
levels of the combined Factor V/VIII-deficient patients were
measured in the laboratory of Dr. Inga-Marie Nilsson (19), and
were found to be 7-14% of normal. In addition, the Factor V
antigen levels of these patients' plasma, as determined by ra-
dioimmunoassay (20), ranged from 9 to 27% of normal. All
plasma samples used in this study were tested for inhibitor
activity within 6 mo after venipuncture. In one case (patient
B), the plasma was tested within 12 h after venipuncture.
Amino acid analyses were carried out by standard pro-

cedures (21-23). Neuraminic acid was determined according
to Warren (24).

S-Pyridylethylated derivatives of the human APC-binding
protein were prepared according to Friedman et al. (25).
Salt and excess reagents were removed by gel filtration on
a Sephadex G-50 column (2.6 X 50 cm) equilibrated with 5%
formic acid followed by lyophilization.
Automated Edman degradations were performed with a

Beckman sequencer (model 890C; Beckman Instruments,
Inc., Fullerton, CA) by a modification of the technique de-
scribed by Edman and Begg (26). For amino-terminal anal-
yses, 2.8-mg quantities (50 nmol) of the S-pyridylethylated
derivative of the APC-binding protein were used. The anal-
ysis was carried out on two different binding protein prep-
arations. Dilute Quadrol (0.2 M) was employed as the cou-
pling buffer and pretreated polybrene (3 mg) was added to
the sample to enhance its adsorption to the sequencer cup
(27). Phenylthiohydantoin amino acids were identified and
quantitated by high pressure liquid chromatography
(28, 29).
SDS-polyacrylamide gel electrophoresis (PAGE) was per-

formed in glass tubes (6 X 100 mm) as previously described
(2). The tube gels were run at room temperature at a constant
current of 5 mA/gel. The gels were stained for protein and
carbohydrate as described (2). The distribution of radioac-
tivity in tube gels was determined by slicing the gel into 1-
mm sections (Joyce-Loebl gel slicer) followed by counting
each slice in a Beckman model 4000 gamma counting spec-
trometer (Beckman Instruments, Inc.). Discontinuous SDS-
electrophoresis was performed in slab gels according to Lae-
mmli (30) by using 10% polyacrylamide-resolving gels and
3% polyacrylamide-concentrating gels. Alternatively, con-
tinuous SDS-PAGE was carried out in 7.5% polyacrylamide
slab gels equilibrated with 0.1 M Tris-H3PO4 (pH 7):0.1%
SDS. The slab gels were initially fixed for 30 min in 10%
TCA:50% CH30H and stained in a solution containing 0.2%
Coomassie Blue G-250:50% CH30H:10% acetic acid. The
gels were destained in 7.5% acetic acid:5% CH3OH and dried
in a Bio-Rad model 224 slab dryer (Bio-Rad Laboratories).
Molecular weights were estimated by interpolation from a
linear semilogarithmic plot of molecular weight vs. migra-
tion distance with the following protein standards: phos-
phorylase b (94,000), bovine serum albumin (BSA) (67,000),
ovalbumin (43,000), carbonic anhydrase (29,000), soybean
trypsin inhibitor (20,000), and a-lactalbumin (14,400).

Quantitative immunoelectrophoresis was performed ac-
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cording to Laurell (31) in 1% agarose containing 50 mM
barbital buffer (pH 8.6):10 mM EDTA:0.02% NaN3. Elec-
trophoresis was conducted for 10 h at 10 V/cm in a Bio-Rad
model 1400 electrophoresis cell (Bio-Rad Laboratories) with
10% ethylene glycol coolant (0-2°C) continuously circulat-
ing through the plate. Before electrophoresis, protein sam-
ples were carbamylated essentially as described by Weeke
(32). Briefly, one volume of protein solution was mixed with
an equal volume of a fresh solution of 2 M KCNO, incubated
at 45°C for 30 min, and immediately subjected to electro-
phoresis after appropriate dilution in the electrophoresis
buffer. Crossed immunoelectrophoresis was performed ac-
cording to Ganrot (33).

Autoradiography was performed essentially as described
by Swanstrom and Shank (34). Kodak X-Omat AR film (East-
man Kodak Co., Rochester, NY) was inserted between the
dried slab gle and a DuPont Cronex Lightning-Plus inten-
sifying screen (DuPont Co., Instrument Products Div., Wil-
mington, DE) in a Kodak x-ray exposure holder. Films were
exposed for 1-4 h at -70°C, and developed at room tem-
perature according to the manufacturer.

Radioiodination was performed according to a slight mod-
ification of the technique described by Salacinski et al. (35).
1,3,4,6-tetrachloro-3a,6a-diphenyl glycoluril (1 mg) was
dissolved in 25 ml of dichloromethane, and 50 ul of that
solution was evaporated to dryness under nitrogen in a poly-
propylene iodination vial. Tris-HCl buffer (1.0 M, 5 Ml, pH
8.0) was added to the iodination vial, followed by Na 1251
(0.5 mCi, 5 ,ul) and 100-150 Ml of Tris-buffered saline (0.05
M Tris-HCl [pH 7.5]:0.1 M NaCI) (TBS) containing '50
Mg of protein. The iodination mixture was incubated at room
temperature for 5 min, and subsequently gel-filtered in a
Sephadex G-25 column (1.5 X 8 cm) previously treated with
500 mg of BSA to prevent adsorption of the radiolabeled
protein. Equilibration and elution of this column was per-
formed with 10 mM sodium borate (pH 8.2):140 mM NaCl.
1-ml fractions were collected in polystyrene tubes containing
1 mg of BSA in 10 Ml of TBS. Assuming there is complete
recovery of protein mass after gel filtration, this procedure
resulted in radiolabeled proteins with a specific radioactivity
in the range of 0.5 to 2.0 X 106 cpm/,g protein. Greater
than 95% of the radioactivity in these preparations was pre-
cipitable by either 5% TCA or an affinity-purified antibody
raised against the unlabeled protein. Furthermore, in the
case of radioiodinated human protein C and APC, >95% of
the radioactivity was adsorbed to barium citrate. In spite of
its ability to bind readily to barium citrate and its respective
antibody, substantial amounts of APC-amidolytic and -an-
ticoagulant activities were lost during iodination. Assuming
there is complete recovery of 1251-APC from the Sephadex
G-25 step, the 1251-APC-amidolytic- and '25I-APC antico-
agulant-specific activities were -60 and 50%, respectively,
of the unlabeled preparation. Once radioiodinated, however,
the amidolytic activity of 1251-APC was quite stable when
stored at 4°C in the presence of BSA (1 mg/ml).

Proteins. Human protein C and human a-thrombin were
prepared as previously described (3). Human APC was pre-
pared as follows. 300 Mg of human a-thrombin (in 200 Ml of
TBS) was added to 5 ml of TBS containing 5 mg of human
protein C. The mixture was incubated in a plastic tube. for
3 h at room temperature. The incubation mixture was chilled
to 4°C and applied to a column of SP-Sephadex C-50 (1.6
X 10 cm) previously equilibrated at 4°C with TBS. After
sample application, the column was eluted with TBS at a
rate of 0.5 ml/min. Under these conditions, human APC
eluted in the unadsorbed fraction, while thrombin remained
tightly bound to the resin. Aliquots of the human APC pool

were stored at -70°C until further use. 100 pl of the APC
pool (33 ug), when incubated at 370C with 300 Al of 0.4%
fibrinogen in TBS, failed to produce a clot in 3 h, indicating
the absence of thrombin. The isolated APC, however, pos-
sessed potent anticoagulant activity as judged by its ability
to prolong the kaolin-cephalin clotting (KCCT) time of hu-
man plasma. In a typical experiment, 1 Ag of purified human
APC increased the KCCT of normal plasma from -50 s to
>1,500 s. As observed in previous experiments, the antico-
agulant activity of the isolated human APC was totally in-
hibited by DFP (3).
Human antithrombin III was purified by the procedure

described by Mahoney et al. (36). The antithrombin III was
homogeneous as judged by SDS-PAGE (unreduced Mr
= 58,000) and readily neutralized the amidolytic and co-
agulant activity of a-thrombin.

Preparation of affinity-purified antibodies. Three New
Zealand rabbits were each immunized with 0.5-1 mg of
purified APC-binding protein. For the initial injection, an-
tigen was emulsified in an equal volume of Freund's com-
plete adjuvant, and injected intradermally in multiple sites
on the animal's back. Two booster injections, with Freund's
incomplete adjuvant, were administered at 2-wk intervals
after the initial injection. After the second booster shot, blood
was collected from the central artery of the ear (37). The
blood was clotted at 4°C for 15 h in 1 X 15 cm tubes, and
the sera obtained by centrifugation. Antisera were stored at
40C with 0.02% sodium azide present. Monospecific anti-
serum against human protein C was raised in a goat by es-
sentially the same immunization protocol. Blood was col-
lected from the external jugular vein of the animal, clotted
at 4°C, and the sera collected by centrifugation.

Affinity-purified antibody against human protein C and
the APC-binding protein were prepared by affinity chro-
matography of the sera in Sepharose columns containing the
respective antigen covalently linked to the resin. Protein C-
Sepharose and APC-binding protein-Sepharose were pre-
pared by coupling the antigen to activated CH-Sepharose
exactly as recommended by the manufacturer (Pharmacia
Fine Chemicals). Approximately 5 ml of each affinity resin
was prepared containing 20 mg of coupled antigen. In prep-
aration for affinity chromatography, the antisera were
treated with an equal volume of a neutral saturated solution
of ammonium sulfate, centrifuged, and the pellet redissolved
in a volume of TBS one-half that of the original serum vol-
ume. The antibody was dialyzed extensively against TBS at
40C, and clarified by centrifugation. The supernatant was
warmed to room temperature and applied to the affinity
resin, previously equilibrated at room temperature with
TBS. After sample application, the column was eluted with
ten column-volumes of TBS:1 M NaCl. The antibody was
eluted from the affinity column with one column-volurne of
0.1 M glycine-HCI (pH 2.5). The affinity-purified antibody
was collected in plastic tubes containing an appropriate
amount of 0.5 M Tris-HCl (pH 8.5) that immediately ad-
justed the pH of the eluant to 7.5. The affinity-purified an-
tibodies were dialyzed at 4°C against TBS:0.02% NaN3 and
stored at 40C.

Neutralization of APC in various plasmas. The inhibi-
tion of APC in normal plasma and combined Factor V/VIII-
deficient plasmas was assayed by measuring the ability of
the plasma to neutralize the amidolytic and anticoagulant
activity of the enzyme. In the amidolytic assay, 250 Ml of
plasma, 25 Al of APC (33 ,ug/ml in TBS:0.1% BSA), and 250
,l of TBS were incubated in a plastic tube at 37°C. A control
incubation mixture, containing 25 IAl of TBS in place of the
enzyme, was run in parallel to the test mixture. At selected
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times, 100 Ml of each incubation mixture (test and control)
was added to 1.0 ml of 0.1 mM S-2238 in 0.05 M Tris-HCI
(pH 8.3):0.1 M NaCI. The hydrolysis of the S-2238 by each
aliquot at 370C was monitored at 405 nm in a Gilford spec-
trophotometer (model 2220; Gilford Instrument Laborato-
ries Inc., Oberlin, OH) equipped with a strip chart recorder
(model 6050) and a constant temperature circulator (Poly-
temp model 80; PolyScience Corp., Niles, IL). Under these
conditions, little, if any, hydrolysis of S-2238 occurred in the
control incubation mixture throughout the incubation pe-
riod. Inclusion of heparin (10-50 U. S. Pharmacopeia U/ml
final concentration) in the incubation mixtures, however,
dramatically increased the background amidolytic activity
of plasma proteases. This was found to be the case with
normal plasma, combined Factor V/VIII-deficient plasma,
and human plasma deficient in either Factor XII, Factor XI,
Factor IX, high molecular weight kininogen, or prekalli-
krein.

In the anticoagulant assay, 1 ml of plasma and 50 ,ul of
APC (50 ng/Ml of TBS:0.1% BSA) were incubated at 37°C
in a plastic tube. At various times, a 100 Al-aliquot was re-
moved and added to a borosilicate glass tube (10 X 75 mm)
containing 100 Ml of normal plasma and 100 Ml of kaolin-
cephalin (5 mg kaolin/ml cephalin) previously incubated at
370C for 4.75 min. 15 s later, 100 ,l of 25 mM CaCl2 was
added and the clotting time recorded. The amount of APC
activity remaining in the incubation mixture at any point
was estimated from a log-log plot relating KCCT to added
APC. The standard curve was constructed as follows. In a
borosilicate glass tube (10 X 75 mm), 100 Ml of normal plasma
and 100 Ml of kaolin-cephalin were mixed and incubated at
37°C. At 4.5 min into the incubation, 100 ,Ml of normal
plasma (warmed to 37°C) was added to the tube. 15 s later,
1-20 Ml of APC (containing 25-1,000 ng enzyme dissolved
in TBS:0.1% BSA) was added to the incubation mixture. 15
s later, 100 Ml of 25 mM CaCl2 was added to initiate clot
formation and the KCCT was recorded. Assays were per-
formed in duplicate. The KCCT increased linearly with 25-
500 ng of APC in the assay system, but increased exponen-
tially when greater amounts of enzyme were added to the
assay. In addition, the precision between duplicate assays
decreased substantially when 500-1,000 ng of APC was in-
cluded in the assay. Accordingly, the initial concentration
of APC in the various plasma samples tested (2,500 ng/ml)
was selected to yield a clotting time in the linear portion of
the standard curve when 100 Ml of the incubation mixture
was added to the assay.
Demonstration of complex formation between APC and

a plasma protein in various plasma samples. Covalent com-
plex formation of APC and a plasma protein was demon-
strated by SDS-PAGE of plasma-1251-APC incubation mix-
tures. Two different approaches were used to prepare the
samples for electrophoresis. In the first approach, 225 Ml of
either normal plasma or combined Factor V/VIII-deficient
plasma was incubated at 37°C in a 1.4-ml snap-cap centri-
fuge tube with 5 Ml heparin (10 U/ml final concentration)
and 25 MI of 125I-APC (14.3 ng '251-APC/Ml). At various times
after the addition of the radiolabeled enzyme, 25 Ml-aliquots
were removed, added to 25 Ml of 8 M urea:10% SDS, and
incubated at 100°C for 2 min. A portion of the sample (10-
15 Ml) was subjected to SDS-electrophoresis in 7.5% poly-
acrylamide gels as described.

Although this method adequately demonstrated complex
formation, it nonetheless often resulted in skewed, unsym-
metrical radioactive peaks due to the substantial load of
protein applied to the gel. Furthermore, subsequent studies
revealed that the mobility of the complex, and hence its

molecular weight value, was affected by the large amount
of protein applied to the gel. To overcome these problems,
a second approach was devised whereby the radiolabeled
enzyme and the enzyme-binding protein complex was im-
munoprecipitated from plasma with affinity-purified goat
anti-human protein C. In this method, the various plasma
samples were adsorbed beforehand with the appropriate
amount of protein A-Sepharose and barium sulfate to remove
endogenous IgG and protein C, respectively. Preliminary
experiments demonstrated that plasma treated in this man-
ner completely retained its ability to neutralize the amido-
lytic and anticoagulant activities of APC, as well as form a
complex with radiolabeled APC by using the procedure de-
scribed above. Thus, in a typical immunoprecipitation ex-
periment, 200 Ml of adsorbed plasma, 10 Ml of '25I-APC, and
2 Ml of heparin (10 U/ml final concentration) were incubated
in a 1.4-ml centrifuge tube at 37°C for 3 h. At this time, 10
Ml of goat anti-human protein C (30 MAg IgG) was added, and
the mixture incubated at 4°C for 15 h. The mixture then
was treated with 100 Ml of a 10% suspension of SX-washed
Staphylococcus aureus cells (Pansorbin), incubated at 22°C
for 15 min, and centrifuged (Eppendorf microfuge model
5412). The pellet was resuspended in 500 Ml of 25 mM Tris-
HCI (pH 7.5):50 mM NaCl and recentrifuged. Finally, the
washed pellet was resuspended in 50 Ml of 5% SDS:25 mM
Tris-HCl (pH 7.0), and incubated at 100°C for 2 min. The
pellet was removed by centrifugation and the supernatant
subjected to SDS-gel electrophoresis. The SDS-protein sam-
ple generally contained 90-95% of the radioactivity added
to the incubation mixture.
Immunodepletion of APC-binding protein from normal

human plasma. APC-binding protein was removed from
normal plasma using S. aureus cells (Pansorbin), previously
loaded with affinity-purified antibody against the binding
protein, as a solid phase immunoadsorbent (38). The cells
were loaded with antibody as follows. Two 500-Ml quantities
of Pansorbin (10% suspension) were each mixed with 3 ml
of 10 mM sodium phosphate (pH 7.5):100 mM NaCl:1 mM
EDTA:0.1% Triton X-100, and centrifuged. The superna-
tants were separated from the pellet by aspiration, and the
cells resuspended in 500 Ml of the above buffer. 1 ml of
affinity-purified anti-binding protein (1.1 mg IgG) was
added to one tube while the other was treated with 1.0 ml
of rabbit IgG (1 mg/ml in TBS) to serve as a control im-
munoadsorbent. Both mixtures were incubated at 37°C for
30 min. The mixtures were diluted with 3 ml of the above
buffer, centrifuged, and the supernatants aspirated. The pel-
lets were washed once with the above buffer, once with
TBS:0.02% NaN3, and stored at 4°C.
To each of the pellets was added 500 Ml of normal human

plasma, previously adsorbed with protein A-Sepharose and
barium sulfate, and 5 Ml of '25I-APC-binding protein (4,000
cpm/Ml). The pellets were resuspended in the plasma, in-
cubated at 4°C for 15 h, and centrifuged. Each supernatant
was counted for radioactivity. Approximately 95% of the
radioactivity was adsorbed to the pellet loaded with antibody
against the binding protein, whereas -95% of the counts
remained in the supernatant of the control immunoadsor-
bent.

Purification of APC-binding protein. All steps in the
purification procedure were performed at 4°C. The elution
position of the APC-binding protein in column effluents was
determined by SDS-gel autoradiography after incubation of
the column fraction with '251-APC in the presence of heparin.
The presence of heparin was found to be essential as little,
if any, complex was observed in its absence. Routinely, 1 ml
of column fraction, 10 ul of 1251-APC (125,000 cpm), and 5
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pl heparin (10 U/ml final concentration) were incubated at
37°C for 3 h. At this point, 15 gl of affinity-purified goat
anti-human protein C (30 ,g of IgG) was added to the mix-
ture, and incubation continued for 4 h at 4°C. Pansorbin
(150 sl; 5X-washed) was added to the mixture and incubated
for 30 min at room temperature. The cells were pelleted by
centrifugation, resuspended in 50 ul of 5% SDS:10% mer-
captoethanol:25 mM Tris-HCI (pH 7):10% Ficoll, and in-
cubated at 100°C for 2 min. The suspension was centrifuged,
and the supernatant subjected to SDS-gel electrophoresis in
a 10% polyacrylamide slab gel followed by autoradiography.
In the isolation procedure, 50 ml of 1 M BaCl2 were added
to 1 liter of human citrated cryosupernatant, and the mixture
stirred for 15 min. The precipitate was removed by cen-
trifugation (5,000 g, 30 min). The supernatant was brought
to 40% saturation with ammonium sulfate by the slow ad-
dition of salt. The mixture was stirred for 1 h and the pre-
cipitate was removed by centrifugation and discarded. The
supernatant was adjusted to 70% saturation with ammonium
sulfate by the slow addition of the salt. The precipitate was
collected by centrifugation (5,000 g; 30 min) and dissolved
in 250 ml of 50 mM Tris-HCl (pH 7.5). The protein solution
was dialyzed against 20 liters of this buffer for 15 h. A pre-
cipitate that developed during dialysis was removed by cen-
trifugation (18,000 g, 10 min).
The protein solution was applied to a heparin-agarose col-

umn (2.6 X 25 cm) previously equilibrated with 50 mM Tris-
HCI (pH 7.5). The column was washed with 150 ml of equil-
ibrating buffer containing 0.075 M NaCl. The column was
then eluted with a linear gradient of NaCI generated from
250 ml of 50 mM Tris-HCI (pH 7.5):0.075 M NaCI and 250
ml of 50 mM Tris-HCI (pH 7.5):0.4 M NaCl. After the gra-
dient, the column was eluted with 250 ml of 50 mM Tris-
HCI (pH 7.5):1 M NaCI. The flow rate was 2 ml/min and
10-ml fractions were collected in plastic tubes. Those frac-
tions containing protein that formed a complex with radio-
labeled APC were pooled and dialyzed against two 4-liter
quantities of 25 mM Tris-HCI (pH 8.0) for 15 h.
The retentate (70 ml) was applied to a QAE-Sephadex A-

50 column (2.6 X 35 cm) previously equilibrated with 25
mM Tris-HCI (pH 8.0). After sample application, the column
was washed with 200 ml of equilibrating buffer. The inhib-
itor was eluted from the column with a linear gradient of
NaCI consisting of 600 ml of equilibrating buffer and 600
ml of equilibrating buffer containing 0.4 M NaCI. The flow
rate was 1.5 ml/min and 10-ml fractions were collected in
plastic tubes. Fractions from the QAE-Sephadex column con-
taining protein that reacted with radiolabeled APC were
subjected to SDS-PAGE. Only those fractions exhibiting elec-
trophoretic homogeneity were pooled and stored at 4°C in
a plastic container.

RESULTS
Inhibition of APC by normal and combined Factor

VIVIII-deficient plasma. The inhibition of APC by
normal plasma and combined Factor V/VIII-deficient
plasma was measured in two different assays: (a) an
amidolytic assay employing S-2238 as the substrate for
APC, and (b) a standardized coagulant assay designed
to measure the anticoagulant activity of APC.

In the anticoagulant assay, a reproducible relation-
ship was observed between the logarithm of the clot-
ting time and the logarithm of the APC added to the
assay (Fig. 1). Using the linear portion of this curve,
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FIGURE 1 APC anticoagulant standard curve. The logarithm
of the KCCT is plotted against the logarithm of added APC.
Assays were performed in duplicate as described in Methods.

we were able to determine semiquantitatively on a
temporal basis the APC-anticoagulant activity after its
addition to various plasma samples. The incubation
mixture consisted of citrated plasma and APC at a
concentration of 2.5 ,ug APC/ml plasma. Under these
conditions, plasma from three unrelated patients with
a combined Factor V/VIII deficiency (patients A-C)
inhibited the anticoagulant activity of APC at a rate
indistinguishable from that observed using normal
pooled plasma (Fig. 2). Furthermore, plasma from a

100\
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FIGURE 2 Inactivation of human APC in normal plasma and
plasma from three unrelated patients with combined Factor
V/VIII deficiency disease. Plasma (1 ml) was incubated with
APC (2.5 yg/ml final concentration) at 37°C. At selected
times, 0.1 ml was withdrawn and added to a glass tube con-
taining 0.1 ml of normal plasma and 0.1 ml of kaolin-ceph-
alin previously incubated at 37°C for 4.75 min. 15 s later,
0.1 ml of 25 mM CaC12 was added and the KCCT recorded.
The amount of APC remaining in the incubation mixture
was estimated from the APC standard curve. *, normal
pooled plasma; 0, patient A; 0, patient B; A, patient C;
0, control sample consisting of APC (2.5 ug/ml final con-
centration) incubated in TBS:1% BSA at 370C.
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fourth patient with a combined Factor V/VIII defi-
ciency (patient D, a sibling of patient C) inhibited
APC activity at essentially the same rate as patient C
(data not shown). Approximately 50% of the APC ac-
tivity was inhibited by the various plasma samples in
30 min. A control sample of APC (plasma substituted
with TBS:1% BSA) exhibited no apparent loss of an-
ticoagulant activity throughout the incubation period
(Fig. 2).

In the amidolytic assay for APC, slightly higher ra-
tios of APC to plasma (3.3 ,g APC:ml plasma) were
necessary in the incubation mixture to produce a mea-
surable hydrolytic rate in the spectrophotometric as-
say. The slight difference in APC concentration not-
withstanding, both normal and combined Factor V/
VIII-deficient plasma neutralized the amidolytic ac-
tivity of APC at essentially the same rate as that ob-
served in the anticoagulant assay, i.e., -50% inhibition
at 30 min (data not shown). As in the anticoagulant
assay, a control sample of APC retained full amidolytic
activity throughout the incubation period.

As noted earlier, heparin was not included in either
of our incubation systems as it (a) produced substantial
increases in the background hydrolysis rate of S-2238
in the amidolytic assay, and (b) totally inhibited the
anticoagulant assay at concentrations as low as 0.1 U/
ml heparin in the incubation mixture. Interestingly,
the stimulation of the background S-2238 hydrolysis
was observed in every human plasma sample that we
tested, including prekallikrein-deficient plasma.
Complex formation of 125I-APC and a plasma-bind-

ing protein in various plasma samples. When 125I_
APC (Mr = 60,000) was incubated with either normal
plasma or plasma with a combined deficiency of Factor
V/VIII, '40% of the radioactivity was incorporated
into a stable complex at essentially the same rate. The
apparent molecular weight of the unreduced complex
was 96,000 as determined by SDS-PAGE (Fig. 3A).
After reduction of the sample with mercaptoethanol,
the molecular weight of the complex decreased to 80-
82,000 (Fig. 3B), suggesting that the plasma-binding
protein was interacting with the heavy chain of 1251_
APC. Rate studies of reduced samples subjected to
SDS-PAGE indicated that as radioactivity was incor-
porated into the 82,000-M, complex, the radioactivity
of the 125I-APC heavy chain (M, = 40,000) decreased
proportionally. The radioactivity of the light chain of
125I-APC (Mr = 22,000) remained unchanged during
complex formation.

Incubation of 125I-protein C with plasma did not
result in complex formation, indicating that complex
formation was specific for APC. To determine if the
plasma-binding protein was interacting with the active
site of APC, the 125I-APC was treated with 5 mM DFP
and the resulting diisopropyl (DIP)-125I-APC incu-
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FIGURE 3 The radioactivity profile of 125I-APC and 1251-DIP-
APC after incubation with plasma. Normal plasma (or Factor
V/VIII-deficient plasma) was incubated with 125I-APC (A
and B) or 125I-DIP-APC (C and D) for 2 h at 37°C. Radio-
activity was immunoprecipitated with affinity-purified an-
tihuman protein C, and adsorbed to S. aureus cells. The
radioactivity was eluted from the cells with SDS buffer and
subjected to SDS-PAGE in tube gels as described in Methods.
The gels were sliced (1 mm) and the slices counted in a
gamma counter. (A, C are unreduced samples; B, D are re-
duced samples).

bated with plasma. Under these conditions, no complex
formation was observed (Fig. 3, C and D); this supports
the premise that 1251-APC was forming a complex with
a plasma protein through its serine residue in the active
site.

In this study, the amount of radioactivity incorpo-
rated into complex was related to the ratio of 1251-APC
to plasma volume, but it never exceeded 40% of the
total radioactivity in the sample at saturating levels
of all plasma samples tested. This was also found to
be the case when using plasma previously treated with
barium sulfate and protein A-Sepharose. The degree
of complex formation did not appear to be influenced
by the electrophoretic system employed (continuous
electrophoresis at pH 7 vs. discontinuous electropho-
resis at pH 9) as was reported for complexes of anti-
thrombin III with either Factor Xa or thrombin (39).
Furthermore, the extent of complex formation as as-
sessed by gel filtration of 251I-APC-plasma incubation
mixtures in Sephadex G-150 appeared to be -40-50%,
suggesting that the degree of complex formation ob-
served in SDS-PAGE in all likelihood did not occur as
a result of dissociation during the denaturation with
SDS. The reason for the low conversion of '25I-APC
into enzyme-inhibitor complex is unknown at this
point. Conceivably, the reduced intrinsic activity of
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the '251-APC for protein substrates, as noted in the
KCCT assay, is one possible explanation for this be-
havior. Additional studies, however, are needed to
clarify this issue.
Complex formation of 1251-APC and a plasma bind-

ing protein in normal plasma and plasma with a com-
bined Factor V/VIII deficiency was found to be ac-
celerated by the addition of heparin to the incubation
mixture. The amount of radioactivity incorporated
into complex was proportional to the heparin concen-
tration up to 10 U/ml final concentration. With this
concentration of heparin in the incubation mixture,
the rate of complex formation was enhanced roughly
fivefold over that observed in an incubation mixture
without added heparin. The rate of complex formation
in heparinized incubation mixtures did not appear to
be affected by the addition of calcium ions and phos-
pholipid, either alone or in combination.
The observation that heparin augmented complex

formation of 125I-APC with its binding protein in
plasma prompted us to reinvestigate the possibility
that the plasma-binding protein of APC was either
antithrombin III or a previously unrecognized deriv-
ative of antithrombin III. Earlier work from our lab-
oratory indicated that human antithrombin III, in the
presence of heparin, had no apparent effect on the
amidolytic activity of APC (3). Accordingly, 125I-APC
was incubated at 370C with purified human anti-
thrombin III (inhibitor to enzyme ratios of 100-
1,000:1) in the presence of TBS and heparin (10 U/ml
final concentration). Under these conditions, no radio-
active complex was observed by SDS-PAGE after a 3-
h incubation, confirming our earlier observation. This
provides strong evidence for the concept that anti-
thrombin III was not involved in complex formation
with 125j-APC.
The radioactive complex of '251-APC and APC-bind-

ing protein was immunoprecipitated from various
plasma samples by affinity-purified antibody to human
protein C. This technique was found to be quite help-
ful in reducing the amount of protein applied to SDS-
polyacrylamide gels. The relatively large amounts of
protein applied to the gel from a plasma-'251-APC in-
cubation mixture (250-400 ,ug) greatly affected the
symmetry and mobility of the radioactive protein
bands, particularly in unreduced samples. Inasmuch
as human plasma contains 8-17 mg/ml IgG and 1-1.2
,ug/ml human protein C,2 plasma samples were ad-
sorbed with protein A-Sepharose (1 ml gel/ml plasma)
and barium sulfate (40 mg/ml) to remove these pro-
teins. Plasma adsorbed in this manner was as effective
in neutralizing the amidolytic and anticoagulant ac-

2 As determined by radioimmunoassay (Canfield, W. M.,
and W. Kisiel, manuscript in preparation).

tivities of APC as untreated plasma. Furthermore, ad-
sorbed plasma formed a complex with 1251-APC at a
rate indistinguishable from that observed with un-
treated plasma. In the immunoprecipitation proce-
dure, substitution of the antihuman protein C with 100
,ul of rabbit antisera directed against either human
antithrombin III or a1-antitrypsin failed to precipitate
the complex of 125I-APC and APC-binding protein.
This observation suggested, but did not prove, that the
APC-binding protein was not immunologically related
to either a1-antitrypsin, antithrombin III, or a deriv-
ative of antithrombin III.

Purification and properties of the APC-binding
protein. The APC-binding protein was isolated from
human plasma by a three-step procedure that included
ammonium sulfate fractionation, heparin-agarose
chromatography, and QAE-Sephadex chromatogra-
phy. Approximately 20 mg of the purified protein was
obtained from 1 liter of plasma.

In the isolation procedure, the APC-binding protein
concentrations were determined qualitatively, based
on its ability to form a covalent complex with '25I-APC
as monitored by SDS-gel autoradiograms. After iso-
lation to electrophoretic homogeneity, the APC-bind-
ing protein had no measurable effect on APC-ami-
dolytic and -anticoagulant activity at a protein-to-en-
zyme molar ratio of 100:1. Furthermore, no apparent
complex was observed by SDS-PAGE when equimolar
amounts of unlabeled APC were incubated with the
APC-binding protein at 37°C in the presence or ab-
sence of heparin.
The inability of the purified APC-binding protein

to neutralize APC activity, or form a complex with
unlabeled preparations of APC, casts doubt as to
whether any relationship exists between this protein
and that responsible for the inhibition of APC in
plasma. We are, by definition, assuming that the pro-
tein in plasma that forms a covalent complex with 125I1
APC is a serine protease inhibitor. On the basis of
evidence to be presented below, we believe the APC-
binding protein isolated in this study is identical to the
protein that forms a covalent complex with 125I-APC
in plasma incubation mixtures. However, in the ab-
sence of functional activity after purification, we are
tentatively referring to this protein throughout this
article as an APC-binding protein until further studies
can unequivocally demonstrate inhibitory activity in
purified preparations.

In the isolation procedure, the APC-binding protein
was initially resolved from a substantial amount of
protein by heparin-agarose column chromatography
(Fig. 4). Furthermore, the APC-binding protein was
resolved from antithrombin III by this step, antithrom-
bin III consistently eluted from the heparin-agarose
in the 1 M NaCl elution buffer.
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FIGURE 4 Elution pattern of the APC-binding protein from
heparin-agarose. APC-binding protein was eluted from the
column (2.6 X 25 cm) with a linear gradient of 250 ml of
50 mM Tris-HCl (pH 7.5) containing 0.075 M NaCl and 250
ml of 50 mM Tris-HCl (pH 7.5) containing 0.4 M NaCl. The
first arrow indicates initiation of the gradient. After the gra-
dient, the column was eluted with 50 mM Tris-HCl (pH 7.5)
containing 1 M NaCl (second arrow). Fractions that were
pooled for APC-binding protein are indicated by the bar.

The APC-binding protein was purified to electro-
phoretic homogeneity by QAE-Sephadex A-50 column
chromatography (Fig. 5). A single protein band was
observed by SDS-PAGE for the APC-binding protein
(Fig. 6) and a molecular weight of 47,000 was esti-
mated by this technique for the unreduced protein.
After reduction with 20% 2-mercaptoethanol, the ap-
parent molecular weight of the APC-binding protein
increased to 54,000. A single protein and carbohy-
drate-staining band was observed in SDS-PAGE when
as much as 100 ,ug of the APC-binding protein was
applied to the gel, attesting to its physical homoge-
neity. Furthermore, SDS-gel autoradiograms of ra-
dioiodinated preparations of the purified APC-binding
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protein revealed a single, intense radioactive band.
Under reducing conditions routinely used in this lab-
oratory (5-10% mercaptoethanol, 37°C, 30 min), the
APC-binding protein appeared as a doublet in SDS-
PAGE with apparent molecular weight values of
54,000 and 51,000. Under more rigorous reducing con-
ditions (20% mercaptoethanol, 60°C, 30 min), the pro-
tein migrated as a single band (Mr = 54,000). In ad-
dition, the S-pyridylethylated derivative of the APC-
binding protein migrated as a single band with an ap-
parent molecular weight of 54,000.
When the APC-binding protein was subjected to

alkaline disc gel electrophoresis (40), a single band was
observed in 7.5% polyacrylamide gels. The mobility
of the protein was remarkably low (Rf = 0.14 relative
to bromophenol blue). Crossed immunoelectrophoresis
of plasma and purified APC-binding protein yielded
a single, coincident peak when subjected to electro-
phoresis in the second dimension in agarose gels con-
taining affinity-purified antibody raised against the
purified APC-binding protein. The electrophoretic
mobility of the APC-binding protein clearly distin-
guishes it from the plasma protease inhibitors of com-
parable molecular weight, such as antithrombin III
and a1-antitrypsin, which migrate with relatively high
mobilities (41).
The amino acid composition of the APC-binding

protein is presented in Table I. The most notable fea-
tures of the amino acid composition are the relatively
high quantities of proline, half-cystine, and lysine. The
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FIGURE 5 Elution pattern of the APC-binding protein from
QAE-Sephadex. Protein was eluted from the column (2.6
X 35 cm) with a linear gradient of 600 ml of 25 mM Tris-
HCI (pH 8.0) and 600 ml of 25 mM Tris-HCl (pH 8.0) con-
taining 0.4 M NaCl. Fractions (10 ml) were collected at a
flow rate of 1.5 ml/min. Fractions that were pooled are in-
dicated by the bar.

2 3

FIGURE 6 SDS-PAGE of the APC-binding protein. Sample
1 contained 20 lAg of unreduced binding protein; sample 2,
20 ,ug of reduced binding protein; and sample 3, a mixture
of reduced standard proteins that includes phosphorylase b
(94,000), BSA (67,000), ovalbumin (45,000), carbonic an-
hydrase (29,000), soybean trypsin inhibitor (20,000), and
a-lactalbumin (14,400). Electrophoresis was carried out as
in Methods.
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TABLE I
Amino Acid Composition of The APC Binding Protein

Amino acid Mol

Aspartic acid 8.39
Threonine 6.97
Serine 6.31
Glutamic acid 7.64
Proline 9.36
Glycine 7.51
Alanine 5.21
Half-cystine° 5.36
Valine 6.15
Methionine 1.24
Isoleucine 3.79
Leucine 5.36
Tyrosine 4.10
Phenylalanine 5.87
Histidine 1.70
Lysine 8.90
Arginine 3.21
Tryptophan4 2.91

Determined as cysteic acid according to Hirs (23).
Determined by the method of Hugli and Moore (22).

relatively high half-cystine content may explain, in
part, the resistance of the protein to reduction. In ad-
dition, the high content of basic residues (arginine,
lysine, and histidine) relative to the acidic residues
(aspartic acid and glutamic acid) probably accounts
for the low electrophoretic mobility of the protein ob-
served in alkaline disc gels. The APC-binding protein
is glycosylated and contains -7% neuraminic acid by
weight.

Purified preparations of the APC-binding protein
did not form a precipitin band in Ouchterlony double-
diffusion experiments with antisera raised against hu-
man antithrombin III, a1-antitrypsin, a2-antiplasmin,
inter-a-trypsin inhibitor, Cl-inactivator, and a2-mac-
roglobulin. Each of these antisera, however, formed
a single precipitin band in agarose with undiluted
plasma. Rabbit antisera raised against the purified
APC-binding protein formed a single precipitin band
when allowed to react with either purified APC-bind-
ing protein, normal plasma, or combined Factor V/
VIII deficient-plasma samples. Quantitative electroim-
munoassay for the APC-binding protein in normal and
Factor V/VIII-deficient plasma samples indicated that
its concentration was essentially the same in all plasma
samples tested (Fig. 7). By this technique, the APC-
binding protein antigen concentration was determined
to be 70-80 yg/ml plasma. On the basis of these stud-
ies, the APC-binding protein did not appear to be im-

FIGURE 7 Quantitative electroimmunoassay of the APC-
binding protein in various plasma samples. Wells 1-4 con-
tained 5 gl of serial dilutions of purified inhibitor (1, 63
Mg/ml; 2, 42 Mg/ml; 3, 25 Mg/ml; 4, 13 ,g/ml). Well 5 con-
tained 5 Ml of a 1:4 dilution of normal pooled plasma, and
wells 6-9 contained 5 y1 of a 1:4 dilution of combined Factor
V/VIII-deficient plasma (patients A-D). Agarose contained
2% (vol/vol) monospecific antiserum. 10 V/cm was applied
for 10 h, anode is at the top.

munologically related to any of the well-characterized
plasma protease inhibitors.
The nonidentity of the APC-binding protein with

the known plasma protease inhibitors was established
unequivocally by amino-terminal sequence analyses
of the S-pyridylethylated derivative of the APC-bind-
ing protein. Glycine was identified as the amino-ter-
minal residue of the protein, and no other amino acids
were detected. The amino-terminal sequence of the
first 22 residues of the APC-binding protein is shown
in Fig. 8. No apparent homology was discernible be-
tween the amino-terminal sequence of APC-binding
protein and the corresponding sequence in human an-
tithrombin III, a1-antitrypsin, and a2-antiplasmin (Fig.
8). However, considerable homology (25-32%) was
noted between APC-binding protein and bovine co-
lostrum inhibitor and pancreatic trypsin inhibitor (Fig.
8). Of particular interest is the lysine residue in po-
sition 19 of the APC-binding protein, as this residue
constitutes the reactive site in the colostrum and pan-
creatic trypsin inhibitor (42). An inspection of current
supplements to the Atlas of Protein Sequence data base
(45) revealed that the APC-binding protein isolated
in this study represented a unique, uncharacterized
human plasma protein.
Immunoprecipitation of the complex of 125I-APC

and APC-binding protein by antibody raised against
the purified APC-binding protein. As noted earlier,
affinity-purified antihuman protein C immunoprecip-
itated both free 125I-APC and a complex of 125I-APC
and the APC-binding protein. When antihuman pro-
tein C was replaced with an equal amount of affinity-
purified anti-APC-binding protein, -35-40% of the
radioactivity added was immunoprecipitated from the
incubation mixture and adsorbed to S. aureus cells.
Analysis of the plasma supernatant and the SDS eluate
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Human Activated Protein C
Binding Protein

Bovine Colostrum Inhibitor

Pancreatic Trypsin Inhibitor

Antithrombin III

al-Antitrypsin

a2-Antiplasmin

Gly Arg Thr Cys Pro Lys Pro Asp Asp Leu Pro Phe Ser EIVal Val Pro Leu Lys Thr Phe Tyr

Phe Gln Thr Pro Pro Asp Leu Cys Gln Leu Pro - Gln Ala Arg Gly Pro Cys Lys

Arg Pro Asp Phe Cys Leu Glu Pro Tyr - Gly Pro Cys Lys Ala

His Gly Ser Pro Val Asp Ile Cys Thr Ala Lys Pro Arg Asp Ile Pro Met Asn Pro Met Cys lle

Glu Asp Pro Gln Gly Asp Ala Ala Gln Lys Thr Asp Thr Ser His His Asp Gln Asp His Pro Thr

Asn Gln Glu Gly

FIGURE 8 Amino-terminal sequence of the APC-binding protein and various protease inhib-
itors. Amino acid residues in the APC-binding protein that are identical with the protease
inhibitors are shown in blocks. Dashes refer to spaces that have been inserted to bring the
proteins into alignment for better homology. Sequence data for the proteinease inhibitors were
taken from Laskowski et al. (42), Leicht et al. (43), and Wiman and Collen (44).

from the cells by SDS-PAGE revealed that essentially
all the radioactivity in the plasma supernatant rep-
resented free 125I-APC (-5% complex), whereas im-
munoprecipitated radioactivity represented exclu-
sively the enzyme-binding protein complex. Fig. 9
shows the radioactivity profile of the anti-APC-bind-
ing protein immunoprecipitate before and after re-
duction with 10% mercaptoethanol. In the unreduced
sample (Fig. 9A), a single peak of radioactivity was
observed with a corresponding molecular weight of
96,000. After reduction (Fig. 9B), two peaks were ob-
served with apparent molecular weight values of
82,000 and 22,000. These peaks represent the complex
of binding protein-APC heavy chain and the APC light
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FIGURE 9 The radioactivity profile of 1251I-APC after incu-
bation in plasma and immunoprecipitation with rabbit anti-
APC-binding protein. Normal plasma was incubated with
1251-APC for 2 h at 37°C. Radioactivity was immunoprecip-
itated with affinity-purified anti-APC-binding protein, and
adsorbed to S. aureus cells. The radioactivity was eluted
from the cells with SDS buffer and subjected to SDS-PAGE
in tube gels as described in Methods. The gels were sliced
(1 mm) and the slices counted in a gamma counter. A, un-
reduced SDS sample; B, reduced SDS sample.

chain, respectively. The identity of each of these ra-
dioactive peaks was determined through comparison
of SDS gels of the antihuman protein C immunopre-
cipitate run in parallel. Thus, antibody raised against
the APC-binding protein isolated in this study rec-
ognized and immunoprecipitated the '25I-APC in com-
plex with its plasma binding protein, and strongly sup-
ports the contention that the protein isolated in this
study is indeed the plasma protein that forms a co-
valent complex with '25I-APC in plasma incubation
mixtures.
Complex formation of 125I-APC and APC-binding

protein in plasma immunodepleted of the APC-bind-
ing protein. Incubation of '25I-APC with plasma im-
munodepleted of the APC-binding protein by the pro-
cedure described in Methods, resulted in -8% of the
radioactivity in complex in 3 h incubation time. In
contrast, incubation of '251-APC with plasma previ-
ously treated with purified rabbit IgG resulted in
-40% of the counts in complex in this time frame.
Thus, an 80% reduction in complex formation was
observed in plasma immunodepleted of APC-binding
protein. Serial immunodepletions of plasma (three
times) with antibody-loaded cells reduced the complex
to 3% (a 93% reduction), although complex formation
in control plasma remained essentially unchanged. In-
terestingly, in spite of the serial immunodepletions, a
small amount of complex was observed. The reason for
this is not readily apparent, but it is not inconceivable
that a trace amount of antigen either is not reacting
with the antibody or dissociates from the antigen-an-
tibody complex. Assuming 99.9% of the antigen was
removed, the binding protein level in plasma would
still be 80 ng/ml, and presumably it is this population
of antigen that forms a complex with '251-APC.

DISCUSSION

The results of this study confirm that normal human
plasma contains an inhibitor directed against APC, an
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observation initially described by Marlar and Griffin
(15). These investigators went on to propose that this
inhibitor is congenitally deficient in patients with com-
bined Factor V/VIII deficiency disease (15). This pro-
posal was formulated from existing data regarding the
in vitro proteolytic specificity of APC, as well as com-
pelling evidence that plasma from four unrelated com-
bined Factor V/VIII-deficient patients failed to inhibit
the amidolytic activity of APC (15). In this proposal,
Marlar and Griffin (15) suggested that the absence of
a plasma inhibitor to APC allowed for the progressive
and continuous in vivo proteolytic inactivation of Fac-
tors V and VIII in these patients by unopposed APC.
Their hypothesis did not include, however, a mecha-
nism for the continuous production of APC, a condi-
tion seemingly necessary for this condition to occur,
assuming there are normal biosynthetic rates for Fac-
tors V and VIII. Furthermore, it is highly interesting
and statistically unusual that the four unrelated pa-
tients' plasma used in their study possessed inhibitor
activity .2% of normal plasma (15).
The data presented in this article are clearly at vari-

ance with that reported by Marlar and Griffin (15). In
this study, plasma from four patients with clinically
defined combined Factor V/VIII deficiency disease
inhibited the anticoagulant and amidolytic activities
of human APC at essentially the same rate as that
observed with normal pooled plasma. Furthermore,
incubation of 125I-APC with either normal or combined
Factor V/VIII-deficient plasma resulted in complex
formation at essentially the same rate and final extent.
Complex formation was evaluated by SDS-PAGE and
was assumed to be a stable covalent complex between
the radiolabeled enzyme and its putative plasma in-
hibitor. Complex formation was totally dependent on
the integrity of the active site serine residue of APC,
as DFP-treated enzyme failed to form a covalent com-
plex in either normal or combined Factor V/VIII-de-
ficient plasma.
The anticoagulant assay for APC provided us with

an important degree of specificity not found in the
amidolytic assay using S-2238, a substrate designed for
thrombin assay. The hydrolysis of S-2238 after the
addition of APC to plasma observed in this study, as
well as that of Marlar and Griffin (15), may not totally
reflect changes in APC activity, but may in part reflect
changes in the activity of other proteases or esterases
that cleave this substrate. The use of the anticoagulant
assay, coupled with the complex formation experi-
ments with 125I-APC, provides two independent and
specific lines of evidence that demonstrate that APC
is inactivated at essentially the same rate in normal
and combined deficiency plasma.

Based on its ability to form a complex with 1251-APC,
as judged by SDS-PAGE, a plasma protein was purified

to homogeneity by a combination of ammonium sul-
fate fractionation, heparin-agarose chromatography,
and QAE-Sephadex chromatography. The purified
protein was chemically, physically, and immunologi-
cally distinct from the well-characterized plasma ser-
ine protease inhibitors, which included antithrombin
III, a1-antitrypsin, a2-antiplasmin, a2-macroglobulin,
Cl inactivator, inter-a-trypsin inhibitor, and the re-
cently described heparin cofactor II (46, 47). The pu-
rified APC-binding protein, however, did not directly
inhibit the anticoagulant or amidolytic activities of
APC. Moreover, the purified binding protein failed to
form a covalent complex with unlabeled preparations
of APC. Our interpretation of these findings was that
either the protein that we had purified had lost essen-
tially all of its biological activity during the isolation
procedure, or that we had isolated an unknown protein
with a trace amount of APC inhibitor present. On the
basis of (a) the amino-terminal sequence data, (b) the
immunoprecipitation experiments with anti-binding
protein, (c) the immunodepletion experiments, and
(d) the molecular weight of the APC-binding protein
as it relates to the molecular weight of the complex
observed, we are reasonably certain that the former
interpretation is more consistent with the experimental
observations. At this point, however, we cannot cate-
gorically rule out the remote possibility that a highly
immunogenic contaminant in our final preparation,
with a blocked amino-terminus, is responsible for com-
plex formation with '251-APC. This contaminant would
have to constitute <0.1% of the total protein (as judged
by autoradiography of labeled APC-binding protein)
and would obviously have to exhibit the same electro-
phoretic mobility in the presence or absence of SDS
as the major protein.
The reason(s) for the complete loss of APC inhibitory

activity during isolation was inexplicable. Conceiv-
ably, the biological activity of the APC-binding pro-
tein is exceedingly sensitive to a particula'r condition
of the isolation procedure, and the final product is
rendered inactive. This possibility prompted us to de-
velop a standardized assay for the putative APC in-
hibitor to evaluate loss of activity during the isolation
procedure. As noted earlier, complex formation of 1251.
APC with binding protein in column fractions, as mon-
itored by SDS-PAGE, was dependent on the presence
of heparin in the incubation mixture. The requirement
for heparin all but eliminated the APC anticoagulant
assay. Recent preliminary results using the amidolytic
assay indicate that the inhibitor activity is greatly di-
minished after ammonium sulfate precipitation and
subsequent dialysis against TBS. It is not inconceivable
that, like human antithrombin III (48), the APC in-
hibitor is highly unstable in dilute buffers with ionic
strength levels <0.15 M. This possibility, among others
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such as cofactor requirements for the expression of
inhibitory activity, is currently under active investi-
gation in our laboratory.
The results of this study, taken collectively, do not

support the proposal that a deficiency in APC inhibitor
forms the molecular basis of the combined Factor V/
VIII deficiency disease, a proposal now generally ac-
cepted as fact (49). Our finding of decreased VIII:CAg
levels in all of our patients is in agreement with a
recent report by Hultin and Eyster (50) who, to our
knowledge, were the first to demonstrate a decreased
VIII:CAg level in a combined Factor V/VIII-deficient
patient. In addition, the Factor V antigen levels of the
patients' plasma used in this study all were decreased,
and paralleled their Factor V coagulant activity levels.
Thus, from our observations using plasma from well-
defined combined Factor V/VIII-deficient patients, it
would appear that caution should be exercised in con-
cluding that all combined Factor V/VIII-deficient pa-
tients are functionally deficient in an inhibitor directed
against APC. Whether our four combined Factor V/
VIII-deficient patients reflect a unique genotype of
this disorder remains to be established. It is hoped that
future studies will clarify the relationship between the
APC-binding protein described here and the plasma
protease inhibitor involved in the physiological regu-
lation of APC.

ACKNOWLEDGMENTS
The authors wish to thank Dr. Earl Davie for his continuing
interest and support. Special thanks are also due to Mr. Brad
McMullen for performing the amino acid sequence analyses,
and to Dr. Paula Tracy, Mayo Clinic, for determining the
Factor V antigen levels of our patients' plasma. The authors
are indebted to Dr. P. M. Mannucci (Milano, Italy), Dr.
Maribel Clements (Puget Sound Blood Bank), and Dr. Ken-
neth Smith (University of New Mexico) for providing plasma
samples of their patients, and to the patients themselves for
their gracious cooperation. The human plasma employed in
this study was generously provided by the St. Paul Chapter
of the American Red Cross.

This work was supported in part by a grant-in-aid from
the American Heart Association (80-681), and in part by
research grant HL 16919 from the National Institutes of
Health.

REFERENCES
1. Stenflo, J. 1976. A new, vitamin K-dependent protein.

Purification from bovine plasma and preliminary char-
acterization. J. Biol. Chem. 251: 355-363.

2. Kisiel, W., L. H. Ericsson, and E. W. Davie. 1976. Pro-
teolytic activation of protein C from bovine plasma.
Biochemistry. 15: 4893-4900.

3. Kisiel, W. 1979. Human plasma protein C. Isolation,
characterization, and mechanism of activation by a-
thrombin. J. Clin. Invest. 64: 761-769.

4. Kisiel, W., W. M. Canfield, L. H. Ericsson, and E. W.
Davie. 1977. Anticoagulant properties of bovine protein
C following activation by thrombin. Biochemistry. 16:
5824-5831.

5. Esmon, C. T., and W. G. Owen. 1981. Identification of
an endothelial cell cofactor for thrombin-catalyzed ac-
tivation of protein C. Proc. Natl. Acad. Sci. USA. 78:
2249-2252.

6. Owen, W. G., and C. T. Esmon. 1981. Functional prop-
erties of an endothelial cell cofactor for thrombin-cat-
alyzed activation of protein C. J. Biol. Chem. 256: 5532-
5535.

7. 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.

8. Vehar, G. A., and E. W. Davie. 1980. Preparation and
properties of bovine Factor VIII. Biochemistry. 19: 401-
410.

9. Walker, F. J., P. W. Sexton, and C. T. Esmon. 1979. The
inhibition of blood coagulation by activated protein C
through selective inactivation of activated Factor V.
Biochim. Biophys. Acta. 571: 333-342.

10. Walker, F. J. 1981. Regulation of activated protein C
by protein S. The role of phospholipid in Factor Va in-
activation. J. Biol. Chem. 256: 1128-1131.

11. Walker, F. J. 1981. Regulation of bovine activated pro-
tein C by protein S. The role of the cofactor protein in
species specificity. Thromb. Res. 22: 321-327.

12. Nesheim, M. E., W. M. Canfield, W. Kisiel, and K. G.
Mann. 1982. Studies of the capacity of factor Xa to pro-
tect factor Va from inactivation by activated protein C.
J. Biol. Chem. 257: 1443-1447.

13. Comp, P. C., and C. T. Esmon. 1981. Generation of
fibrinolytic activity by infusion of activated protein C
into dogs. J. Clin. Invest. 68: 1221-1228.

14. Griffin, J. H., B. Evatt, T. S. Zimmerman, A. J. Kleiss,
and C. Wideman. 1981. Deficiency of protein C in con-
genital thrombotic disease. J. Clin. Invest. 68: 1370-
1373.

15. Marlar, R. A., and J. H. Griffin. 1980. Deficiency of
protein C inhibitor in combined Factor V/VIII defi-
ciency disease. J. Clin. Invest. 66: 1186-1189.

16. Kisiel, W., and W. M. Canfield. 1982. Evidence of nor-
mal functional levels of activated protein C inhibitor in
Factor V/VIII combined deficiency disease. Fed. Proc.
41: 655.

17. Kisiel, W., and E. W. Davie. 1975. Isolation and char-
acterization of bovine Factor VII. Biochemistry. 14:
4928-4934.

18. Bell, W. N., and H. G. Alton. 1954. A brain extract as
a substitute for platelet suspensions in the thromboplas-
tin generation test. Nature (Lond.). 174: 880-881.

19. Holmberg, L., L. Borge, R. Ljung, and I. M. Nilsson.
1979. Measurement of antihaemophilic Factor A antigen
(VIII:CAg) with a solid-phase immunoradiometric
method based on homologous non-haemophilic antibod-
ies. Scand. J. Haematol. 23: 17-24.

20. Tracy, P. B., L. L. Eide, E. J. W. Bowie, and K. G. Mann.
1982. Radioimmunoassay of factor V in human plasma
and platelets. Blood. 60: 59-63.

21. Moore, S., and W. H. Stein. 1963. Chromatographic de-
termination of amino acids by the use of automatic re-
cording equipment. Methods Enzymol. 6: 819-831.

22. Hugli, T. E., and S. Moore. 1972. Determination of the
tryptophan content of proteins by ion exchange chro-
matography of alkaline hydrolysates. J. Biol. Chem. 247:
2828-2834.

23. Hirs, C. H. W. 1967. Determination of cystine as cysteic
acid. Methods Enzymol. 11: 59-62.

Inhibition of Activated Protein C 1271



24. Warren, L. 1959. The thiobarbituric acid assay of sialic
acid. J. Biol. Chem. 234: 1971-1975.

25. Friedman, M., L. H. Krull, and J. F. Cavins. 1970. The
chromatographic determination of cystine and cysteine
residues in proteins as S-,B-(4-pyridylethyl) cysteine. J.
Biol. Chem. 245: 3868-3883.

26. Edman, P., and G. Begg. 1967. A protein sequenator.
Eur. J. Biochem. 1: 80-91.

27. Klapper, D. G., C. E. Wilde, and J. D. Capra. 1978.
Automated amino acid sequence of small peptides uti-
lizing polybrene. Anal. Biochem. 85: 126-131.

28. Bridgen, P. J., G. A. M. Cross, and J. Bridgen. 1976. N-
terminal amino acid sequences of variant-specific sur-
face antigens from Trypanosoma brucei. Nature (Lond.).
263: 613-614.

29. Ericsson, L. H., R. D. Wade, J. Gagnon, R. M. Mc-
Donald, R. Granberg, and K. A. Walsh. 1977. High per-
formance liquid chromatography of Pth-amino acids
using a Durrum D-500 analyzer. In Solid Phase Methods
in Protein Sequence Analysis. A. Previero and M. A.
Coletti-Previero, editors. Elsevier North-Holland Inc.,
New York. 1: 137-142.

30. Laemmli, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature (Lond.). 227: 680-685.

31. Laurell, C.-B. 1966. Quantitative estimation of proteins
by electrophoresis in agarose gel containing antibodies.
Anal. Biochem. 15: 45-52.

32. Weeke, B. 1968. Carbamylated human immunoglobu-
lins tested by electrophoresis in agarose and antibody
containing agarose. Scand. J. Clin. Lab. Invest. 21: 351-
354.

33. Ganrot, P. 0. 1972. Crossed immunoelectrophoresis.
Scand. J. Clin. Lab. Invest. 298: 39-47.

34. Swanstrom, R., and P. R. Shank. 1978. X-ray intensifying
screens greatly enhance the detection of autoradiogra-
phy of the radioactive isotopes 32P and 1251. Anal.
Biochem. 86: 184-192.

35. Salacinski, P. R. P., C. McLean, J. E. C. Sykes, V. V.
Clement-Jones, and P. J. Lowry. 1981. Iodination of
proteins, glycoproteins, and peptides using a solid-phase
oxidizing agent, 1,3,4,6-tetrachloro-3a,6a-diphenyl gly-
coluril (lodogen). Anal. Biochem. 117: 136-146.

36. Mahoney, W. C., K. Kurachi, and M. A. Hermodson.
1980. Formation and dissociation of the covalent com-
plexes between trypsin and two homologous inhibitors,
a1-antitrypsin and antithrombin III. Eur. J. Biochem.
105: 545-552.

37. Gordon, L. K. 1981. A reliable method for repetitively
bleeding rabbits from the central artery of the ear. J.
Immunol. Meth. 44: 241-245.

38. O'Keefe, E., and V. Bennett. 1980. Use of immunoglob-
ulin-loaded protein A-bearing Staphylococci as a pri-
mary solid phase immunoadsorbent in radioimmunoas-
say. J. Biol. Chem. 255: 561-568.

39. Jesty, J. 1979. Dissociation of complexes and their de-
rivatives formed during inhibition of bovine thrombin
and activated Factor X by antithrombin III. J. Biol.
Chem. 254: 1044-1049.

40. Gabriel, 0. 1971. Analytical disc gel electrophoresis.
Methods Enzymol. 22: 565-578.

41. Heimburger, N. 1975. Proteinase inhibitors of human
plasma. Their properties and control functions. In Pro-
teases and Biological Control. E. Reich, D. B. Rifkin,
and E. Shaw, editors. Cold Spring Harbor Laboratory.
367-386.

42. Laskowski, M., I. Kato, T. R. Leary, J. Schrode, and
R. W. Sealock. 1974. Evolution of specificity of protein
proteinase inhibitors. Bayer-Symp. 5: 597-611.

43. Leicht, M., G. L. Long, T. Chandra, K. Kurachi, V. J.
Kidd, M. Mace, E. W. Davie, and S. L. C. Woo. 1982.
Sequence homology and structural comparison between
the chromosomal human a1-antitrypsin and chicken
ovalbumin genes. Nature (Lond.). 297: 655-659.

44. Wiman, B., and D. Collen. 1977. Purification and char-
acterization of human antiplasmin, the fast-acting plas-
min inhibitor in plasma. Eur. J. Biochem. 78: 19-26.

45. Dayhoff, M. O., R. V. Eck, and C. M. Park. 1972. In
Atlas of Protein Sequence and Structure. M. 0. Dayhoff,
editor. National Biomedical Research Foundation,
Washington, DC. 89-99.

46. Tollefsen, D. M., and M. K. Blank. 1981. Detection of
a new heparin-dependent inhibitor of thrombin in hu-
man plasma. J. Clin Invest. 68: 589-596.

47. Tollefsen, D. M., D. W. Majerus, and M. K. Blank. 1982.
Heparin cofactor II. Purification and properties of a
heparin-dependent inhibitor of thrombin in human
plasma. J. Biol. Chem. 257: 2162-2169.

48. Damus, P. S., and R. D. Rosenberg. 1976. Antithrombin-
heparin cofactor. Methods Enzymol. 45: 653-669.

49. Soff, G. A., and J. Levin. 1981. Familial multiple co-
agulation deficiencies. Semin. Thromb. Hemostasis. 7:
112-148.

50. Hultin, M. B., and M. E. Eyster. 1981. Combined Factor
V-VIII deficiency. A case report with studies of Factor
V and VIII activation by thrombin. Blood. 58: 983-985.

1272 W. M. Canfield and W. Kisiel


