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Human Plasma Protein C

ISOLATION, CHARACTERIZATION, AND MECHANISM

OF ACTIVATION BY a-THROMBIN

WALTER KISIEL, Department of Biochemistry, University of Washington,

Seattle, Washington 98195

ABSTRACT Protein C is a vitamin K-dependent
protein, which exists in bovine plasma as a precursor
of a serine protease. In this study, protein C was iso-
lated to homogeneity from human plasma by barium
citrate adsorption and elution, ammonium sulfate frac-
tionation, DEAE-Sephadex chromatography, dextran
sulfate agarose chromatography, and preparative poly-
acrylamide gel electrophoresis. Human protein C (M,
= 62,000) contains 23% carbohydrate and is composed
of a light chain (M, = 21,000) and a heavy chain (M,
= 41,000) held together by a disulfide bond(s). The
light chain has an amino-terminal sequence of Ala-
Asn-Ser-Phe-Leu- and the heavy chain has an amino-
terminal sequence of Asp-Pro-Glu-Asp-Gln. The resi-
dues that are identical to bovine protein C are under-
lined. Incubation of human protein C with human
a-thrombin at an enzyme to substrate weight ratio of
1:50 resulted in the formation of activated protein C,
an enzyme with serine amidase activity. In the activa-
tion reaction, the apparent molecular weight of the
heavy chain decreased from 41,000 to 40,000 as de-
termined by gel electrophoresis in the presence of
sodium dodecyl sulfate. No apparent change in the
molecular weight of the light chain was observed in the
activation process. The heavy chain of human activated
protein C also contains the active-site serine residue
as evidenced by its ability to react with radiolabeled
diisopropyl fluorophosphate. Human activated protein
C markedly prolongs the kaolin-cephalin clotting time
of human plasma, but not that of bovine plasma. The
amidolytic and anticoagulant activities of human acti-
vated protein C were completely obviated by prior in-
cubation of the enzyme with diisopropyl fluorophos-
phate. These results indicate that human protein C,
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like its bovine counterpart, exists in plasma as a zymo-
gen and is converted to a serine protease by limited
proteolysis with attendant anticoagulant activity.

INTRODUCTION

Earlier work has demonstrated that protein C is a vita-
min K-dependent glycoprotein, which exists in bovine
plasma as a precursor of a serine protease (2-4). Bovine
protein C is composed of a heavy chain (M, = 41,000)
and a light chain (M, = 21,000) held together by a di-
sulfide bond(s). Incubation of bovine protein C with
either a-thrombin or a protease from Russell’s viper
venom (RVV-X)! resulted in the cleavage of an Arg-Ile
peptide bond between residues 14 and 15 of the heavy
chain with the concomitant activation of the zymogen.
The heavy chain of activated protein C contains the
amino-terminal sequence of Ile-Val-Asp-Gly and an
active-site sequence homologous with a number of
plasma serine proteases (4).

Previous work from our laboratory has shown that
bovine activated protein C exhibits anticoagulant ac-
tivity in the presence of phospholipid and calcium ions
(5). From our present information, it appears highly
probable that activated protein C is responsible for the
anticoagulant activity described by Marciniak nearly
a decade ago (6). Experiments employing homogeneous
protein preparations indicate that the anticoagulant
effect of activated protein C is caused in part by the
inactivation of factor V,.2 This inactivation reaction
involves the proteolytic cleavage of specific polypep-
tide chains in the factor V, molecule (8). The inactiva-
tion of factor V, by activated protein C requires phos-
pholipid and calcium ions, and was inhibited by prior

! Abbreviations used in this paper: DFP, diisopropyl fluoro-

phosphate; Mes, 2-(N-morpholino)ethanesulfonic acid; RVV-X,
the protease from Russell’s viper venom that activates factor X;
SDS, sodium dodecyl sulfate.

2 The nomenclature for the various clotting factors is that
recommended by an international nomenclature committee (7).
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incubation of the enzyme with diisopropyl fluorophos-
phate (DFP) (8).

In this article, a procedure for the isolation of protein
C from human plasma is presented along with some of
the molecular properties of the purified protein. In
addition, the mechanism of activation of human protein
C by thrombin is described. This mechanism is essen-
tially identical with that previously observed for bovine
protein C when it is activated by either trypsin (3, 4),
RVV-X (4), or a-thrombin (5).

METHODS

DEAE-Sephadex A-50, SP-Sephadex C-50, Sephadex G-150,
Sephadex G-50, Sephadex G-15, Sepharose 4B and dextran
sulfate were products of Pharmacia Fine Chemicals, Piscataway,
N. J. Imidazole (Grade I), soybean trypsin inhibitor (type
I1-S), bovine serum albumin, ovalbumin, carbonic anhydrase,
myoglobin, Coomassie Brilliant Blue R, dithiothreitol, lyo-
philized Vipera russelli venom, thiobarbituric acid, N-acetyl-
neuraminic acid, factor Il-deficient bovine plasma, factor
X-deficient bovine plasma, and Tris (Trizma) base were ob-
tained from Sigma Chemical Co., St. Louis, Mo. Kaolin (acid
washed) was purchased from Fisher Scientific Co., Fair Lawn,
N. J. Factor IX- and factor VII-deficient human plasmas were
obtained from George King Bio-Medical, Inc., Overland Park,
Kans. Benzamidine hydrochloride, DFP, cyclohexanone, and
4-vinyl pyridine were purchased from Aldrich Chemical Co.,
Milwaukee, Wis. Ammonium sulfate (enzyme grade) and
guanidine hydrochloride (ultrapure) were supplied by
Schwarz/Mann Div. Becton, Dickinson & Co., Orangeburg,
N.Y., Sodium dodecyl sulfate (SDS) was obtained from British
Drug House, Poole, England. Acrylamide, N,N'-methylene-
bisacrylamide, N,N,N’N’-tetramethylethylenediamine, and
urea (electrophoresis grade) were purchased from Bio-Rad
Laboratories, Richmond, Calif. Diisopropyl N-[1-*H]fluoro-
phosphate (0.9 Ci/mmol) was obtained from New England
Nuclear, Boston, Mass. Lithium heparin (150 USP U/mg) was
obtained from Riker Laboratories, Inc., Northridge, Calif.
D-phenylalanyl-L-pipecolyl-L-arginyl-p-nitroanilide (S-2238)
was obtained from Ortho Diagnostics Inc., Raritan, N. J.
Dansyl-arginine-4-ethyl piperidine amide was a generous gift
of Dr. M. Nesheim, Mayo Clinic, Rochester, Minn. Sequenator
reagents (Sequanal grade) were supplied by Pierce Chemical
Co., Rockford, Il. Human antithrombin III was isolated by
the method of Kurachi et al. (9) and was a gift from Dr. K.
Kurachi, University of Washington. Bovine brain cephalin
was prepared according to Bell and Alton (10). The venom
RVV-X was purified as described (11). Human a-thrombin
was isolated essentially according to Lundblad et al. (12) after
activation of human prothrombin by a factor X,-Ca?*-phospho-
lipid mixture (13). The specific activity of the thrombin prep-
aration was 3,500 National Institutes of Health (NIH) U/mg
protein. By SDS gel electrophoresis, this preparation ap-
peared to contain 98% a-thrombin and 2% B-thrombin.

Antibody against human factor X was prepared from rabbits
as described (14) and was kindly provided by Dr. R. DiScipio,
University of Washington. Anti-human factor X-Sepharose was
prepared by the overnight incubation of 100 mg of rabbit
anti-human factor X in 10 ml of 0.1 M sodium bicarbonate
with 20 ml of a Sepharose 4B slurry previously activated with
cyanogen bromide (15).

Protein C concentrations were determined from the absor-
bance at 280 nm using an E}% = 14.5 as estimated from its
amino acid composition (16). An E} value of 18.3 was em-
ployed for determination of thrombin concentrations (17).
For carbohydrate and amino-terminal sequence analyses, pro-
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tein content was determined by amino acid analyses after
hydrolyzing an aliquot of the sample in 6 N HCI for 24 h at
110°C in evacuated tubes.

SDS-polyacrylamide gel electrophoresis was performed as
described (4) employing 10% polyacrylamide gels.

Amino acid analyses were carried out by standard proce-
dures (18, 19) employing a Durrum model D500 amino acid
analyzer (Durrum Instrument Corp., Sunnyvale, Calif.). Tryp-
tophan was determined by the procedure of Hugli and Moore
(20), and half-cystine was determined as cysteic acid according
to Hirs (21).

Neuraminic acid was determined according to Warren (22).
Hexose and hexosamine were determined after hydrolysis of
the sample (500-1,000 ug) in 90% glacial acetic acid contain-
ing 0.5 N H,SO, for 8 h at 80°C under a nitrogen atmosphere.
Inositol was added to the sample to serve as an internal stand-
ard. After hydrolysis, the sugars were reduced and acetylated
according to Yang and Hakomori (23). Sugars were identified
and quantitated by gas chromatography and mass spectrometry
employing a gas chromatograph (model 402; Hewlett-Packard
Co., Palo Alto, Calif.) and a gas chromatograph-mass spec-
trometer (model 330; Finnigan Corp., Sunnyvale, Calif.).
Glass columns (6 ft x % in) containing 3% OV-225 on Supel-
coport were used (Supelco Inc., Bellefonte, Pa.). The columns
were usually programmed for 10 min at 160°C followed by a
1°C/min rise to 210°C.

Automated Edman degradations were performed with a
Beckman sequencer (model 890C; Beckman Instruments,
Inc., Fullerton, Calif.) by a modification of the technique de-
scribed by Edman and Begg (24). Dilute Quadrol (0.1 M;
BASF Wyandotte Corp., Industrial Chemicals Group; Wyan-
dotte, Mich.) was employed as the coupling buffer. Phenyl-
thiohydantoin (Pth) amino acids were identified and quanti-
tated by high pressure liquid chromatography (25, 26). For
amino-terminal analyses, =3 mg of the S-pyridylethylated
heavy chain of protein C and 2 mg of the S-pyridylethylated
light chain of protein C were used. All analyses were per-
formed in duplicate.

Amidase activity of activated protein C was measured as
described (5) using Phe-Pip-Arg-p-nitroanilide (S-2238) as the
chromogenic substrate.

Factor X and prothrombin were assayed by one-stage assays
according to Bachmann et al. (27) and Hjort et al. (28), respec-
tively. Factor IX was assayed according to Fujikawa et al.
(29) and factor VII was assayed by the method of Nemerson
and Clyne (30). All clotting assays were standardized with
normal, pooled human plasma assuming 1 U of clotting factor
per milliliter plasma.

Protein C concentration in column and electrophoretic
eluants was determined qualitatively by its ability to prolong
the kaolin-cephalin clotting time of human plasma after acti-
vation by thrombin. Routinely, 100 ul of eluant was diluted
in a plastic culture tube with 900 ul of 0.1 M Tris-HCI (pH
8.0) containing 0.1% bovine serum albumin. 10 ug of thrombin
was then added and the mixture incubated at 37°C for 1 h. At
this time, 40 ug of human antithrombin III and 40 ug of heparin
in 20 ul of 50 mM Tris-HCI (pH 7.5) were added and the
incubation was continued for an additional 15 min at 37°C to
neutralize the thrombin. An aliquot of the incubation mixture
was diluted 100-fold with 50 mM Tris-HCI (pH 7.5) containing
100 mM NaCl and 0.1% bovine serum albumin before the
kaolin-cephalin clotting assay. In this assay, 0.1 ml of pooled,
human plasma was incubated with 0.1 ml solution of kaolin
(5 mg/ml) in cephalin for 3 min at 37°C followed by the succes-
sive addition of 0.1 ml of the test sample and 0.1 ml of 0.025
M CaCl,.

Dextran sulfate agarose was prepared by a modification of
the method of Pepper and Prowse (31). 500 ml (wet-packed)
Sepharose 4B was suspended in an equal volume of distilled



water. 20 g of dextran sulfate was then added and the pH
adjusted to 11 with 6 M NaOH. 100 ml of acetonitrile con-
taining 100 g of cyanogen bromide was then added and
coupling was performed for 45 min. Throughout the coupling
stage, the pH was maintained at 11 with 6 M NaOH and the
temperature was maintained between 4° and 10°C by the addi-
tion of ice chips. After coupling, the dextran sulfate agarose
was filtered and resuspended in 2 liters of 1 M glycine ethyl
ester (pH 9.0) and stirred at room temperature for 15 h. The
dextran sulfate agarose was then washed exhaustively with 1
M NaCl and resuspended in 0.02 M 2-(N-morpholino)-
ethanesulfonic acid (Mes)-Tris (pH 6.0) containing 1 mM
benzamidine HCI, 2.5 mM CaCl,, and 0.02% NaN,.

The heavy and light chains of human protein C were pre-
pared as follows. Protein C (8-10 mg) was reduced and
S-pyridylethylated according to Friedman et al. (32). Salts and
excess reagents were removed by gel filtration in a Sephadex
G-50 column (2.6 x 65 cm) previously equilibrated with 2.3
M formic acid. The heavy and light chains were separated by
gel filtration in a Sephadex G-150 column (1.6 x 95 ¢m) pre-
viously equilibrated with 2.3 M formic acid containing 3 M
urea. Salt-free protein was obtained by gel filtration in Sepha-
dex G-15 columns equilibrated with 1.2 M formic acid followed
by lyophilization. The heavy and light chains of human
activated protein C were prepared in an identical manner.
In this experiment, 3 mg of activated protein C was treated
with 50 uCi of tritiated DFP before reduction and alkylation.

Purification of human protein C. All steps in the purifica-
tion procedure were performed at 4°C. Heparin (30,000 USP
U), soybean trypsin inhibitor (500 mg), 3 ml 1 M O-phenanthro-
line, and 1.5 ml of 1 M DFP were added to 15 liters of human
citrated cryosupernate and the mixture was stirred for 15 min.
600 ml of 1 M BaCl, was then added and the mixture stirred
for an additional 30 min. The barium citrate pellet was washed
twice (1 h/wash) with 3 liters of 0.02 M imidazole-HCI (pH
6.0) containing 0.3 M NaCl and 5 mM benzamidine. Protein
was eluted from the barium citrate pellet by stirring for 1-2 h
in 2 liters of 0.2 M Mes-HCIl/0.15 M sodium citrate (pH 6.0)
containing 20 mM benzamidine and 1 mM O-phenanthroline.
The precipitate was removed by centrifugation at 5,000 g for
30 min.

The supernate was brought to 35% saturation with am-
monium sulfate by the slow addition of the salt. The mixture
was stirred for 1 h and the precipitate was removed by cen-
trifugation and discarded. The supernate was then adjusted
to 65% saturation with ammonium sulfate by the slow addition
of the salt. The precipitate was collected by centrifugation
at 5,000 g for 30 min and dissolved in 150 ml of 20 mM
Tris-HzPO, (pH 6.0) containing 10 mM benzamidine and 1
mM DFP. The protein solution was then dialyzed against
4 liters of this buffer for 15 h. A fine precipitate that developed
during dialysis was removed by centrifugation at 18,000 g for
10 min.

The protein solution was applied to a DEAE-Sephadex
A-50 column (2.6 x 70 cm) previously equilibrated with 20
mM Tris-H;PO/2 mM benzamidine (pH 6.0). The column
was then washed with 200 ml of equilibrating buffer contain-
ing 0.15M NaCl. The proteins were then eluted from the
column with a linear gradient of NaCl generated from 325 ml
of 20 mM Tris-H;P0,/0.15 M NaCl/2 mM benzamidine (pH
6.0) and 325 ml of 20 mM Tris-H;PO,/0.6 M NaCl/2 mM
benzamidine (pH 6.0). The flow rate was 30 ml/h and fractions
of 3 ml were collected in plastic tubes. The fractions con-
taining protein C activity were pooled, made 1 mM in DFP,
and 5 mM in EDTA, and dialyzed against 4 liters of 20 mM
Mes-Tris/1 mM benzamidine (pH 6.0) for 15 h.

After dialysis, the solution was made 2.5 mM in CaCl, and
applied to a dextran sulfate agarose column (1.6 x 35 cm) pre-
viously equilibrated with 20 mM Mes-Tris/2.5 mM CaCly/1

mM benzamidine (pH 6.0). After sample application, the
column was washed with 150 ml of equilibrating buffer. Pro-
tein C was then eluted from the column with a linear gradient
of NaCl formed by 150 ml of equilibrating buffer and 150 ml
of equilibrating buffer containing 1 M NaCl. The flow rate
was maintained with a peristaltic pump at 1 ml/min and 2-ml
fractions were collected. Protein C obtained from this column
was free of factor IX but contained trace amounts of factor X
and appreciable amounts of prothrombin and protein S.

The fractions from the dextran sulfate agarose column con-
taining protein C were pooled and brought to 5 mM DFP
and 10 mM EDTA. The pooled sample was concentrated to
=10 ml by ultrafiltration (PM 10 membrane) and dialyzed
against 4 liters of 50 mM Tris-boric acid/10 mM benzamidine/5
mM EDTA (pH 8.0) for 15 h. The dialyzed sample was sub-
jected to preparative discontinuous electrophoresis at 0°~2°C
in a Buchler Poly-Prep 200 apparatus (Buchler Instruments
Div. Searle Diagnostics Inc., Fort Lee, N. ].) as described (4).
Under these electrophoretic conditions, protein C elutes be-
fore prothrombin and protein S. Protein C obtained from
preparative electrophoresis was completely free of factor VII,
factor IX, and prothrombin activity when 100 ug (in 100 wl)
was assayed in each specific clotting assay. Occasionally,
significant amounts of factor X activity were observed in puri-
fied preparations of protein C. Factor X was completely re-
moved from these preparations by passing the sample through
a column (1.6 x 5 ¢cm) of rabbit anti-human factor X agarose.
The purified preparations of protein C were routinely made
10 mM in DFP, concentrated by ultrafiltration to about 1
mg/ml, and stored at —80°C. For characterization and activa-
tion studies, protein C was freed of inhibitor and salts on a
column of Sephadex G-15 equilibrated with the appropriate
buffer or solvent.

RESULTS

Preparation of human protein C. Protein C was
isolated from human plasma by a five-step procedure,
which included barium citrate adsorption and elution,
ammonium sulfate fractionation, DEAE-Sephadex
chromatography, dextran sulfate agarose chromatog-
raphy, and preparative polyacrylamide gel electropho-
resis. Approximately 5 mg of purified protein was
routinely obtained from 15 liters of plasma.

During the purification procedure, protein C concen-
trations were determined qualitatively after its activa-
tion by thrombin in an assay based upon the ability
of activated protein C to prolong the kaolin-cephalin
clotting time of human plasma. Despite the fact that
antibody against human protein C could readily be
raised in rabbits, attempts to quantitate human protein
C by immunochemical procedures similar to those em-
ployed for bovine protein C (2) proved unsuccessful.
In this study, the use of the immunochemical assay
was precluded by the low plasma concentration of
human protein C, which resulted in rockets of insuf-
ficient size for reliable measurements. The possibility
of increasing the sensitivity of the immunochemical
assay for human protein C in plasma using !?*I-labeled
antibodies is presently under investigation in this lab-
oratory. Accordingly, quantitative data in terms of re-
covery and fold purification of protein C from human
plasma in this study are presently not available.
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FIGURE 1 Elution pattern of human protein C from DEAE-
Sephadex. Protein was eluted from the column (2.6 x 70 ¢m)
with a linear gradient of 325 ml of 20 mM Tris-H,PO, (pH 6.0)
containing 0.15M NaCl and 325 ml of 20 mM Tris-H,PO,
(pH 6.0) containing 0.6 M NaCl. Fractions (3 ml) were col-
lected at a flow rate of 30 ml/h. Fractions that were pooled are
indicated by the bar. The arrow indicates initiation of the
gradient.

In the isolation procedure, protein C was partially
resolved from prothrombin, factor IX, factor X, and pro-
tein S by DEAE-Sephadex column chromatography
(Fig. 1). Factor VII activity appeared in fractions 110-
120 and was well separated from protein C. Protein C
was further purified by dextran sulfate agarose column
chromatography (Fig. 2). Protein C obtained from dex-
tran sulfate agarose chromatography contained =50%
prothrombin and protein § as judged by SDS gel elec-
trophoresis. In addition, small amounts of factor X
activity were observed in these preparations.

Protein C was completely resolved from prothrombin
and protein S by preparative polyacrylamide disc gel

26

22 250
18 210
$

~

gm |70E
§ §
S 10 130 R
N >
] 9o§

02 50

— .
170 190 2i0 230 250 270 290 3I0
Fraction Number

FIGURF 2 Elution pattern of human protein C from dextran
sulfate agarose. Protein was eluted from the column (1.6 x 35
cm) with a linear gradient of 150 ml 0o 20 mM Mes-Tris/2.5 mM
CaCl,/1 mM benzamidine (pH 6.0) and 150 ml of 20 mM
Mes-Tris/1 M NaCl/2.5 mM CaCl,/1 mM benzamidine

(pH 6.0). Fractions (2 ml) were collected at a flow rate of

1 ml/min. Fractions that were pooled are indicated by the bar.
(Q), absorbance at 280 nm; (@), kaolin-cephalin clotting time.
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FIGURE 3 SDS-polyacrylamide gel electrophoresis of human
protein C. Sample 1, 20 ug unreduced protein C; sample 2,
20 ug of reduced protein C; sample 3 contains a mixture of re-
duced standard proteins, which include bovine serum albumin
(67,000), ovalbumin (45,000), carbonic anhydrase (29,000) and
myoglobin (17,000). Electrophoresis was carried out as de-
scribed in Methods.

electrophoresis. Protein C obtained from preparative
electrophoresis often contained trace amounts of factor
X, which was readily removed by passing the sample
through a small column of anti-human factor X-agarose.
The recovery of protein C in the preparative elec-
trophoresis step was greatly improved by prior equil-
ibration of the protein sample with EDTA-containing
bufters. For reasons not fully understood, human pro-
tein C apparently forms molecular aggregates during
the concentrating (stacking) process in discontinuous
electrophoresis. These aggregates possess considerably
lower electrophoretic mobilities and require inordi-
nately long times to elute from the preparative gel.
In most instances, treatment of the protein C sample
obtained from dextran sulfate agarose chromatography
with EDTA before electrophoresis greatly reduced the
aggregation suggesting that this phenomenon was in
part calcium-dependent.

Molecular weight of human protein C by SDS-
polyacrylamide gel electrophoresis. A single protein
band was observed by SDS-polyacrylamide gel elec-
trophoresis for human protein C (Fig. 3, sample 1) and
a mol wt of 62,000 was estimated by this technique
for the unreduced protein. After reduction with
2-mercaptoethanol, a heavy chain (M, = 41,000) and a
light chain (M, = 21,000) were observed (Fig. 3,
sample 2). Several purified preparations of hu-
man protein C appeared as a broad, single band
for the unreduced protein which upon reduction



yielded a minor band (M, = 38,000) between the heavy
and light chains. A number of attempts to remove this
contaminant by ion-exchange chromatography and
electrophoresis proved unsuccessful. Subsequent acti-
vation studies revealed that this species in all proba-
bility represented a proteolytic degradation product of
the heavy chain of protein C similar to that observed
for bovine and human factor X (14, 33, 34). The step(s)
in the isolation procedure where this degradation oc-
curs is presently unknown. The degradation product is
observed by SDS gel electrophoresis in protein C
samples obtained from DEAE-Sephadex chromatog-
raphy. The relative amount of this species, tentatively
identified as B-protein C, remained constant through
the isolation steps after DEAE-Sephadex. Thus, it
would appear that despite the liberal use of protease
inhibitors, the formation of B-protein C occurs early
in the isolation procedure and conceivably could be
present in the starting plasma.

Amino acid and carbohydrate compositions of
human protein C. The amino acid and carbohydrate
compositions of human protein C are presented in
Table I together with the composition of bovine pro-
tein C. From these data, human and bovine protein C
appear remarkably similar in composition with the
notable exceptions of their histidine, valine, and
N-acetylglucosamine contents. In addition, DiScipio
and Davie (35) recently have reported that human and
bovine protein C each contain 10 residues of y-carboxy-
glutamic acid per mole of protein. Human protein C
appears to be more highly glycosylated than the bovine
protein and contains =23% carbohydrate including
mannose, galactose, glucosamine, and neuraminic acid.
Thus, human protein C is composed of about 14,300 g
of carbohydrate and 47,000 g of protein/62,000 g of
glycoprotein.

Amino-terminal sequence. Amino-terminal analy-
ses of the S-pyridylethylated heavy and light chains
of human protein C were carried out in a Beckman
sequencer. Aspartic acid was identified as the amino-
terminal residue in the heavy chain and no other amino
acids were detected. This is the same residue found
in the amino-terminus of the heavy chain of bovine
protein C. Despite this similarity, the next 17 amino-
terminal residues of the heavy chain were completely
different from that observed in the heavy chain of bovine
protein C. Furthermore, this sequence is not homolo-
gous with the amino-terminal sequence of the heavy
chains of either bovine or human factor X (34). The
amino-terminal sequence of the first 18 residues of the
heavy chain of human protein C and the equivalents
per 41,000 g of protein were as follows: Asp (0.8), Pro
(0.3), Glu (0.6), Asp (0.3), Gln (0.4), Glu (0.4), Asp (0.2),
Gln (0.3), Val (0.4), Asp (0.3), Pro (0.2), Arg (0.1), Leu
(0.3), Ile (0.2), Asp (0.1), Gly (0.1), Lys (0.1), and Val
(0.2). The repetitive yields for the degradations were

TABLE I
Comparison of the Amino Acid and Carbohydrate
Compositions of Human and Bovine Plasma

Protein C*
Components Humant Bovine§
Amino acid
Lysine 22.1 24.9
Histidine 16.6 10.6
Arginine 22.2 29.1
Aspartic acid 41.2 424
Threonine 18.2 19.9
Serine 31.5 27.6
Glutamic acid 51.1 56.8
Proline 19.5 20.1
Glycine 35.9 42.3
Alanine 22.2 21.7
Half-cystine' 23.6 20.7
Valine 24.5 32.3
Methionine 5.9 7.7
Isoleucine 15.5 17.2
Leucine 40.3 36.9
Tyrosine 7.1 9.9
Phenylalanine 13.7 16.1
Tryptophan{ 13.8 14.5
Carbohydrate
Galactose 144
Mannose 21.0 28.9**
N-Acetylglucosamine 23.4 9.7
N-Acetylneuraminic acid 11.9 14.0
Protein, % 77 82
Carbohydrate, % 23 18

* Compositions expressed as residues/62,000 g glycoprotein.
1 This study.

§ Data taken from Kisiel et al. (4).

" Determined as cysteic acid according to Hirs (21).

9 Determined by the method of Hugli and Moore (20).

** Total neutral hexose.

>95%. The amino acid sequence for the light chain
was also determined and the equivalents per 21,000 g
of protein were as follows: Ala (0.9), Asn (0.6), Ser (0.2),
Phe (0.9), Leu (0.9), Gla (not quantitated), Gla (not
quantitated), Leu (0.4), Arg (0.2), Ile (0.3), Ser, Trp,
Lys and Gla. The last four residues were not quantitated.
No Pth-amino acids were detected in positions 6 and 7
in the light chain. It appears highly probable, however,
that y-carboxyglutamic acid occupies these two posi-
tions because this amino acid has been identified in
in these positions in the light chain of bovine protein C.
Thus, the first nine residues of the light chain of human
protein C are identical to that found in the light chain
of bovine protein C. Pth-glutamic acid was the major
derivative observed in position 14. This residue in all
likelihood is also y-carboxyglutamic acid because it
occurs in position 14 in the bovine protein (36). The
Pth-glutamic acid observed in position 14 conceivably
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FIGURE 4 Time-course for the activation of human protein C
by human o-thrombin. The activation by thrombin was per-
formed by adding thrombin (40 wug) to a reaction mixture
containing 2.3 mg of human protein C in 10 ml of 20 mM Tris-
HC] (pH 8.0). At the appropriate time intervals, aliquots
(100 ul) were withdrawn and transferred to a test tube con-
taining 10 ug of human antithrombin III and 10 ug heparin
in 3 ul of 50 mM Tris-HCI (pH 7.5). Amidase activity was
measured as described in Methods (O), complete reaction
mixture; (@), DFP-treated samples.

could arise from the acid-catalyzed decarboxylation
of y-carboxyglutamic acid during the first 13 steps
in the Edman degradation. Accordingly, this residue
is also tentatively identified as Gla.

Activation of human protein C by thrombin. Incu-
bation of human protein C with human a-thrombin
at an enzyme to substrate weight ratio of 1:50 resulted
in the conversion of protein C to activated protein C.
A time-course for the activation of human protein C
is shown in Fig. 4. The activation was monitored by
determining the amidase activity toward D-Phe-Pip-
Arg-p-nitroanilide in aliquots of the reaction mixture
removed at various time intervals. The activation
process was terminated in these aliquots by the addi-
tion of human antithrombin III and heparin. An alterna-
tive method for terminating the activation reaction
used the addition of dansyl-arginine-4-ethyl-piperidine
amide to each aliquot (0.1 mM final concentration).
This compound has recently been shown to be a highly
specific, potent inhibitor of thrombin (37). In control
experiments, it was observed that neither dansyl-
arginine-4-ethyl-piperidine amide nor antithrombin I1I
in the presence of heparin had any appreciable effect
on the amidase activity of human activated protein C,
while thrombin activity was completely inhibited.
A portion of each aliquot was then made 5 mM in DFP
and the remainder of each aliquot was treated with
isopropanol to serve as a control. As shown in Fig. 4,
amidase activity reached a maximum in =90 min (open
circles) and DFP treatment stropgly inhibited this
activity (solid circles). The experiments with DFP
indicated that the amidase formed in this activation
reaction in a serine amidase. A similar time curve (data
not shown) was observed for reaction mixtures of human

766 W. Kisiel

protein C and RVV-X at pH 8 and 37°C in the presence
of 5 mM calcium chloride. In these experiments, how-
ever, the activation reaction proceeded at a considerably
lower rate and required =3 h to go to completion when
protein C was incubated with RVV-X at a 1:50 enzyme
to substrate weight ratio.

Evidence for a change in the molecular weight of
human protein C during its activation by thrombin was
shown by SDS gel electrophoresis after reduction with
2-mercaptoethanol (Fig. 5). The starting material
showed two major bands corresponding to the heavy
and light chains as well as a minor band (M, = 38,000)
presumed to be a degradation product of the heavy
chain. The band (M, = 33,000) above the light chain
of human protein C represents the heavy chain of the
added thrombin. After the addition of thrombin, a re-
duction in the molecular weight of the heavy chain
of human protein C from 41,000 to 40,000 was observed.
Although not readily discernible in Fig. 5, the molecu-
lar weight of the heavy chain of 8-protein C decreased
from 38,000 to 36,500 and this reaction coincided with
the cleavage of the parent heavy chain. The simul-
taneous decrease in the molecular weight of both heavy
chains provided evidence that the M, = 38,000 poly-
peptide observed in purified preparations of human
protein C was a proteolytic degradation product of the
heavy chain. Furthermore, it is highly probable that the
difference between the two forms of the heavy chain
of human protein C is not a result of heterogeneity
at the amino-terminal portion of the polypeptide
(Discussion). No apparent change in the molecular
weight of the light chain was observed during the
activation reaction. Thus, these experiments demon-
strated that the activation of human protein C by

- v -

-l W o e W e o

FIGURE 5 SDS-polyacrylamide gel electrophoresis of human
protein C after activation by a-thrombin. Each sample (100 ul)
containing 20 ug of protein was removed from the reaction
mixture corresponding to that shown in Fig. 4, mixed with
1 ul of glacial, acetic acid and lyophilized. The lyophilized
sample was dissolved in 20 ul of 5% SDS-10% 2-mercapto-
ethanol and incubated at 100°C for 5 min. Electrophoresis
was carried out as described in Methods. The numbers at the
bottom of the tubes represent incubation times.



a-thrombin, as monitored by SDS gel electrophoresis
and amidase activity measurements, is essentially
identical to that observed after the activation of bovine
protein C by a-thrombin (5).

As noted earlier, the amidase activity of human acti-
vated protein C was readily inhibited by DFP. Covalent
binding of this inhibitor to the heavy chain of human
activated protein C was confirmed by using tritiated
DFP. In these experiments, human protein C was
activated with thrombin and subsequently reacted with
[*H]DFP. The radiolabeled protein was then reduced,
S-pyridylethylated, and subjected to gel filtration on
a column of Sephadex G-150 (Fig. 6). The two chains
readily separated under these conditions and virtually
all of the radioactivity was confined to the first peak,
which contained the heavy chain. These experiments
indicate the binding site for the diisopropyl phosphoryl
group in human activated protein C is present in the
heavy chain of the enzyme.

Anticoagulant properties of human activated pro-
tein C. Previous work indicated that bovine activated
protein C markedly prolonged the kaolin-cephalin
clotting time of bovine plasma but had no significant
effect on the clotting time of human plasma (5). With
the availability of purified preparations of human pro-
tein C, it was of interest to examine whether human
protein C developed anticoagulant activity upon
activation, and, if so, its relative effectiveness in human
and bovine plasma. The results of these studies indi-
cate that human activated protein C, but not its pre-
cursor, exhibited strong anticoagulant activity when
human plasma was employed in the assay. In a typical
experiment, 200 ng of human activated protein C in-
creased the kaolin-cephalin clotting time of human
plasma from =45 s to >1,200 s, whereas increasing the
kaolin-cephalin clotting time of bovine plasma from
35 to 60 s. This anticoagulant activity was completely
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FIGURE 6 Gel filtration of S-pyridylethylated [*H]diisopropyl-
phosphoryl-activated human protein C on a Sephadex G-150
column. 3 mg of protein C was activated as described in Fig. 4.
After activation, the reaction mixture was treated with 50 uC;
[*H)-DFP and lyophilized. The protein was reduced and
S-pyridylethylated as described in Methods and applied to
a Sephadex G-150 column (1.6 X 95 cm) previously equili-
brated with 2.3 M formic acid/3 M urea. Elution was carried
carried out with 2.3 M formic acid/3 M urea and samples were
assayed for protein and radioactivity. (O), absorbance; (@),
radioactivity.

inhibited by prior treatment of the enzyme with DFP
indicating that the anticoagulant activity of the enzyme
apparently is totally dependent on its amidase activity.

DISCUSSION

This work describes a procedure for the isolation of pro-
tein C from human plasma. A key step in the separation
of protein C from prothrombin, factor X, factor IX, and
protein S was column chromatography on dextran sulfate
agarose. This chromatographic matrix was introduced
by Pepper and Prowse (31) for the separation of human
prothrombin complex and appeared to yield superior
resolution in comparison to that observed with heparin-
agarose under identical conditions. Human protein C
eluted in a symmetrical peak between prothrombin and
factor X from dextran sulfate agarose columns equili-
brated at pH 6 in the presence of calcium chloride.
Qualitatively similar elution patterns were observed
when heparin-agarose was substituted for dextran sul-
fate agarose under the same conditions, or when
dextran sulfate agarose was equilibrated as described
by Pepper and Prowse (31). In these chromatographic
eluants, however, considerable asymmetry in the elu-
tion profiles of protein C and prothrombin activity
were observed.

Human protein C, like the bovine molecule, exists
in plasma as a glycoprotein composed of a heavy and
a light polypeptide chain held together by a disulfide
bond(s). Carbohydrate analysis of human protein C
indicates a higher degree of glycosylation than the
bovine protein. The carbohydrate present in human
protein C includes mannose, galactose, glucosamine,
and neuraminic acid. In the present study, the heavy
and light chains of human protein C were isolated
by gel filtration after reduction and alkylation of the
protein, and their amino-terminal sequences were
determined.

Although several pieces of evidence point to the
striking similarity of protein C isolated from human and
bovine plasma, certain noteworthy differences between
the two proteins became apparent during these studies.
Perhaps the most significant difference resides in the
apparent concentration of this protein in its respective
plasma. In this study, 4-8 mg of protein C was con-
sistently obtained from 15 liters of human plasma,
whereas 20-30 mg of protein C was isolated from
an equivalent amount of bovine plasma (4). Inasmuch
as a specific, quantitative assay for human protein C is
notavailable at present, this difference may stem in part
from losses experienced during its isolation. The second
significant difference between human and bovine pro-
tein C was obtained from sequence analyses of the
heavy and light chains of human protein C. With the
exception of the amino-terminal aspartic acid residue,
the amino-terminal sequence of the heavy chain of
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human protein C is entirely different from that found
in the heavy chain of the bovine protein. In contrast,
the first nine residues in the light chain of human pro-
tein C are identical to that found in the light chain
of the bovine molecule. Interestingly, the amino-
terminal region of the vitamin K-dependent proteins,
which contains the y-carboxyglutamic acid residues,
also contains a highly conserved sequence of Gly-Asn-
Leu in positions 11-13 (bovine protein C numbering).
The only known exception to this conserved sequence
is bovine factor VII, which contains the sequence Gly-
Ser-Leu (34) in this position. In this study, none of these
residues were observed in this region of the light chain
of human protein C and represents a significant differ-
ence between this protein and the other vitamin
K-dependent proteins. Whether this structural differ-
ence is related to its biological function will require
many additional studies.

Like its bovine counterpart, human protein C exists
in plasma as an inactive precursor that is readily con-
verted to a serine enzyme by human a-thrombin. As
monitored by SDS gel electrophoresis and amidase ac-
tivity measurements, this activation is essentially
identical to that observed during the activation of bovine
protein C by bovine a-thrombin. In the activation of the
bovine molecule, thrombin cleaves an Arg-Ile bond be-
tween residues 14 and 15 in the amino-terminal region
of the heavy chain of the protein releasing a very small
activation peptide (M, = 1,700). This results in the
formation of activated protein C with a new amino-
terminal isoleucine residue in the heavy chain (5). In
the activation of human protein C by thrombin, the
formation of a serine amidase activity coincided
with the release of a small peptide (M, = 1,000) from
the heavy chain. From the sequence analyses of the
heavy chain of human protein C, it would appear ex-
tremely likely that the bond cleaved during the activa-
tion of human protein C is the Arg-Leu bond between
residues 12 and 13 in the amino-terminal region of the
heavy chain (Fig. 7). Cleavage of the dodecapeptide
(M, = 1,400) by thrombin would then result in the
formation of a new amino-terminal sequence of Leu-Ile-

Aua Asn Ser Pue LEy 614" GLALEU ARg Tie Sem Tee Lvs g'7_m

s s

VAL Lvs 6Ly Asp ILe Leu Arc Pro Asp VAL 6Ln Asp GLu 6Ln Asp GLu Pro Ase

(5en)
) CooH

FIGURE 7 Partial structure of human protein C. Residues that
are underlined are identical to those found in bovine protein C.
Gla* (y-carboxyglutamic acid) shown in positions 6, 7, and 14
of the light chain is tentative. The arrow indicates the probable
site of cleavage in the heavy chain of protein C by thrombin.
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Asp-Gly in the heavy chain of human activated pro-
tein C. Thus, it seems highly probable that the basic
mechanism for the proteolytic activation of human pro-
tein C is similar to that observed in the activation
of several other serine proteases including the vitamin
K-dependent coagulation factors. Activation of these
zymogens involves the cleavage of a peptide bond in
the amino-terminal portion of the polypeptide chain
containing the active-site serine. During the activation
of these proteins, a new amino-terminal isoleucine or
valine is generated and this residue presumably forms
an ion-pair with the carboxyl group of the aspartic acid
adjacent to the active site serine (38). In the case of
human protein C, however, the new amino-terminal
residue would be leucine. If indeed this residue is
shown to be the amino-terminal residue in the heavy
chain of human activated protein C, it would represent
the first example of an amino-terminal leucine residue
among the serine proteases characterized to date.
Experiments to unambiguously demonstrate this are
currently in progress.

Human activated protein C is a serine amidase with
attendant anticoagulant activity. Both the amidolytic
and anticoagulant activities of the enzyme are inhibited
by DFP, suggesting that both activities are dependent
on the active-site serine residue. The apparent species
specificity of the anticoagulant activities of both human
and bovine activated protein C is enigmatic and may
reflect a highly specific role for protein C in plasma.
The results obtained in this study using highly purified
protein preparations corroborate the earlier findings
of Marciniak who described a coagulation inhibitor in
thrombin-treated human and bovine prothrombin com-
plexes which was highly specific for its homologous
plasma (6, 39). Clearly, at this point the precise physio-
logical role of protein C in plasma is not known. Bovine
activated protein C has been shown to rapidly inactivate
factor V (5, 8) and this reaction appears highly specific
for the activated form of bovine factor V.2 Whether the
proteolytic activity of activated protein C is specific for
the homologous species factor V, as its substrate,
as well as the proteolytic range of activated protein C,
are two important issues that remain to be clarified.
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