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ABSTRACT Protein C is a precursor to a serine protease
that is present in mammalian plasma. In its activated form, it
readily inactivates factor Va and factor VIla, two proteins
that participate as cofactors in the blood coagulation cascade.
In the present studies, a Xgtll library containing cDNA inserts
prepared from human liver mRNA has been screened with an
antibody to human protein C. Seven positive clones were iso-
lated from 2 x 106 phage and were plaque-purified. The
cDNA inserts of two of these phage were sequenced and shown
to code for human protein C. Each cDNA insert coded for a
portion of the light chain of the molecule, a connecting region,
the heavy chain, a stop codon, a 3'-noncoding region, and a
poly(A) tail. The length of the noncoding sequence on the 3'
end differed in the two clones, but each contained a processing
or polyadenylylation signal followed by a poly(A) tail. The
amino acid sequence as determined from the cDNA indicates
that protein C is synthesized as a single-chain polypeptide con-
taining the light chain and the heavy chain connected by a di-
peptide of Lys-Arg. The single-chain molecule is then convert-
ed to the light and heavy chains by cleavage of two or more
internal peptide bonds. In plasma, the heavy and light chains
of protein C are linked together by a disulfide bond. The ami-
no acid sequence of human protein C shows a high degree of
homology with that of the bovine molecule. The DNA sequence
coding for the catalytic region near the active site serine in
human protein C also showed a high degree ofDNA and amino
acid sequence identity with prothrombin, factor IX, and factor
X, three of the other vitamin K-dependent serine proteases
that are present in plasma.

Protein C (Mr 62,000) is one of several vitamin K-dependent
glycoproteins present in plasma. It has been well-character-
ized from both human (1, 2) and bovine (3-5) sources, and
the complete amino acid sequence for the bovine molecule
has been established (6, 7). Protein C is composed of a heavy
chain (Mr 41,000) and a light chain (Mr 21,000), and these
two chains are held together by a disulfide bond. The light
chain contains 11 y-carboxyglutamic acid residues (6, 8) and
one residue of f3-hydroxyaspartic acid (9, 10).

Protein C is a precursor to a serine protease called "acti-
vated protein C." It is converted to an activated form by
minor proteolysis in a reaction catalyzed by thrombin, tryp-
sin, or a protease from Russell's viper venom (5). The activa-
tion of protein C by thrombin is greatly accelerated by a co-
factor called thrombomodulin, a protein present in endothe-
lial cells (11-13).

Activated protein C has strong anticoagulant activity. This
is due to its inactivation of factor Va (2, 14, 15) and factor
VIIIa (2, 16). Individuals with low plasma levels of protein C
often have a history of thrombotic episodes (17-19). Virtual
absence of protein C characterized by the homozygous state
is associated with a fatal thrombosis in the neonatal period

(20). These data indicate that protein C functions as an ex-
tremely important regulator of thrombin generation.

Recently, Miletich et al. have shown the presence of 5-
15% of protein C in human plasma as a single-chain mole-
cule, suggesting that it is synthesized initially as a single-
chain molecule (21). In the present studies, we describe the
isolation and characterization of two cDNAs coding for a
portion of the light chain in addition to the heavy chain of
human protein C. These data also indicate that protein C is
synthesized as a single-chain molecule that undergoes pro-
cessing into a two-chain molecule held together by a disul-
fide bond.

MATERIALS AND METHODS
Screening of the Xgtll cDNA Library. A Xgtll cDNA li-

brary containing cDNA inserts prepared from human liver
mRNA was kindly provided by Savio L. C. Woo. Approxi-
mately 2 x 106 phage were screened by a modification of the
method of Young and Davis (22). Antibody to human protein
C was a gift from Walter Kisiel. It was purified by affinity
chromatography from sheep serum as described by Canfield
and Kisiel (23). The purified antibody was labeled with 1251
to a specific activity of 6 x 106 cpm/,ug and was used to
screen filters containing phage plated at a density of 1.5 x
105 plaques per 150-mm plate. Positive clones were isolated
and plaque-purified.
DNA Sequence Analysis. Phage DNA was prepared from

positive clones by a plate-lysate method (24), followed by
banding on a cesium chloride step gradient essentially as de-
scribed by Degen et al. (25). The cDNA insert was isolated
by digestion with EcoRI and subcloned into the plasmid
pUC9 (26). Appropriate restriction fragments from the insert
were subcloned into M13mplO and M13mpll for sequencing
by the dideoxy method (27). Sequencing reactions were car-
ried out with deoxyadenosine 5'-(a-[ S]thio)triphosphate
(dATP[a-35S]; Amersham) and run on gradient gels contain-
ing 0.5-2.5 x buffer TBE (0.089 M Tris-HCI/0.089 M boric
acid/0.002 M EDTA buffer, pH 8.3) (28). Over 90% of each
strand of the cDNA insert was sequenced two or more times.
M13mplO and M13mpll were purchased from Amersham.
Restriction enzymes, T4 DNA ligase, bacterial alkaline
phosphatase, and the Escherichia coli DNA polymerase I
(Klenow fragment) were purchased from New England Bio-
labs or from Bethesda Research Laboratories. Deoxynucleo-
tide triphosphates and dideoxynucleotide triphosphates
were purchased from P-L Biochemicals. Na125I was pur-
chased from New England Nuclear. DNA sequences were
stored and analyzed by the computer programs of Staden
(29, 30).

RESULTS AND DISCUSSION
A human liver cDNA library cloned into a Xgtll phage vec-
tor was screened for cDNAs coding for human protein C. In
these studies, an 125I-labeled affinity-purified sheep anti-
body was used to detect phage plaques directing the synthe-
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sis of a fusion protein of /3-galactosidase and protein C. Sev-
en positive clones were isolated by screening 2 x 106 phage,
and each was plaque-purified. One clone, called XHC1026,
gave a strong signal with the antibody probe and was found
to contain two EcoRI fragments of approximately 1000 base
pairs. Both DNA fragments were then cloned into M13mpll,
and the nucleotide sequence of both ends was determined.
One of these fragments was found to contain DNA se-
quences corresponding to the amino acid sequence of the
amino-terminal end of the heavy chain of human protein C
(1). This fragment also contained the entire 3' end of the
cDNA, including a poly(A) tail. The sequence of the other
fragment did not correspond to any known portion of protein
C and represents an unrelated cDNA cloned into the same
vector. Another clone, called XHC1375, contained a single
EcoRI insert of approximately 1400 base pairs and cross-hy-
bridized to XHC1026.
The cDNA fragments coding for protein C were then sub-

cloned into pUC9 and further characterized by restriction
mapping (Fig. 1). The nucleotide sequences for the two in-
serts were then determined by using the strategy shown in
Fig. 1. The cDNA insert in XHC1026 was found to be com-
posed of 1026 base pairs coding for a portion of the light
chain starting with amino acid 112, a connecting dipeptide,
and the heavy chain of human protein C. Following the stop
codon of TAG, there were 68 base pairs of 3' noncoding se-
quence and a poly(A) tail of 29 base pairs. The polyadenylyl-
ation or processing sequence of A-T-T-A-A-A (31) was pres-
ent 16 base pairs upstream from the poly(A) tail. The cDNA
insert in XHC1375 was found to be composed of 1375 base
pairs starting with amino acid 64 in the light chain. This clone
contained 294 base pairs of 3' noncoding sequence and a
poly(A) tail of 9 base pairs. The processing or polyadenylyla-
tion sequence of A-A-T-A-A-A (31) was present 13 base
pairs upstream from the poly(A) tail in this cDNA insert. The
DNA sequence along with the predicted amino acid se-
quence for the two inserts is shown in Fig. 2.
By alignment with the bovine light chain, it appears proba-

ble that the carboxyl-terminal end of the light chain of human
protein C ends with leucine-155. The cDNA sequence indi-
cates that this carboxyl-terminal leucine and the amino-ter-
minal aspartic acid of the heavy chain (1) are connected by
the dipeptide Lys-Arg. These data indicate that protein C is
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initially synthesized as a single-chain molecule with a con-
necting dipeptide and that this dipeptide is removed during
processing by proteolytic cleavage. These results are con-
sistent with that recently published by Miletich et al. (21),
who identified small amounts of single-chain protein C in hu-
man plasma. Furthermore, this mechanism of biosynthesis
and processing is analogous to that for factor X, which is
also synthesized as a single-chain molecule and cleaved into
a two-chain molecule that circulates in plasma (32-34).
The amino acid sequence of human protein C as predicted

from the cDNA is shown in Fig. 3 along with the amino acid
sequence of the bovine molecule as determined by amino
acid sequence analysis (6, 7). The sequence of the human
protein shows a high degree of homology with major por-
tions of bovine protein C, including the active site region,
location of the cysteine residues, and conservation of the ap-
parent carbohydrate attachment sites involving asparagine
residues. Human protein C also shares with bovine protein C
an aspartic acid residue in position 71 that is converted to 38-
hydroxyaspartic acid (9, 10) as well as the unusual sequence
of Asn-X-Cys as a probable carbohydrate attachment site at
asparagine-329. This differs from the typical carbohydrate
binding site to asparagine in the sequence of Asn-X-Thr or
Asn-X-Ser (7). This suggests that carbohydrate addition has
occurred at asparagine-329 prior to disulfide bond formation
at cysteine-331. In this situation, cysteine-331 in the Asn-X-
Cys sequence has considerable structural similarity to serine
in the Asn-X-Ser sequence. Except for a difference of four
amino acids after arginine-149 in human protein C, the hu-
man and bovine heavy chains can be aligned without inser-
tions or gaps. The alignment of the four amino acids in the
bovine sequence with the eight amino acids in the human
sequence in this region is not obvious, making precise local-
ization of the gap (or insertion) difficult. Overall, about 75%
of the amino acids in the human heavy chain are conserved
in the bovine molecule, with the highest degree of diver-
gence being found in the amino-terminal end, the gap or in-
sertion region, and the carboxyl-terminal end.
Upon activation by thrombin, the heavy chain of human

protein C is cleaved between arginine-12 and leucine-13.
This releases an activation peptide of 12 amino acids and
generates activated protein C with a new amino-terminal leu-
cine in the heavy chain (1). As noted previously (1), this ap-
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FIG. 1. Partial restriction map and sequencing strategy for the cDNA inserts in clones XHC1026 and XHC1375. The extent of sequencing is
shown by the length of each arrow, and the direction of the arrow indicates the strand that was sequenced. The hatched bars indicate the 3'
noncoding region in each cDNA insert.
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64 70 80 90

5 Gln Gly His Gly Thr Cys Ile Asp Gly Ile Gly Ser Phe Ser Cys Asp Cys Arg Ser Gly Trp Glu Gly Arg Phe Cys Gln Arg
C CAA GGG CAC GGC ACG TGC ATC GAC GGC ATC GGC AGC TTC AGC TGC GAC TGC CGC AGC GGC TGG GAG GGC CGC TTC TGC CAG CGC

10 20 30 40 50 60 70 80

100 110 120
Glu Val Ser Phe Leu Asn Cys Ser Leu Asp Asn Gly Gly Cys Thr His Tyr Cys Leu Glu Glu Val Gly Trp Arg Arg Cys Ser Cys Ala
GAG GTG AGC TTC CTC AAT TGC TCT CTG GAC AAC GGC GGC TGC ACG CAT TAC TGC CTA GAG GAG GTG GGC TGG CGG CGC TGT AGC TGT GCG

90 100 110 120 130 140 150 160 170

130 140 150
Pro Gly Tyr Lys Leu Gly Asp Asp Leu Leu Gln Cys His Pro Ala Val Lys Phe Pro Cys Gly Arg Pro Trp Lys Arg Met Glu Lys Lys
CCT GGC TAC AAG CTG GGG GAC GAC CTC CTG CAG TGT CAC CCC GCA GTG MG TTC CCT TGT GGG AGG CCC TGG AAG CGG ATG GAG AAG AAG

180 190 200 210 220 230 240 250 260

4 ~ 160 1170 180
Arg Ser His Le Lys Arg sp Thr Glu Asp Gln Glu Asp Gln Val Asp Pro Ar Leu Ile Asp Gly Lys Met Thr Arg Arg Gly Asp Ser
CGC AGT CAC CTG AAA CGA GAC ACA GAA GAC CAA GAA GAC CM GTA GAT CCG CGG CTC ATT GAT GGG AAG ATG ACC AGG CGG GGA GAC AGC

270 280 290 300 310 320 330 340 350

190 200 210
Pro Trp Gln Val Val Leu Leu Asp Ser Lys Lys Lys Leu Ala Cys Gly Ala Val Leu Ile His Pro Ser Trp Val Leu Thr Ala Ala His
CCC TGG CAG GTG GTC CTG CTG GAC TCA AAG AAG AAG CTG GCC TGC GGG GCA GTG CTC ATC CAC CCC TCC TGG GTG CTG ACA GCG GCC CAC

360 370 380 390 400 410 420 430 440

220 230 240
Cys Met Asp Glu Ser Lys Lys Leu Leu Val Arg Leu Gly Glu Tyr Asp Leu Arg Arg Trp Glu Lys Trp Glu Leu Asp Leu Asp Ile Lys
TGC ATG GAC GAG TCC AAG AAG CTC CTT GTC AGG CTT GGA GAG TAT GAC CTG CGG CGC TGG GAG AAG TGG GAG CTG GAC CTG GAC ATC AAG

450 460 470 480 490 500 510 520 530

* 250 260 270
Glu Val Phe Val His Pro Asn Tyr Ser Lys Ser Thr Thr Asp Asn Asp Ile Ala Leu Leu His Leu Ala Gln Pro Ala Thr Leu Ser Gln
GAG GTC TTC GTC CAC CCC AAC TAC AGC AAG AGC ACG ACC GAC AAT GAC ATC GCA CTG CTG CAC CTG GCC CAG CCC GCC ACC CTC TCG CAG

540 550 560 570 580 590 600 610 620

280 290 300
Thr Ile Val Pro Ile Cys Leu Pro Asp Ser Gly Leu Ala Glu Arg Glu Leu Asn Gln Ala Gly Gln Glu Thr Leu Val Thr Gly Trp Gly
ACC ATA GTG CCC ATC TGC CTC CCG GAC AGC GGC CTT GCA GAG CGC GAG CTC AAT CAG GCC GGC CAG GAG ACC CTC GTG ACG GGC TGG GGC

630 640 650 660 670 680 690 700 710

310 320 * 330
Tyr His Ser Ser Arg Glu Lys Glu Ala Lys Arg Asn Arg Thr Phe Val Leu Asn Phe Ile Lys Ile Pro Val Val Pro His Asn Glu Cys
TAC CAC AGC AGC CGA GAG AAG GAG GCC AAG AGA AAC CGC ACC TTC GTC CTC AAC TTC ATC AAG ATT CCC GTG GTC CCG CAC AAT GAG TGC

720 730 740 750 760 770 780 790 800

340 350 360
Ser Glu Val Met Ser Asn Met Val Ser Glu Asn Met Leu Cys Ala Gly Ile Leu Gly Asp Arg Gln Asp Ala Cys Glu Gly Asp Ser Gly
AGC GAG GTC ATG AGC AAC ATG GTG TCT GAG AAC ATG CTG TGT GCG GGC ATC CTC GGG GAC CGG CAG GAT GCC TGC GAG GGC GAC AGT GGG

810 820 830 840 850 860 870 880 890

370 380 390
Gly Pro Met Val Ala Ser Phe His Gly Thr Trp Phe Leu Val Gly Leu Val Ser Trp Gly Glu Gly Cys Gly Leu Leu His Asn Tyr Gly
GGG CCC ATG GTC GCC TCC TTC CAC GGC ACC TGG TTC CTG GTG GGC CTG GTG AGC TGG GGT GAG GGC TGT GGG CTC CTT CAC AAC TAC GGC

900 910 920 930 940 950 960 970 980

400 410 419
Val Tyr Thr Lys Val Ser Arg Tyr Leu Asp Trp Ile His Gly His Ile Arg Asp Lys Glu Ala Pro Gln Lys Ser Trp Ala Pro STOP
GTT TAC ACC AAA GTC AGC CGC TAC CTC GAC TGG ATC CAT GGG CAC ATC AGA GAC AAG GAA GCC CCC CAG AAG AGC TGG GCA CCT TAG CGA

990 1000 1010 1020 1030 1040 1050 1060 1070

CCC TCC CTG CAG GGC TGG GCT TTT GCA TGG CAA TGG ATG GGA G GAC ATG TAA CAA GCA CAC CGG CCT GCT GTT CTG TCC TTC
1080 1090 1100 1110 1120 1130 1140 1150 1160

CAT CCC TCT TTT GGG CTC TTC TGG AGG GAA GTA ACA TTT ACT GAG CAC CTG TTG TAT GTC ACA TGC CTT ATG AAT AGA ATC TTA ACT CCT
1170 1180 1190 1200 1210 1220 1230 1240 1250

AGA GCA ACT CTG TCG GGT GGG GAG GAG CAG ATC CM GTT TTG CGG GGT CTA AAG CTG TGT GTG TTG AGG GGG ATA CTC TGT TTA TGA AAA
1260 1270 1280 1290 1300 1310 1320 1330 1340

AG ATA AA AAC ACA ACC ACG AAA AAA AAA
1350 1360 1370

FIG. 2. Nucleotide sequence of the cDNA inserts in XHC1026 and XHC1375 that code for human protein C. The predicted amino acid
sequence is shown starting with residue 64 in the light chain. This numbering assumes that the length of the light chain of bovine and human
protein C is identical. *, Potential carbohydrate binding sites to asparagine residues; 4, apparent cleavage sites for removal of the connecting
dipeptide; I, site of cleavage in the heavy chain when protein C is converted to activated protein C; 0, site of polyadenylylation in XHC1026.
The processing or polyadenylylation sequences are shown in boxes.

pears to be one of the few serine proteases that has a leucine served. The cDNAs isolated in this investigation lack the 5'
rather than an isoleucine or valine in this position. end. This region codes for approximately 63 additional ami-
The nucleotide sequences near the active-site serine for no acids present in the light chain and a leader sequence that

protein C and three other human vitamin K-dependent serine is typical of secreted proteins (37). It should be of interest to
protease cDNAs (25, 34-36) are shown in Fig. 4. DNA and compare the DNA sequence corresponding to this region of
amino acid sequence homology in this region is highly con- protein C with factor IX and factor X, since these three pro-
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Light Chain

Human Q G H G
Bovine C . R .

64

T C I D G I
K . .7 . L

70

G S F S C D C R S G
. G . R . . . A E .

80

W E G R F C Q
... . . . . L

90

R E V S F L N
H . . R . S .

C S L
. . A
100

D N G G C T H Y C L E E V
E .... A ... M .. E

110

Human G W R R C S C A P G Y K L G D D L
Bovine . R . H ..... R . E . . H

120 130

L Q C H P A V K F P C G R P W K R M E K K R S H L
Q L . V S K . T ... . . L G..K T .

140 150 155

Heavy Chain

Human D T E D Q E
Bovine D T N Q V . . K

D Q

10

10
V D P
L . .

RL I D
. I V .

20
G K M T R R G
. Q E

20
A G W . E . .

30
D S P W Q V V L L D

.. A ....

30

40
S K K K L A C G
.V.. .

40

A V L I H P S W
.V.. .

50

50
Human V L T A A®C M D E
Bovine . . . V . . . L . S

60

60
S K K L L V
R . . . I .

70
R L G E Y D L R R W E
....... . ..... .

70

K W E
S . .

80

80
L D L D
V . . .

90
I K E V F V H P N Y
.... I I ....

90

100
Human NJI A L L H L
Bovine ...... . R.

110
A Q P A T L S Q T I V P
. K . .. .. .. .. .

110 120

120
I C L

130
P D S G L A E R E L N Q
........S.. K . T .

130

A G Q E T
V ....

140

140
L V T
V . .

G W G Y H S S
.... R D E

150

150
Human R E K E A K R
Bovine T - - - - - -

160
N R T F V L N
..S... . S

160

170
F I K I P V V P H N
. . . V . . . . Y .

170

180
E C S E V M S N M V S
A . V H A . E . K I .

180

190
E N M L C A G I L G D

190

200 210 220 230 240
Human C E G D®CG G P M V A S F H G T W F L V G L V S W G E G C G L L H N Y G V Y T K V S R Y L D W I H G
Bovine............................ Y....... . . ... . .

200 210 220 230 240

250 260
Human H I R D K E A P Q K S W A P
Bovine . .KAQ. . . L E . Q P V

250 260

FIG. 3. Amino acid sequences for the heavy chains and part of the light chains of human and bovine protein C. Dots indicate identity
between the two proteins. Dashes were inserted for maximal identity between the two proteins. *, Site of cleavage in the heavy chain when
protein C is converted to activated protein C. The active-site residues, including histidine-54, aspartic acid-100, and serine-203, are circled. The
first amino acids in the light and heavy chains start with number one. The bovine sequences are taken from Fernlund and Stenflo (6, 7). The
single-letter code for amino acids is: Ala, A; Arg, R; Asn, N; Asp, D; Cys, C; Gln, Q; Glu, E; Gly, G; His, H; Ile, I; Leu, L; Lys, K; Met, M;
Phe, F; Pro, P; Ser, S; Thr, T; Trp, W; Tyr, Y; Val, V.

197
Asp Cys Gly
GAT GCC TG GAG GG

GAT CE TGT GG

GAT GCC TGT G GG

IGAT GCC TGT G I

Protein C

Factor IX

Factor X

Prothrombin

203
Asp Ser Gly Gly Pro

GAC AGT GGG GG CCC

GAS AGT GGG GGA CCC

GAC A GGG G cci

IGAC AGT GGG GGA CCC

FIG. 4. Alignment of the active-site nucleotide sequences for the human vitamin K-dependent serine proteases. Conserved nucleotides are

included in boxes. The numbering of the amino acids is from Fig. 3 for human protein C. Data for factor IX, factor X, and prothrombin are from
ref. 35, 34, and 25, respectively.

teins show considerable amino acid homology in their first
150 amino acids (6).
The availability of a cDNA as a probe for the isolation of

the gene for human protein C will now make it possible to
compare the structure of this gene with that of the other vita-
min K-dependent serine proteases. The genes for factor IX
and prothrombin have already been shown to have consider-
able similarity in their coding regions and intron/exon
boundaries in the 5' regions (25, 36).
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