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A complex composed of factor Xa and phospholipid surface protein thrombomodulin proteolytically converts the
vesicles assembled in thepresence of calcium ionscat- vitamin K-dependent zymogen protein C into the serine proalyzes a discrete cleavage
of the heavy chain of bovine tease APC (9-13). In contrast to many of the other vitamin
protein C that is indistinguishable from that produced K-dependent coagulation factors, APC functions as an antiby thrombinas judged bysodium dodecyl sulfate-poly- coagulant by inhibition of prothrombinase and factor Xase
acrylamide gel electrophoresis. This cleavage generactivity via limited proteolysis of factors V (Val and VI11
ates an active site capable of hydrolyzing small sub- (VIIIa) (14-19).
strates and inactivating factor
Va function in the proThe only substantiated activator of protein Cis a-thrombin
thrombinase complex. Activation of protein Cby factor (13, 20-25), which when bound to thrombomodulin has over
Xa requires both cakium ions and phospholipid vesicles and proceeds art a rate an order of magnitude a 1000-fold greater ability to activate protein C as compared
greater than thatobserved for a-thrombin in solution. with a-thrombin alone (10). In addition to augmenting the
is not activation of protein C, the binding of thrombin to thromboy-Carboxyglutamic acid-domainless protein C
modulin drastically alters thrombin's procoagulant activities.
activated by factor
X.a, consistent with the requirement
for phospholipid andl distinguishing this reaction from When bound to thrombomodulin, thrombin no longer clots
fibrinogen, activates factorV, inactivates proteinS, or triggers
proteinCactivationbythrombin.Thrombomodulin
serves as a cofactor for the factor Xa-catalyzed reac- platelet aggregation (12, 26-29). Thrombomodulin thereby
tion, forming a 1:l complex with factor Xa (apparent imparts a natural anticoagulant surface on the endothelium
I C d = 5.7 X 10"' M) and stimulating the saturated
rate and may serve to protect the microvasculature "downstream"
of protein C activation by factorXa (kcat= 149 min")
from the site of injury by binding thrombin released at this
to levels comparable with the thrombin-thrombomod- site (13).
ulin complex. Protein C activation by factor Xa is not
Recent studies have demonstrated that prothrombin actiinhibited by thespecific thrombin inhibitor dansy1-N- vation
intermediates
(meizothrombin and meizothrom(3-ethyl-1,5-pentanediyl)amidebut is inhibitedby
bin(desF1)) can bindto thrombomodulin and activate protein
antithrombin 111, trilpeptide-chloromethylketones, and C (30). The structuralsimilarity between the catalytic subunit
the monoclonal antibody a-BFX-2b thatis highly spe- of factor Xa and the B-chain of a-thrombin (31) raises the
cific for factor Xa. !l'hese data indicate that thrombomodulin is promiscuous in its role as a cofactor and question as to whether a similar anticoagulant mechanism
exists for factor Xa as it does for thrombin. This idea is
suggest the existence of an alternative pathway for
supported by studies aimed at investigating the thrombogenprotein C activationin vivo.
icity of acombination of factorXa and coagulant-active
phospholipids in a normal canine model (32, 33). Infusion of
factor Xa (6.5 x 10"' mol/kg) and phospholipid vesicles (4.0
mol/kg) initiateda bleeding diathesisin normal dogs.
Prothrombin is activated to thrombin by the prothrombin- x
ase complex that is co~nposedof the protein cofactor Va and Release of tissue plasminogen activator, activation of protein
the serine protease factor Xa assembled in the presence of c , and inactivation of factors Va and VIIIa were observed.
calcium ions on a membrane surface (2-8). This process is These results were attributed to secondary activation of proregulated in part through the actions of activated protein C tein C by thrombin generated by the Xa-PCPS combination.
(APC).' A complex between thrombin and theendothelial cell In this study we describe an alternative mechanism for the
anticoagulant activity of the factor Xa-PCPS combination in
which factor Xa and thrombomodulin activateproteinC
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' The abbreviations used are: APC, activated protein C; IgG, immunoglobulin G; HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; HBS, HEPES-buffered saline; FPR-ck, D-phenylalanyl-Lprolyl-L-arginyl chloromethyl ketone; PS, 1-palmitoyl-2-oleoyl-phosphatidylserine; PC, 1-palmitoyl-2-oleoyl-phosphatidylcholine;
PCPs,
vesicles composed of 75% PC and 25% PS; SDS, sodium dodecyl
sulfate; PAGE, polyacrylamide gel electrophoresis; DAPA, dansylarginine-N-(3-ethyl-l,5-pentanediyl)amide;Gla,y-carboxyglutamicacid.

EXPERIMENTALPROCEDURES

Materials-l-Palmitoyl-2-oleoyl-phosphatidylserine(PS), 1-palmitoyl-2-oleoyl-phosphatidylcholine(PC), chymotrypsin, Russell's
viper venom, Reactive Blue 2-Sepharose CL-GB, benzamidine-sepharose 6B, QAE-Sephadex Q-50, SP-Sephadex C-50, Sepharose CL4B, phenyl-Sepharose, Sephadex G-50, and Sephadex (3-25 were from
Sigma. Heparin-Sepharose (34)and dextran sulfate-agarose (23) were
prepared by cyanogen bromide activation of Sepharose CL-4B. FPRthrombin-agarose was prepared by coupling bovine a-thrombin to
Affi-Gel-10 (Bio-Rad) as per the manufacturer's instructions. The
active site of thrombin was then blocked by reaction with a 10-fold
molar excess of D-phenylalanyl-L-prolyl-L-arginine
chloromethyl ketone (FPR-ck) (Calbiochem). DEAE-cellulose (DE52) was purchased
from Whatman. The chromogenic substrates S2222 and S2238 were
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from Helena Laboratories. Rabbit lungs were obtained from Pel- pH 7.4,0.15 M NaCI, 0.2 M S2238. The absorbance change a t 405 nm
Freez. The specific thrombin inhibitor dansylarginine-N-(3-ethyl-1,5- was monitored in a Molecular Devices Vmaxspectrophotometer. Propentanediy1)amide(DAPA) was prepared as described (35). Phospho- tein C samples were treated with a 10-fold molar excess of FPR-ck
lipid vesicles(PCPs) composed of 75% PC and 25% PS were prepared and desalted on a Sephadex G-25 column equilibrated with HBS
as described (36).
prior to use to eliminate the possibility that contaminating serine
Proteins-All proteins wereof bovine origin except as noted. proteases may be interfering with activation experiments.
Factors X (371, Xa (38), Va (171, prothrombin (371, thrombin (39),
Inactivation of Factor Va by Activated Protein C-The inactivation
APC (23), Gla-domainless protein C (40), and human antithrombin of factor Va by thrombin-activated protein Cand factor Xa-activated
111 (41) were prepared by previously reported methods. Protein Cwas protein C was evaluated by use of a prothrombinaseassay as described
prepared essentially as described (42) with the following exceptions. previously (7, 35, 49). This assay utilizes a reconstituted system of
Prior to chromatography on heparin-Sepharose and dextran sulfate- purified components composed of prothrombin (1.4 p ~ )P,C P s (15
agarose, the protein C poolfrom the QAE-Sephadex column was pM), ca2+ (2.0 mM), factor Xa (14 nM), factor Va (2.0 nM), and the
dialyzed into 0.025 M sodium citrate, pH 6.0, 1 mM benzamidine, 0.1 specific thrombininhibitor, DAPA(3.0 p ~ ) in
, HBS.Thrombin
M NaCl and applied to a Whatman DE52 column (2.5 X 20 cm)
generation was measured by following the increase in fluorescence
equilibrated in the same buffer. The column was washed with 1000 intensity as DAPA binds to thrombin. Fluorescence intensity was
ml of the equilibration buffer to remove contaminating prothrombin.
measured with a Perkin-Elmer MPF-44A spectrofluorometer. The
Protein C was then eluted with an 800-ml linear gradient from 0.1 to excitation wavelength was 334 nm, the emission wavelength was 565
0.4 M NaCl in 25 mM sodium citrate, pH 6.0, 1mM benzamidine. The nm, and a 430-nm cut-off filter was used in the reference beam.
peak containing the protein C activity was then chromatographed on
Activated protein C was prepared by incubating protein C (10 p ~ )
heparin-Sepharose and dextran sulfate-agarose as described (42). The with either factor Xa (10 nM) or thrombin (10 nM) in the presence of
protein C sample was then dialyzed into 0.02 M Tris-HC1, pH 7.4, thrombomodulin (15 nM) and PCPs (500 pM) in HBS containing 5
0.15 M NaCl and sequentially passed over Reactive Blue 2-Sepharose mM CaC12. The progress of the reaction was followed by measuring
(2.5 X 20 cm) to remove potential undetectable prothrombin (43) and the activated protein Cactivity of aliquots removed with time, as has
then over a benzamidine-Sepharose column (2.5 X 20 cm) to remove been previously described. When the reaction was complete, samples
any traces of APC or other active serine proteases. Prior to use in were placed on ice until ready for use.
activation experiments, protein C samples were reacted with a 10The ability of these activated protein Csamples to inactivate factor
fold molar excess of FPR-ck to block any otherwise undetectable Va was assessed as follows. Factor Va(0.2mg/ml)was
incubated
serine proteases which may be present and desalted on a Sephadex with APC (10 pg/ml) at 22 "C in a buffer containing 0.02 M HEPES,
G-25 column equilibrated in 0.02 M HEPES, pH 7.4, 0.15 M NaCl.
pH 7.4,0.15 M NaCl, 0.002 M CaCl2, and 15 p M PCPs. At various
Rabbit lung thrombomodulin was isolated by the method of Galvin time intervals, aliquots (50 p l ) were removed and added to 0.45 ml of
et al. (11)with the followingchanges. The eluate from QAE-Sephadex HBS containing 0.01 M sodium citrate a t 0 "C for subsequent assay
was dialyzedfor 3 h against0.02 M Tris-HC1, pH 7.5,O.l M NaCl, 0.5 of factor Va activity. The assay was performed by pipeting 10 pl of
mM CaC12,0.5% Lubrol-PX, 1 mM benzamidine with two changes of the diluted sample into acuvette containing 2 ml of the assay mixture
buffer. Thrombomodulin was then absorbed to an FPR-thrombin previously described. The reaction was initiated by addition of factor
Affi-Gel 10 column (2.5 X 30 cm containing 120 mgof thrombin) Xa (14nM). Under these conditions, the initial rate of thrombin
equilibrated in the same buffer. The column was washed with 200 ml generation is directly proportional to the concentration of functionof 0.02 M Tris-C1, pH 7.5, 0.5 mM CaCIZ,0.5% Lubrol, 0.4 M NaC1, 1 ally active factor Va.
mM benzamidine followed by 100 ml of 0.02 M Tris-C1, pH 7.5, 1 mM
Stoichiometry of the Factor Xa-Thrombomodulin Complex-ProEDTA, 0.1% Lubrol, 0.4 M NaC1,l mM benzamidine. Thrombomod- tein C samples (2.5 WM)in HBS, pH 7.4, 0.005% Lubrol-PX, 5 mM
ulin was then eluted with 0.02 M Tris-C1, pH 7.5,lmM EDTA, 0.01% CaC12were incubated at 22 "C with thrombomodulin (10 nM) and
Lubrol, 2 M NaC1, 1 mM benzamidine. The thrombomodulin was incremental amounts of factor Xa or a-thrombin (0-20 nM) in the
bound to a 1.0 X 10-cm column of Phenyl-Sepharose equilibrated in presence or absence of phospholipid vesicles (200 pM). Initial ratesof
the same buffer. Thrombomodulin was eluted with 0.02 M Tris-C1, protein C activation were determined as described under "ExperipH 7.5, 0.1 M NaCl, 0.02% Lubrol and concentrated in a Centricon mental Procedures." Increasing levels of factor Xa (or a-thrombin)
30 microconcentrator. Traces of degradation products were removed produced an increase in the initial rate of protein C activation until
by gel filtration on a Superose-12 FPLC column equilibrated in 0.02 saturation was reached at an apparent 1:l molar ratio of thromboM Tris-C1, pH 7.5, 0.1 M NaC1, 0.02% Lubrol, 0.02% NaN3.
modulin to factor Xa. An apparent dissociation constant was deterMolecular Weights and Extinction Coefficients for Proteins-The
mined from the activity saturation isotherm by a modification of the
molecular weights and extinction coefficients (E:$&:') used in calmethod of Scatchard as described by Gutfreund (50).
culating protein concentrations were as follows: factor Xa, 45,300 and
1.24 (44); protein C, 58,000and 1.37 (14); activated protein C, 54,200
RESULTS
and 1.37 (14); Gla-domainless protein C,54,000 and 1.37 (14, 40);
thrombin, 37,400 and 1.95 (45); thrombomodulin, 74,000 and 0.88
Proteolytic Cleavage of Protein C by Factor Xu-Electro(10); factor Va, 150,000 and 1.74 (46); prothrombin, 72,000 and 1.44 phoretic analysis of the factor Xa cleavage of bovine protein
(47); and murine IgG, 150,000 and 1.40 (48).
Electrophoresis-Protein C cleavage by factor Xa or thrombin was C is shown in Fig. 1.Protein C samples (10NM) were incubated
monitored by sodium dodecyl sulfate-polyacrylamide gel electropho- with factor Xa (200 nM) in the presence or absence of P C P s
resis (SDS-PAGE) on 5-15% gradient polyacrylamide gels. Protein vesicles (200 pM), calcium ions (5 mM), and factor Va (200
C samples (10 p ~ were
)
incubated for 3 h at 37 "C in the presence or nM) as indicated in the figure legends. Lanes 1-8 represent
absence of calcium, PCPs, factor Va, and factor Xa as indicated in intact protein C samples treated asindicated, and lanes 9-1 1
the figure legends. Samples were brought to a final concentration of are samples of thrombin-generated APC which were subjected
2% SDS, 0.01 M Tris-C1, pH 6.8, 10% glycerol, 100 mM diothioeryto identical treatment as protein C. These results demonstrate
thritol, heated for 5 min a t 90 "C and thenanalyzed by SDS-PAGE.
Assay of Protein C Activation-Initial rates of protein Cactivation that factor Xa is able to catalyze a single cleavage in the
were determined by measuring the generation of activated protein C heavy chain of protein C in the presence of PCPs and Ca2+
at selected time points. All reactions were carried out at 37 "C in and in the presence of PCPs, Ca", and factor Va. No cleavage
HEPES-buffered saline (0.02 M HEPES, pH 7.4, 0.15 M NaCl) in the of the light chain of protein C or APC was observed. In fact,
presence or absence of factors Xa, thrombin,thrombomodulin, phos- proteolysis of protein C by factor Xa in the
presence of P C P s
pholipid, or Ca2+,as indicated. In experiments that utilized thromand
Ca2+
yields
an
SDS-gel
pattern
that
is
identical to that
bomodulin, the factor Xa or thrombin samples were preincubated for
5 min with the thrombomodulin in HBS containing 0.1% Lubrol PX. of thrombin-generated APC.
Activation of Protein C by the Factor Xa-PCPS-Ca2' ComThe final concentration of Lubrol in the protein Cactivation mixtures
was less than 0.02%. Aliquots were removed with time and made 3 plex and a-Thrombin-Due to the similarity in the products
p~ in antithrombin 111, 6 units/ml heparin, and 1mM EDTA. These
of factor Xa-cleaved protein C and thrombin-generated APC,
conditions were sufficient to completely inhibit factor Xa and thromit was of interest to see whether this cleavage was capable of
bin in this system in less than 20 s. Activated protein C was assayed
by following the hydrolysis of the chromogenic substrate S2238. The generating an active site. Bovine protein C samples were
assay was performed at 25 "C in a buffer containing 0.02 M Tris-C1, incubated with factor Xa in the presence of P C P s vesicles
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binding of protein C to PCPs vesicles is required for activation by factor Xa.
Inhibition of Prothrombiwe Activity by Actiuated Protein
C-The conversion of prothrombin to thrombin by the prothrombinase complex is inhibited by activated protein C via
98-c
proteolytic inactivation of factor Va. The ability of factor Xaactivated protein C to inhibit prothrombinase activity relative
68to thrombin-generated APC was determined. Thrombin-activated protein C and factor Xa-activated protein C were
prepared as described under “Experimental Procedures.’’
45“
Samples of factor Va (1.3 p ~ were
)
incubated with APC (10
nM) at 22 “C in HBS, pH 7.4, containing 2 mM CaC12and 15
p~ PCPs. Aliquots were removed with
time and made 10mM
in sodium citrate and assayed for factor Xa cofactor activity
in a prothrombinase assay as described under “Experimental
29 +
Procedures.” Assay conditions were such that the initial rate
of thrombin generation was directly proportional to the concentration of functionally active factor Va. A comparison of
thrombin and factor Xa-activated protein C inhibition of
prothrombinase activity is shownin Fig. 3. The closed symbols
FIG. 1. Proteolytic cleavage of bovine protein C by factor represent inhibition of prothrombinase activity by thrombinXa. Protein C samples (10 p M ) or APC (10 p M ) were incubated in generated APC, and theopen symbolsrepresent inhibition by
the presence or absence of calcium ions (5 mM), phospholipids (200
pM), factor Xa (200 nM), and/or factor Va (200 nM) at 37 “cfor 2 h. factor Xa-generated APC. Both showed virtually identical
SDS-PAGE under reducing conditions was performed as described rates of factor Va inactivation.
Effect of Various Treatments on the Activation of Protein C
under “Experimental Procedures.’’ Lane I , protein C/Xa; lane 2,
protein C/Xa/PCPS; lane 3, protein C/Xa/PCPS/Va; lane 4, protein by Factor Xa-The initial observation that protein C could
C;lanes 5-8,identical to lanes 1-4 with the addition of calcium; lane be activated by factor Xa raised the question as to whether a
9, APC/Xa; lane 10, APC/Xa/PCPS; and lane 11, APC/Xa/Ca2+/
contaminant (thrombin, prothrombin, Russell’s viper venom,
PCPS.
or some unknown protease) was responsible for this activation, especially in light of the reports by other investigators
0.07 I
1
that this reaction does not occur (9, 12, 20-25). Table I
summarizes the results of a series of experiments that demonstrate that the activation of protein C by the Xa-PCPs
complex is indeed specific forfactor Xa and not the result of
contamination.
A protein C activation system composed of protein C (4
p ~ ) factor
,
Xa (100 nM),and saturatinglevels of phospholipid
(400 p ~ and
) calcium ions (5 mM) was incubated at 37 “C for
various periods of time. Initial rates of protein C activation
0.00
were determined as described under “Experimental Proce0
50
100
150
200
250
300
350
dures.” Parallel experiments in which a-thrombin replaced
Time (min)
factor Xa were also performed.
Incubation times were adjusted
FIG.2. Protein C activation bythrombinand factor Xa. so that less than 15% of substrate cleavage was observed. All
Bovine protein C(5 p ~was
) incubated at 37 “C with either thrombin incubations were carried out in HBS, pH 7.4. The factor Xa
(100nM) (0)or factor Xa (100nM) (0)in HBS, pH 7.4,containing samples were prepared in HBS without Ca2+.Protein C sam400 pM PCPs and 5 mM CaCI2. At timed intervals, samples were
removed and initial rates of protein C activationwere determined as ples contained HBS, phospholipid, and Ca2+.The reactions
were initiated by the addition of factor Xa to the protein C
described under “Experimental Procedures.’’
samples. The following tests of specificity were conducted.1)
and Ca2+as indicated in the legend to Fig. 2. The phospholipid
I
concentration was chosen so that all components would be
bound to thevesicle surface. Aliquotswere removed at timed
intervals and assayed for their ability to hydrolyze the chromogenic substrate S2238 as described under “Experimental
Procedures.” Parallel experiments in which factor Xa was
replaced by an equal concentration of a-thrombin were performed. The results of these experiments are presented in Fig.
2. Not only did factor Xa activate protein C as measured by
hydrolysis of S2238, but it did so at a rate 10-15-fold greater
than an equivalent concentration of a-thrombin under the
20
40
60
same conditions. Control experiments in which Ca” or phospholipid was omitted from the factor Xa reaction mix resulted
Time (rnin)
in no detectable protein C activation. In addition, the initial
3. Inhibition of prothrombinaseactivity by APC. Facrate of protein C activation by factor Xa was saturable with torFIG.
Va (1.3p ~ was
) incubated with either thrombin-generated APC
respect to PCPsand was maximalat concentrations of PCPs (10 nM) (0)or factor Xa-generated APC (10 nM) (0)andthen
which would result in all the protein C being bound to the assayed for its ability to function in the prothrombinase complex as
membrane (43). Thus, it would appear that Ca2+-dependent described under “Experimental Procedures.”
1 2 3 4 5 6 7 8 9 1 0 1 1
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TABLEI
Effect ofvarious treatments on the activation
of protein C by
thrombin and the Xu-PCPscomplex
Treatment

Residual activity
Xa

IIa
76

No addition"
100
100
AT IIIb (1 p M ) + heparin (3 units/ml)
0
0
100
0
DAPA (10p M )
100
9
a-BFX-2b (500 nM)
108
100
or-FV-7 (500 nM)
5
350
EDTA (10 mM)
5
100
Gla-domainless protein c'
' Protein c samples (4p M ) in the presence of PCPs (400 p M ) and
clacium ions (5 mM) were incubated with either factor Xa (100 nM)
or IIa (100 nM), and initial rates of protein C activation were determined.
AT 111, antithrombin 111.
Gla-domainless protein C (4 FM) was substituted for protein C.

fundamental requirement of phospholipid binding in this
reaction.
Thus, all observations support the conclusion thatthe
observed reaction is due to factor Xa and not
due to thrombin,
Russell's viper venom, or extraneous protease contamination.
Stimulation of Factor Xu-catalyzed ProteinC Activation by
Thrombomodulin-The potential stimulation of factor Xa-

catalyzed protein C activation by thrombomodulin was suggested by analogy to thrombin-catalyzed activation and indications from other groups that factor Xa binds thrombomodulin (52). Solutions of protein C ( 5 p M ) in HBS, pH 7.4, 5
mM Ca2+were incubated at 37 "C with factor Xa (10 nM) in
the presence of either P C P s (400 p M ) or thrombomodulin (10
nM) or both PCPs (400 p ~ and
) thrombomodulin (10 nM).
Aliquots were withdrawn with time, and initial rates of S2238
hydrolysis were determined. The lower curve (open triangles)
in Fig. 4 represents protein C activation in the presence of
saturating levels of phospholipid and Ca2+.Protein C activation in the presence of thrombomodulin at concentration
The addition of antithrombin I11 and heparin to the reaction equimolar to factor Xa (closed circles)shows a modest increase
mixture at concentrations which would rapidly inhibit either in the activation rate, whereas the presence of both thromthrombin or factor Xa resulted in 100% inhibition of the Xa- bomodulin and phospholipid (open circles) dramatically incatalyzed activation of protein C. Since the Russell's viper creased the rate of protein C activation as compared with
venom X activator is not inhibited by antithrombin 111, this phospholipid alone. These dataindicate that thrombomodulin
rules out a role for contaminating Russell's viper venom. Also can serve as a cofactor for factor Xa as well as for thrombin
in support of this finding is the fact that no Russell's viper in the activation of protein C.
A comparison of the kinetic constants determined by Galvin
venom X activatorcould be detected in the factor Xa samples
and co-workers (11) for the thrombin-catalyzed protein C
by a two-stage factor X clotting assay (data not shown) and
activation with those determinedfor factor Xa-catalyzed prothat treatmentwith D-glutamylglycylarginylchloromethyl ke- teinCactivationare
shown inTable 11. The factor Xatone (which does not inhibit Russell's viper venom X activa- thrombomodulin-phospholipidcomplex has a K,,, for protein
tor) prior to incubation with protein C yields 100%inhibition C of 10 p~ and kc,, of 149 min". The lattervalue is comparable
of protein Cactivation. 2) DAPA is a specific thrombin with protein C activation by the thrombin-thrombomodulin
inhibitor (Kd = 3 x lo-' M) which at a concentration of 10 complex in thepresence and absence of phospholipids.
p~ would be in vast excess of that amount needed to inhibit
Stoichiometry of the Factor Xu- Thrombomodulin
Complexany thrombin that could conceivably be in the system. DAPA
had no effect on the Xa-catalyzed activation of protein C. In
0.05 ]
I
control experiments, factor Xa was replaced by an identical
concentration of thrombin, and 100% inhibition of the athrombin-catalyzed protein C activationwas observed. These
results rule out the possibility that contaminating thrombin
is a factor in this system. 3) The monoclonal antibody aBFX-2b is highly specific for factor Xa and does not crossreact with the other vitamin K-dependent proteins (51). InQ 0.01
cubation of factor Xa with a 5-fold molar excess of this
monoclonal antibody for 15 min prior to addition tothe
0.00
protein C/phospholipids/Ca2+ mixture resulted in 90% inhi0
50
100
150
250
200
bition of protein C activation, indicating
directly the absolute
Time (rnin)
specificity of this reaction for factor Xa. 4) Previously deFIG. 4. Stimulation of the factor Xa-catalyzedactivation of
scribed experiments (Figs. l and 2) demonstrated that factor protein C by thrombomodulin. Protein C (5 PM) in HBS, pH 7.4,
Xa-catalyzed activation of protein C requires both calcium 5 mM CaC12 was incubated a t 37 "C with factor Xa (10 nM) in the
ions and phospholipid. This is characteristic of the reversible presence of either 400 PM P C P s (A) or 10 nM thrombomodulin (0)
CaZ+,Gla-dependent lipid binding of other vitamin K-depend- or both P C P s (400 pM) and thrombomodulin (10 nM) (0).Aliquots
were withdrawn at timed intervals, and initial rates of protein C
ent proteins. In support of this mechanism are the following activation
were determined.
results. When EDTA (10 mM)was added at time 0 to the
factor Xa-dependent protein C activation
system described
TABLE
I1
above (Table I), 95% inhibition was observed. In contrast, the
Comparison of the kinetic cornstants for protein C actiuation
thrombin-catalyzed activation of protein C is inhibited by
by factor X a and thrombin
Caz+. The addition of EDTA tothe thrombinactivation
K,
kat
reaction reverses the Ca2+inhibition. Gla-domainless protein
FM
min"
C is activated very poorly (-5% of intact protein C) in the
IIa
60
1.2"
factor Xa system. These data suggest that Gla domain-deIIa/TMb
8
250"
pendentproteinC
binding to phospholipid vesicles is an
IIa/TM/PCPS
0.1
214"
Xa/TM/PCPS
10
149
important accessory for activation by factor Xa. In contrast,
thrombin activates Gla-domainless protein C at a rate comFrom Ref. 11.
TM, thrombomodulin.
parable with that observed for intact protein C, indicating no

$

1$

FIG. 5. Stoichiometry of the factor Xa-thrombomodulin complex.

Protein C samples (2.5 p : ~in) HBS, pH
7.4,0.005% Lubrol-PX, 5 mM CaCI2were
incubated at 22 “Cwith thrombomodulin
(10 nM) and incremental amounts of athrombin (panel A ) , factor Xa (panel B ) ,
a-thrombin in the presence of P C P s
(200 wM) (panel C),or factor Xa in the
presence of P C P s (200 ,uM)(panel D).
Initial rates of protein C activation were
determined as described under “Experimental Procedures.” The insets show a
linearization of the activity saturation
isotherm used to determine the apparent
dissociation constants and binding stoichiometries as described under “Experimental Procedures.”

Enzyme (nM)

(nu)

Enzyme

TABLE111
Comparison of the bim!ing constantsfor soluble and phospholipid
bound thrombomodulin
Factor Xa

a-IIa
n
nM

TM”
0.54
0.62
TM-PCPs
TM, thrombomodulin.

Kd

n

nM

0.91
0.59

0.47
0.57

NHz

1.3
0.65

A fixed concentration of protein C (2.5 PM) in HBS, pH 7.4,
0.005% Lubrol-PX, 5 mM Ca2+was incubated at 22 “C with
thrombomodulin (10 nM) and incremental amounts of athrombin or factor Xi1 (0-20 nM). Initial rates of protein C
activation were determined as described under “Experimental
Procedures” and are plotted uersus the factor Xa or a-thrombin concentrations in Fig. 5. Panels A and B show the results
of the titration performed in the presence of P C P s vesicles
(200 PM), and panels C and D are in the absence of PCPs.
The inset of each figure shows a linearization of the activity
saturation isotherm which was used to determine the apparent
dissociation constants andstoichiometries as described under
“Experimental Proced.ures.” The values obtained for Kd and
n are given in Table 111. The Kd for the factor Xa:
thrombomodulin activity saturation isotherm in the presence
of PCPs was determined to be 5.7 X 10”’ M with saturation
occurring at a factor 8;a:thrombomodulin ratio of 0.65. These
values are comparable with those determined for the thrombin-thrombomodulin complex under identical experimental
conditions (Kd = 6.2 X 10”’ M, n = 0.59). In the absence of
P C P s vesicles, the dissociation constants were essentially
unchanged, and the stoichiometries of the factor Xa-thrombomodulin complex and thethrombin-thrombomodulin complex approached 1. The values obtained in the presence of
PCPs vesicles may result from improper orientation of the
thrombomodulin on the phospholipid vesicle. The apparent
1:l stoichiometry of the factor Xa-thrombomodulin complex
and the high affinity of the complex is further evidence that
factor Xa and not a trace contaminatingprotease is responsible for protein C activation inthis system.
DISCUSSION

The protein C zymlogen is a disulfide-linked heterodimer
(Fig. 6). A single cleavage by thrombin at ArgI4 of the heavy

COOH
SW’

Bovine Protein C
FIG. 6. Diagramatic representation of bovine protein C.

chain converts protein C into APC. The light chain contains
two epidermal growth factor-like domainsand thelipid binding portion of the molecule, which contains 11 y-carboxyglutamic acid residues. In bovine protein C residues 85-87 of the
light chain are composed of a sequence of three amino acids
(Glu-Gly-Arg) that are identical to the three amino acids
preceding the factor Xa cleavage sites in prothrombin. This
cleavage site homology between prothrombin and protein C
was the initial source of our interest. We anticipated that
factor Xa would produce a proteolytic modification of the
light chain of protein C. We were surprised by the finding
that factor Xa was unable to cleave the light chain of protein
C and that in the presence of phospholipid and Ca2+factor
Xa catalyzed protein C activationsince previous studies have
reported that, apartfrom thrombin, none of the othervitamin
K-dependent coagulation factors were able to activate protein
c (10, 13, 20-25).
The results of this study demonstrate that a complex composed of factor Xa, phospholipid vesicles, and calcium ions
catalyzes a discrete cleavage of the heavy chain of protein C
that is indistinguishable from that produced by thrombin as
judged by SDS-PAGE. Thrombomodulin serves as a cofactor
for this reaction and stimulates the rate of protein C activation tolevels comparable with the thrombin-thrombomodulin
complex. Similar results have been reported independently in
a human system (53) except that no stimulation by thrombomodulin was observed, and inhibition studies indicatedthat
the proteins were contaminated with thrombin. Esmon and
Esmon (53) had also observed protein C activation in the
presence of factor Xa and thrombomodulin, but later attributed this activation to contaminating thrombin, since immunochemically purified proteins did not exhibit this activity.*
N. L. Esmon and C. T. Esmon, personal communication.
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A

2b) which is highly specific for factor Xa demonstrates the
dependence
of this reaction for factor Xa. The possibility that
1
2
3
4
5
6
7
factor Xa is activating a contaminating zymogen is ruled out
based on the fact that initial rates of protein C activation by
factor Xa do not exhibit a lag (Figs. 2 and 4). If prothrombin
were a contaminant in this system, addition of factor Va to
the Xa-Ca2+-PCPScomplex would result in a dramaticacceleration in prothrombin conversion to thrombin and therefore
protein C activation. This, however, is not observed. Reports
by Thompson and Salem (52) that factor Xa bound to thrombomodulin does not activate prothrombin also cast doubt on
a role for prothrombin in this system. The most convincing
evidence that thrombin or its derivatives are not contaminants of the factor Xa-mediated protein C activation comes
from protein C activation experiments done in the presence
of the specific thrombin inhibitor DAPA. Concentrations of
,
areinvast
excess of the amount
DAPA (10 p ~ ) which
B
required to inhibit any thrombin in the system ( K d = 3 x lo-'
1
2
3
4
5
6 . 7
M), had no effect on protein C activationby factor Xa.
An apparent 1:l stoichiometry between factor Xaand
thrombomodulin was observed in protein C activation studies
(Fig. 5). The dissociation constant is essentially the same in
both thepresence and absence of phospholipid. This apparent
1:l stoichiometry is also indicative of the specificity of the
reaction for factor Xa.
In retrospect, the observation that factor Xa activates protein C and thus the existence of an additional, potentially
relevant mode of protein C activation is not surprising. Several lines of evidence suggest this outcome. First, the rate of
protein C activation by the thrombin-thrombomodulin complex is relatively slow. Although the rate of activation of
protein C by thrombin is accelerated 1000-fold. (kc,, = 250
FIG. 7. SDS-PAGE. Samples were prepared for SDS-PAGE as
min") upon binding to thrombomodulin, it is still relatively
described under "Experimental Procedures." 30 pg of each protein
low when compared with prothrombinconversion to thrombin
were loaded onto thegel. Panel A shows the pattern under nonreduc- by the prothrombinase complex ( kcat = 2100 min") (7) or the
ing conditions. Panel B is the electrophoretic pattern in the presence
of 100 mM dithiothreitol. Lane 1, molecular weight standards; lane 2, rate of factor X activation by the intrinsic factor Xase (k,,, =
bovine factor X; lune 3, bovine factor Xa; lane 4, bovine prothrombin; 500 min") (56). This, in conjunction with the observation
lane 5, human prothrombin; lune 6 , bovine protein C; lune 7, bovine that vascular endothelial cells (in the presence of exogenous
activated protein C (IIa-generated); lune 8, molecular weight stand- factor Xa andCa2+)possess prothrombinase activity (57-59),
ards.
suggests that perhaps an additional regulatory mechanism is
necessary to avoid excess thrombin generation. Second, our
We have tested for interference by prothrombin and thrombin recent demonstration that prothrombin activation intermeby several means. First is the homogeneity of the proteins diates meizothrombin and meizothrombin(desF1) can bindto
used in this study as judged by SDS-PAGE (Fig. 7): no thrombomodulin and activate protein Csuggests that thromthrombin was detectable in either theprotein C or factor Xa. bomodulin is not fastidious in its role as cofactor for thrombin.
If trace contaminantswere present and responsible for protein In light of these findings and structural similarities between
Cactivationin
the systems described in this paper, they the catalytic subunit of factor Xa and theB-chain of thromwould most likely be presentin the proteinC since only bin, it is not surprising that factor Xa hasbeen shown to bind
catalytic amounts of factor Xa were employed. If traces of to thrombomodulin.
thrombin (undetectableby silver staining) were present in the
Although the rateof protein C activation by the Xa-thromfactor Xa, its specific activity toward protein C activation
bomodulin complex ( kcat= 149 rnin") is comparable with the
would have to be several hundred-fold greater than previously thrombin-thrombomodulin-PCPscomplex ( k c , = 250 rnin"),
reported for thrombin to account for the activity seen here. it is still relatively low. A variety of explanations may be
To rule out further the presence of prothrombin, thrombin, considered. The low rate of protein C activation may be due
or other serine protease in the protein C samples, the final to thenecessity to maintaina subtle control
of the coagulation
stages of purification involved passage over Reactive Blue-2- process and that in conjunction with other anticoagulants
Sepharose (removes prothrombin) and benzamidine-sepha- mechanisms ( i e . tissue plasminogen activator release, heparose (removes serine proteases). Prior to activation experi- rin-antithrombin 111, etc.) it constitutes a significant anticoments, protein Csamples were incubated with a10-fold molar agulant potential yielding environmentally sensitive hemostaexcess of FPR-ckasa
further precautionwith respect to sis.
protease contamination and then desalted on a Sephadex G)
by
The relatively high K, for protein C (10 p ~ displayed
25 column.
the Xa-thrombomodulin complex raises the question of the
In addition to the perceived purity of the reagents used, physiological importance of this reaction. While local conceninhibition studies confirmed the specificity of this reaction trations of protein C may be quite high in comparison with
for factor Xa (Table I). The inhibition of factor Xa-catalyzed bulk plasma concentrations, it is unlikely that it would apactivation of protein C by a monoclonal antibody (a-BFX- proach 10 p ~ The
.
possibility exists that an unidentified
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8. Mann, K. G., Jenny, R. J., and Krishnaswamy, s. (1988) Annu.
additional cofactor may exist for this reaction which could
Reu. Biochem. 57,915-956
lower the K , as well as accelerate the reaction. Thehigh K ,
9. Esmon, C. T., and Owen, W. G. (1981) Proc. Natl.Acad. sei.
determined for protein C may also be the result of an in vitro
U. S. A. 78,2249-2252
artifact associated witlh isolated thrombomodulin. In our ex- 10. Esmon, N. L., Owen, W. G., and Esmon, C. T. (1982) J . Bioi.
periments, thrombomodulinwas reconstituted with phosphoChem. 257,859-864
lipids by mixing thrombomodulin with preformed phospho- 11. Galvin, J. B., Kurosawa, S., Moore, W., Esmon, C. T., and Esmon,
N. L. (1987) J . Biol. Chem. 262, 2199-2205
lipid vesicles. This may result in improper orientation of the
12. Esmon, C. T., Esmon, N. L., Kurosawa, S., and Johnson, A. E.
thrombomodulin recelptor onthe surface anddisruptthe
(1986) A n n . N . Y. Acad. Sci. 4 8 5 , 215-220
functioning of this enzyme complex. The composition of the 13. Esmon, N. L. (1987) Semin. Thromb. Hemostasis 13,454-463
lipid bilayermay also be of importance. A less likely possibility 14. Kisiel, W., Ericsson, L. H., and Davie, E. W. (1976) Biochemistry
is that thespecies specificity and the integrityof the isolated
15,4893-4900
15. Kisiel, W., Canfield, W. M., Ericsson, L. H., and Davie, E. W.
thrombomodulin may be a factor in the unusually high K,.
(1977) Biochemistry 16,5824-4831
All of the proteins in this study were of bovine origin with
the exception of thrombomodulin, which was from rabbit lung. 16. Walker, F. J., Sexton, P. W., and Esmon, C. T. (1979) Biochim.
Biophy~. Acta
571,333-342
Species variability of thrombomodulin has been reported (13, 17. Odegaard, B., and Mann, K. (1987) J. Biol. Chem. 2 6 2 , 1123327). Isolated thrombomodulin is exceedingly stable under a
11238
variety of conditions, This, however, does not preclude the 18. Vehar, G. A., and Davie, E. W. (1980) Biochemistry 19,401-410
possibility that the initiation of extraction of the thrombo- 19. Tracy, P. B., Nesheim, M. E., and Mann, K. G. (1983) J. Biol.
Chem. 258,662-669
modulin from the membraneby cell disruption and detergent
extraction results in rapid degradation (either structurally or 20. Salem, H. H., Esmon, N. L., Esmon, C. T., and Majerus, P. W.
(1986) A n n . N . Y. Acad. Sci. 485, 221-227
conformationally) toa very stable yet less active state.
21. Marlar, R. A. (1985) Semin. Thromb. Hemostasis 11,387-393
Activated protein C formed by factor Xa was shown to be 22. Thompson, A. E., and Salem, H. H. (1988) Thromb. Hemostasis
equally efficient as thrombin-generated APC toward inacti59,339
vation of factor Va function in the prothrombinase complex 23. Kisiel, W., and Davie, E. W. (1981) Methods Enzymol. 80, 320332
in vitro. Whether or :not this reaction is significant in vivo
remains to be determined. The role of factor Xa as an anti- 24. Esmon, C. T. (1983) Blood 62, 1155-1158
25. Owen, W. G., and Esmon, C. T. (1981) J. Biol. Chem. 256,5532coagulant in vivo has been demonstrated in studies aimed at
5535
investigating the thrombogenicity of combinations of factor 26. Mitchell, C. H., Hav, L., and Salem, H.H. (1986) Thromb.
Xa and coagulant-active phospholipids in a normal canine
Hemostasis 56, 151-154
model (32, 33, 5 5 ) . Infusion of a relatively tiny bolus of factor 27. Jakubowski, H. V., Kline, M. D., and Owen, W. G. (1986) J. Biol.
Chem. 261,3876-3882
mol/
Xa (6.5 X 10"' mol/kg) and PCPs vesicles (4.0 X
kg) initiated a bleeding diathesis in normal dogs. The release 28. Esmon, C. T., Esmon, N. L., and Harris, K. W. (1982) J. Biol.
Chem. 257,7944-7947
of tissue plasminogen activator, activation of protein C, and 29. Esmon,
N. L., Carroll, R. C., and Esmon, C. T. (1983) J. Biol.
inactivation of factors Va and VIIIa were observed. Similar
Chem. 258,12238-12242
results have been obtained recently in chimpanzees ( 5 5 ) .For 30. Doyle, M. F., and Mann, K. G. (1988) Circulation 78, 514
all observations, these results were attributed to secondary 31. Elion,J., Downing, M. J., Butowski, R. J., and Mann, K. G.
(1977) in Chemistry andBiology of Thrombin (Lundblad, R. L.,
activation of protein C by thrombin generated by the infused
Fenton, J. W., and Mann, K. G., eds) pp. 97-111, Ann Arbor
Xa-PCPS through the prothrombinase complex. In the preScience Press, Ann Arbor, MI
sent study we show that a potential alternative or comple- 32. Giles,
A.R., Mann, K. G., and Nesheim, M. E. (1988) Br. J.
mentary mechanism for this anticoagulant activity in which
Huematol. 6 4 , 491-497
factor Xa and thrombomodulin directly activate protein C 33. Giles, A. R., Nesheim, M. E., and Mann, K. G. (1984) J . Clin.
may exist.
Inuest. 7 4 , 2219-2225
Preliminary in vitro experimentation indicates that protein 34. Cuatrecasas, P. (1970) J. Biol. Chem. 245, 3059-3065
C activation by the factor Xa-thrombomodulin-PCPS com- 35. Nesheim, M. E., Prendergast, F. G., and Mann, K. G. (1979)
Biochemistry 18,996-1003
plex also occursin the human system.
Due to thepromiscuous 36. Bloom,
J. W., Nesheim, M. E., and Mann, K. G. (1979) Biochemnature of thrombomodulin as a cofactor for thrombin, we are
istry 18,4419-4425
currently investigating the possibility that thrombomodulin 37. Krishnaswamy, S., Mann, K. G., and Nesheim, M. E. (1986) J .
may act as a scavenger for activated coagulation factors (i.e.
Biol. Chem. 261,8977-8984
38. Krishnaswamy, S., Church, W. R., Nesheim, M. E., and Mann,
VIIa,IXa,etc.).Inthis
role, the binding of proteasesto
K. G. (1987) J . Biol. Chern. 262,3291-3299
thrombomodulin may not only play a role in protein C actiG. (1976)
vation but also function in the modulation
of the activitiesof 39. Lundblad, R. L., Kingdom, H. S., andMann,K.
Methods Enzymol. 45, 156-177
these enzymes in the coagulation cascade.
40. Esmon, N. L., Debault, L. E., and Esmon, C. T. (1983) J. Biol.
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