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Abstract

Protein C is a vitamin-K dependent zymogen of the anti-coagulant serine protease activated pk&tei@)Cin
this paper, we report four lines of evidence that APC can activate protein C in pooled normal plasma, and purified
protein C. First, the addition of APC to protein C-deficient plasma supplemented with protein C produces a
prolongation of the clotting time of plasma that is proportional to the amount of protein C. This behavior was
observed with APC from the Chromogenix APC resistance(Rila Pharm, Franklin, OH, USAand from APC
derived from the thrombin activation of human protein(Enzyme Research Laboratories, South Bend, IN, USA
Secondly, using immunoblotting after gel electrophoresis, the disappearance of epitopes for monoclonal antibodies
that recognize protein C but not APC indicates a time course for the activation by APC of protein C in pooled
normal plasma and protein C purified from plasma. Thirdly, the same time course for the disappearance of protein C
specific epitope can be followed using ELISA. Finally, protein C can be activated by APC as indicated by the
increase in APC specific synthetic substrate Tryp—Arg—Argitroaniline hydrolysis. Kinetic data indicate a value
of 4.7+0.4 mM~* s for the activation of protein C by APC under physiological conditions and in the presence of
calcium. These observations document that APC must function not only in the inactivation of activated factors V and
VIII, but also in the activation of protein C. This additional action of APC may be important to consider more
broadly because of APC in the treatment of sep8i2002 Elsevier Science B.V. All rights reserved.
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1. Introduction deficiency is associated with the thrombosis phe-
notype [8—12. Plasma protein C had1,, 63 000;

Protein C, a vitamin-K dependent zymogen of Plasma concentration, 60 N4 pg/ml); and half-
the anti-coagulant serine proteolytic enzyme, acti- life, 0.25 days[13]. It is rapidly activated to APC

vated protein C(APC) has a major role in regu- by thrombin—thrombomodulin on endothelial cell
lating intravascular clotting [1-7 and its surfaces with the 12-amino acid residue activation

peptide being rapidly eliminated from the circula-
*Corresponding author. Tel.#1-517-353-5080; fax:+1- tion. [4,5. Thrombin activation of human protein

517-355-6569. C by cleavage of the peptide bond between Arg
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169 and Leu 170 is very sloy2]. In vitro, protein

C is activated to APC by-thrombin [2] and by

a proteas414,13 and an activator protein derived
from the Southern Copperheatkistrodon con-
tortrix contortrix venom[16]. Conversion of pro-
tein C to APC was described by Kiesel to occur
in 120 min when human protein 2.3 mg was
incubated with humam-thrombin (40 wg) at an
enzyme-to-substrate weight ratio of 1:42]. A
report by Esmon et al. in 1988L7] of a dose-
dependent inhibition by calcium ions of the acti-
vation of bovine protein C by bovine thrombin has
not been verified for human protein C. In 1987,
PROTAC®, a novel protein C activatdiPROTAC

is a component purified from crude Southern
Copperhead venom and other vendnpsovided
the first means of determining the biological activ-
ity of plasma protein d18]. Protac, an, 37 000
protein C activator, has no significant detectable
enzyme activity, is not inactivated by DFP or anti-
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Dia Pharm, Cincinnati, OH, USAwe observed
that APC activates its zymogen protein C. We
undertook to verify this observation by a number
of experimental approaches. Results confirm that
APC functions in the activation of protein C.

2. Materials and experimental techniques
2.1. Protein C and plasma reagents

In all experiments, we used two sources for
protein C. One source, pooled normal plasma
(plasma protein ¢ stored at—80 °C, was pre-
pared in our laboratory from the blood of 40
healthy medical studentdRB #99-200, category
2-B approval by the University Committee on
Research Involving Human Subjektsirawn in
0.105 M sodium citratgnine parts blood to one
part anti-coagulant The second source was pro-
tein C isolated from human plasmdpurified

thrombin—heparin, and the molecular mechanism protein O Lot HPC 1120(1.25 mg/1 ml in 20

of protein C activation by Protac has not been
fully elucidated[16]. Specific protein C activators

mM Tris—HCI/0.1 M NaCl/pH 7.4) from Enzyme
Research Laboratories Inc., South Bend, IN, USA.

have been isolated from the same venom activate Pooled normal plasma heat defibrinated at°&6

human and bovine protein C at a 1:1000 enzyme
substrate weight rati¢15].

APC reduces the velocity of thrombin formation
from prothrombin by the inactivation of activated
coagulation cofactors V and VII[19-21 and
APC is slowly neutralized in plasma with a half
life in the circulation estimated at 15—-20 min.
Thus, the powerful feedback loop by which throm-
bin generates more thrombin from its zymogen
prothrombin is held in check. In vitro, bovine and
human APC exhibit anti-coagulant activity in the
presence of phospholipid and calcium idi2$.

It is well documented that two biochemical

for 5 min, prepared as previously described was
used as a source for protein C in the amidolytic
assays. Heat treatment of pooled normal plasma at
56 °C for 5 min does not inhibit plasma protein C
activation by thrombin or Protal26]. FACT (nor-
mal plasma contrdland plasma immuno-depleted
of protein C (protein C deficient plasmawere
purchased from George King Bio-Medical Inc.,
Overland Park, KS, USA. Protein C-deficient plas-
ma, which contained zero units of protein C,
provided an exquisitely selective tool to study
APC influence on plasma protein (Craig M.
Jackson, personal communicatiofio vary protein

causes result in the persistence of activated factorsC concentrations, pooled normal plasma was dilut-
V and VIIl. One is the protein C deficiency and ed in protein C deficient plasma and purified
the other is resistance to inactivation by APC. protein C was diluted in sample buffer.

Both of these biochemicals cause an enhanced risk

of thrombosis[22—24. In our laboratory, we have  2.2. Enzymes and enzyme inhibitor

been involved for several years in the study of

these disorderd25,27. In 1997, as we were APC commercial reagents: APC112(APC-
comparing the anti-coagulant APC effects in 1100 0.1 mg/91 wl (20mM Tris—HC)0.1 M
pooled normal plasma vs. protein C deficient NaCl/pH 7.4 and APC 1370PAPC-145: 0.1
plasma by a commercial kit Coatést APC mg/91 pl (20 mM Tris—HC/0.1 M NaCl/pH
(Chromogenix, Mohndal, Sweden, purchased from 7.4) were prepared by thrombin activation of the
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zymogen protein C, Enzyme Research Laborato-

ries Inc., South Bend, IN, USA. Concentrations of
APC: 92.5 ng(1.65 uM) in 4.92 mM CaC[10

wl, prepared in our laboratory and frozen ai80

°C were varied in sample buffer according to assay
requirement. Humana-thrombin with activity
1660.13 Y ml and concentration 0.45 il [28]
(provided by John Fenton)liwas diluted to 3 ng

wl (0.8 wM) in 100 pl distilled water immediately
prior to use in the assays. PROTAQ(Protag, a
direct protein C activato3 U/ml) from American
Diagnostica, Greenwich, CT, USA, was reconsti-
tuted to 1 unifl ml distilled water.
Coatest AP@CaCl, (Dia Pharm, Cincinnati OH,
USA) was prepared as specified by the manufac-
turer to activate plasma protein C in immunoblot
experiments. Argatroban, (2R,4R-4-methyl-1-
[N2-[(RS)-3-methyl-1,2,3,4etrahydp-8-quinoli-
nosulfonyl+-argynyll-2-pyperindinecarboxylic
acid hydraté M, 526.66, binds rapidly to thrombin
at the catalytic site and apolar region at a diffusion
controlled rate[29,3Q. Argatroban[a gift (500
mg) from Mitsubishi Pharma Corporation, Tokyo,
Japah stock solutions (4 mg/ml in distilled
waten, frozen at —80 °C, were appropriately
diluted in distilled water to detect contaminant
thrombin in commercial APC reagents. Because
argatroban is a competitive inhibitor, it was added
to APC at a higher stoichiometry.

Buffers and gels for SDS-PAGE and ELISA:
were prepared in our laboratory from the best
grade chemicals available from Sigma, St. Louis,
MO, USA. Acrylamideg/Bis (30%); 1.5 M Tris—
HCI (pH 8.8); 0.5 M Tris—HCI (pH 6.8); 10%
(w/v) SDS; 10% ammonium persulfaten/v)
TBS—-Ca (10 mM Tris, 15 mM NaCl, 1 mM
CaCl, pH 7.9; TBST-Ca solution(10 mM Tris,

15 mM NaCl, 1 mM CaCl 0.05% Tween 20, pH
7.5); 10% SDS-PAGE gel; 5% stacking g€30%
acrylamide mix, 0.5 M Tris pH 6.8, 10% SDS,
10% APS, TEMED

SDS-buffer: (62.5 mM Tris—HCI, 20% Glycerol,
20% SDS, 0.5% wv pH 6.8 and bromophenol
blue in water 0.4 ml;Sample buffer: prepared by
adding SDS-buffer(1.33 m) to 90 mM calcium
chloride (50 wl) and distilled water(3.07 m).
Transfer buffer (Tris base 0.03 g, Glycine 14.4 g,
methanol 200 ml to 1 | in distilled watgrCoating
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buffer (15 mM Na CQ , 34.9 mM NaHCQ , 3.08
mM NaN; pH 9.0. Washing buffer: (1% PBS—
Tween-20, 0.15 M NaCl, 0.01 M Na HRO , pH
7.4)

Antibodies: MoAb HPC4 to protein C from
human plasma(200 g lyophilized purchased
from Boehringer Mannheim, Indianapolis, IN,
USA; was prepared at lug/ml in PBS for
immunoblotting experiments andlg/50 ml PBS
for ELISA. Monoclonal anti-human protein C puri-
fied mouse IgG1 clone HC-2, Sigma P-5305
mg/ml) was diluted 1.22ug/ml in PBS for
immunoblotting, and 1.g/50 ml PBS for the
ELISA. Polyclonal anti-human protein C purified
rabbit IgG1 Sigma P-4680 was diluted 1000 in
coating buffer. Polyclonal anti-mouse Igt-I)
peroxidase conjugate, affinity purified from goat,
Boehringer Mannheim Co(1414168 and anti-
rabbit 1IgG purified in goat, horseradish peroxidase
conjugated Sigma A0545 were diluted®b 000 in
PBS.

2.3. Clotting assays

The activated partial thromboplastin time
(APTT) assay was performed with activated
Thrombofax™ reagent optimized, or Thrombosil*|
activated PTT, and OrtHb calcium chloride solu-
tion purchased from Ortho Diagnostics Inc., Rari-
tan, NJ, USA. The APTT clotting times measured
in pooled normal plasma, in normal plasma con-
trol, and in protein C deficient plasméD unit
protein O, respectively, were 26#1.5 s
27.2+1.2 s and 28.51.5 s, which is within the
normal range previously reported by our laboratory
[26]. In both pooled normal plasma and protein C
deficient plasma, factor V and factor VIII activities
measured as previously described in factors V and
VIII deficient plasma were 100% and 98% within
the established normal rang80—100%[26].

2.4. Evaluation of contaminant thrombin in com-
mercial APC preparations

Complete protein C activation by thrombin was
confirmed on 10% SDS-PAGE gels and thrombin
removal from the commercial APC preparations
was verified in clotting assays and in enzyme-
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linked immunosorbent assays for marker of coag-

ulation activation  (thrombin-anti-thrombin
complexe$ and for thrombin inhibition by
argatroban.

In clotting assays, thrombin removal was tested
by adding APC-110(10 ng and APC-145(10
ng) to citrate pooled normal plasm@00 wl) and
to an 18-mgml fibrinogen solution(100 wl). The
mixtures with added APC and controls consisting
of citrate, pooled normal plasma and fibrinogen
solutions without APC were incubated at 3C
for 2 h, after which a wooden stick was gently
spun by hand in the mixtures and in the controls,
then removed and examined for macroscopic evi-
dence of fibrin. Verification of minute thrombin
contamination was accomplished by comparing
ELISA measurements of thrombin—anti-thrombin
complexes(TAT) in plasma mixtures and in con-
trols before and after the 2-h incubation at 7.
Enzygnost TAT Micro kits were purchased from
Behringwerke AG, Marburg, Germany.

Argatroban was used in the ELISA to detect
inactivation of contaminant thrombin in commer-
cial APC preparations. Argatrobafb pg/50 pl
saline was added in molar excess to APC-110
(92.5 ng/10 pl) or to APC-145(92.5 ng/10 pl)
in TBS/CaCl, buffer (300 wl total volume and
to plasma protein (100 pl plasma. Aliquots
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NC, USA) or on a KoaguLab 60%Ortho Diag-
nostics Inc).

2.6. Immunoblotting analysis of plasma protein C
and purified protein C activation

Activation reactions of plasma protein C or
purified protein C by APC in immunoblot experi-
ments were conducted as follows: APC varying
concentrations in 8@ sample buffer, or 3 ng-
thrombin (0.1 U/80 .l distilled watep or Protac
(0.1 U/80 .l distilled watep were added to pooled
normal plasma(120 wl) or to purified protein C
(120 pl in sample buffef Incubation times at 37
°C were varied from 10 to 180 min after which
20 wl activation mixtures were removed, added to
sample buffer(60 wl) and slowly mixed, then 27
wl of activation mixtures were added to gl
sample buffer and 1.6.1 PMSF (200 mM diluted
1/10) gently mixed and incubated at 3T for 1
h. After centrifugation for 4 min, 3@l aliquots
of non-reduced activation mixtures containing
purified protein C or plasma protein C reacted
with APC-110, with a-thrombin, or Protac were
separated on 10% SDS-PAGE in 1-mm-thick slab
gels according to the method of LaemnB3|.
Protein transfer to a PROTAN pure nitrocellulose
transfer and immobilization membrane with a pore

added to the capture antibody were processed, assize of 0.45um was accomplished at 100 V for 2
described later, and OD readings were performedh at 4 °C or 20 V overnight at 4°C. Purified

at 5 min intervals for up to 40 min.
2.5. APC resistance assays

Commercial kits Coate®t APCT Resistance V
(Chromogenix, Mohndal, Swedgwere purchased
from Dia Pharm, Cincinnati, OH, USA. Anti-
coagulant APC effects in pooled normal plasma,
in protein C-deficient plasma, and in protein C-
deficient plasma augmented with plasma protein
C were tested as described in the first commercial
kit Coatest APC' [31,33. Commercial reagent
APC-110(10 ng/100 wl) purchased from Enzyme
Research, West Bend, IN, USA was reconstituted
in 3.2% saline without adding calcium. In the
Coatest APC' Chromogenix kit, APC is provid-
ed as AP@CacCl,. Clot end points were detected
on a CoA ScreenefAmerican LaBor, Raleigh,

protein C and plasma protein C were probed by
two commercial anti-human protein C MoAbs,
characterized by Miletich34,35. Purified mouse
IgG1 MoAb HC-2(MoAb HC-2) and anti-protein

C mouse MoAb HPC4 to protein C from human
plasma (MoAb HPC4). Neither MoAb reacted
with APC, but the formation of the MoAb HP@4
protein C epitope tag complex was dependent on
the presence of calcium while MoAb HC-2 is a
divalent cation-independent antibody. The molar
concentration of the protein C activator to substrate
was varied, and in one experiment, Coatest APC
CaCl, was used to activate pooled normal plasma
protein C. Enhanced chemoluminescence density
of protein C immunoprecipitated with MoAb HC-

2 or MoAb HPC-4 was measured in pixels by
public domain Scion Image software, Science Cor-
poration, Science Technology Division
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(www.scioncorp.com The intensities of the 62- read at 492 nm on a Spectra Max Plus microplate
kD bands in the lanes were quantitated and the reader. APC from plasma protein C activation by
value at zero time before protein C activation was APC-110 and Protac was estimated from changes
set at 100%. In the experiments, pooled normal in absorbance using the standard curves for the
plasma protein C and purified protein C were corresponding points. Standard curves were
activated by APC-110, APC-145, by Coatest derived by linear regression analysis of the changes

APC/CaCl, by a-thrombin, or Protac. in absorbance plotted vs. 1.8, 0.9 and 0.45 nM of
the reactive APC bound to the horseradish perox-

2.7. Plasma protein C activation measured by idase conjugated-polyclonal anti-human protein C

enzyme-linked immunosorbent assay (ELISA) rabbit IgG in 0.2 M CaCGl TBS buffer. Quantity

of APC from protein C activation was derived
Using MoAb HC-2 and two antigen affinity from the absorbance of color readings against the
purified rabbit anti-human protein C polyclonal corresponding points on the standard curves.
antibodies, we developed a three-site ELISA sys-
tem based on the decrease in antigen structurez 8. Substrate-based functional assay
resulting from protein C activation. The capture
antibody for fixation of protein C and products of

: S : ; Chromogenic substratd—D—Trp—Arg—Arg-p-
protein C activation(protein C and APC is a genic su P=AIg=AIgp

1 bolvelonal anti-h in C rabbi nitroaniline specific for AP(36] was generously
commercial polyclonal anti-human protein C rabbit provided by Dr Enrico DiCera. The source of

:\?G dguted 3'21 glo?\ﬁ) ia CHOg[ing bquel(’;%SmM M plasma protein C was pooled normal plasma heat
% CO;, 349 mM NaHCQ, and 3.08 MM  yefinrinated at 56°C for 5 min [26]. Time-
NaN;) was adsorbed onto wells in plates manufac- dependent activation of plasma protein C to APC

tured by Nunc-Immun® (MaxiSorp™ Surface, b
) APC-110(5.1 nM), and Protad(0.1 U), was
Nalge Nunc International, DenmarkMoAb HC- myonitored at( 405 n)m on a Spoéctra Iz/lax Plus

2 (1/50 in 100 ul PBS) added to each well microplate reader (Bio-Tek Instruments, Inc.,

blocked the unoccupied epitope on the plasma Winooski, VT, USA). APC from plasma protein

g::?.te;?or? Ze?\clj)é .(;h?gl]e;:gé ISMol,(Z\T)t IY|VCh-%n dz)hees C activation by APC-110 and Protac was estimated
vation peprae | : from changes in absorbance using the standard

ggkrﬁsgia\llwtﬁoéggdi;?e gfgi%;):e aggrt\)'ﬂd);te%- curves for the corresponding points. Standard
P 1ug curves were derived by linear regression analysis

E?Aﬁciﬁgaé;rlﬂ-rgtérlagcproteln C rabbit IgG meas- of the changes in absorbance plotted vs. 1.27, 2.55
pture Co __and 5.1 nM APC-110 in 0.2 M Cagl TBS buffer.
Plasma protein C activation assay conditions Changes in absorbance from chromogenic sub-
were as follows. Aliquots of pooled normal plasma stratep-nitroaniline release by APC-11(5.1 nM)

(300 pl) in 1% TBS-Tween, 0.2 M CaGl to a X .
total volume 500! were separately reacted with added to activate plasma protein C, were subtracted
from data points.

14.8 nM APC-110, or with Prota€0.1 U/ 80 p.l
in distilled watep for 20, 30, 40 and 50 min at
37°C. Reaction mixture$100 wl) were left for 1~ 2.9 Kinetic experiments

h at 37°C to react with the capture antibody. After

repeated washing, MoAb HC-21/50 in 100 .l Kinetic experiments were performed as follows.
PBS added for 1 h at 37C to each well blocked Human protein C and activated protein C were
the unoccupied epitope on the plasma protein C purchased from Enzyme Research, South Bend,
heavy chain. After more washing, an enzyme IN. The chromogenic substratéD)-DRR was
conjugate of the same polyclonal anti-protein C obtained from Midwest Bio-Tech and S2266 from
rabbit IgG was added to detect the captured APC. Chromogenix. Progress curves following the
Color formed by horseradish peroxidase reaction release ofp-NA after DRR hydrolysis were meas-
with O-phenylene diamindOPD) substrate was ured at 405 nm. Assay conditions were 145 mM
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Fig. 1. Plasma protein C activation by APC-110 and by APC-AA@gatroban measured by enzyme-linked immunosorbent assay
(ELISA). Progress curves indicate percentage plasma protein C activation to APC by APC-110 and AP&ddtéoban after

pooled normal plasm&100 wl) was reacted with APC-11092.5 ng and APC-110(92.5 ng + Argatroban(5 ng/50 wl for 40

min). OD readings were taken at 5-min intervals. Plasma protein C activation to APC was detected by blocking non-activated
protein C, with a MoAb HC-2 specifically reactive with the plasma protein C, and does not react with APC. Using standard curves
for the corresponding points, a quantity of APC bound to horseradish-conjugated polyclonal anti-human protein C rabbit IgG was
estimated from changes in absorbance after reaction with OPD substrate.

NaCl, 5 mM Tris pH 7.4 at 37C, 0.1% PEG, 10 APC-145 did not induce fibrin to form in citrate,
mM CaCl. Typical concentrations of activated pooled normal plasma or in fibrinogen solutions
protein C and protein C were 10-50 nM and 10— and the TAT complexes measured in pooled nor-
100 nM, respectively. The progress curves were mal plasma augmented with APC and in the
analyzed with KINSIM and FITSIM to obtaik..,/ control pooled normal plasma were within the
K., for chromogenic substrate hydrolysis and pro- sgme range. APC-110 and APC-145 did not
tein C cleavage{37]. The progress curves were increase TAT complexes above baseliigata not
analyzgd f_:lssuming the following mechanism for shown.

PC activation: In Fig. 1, progress curves indicate a time-
aPC+PC=aPCPC= 24PC (D dependent increase in protein C activation follow-

aPC+S=4PCS=aPCP=4PC+P (2) ing the incubation of plasma protein C with

. APC-11 APC-11 . Th -
where the rate constants for E@) were indepen- C-110 or APC-110 and argatroban © per

dently determined in the absence of PC, and thesefﬁ:tégngbpla;r;c?rser?;zlighc :?é%igzg_igfﬁte;;
values were used to obtain the value iQf/K y P Jug

for PC activation[37,34. polyclonal anti-human protein C rabbit IgG is

calculated from the absorbance of color at zero
incubation set at 0%. A standard curve for data
points is depicted in the inset on the left. On that
basis, the protein C activation rate by APC-110
with or without argatroban is comparable reaching
The commercial APC reagents APC-110 and 68% at 40 min.

3. Reaults

3.1. Evaluation of contaminant thrombin in com-
mercial APC preparations
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3.2. Effect of plasma protein C on anti-coagulant
response to APC in protein C deficient plasma

Comparison of the anti-coagulant responses to
APC in protein C deficient plasma vs. pooled
normal plasma indicates plasma levels of protein
C provide an added anti-coagulant response. When
APC-110 and Coatest APCaCl, were added to
protein C deficient plasma containing O unit plas-
ma protein C the APTT clotting times increased
from baseline(28.5+1.5 9 to 56.6+2.2 s(n=
16) and 73.6+ 3.2 s(n=16), respectively. When
APC-110 and Coatest APCaCl, were added to
pooled normal plasma containing 0.08 units of
protein C, the clotting times increased from base-
line 26.7+15 to 106.%42.6 s (n=16) and
96.2+2.9 s (n=16), respectively(Fig. 2). Fur-
thermore, when plasma protein C concentrations
(0-0.008 unix were varied by adding serial dilu-
tions of pooled normal plasma to protein C defi-
cient plasma, a steady linear increase in the
anti-coagulant response to added APC proportion-
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Fig. 2. Comparison of the anti-coagulant responses to APC in

ate to increases in plasma protein C concentrationsprotein C deficient plasma vs. pooled normal plasma. The anti-

was obtainedFig. 3).

3.3. Immunoblot analysis of plasma protein C and
purified protein C activation

Indication that plasma levels of protein C pro-

coagulant response was measured as the activated partial
thromboplastin time(APTT) and is expressed in seconds.
Pooled normal plasm@ 00 wl) contained 0.08 units of plasma
protein C while protein C deficient plasn§a00 wl) contained

0 units. The APC used in the experiments were APC-ED

and Coatest APGCaCl, (0).

vide an added anti-coagulant response was probedproteins tagged with this epitope. It does not react

further by means of two commercial MoAb
described by Miletich31] raised against peptides
containing the thrombin cleavage site on protein
C. Human protein C is activated to APC by
thrombin cleavage of the peptide bond between
Arg 169 and Leu 170, releasing an activation
peptide of 12-amino acid residu¢g]. The mouse
monoclonal antibodyMoAb) HC-2 recognizes an
epitope on human protein C and inhibits its acti-
vation to APC. This monoclonal antibody is spe-
cifically reactive with the zymogefprotein Q. In
contrast, it does not recognize either of the acti-
vation products: neither the activation peptide nor
the APC[34]. Similarly, the mouse MoAb HPC-4
recognizes the peptide EDQVDPRLIDGK of pro-
tein C; (this peptide is lost during activation from
protein C to APQ. Thus, MoAb HPC4 binds with
high affinity to this sequence in protein C or in

with APC [34,35. We have confirmed the speci-
ficity of these two monoclonal antibodies. Panel
A of Fig. 4 shows that MoAb HPC4 immunoblot-
ted a 62-kD band in samples of purified protein C
(lanes 1 and 2 but not APC (lane 3. This
antibody also immunoblotted a 62-kD band in
pooled normal plasmélane 4 but not in protein
C deficient plasmdlane 5. Similarly, panel B of
Fig. 3 shows that MoAb HC-2 yielded a 62-kD
band only with samples containing protein C
(lanes land 2 The 62-kD band was not observed
with either APC (lane 3 or with protein C
deficient plasmdlane 9.

Pooled normal plasma was incubated with APC
and the level of protein C was monitored as a
function of time by immunoblotting with MoAb
HPC4. The initial concentration of protein C in
pooled normal plasma is approximately 12 nM.



116 H. Hassouna, C. Quinn / Biophysical Chemistry 95 (2002) 109-124

110

90 -
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50 4
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0 0.008 0.016 0.024 0.04 0.08

Pooled normal plasma (protein C unit)

Fig. 3. Effect of plasma protein C on APC anti-coagulant response measured by APTT in seconds. To vary protein C concentration,
pooled normal plasma was serially diluted in protein C deficient plasma. The APC used in the experiments were AP&-210

and Coatest AP@CaCl, (-0-).

The data obtained using 15.6 nM of AR@rotein guantitated and the value at zero time was set as
C to APC ratio of 1:) are shown in Fig. 5. There  100%. On this basis, 77% of the protein C was
was a time-dependent decrease in the intensity of converted in 180 mir(Fig. 6, inset on the right
the 62-kD band corresponding to protein(Eig.
4, lanes 3-Y. The intensities of the 62-kD bands
in the lanes were quantitated and the value at zero
time was set as 100%. On this basis, 58% of the
protein C was converted in 20 mifFig. 4, inset
on the righ). Since MoAb HPC4 recognizes only
the zymogen protein C, but not the activated The data in Fig. 7 were obtained using plasma
product APC, we infer from these data that the protein C (4 nM) incubated for 30 min with
disappearance of the immunoblotted 62-kD band thrombin (0.1 U/80 wl) and Protac(0.1 U/80
corresponds to the activation of protein C. wl). There is total disappearance of the 62-kD
Purified protein C was incubated with APC and band corresponding to protein Fig. 6, lanes 2—
the level of protein C monitored as a function of 5) following incubation for 30 min of plasma
time by immunoblotting with MoAb HPC4. The protein C with a-thrombin and Protac. In Fig. 7,
data obtained using purified protein (0 nM), the intensities of the 62-kD bands in the lanes 6
and APC(6 nM) (protein C-to-APC ratio of 101 and 7 corresponding to protein C incubated with
are shown in Fig. 6. There was a time-dependent Coatest APZCaCl, show 54% and 63%mean
decrease in the intensity of the 62-kD band corre- 60%) of the protein C was converted by Coatest
sponding to protein QFig. 6, lanes 3—-¥. The APC/CaCl, (quantitated from the value at zero
intensities of the 62-kD bands in the lanes were time set as 100%

3.4. Immunoblot analysis of plasma protein C
activation by thrombin, Protac and Coatest APC/
CaCl,



H. Hassouna, C. Quinn / Biophysical Chemistry 95 (2002) 109-124 117

- e T 4mm 62D

(b)

-y . 4mm 621D

Fig. 4. Comparison of the reactivity of monoclonal antibodies HPC-4 and H-C2 on protein C vs. APC by immunoklaltiigC-
4; (b) HC-2. For both paneléa) and(b), the following samples were electrophoresed in: Lane 1, purified proté22GM); Lane
2, purified protein C(44 nM); Lane 3 APC(48.7 nM); Lane 4 pooled normal plasm@.3 wl); and Lane 5, protein C deficient
plasma(4.3 wl). Enhanced chemoluminescence was measured measured by public domain Scion Image software.

3.5. Plasma protein C activation measured by 3.6. Time dependent activation of plasma protein
enzyme-linked immunosorbent assay (ELISA) C by APC-145 and Protac measured in a sub-
strate-based functional assay

The APC from plasma protein C activation by
APC-110 and Protac was detected by a horseradish Plasma protein C activation by APC-145 and
peroxidase-conjugated polyclonal anti-human pro- Protac was measured by hydrolysis of chromogenic
tein C rabbit IgG. The data in Fig. 8 show the substrateH—D—Trp—Arg—Arg-p-nitroaniline spe-
percentage of protein C activation following incu- cific for APC. Progress curves in Fig. 9 indicate
bation of plasma protein C with APC-110 or plasma protein C activation to APC monitored by
Protac. The bar graphs depict a time dependentp-nitroanilide release at 405 nm. The quantity of
increase in protein C activation following incuba- APC released from protein C activation was
tion of plasma protein C with APC-110 or Protac. derived from the absorbance of color readings
The absorbance of color at zero incubation was against the corresponding points on standard
set at 0%. On that basis, protein C activation by curves depicted in the inset. The absorbance of
APC-110 was 8% at 20 min; 31% at 30 min, 65% color at zero incubation was set at 0%. On that
at 40 min and 73% at 50 min. Activation of basis, after 120 min, 62% of protein C is activated
protein C by Protac was 5% at 20 min; 28% at 30 to APC by APC-145 and 73% of protein C is
min; 62% at 40 min and 68% at 50 min. activated to APC by Protac.
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Fig. 5. Immunoblot analysis of time-dependent APC-catalyzed activation of plasma protein C. Ratio of protein C to APC-110, 1:1
(APC at 15 nM. The following samples were electrophoresed in: Lane 1, purified protein C mgtkenM); Lane 2, APC-110;

Lane 3, pooled normal plasm@.3 wl); Lane 4, pooled normal plasm@.3 wl) after incubation with APC for 2 min; Lane 5,
pooled normal plasmé4.3 i) after incubation with APC for 5 min; Lane 6, pooled normal plad@a 1) after incubation with

APC for 10 min; Lane 7, pooled normal plasrd.3 wl) after incubation with APC for 20 min; and Lane 8, purified protein C
marker (44 nM). Chemoluminescence density was measured in pixels by public domain Scion Image software. The graph depicts
the percentage of APC-catalyzed activation of plasma protein C.

3.7. Kinetic data 4, Discussion

The hydrolysis of small chromogenic substrates [N 1976, Stenflo published the discovery of
by activated protein QAPC) was significantly bovine protein C, a vitamin K-dependent factor
enhanced in the presence of the zymogen form of and zymogen of a serine proteolytic enzyme
protein C. The hydrolysis of chromogenic substrate [1,39. This was followed by several reporf2—
DRR by protein C alone was performed to detect 7,14—117 on the isolation, characterization, and
any trace of contamination in the protein C sample. mechanism of human protein C activation ty
There was practically no hydrolysis of the substrate thrombin and by proteases derived from the venom
in the absence of APC consistent with a mecha- of Southern Copperhead. The anti-coagulant effect
nism of activation of protein C by APC. The of APC on factor V and factor VIl was also
values obtained for substrate hydrolysis agreed recognized at that tim¢4—7], and in 1985, the
with previous studies under the same conditions protein C gene was sequenced permitting the
where ko Kn=1.0 mM~1 st [38]. A value of identification of DNA deleterious mutationigt0].
4.7+0.4 mM~t st for the activation of protein  Thus, the first biochemical cause to be identified
C by APC was obtained under physiological con- by a persistence in blood of both activated factor
ditions and in the presence of calcium. V and factor VIII was a deficiency of protein C
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Fig. 6. Immunoblot analysis of time-dependent APC-catalyzed activation of purified protein C. Ratio of prdjgiot€n C at 60

nM) to APC-110(APC at 6 nM), 10:1. The following samples were electrophoresed in: Lane 1, APC mé4kenM); Lane 2,

purified protein C markeK60 nM); Lane 3, purified protein C marker after incubation with APC for 30 min; Lane 4, purified
protein C marker after incubation with APC for 60 min; Lane 5, purified protein C marker after incubation with APC for 90 min;
Lane 6, purified protein C marker after incubation with APC for 120 min; and Lane 7, purified protein C marker after incubation
with APC for 180 min. Chemoluminescence density was measured in pixels by public domain Scion Image software. The graph
depicts the percentage of APC-catalyzed activation of purified protein C.

- - 4= 62kD

Fig. 7. Immunoblot analysis of plasma protein C activated by humeirombin by Protac and by Coatest ARCaCL . The following
samples were electrophoresed in: Lane 1, pooled normal pléé®al), Lanes 2 and 3, plasma protein(& nM) after incubation
with thrombin (0.1 U/80 wl) for 30 min; Lanes 4 and 5, plasma protein C after incubation with PrdiacU/80 wl) for 30 min;
and Lanes 6 and 7, plasma protein C after incubation with Coatesy®&C}, (100 wl). Immunoprecipitate chemoluminescence
density was measured in pixels by public domain Scion Image software.



120 H. Hassouna, C. Quinn / Biophysical Chemistry 95 (2002) 109-124

30 to a familial thrombotic disorder, and the first
70 : notable exception of a clinical entity ascribed to a
601 laboratory clotting valu¢31,34. The genetic basis

M Protac

for most of the hereditary APC resistance cases
(approx. 90% was identified by Bertina et al. in
1994 as a point mutation in the gene for coagula-
tion factor V (f V R506Q) [47] while the under-
lying biochemical cause for increased risk of
venous thrombosis associated with a reduced sen-
sitivity for APC in the absence of factor V Leiden
remained unrecognized9].

Fig. 8. Plasma protein c activation by APC-110 and Protac We havg documentedﬁgs. 1_,8 th,at APC
measured by enzyme-linked immunosorbent ag@&lyiSA). must function not only in the inactivation of
Bar graphs represent the percentage protein C activation to activated factors V and VIII, but also in the
APC by APC-110 and Protac after pooled normal pla$8@0 activation of protein C. This additional APC func-
i) was reacted separately with APC-1404.8 nM) and Pro-  jon idens the scope for both the laboratory APC

tac (0.1 U/100 pl) for 20, 30, 40 and 50 min. Plasma protein . - .
C activation to APC was detected by blocking non-activated resistance assay and the APC resistance clinical

protein C with a MoAb HC-2 specifically reactive with the ~ disorder to include protein C and protein S phe-
plasma protein C and does not react with APC. Using the stan- notypic and genotypic variations. Given that APC
dard curves for the corresponding points, a quantity of APC has the same responsiveness on plasma protein C
bound to horseradishjconjugated polyclonal_anti—human protein 55 -thrombin and Protac, the diagnostic specific-
i;itki’gg \'A?Iﬁ] Véi,%fﬂg?::g_ﬂom changes in absorbance after ., 0 \he APC resistance assay is that of a global
test for the protein C anti-coagulant pathway
[50,51. In the absence of factor V Leiden, varia-
associated with thrombotic diseaptl-44. Has-  tjons in plasma protein C levels as a cause for
souna recognized a second biochemical cause,reduced sensitivity for APC have been reported.
resistance to inactivation of both activated factors The effect of activated protein C resistance was
V and factor VIII by APC associated with throm- reported by Simoni et al52,53 who observed a
bosis, in 1989. After adding Protac to activate high incidence of apparent type Il protein C
plasma protein C of a 33-year-old patient with deficiency in homozygous and heterozygous mem-
recurrent thrombosis since age 21, both factor Va pers of two out of three kindreds with factor V
and factor VIII a resisted inactivatiofi25]. It was  Leiden when using a Behring PC clotting assay.
confirmed (Joseph P. Miletichthat the protein C  |n a study of six heterozygotes and two homozy-
immunoreactive levels and the amount of protein gotes for the factor V Leiden mutation, Ireland et
C purified from the patient's plasma were 120% al. [54] reported similar finding with the Behring
of normal [25] and genetic testing in 1999 identi- method, but found no influence of activated protein
fied a homozygous state for the factor V Leiden C resistance on the Instrumentation Laboratory
mutation reported in 1994 by Bertina et §7]. (IL) PC Proclot kit. In contrast, Faioni et db5]
In 1993, by an innovative approach, expected to reported low levels of protein C with the IL Proclot
bypass protein C activation, Dahlback et g8] assay in 25 patients, all with APC resistance.
added APC to plasma from a patient with throm- Moreover, Cooper et al[56] provided evidence
bosis and discovered that both factors Va and that activated protein C resistance can be diag-
Vllla resisted inactivation, which they named APC nosed as an inherited functional protein S deficien-
resistance. APC resistance is a laboratory clotting cy. Similar findings in a study of 301 healthy
value measured in an assay wherein standardizedindividuals by de Ronde et al32] identified a
amounts of APC added to plasma have no influ- profound effect on the APC resistance sensitivity
ence on plasma levels of protein [@8,49. APC ratio by protein S, an obligatory cofactor for
resistance also became the clinical name appliedoptimal protein C function.

40

N W
[

% Plasma protein C activation

p—
=}

2

Time (min)
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Fig. 9. Time course of plasma protein C activation to APC by APC-¢45 and Protad— — — ) measured as APC amidolytic

activity. The amidolytic response is measured at 405 nm as relgasibanilide from chromogenic substrate-D—Tryp—Arg—
Arg—p-nitroanilide specific for APC. Pooled normal plasma contained 0.24 units of plasma protein C. The enzyme and protein C
activator used in these experiments werepB0APC-145 (5.1 nM) and 50l Protac(7.14 nM). Standard curves are depicted in

the insert. The APC concentrations used to produce the standard curves were ARC4845mof1), APC-145(0.89 pmo}l) and
APC-145(1.78 pmofl).

Our data(Figs. 4—8 closely follow the time  tion of the thrombin—thrombomodulin complex
course for the activation of human protein C by results in more than a 20 000-fold increase in the
humana-thrombin, itself a poor activator of pro- activation rate of protein C by thrombifd4].
tein C. As reported by Kiesel, human protein C Furthermore, it was shown by Salem et [&8,59
(3.6 nM) activation by humanx-thrombin (1.2 that factor Va enhances the rate of protein C
nM) at an enzyme-to-substrate molar ratio of 3:1 activation by thrombin 50-fold and protein S accel-
was completed after 120 min incubatidg]. In erates activated factor V inactivation by selectively
our report of kinetic studies using isolated protein promoting the slow cleavage at Arg 5080-fold)

C in vitro, a value of 4.20.4 mM~! st for the [60]. Additionally, optimal expression of anti-
activation of protein C by APC was obtained coagulant activity of APC requires the presence of
under physiological conditions and in the presence negatively charged phospholipids0] and human

of calcium, denoting poor interactions. It is well protein C undergoes a4 induced conformational
documented that optimal expression of the anti- changes required for activation by the thrombin—
coagulant activity of protein C requires the expres- thrombomodulin complex[35]. It is, therefore,
sion of cofactor activity. This concept of a protein possible to speculate that the expression of a
C anti-coagulant system emerged in 1981, when cofactor activity in vivo, perhaps factor Va or VIl
Esmon and Owerl57] described the isolation of a might enhance the activation of protein C by
a protein from the membrane of rabbit endothelial activated protein C. Until the identity of this
cells: thrombomodulin, which could accelerate the cofactor activity is elucidated, the physiological
activation of protein C by thrombin approximately relevance for APC-mediated protein C activation
1000-fold. Esmon also determined that the forma- remains open to speculation.
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5. Conclusion

We report from four lines of evidence that APC
can activate plasma protein C and purified protein
C. Our results indicate comparable activation of
plasma protein C and purified protein C by APC
by o-thrombin and Protac. On the basis of these
observations, APC must function not only in the
inactivation of activated factors V and VIII, but
also in the activation of protein C. This additional
APC function defines the laboratory APC resis-
tance assay as a global test for the protein C anti-
coagulant pathway, and classifies the clinical APC
resistance disorder to include variations in plasma
protein C levels. Furthermore, activation of plasma
protein C by APC may be important to consider
more broadly because of APC in the treatment of
sepsis[61].
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