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Activated protein C (APC) plays a critical anticoagulant role
in vivo by inactivating procoagulant factor Va and factor VIIIa
and thus down-regulating thrombin generation. In addition,
APC bound to the endothelial cell protein C receptor can ini-
tiate protease-activated receptor-1 (PAR-1)-mediated cytopro-
tective signaling. Protein S constitutes a critical cofactor for the
anticoagulant function of APC but is not known to be involved
in regulating APC-mediated protective PAR-1 signaling. In this
study we utilized a site-directedmutagenesis strategy to charac-
terize a putative protein S binding region within the APC Gla
domain. Three single amino acid substitutions within the APC
Gla domain (D35T, D36A, and A39V) were found to mildly
impair protein S-dependent anticoagulant activity (<2-fold)
but retained entirely normal cytoprotective activity. However, a
single amino acid substitution (L38D) ablated the ability of protein
S to function as a cofactor for this APC variant. Consequently, in
assays of protein S-dependent factor Va proteolysis using purified
proteinsor in theplasmamilieu,APC-L38Dvariant exhibitedmin-
imal residual anticoagulant activity comparedwithwild typeAPC.
Despite the locationofLeu-38 in theGladomain,APC-L38D inter-
acted normally with endothelial cell protein C receptor and
retained its ability to trigger PAR-1 mediated cytoprotective sig-
naling in a manner indistinguishable from that of wild type APC.
Consequently, elimination of protein S cofactor enhancement of
APC anticoagulant function represents a novel and effective strat-
egy by which to separate the anticoagulant and cytoprotective
functions of APC for potential therapeutic gain.

Protein C is a vitamin K-dependent serine protease zymogen
that circulates at a plasma concentration of�70 nM. It has a mul-
tidomain structure comprising an N-terminal �-carboxyglutamic
acid (Gla)3 domain (residues 1–45), two epidermal growth factor-

like domains (EGF-1, residues 46–92, and EGF-2, residues
93–136) and a C-terminal serine protease domain (170–419).
Protein C zymogen is activated by thrombin in complex with
thrombomodulin on the surface of endothelial cells (1). Activated
proteinC (APC) generation is significantly enhanced by proteinC
binding to the endothelial cell proteinC receptor (EPCR) (2). APC
binds to anionic phospholipids on the endothelial cell surface and,
in complex with its cofactor protein S inactivates procoagulant
cofactors factor Va (FVa) (3) and factor VIIIa (4), thereby attenu-
ating further thrombin generation and down-regulating coagula-
tion. The physiological importance of the protein C anticoagulant
pathway is well established. Individuals with homozygous protein
C deficiency typically present shortly after birth with fulminant
life-threatening thrombotic complications (5).Moreover, individ-
ualsheterozygous forproteinCdeficiencydemonstrate significant
lifelong increased risk of venous thromboembolism (6).
Recent studies have shown that APC bound to EPCR via its

Gla domain can activate protease-activated receptor-1 (PAR-1)
on endothelial cells, triggering complex intracellular signaling
(7). The molecular mechanisms underlying the cytoprotective
effects of APC have not been fully characterized but appear
mediated independently of its anticoagulant function (8).
Through mechanisms downstream of PAR-1 activation, APC
has been shown to exhibit anti-inflammatory and anti-apopto-
tic properties via up-regulated gene expression of anti-apopto-
tic and anti-inflammatory mediators (9, 10), down-regulation
of pro-inflammatory cytokines (10, 11), and stabilization of
endothelial barrier function (12, 13).
In vivobeneficial effects ofAPChave been reported in a num-

ber of different animal injury models. For example, APC dem-
onstrated significant neuroprotective effects in rat and murine
stroke models (14–16) and was also recently shown to amelio-
rate experimental autoimmune encephalomyelitis inmice (17).
Furthermore, APCwas protective in amurinemodel of diabetic
nephropathy by inhibition of endothelial and podocyte apopto-
sis, whereas anticoagulationwith lowmolecular weight heparin
had no such beneficial effect (18). Each of these animal studies
demonstrated a consistent and critical role for the APC-EPCR-
PAR-1 signaling axis.
The therapeutic potential of APCwas highlighted in the acti-
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(PROWESS) study (19). Intravenous infusion of recombinant
APC (24 �g/kg per h for 96 h) significantly reduced overall
mortality (relative risk reduction, 19.4%) in adult patients with
severe sepsis. In contrast, treatment with other anticoagulants
(notably antithrombin (20) and tissue factor pathway inhibitor
(21)) have no such effect on survival. The anticoagulant prop-
erties of APC are, however, associated with increased risk of
bleeding complications and have thereby restricted its use in
clinical practice. In the PROWESS study, serious bleeding com-
plications were observed in 3.5% of the patients treated with
APCcomparedwith only 2%of the placebo group (19). Further-
more, recent post-marketing studies have reported even higher
incidences of serious bleeding complications (6.5 and 6.7%,
respectively) in patients treated with APC (22, 23). In this con-
text, recent studies have sought to define the relative contribu-
tions of the cytoprotective and/or anticoagulant properties of
APC toward mediating its therapeutic efficacy in different
pathological settings. These studies have sought to design APC
variants which retain beneficial cytoprotective actions but
exhibit relative reduction in its anticoagulant properties and,
thus, bleeding risk (24–26).
The anticoagulant function of APC requires the presence of

its principal cofactor, protein S (27). Protein S may enhance
APC anticoagulant activity by increasing its affinity for nega-
tively charged phospholipid surfaces (27), re-positioning the
APC active site for optimal substrate cleavage (28), or removing
the protection of FVa in the prothrombinase complex con-
ferred by FXa binding (29). Thus, protein S plays a critical role
in mediating the anticoagulant properties of APC, but there is
no evidence to date that it is important for the anti-inflamma-
tory or anti-apoptotic effects of APC. The molecular basis
through which protein S interacts with APC is not fully under-
stood; however, a possible role for the APC Gla domain has
recently been described (30). In this study, we have used a site-
directed mutagenesis strategy to characterize the impact of
individual amino acid residue substitutions in this putative pro-
tein S binding region upon APC anticoagulant function. We
demonstrate that, surprisingly, a single amino acid substitution
(L38D) is sufficient to entirely ablate the ability of protein S to
function as a cofactor for this APC variant yet does not alter
APC-mediated proteolysis of FVa in the absence of protein S.
Consequently, in both protein S-dependent FVa proteolysis
assays using purified coagulation proteins and in the plasma
milieu, thisAPCGla domain variant exhibitedminimal residual
anticoagulant activity compared with wild type APC. In addi-
tion, despite the fact that this key amino acid is located in the
APC Gla domain, we also show that this APC variant interacts
normally with EPCR and that it retains its ability to initiate
PAR-1 protective signaling in an identical fashion to that ofwild
type APC.

EXPERIMENTAL PROCEDURES

Generation and Characterization of Recombinant Protein C
Variants—Recombinant protein C Gla domain variants were
generated by site-directedmutagenesis, expressed, and isolated
from serum-free medium as previously described (30, 31).
Recombinant protein C was characterized by Coomassie stain-
ing and immunodetection using a horseradish peroxidase-con-

jugated anti-protein C polyclonal antibody (Dako, Ely) and a
mouse anti-Gla monoclonal antibody (American Diagnostica)
according to standard procedures. To generate recombinant
APC, wild type protein C and protein C variants were activated
with Protac (Hyphen-BioMed). APC chromogenic substrate
(BIOPHEN CS-21(66), Hyphen-Biomed) cleavage by each
recombinant APC preparation was determined as previously
described (30, 31).
Inhibition of APC in Plasma—Inhibition of APC variants in

plasma was determined as previously described (32). Wild type
and variant APC (20 nM) was incubated in pooled human cit-
rated plasma at 37 °C. At designated time points, aliquots were
removed, and the residual amidolytic activity was determined
using a chromogenic substrate for APC (BIOPHEN CS2166).
To examine the role of protein C inhibitor, the same experi-
ments were performed in the presence of heparin (10 units/ml).
Determination of APC Anticoagulant Activity in Protein

C-deficient Plasma—The anticoagulant function of wild type
and variant APC upon protein C-deficient plasma was assessed
using a Fluoroskan Ascent Plate Reader (Thermo Lab System,
Helsinki, Finland) in combination with Thrombinoscope soft-
ware (SYNAPSE BV) as previously described (30). 80 �l of pro-
tein C-deficient plasma (Hyphen-Biomed) was incubated with
20�l of PPP reagent (Synapse) containing 5 pM tissue factor and
4 �M phospholipids (PC/PS/PE, 40%:20%:20%) in the presence
or absence of wild type or variant APC (1.25–20 nM). Thrombin
generation was initiated by automatic dispensation of fluoro-
genic thrombin substrate (Z-Gly-Gly-Arg-amidomethylcou-
marin-HCl) and 100 mM CaCl2 into each well. Thrombin gen-
eration was determined using thrombin calibration standard
(Synapse). Measurements were taken at 20-s intervals for 60
min or until thrombin generation was complete. The endoge-
nous thrombin potential (ETP) of each reaction were then cal-
culated. Experiments were performed in triplicate, and data are
reported as the mean ETP � S.E.
Protein S Enhancement of APCAnticoagulant Activity in Pro-

tein S-deficient Plasma—The enhancement of APC anticoagu-
lant activity in protein S-deficient plasmawas determined using
a similar assay to that described above. Briefly, protein S-defi-
cient plasma (Hyphen-Biomed)was incubatedwithwild type or
variant recombinant APC (10 nM) in the presence or absence of
plasma-purified protein S (0.125–1.5 �M, Hematologic Tech-
nologies Inc.). Thrombin generation was initiated and assessed
using Thrombinoscope software as described previously. All
experiments were performed in triplicate and data plotted as
mean ETP � S.E.
Determination of Protein S-independent APC-mediated Fac-

tor Va Proteolysis—FVa degradation by APC was assessed as
previously described (30, 31). 0.32 nM APC was incubated at
37 °C with phospholipids vesicles (PC/PS/PE, 60%:20%:20%;
Avanti Lipids) and 4 nM FVa (Hematologic Technologies, Inc.)
in 40 mM Tris-HCl, 140 mM NaCl, 3 mM CaCl2, and 0.3% w/v
bovine serum albumin (0.08 nMAPC, 19�Mphospholipids, and
1 nM FVa, final concentration). Phospholipid vesicles were pre-
pared as described previously (31). At the specified time points,
2-�l aliquots were removed and added to a prothrombinase
mixture (25 �M phospholipids, 1 nM factor Xa, and 0.5 �M pro-
thrombin (Hematologic Technologies Inc.) final concentra-
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tions) for 3 min. Each reaction was then stopped using 5 �l of
ice-cold 0.5 M EDTA. 100 �l of the reaction mixture was
removed and incubatedwith 100�l of 2mM thrombin chromo-
genic substrate Biophen CS-01(38) (Hyphen-Biomed) to assess
thrombin generation. The rate of chromogenic substrate cleav-
age was measured at 405 nm using a plate reader. All experi-
ments were performed in triplicate.
Determination of Protein S-enhanced Proteolysis of FVa by

APC—Protein S-enhanced proteolysis of FVa by APC was
determined as previously described (30). Human protein S
(2.5–25 nM) was incubated with 0.8 nM wild type or variant
APC, 8 nM FVa, and 75�Mphospholipids vesicles in 40mMTris
HCl, pH7.4, 140 mM NaCl, 3 mM CaCl2, 0.3% (w/v) bovine
serum albumin (0.2 nM APC, 2 nM FVa, and 19 �M phospholip-
ids vesicles, final concentrations) for 2 min at 37 °C. After this
incubation, a 2-�l aliquot was added to 0.3 nM FXa, 1.5 �M
prothrombin, and 75 �M phospholipids vesicles (0.1 nM FXa,
0.5 �M prothrombin, and 25 �M phospholipids vesicles, final
concentrations) at 37 °C for 3 min, then stopped with 5 �l of
ice-cold 0.5 M EDTA. The rate of thrombin substrate cleavage
by the consequent reaction mixture was then measured as
before. Experiments were performed in triplicate, and data
were plotted as the mean residual FVa cofactor activity � S.E.
Assessment of APC Variant Binding to Soluble EPCR—APC

binding to sEPCR was determined using a BIAcore X100 (GE
Healthcare) as previously described (30, 31). Briefly, 10 �g/ml
monoclonal anti-EPCR antibody, RCR-2 (kind gift of Dr. K.
Fukudome, Saga Medical School), was immobilized on to both
flow cells of a CM5 sensor chip. sEPCR (31) in HBS-P buffer
(100 mM HEPES, pH7.4, 150 mM NaCl, 0.005% v/v surfactant
P20) was bound to the surface of the test flow cell (400–800
response units). A reference flow cell with only RCR-2 bound
was used to detect nonspecific binding. Wild type or variant
APC (25–100 nM) was sequentially injected over both flow cells
at a flow rate of 5 �l/min for 60 s. APC-EPCR binding was
dissociated using HBS-EP buffer (HBS-P, but containing 3 mM
EDTA;BIAcore)TheRCR-2 surfacewas regeneratedwith 10�l
of 10 mM glycine-HCl (pH 2.5) after each experiment.
Measurement of Endothelial Cell Barrier Protection by APC—

Endothelial cell barrier permeability was determined as
described previously with minor modifications (13). Briefly,
EAhy926 cells (kind gift of Dr. C. Edgell, University of North
Carolina, Chapel Hill, NC) were grown to confluence on poly-
carbonate membrane transwells (Costar, 3 �M pore size,
12-mmdiameter) and incubatedwith 20 nMwild type or variant
APC. After 3 h the cells were treated with thrombin (Hemato-
logic Technologies) in serum-free media for 10 min. The cells
were washed and incubated with 0.67 mg/ml Evans Blue with
4% bovine serum albumin (Sigma). Changes in endothelial cell
barrier permeability were determined by following the increase
in absorbance at 650 nm in the outer chamber over time due to
the transmigration of Evans Blue-bovine serum albumin.
Experiments were performed in triplicate and plotted as the
mean � S.E.
Determination of APC-mediated Protection of Apoptotic

Endothelial Cells—Confluent EAhy926 cells in 6-well plates
were pretreated with either wild type or variant APC for 17 h.
EAhy926 cell apoptosis was induced by staurosporine (20 �M,

Sigma) treatment for 4 h. Cells were then trypsinized, and
RNA was extracted using the RNeasy Mini kit (Qiagen).
Reverse transcription was carried out (High Capacity cDNA
reverse transcription kit, Applied Biosystems), then real
time PCR was performed using bax (Hs00180269_m1), bcl-2
(Hs00153350_m1) and �-actin (Hs99999903_m1) Taqman�
gene expression assays (Applied Biosystems) in a Applied Bio-
systems 7500 real time PCR system. Experiments were per-
formed in triplicate and plotted as the mean bax/bcl-2
ratio �S.E.

RESULTS

Characterization of Recombinant Protein C/APC Gla
Domain Variants—To identify the critical amino acid residues
in the APC Gla domain that mediate protein S cofactor
enhancement of APC anticoagulant activity, recombinant pro-
tein C Gla domain variants were generated by site-directed
mutagenesis spanning a region of the Gla domain proposed to
mediate protein S cofactor function (Fig. 1A). Each of these
variants (APC-D35T, APC-D36A, APC-L38D, and APC-A39V)
contains single amino acid substitutions with the correspond-
ing residue of the human prothrombin Gla domain. This
approach enables analysis of APC-specific functions while
maintaining Gla domain structural integrity (30). Each
expressed recombinant protein C variant was characterized by
Western blotting with an anti-protein C polyclonal antibody
and an anti-Gla monoclonal antibody. Recombinant wild type
and variant protein C migrated in a similar fashion to plasma-
purified protein C under non-reducing conditions at the
expected molecular mass of �65 kDa. Wild type and variant
recombinant protein C exhibited similar band intensity when
detected with both anti-protein C and anti-Gla antibodies to
that observed with plasma-purified protein C, indicative of
normal expression and post-translational modification of
the recombinant proteins (Fig. 1B). For functional studies
wild type and variant recombinant protein C were activated
using Protac. The amidolytic activity of each recombinant
APC variant was assessed and found to be identical to that of
wild type APC (Fig. 1C).
The rate of inhibition of each APC variant by serpins was

determined in normal plasma. Inhibition of both wild type and
variant APC was closely comparable (Fig. 1D). To examine the
role of protein C inhibitor (PCI), the same experiment was per-
formed in the presence of heparin, which accelerates PCI inhi-
bition of APC. Accordingly, inhibition of wild type APC was
enhanced 3-fold, as previously described (32). Each APC vari-
antwas inhibited in a similarmanner to that ofwild typeAPC in
this system (Fig. 1E). Furthermore, subsequent assays indicated
that APC inhibition kinetics in the presence of purified �1-
antitrypsin and protein C inhibitor were not affected by the
presence of any of the APC variants tested (data not shown).
Therefore, the residue substitutions present in each APC vari-
ant do not alter APC inhibition by its known plasma inhibitors.
Determination of Recombinant APC Gla Domain Variant

Anticoagulant Activity—To identify the specific APC Gla
domain residue(s) responsible for mediating APC anticoagu-
lant activity in plasma, the ability of wild type and variant APC
to inhibit tissue factor-induced thrombin generation was
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assessed. Wild type APC diminished thrombin generation in a
concentration-dependentmanner, as previously described (30)
(Fig. 2A). Variants APC-D35T, APC-D36A, and APC-A39V
exhibited mildly impaired anticoagulant activity, with �2-fold
reduced ETP compared with wild type APC (Fig. 2, A and B).
Variant APC-L38D, however, exhibited severely impaired anti-
coagulant activity (Fig. 2, A and B). APC-L38D was unable to
achieve half-maximal inhibition of thrombin generation (ETP)
at concentrations as high as 150 nM APC (Fig. 2C), compared
with half-maximal inhibition observed with wild type APC (7.2

nM; Fig. 2B). These data indicate that APC-L38D is at least
20-fold less active than wild type APC in plasma.
Leu-38 Is Required for Protein S-dependent APC Anticoagu-

lant Function in Protein S-deficient Plasma—To clarify the role
of Leu-38 in facilitating APC anticoagulant function, the ability
of APC-L38D to be stimulated in protein S-deficient plasma
reconstituted with plasma purified protein S was determined.
Wild type APC had no anticoagulant function in protein S-de-
ficient plasma, as previously observed (33). However, co-incu-
bation of wild type APC with increasing protein S concentra-
tions (12.5–200 nM) caused a corresponding reduction in
thrombin generation (ETP) (IC50 � 24 nM protein S) (Fig. 3, A
and B). Variant APC-L38D, however, was almost entirely unre-
sponsive to protein S (Fig. 3, A and B). At the highest protein S
concentration tested (1.5�M), corresponding to 10-fold plasma
free protein S concentration, thrombin generationwas reduced
only 22 � 2% compared with thrombin generated in the
absence of protein S. Therefore, residue Leu-38 mediates APC
anticoagulant function in plasma by facilitating critical protein
S cofactor function.

FIGURE 1. Characterization of recombinant APC Gla domain variants.
A, recombinant protein C Gla domain variants were generated in which pro-
tein C residues at positions 35, 36, 38, and 39 were replaced with the corre-
sponding residues in human prothrombin. Protein C variants were expressed
in HEK 293 cells and then isolated from conditioned serum-free medium.
B, plasma-purified, recombinant wild type (WT) and variant protein C prepa-
rations were assessed by Western blotting with sheep anti-protein C poly-
clonal and mouse anti-Gla monoclonal antibodies. hPC, human PC. C, each
protein C preparation was activated using Protac, and amidolytic activity of
each recombinant APC was assessed using a short APC chromogenic sub-
strate. mAU, milliabsorbance units. Inhibition of wild type and variant APC in
normal pooled plasma was assessed in the absence (D) and presence (E) of 10
units/ml heparin (wild type, �; APC-D35T, f; APC-D36A, Œ; APC-L38D, �; APC-
A39V, �; all 20 nM). Samples were removed at specified time points, and APC
amidolytic activity was tested using a chromogenic substrate. The data
shown represents the mean of three independent determinations � S.D.

FIGURE 2. Variant APC-L38D has negligible anticoagulant activity in pro-
tein C-deficient plasma. The ability of recombinant APC variants to inhibit
tissue factor-induced thrombin generation was assessed. A, APC (1.25–20 nM)
was incubated with protein C-deficient plasma, and thrombin generation
initiated with tissue factor, phospholipid vesicles, and CaCl2 (see “Experimen-
tal Procedures”). Thrombin generation in protein C-deficient plasma in the
absence of APC (E) was compared with 5 nM (�), 10 nM (�), and 20 nM (�) of
each recombinant APC. B, the ETP for each experiment was determined and
expressed as % of thrombin generated in the absence of APC (wild type APC,
(E); APC-D35T, (f); APC-D36A, ‚; APC-L38D, �; APC-A39V, �. C, high concen-
trations (up to 150 nM) of APC-L38D (�) was compared with wild type APC (E)
in the same assay.
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APC-L38D Exhibits Normal Protein S-Independent but
Severely Impaired Protein S-dependent FVa Proteolysis—To
assess the mechanism by which the impaired response to pro-
tein S by APC-L38D in plasma occurs, the rate of FVa proteol-
ysis by APC in the presence and absence of protein S was deter-
mined. Using a phospholipid-dependent FVa proteolysis time
course assay, the ability of APC-L38D to inactivate FVa in the
absence of protein S was determined. Both wild type APC and
APC-L38D rapidly reduced FVa cofactor activity (Fig. 4, upper
panel), indicating that the observed impaired anticoagulant
activity in plasma observed for APC-L38D is not mediated by
impaired interaction with anionic phospholipids or FVa. A
modified version of this assay was used to evaluate FVa prote-
olysis of wild type and variant APC in response to protein S.

Wild typeAPC-mediated FVaproteolysiswas rapidly enhanced
by protein S (Fig. 4, lower panel). Half-maximal inhibition of
FVa cofactor activity was observed at 5 nM protein S (Fig. 4,
lower panel). In contrast,APC-L38D exhibited no protein S-en-
hanced FVa proteolysis at each protein S concentration tested.
Therefore,APC-L38D loss of protein S-dependent APC antico-
agulant activity observed in plasma occurs via impaired protein
S-mediated FVa proteolysis.
APC-L38D Binds sEPCR with Equal Affinity to Wild Type

APC—APC-mediated PAR-1 activation is dependent upon
APC binding to EPCR. To ascertain whether APC-L38D inter-
acts normally with sEPCR, the binding affinity of this variant
compared with wild type APC was tested by surface plasmon
resonance. After sEPCR immobilization, wild type APC and
APC-L38D (12.5–100 nM) were exposed to the sEPCR sur-
face.APC-L38D bound sEPCR normally (KD � 112 � 25 nM),
similar to that previously described for wild type PC/APC
(30, 31) (Fig. 5).

FIGURE 3. Variant APC-L38D is not stimulated by protein S in protein S-de-
ficient plasma. A, the ability of recombinant wild type APC (E) and variant
APC-L38D (�) (both 10 nM) to inhibit tissue-factor induced thrombin genera-
tion in protein S deficient plasma was assessed in the presence of increasing
plasma purified protein S concentrations; no APC/protein S (�), 10 nM APC
only (E), APC � 25 nM protein S (F), APC � 50 nM protein S (�), and APC � 100
nM protein S (�). B, the thrombin generation (ETP, %) in the protein S
enhancement of variant APC-L38D (�) was compared with wild type APC (E)
in the presence of protein S concentrations (B) (6 –200 nM) and (C) (0.125–1.5
�M) in the same assay.

FIGURE 4. Protein S-dependent FVa proteolysis by APC requires residue
Leu-38 in the APC Gla domain. Upper panel, FVa (1 nM) was incubated with
wild type APC (E) or variant APC-L38D (�) (0.2 nM) in the presence of 25 �M

phospholipid vesicles (40% PC, 20% PS, 20% PE). The FVa cofactor activity at
specified time points was determined by prothrombinase assay (see “Exper-
imental Procedures”). B, human plasma purified protein S (3–50 nM) was incu-
bated with wild type APC (E) or variant APC-L38D (�) (0.4 nM), FVa (8 nM), and
25 �M phospholipid vesicles (40% PC, 20% PS, 20% PE). After 2 min of incuba-
tion, an aliquot was removed and added to a prothrombinase assay to assess
FVa cofactor activity.
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APC-L38D Exhibits Identical Anti-inflammatory and Anti-
apoptotic Activity to Wild Type APC—As APC-L38D bound
sEPCR normally, the anti-inflammatory and anti-apoptotic
properties of APC-L38D were evaluated. APC can regulate
expression of both pro- and anti-apoptotic genes via EPCR-
mediated PAR-1 signaling (10) to confer a net anti-apoptotic
phenotype on endothelial cells. The ability of APC-L38D to
protect EAhy926 cells from apoptosis was assessed by quantifi-
cation of pro- (bax) and anti- (bcl-2) apoptotic gene expression
after incubation with staurosporine, a well characterized
inducer of apoptosis in endothelial cells. Staurosporine, as
expected, significantly increased (2.3-fold) the bax/bcl-2 ratio
compared with untreated EAhy926 cells (p � 0.005) (Fig. 6A).
Preincubation with either plasma-purified or wild type APC,
however, significantly ameliorated the effect of the staurospo-
rine, as indicated by the large reduction in bax/bcl-2 ratio in
APC-treated cells (p� 0.005) comparedwith those treatedwith
staurosporine alone. The EPCR dependence of this anti-apo-
ptotic activity was confirmed by incubation of an inhibitory
anti-EPCR antibody in conjunction with wild type APC, which
led to ablation of the APC-associated protective effect. Of note,

APC-L38D significantly reduced the bax/bcl-2 ratio compared
with staurosporine only treated cells (p � 0.005) to the same
extent as wild type APC (Fig. 6). APC activation of PAR-1 sig-
naling has also previously been described to protect against
thrombin-induced endothelial cell barrier hyperpermeability.
Using an in vitro assay to assess endothelial cell barrier func-
tion, thrombin was found to significantly increase endothelial
cell barrier permeability (Fig. 6, B andC) as previously reported
(13). Prior incubation with wild type APC, however, signifi-
cantly attenuated thrombin-induced endothelial barrier per-
meability (Fig. 6, B and C). Each of the APC variants conferred
an identical and significant level of endothelial barrier protec-
tion to that of wild type APC compared with thrombin-only
treated EAhy926 cells (Fig. 6,B andC). Therefore, APC variants
APC-D35T, APC-D36A, APC-L38D, and APC-A39V protect
endothelial barrier function to the same extent as wild type
APC. These results show that the anti-inflammatory and anti-
apoptotic functions of APC mediated by EPCR-PAR-1 signal-
ing are entirely conserved in theAPC-L38D variant despite sig-
nificant loss of anticoagulant function caused by the severely
impaired response to protein S.

DISCUSSION

Protein S is essential for normal anticoagulant function of
APC in plasma, acting as a cofactor to enhance proteolysis of
APC substrates factor Va and factor VIIIa. Although several
putative APC binding sites have been described on protein S
(34–40), the corresponding binding sites on APC are poorly
defined. However, a previous study has demonstrated that
substitution of the APC Gla domain amino acid residues
25–45 with the corresponding amino acid residues in human
prothrombin prevented protein S enhancement of APC anti-
coagulant activity without adversely affecting anionic phos-
pholipid or FVa interactions (41). Furthermore, a subse-
quent report highlighted the importance of APC Gla domain
residues between 33–39, with particular significance
assigned to residues Asp-35, Asp-36, Leu-38, and Ala-39
(30).
In this study we have generated and tested individual APC

variants in which each of these Gla domain residues was indi-
vidually substituted with the corresponding prothrombin
amino acid residues. Interestingly, only the anticoagulant activ-
ity of APC-L38D was severely impaired, exhibiting minimal
anticoagulant activity in protein C-deficient plasma compared
with wild type APC, even at extremely high concentrations
(only 35� 1% reduction in ETP observed at 150 nMAPC-L38D;
Fig. 2). Furthermore, when the protein S-dependent anticoag-
ulant activity of this variant was assessed in protein S-deficient
plasma (Fig. 3) and in FVa proteolysis assays (Fig. 4),APC-L38D
exhibited effectively no response to protein S, even at free pro-
tein S concentrations 10-fold higher than that found in normal
plasma (Fig. 3B). In contrast, the anticoagulant effects of APC-
D35T, APC-D36A, and APC-A39V were only moderately
impaired, exhibiting�2-fold impaired anticoagulant activity in
plasma compared with wild type APC (Fig. 2). These findings
suggest that APC Gla domain residues 35, 36, and 39 make a
relatively minor contribution to the protein S interaction with
the APC Gla domain in this region.

FIGURE 5. APC-L38D has normal affinity for sEPCR. Recombinant APC vari-
ant binding to sEPCR was measured by surface plasmon resonance technol-
ogy. sEPCR (500 – 600 response units (RU)) was immobilized on to the surface
of a CM5 sensor chip via a monoclonal anti-EPCR antibody (RCR-2) (see
“Experimental Procedures”). An RCR-2 only flow cell was used to detect non-
specific binding. 25–100 nM wild type APC (A) and APC-L38D (B) was passed
over the sEPCR surface at a flow rate of 5 �l/min. Minor differences in APC
levels are due to small differences in sEPCR bound to the sensor chip surface.
Binding was assessed using BIAevaluation software package.
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Protein S binding to APC has historically proved refractory
to meaningful assessment in the absence of phospholipid vesi-
cles,making it difficult at this stage to ascertainwhether Leu-38
constitutes a key residue as part of a protein S binding site on
APC or is critical for a protein S-mediated conformational
change that facilitates enhanced APC substrate proteolysis.
Further studies will be required to unravel the precise role of
Leu-38 in regulating protein S cofactor enhancement.
Accumulating evidence from different animal disease mod-

els suggests that the cytoprotective signaling activity of APC
may be of greater significance than its anticoagulant function in
protection against various disease states, including severe sep-
sis, inflammatory bowel disease, and ischemic stroke (16, 19,
42). Nevertheless, the anticoagulant properties of APC are
important in that APC administration is associated with a sig-
nificant increased bleeding risk (19). Although protein S con-
stitutes a critical cofactor for the anticoagulant function of
APC, there is no suggestion that it plays any role in regulating
PAR-1-mediated anti-inflammatory or anti-apoptotic effects.
Thus, disrupting the interplay between APC and protein S con-
stitutes an attractive and novel strategy thatmay be exploited to
generate APC variants with discrepant anticoagulant to cytopro-
tective properties. However, previous studies have demonstrated
thatmutations inother regionsofAPCmay influence the ability of
the APC Gla domain to effectively bind EPCR, which is a prereq-
uisite for PAR-1 signaling (24). As we have demonstrated, despite
having almost entirely lost the ability to interactwithproteinS, the
APC-L38D variant bound sEPCR with the same affinity as wild
type APC (Fig. 5). Furthermore,APC-L38D exhibited PAR-1-me-
diated cytoprotective properties that were indistinguishable from
those of wild type APC (Fig. 6).
Recombinant APC variants possessing APC modifications

that have significantly reduced anticoagulant activity but
retained significant PAR-1 signaling function have previously
been generated using alternative strategies. Mosnier et al. (25)
demonstrated that clustered alanine mutations (R229A/
R230A) and (K191A/K192A/K193A) in two surface loops of the
APC serine protease domain disrupted the anion binding site
on APC for FVa exosite binding. Consequently, when these five
alanine substitutionswere combined (5A-APC), APC anticoag-
ulant activity was markedly reduced (�3% residual APTT clot-
ting assay) (26). Because the APC serine protease exosite for
PAR-1 is distinct from that of FVa, this combination of muta-
tions did not influence the cytoprotective properties of
5A-APC, which were identical to those of wild type APC. Thus
the anticoagulant and anti-inflammatory profiles of this
5A-APC variant are comparable with that exhibited by the

FIGURE 6. APC variants 35–39 exhibit normal ability to inhibit apoptosis
and endothelial barrier protection. A, confluent EAhy926 cells were incu-
bated with Protac-generated plasma purified APC, recombinant wild type
APC, and APC Gla domain variants for 17 h. A rat monoclonal anti-EPCR anti-
body (RCR-252) was added (400 �M) alongside wild type APC to determine
EPCR dependence. Apoptosis was induced in EAhy926 cells by incubation
with 20 �M staurosporine for 4 h. RNA was extracted and reverse-transcribed
as described under “Experimental Procedures.” Reverse transcription-PCR
was performed using specific Bax, Bcl-2, and �-actin primers. Experiments
were performed in triplicate, and data are presented as the mean � S.E.
Unpaired two-tailed t tests were used to determine significance (**, p � 0.005
compared with staurosporine-only treated EAhy926 cells). hAPC, human APC.

B, the protective effect of APC on the endothelial cell barrier was determined
for wild type APC and each Gla domain variant. EAhy926 cells were preincu-
bated with 20 nM wild type or variant APC (black bars) for 3 h. Untreated cells
(white bar) were used as a negative control. EAhy926 cells were then treated
with 5 nM thrombin in serum-free media for 10 min (cells treated with throm-
bin only, gray bar), and endothelial barrier permeability was assessed after 30
min using Evans Blue-bovine serum albumin (see “Experimental Proce-
dures”). Unpaired two-tailed t tests were used to determine significance (*,
p � 0.05 compared with thrombin-only treated EAhy926 cells). C, endothelial
barrier protection was assessed over time as described above: untreated
EAhy926 cells, F; 5 nM thrombin, �; WT-APC, Œ; APC-D35T, f; APC-D36A, ‚;
APC-L38D, �; APC-A39V, �.
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APC-L38D variant described herein despite the fact that the
respective mutations occur at opposite ends of the APC mole-
cule, are located in distinct structural domains, and target two
different specific APC functional interactions.
Using an alternative approach, Bae et al. (24) engineered a

disulfide bond (Cys67–Cys82; chymotrypsin numbering) within
the APC serine protease domain, which prevented Ca2� bind-
ing to the functionally critical Ca2� binding 70–80 loop. As a
result, the anticoagulant activity of the variant Cys67–
Cys82APCwas again dramatically impaired, but it was shown to
retain PAR-1 activation mediated anti-apoptotic, anti-inflam-
matory, and endothelial barrier protective functions. However,
in contrast to 5A-APC and theAPC-L38D variant, the cytopro-
tective effects of Cys67–Cys82-APC required a 2-fold higher
concentration of mutant APC to produce equivalent effects to
wild type APC. Interestingly this reduction in the cytoprotec-
tive properties of Cys67–Cys82APC was subsequently shown to
result from a reduced affinity of the variant APC for EPCR.
On the basis of their specifically reduced anticoagulant activ-

ity, one would anticipate that these two previously described
recombinant APC variants together with the novel APC-L38D
variant should all be associated with significantly reduced
bleeding risk in vivo. Because of their reduced bleeding risk,
these variants may permit the use of significantly higher APC
doses and also longer duration APC administration. Such
altered APC therapeutic regimens may be particularly relevant
in severe sepsis where overall mortality in the group of patients
treatedwithwild typeAPC in the PROWESS trial still exceeded
24% (19). A recent in vivo study has confirmed for the first time
thatAPCvariantswith reduced orminimal anticoagulant activ-
ity may confer important therapeutic benefit. In a murine
model, Kerschen et al. (8) demonstrate that 5A-APC was as
effective as wild type APC in reducing overall mortality after
LPS challenge.
In addition to the complete ablation of anticoagulant activity

for APC-L38D, we observed a 2-fold reduced anticoagulant
activity for each of the variants APC-D35T, APC-D36A, and
APC-A39V respectively. Each of these variants also retained
entirely normal PAR-1-mediated cytoprotective properties.
Thus, these three variants demonstrate anticoagulant/cytopro-
tective phenotypes that are intermediate between wild type
APC and the APC-L38D variant. Consequently, these variants
may prove useful adjuncts for defining the relative importance
of the anticoagulant and cytoprotective effects of APC in differ-
ent disease states. Moreover, such APC variants with reduced
but residual anticoagulant activity may also offer novel thera-
peutic opportunities. For example, a beneficial effect of APC
has recently been described in a murine model of experimental
autoimmune encephalomyelitis (17). In this animal model of
multiple sclerosis, it was clearly demonstrated that both the
cytoprotective and the anticoagulant properties of APC were
required for maximal therapeutic efficacy. These findings sug-
gest that second generation therapeutic recombinantAPCvari-
ants that retain some residual anticoagulant activity may con-
stitute the treatment of choice in specific disease settings.
Further in vivo studies will be necessary to fully dissect the
relative contributions of APC anticoagulant versus cytoprotec-

tive properties across such a wide variety of pathophysiological
processes.
In conclusion,we have demonstrated that a single amino acid

substitution (L38D) in the Gla domain of APC is sufficient to
almost entirely ablate APC anticoagulant activity due to
severely impaired protein S cofactor response. This variant,
however, retains normal EPCR binding and PAR-1 signaling
properties, suggesting a novel mechanism by which the antico-
agulant and cytoprotective properties of APC can be separated
for potential therapeutic gain.
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