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Protein S is a vitamin K-dependent glycoprotein involved in the

regulation of the anticoagulant activity of activated protein C

(APC). Also, an anticoagulant role for protein S, independent of

APC, has been described. Protein S has a unique C-terminal sex

hormone binding globulin (SHBG)-like domain that represents

about half of the molecule. To define the role of this domain in

APC cofactor activity and in binding to C4b-binding protein

(C4BP), we have constructed a recombinant protein S molecule

of N-terminal residues 1–242 that lacks the SHBG domain (mini-

protein S). A panel of monoclonal antibodies directed against the

N-terminal region of protein S recognized plasma-derived protein

S, wild-type recombinant protein S and mini-protein S with

similar affinities, whereas a monoclonal antibody that recognizes

an epitope in the SHBG domain did not detect mini-protein S.

Mini-protein S did not bind to C4BP in a solid-phase binding

INTRODUCTION

The physiological importance of protein S as an anticoagulant

factor is demonstrated by the thrombotic tendency of protein S-

deficient patients [1]. Protein S functions as a cofactor for

activated protein C (APC) in the degradation of factors Va and

VIIIa [2–6]. Recently, it has been reported that protein S

stimulated the inactivation of membrane-bound factor Va by

specific acceleration of the APC-mediated cleavage at Arg$!' [7].

For the inactivation of factor VIIIa, it was postulated that factor

V and protein S act as synergistic cofactors for APC in the

degradation of factor VIIIa [8,9]. This synergistic effect is

suggested to be required for expression of maximal protein S

anticoagulant activity in plasma. Another possible explanation

for the thrombotic tendency of protein S-deficient patients is the

observation that protein S can also express anticoagulant activity,

independent of APC. Protein S inhibits prothrombinase and

tenase activity, independent of APC, both in plasma and in

purified systems using phospholipid vesicles, human endothelial

cells or human platelets [10–14].

Unlike other vitamin-K dependent coagulation factors, protein

S contains a C-terminal sex hormone binding globulin (SHBG)-

like domain that represents about half of the molecule. The

SHBG domain has been shown to contain the binding site for the

complement regulatory C4b-binding protein (C4BP) [15–18],
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assay, and the cofactor activity of mini-protein S was not

inhibited by preincubation with C4BP. In a plasma coagulation

assay, the cofactor activity of mini-protein S was lower than

wild-type or plasma-derived preparations. In contrast, no dif-

ference in APC cofactor activities was observed when the

preparations were tested in purified systems that monitor the

APC-mediated degradation of factors Va or VIIIa. In conclusion,

we constructed a protein S molecule that fails to bind C4BP and

still displays cofactor activity for APC. This confirms the role of

the C-terminal SHBG region in C4BP binding and demonstrates

that N-terminal residues 1–242 are sufficient for the expression of

APC cofactor activity in a system using purified components. In

plasma, however, the C-terminal SHBG region plays a role in the

expression of optimal APC cofactor activity.

and upon binding of C4BP to protein S the cofactor activity of

protein S for APC is lost [19,20]. Also it has been suggested that

the factor V binding site of protein S is located on or in the

vicinity of the SHBG region [10] and that this interaction may be

important for the APC-independent inhibition of prothrom-

binase activity by protein S [10,12].

To study the role of the SHBG domain in the binding of

protein S to C4BP and in the anticoagulant properties of protein

S, we have expressed a protein S molecule in eukaryotic cells that

consists of the N-terminal residues 1–242 and lacks the C-

terminal SHBG domain (designated mini-protein S).

MATERIALS AND METHODS

Materials

Purified recombinant factor VIII was a gift from Dr. D. Pittman

(Genetics Institute, Cambridge, MA, U.S.A.). Purified human α-

thrombin, protein C, protein C activator purified from Agkis-

trodon contortrix contortrix (ACC) and anti-ACC polyclonal

antibody were provided by Dr. W. Kisiel (Department of Path-

ology, University of New Mexico, Albuquerque, NM, U.S.A.).

Recombinant desulphato-hirudin was a gift from Dr. R. B.

Wallis (Ciba-Geigy Pharmaceuticals, Hornsham, U.K.). Mono-

clonal antibodies CLB-PS25, CLB-PS13 and CLB-PS18 were

gifts from Dr. J. A. van Mourik (Central Laboratory of the
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Netherlands Red Cross Blood Transfusion Services,

Amsterdam, The Netherlands). CNBr-activated Sepharose, Fast

Flow Q-Sepharose and PD-10 Sephadex G-25 columns were

obtained from Pharmacia (Uppsala, Sweden). Pefabloc4 and

cephalin-kaolin activated partial thromboplastin time [(APTT)-

reagent] were obtained from Boehringer Mannheim (Mannheim,

Germany). BSA, phosphatidylserine, phosphatidylcholine and

phosphatidylethanolamine were purchased from Sigma (St.

Louis, MO, U.S.A.). Factor VIII Coatest and chromogenic

substrates S2366 and S2238 were obtained from Chromogenix

(Mo$ lndal, Sweden). Peptide N-glycosidase (PNGase) F was

obtained from New England Biolabs (Beverly, MA, U.S.A.).

Polyclonal peroxidase-conjugated antibodies against protein S

were from Dako (Glostrup, Denmark).

Protein S constructs

Construction of wild-type protein S was performed by

BamHI–BglII digestion of the vector pSVPS [21] carrying the

protein S cDNA sequence. The isolated fragment was cloned

into the BamHI site of the expression vector pZEM229R and

designated pZEM229R-PS. The PZEM229R vectorwas provided

by Dr. E. R. Mulvihill (Zymogenetics Inc, Seattle, WA, U.S.A.).

Construction of mini-protein S was achieved by the substitution

of Val#%$ of the mature protein with a stop codon by performing

site-directed mutagenesis according to Kunkel [22] using the

oligonucleotide primer: 5«-CAG AAG AGT TGT GAG TAA

GTT TCA GTG TGC CTT-3«. Underlined nucleotides were

altered. The sequence of the mutated protein S cDNA was

confirmed by dideoxy sequencing. After CelII–SpeI digestion the

fragment with the stop codon was ligated into CelII–SpeI-

digested pZEM229R-PS.

Cell culture, transfection and purification of recombinant protein S

Transfection and expression in baby hamster kidney (BHK) cells

was performed as described [23]. Expression of γ-carboxylated

protein S was initiated by growing the cells for 3 days in

conditioned medium (Optimem, Gibco BRL, Paisley, U.K.)

supplemented with 10 µg}ml vitamin K1 (Konakion Roche,

Mijdrecht, The Netherlands). Wild-type and mini-protein S were

purified from the culture medium according to the method of

Grinnell et al. [24]. Briefly, conditioned medium was collected

and benzamidin}HCl (20 mM), Pefabloc4 (0±2 mm), and EDTA

(5 mM) were added. After adsorption to an anion-exchange

column (Fast Flow Q-Sepharose) protein S was eluted with Tris-

buffered saline (TBS: 50 mM Tris}HCl pH 7±4}150 mM NaCl)

containing 5 mM CaCl
#
. To concentrate the protein S pool,

EDTA (final concentration 10 mM) was added to the eluate,

which was subsequently applied to a second Fast Flow Q-Sepha-

rose column. Protein S was eluted with 50 mM Tris}HCl,

pH 7±4}500 mM NaCl. Thrombin-cleavage of 500 µg wild-type

or mini-protein S was performed with 1 unit}ml α-thrombin

in 50 mM Tris}HCl, pH 7±4}500 mM NaCl}5 mM EDTA at

37 °C. After 2 h, 50 units of hirudin were added to inactivate

thrombin and the mixture was applied to a Fast Flow Q-Sepha-

rose column. Recombinant thrombin-cleaved protein S was

purified as described above. Protein S concentrations were

determined using a bicinchoninic acid (BCA) protein assay

(Pierce, Rockford, IL, U.S.A.) according to the manufacturer’s

instructions with BSA as a standard.

Determination of γ-carboxyglutamic acid (Gla) content

Gla analysis was performed by Dr. C. Vermeer (Department

of Biochemistry, University of Limburg, Maastricht, The

Netherlands) according to the method of Kuwada and Katayama

[25].

Purification of proteins

Human protein S was purified from prothrombin-complex con-

centrates as described [26]. C4BP was immunopurified from

human plasma according to the method of Hessing et al. [27].

Human protein C was activated with ACC (100:1) at 37 °C as

described [28]. The generation of APC activity was monitored by

the measurement of the rate of hydrolysis of the chromogenic

substrate S2366. Activation was terminated by the addition of a

polyclonal antibody (purified IgG) against ACC. Antibody–ACC

complexes were removed by passing the mixture over protein-G-

Sepharose and APC was analysed on SDS}PAGE. Human

factor X was purified from plasma as described by Hackeng et al.

[26] and activated with immobilized Russell’s viper venom

according to the method of Bock et al. [29]. Prothrombin was

purified from human prothrombin-complex concentrates as

previously described [4]. Factor V was purified from human

plasma as described [30] and activated according to the method

of Hackeng et al. [26]. All proteins appeared homogeneous on

SDS}PAGE and protein concentrations were based on A
#)!

readings using the following absorption coefficients (A"
%

"cm
) :

protein S, 9±5 [31]. C4BP, 14±1 [32] ; protein C, 14±5 [33] ; factor X,

11±6 [34] ; prothrombin, 14±2 [35] ; and factor V, 9±6 [36].

Recognition of protein S by monoclonal antibodies

Recombinant or plasma-derived protein S was coated on to

the wells of microtitre plates in TBS overnight at 4 °C. Plates

were washed with TBS}0±1% (v}v) Tween-20, blocked

with TBS}0±1% Tween-20}3% (w}v) BSA and incubated with

protein-G-purified monoclonal antibodies (0–80 nM) for 2 h

at room temperature. Plates were washed four times with

TBS}0±1% Tween-20 and bound IgG was detected with peroxi-

dase-conjugated rabbit anti-mouse antibodies. Half maximal

binding values were calculated by Scatchard analysis of the data

with Enzfitter software (Leatherbarrow, R. J., 1987, Enzfitter,

Elsevier, Biosoft, Amsterdam, The Netherlands).

C4BP-protein S binding assay

The binding of protein S to immobilized C4BP was performed as

previously described [37]. Microtitre plates were coated with

monoclonal antibody RU-8C11, which recognizes an epitope in

the α-chain of C4BP (1 µg}ml in 50 mM sodium bicarbonate,

pH 9±6). Plates were washed with TBS}3 mM CaCl
#
}0±1%

Tween-20 and blocked with the same buffer containing 3% BSA.

All further dilutions were performed in this buffer, also with 3%

BSA. C4BP (1 µg}ml) was incubated for 1 h at 37 °C and, after

washing, increasing concentrations of protein S were incubated

for 2 h at 37 °C. Plates were washed and bound protein S was

detected with a mixture of biotinylated monoclonal antibodies

CLB-PS25 (1 µg}ml) and CLB-PS18 (1 µg}ml). The non-specific

binding of protein S was determined in the absence of C4BP.

Half maximal binding (B
"
#
max

) values were calculated as

described above.

Preparation of phospholipid vesicles

Phospholipid vesicles containing 20% phosphatidylserine, 40%

phosphatidylcholine and 40% phosphatidylethanolamine were

prepared as described by Brunner et al. [38], with some

modifications. After evaporation of chloroform, phospholipids

were dissolved in 10 mM Tris, pH 7±2}100 mM NaCl}0±2 mM

EDTA}0±02% (w}v) NaN
$
}48 mM sodium deoxycholate. Ves-
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Table 1 Recognition of mini, wild-type and plasma-derived protein S by
monoclonal antibodies

Mini, wild-type and plasma-derived protein S were immobilized on microtitre plates and

incubated with increasing concentrations of monoclonal antibody. Bound IgG was detected with

peroxidase-conjugated rabbit anti-mouse IgG. B 1
2 max values were determined with Scatchard

analysis. The means³S.D. of three independent experiments performed in duplicate are shown.

Protein S preparation [B 1
2 max (nmol/l)]

Monoclonal

antibody Epitope Calcium-dependent Mini Wild/type Plasma

CLB-PS 25 Gla ® 0±34³0±05 0±24³0±04 0±28³0±02
CLB-PS 13 Gla  0±29³0±12 0±15³0±03 0±19³0±09
RU-PS 1G7 TSR  5±7³2±5 3±9³1±2 2±3³0±8
CLB-PS 18 EGF ® 0±24³0±11 0±57³0±24 0±53³0±07
RU-PS 3D9 EGF  0±47³0±26 0±36³0±13 0±37³0±06
S20 SHBG ® No binding 7±6* 5±6*

* n ¯ 1.

icles were obtained by applying this mixture to a PD-10 Sephadex

G-25 column. The phospholipid content of the fractions was

determined by phosphate analysis [39].

Protein S cofactor activity in plasma

Protein S cofactor activity was determined with an APTT assay

using a KC-10 coagulometer (Amelung, Lemgo, Germany) as

described [21]. For this assay, plasma deficient in protein S and

C4BP was prepared by immunoadsorption as described pre-

viously [10].

Effect of protein S on APC-catalysed inactivation of factor Va

Factor Va (3 nM) was incubated with 0±1 nM APC, 25 nM

protein S and saturating amounts of phospholipid vesicles in

TBS}3 mM CaCl
#
}0±3% (w}v) BSA at 37 °C. At different time

intervals, 2 µl aliquots were taken and factor Va activity was

determined from the rate of prothrombin activation in 120 µl

mixtures containing 15 nM factor Xa, 0±5 µM prothrombin and

25 µM phospholipid vesicles. After 3 min the reaction was

stopped by the addition of 3 µl of 0±5 M EDTA. Under these

conditions the rate of prothrombin activation was constant in

time and linearly dependent on the amount of factor Va.

Thrombin activity was determined from the rate of hydrolysis of

S2238, using purified thrombin as a standard.

Effect of protein S on APC-catalysed inactivation of factor VIIIa

Human factor VIII (19 nM) was activated by α-thrombin

(0±24 units}ml) at room temperature in TBS}3 mM CaCl
#
}0±3%

BSA. Maximal activation of factor VIII was achieved after

2 min, as measured by a one-stage clotting assay using factor

VIII-deficient plasma. Hirudin (70 units) was added to stop the

activation. After 5 min, 0±04 nM factor VIIIa was incubated with

2 nM APC, 70 nM protein S and saturating amounts of phos-

pholipid vesicles in TBS}3 mM CaCl
#
}0±3% BSA at 37 °C. At

different time intervals 20 µl aliquots were taken and factor VIIIa

activity was immediately determined from the rate of factors

VIIIa–IXa catalysed factor X activation in 100 µl mixtures using

the factor VIII Coatest (Chromogenix). The rate of factor X

activation was proportional to the amount of factor VIIIa.

Owing to the instability of factor VIIIa, activation of factor VIII

was performed before each experiment.

Binding of protein S to phospholipids

Phospholipid vesicles were coated overnight onto the wells of

microtitre plates in 50 mM sodium bicarbonate, pH 9±6, at 4 °C.

Plates were washed with TBS}3 mM CaCl
#
}0±3% BSA and

blocked for 1 h with the same buffer containing 3% BSA

(binding buffer). Increasing concentrations of protein S were

incubated in binding buffer (100 µl}well) for 3 h at room tem-

perature. Plates were washed three times with binding buffer and

bound protein S was detected with biotinylated CLB-PS18, a

monoclonal antibody that recognizes an epitope in the epidermal

growth factor (EGF)-like region of protein S (Table 1). Non-

specific binding was determined in wells where phospholipids

were absent and ranged between 0 and 25% of the total binding.

RESULTS

Expression and purification of recombinant wild-type and mini-
protein S

BHK cells were transfected with expression plasmids containing

either wild-type or mini-protein S. Protein S antigen was detected

in the culture medium of clones transfected with each construct

and the antigen level was approximately 1–3 µg}ml after 72 h of

culture. Recombinant protein S was purified according to the

method of Grinnell et al. [24]. This purification includes a

calcium-dependent ‘pseudo affinity’ elution from an anion-

exchange column which separates incompletely γ-carboxylated

protein S from fully γ-carboxylated forms. The elution profiles

for both recombinant protein S preparations were similar ; all

recombinant protein S could be eluted with TBS containing

5 mM CaCl
#
. No detectable amount of protein S was present in

the subsequent high-salt wash. In agreement with this obser-

vation, the amount of γ-carboxylated glutamic acid residues in

wild-type and mini-protein S was found to be similar (7³1 and

6³2 Gla}mol respectively).

The purified proteins were analysed by SDS}PAGE under

reducing conditions and showed apparent molecular masses of

90 and 30 kDa for wild-type and mini-protein S respectively

(Figure 1A, lanes 3 and 5). Both recombinant proteins were

obtained with a purity of 90–100% and contained a similar

fraction of cleaved protein S (approximately 10%) as analysed

by gel scanning and densitometry. Recombinant wild-type pro-

Figure 1 SDS/PAGE and immunoblot of purified protein S preparations

Recombinant mini-protein S, wild-type protein S and plasma-derived protein S (2 µg each) were

analysed on a 12±5% SDS/PAGE gel under reducing conditions. Proteins were revealed by

Coomassie Brilliant Blue staining (A, lanes 1–5) or immunoblotting (B, lanes 6 and 7) using

monoclonal antibody CLB-PS18. Lane 1, plasma-derived protein S ; lane 2, plasma-derived

protein S treated with PNGase F ; lane 3, wild-type protein S ; lane 4, wild-type protein S treated

with PNGase F ; lane 5, mini-protein S ; lane 6, mini-protein S ; lane 7, thrombin-cleaved mini-

protein S. Molecular mass markers (in kDa) are shown on the left. The low-molecular mass

bands in lanes 2 and 4 represents PNGase F.
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Figure 2 Binding of protein S to C4BP

Mini-protein S (+), wild-type protein S (_) and plasma-derived protein S (E) were incubated

with immobilized C4BP. Bound protein S was measured with biotinylated monoclonal antibodies

CLB-PS18 and CLB-PS25. B 1
2 max values were calculated by Scatchard analysis. Each point

represents the mean of triplicate determinations.

tein S has a slightly higher molecular mass than plasma-derived

protein S, but both proteins comigrate after treatment with

PNGase F, indicating that the differences in migration patterns

were due to a difference in N-linked glycosylation (Figure 1A,

lanes 2 and 4). This has also been described for protein S

expressed in other eukaryotic systems [21,24,40]. PNGase F

treatment of mini-protein S did not change the migration pattern

of the protein (results not shown). This observation confirmed

the localization of N-linked glycosylation sites in the SHBG

region of the protein S molecule [41]. Upon thrombin cleavage,

the 30 kDa band of mini-protein S was converted into a 20 kDa

fragment (Figure 1B, lane 7), which represents the EGF-like

modules, and a 10 kDa fragment (not visible in Figure 1)

containing the γ-carboxyglutamic acid-rich (Gla) domain, aro-

matic stack region and thrombin-sensitive region (TSR).

Recognition of plasma-derived, wild-type and mini-protein S by
monoclonal antibodies

The reactivity of mini-protein S, wild-type protein S and plasma-

derived protein S with monoclonal antibodies directed against

different epitopes in protein S was studied in a solid-phase

binding assay. Immobilized protein S was incubated with in-

creasing concentrations of monoclonal antibody. The concen-

trations at which B
"
#
max

occurred were determined by Scatchard

analysis and were similar for mini-protein S, wild-type and

plasma-derived protein S when antibodies were used that were

directed against epitopes in the Gla-domain, TSR and the EGF-

like modules (Table 1). This indicates that deletion of the SHBG

region did not affect the conformation of epitopes of protein S

that are recognized by these antibodies. As expected, a mono-

clonal antibody directed against an epitope in the SHBG region

(S20) did not recognize mini-protein S (Table 1).

Binding of protein S to C4BP

To study the interaction of plasma-derived protein S, wild-type

protein S and mini-protein S with C4BP, binding assays were per-

formed using immobilized C4BP. The amount of bound protein S

was detected with monoclonal antibodiesCLBPS-18 and CLBPS-

25, which both recognize the protein S forms (see Table 1). The

protein S concentrations at which B
"
#
max

occurred were calculated

by Scatchard analysis. As shown in Figure 2, wild-type protein S

and plasma-derived protein S have similar affinities for C4BP

Figure 3 APC-cofactor activity of protein S

Prolongation of the clotting time was measured in an APTT coagulation assay using a KC-10

coagulometer (Amelung). Mini-protein S (+), wild-type protein S (_) and plasma-derived

protein S (E) were preincubated with protein S-C4BP-depleted plasma, APTT reagent and APC

(final concentration 11 nM). Clotting was initiated by the addition of CaCl2 and the clotting time

was measured. Protein S concentrations denote final concentrations in the clotting assay. The

means of at least four independent experiments³S.D. are shown. The dotted line represents

the clotting time obtained with APC alone or with APC and thrombin-cleaved protein S

preparations.

(B
"
#
max

¯ 0±30 nM and 0±18 nM respectively), whereas binding of

mini-protein S to C4BP was not detectable.

APC cofactor activity in a plasma system

To study the effect of the deletion of the SHBG-region on the

APC cofactor activity of protein S, plasma-derived protein S,

wild-type protein S and mini-protein S were compared in an

APTT coagulation assay (Figure 3). In this assay, protein S

prolongs the clotting time of protein S- and C4BP-depleted

plasma in a dose-dependent manner only in the presence of APC.

As shown in Figure 3, wild-type protein S displayed the same

APC cofactor activity as plasma-derived protein S. This indicates

that the difference in carbohydrate side-chains between wild-type

and plasma-derived protein S did not affect the biological activity

of recombinant protein S in �itro. Mini-protein S was active as a

cofactor for APC, but the concentration of mini-protein S that

was needed to obtain the same prolongation of the clotting time

was found to be 8-fold higher. Similar results were obtained

when additional phospholipid vesicles (20% phosphatidylserine,

40% phosphatidylcholine, 40% phosphatidylethanolamine,

0–45 µM) were added together with cephalin to increase the

amount of negatively charged phospholipids in the coagulation

assay (results not shown). In a more defined assay, the factor Xa

one-stage clotting test, the APC cofactor activity of mini-protein

S was also decreased to the same extent when compared to wild-

type protein S (results not shown). To show that the observed

prolongation of the clotting time was specific for protein S, the

protein S preparations were digested with thrombin. Cleavage of

protein S resulted in a loss of cofactor activity, and no protein S-

dependent prolongation of the clotting time was observed in the

absence of APC in both clotting assays.

Effect of C4BP on protein S cofactor activity

The effect of C4BP on the cofactor activity of protein S was

assessed with the APTT (Figure 4). Preincubation of wild-type

protein S with C4BP for 1 h at room temperature resulted in a

dose-dependent inhibition of protein S cofactor activity as

measured in the APC-induced prolongation of the APTT. Protein
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Figure 4 Inhibition of APC-cofactor activity of protein S by C4BP

Mini-protein S (+) and wild-type protein S (_) were incubated with C4BP for 1 h at

37 °C and added to protein S-C4BP-depleted plasma to measure the protein S-dependent

prolongation of the clotting time as described in Figure 3. The results are expressed as

percentage of the clotting time obtained in the absence of C4BP and are the means³S.D.

of at least four measurements.

Figure 5 Effect of protein S on APC-catalysed inactivation of factor Va

Factor Va (3 nM) was incubated with 0±1 nM APC and phospholipid vesicles at 37 °C in the

absence or presence of 25 nM protein S. At the indicated time-intervals (A) or after 2 min of

incubation (B), factor Va activity was determined as described in the Materials and methods

section. (A) No protein S (U), wild-type protein S (_), mini-protein S (+). Results are

expressed as a percentage of factor Va activity without the addition of APC and protein S. (B)

Wild-type protein S (_), mini-protein S (+), thrombin-cleaved mini-protein S (*). Results

are expressed as a percentage of activity of factor Va incubated with APC. The means³S.D. of

at least three independent experiments are shown.

S cofactor activity was almost completely blocked at equimolar

concentrations of protein S and C4BP, suggesting the formation

of a 1:1 complex between C4BP and protein S. The APC

Figure 6 Effect of protein S on APC-catalysed inactivation of factor VIIIa

Factor VIIIa (0±04 nM) was incubated with 2 nM APC and phospholipid vesicles at 37 °C in

the absence or presence of 70 nM protein S. At the indicated time-intervals (A) or after 2 min

(B), factor VIIIa activity was determined as described in the Materials and methods section. (A)
No protein S (U), wild-type protein S (_), mini-protein S (+). Results are expressed as a

percentage of factor VIIIa activity without the addition of APC and protein S. Throughout the

incubation period at 37 °C, no significant spontaneous loss of factor VIIIa activity was observed.

(B) Wild-type protein S (_), mini-protein S (+). Results are expressed as a percentage of

factor VIIIa activity in the presence of APC. The means³S.D. of at least three independent

experiments are shown.

cofactor activity of mini-protein S was not affected, even by

preincubation with a 3-fold molar excess of C4BP.

Effect of protein S on APC-catalysed inactivation of factor Va

Recently, it has been reported that protein S accelerates factor

Va inactivation by APC by selectively promoting the cleavage of

the factor Va heavy-chain at Arg$!' [7].

Time courses of APC-catalysed inactivation of factor Va in the

absence and the presence of protein S are shown in Figure 5(A).

When 3 nM factor Va was inactivated with 0±1 nM APC and

25 nM wild-type or mini-protein S, factor Va inactivation was

accelerated to the same extent by both recombinant protein S

preparations. The enhancement of APC-catalysed factor Va

inactivation was also studied as a function of the protein S

concentration (Figure 5B). Mini-protein S and wild-type protein

S showed similar dose–response curves when residual factor Va

activity was measured after 2 min. The APC cofactor activity of

mini-protein S was lost when mini-protein S was digested by

thrombin.

Effect of protein S on APC-catalysed inactivation factor VIIIa

To study the effect of mini- and wild-type protein S on the APC-
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Figure 7 Binding of protein S to phospholipids

Wild-type protein S (A) and mini-protein S (B) were incubated on immobilized phospholipids

for 2 h, after which phospholipid-bound protein S was detected with biotinylated monoclonal

antibody CLB-PS18.

catalysed inactivation of factor VIIIa, factor VIIIa (0±04 nM)

was incubated with 2 nM APC and 70 nM wild-type or mini-

protein S. Time courses of factor VIIIa inactivation are shown in

Figure 6(A). Both wild-type and mini-protein S accelerated

factor VIIIa inactivation to the same extent. The APC-catalysed

factor VIIIa inactivation as a function of protein S concentration

resulted in identical dose–response curves for mini-protein S

and wild-type protein S, when residual factor VIIIa activity was

measured after 2 min (Figure 6B).

Taken together, these experiments show no effect of a deletion

of the SHBG-region on protein S cofactor activity in systems

using purified components.

Binding of protein S to phospholipids

Since the interaction of protein S with the phospholipid surface

is necessary for the activity of protein S, we measured the binding

of mini- and wild-type protein S to immobilized phospholipids.

The binding of wild-type protein S was saturable and resulted in
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of approximately 65 nM (Figure 7A). In contrast, the

binding of mini-protein S to phospholipids was not saturable up

to 1±5 µM (Figure 7B), indicating a lower affinity of the truncated

protein S for phospholipids. Binding of both protein S pre-

parations to phospholipids was completely inhibited by the

addition of EDTA (results not shown).

Since the affinity of mini-protein S for phospholipids was

decreased, the discrepancy between the APC cofactor activity of

mini-protein S measured in plasma and in purified systems might

be the result of either limiting amounts of phospholipids in the

APTT-based assay or saturating amounts of phospholipids in

the experiments with purified components. However, when the

concentration of phospholipids in both assays was varied, no

effect on the cofactor activity of mini-protein S was observed

(results not shown).

DISCUSSION

Protein S is unique among vitamin-K dependent proteins because

it contains a C-terminal region that is homologous to steroid-

binding proteins [42]. This SHBG-like domain mediates binding

to C4BP [15–18]. To study the contribution of the C-terminal

SHBG domain to the binding of protein S to C4BP and to the

anticoagulant function of protein S, we have expressed a re-

combinant protein S molecule that lacks this domain (mini-

protein S). The protein was expressed in BHK cells and its

purification included a calcium-dependent elution from an anion-

exchange column [24], yielding a 90–100% pure protein with an

apparent molecular mass of 30 kDa (Figure 1).

Solid-phase binding studies showed that the binding of wild-

type protein S and plasma-derived protein S to C4BP was not

significantly different. In contrast, binding of mini-protein S to

C4BP could not be detected, even at very high mini-protein S

concentrations. Also APC-cofactor activity of mini-protein S in

plasma was not inhibited by preincubation with C4BP (Figures

2 and 4). This confirms that the binding site for C4BP is located

in the SHBG-like domain of protein S.

The APC cofactor activity of mini-protein S was studied in a

system with purified components. Mini-protein S accelerated

APC-catalysed inactivation of factor Va and factor VIIIa equally

as efficiently as wild-type protein S (Figures 5 and 6). This

indicates that N-terminal residues 1–242 are sufficient for APC

cofactor activity. The APC cofactor activity of mini-protein S

and wild-type protein S was also studied in plasma. In the plasma

system, using an APTT-based assay, mini-protein S expressed

significant APC cofactor activity that was completely lost after

treatment with thrombin. However, the APC cofactor activity of

mini-protein S was 8-fold lower than that of wild-type and

plasma-derived plasma-derived protein S (Figure 3). Because all

protein S preparations contained similar amounts of thrombin-

cleaved material, the relatively low APC cofactor activity of

mini-protein S is not related to the presence of more thrombin-

cleaved mini-protein S. The possibility that the reduced cofactor

activity of mini-protein S was due to degradation of the protein

during the APTT measurement was excluded by blotting experi-

ments (results not shown). In APTT-based assays, the effect of

APC and protein S on the clotting time is complex and not well

understood. Therefore we also used a factor Xa clotting time-

based assay. In the presence of a fixed amount of APC and

increasing concentrations of protein S, this clotting assay spe-

cifically measures the effect of protein S on the inactivation of

factor Va. In this assay, the APC cofactor activity of mini-

protein S was similarly reduced when compared with wild-type

protein S (results not shown). Studies performed with protein

S–factor IX chimeras, in which the SHBG-like domain was

replaced by the factor IX protease module [43], also showed a

decreased APC cofactor activity in a clotting assay. This implies

a functional role for the SHBG-like domain in the expression of

APC cofactor activity of protein S in plasma.

Because the interaction of protein S with a phospholipid

surface is important for the expression of APC cofactor activity,

we also studied the (calcium-dependent) binding of mini-protein

S to immobilized phospholipids. Mini-protein S showed a

reduced affinity for binding to phospholipids when compared

with wild-type protein S (Figure 7). This suggests that the SHBG

domain contributes to the optimal exposure of the phospholipid-
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binding properties of the protein S molecule. Deletion of this

domain may affect the stability of the conformation of the N-

terminal epitopes involved in phospholipid binding, although the

epitopes in the Gla-domain that are recognized by two anti-

protein S monoclonal antibodies are conserved (Table 1). This

suggests that the discrepancy between the APC cofactor activity

of mini-protein S measured in plasma and in purified systems

might be the result of the presence of other phospholipid-binding

components in plasma that compete with mini-protein S for the

phospholipid surface. The observation that higher concentrations

of phospholipids do not affect the APC cofactor activity of mini-

protein S in the APTT-based assay, and observations from a

previous study [44] that the affinity for a membrane surface does

not always correlate with the APC cofactor activity of protein S

in this clotting test, indicates that the expression of a lower APC

cofactor activity of mini-protein S in the coagulation assay is not

necessarily the result of a lower affinity for phospholipids. In the

system with purified components, the binding of protein S to

phospholipids is not the rate-limiting step in the expression of

APC cofactor activity, since the low affinity of mini-protein S

does not have any effect on the cofactor activity. The presence of

the other factors (APC, factor VIIIa, factor Va) probably

augments protein S binding to the membrane surface. The

cofactor activity of protein S in our system with purified

components therefore is dependent on the interaction with APC

or with the substrates factor Va and VIIIa. This is in agreement

with the observations by Bakker et al. [3], who showed that

protein S stimulates APC-catalysed factor Va inactivation,

independent of the phospholipid concentration and composition.

Also, the stimulation of the binding of APC to membranes by

protein S is of minor importance in the human system [45]. The

observation that mini-protein S expresses normal cofactor ac-

tivity in the factor Va and factor VIIIa inactivation experiments

demonstrates that the SHBG-like region does not play a role in

the interaction between protein S and APC. This is in agreement

with the data that the interaction between APC and protein S is

mediated through the EGF modules of protein S [46–48].

These results suggest that additional components determine

the expression of APC cofactor activity of protein S in plasma.

The low cofactor activity of mini-protein S, as observed in the

factor Xa one-stage assay and the APTT-based assay, demon-

strates that the APC cofactor activity of mini-protein S in the

inactivation of both factors Va and VIIIa in plasma is disturbed.

In plasma, protein S abolishes the ability of factors Xa and IXa

to protect factors Va and VIIIa from inactivation by APC

[6,49,50]. Since the effect of protein S on the inactivation of

factor Va and factor VIIIa by APC in the purified system is

studied in the absence of these two factors, we cannot exclude

that the lower cofactor activity of mini-protein S in plasma is the

result of a disturbed elimination of the protective effect of factors

Xa and IXa. Another explanation is the observation that protein

S and factor V are synergistic cofactors for the inactivation of

factor VIIIa by APC [8,9,51]. The absence of the binding site for

factor V on mini-protein S may abolish this synergistic effect,

resulting in a decreased APC cofactor activity for factor VIIIa.

Preliminary data support this hypothesis, because we found the

synergistic effect of factor V on mini-protein S in the APC-

catalysed factor VIII inactivation to be significantly decreased

(K. Va! radi, M. van Wijnen, H. P. Schwarz and B. N. Bouma,

unpublished work).

In conclusion, we have expressed a truncated protein S

molecule that lacks the SHBG-like domain and still has cofactor

activity for APC. The recombinant protein S variant fails to bind

C4BP, which confirms that the binding site for C4BP is located

in the SHBG-like domain of protein S. The expression of APC

cofactor activity in systems using purified components demon-

strates that N-terminal residues 1–242 are sufficient for APC

cofactor activity. Interestingly, the C-terminal SHBG region of

the protein S molecule seems to be required for the expression of

optimal APC cofactor activity in plasma. This phenomenon is

presently under investigation.
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