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To test the hypothesis that factorXa (fXa) interactswith protein
S, fXawas labeled active-site specifically with a dansyl (D) dye via a
Glu-Gly-Arg (EGR) tether toyieldDEGR-fXai.WhenproteinSwas
added to phosphatidylcholine/phosphatidylserine (PC/PS, 4:1)
vesicle-boundDEGR-fXai, the anisotropy of the dansylmoietywas
altered from0.219� 0.002 to 0.245� 0.003. This change in dansyl
anisotropy was not observed when DEGR-Xai was titrated with
protein S in the absence of PC/PS vesicles, or in the presence of
100% PC vesicles, or when PC/PS vesicle-bound DEGR-fXai was
titrated with thrombin-cleaved protein S. The protein S-depend-
ent dansyl fluorescence change was specific for fXa because it was
not observed for two homologous and similarly labeled DEGR-
fIXai and DEGR-fVIIai. Furthermore, protein S specifically and
saturably altered the fluorescence anisotropy of PC/PS-bound
active site-labeled LWB-FPR-fXai (Kd � 33 nM) and was pho-
tocross-linked to PC/PS-bound LWB-FPR-fXai analog, independ-
ently confirming the above results. Chemically synthesizedmicro-
protein S, comprising residues 1–116 of protein S and including
the �-carboxyglutamic-rich domain, the thrombin-sensitive
region (TSR), and the first epidermal growth factor-like domain
(EGF1)ofproteinS,alteredtheanisotropyofPC/PS-boundDEGR-
fXai from 0.219 to 0.242, similar to the effect of the protein S titra-
tion (Kd�303nM), suggesting thatmicroproteinSbinds toDEGR-
fXai. To identify individual protein S domain(s) that binds
DEGR-fXai, the EGF1 and TSR domains were chemically syn-
thesized and studied. The TSR altered the anisotropy of DEGR-
fXai by�16% (Kd � 3.9 �M), but the EGF1 domain had no effect
on the signal. In controls, the TSR domain did not alter the
anisotropy of DEGR-fIXai andDEGR-fVIIai, respectively. These
data demonstrate thatmembrane-bound fXa binding to protein
S involves the TSR of protein S.

Protein S is known as a non-enzymatic cofactor of activated
protein C in the inactivation of factors Va (fVa)2 and VIIIa, as

part of a negative feedback loop to regulate coagulation (1).
Plasma coagulation assays in the absence of activated protein C
suggest that protein S may have other anticoagulant role(s) in
the absence of activated protein C (2, 3). Consistent with this
notion, other anticoagulant functions have been ascribed to
protein S that are independent of activated protein C and that
we will term here as “protein S direct.” For example, it has been
proposed that protein S can inhibit the generation of thrombin
by the prothrombinase (fXa�fVa�phospholipid) complex (4) by
forming a complex with fXa and fVa. Recently, it has been sug-
gested that protein S down-regulates thrombin generation by
stimulating fXa inhibition by the tissue factor pathway inhibitor
(5, 6). The molecular interactions responsible for these effects
are as yet not understood.
Protein S is a multi-modular vitamin K-dependent plasma

protein of 635 amino acids (1). The N-terminal end of the
mature protein is rich in �-carboxyglutamic acid (Gla) resi-
dues and is termed the Gla domain. The Gla module medi-
ates the interaction of protein S with negatively charged
phospholipids in the presence of calcium ions. The Gla
domain is followed by four epidermal growth factor-like
(EGF) repeats and a C-terminal structure that resembles the
sex hormone binding globulin. Between the Gla domain and
the first EGF (EGF1) repeat is a loop that is sensitive to
proteolysis and is commonly referred to as the TSR. Throm-
bin cleaves at two sites in this loop, at Arg49 and Arg70,
releasing a 21-amino acid peptide. This leaves the Gla
domain of protein S attached to the rest of the protein
through a disulfide linkage. Thrombin cleavage of protein S
results in loss of activated protein C cofactor activity of pro-
tein S. Additionally, fXa also cleaves at the TSR of protein S
at Arg60, a site distinct from the cleavages by thrombin (7).
This fXa-cleaved protein S no longer possesses activated
protein C-dependent or direct anticoagulant activities. FXa-
cleavage of protein S requires the presence of phospholipids
and Ca2� ions.

Because the proposed mechanisms of protein S directly
involve fXa, we tested the hypothesis that specific domains in
protein S interact with fXa using fluorescence spectroscopy.
Furthermore, the formation of a fXa�protein S complex on a
PC/PS vesicle surface was also demonstrated by photocross-
linking technique. To determine which domain(s) of protein S
interact with fXa, various domains of protein S were synthe-
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sized using solid-phase peptide synthesis strategies. These
domains were tested for binding to fluorescent fXa. The results
of our investigations are presented.

EXPERIMENTAL PROCEDURES

Proteins and Reagents—Protein Swas obtained fromEnzyme
Research Laboratory (South Bend, IN) for some assays. For
some assays, protein S was purified from human plasma
according to published protocols (4). Protein S preparations
ranged from50–90% activated proteinC cofactor activity com-
pared with normal pooled plasma in a Staclot protein S calibra-
tor. Thrombin cleaved protein Swas prepared as described pre-
viously (8). fXa was activated from fX using Russells viper
venom-X. For some assays fXa was obtained fromHematologic
Technologies (Essex Junction, VT). 5-dimethylaminonaphtha-
lene-1-sulfonyl-glutamyl-glycyl-arginyl chloromethylketone
was purchased from Calbiochem. N�-fluorescein-p-benzoyl-
phenylalanyllysyl(N� bromoacetyl) amide (LWB) was synthe-
sized as described previously (9). fXa was active site-specifically
labeled with LWB via a Phe-Pro-Arg tether and purified as
described (9). Dioleoylphosphatidylcholine and dioleoylphos-
phatidylserinewere obtained fromAvanti Polar Lipids (Alabas-
ter, AL). 1, 2-Di[1-14C]oleoyl-L-3-phosphatidylcholine was
purchased from Amersham Biosciences. Chromogenic sub-
strate N-benzoylisoleucylglutamylglycylarginyl-p-nitroaniline
(S2222) was obtained from Chromogenix (Milano, Italy).
5-Dimethylaminonaphthalene-1-sulfonyl-(1,5, dansyl-) Glu-

Gly-Arg factor Xa (DEGR-fXai) and 1,5, dansyl-Glu-Gly-Arg
factor IXa (DEGR-fIXai) were obtained from Hematologic
Technologies Inc. For some experiments, DEGR-fXai was pre-
pared as described previously (10). DEGR-fVIIai was obtained
as a gift from Dr. Wolfram Ruf, Department of Immunology,
The Scripps Research Institute, La Jolla, CA. Protein concen-
trations were determined using the molecular masses and �1 cm

1%

at 280 nm of 45,000 and 14.5 for fXa, respectively. Protein S
concentrations were determined by a enzyme-linked immu-
nosorbent assay kit for protein S, Asserachrom protein S, from
Diagnostica Stago (Asnieres, France) and using a molecular
mass of 75,000.
Phospholipid Vesicles—Unilamellar vesicles of phosphatidyl-

choline/phosphatidylserine (PC/PS; 4:1 molar ratio) and 100%
PC were prepared by sonication and ultracentrifugation
according to procedures described previously (11). A [14C]PC
tracerwas added to each preparation to facilitate determination
of phospholipid recovery post-centrifugation.
Synthetic Domains of Protein S—Domains of protein S were

synthesized on a 0.4-mmol scale by manual solid-phase peptide
synthesis using in situneutralization/O-benzotriazole-N,N,N�,N�-
tetramethyluronium hexafluorophosphate activation procedure
of t-butoxycarbonyl chemistry (12). Syntheses of EGF1, TSR, and
microprotein S were done as described (8, 13).
Spectral Measurements—Steady state fluorescence intensity

and anisotropy measurements were made using either an SLM
AB2or an SLM8100photon-counting spectrofluorometer (SLM-
Aminco, Rochester, NY) according to procedures described pre-
viously (9).Dansyl or fluorescein emissionsweredetectedbyusing
excitation wavelengths of 340 and 490 nm and an emission wave-
length of 540 and 525 nm, respectively. The band pass used was 8

nm on the excitation and 16 nm on the emission beam for exper-
iments involvingDEGR-fXai and 8 nmon both the excitation and
emission beams for experiments involving Light-with-a-Bite
(LWB)FPR-fXai.All experimentswereperformedusing5�5mm
quartz cuvettes. Samplesweremixedandadsorptionofproteins to
cuvette walls was minimized according to procedures described
previously (14, 15).
Steady state anisotropy was measured using Glan-Thomp-

son prism polarizers on both the excitation and emission
beams. The emission intensity measured when the sample was
excited by vertically plane-polarized light and the emission
detected through a horizontal polarizer is termed IVH. IHH, IHV,
and IVV are defined analogously. The component intensities of
a dye-free blank were subtracted from the component sample
intensities to give the net emission intensities. Anisotropy (r)
was then calculated from the net intensities using r � (IVV �
GIHV)/(IVV � 2GIVH), where the grating factor, G, equals
IHV/IHH.

Each point in the titration is an average of 10 anisotropy
measurements. Fitting of the saturation binding curve to deter-
mineKdwas performed according to procedures described pre-
viously (16, 17).
Photocross-linking—Photocross-linking experiments were

performed using a CL-1000 ultraviolet cross-linker (Ultraviolet
Products, Upland, CA). Adventitious cross-linking was pre-
vented by storing the samples in the dark until photocross-
linking experiments were performed. Samples were placed in
microcentrifuge tubes �15 cm from the light source on ice and
then irradiated with 254 nm ultraviolet light (5 � 8 watt dis-
charge bulbs) for 0–30 s. Immediately following the pho-
tocross-linking experiments, samples were analyzed by SDS-
PAGE (4–12% gradient; Novex, San Diego, CA).
Immunoblotting—After irradiating the PC/PS-bound LWB-

FPR-fXai and protein Smixtures withUV light, the photocross-
linked proteins were separated from the reactants by SDS-PAGE
and visualized by both anti-fXa and anti-protein S Western
blotting. Briefly, after SDS-PAGE, the protein bands were
transferred to a polyvinylidene difluoride membrane (Bio-Rad)
using a semi-dry transfer apparatus (Bio-Rad). After incubating
in 50mMTris-HCl (pH 7.4), 100mMNaCl, 2mMCaCl2, and 1%
casein buffer overnight, the membrane was incubated with
anti-fX monoclonal ascites (BG-X2, 1:1000 dilution; Elcatech
Inc., Winston-Salem, NC) or with rabbit anti-human protein S
(2.5 �g/ml; Dako, Glostrup, Denmark). The membrane was
then treated with a biotin-conjugated secondary antibody
directed against the primary antibody. Finally, alkaline phos-
phatase-conjugated streptavidin was added to the membrane
for a time period of 30 min. This step was followed by the
addition of alkaline phosphatase substrate, namely a pre-
prepared mixture of 5-bromo-4-chloro-3-indolyl phosphate
and nitro blue tetrazolium (Pierce). Color development was
terminated by washing the substrates off the membrane with
water.

RESULTS

Interaction of DEGR-fXai with Protein S—The hypothesis
that protein S interacts with membrane-bound fXa was tested.
First, DEGR-fXai was titrated with PC/PS vesicles until essen-
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tially all theDEGR-fXai wasmembrane-bound. As illustrated in
Fig. 1A, the fluorescence anisotropy (r) of DEGR-fXai
increased from a value of 0.201 � 0.002 for the unbound form
to 0.219� 0.002 upon addition of PC/PS vesicles (n� 5). At this
point in the titration, increasing concentrations of protein S
were added. The r value of DEGR-fXai increased and reached a
plateau at 0.245 � 0.003 at �500 nM protein S. When EDTA
was added at the end of the titration, the signal changed in the
dansyl moiety because PC/PS and protein S additions were
reversed, indicating that the PC/PS-dependent interaction
between protein S and fXa is calcium ion-dependent.
The protein S- and phospholipid-dependent signal changes

were lost upon the addition of 20 �M unlabeled fXa, suggesting
that unlabeled fXa competes withDEGR-fXai for interactionwith
protein S and PC/PS. Here one notes that only the anisotropy of
the dansyl probe in PC/PS-boundDEGR-fXai was sensitive to the

addition of protein S, and no change in fluorescence emission
intensity of the probe was observed.
Specificity of DEGR-fXai Spectral Change—The calcium ion-

dependent protein S-induced signal change in DEGR-fXai was
not observed in the absence of PC/PS vesicles (not shown).
Additionally, this signal change was also not observed when
DEGR-fXai was titrated with 100% PC vesicles before the addi-
tion of protein S. These data show the PC/PS dependence of the
fXa-protein S interaction (Fig. 1B).
To determine the specificity of the fXa�protein S complex,

two homologs of fXa, fVIIa and fIXa, were labeled with a DEGR
probe.When samples containing PC/PS-bound DEGR-fIXai or
DEGR-fVIIai were titratedwith protein S, no significant change
in dansyl r value was observed (Fig. 1C).
Although the absence of spectral changes in Fig. 1 (B and C)

does not necessarily indicate an absence of interaction, these

FIGURE 1. Interaction of protein S with DEGR-fXa i in the presence of phospholipid vesicles. Samples containing DEGR-fXai (initially 200 nM) in 50 mM Hepes
(pH 7. 4), 150 mM NaCl, 2 mM CaCl2 (buffer A) were titrated with phospholipids (open circles) with either PC/PS (4:1 mole ratio) (A) or 100% PC (B) vesicles prior
to the addition of protein S (filled triangles). At the end of the titration, 5 mM EDTA (filled circles) was added to reverse the fluorescence changes. The anisotropy
of the dansyl moiety in DEGR-fXai was monitored as described under “Experimental Procedures.” C, factor Xa dependence of dansyl anisotropy change. Three
parallel titrations were performed. Equimolar concentrations of DEGR-fXai (filled circles), DEGR-fIXai (open circles), and DEGR-fVIIai (open triangles) (initially 200
nM) were each titrated with PC/PS vesicles as described (31, 32) prior to the addition of protein S. Anisotropy (r) was measured as described above.

Protein S Binds Factor Xa Via the Thrombin-sensitive Region

33048 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 48 • NOVEMBER 28, 2008



data clearly establish the specificity of the spectral changewhen
protein S is added to PC/PS-bound DEGR-fXai.
Interaction of PC/PS-bound Light-with-a-Bite-labeled-FPR-

fXai with Protein S—The interaction of protein S with PC/PS-
bound fXai was independently monitored using the fluores-
cence properties of Light-with-a-Bite (LWB)-labeled fXai.
LWB is a bimodal probe that can monitor enzyme-effector
interactions using both fluorescence and photocross-linking
techniques (9). Initially, fXa was active site specifically labeled
via a Phe-Pro-Arg (FPR) tether with LWB. When protein S was
added to PC/PS-bound LWB-FPR-fXai, the fluorescence anisot-
ropy, but not the fluorescence intensity of the fluorescein moi-
ety was altered saturably by �14% (Fig. 2), suggesting that
PC/PS-bound fXa interacts with protein S. Two additional con-
trols were performed in parallel: a) the titration of fVa to
PC/PS-bound LWB-FPR-fXai and b) the titration of protein C
to PC/PS-bound LWB-FPR-fXai. Although both fVa and pro-
tein C are known to bind PC/PS surfaces, only the former binds
fXa. Thus they are appropriate positive and negative controls
for our assay. Fig. 2 shows that the fluorescence anisotropy of
LWB-FPR-fXai is altered by the addition of fVa (�42%),
whereas the addition of protein C does not have any effect on
LWB-FPR-fXai anisotropy. These data suggest that the fluores-
cein moiety in LWB is sensitive to the binding of various effec-
tors of fXa. Additionally, the data indicate that the anisotropy of
LWB is not altered by a protein binding to the lipid surface
alone.
The protein S-dependent binding isotherms of LWB-FPR-

fXai were fit to determine Kd and stoichiometry for the fXa-
protein S interaction. The Kd for this interaction was deter-
mined at two different concentrations of LWB-FPR-fXai (200
and 50 nM). TheKd values were determined to be 29 and 37 nM,
respectively, very similar for the two concentrations of LWB-
FPR-fXai. This suggests that the Kd is independent of the con-
centration of starting material of LWB-FPR-fXai.

To determine the stoichiometry of the fXa-protein S interac-
tion, the fluorescence data were analyzed according to Stinson
and Holbrook (18, 19). Plots of protein S/� versus (1/1��) were
constructed, where � � fractional saturation � �r/�rmax. Our
analysis showed that the stoichiometry for LWB-FPR-fXai-pro-
tein S interaction is 1.0:0.7. Therefore, the data are consistent
with a 1:1 interaction for these two proteins.
Photocross-linking of PC/PS-bound LWB-FPR-fXai to Protein

S—The interaction of protein S with PC/PS-bound fXai was
independently monitored using photocross-linking tech-
niques. LWB-FPR-fXai was incubated with excess PC/PS
vesicles prior to the addition of protein S and subsequent
photoirradiation with UV light. Samples were analyzed using
SDS-PAGE and bands were visualized by immunoblotting
using anti-fXa monoclonal antibody as described previously
(9). Fig. 3A (lane 3) shows that a new band of �120,000 Da
appears after irradiating the reaction mixture for 30 s with UV

FIGURE 2. Interaction of PC/PS-bound Light-with-a-Bite-FPR-fXai with
protein S. Three parallel titrations were performed. Samples containing
equimolar concentrations of LWB-FPR-fXai (initially 200 nM) containing PC/PS
vesicles were titrated with protein S (open inverted triangles), fVa (open
squares), or protein C (open triangles), and the anisotropy (r) of the fluorescein
moiety measured as described in the text.

FIGURE 3. A, the protein S�LWB-FPR-fXai complex was detected using pho-
tocross-linking. LWB-FPR-fXai (2 �M) in buffer containing buffer A was incu-
bated with PC/PS (25 �M) and protein S (6 �M) prior to exposure to 30 s of 254
nm irradiation. Subsequently, samples were analyzed using SDS-PAGE and
visualized using anti-fXa monoclonal as primary antibody in immunoblotting
as described under “Experimental Procedures.” Lane 2 contains the reaction
mixture prior to UV irradiation and is designated as zero time. Lane 3 contains
the reaction mixture after 30 s of exposure to UV light. B, LWB-FPR-fVIIai (2 �M)
in buffer A was incubated with PC/PS (25 �M) and protein S (6 �M) prior to
exposure to UV light as described above. Samples were analyzed by SDS-
PAGE and visualized using anti-fVIIa polyclonal (Enzyme Research Laborato-
ries) as primary antibody in immunoblotting. C, LWB-FPR-fXai (2 �M) in buffer
containing buffer A was incubated with PC/PS (25 �M) and protein S (50 nM)
prior to exposure to 30 s of 254 nm irradiation. Subsequently, samples were
analyzed using SDS-PAGE and visualized using anti-protein S polyclonal
(Dako) as primary antibody in immunoblotting as described under “Experi-
mental Procedures.” Lane 1 contains protein S�PC/PS complex irradiated with
UV light, lane 2 contains LWB-FPR-fXaI�PC/PS complex irradiated with UV
light, and lane 3 contains the reaction mix irradiated with UV light. Pho-
tocross-link between LWB-FPR-fXai and protein S is indicated by the arrow.
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light. This band corresponds in approximatemolecularmass to
a protein S�fXa covalent complex. It is noteworthy that we also
observed fXa dimers in our cross-linking experiments. These
results are in accordance with observations that fXa can dimer-
ize in the presence of PS (20).
Analysis of the SDS-polyacrylamide gels with anti-protein S

showed that the new 120,000-Da band stains positive for pro-
tein S (Fig. 3C, compare lanes 1 and 3), suggesting that the band
is a complex between fXa and protein S. Protein S can form
multimers, as reported by Seré et al. (21). We have mostly used
commercial protein S preparations, which contain predomi-
nantly monomers of protein S (see supplemental Fig. 1S), for
our photocross-linking studies. Although multimers of protein
Swere detected both on native gels and on SDS-polyacrylamide
gels (Fig. 3C, lanes 1 and 3 asterisks), only one new band, cor-
responding to �120,000 Da, appears on irradiation with UV
light. This suggests that fXa interacts with monomeric protein S.
When similar photocross-linking experiments were per-

formed with mixtures containing LWB-FPR-fVIIai, excess
PC/PS, and protein S, no high molecular mass cross-links were
detected after irradiation with UV light (Fig. 3B). These data
independently suggest that fXa and protein S (and not fVIIa and
protein S) are in close proximity to each other (	15 Å) on a
PC/PS vesicle surface. This is likely due to complex formation
of protein S and fXa on PC/PS vesicles.
Interaction of DEGR-fXai with Microprotein S—When

thrombin-cleaved protein S was titrated into samples contain-
ing PC/PS-bound DEGR-fXai, no significant change in the r
value of the dansyl probe in DEGR-fXai was observed (Fig. 4,
open triangles). This suggests that the N terminus of protein S
may be important for the interaction with fXa. To test this
hypothesis, the first 116 residues of protein S, consisting of the
Gla, TSR, and EGF1 domains of protein S, were synthesized

chemically and correctly folded according to procedures pub-
lished previously (22). This protein termed “microprotein S”
had �50% activated protein C cofactor activity as judged by an
activated partial thromboplastin time clotting assay. When
PC/PS-boundDEGR-fXai was titrated withmicroprotein S, the
anisotropy of the dansyl probe increased from 0.219 to 0.242
(Kd � 303 nM), suggesting that the fXa binding domain was
expressed inmicroprotein S (Fig. 4). Thus, it is highly likely that
one or more domains in microprotein S (EGF1, TSR, and/or
Gla) bind to fXa.
Interaction of DEGR-fXai with TSR Module of Protein S—

Chemically synthesized EGF1 (residues 76–116 in protein S)
andTSR (residues 47–75) of protein Swere folded to native-like
conformation as described (13). These modules were then
tested for binding to DEGR-fXai. When the TSR of protein S
was titrated into DEGR-fXai, the r value of the dansyl dye
increased from 0.200 � 0.003 to a value of 0.232 � 0.003 (Fig.
5A), showing that the module binds to and alters the active site
of DEGR-fXai (Kd � 3.9 �M). On the other hand, when the
EGF1module of protein S was titrated into samples containing
DEGR-fXai, no significant change in r valueswas observed, sug-
gesting the specificity of the DEGR-fXai-TSR interaction.

FIGURE 4. Interaction of microprotein S with PC/PS-bound DEGR-fXai.
Samples containing DEGR-fXai (initially 200 nM) in buffer A were titrated with
PC/PS vesicles (not shown) up to a concentration of 50 �M before the addition
of microprotein S (open squares) or thrombin-cleaved protein S (open trian-
gles). rO is the anisotropy of PC/PS-bound DEGR-fXai, whereas r is the anisot-
ropy of the dansyl moiety in DEGR-fXai at any point in the subsequent protein
titration.

FIGURE 5. Interaction of PC/PS-bound DEGR-fXai with domains of protein
S. A, DEGR-fXai (initially 200 nM) was titrated with chemically synthesized
domains of TSR (filled inverted triangles) or EGF1 (open circles) of protein S. rO
and r are as in the legend to Fig. 3. B, the factor Xa dependence of TSR-de-
pendent change in dansyl anisotropy. Three parallel titrations were per-
formed. Equimolar concentrations of DEGR-fXai (closed circles), DEGR-fIXai
(open triangles), and DEGR-fVIIai (open circles) (initially 200 nM) were each
titrated with TSR of protein S, and the dansyl anisotropy monitored as
described under “Experimental Procedures.”
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To further demonstrate the specificity of TSR for fXa, sam-
ples containing either DEGR-fIXai or DEGR-fVIIai were
titrated with the TSR of protein S (Fig. 5B). No significant
changes in dansyl r values were observed with these two simi-
larly labeled homologs of DEGR-fXai. These data suggest that
the interaction of TSR with DEGR-fXai is specific for fXa.

DISCUSSION

The present study demonstrates that DEGR-fXai and LWB-
FPR-fXai, two different analogs of fXa, form a complex with
protein S via the TSR of protein S and that interaction requires
negatively charged phospholipid vesicles and calcium ions. The
interaction of protein S with fXa was specific because two sim-
ilarly labeled homologs of fXa, fIXa, and fVIIa, did not exhibit
protein S-induced spectral changes. Importantly, the protein
S-dependent spectral changes in fXa were observed only when
DEGR-fXai was bound to PC/PS vesicles, and signal changes
were not observed in the absence of lipid or in the presence of
100% PC vesicles. These data suggest that the interaction
between fXa and protein S is phospholipid-dependent and
requires PS.
To confirm independently these spectroscopic findings, we

employed photocross-linking techniques. fXa and fVIIa were
labeled via the active site with a photocross-linkable probe to
yield LWB-FPR-fXai and LWB-FPR-fVIIai, respectively. Ener-
gy-minimizedmolecularmodeling of LWB shows that the pho-
toreactive carbonyl in the benzophenone of LWB is �15 Å
away from the bromoacetyl group on the Lys of LWB. Because
LWB was linked to the active site of fXa and fVIIa via a FPR
tether,much of the LWB is expected to be outside the active site
pocket. Thus we estimate the cross-linking radius to be �15 Å.
When irradiated with UV light, PC/PS-bound LWB-FPR-fXai,
but not LWB-FPR-fVIIai, was cross-linked to protein S, yielding
a new band at �120,000 Da under denaturing conditions. This
molecular mass corresponds to a covalent complex between
fXa and protein S. The formation of this complex was con-
firmed when the new band stained positive for both fXa and
protein S in immunoblots. Specificity of the fXa-protein S pho-
tocross-linking was shown by the failure of protein S to cross-
link to PC/PS-bound LWB-FPR-fVIIai.
Unlike native protein S, thrombin-cleaved protein S did not

alter lipid-bound DEGR-fXai signal. This suggests that the
N-terminal region of protein S, e.g. the TSR, may be important
for the interaction of fXa with protein S. To determine the fXa
binding loci on protein S, various N-terminal fragments of pro-
tein S were chemically synthesized and tested for binding to
protein S. Microprotein S and TSR both altered similarly the
fluorescence anisotropy of DEGR-fXai, whereas the EGF1 of
protein S did not, suggesting that theN-terminalTSR in protein
S binds to DEGR-fXai. TSR did not alter the anisotropy of
DEGR-fIXai and DEGR-fVIIai, showing that this interaction
was specific for fXa. These data strongly suggest that protein S
interacts with lipid-bound fXa via the TSR.
In our fluorescence binding assays, an order of magnitude in

binding affinity was lost in going from protein S to micropro-
tein S to TSR (�30 nM to 300 nM to 4 �M). This suggests that
other domains of protein S could provide additional binding
energy for the fXa-protein S interaction. Consistent with this

notion, previous studies of the mutant protein S Tokushima
demonstrated that a Lys155 3 Glu mutation in the EGF2 of
protein S diminished fXa binding to protein S (23). This muta-
tion also abolished the protein S inhibition of prothrombinase
on thrombin-stimulated platelets. Another study using a tan-
dem construct containing two EGF-like domains of protein S,
namely EGF3–4, showed that these domains inhibited the
binding of fX to protein S (24). Thus our findings and these two
reports support the concept that the TSR and EGF domains of
protein S mediate direct binding of protein S to fXa that is
responsible for the activated protein C-independent anticoag-
ulant activity of protein S.
The functional consequence(s) of this protein S�fXa interac-

tion are as yet not clearly understood. It is possible that this
interaction plays a role in the anticoagulant activity of protein S
that is independent of activated protein C, known as “protein S
direct” or in the fXa-dependent proteolytic inactivation of pro-
tein S (7). Heeb et al. (4) proposed that protein S direct was
brought about because of protein S binding to fXa and fVa and
disrupting the IIase complex assembly. However, in different
studies, large variations in protein S direct have been reported
(25, 26). Seré et al. contend that protein S inhibition of pro-
thrombinase correlates with the content of protein Smultimers
in different preparations of protein S (21). However, they
observed that protein Smultimers were not observed in plasma
and so concluded that these forms of protein S are unlikely to
contribute to protein S direct in plasma. Whether protein S
multimers are present in plasma or generated during purifica-
tion is also a matter of debate (27–30). In our studies, we have
used commercial protein S preparations that essentially have
only protein S monomers. Thus, our results indicate that
monomeric protein S binds to fXa. Recently, it has been
described that protein S can down-regulate fIIa generation by
stimulating fXa inhibition by tissue factor pathway inhibitor
(5). This observation was confirmed and extended recently in a
report that protein S enhances the tissue factor pathway inhib-
itor-mediated inhibition of fXa but not its inhibition of fVIIa-
tissue factor (6). These recent findings are in accordance with
our observations here that protein S binds to fXa but not to
fVIIa. It is likely that protein S-fXa interactions play a part in
these functions of protein S. Our results are also compatible
with observations of Long et al. (7), who showed that fXa
cleaves protein S at Arg60 of the TSR and that this reaction
requires negatively charged phospholipids and calcium ions.
In conclusion, we have shown a specific interaction

between the TSR of protein S and fXa that is phospholipid-
dependent. Whether this interaction is relevant to protein
S-cofactor activity for tissue factor pathway inhibitor, pro-
tein S-dependent inhibition of prothrombinase, or protein S
proteolysis by fXa is as yet unclear. Specific experiments are
needed to address these issues.
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