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ABSTRACT: The anticoagulant and immunomodulatory effects of protein C (PC) rely on the presence of
the N-terminalγ-carboxyglutamic acid (Gla) domain. This domain is strongly conserved among vitamin
K-dependent blood proteins and, in addition to a high relative content of Gla, contains a hexapeptide
disulfide loop between Cys residues 17 and 22. In the present study, the contribution of the hexapeptide
loop toward Gla domain structure and function was evaluated using wild-type and Cys17/Cys22-alkylated
synthetic peptide analogues of the 47-residue Gla domain/helical stack of PC. Circular dichroism and
intrinsic fluorescence measurements revealed significant differences in the metal ion-dependent conforma-
tions of the two peptides. Disruption of the disulfide loop slightly altered the capacity of the peptide to
interact with acidic phospholipid (PL) vesicles. The affinity of the alkylated peptide for soluble endothelial
protein C receptor (EPCR), as demonstrated by surface plasmon resonance studies, was increased compared
with the wild-type species, although total binding was compromised. These results suggest that the disulfide
loop of PC contributes to the overall Ca2+-dependent conformation but is not strictly required for PL
membrane binding or EPCR recognition.

Protein C (PC) is a member of the class of vitamin K
dependent plasma proteins and shares extensive amino acid
sequence homology and domain organization with other
zymogens of this type, including factors (F) VII, IX, and X.
PC is a major regulatory component of the hemostatic
system, functioning in both anticoagulant and profibrinolytic
capacities. The conversion of PC to activated protein C
(APC)1 is catalyzed optimally by thrombin in complex with
thrombomodulin on the membrane surface. The APC thus
formed inhibits further generation of thrombin by proteolysis
of cofactors FVa and FVIIIa (1). In addition, APC enhances
clot lysis through the inactivation of plasminogen activator
inhibitor type 1 (PAI-1) and the downregulation of thrombin-
activated fibrinolysis inhibitor (TAFI) (2, 3). More recently,
antiinflammatory and antiapoptotic roles for PC have been
identified (4, 5). These immunomodulatory effects are
regulated through the interaction of PC with its receptor
target, the endothelial protein C receptor (EPCR) (6). This
diverse array of physiological PC activities is unified by a
common requirement for the conformational and/or sequence
integrity of the N-terminalγ-carboxyglutamic acid (Gla)
domain and the immediately adjacent helical stack region.

The Ca2+-induced conformation of the Gla domain (GD)-
helical stack (HS) module is necessary for the interaction of
PC with the phospholipid (PL) membrane, on which as-
sembly of activation/inactivation complexes occurs (7, 8).
Similar membrane anchoring events are crucial to the
activities of FVII, FIX, and FX and support a general role
for GDs in PL binding (reviewed in ref9). This model has
been further reinforced through PL binding studies that reveal
GD interchangeability among several vitamin K-dependent
protein chimeras (10-12). In contrast, the binding of PC to
EPCR cannot be supplanted by GDs of other proteins,
indicating that specific side chains in the GD and/or local
motifs are involved in PC recognition by EPCR (13). A
structural element present in PC, and conserved throughout
the vitamin K-dependent class of blood proteins, is a
hexapeptide loop maintained by a disulfide bond between
Cys residues 17 and 22. This loop contains two Gla residues
at sequence positions 19 and 20, only one of which (Gla20)
is important for the anticoagulant and PL-binding properties
of PC (14, 15). A previous investigation, in which the
contribution of the C17-C22 disulfide bond to the anti-
coagulant properties of the GD-PC was examined through
site-specific mutagenesis (C22S), concluded that the Cys
linkage is necessary for the anticoagulant activity of PC (16).
However, since fully carboxylated C22S-PC represented only
a small subpopulation of expressed protein, a more complete
assessment of the structural and PL-binding effects engen-
dered by elimination of the disulfide bond was not practi-
cable. After this mutagenesis study, the EPCR and its role
in enhancing PC activation were identified (17). A recent
crystal structure of the GD-PC complexed with soluble EPCR
ascribes the bulk of the binding energy to contacts between
L82 and Y154 of EPCR andω-loop residues F4 and L8 of
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PC (18). The hexapeptide loop of PC resides opposite to
the EPCR-PC Gla domain interface, militating against a
significant intermolecular role. However, this does not rule
out the possibility that the presence of the disulfide bond
may be coupled to the orientation and/or mobility ofω-loop
residues. Additionally, the reliance of PC anticoagulant
properties upon the disulfide moiety suggests a possible
linkage of this cyclic motif with optimal PL adhesion. The
present study employs synthetic peptide analogues of the GD-
PC to probe the relationship of the hexapeptide loop to Ca2+-
induced conformational effects, PL binding, and EPCR
affinity.

MATERIALS AND METHODS

Peptide Synthesis, Purification, and Characterization.The
GD-HS peptide amide, ANSFL5γγLRH10SSLγR15γCIγγ20-
ICDFγ25γAKγI30FQNVD35DTLAF40WSKHV45DG-NH2, rep-
resenting the sequence counterpart to the 47 N-terminal
amino acid residues (PC[1-47]), and the corresponding C17/
C22tert-butyl (tBu) derivatized analogue (PC[1-47-di-tBu])
were obtained from a single synthesis using a PE Applied
Biosystems model 433A peptide synthesizer (Foster City,
CA). Solid-phase chemistry was carried out on a 0.1 mmol
scale using PAL resin (Perseptive Biosystems, Framingham,
MA). NR-Fmoc-(γ,γ′-di-O-tBu)-L-Gla was chemically syn-
thesized as described previously (19). All other NR-Fmoc-
derivatized L-amino acids used in the synthesis were
purchased from Sigma (St. Louis, MO) or Novabiochem (San
Diego, CA). The following side-chain protecting groups were
employed: Arg(NG-2,2,4,6,7-pentamethyldihydrobenzofuran-
5-sulfonyl), Asn(Nγ-trityl), Asp(O-tBu), Cys(tBu), Gln(Nδ-
trityl), Lys(Nε-tert-butyloxycarbonyl), Ser(tBu), Thr(tBu), and
Trp(N-tert-butyloxycarbonyl). Each residue was double
coupled at 10-fold molar excess using the manufacturer’s
protocols for FastMoc chemistry with the exception of
derivatized Gla, which was introduced at 5-fold molar excess
and allowed to couple for 90 min. The peptide was cleaved
from the resin, and protecting groups were removed (except-
ing the tBu moiety on Cys residues 17 and 22) by treatment
with 88% TFA containing 5% H2O (v/v), 5% dithiothreitol
(w/v), and 2% triisopropylsilane (v/v). After ether precipita-
tion of the crude alkylated peptide, approximately half of
the remaining material was dissolved in cold TFA. The tBu-
Cys residues were deprotected by treatment with a 20-fold
molar excess of Hg(OAc)2. The mixture was stirred for 5 h
at 4°C. TFA was removed in vacuo. The crude peptide was
dissolved in 100 mM 2-mercaptoethanol (5 mL) and allowed
to stand overnight. The suspension was centrifuged, and the
supernate was chromatographed on a 1.5× 90 cm bed of
Sephadex G-15 equilibrated in 0.1% NH4OH. Fractions
corresponding to peptide were pooled and lyophilized.
Formation of the internal disulfide bond was accomplished
by stirring a dilute peptide solution (0.2 mg/mL) in 20 mM
Tris-HCl/100 mM NaCl, pH 7.8, at 4°C for 48 h. Progress
and completion of the oxidation reaction was monitored by
titers with Ellman’s reagent. Purification of the peptide was
performed on a Bio-Rad Bio-Scale DEAE 20 anion-exchange
column (Hercules, CA) equilibrated with 10 mM NaBO3,
pH 7.80, and eluted with a linear gradient of NaCl. Fractions
containing the target peptide were combined, lyophilized,
and desalted on Sephadex G-15. Purified PC[1-47-di-tBu]
was obtained by subjecting the remaining portion of the

initial ether precipitate to Sephadex G-15 chromatography,
DEAE anion-exchange chromatography, and a final desalting
step on Sephadex G-15. During all phases of purification,
target peptides were characterized by analytical reverse-phase
HPLC and DE-MALDI-TOF spectrometry as detailed earlier
(20). The MALDI mass spectra were obtained in the negative
ionization mode to attain fully decarboxylated species in the
laser field [as opposed to the multiple, differentially decar-
boxylated peaks associated with the positive ion mode (20)].
The molecular masses obtained were 5530.1 for de-γ-
carboxyl-PC[1-47] (calculated M- H ) 5527.1) and
5640.7 for de-γ-carboxyl-PC[1-47-di-tBu] (calculated M-
H ) 5641.1).

Circular Dichroism. CD spectra were collected at 25°C
on an AVIV Model 202SF spectrometer in a 1 cmpath length
cell. Peptides were dissolved in 20 mM Tris-HCl/100 mM
NaCl, pH 7.8, at a concentration of 50µM. The helical
content of peptides at various CaCl2 or MgCl2 concentrations
was determined from the mean residue ellipticities at 222
nm using the empirical relationship, fractionhelix ) (-[Θ]222

- 2340)/30300 (21).
Metal-Induced Quenching of Intrinsic Peptide Fluores-

cence. Fluorescence measurements were conducted on a
QuantaMaster steady-state spectrofluorometer (Photon Tech-
nology International, Inc., Lawrenceville, NJ) using slit
widths of 2 nm (excitation) and 4 nm (emission). All
measurements were performed at 25°C in a 1 cmpath length
quartz cell. The excitation and emission wavelengths were
280 and 340 nm, respectively. The Gla-containing peptides
were dissolved in 20 mM Tris-HCl/100 mM NaCl, pH 7.8,
at a concentration of 2µM and titrated with stock solutions
of CaCl2 or MgCl2 prepared in the same buffer. The
background fluorescence spectra were recorded and sub-
tracted from the peptide-containing sample. Fluorescence
intensities were corrected for dilution.

Interaction of Gla-Containing Peptides with Phospholipid
(PL) Vesicles.Fluorescence energy transfer experiments (22)
were employed to quantitate the binding of the wild-type
and alkylated PC[1-47] peptides to acidic PL vesicles
containing dansyl-PE. Interaction of the peptide with the PL
bilayer permits energy transfer from W41 of the PC
analogues to the dansyl-PE, leading to an increase in
fluorescence at the dansyl group emission wavelength
maximum of 520 nm. Dansyl-PE was purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). Small unilamellar PL
vesicles (DOPS:DOPC:dansyl-PE, 40:50:10 w/w/w) were
prepared in 20 mM Tris-HCl/100 mM NaCl, pH 7.4, as
described previously (23) and were used within 48 h of
preparation. All measurements were performed at 25°C in
1 cm path length semimicro quartz cuvettes containing 16
µg of PL in a total volume of 1 mL. Changes in fluorescence
intensity were monitored as a function of increasing Ca2+

concentration in the presence of 3µM peptide or as a
function of increasing peptide concentration at 2 mM Ca2+.

Peptide Binding to Human Soluble Endothelial PC Recep-
tor (sEPCR).Surface plasmon resonance (SPR) analysis of
Ca2+-dependent peptide-receptor binding was performed on
a Biacore 3000 instrument (Biacore Inc., Piscataway, NJ).
The recombinant sEPCR employed consisted of the extra-
cellular domain of human EPCR and a 12-residue HPC4
antibody epitope tag at the carboxyl terminus (24). sEPCR
was immobilized on a CM5 sensor chip according to the
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manufacturer’s protocol for surface thiol coupling. The
carboxymethylated dextran surface was activated by the
injection of 45µL of a solution containing 0.2 M 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide and 0.05 MN-
hydroxysuccinimide and modified by injection of 40µL of
80 mM 2-(2-pyridinyldithio)ethanamine in 0.1 M borate
buffer, pH 8.5. Following the activation step, a solution of
sEPCR (150µg/mL) in 10 mM sodium acetate, pH 4.0, was
injected over the designated flow cells until the desired
amount of immobilized protein yielded RU values of ca.
10000. Residual thiol-reactive groups on the sensor surface
were quenched with a solution of 50 mM cysteine/1 M NaCl.
The reference cell was treated identically to the sample cells,
excepting the exclusion of sEPCR from the coupling buffer.
Real-time kinetic assays were carried out at 25°C at a flow
rate of 5µL/min. The 47-mers were dissolved in a running
buffer consisting of 10 mM Hepes/100 mM NaCl/5 mM
CaCl2, pH 7.4. The steady-state affinities of the Gla-
containing peptides for the immobilized sEPCR were deter-
mined from plots of the association phase plateau RU values
versus 47-mer concentration.

RESULTS

Effect of the Hexapeptide Disulfide Loop on the Metal Ion-
Dependent Conformation of the PC[1-47] Peptides. In the

absence of divalent metal ions, both PC[1-47] and PC[1-
47-di-tBu] display CD spectra consistent with minimal
secondary structure (Figure 1a). In the presence of saturating
Ca2+ (10 mM), the wild-type peptide adopts the spectral
characteristics of anR-helix, as evidenced by the appearance
of a shoulder at 222 nm. Likewise, the presence of Ca2+

promotes a slight increase in helicity of the alkylated 47-
mer, but not to the extent observed with PC[1-47]. On the
basis of the molar ellipticity values at 222 nm, PC[1-47]
adopts 10% helical content in the presence of Ca2+, while
the di-tert-butylated analogue manifests 2% helicity. The
addition of Mg2+ induces more overall helicity in the peptides
than does Ca2+, but the reduced responsiveness of the
alkylated versus wild-type peptide, with respect to Mg2+-
mediated conformational change, parallels that observed with
Ca2+ (Figure 1b). At saturating concentrations of Mg2+, PC-
[1-47] and PC[1-47-di-tBu] display 27% and 10% helix
content, respectively. Analysis of the CD-monitored titration
curves in Figure 1b reveals that, while important in maintain-
ing secondary structure, the hexapeptide loop does not
significantly influence the metal ion concentration required
for the CD-sensitive structural changes. From nonlinear
regression analysis of the titration data using the equation
for a weighted one-site hyperbola, the following values were
obtained for the concentration of metal ion effectuating 50%
of the maximal change in ellipticity:C50Ca-CD for PC[1-
47] ) 0.86 mM;C50Ca-CD for PC[1-47-di-tBu]) 0.81 mM;
C50Mg-CD for PC[1-47] ) 0.87 mM; C50Mg-CD for PC[1-
47-di-tBu] ) 0.58 mM.

Further characterization of metal ion-induced conforma-
tional alterations in the 47-mers was achieved by monitoring
changes in the intrinsic fluorescence of W41 as a function
of Ca2+ and Mg2+ concentrations. After the data were fitted
to a weighted one-site hyperbola, distinct differences were
evident between the wild-type and alkylated peptides in both
the Ca2+ and Mg2+ titration experiments (Figure 2). In the
Ca2+ experiment, theC50Ca-FL values for PC[1-47] and PC-
[1-47-di-tBu] were 1.02 and 11.1 mM, respectively. The
maximum intrinsic fluorescence quenching (∆Fmax) was

FIGURE 1: CD analysis of the effect of Ca2+ and Mg2+ on the
secondary structure of PC[1-47] and PC[1-47-di-tBu]. (a) CD
spectra of PC[1-47] and PC[1-47-di-tBu] in the presence and
absence of 10 mM CaCl2: (O) PC[1-47]; (b) PC[1-47] + Ca2+;
(0) PC[1-47-di-tBu]; (9) PC[1-47-di-tBu] + Ca2+. (b) Effect of
increasing CaCl2 or MgCl2 concentration on the molar ellipticity,
monitored at 222 nm, of PC[1-47] and PC[1-47-di-tBu]: (9) PC-
[1-47] + Ca2+; (2) PC[1-47] + Mg2+; (b) PC[1-47-di-tBu] +
Ca2+; (1) PC[1-47-di-tBu] + Mg2+.

FIGURE 2: Metal ion-induced quenching of the intrinsic tryptophan
fluorescence of PC[1-47] and PC[1-47-di-tBu]. Peptides were
titrated with incremental additions of CaCl2 or MgCl2. Excitation
and emission wavelengths were 280 and 340 nm, respectively.
Fluorescence quenching is represented by the ratio,F1/F0, where
F1 is the fluorescence intensity at a given metal ion concentration
andF0 is the fluorescence in the absence of any added metal ion.
Key: (9) PC[1-47] + Ca2+; (b) PC[1-47-di-tBu] + Ca2; (0)
PC[1-47] + Mg2+; (O) PC[1-47-di-tBu] + Mg2+.
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determined to be 68% for wild-type peptide and 95% for
the alkylated species. For PC[1-47], the data from the Mg2+

titration corresponded to aC50Mg-FL of 1.80 mM and a∆Fmax

of 46%. For PC[1-47-di-tBu], theC50Mg-FL and∆Fmax were
91.3 mM and 81%, respectively.

Contribution of the Disulfide Loop to PL Vesicle Binding.
Interactions of the wild-type and alkylated 47-mers with
mixed, acidic PL vesicles were studied by fluorescence
energy transfer. In these experiments, vesicle-integrated
dansyl-PE functioned as the reporter of peptide proximity
to the bilayer. The effect of increasing Ca2+ on the ability
of the peptides to bind PL vesicles is shown in Figure 3a.
The C50Ca-FET values, determined from the Ca2+ midpoint
of the limiting slopes at the beginning and end of the titration,
were 0.90 mM for PC[1-47] and 2.30 mM for PC[1-47-
di-tBu]. Despite the apparent higher affinity of the wild-
type peptide for Ca2+, the alkylated variant was more
effective at facilitating energy transfer under conditions of
saturating Ca2+ (maximal ratio of dansyl fluorescence
intensity was extrapolated to 26% and 54% and for PC[1-
47] and PC[1-47-di-tBu], respectively). In a related experi-
ment, the increase in energy transfer as a function of peptide
concentration was measured at constant Ca2+ concentration
(2 mM). TheC50pep-FET of the wild-type species was nearly
4-fold higher than that of the alkylated peptide (1.35 versus
0.35µM) and was characterized by a higher ratio of dansyl
fluorescence intensity (74% versus 41%) at infinite peptide
concentration.

Relationship of the Intact Disulfide Loop to Ca2+-Mediated
sEPCR Binding. The relative ability of PC[1-47] and PC-
[1-47-di-tBu] to interact with sEPCR was evaluated by SPR.
In our initial immobilization strategy, we attempted to link
sEPCR to the chip surface using standard amine coupling.
However, this resulted in an immobilized version of sEPCR
that was insensitive to both PC[1-47] and PC[1-47-di-tBu].
APC also failed to exhibit a demonstrable response with
amine-coupled sEPCR. This problem was circumvented by
attaching sEPCR to the sensor chip using thiol coupling, as
outlined by the manufacturer. The Ca2+-dependent binding
of the peptides to sEPCR was evaluated by injecting various

concentrations of the peptides over the sEPCR-coupled
surface in the presence of running buffer containing 5 mM
Ca2+. As shown in Figure 4a for PC[1-47], the magnitude
of response was dependent upon the concentration of injected
peptide. No response was observed with Ca2+-free running
buffer (data not shown). Saturation binding isotherms for
wild-type and alkylated peptides, determined from the RU
values at steady state, are depicted in Figure 4b. Fitting of
the data to a single-site hyperbola yieldedC50SPRvalues of
37.1 and 2.6µM for PC[1-47] and PC[1-47-di-tBu],
respectively. This nearly 15-fold increase in sEPCR affinity
of the alkylated analogue compared to the wild-type 47-mer
was offset by a 3-fold reduction in maximal response of the
alkylated versus wild-type species at saturation (PC[1-47]
) 273 RU;Bmax(PC[1-47-di-tBu]) ) 92 RU).

DISCUSSION

Using synthetic peptide analogues of the GD-PC, we have
investigated the contribution of the conserved hexapeptide
disulfide loop to Ca2+-mediated conformation, interactions
with acidic PL vesicles, and sEPCR binding. To minimize
the amount of derivatized Gla required for the Fmoc solid-
phase synthesis of the GD-PC peptides, a single synthesis
was conducted, employingNR-Fmoc-(S-tBu)-L-Cys at posi-
tions 17 and 22 in the 47-mer sequence. Since the tBu-
protected thiol group is impervious to TFA, standard TFA
deprotection of the peptide-resin furnished product with the
hexapeptide loop disrupted throughtert-butylation. Half of
this material was treated with Hg(OAc)2, followed by air
oxidation under high dilution to afford peptide with an intact,
nativelike disulfide loop. Compared with the internal Cys-
Cys linkage,tert-buylation of the Cys side chains can be
classified as a radical “mutation”. However, the considerable
steric bulk associated with thetert-butyl groups hinders
through-space proximity of C17 and C22, presumably
minimizing the population of peptide conformers that mimic
the native hexapeptide loop structure. Hence, the presence
of the tert-butyl groups not only blocks disulfide loop
formation but precludes adoption and/or minimizes the
lifetimes of “disulfide loop-like” conformations.

FIGURE 3: Interaction of PC[1-47] and PC[1-47-di-tBu] with PL vesicles as probed by fluorescence energy transfer. Acidic PL vesicles
containing 10% dansyl-PE were titrated with either CaCl2 (at constant peptide concentration) or the peptides (at constant Ca2+ concentration).
Samples were excited at 280 nm, and the emission fluorescence intensity was monitored at 520 nm. The percent increase in fluorescence
intensity was calculated as (I - I0)/I0 × 100, whereI is the intensity at a given Ca2+ or peptide concentration andI0 is fluorescence
associated with the PL vesicles prior to initiation of the titration. The vesicle concentration for all experiments was 16µg/mL. (a) Increase
in fluorescence energy transfer as a function of increasing Ca2+ concentration. Peptide concentration was maintained at 3µM. Key: (9)
PC[1-47]; (b) PC[1-47-di-tBu]. (b) Increase in fluorescence energy transfer as a function of increasing peptide concentration. Ca2+

concentration was maintained at 2 mM. Key: (9) PC[1-47]; (b) PC[1-47-di-tBu].
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As monitored by CD, elimination of the disulfide bond in
the GD-PC 47-mer results in a species that presents minimal
secondary structure at saturating Ca2+ concentrations (Figure
1a). In terms of helicity, marginal content (2%) is associated
with Ca2+-loaded PC[1-47-di-tBu], while the unaltered
peptide manifests ca. 10% helicity. This potential link
between the hexapeptide loop and maintenance of helical
elements is consistent with the results of a previous crystal-
lographic study on the Gla domain of Ca2+-bovine prothrom-
bin fragment 1 (25) and with the NMR-derived structure of
the Ca2+-loaded GD-FIX (26). In these studies, it is seen
that the hexapeptide loop (C18-C23) not only approximates
a helical turn but bridges an immediately preceding single
helical turn (residues 14-17) and two C-terminally adjacent
turns of helix (residues 25-31). Similar helical elements are
observed in the crystal structure of the GD-PC bound to
sEPCR (18). Therefore, it is not unlikely that disruption of
the disulfide linkage would diminish secondary structure, as
observed in Ca2+-complexed PC[1-47-di-tBu]. Both the
alkylated and wild-type PC peptides exhibited negligible
helical content in the absence of metal ion. This is somewhat
unexpected since the C-terminal HS motif, an independent
domain, is apparently retained in metal-free factor IX
peptides (27, 28) as well as apoprothrombin fragment 1 (29).
In contrast to CD studies with factor IX (28), the population
of apo-PC conformers bearing an ordered HS may simply
be too low to be detected among the averaged global
ensemble of structures.

Despite evoking a reduction in metal ion-induced second-
ary structure, Cys alkylation is without effect on the Ca2+/
Mg2+ binding sites involved in the CD-monitored confor-
mational change. This is demonstrated by the nearly equivalent
C50 values attending the Ca2+ and Mg2+ titrations of both
PC[1-47] and PC[1-47-di-tBu] (Figure 1b). However, a
different picture emerges with respect to the Ca2+/Mg2+ sites
involved in the quenching of W41 fluorescence (Figure 2).
Not only is the extrapolated maximum for Ca2+- and Mg2+-
induced quenching greater for the alkylated peptide, but the
C50Ca-FL andC50Mg-FL values associated with the conforma-
tional transition of PC[1-47-di-tBu] are considerably higher
(11-fold for Ca2+ and 50-fold for Mg2+) than those deter-

mined from the wild-type titrations. These data are consonant
with the previously mentioned structural work on prothrom-
bin fragment 1 and the factor IX Gla domain. These studies
revealed a substantial reorientation of W42 (prothrombin/
factor IX numbering) between the apo and Ca2+-complexed
structures (25-27, 29). More importantly, this shift can be
ascribed to intimate contacts between the disulfide bond of
the hexapeptide loop and theπ-electrons of the indole ring
of W42 that are noted in the presence, but not absence, of
Ca2+. Because the metal ion affinities obtained from the CD
and fluorescence titrations of the PC peptides are differen-
tially responsive to the presence of an intact C17-C22
disulfide bond, it can be reasonably concluded that the Gla-
metal ion interactions responsible for helix induction are
distinct from those that mediate the conformational transition
reported by Trp fluorescence. In other words, the metal ion
affinities for those binding sites that influence secondary
structure are not perturbed by the disruption of the disulfide
loop. However, metal ion binding at those sites that mediate
tertiary folding is substantially diminished in the absence of
the disulfide loop. On the basis of a modeled version of the
GD-PC (30), candidate residues involved in this latter group
of sites include Gla19 and Gla20, which are bridged by Ca-
6, and Gla14 and Gla20, which coordinate Ca-7. Without
the rigidity imposed by the C-C linkage, distorted or
exceedingly flexible carboxylate geometries may prevail at
these sites, leading to compromised metal ion binding.

In terms of Ca2+-mediated interaction with PL vesicles,
the alkylated PC peptide manifests a modest reduction in
Ca2+ affinity (2.5-fold) compared to its wild-type counterpart
(Figure 3a). Previous studies with recombinant PC mutants
have identified Gla residues 7, 16, 20, and 26 as critical
participants in the Ca2+-induced conformation that is neces-
sary for PL vesicle binding. The present data suggest that
the optimal orientation of these residues is not significantly
perturbed when the hexapeptide loop is disrupted. At
saturating Ca2+, PC[1-47-di-tBu] is twice as efficient as PC-
[1-47] at promoting energy transfer from W41 to dansyl-
PE in the bilayer. The alkylated peptide may simply bind
with higher stoichiometry, possibly facilitated by the hydro-
phobictert-butyl groups, which could embed to some degree

FIGURE 4: SPR analysis of the Ca2+-dependent binding of PC[1-47] and PC[1-47-di-tBu] to sEPCR. (a) Representative overlay of
sensorgrams obtained from the injection of various concentrations of PC[1-47] over immobilized sEPCR. Peptide was injected at a flow
rate of 5µL/min in running buffer that contained 5 mM CaCl2. The concentration of peptide introduced was 1, 5, 10, 20, 40, 60, and 100
µM (bottom to top). A wash with running buffer was implemented at 120 s. (b) Dependence of the SPR response on the concentration of
the PC Gla domain peptides. The RU values at each peptide concentration correspond to the averaged response of the final 5 s of the
injection phase. Key: (9) PC[1-47]; (b) PC[1-47-di-tBu].
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in vesicles. Alternatively, the PL-bound alkylated peptide
might assume a conformation in which W41 is more
proximal to the dansyl group than in the PC[1-47]/PL
vesicle complex.

In a related experiment, PL vesicle binding was probed
as a function of increasing peptide concentration. The Ca2+

concentration was maintained at 2 mM, a level that provided
for similar fluorescence increases for both the alkylated and
wild-type peptide (Figure 3a). The results indicate that the
elimination of the disulfide bond does not adversely affect
the ability of the GD-PC to interact with the membrane
(Figure 3b). In fact, PC[1-47-di-tBu] manifested a 4-fold
enhanced affinity for acidic PL vesicles compared to the
wild-type peptide. Increased conformational flexibility of the
alkylated species may account for this outcome, although
the hydrophobic nature of thetert-butyl groups may also
augment peptide interaction with PL vesicles. In another
reversal from the Ca2+ titration, PC[1-47-di-tBu] is less
efficient than PC[1-47] at promoting energy transfer at
saturation. At 2 mM Ca2+, fewer metal ion binding sites are
occupied in the alkylated species (Figures 2 and 3a), resulting
in a conformation that may interact differently with PL
vesicles.

As investigated by SPR analyses, disruption of the
hexapeptide loop actually augments peptide binding to
immobilized sEPCR by over an order of magnitude. It bears
noting that the absoluteKd values derived from these SPR
experiments (37.1µM for PC[1-47]; 2.6 µM for PC[1-
47-di-tBu]) are considerably higher than the recently reported
value for the SPR-monitored binding of full-length PC to
sEPCR (Kd ) 147 nM) (31). A possible explanation for this
discrepancy may lie in the difference in sEPCR immobiliza-
tion strategies between the two studies, i.e., direct thiol-
mediated coupling of sEPCR to the sensor chip (this study)
versus noncovalent immobilization of sEPCR via an anti-
EPCR antibody coupled directly to the chip (31). In the
present study, EPCR immobilization proceeded through
thiol-disulfide exchange of an unpaired cysteine (C97) at
the disulfide-derivatized chip surface. It is conceivable that
this particular immobilization strategy somehow compro-
mises the interaction of EPCR and the GD peptides.
However, crystallographic data reveal that C97 is present
on theâ-sheet scaffold of EPCR, far removed from the GD
binding site located at the portal of a deep groove that is
formed by two antiparallelR-helices (18). In the same study,
a single PL molecule, tightly bound within the groove,
cocrystallized with the EPCR/PC and was shown to be
necessary for PC-GD binding. Because C97 is proximal to
the tail of the PL, some perturbation of PL binding (and, by
extension, of PC-GD binding) may occur upon C97-mediated
surface immobilization. Alternatively, despite overarching
evidence that points to the GD as the sole mediator of PC-
EPCR contacts (13, 31), the isolated domain may be too
flexible and/or otherwise incapable of adopting the optimal
conformation for tight docking with EPCR [even though the
Ca2+- and PL-binding properties of full-length PC are fully
reproduced by PC[1-47] (8)]. This notion is supported by
competition binding studies in which theKi for inhibition
of 125I-APC binding to cell surface EPCR was determined
to be 100 nM for unlabeled PC but 2µM for a GD peptide
(13). Hence, the micromolar rangeKd values of PC[1-47]
and PC[1-47-di-tBu] obtained in this study may reflect the

inability of isolated PC-GD to completely mimic the Ca2+-
induced conformation adopted in the context of full-length
PC. It is not unreasonable to conclude that the results of the
SPR studies reported herein reflect EPCR affinities that are
valid in a relative, if not absolute, sense.

The increased affinity of PC[1-47-di-tBu] is accompanied
by a reduction in maximal response. The latter observation
is most simply explained in terms of reduced receptor
occupancy by the alkylated peptide. Myriad reasons for this
outcome can be forwarded, but we also note that amine
coupling of sEPCR to the sensor chip resulted in an
immobilized species that was incapable of PC peptide
binding. This problem was circumvented through thiol
coupling of sEPCR to the chip surface, although some degree
of heterogeneity in sEPCR orientation may have arisen from
this immobilization chemistry, yielding receptor forms that
are insensitive or inaccessible to the alkylated species. High
sEPCR density on the chip surface may also be a factor in
the reduced maximal response, preferentially hindering the
access of PC[1-47-di-tBu] to the receptor binding site.

A complex comprised of sEPCR, the GD-PC, and a single
phospholipid molecule has revealed that the disulfide loop
is not involved in any direct contacts with either EPCR or
lipid (18). In fact, surprisingly few intermolecular contacts
appear to be mediating PC binding to EPCR. These include
ω-loop residues F4 and L8, which interact with a hydro-
phobic patch formed by L82, Y154, and T157 of EPCR.
Other PC residues within hydrogen-bonding distance of
EPCR side chains include Gla7, Gla25, and Gla29. All of
the PC residues implicated in EPCR contacts are sequentially
and spatially removed from the disulfide loop. This does not
rule out thermodynamic linkage between the disulfide bond
and PC residues that contact the EPCR. The loop may also
contribute to the dynamic properties of the GD peptide
backbone, impacting EPCR recognition and docking. How-
ever, our SPR results indicate that the absence of the disulfide
loop motif does not impart any deleterious effects on PC
affinity for the EPCR. In fact, disruption of the disulfide
bond leads to an increase in peptide affinity for the receptor.
The molecular basis for this finding may relate to the
reduction in secondary structure (i.e., greater flexibility) of
PC[1-47-di-tBu] compared with PC[1-47]. Greater con-
formational mobility of a ligand frequently results in
enhanced affinity for its cognate receptor by allowing
multiple functional groups to orient freely. This uncon-
strained motion can allow the ligand to be optimally
accommodated with respect to receptor binding site geometry
(32, 33). We have previously noted that amino acid substitu-
tions which increase the conformational flexibility of the Gla-
rich conantokin peptides can lead to increased potency with
respect to the NMDA receptor, their physiological target (34).
Similar motional considerations may be mediating the
enhanced affinity of the alkylated PC peptide for sEPCR.

In conclusion, the present study demonstrates that the
absence of a disulfide linkage between C17-C22 of the GD-
PC imparts significant changes in the Ca2+-induced structure
of the peptide. However, disruption of this motif, and the
accompanying diminution of secondary structure, is without
substantial effect on PL vesicle binding and actually aug-
ments sEPCR binding. As the pivotal role of PC in mitigating
inflammation and apoptosis becomes increasingly evident,
the continued elaboration of structure-function relationships
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in PC, with emphasis on EPCR recognition, will be of
importance in the development of effective agents for the
treatment of acute inflammatory responses.
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