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Zinc is an essential trace element for human nutrition and is
critical to the structure, stability, and function of many proteins.
Zinc ions were shown to enhance activation of the intrinsic
pathway of coagulation but down-regulate the extrinsic pathway
of coagulation. The protein C pathway plays a key role in blood
coagulation and inflammation. At present there is no informa-
tion on whether zinc modulates the protein C pathway. In the
present study we found that Zn>* enhanced the binding of pro-
tein C/activated protein C (APC) to endothelial cell protein C
receptor (EPCR) on endothelial cells. Binding kinetics revealed
that Zn>* increased the binding affinities of protein C/APC to
EPCR. Equilibrium dialysis with ®°Zn>* revealed that Zn>*
bound to the Gla domain as well as sites outside of the Gla
domain of protein C/APC. Intrinsic fluorescence measurements
suggested that Zn>* binding induces conformational changes in
protein C/APC. Zn>" binding to APC inhibited the amidolytic
activity of APC, but the inhibition was reversed by Ca*>*. Zn>*
increased the rate of APC generation on endothelial cells in the
presence of physiological concentrations of Ca®>* but did not
further enhance increased APC generation obtained in the
presence of physiological concentrations of Mg>* with Ca>".
Zn>* had no effect on the anticoagulant activity of APC. Zn>*
enhanced APC-mediated activation of protease activated receptor
1 and p44/42 MAPK. Overall, our data show that Zn>* binds to
protein C/APC, which results in conformational changes in protein
C/APC that favor their binding to EPCR.

Calcium is an obligatory cofactor in the initiation and regu-
lation of blood coagulation. All vitamin K-dependent coagula-
tion proteins have calcium-binding sites and thus presumably
could interact to some degree with other divalent cations. A
number of studies have reported that divalent metal ions other
than Ca®", such Mn*", Mg®", and Zn>", bind to various coag-
ulation factors and thereby modulate blood coagulation (1-11).
Zinc deficiency has been associated with bleeding tendencies
and defective platelet aggregation, suggesting an important role
for zinc in hemostasis (11, 12). Zinc is an essential trace ele-
ment, and the concentration of Zn>* in plasma ranges between
10 and 25 uM in healthy individuals (13). In addition, platelets
store, mainly in their cytoplasm and «-granules, up to 30 to 60
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times (14) more Zn>" than is present in plasma. These reserves
could be released upon platelet activation (14).

Zinc ions were shown to enhance activation of the intrinsic
pathway of coagulation by increasing the binding of high
molecular weight kininogen and factor XII to negatively
charged surfaces (15) or platelets (3, 16) and by accelerating the
activation of factor XII and prekallikrein (2, 17, 18). In contrast,
zinc ions have been found to inhibit the extrinsic pathway of
coagulation by attenuating FVIIa® and FVlIIa/tissue factor
activity (8, 9). Recent crystallography studies identified a pair of
Zn*"-binding sites in the FVIIa protease domain (10). Except
for Glu®?, all of the side chains involved in both Zn1 and Zn2
coordination in FVIIa are unique to it and not present in other
vitamin K-dependent clotting factors (10). Nonetheless, Zn**
may bind to other vitamin K-dependent clotting factors as
found recently with protein S (19).

Zinc is a multi-functional element and plays an important
role in many biological functions primarily by binding to pro-
teins at specific sites, thereby stabilizing the conformation and
proper function of a particular protein (20-22). Zinc can also
relocate calcium from its natural binding site and thus modify
calcium-dependent processes (23). All of the vitamin K-depen-
dent coagulation proteins have calcium-binding sites and could
interact to some extent with both calcium and zinc (8 -10, 19).
The protein C pathway plays key roles in the regulation of blood
coagulation and inflammation (24, 25). At present, there is no
information on whether Zn>* binds to protein C/APC and how
this affects protein C/APC binding to EPCR and their subse-
quent functions. The data presented in this manuscript show
that Zn>" binds to protein C/APC, induces conformational
changes in the protein, promotes protein C/APC binding to
EPCR and thereby enhances the activation of protein C and
APC-mediated cell signaling.

EXPERIMENTAL PROCEDURES

Reagents—Protein C, factor Va, factor Xa, prothrombin, and
thrombin were obtained from either Enzyme Research Labora-
tories (South Bend, IN) or Hematologic Technologies Inc.
(Essex Junction, VT). Recombinant APC (Xigris) was from Eli
Lilly (Indianapolis, IN). The y-carboxyglutamic acid domain-
less form of protein C (GD-protein C) was obtained from
Enzyme Research Laboratories. GD-APC was prepared by
digesting APC with chymotrypsin as described earlier (26).

3 The abbreviations used are: FVlla, activated factor VII; APC, activated protein
C; GD, Gla domain-deleted; EPCR, endothelial cell protein C receptor; PAR,
protease-activated receptor; HUVEC, human umbilical vein endothelial
cell(s); AP, alkaline phosphatase; mAb, monoclonal antibody; CHO, Chi-
nese hamster ovary.
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Recombinant hirudin was obtained from Calbiochem (La Jolla,
CA). Chromogenic substrates for APC (S-2366) and thrombin
(Chromozym TH) were obtained from Diapharma Group, Inc.
(West Chester, Ohio) and Roche Applied Science, respectively.
Mouse monoclonal anti-EPCR antibodies (JRK-1494 and JRK-
1500) were kindly provided by Charles T. Esmon (Oklahoma
Medical Research Foundation).

Cell Culture—Primary human umbilical vein endothelial
cells (HUVEC) were purchased from Lonza (Walkersville, MD).
Monolayers of HUVEC were grown to confluency at 37 °C and
5% CO, in a humidified incubator in EBM-2 basal medium
supplemented with 5% fetal bovine serum and growth supple-
ments (Lonza). Endothelial cell passages between 3 and 8 were
used in the present studies. Wild-type CHO-K1 cells (Ameri-
can Type Culture Collection, Manassas, VA) and CHO-K1 cells
stably transfected with full-length human EPCR ¢cDNA (CHO-
EPCR) (27) were maintained in F12K medium containing 1%
penicillin/streptomycin and 10% fetal bovine serum.

125 Labeling—Protein C and other ligands were labeled with
125 using IODO-GEN (Thermo Scientific Pierce Research
Products, Rockford, IL)-coated polypropylene tubes and Na'*°I
(PerkinElmer Life Sciences) according to the manufacturer’s
instructions and as described previously (27).

Measurement of ***I-Labeled Protein C/APC Binding to
EPCR on Cell Surfaces and Their Internalization—To evaluate
the effect of zinc ions on the binding of protein C and APC to
EPCR, HUVEC or CHO-EPCR cells were first incubated with
control vehicle or anti-EPCR antibodies (JRK-1494) in buffer
A+ (10 mm HEPES, 0.15 M NaCl, 4 mm KCl, 11 mMm p-glucose,
pH 7.5 (buffer A) containing 1 mg/ml bovine serum albumin) at
room temperature for 30 min. The monolayers were then
chilled on ice followed by incubation for 3 h at 4 °C with '*°I-
protein C or '*’I-APC (80 nm) in the presence of varying con-
centrations of ZnCl, (0—-100 um) = 5 mMm CaCl,. At the end of
the incubation period, the supernatant was removed from the
wells, and the cells were washed four times with ice-cold buffer
A containing 1 mg/ml bovine serum albumin and 5 mm CacCl,
(buffer B) to remove unbound radiolabeled ligand. The mono-
layers were then incubated with 0.1 m glycine, pH 2.3, for 5 min
to elute the surface-bound radiolabeled ligand, and the eluted
radioactivity was measured in a y-counter. Nonspecific binding
measured in the presence of anti-EPCR antibodies was sub-
tracted from the total binding (binding observed in the absence
of anti-EPCR antibodies) to calculate EPCR-specific binding. In
general, nonspecific binding of protein C and APC is much
lower (20% or less of the total binding) in CHO-EPCR cells
compared with HUVEC (40 —50%). For internalization studies,
CHO-EPCR were incubated at 37 °C with ?°I-APC (10 nm) in
buffer A+ containing 25 um Zn*>* or 5 mm Ca®" alone or in
combination. At varying time intervals, the surface-associated
ligand was eluted as described above, and the cells were
extracted with lysis buffer (0.1 m NaOH, 10 mm EDTA, 1%
SDS); both eluted and solubilized radioactivity were measured
to quantify cell surface-associated and internalized APC. To
study the effect of zinc ions on EPCR mAb binding to EPCR,
CHO-EPCR cells were incubated with varying concentrations
of '?*I-labeled EPCR mAb (JRK-1500; 0—100 nm) with 5 mm
Ca®" in the presence or absence of 25 um ZnCl, for 3 h at 4 °C.
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At the end of incubation, the bound radioactivity was eluted
and measured as described above. Because very little nonspe-
cific binding was noted with EPCR mAb, no attempts were
made to measure the nonspecific binding.

Confocal Microscopy—APC was labeled with AF546 (Invitro-
gen) following the instructions provided with the labeling kit.
HUVEC cultured on glass coverslips were incubated with
AF546-APC (50 nm) for 1 h at 37 °C in the presence or absence
of Ca®*, Mg?>", or Zn>*. At the end of 1 h of incubation, the
unbound ligand was removed, and the cells were fixed and pro-
cessed for confocal microscopy. The cells were viewed with an
Axio ObserverZ1 microscope using 63X (oil) plan-apochro-
mate lens. The images were acquired from a field of view at
0.5-um z axis increments using the LSM 510 Meta confocal
system (Carl Zeiss). The laser wavelength settings were 543 *+
10 nm for excitation and 575 * 10 nm for emission. All of the
images were obtained using identical gain and off-set settings
for the detector. The images were processed using LSM Zen
2007 (Zeiss) software and imported to Adobe Photoshop (ver-
sus 7.0) for the compilation of figures.

Measurement of Protein C Activation—Endothelial cells grown
to confluence in a 96-well plate were incubated with protein C
(80 nm), CaCl, (5 mm), varying concentrations of ZnCl, (0—-100
uM), and thrombin (2 nM) in a total volume of 50 ul. At the end
of 2 h of incubation at 37 °C, 25 ul of hirudin (4 units/ml) was
added to the cells to neutralize thrombin. Ten minutes after
adding hirudin, 25 pl of chromogenic substrate S-2366 (0.5
mwm) was added to the well, and the change in absorbance at 405
nm (milli-optical density/min) was measured using a micro-
plate reader (Molecular Devices, Palo Alto, CA). All of the con-
centrations listed were final concentrations. A standard curve
generated with known concentrations of APC was used to
determine the concentrations of APC generated in the reaction
mixture. Under these experimental conditions, APC genera-
tion was dependent on protein C binding to EPCR and throm-
bin binding to thrombomodulin because preincubation of
HUVEC with either anti-EPCR or anti-thrombomodulin anti-
bodies (25 ug/ml) markedly attenuated APC generation. For
K,, and V,_ . determinations, the activation assays were per-
formed with increasing concentrations of protein C (0.05-2.0
uM) in the presence of 1.1 or 5 mm CaCl, * 25 um ZnCl, and/or
0.6 mm MgCl, for 1 h at 37 °C. Other conditions for the assay
were the same as above.

APC Amidolytic Activity Measurement—To examine the
effect of Zn>" on the amidolytic activity of APC, APC or GD-
APC (10 nm) was incubated with varying concentrations of zinc
ions (0 to 200 um) = Ca®* (1.1 mm) for 5 min, and then the
chromogenic substrate S-2366 was added to the reaction mix-
ture. The rate of hydrolysis was monitored by measuring the
change in the absorbance of the chromogenic substrate at 405
nm in a microplate reader.

Measurement of APC Anticoagulant Activity—APC (200 nm)
was incubated with varying concentrations of Zn*" (0-100 um)
for 20 min, and then APC at final concentration of 1 nm was
added to HUVEC monolayers preincubated with FVa (2 nm) in
a 96-well culture plate. After allowing APC to inactivate FVa for
30 min, the remaining FVa activity was measured in a pro-
thrombinase assay by adding FXa (5 nm) and prothrombin
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(1.4 pMm) to the monolayers and measuring the rate of throm-
bin generation in a chromogenic assay using Chromozym
TH. Under these experimental conditions, APC inhibited
the prothrombinase activity by 50%, and any changes in APC
anticoagulant activity were readily detectable in FVa-depen-
dent thrombin generation.

Measurement of PAR1 Activation—The AP-PAR1 reporter
plasmid, in which alkaline phosphatase (AP) was fused to the N
terminus of PAR1, was constructed as described earlier (28)
and subcloned into an adenoviral vector. The high titer adeno-
viral particles were purified using ViraBind ™ adenovirus puri-
fication kit (Cell Biolabs), and the viral titer was determined
by QuickTiter™ adenovirus immunoassay kit (Cell Biolabs).
HUVEC cultured in a 12-well plate were transduced with AP-
PAR1 reporter adenoviral construct (20 multiplicity of infec-
tion/cell). In this assay, activation of AP-PARI1 releases the
N-terminal peptide with the AP tag into the overlying condi-
tioned medium, and thus the AP activity in the supernatant
correlates with the extent of PAR1 activation. HUVEC mono-
layers expressing AP-PAR1 were treated with APC (80 nm) in
the absence or presence of varying divalent cations. Aliquots
(40 wl) were removed immediately after the addition of APC
(0 time) and after the 45-min activation period. The aliquots
were centrifuged for 5 min at 14,000 rpm to remove any cell
debris, and AP activity in the supernatant (15 ul) was quantified
using a chemiluminescence substrate from the BD Biosciences
Great EscAPe SEAP detection kit.

p44/42 MAPK Activation—Confluent monolayers of HUVEC
were serum-starved for 3 h and then treated with APC (20 nm)
for 15 min in the presence or absence of Zn>*. To minimize
potential interference of a direct effect of Zn>* on p44/42
MAPK activation, Zn>* was added to the cells during serum
starvation, i.e. 3 h before the cells were exposed to APC. The
cells were lysed with SDS-PAGE sample buffer, and equal
amounts of protein were subjected to SDS-PAGE, transferred
onto polyvinylidene difluoride membrane, and probed with
phospho-specific and total p44/42 MAPK antibodies (Cell Sig-
naling), and the blot was developed with chemiluminescence.

Equilibrium Dialysis—Zinc binding to APC and GD-APC
was determined by equilibrium dialysis using ®*Zn** (specific
activity, 1.13 mCi/mmol; Oak Ridge National Laboratory, Oak
Ridge, TN) and a 96-well equilibrium dialyzer (Harvard Appa-
ratus, Holliston, MA). One hundred ul of protein (7.5 um) in 50
mM Tris-HCI, pH 8.0, were added to one side of the dialysis cell;
100 ul of 50 mm Tris-HCI, pH 8.0, containing varying concen-
trations of ®*Zn*" (5-200 um) were added to the other side of
cell. The dialyzer was rotated continuously for 24 h at room
temperature using a plate rotator. After 24 h, a 50-ul aliquot
from each side of the cell was withdrawn and counted for radio-
activity. The difference between ®>Zn>" in the protein chamber
and that in the protein-free chamber was taken to be a measure
of the amount of Zn>" bound to the protein. Control experi-
ments, where the protein was replaced with Tris buffer, gave
equal amounts of ®*Zn>" radioactivity in both chambers, con-
firming that equilibrium between the two sides of the cell had
been established. Control experiments also revealed no signif-
icant ®®Zn** binding to the dialysis membrane.
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Measurement of Intrinsic Fluorescence Quenching—Binding
of Zn*>* or Ca®" to protein C and protein C derivatives was
evaluated by changes in the intrinsic fluorescence of proteins
associated with the binding of these metal ions to the proteins.
The fluorescence titration was carried out using a Spectroflu-
rometer FP 6500 (Jason Inc., Easton, MD). The excitation and
emission wavelengths were 295 and 345 nm, respectively. The
titrations were carried out at room temperature in 50 mm Tris-
HCI, pH 8.0 buffer by adding small aliquots (0.5-1.25 ul) of
Ca** (0-5.0mm) or Zn>* (0-100 um) to a 1 uM protein sample
(250 wl) and measuring the emission spectra (A,,,, 300—-400
nm) at an excitation maxima of 295 nm. The peak value at the
emission wavelength of 345 nm was used to determine the
extent of fluorescence quenching.

RESULTS

Zinc Modulates Binding of Protein C and APC to EPCR—We
investigated the effect of zinc ions on the interaction of protein
C and APC with EPCR on cell surfaces as the first step in eval-
uating the potential role of Zn>" in modulating protein C and
APC functions. HUVEC were incubated with ***I-protein C
and varying concentrations of ZnCl, in the presence or absence
of Ca®", and the amount of the radioligand bound to EPCR was
measured. As shown in Fig. 14, Zn*>"* enhanced protein C bind-
ing to EPCR by 2-fold in reaction mixtures that also contained
saturating concentrations of Ca®>". Concentrations of zinc at
levels comparable with those in plasma (~20-25 um) were suf-
ficient to maximally enhance protein C binding to EPCR. At
higher concentrations of zinc ions (100 um), the enhancing
effect of zinc ions was diminished. In the absence of Ca®>*, only
trace amounts of protein C were associated with the cells, and
the addition of Zn>" only slightly enhanced this base level of
protein C binding. To determine whether zinc ions had a sim-
ilar enhancing effect on APC binding to EPCR, we also evalu-
ated APC binding to endothelial cells. As shown in Fig. 1B, zinc
ions increased APC binding to endothelial cells in a dose-de-
pendent manner. The data obtained with CHO-EPCR cells fur-
ther confirmed the effect of zinc ions on protein C and APC
binding to EPCR (Fig. 1, C and D). The effect of zinc ions on
APC binding to EPCR appears to be more pronounced than
their effect on protein C binding to EPCR. To investigate
whether Zn>" could induce protein C binding to EPCR inde-
pendent of the Gla domain, we next examined the effect of
Zn>* on the binding of Gla domain-deleted protein C (GD-
protein C) to EPCR on endothelial cells. GD-protein C bound
poorly to EPCR, and Zn?>" was ineffective in promoting the
binding (data not shown).

To examine how the Ca®" concentration might influence the
Zn**-mediated protein C/APC binding to EPCR, we tested the
effect of a fixed concentration of Zn** (25 um) on APC binding
to EPCR in the presence of varying concentrations of calcium
ions. As shown in Fig. 1E, in the absence of Ca**, zinc ions failed
to mediate APC binding to EPCR. However, a Ca®>" concentra-
tion as low as 0.5 mM was sufficient to elicit a marked enhancing
effect of Zn>" on APC binding to EPCR. The zinc effect reached
a maximum at 2.5 mm Ca®*. Even in the presence of saturating
concentrations of Ca*>*, Zn>" significantly increased APC
binding to EPCR. Earlier studies showed that physiological
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FIGURE 1. Zinc ions enhance Ca?*-mediated protein C and activated pro-
tein C binding to endothelial cell protein C receptor. Confluent monolay-
ers of HUVEC (A and B) or CHO-EPCR cells (C and D) cultured in 24-well plates
were treated with control vehicle or EPCR blocking mAb (10 ig/ml) for 30 min
at room temperature. The cells were then chilled and incubated with |-
protein C (80 nm, A and C) or '?°I-APC (80 nm, Band D) and varying concentra-
tions (0-100 um) of ZnCl, in the presence (@) or absence (O) of CaCl, (5 mm)
for 3 h at 4 °C. After the 3-h incubation, the supernatants were removed, the
cells were washed, the bound "?I-protein C or '?°I-APC was eluted with 0.1 m
glycine, and the radioactivity in the eluate was counted. The data shown in
the graph represent EPCR-specific binding, which was determined by sub-
tracting the nonspecific binding (binding observed with cells pretreated with
EPCR blocking mAb) from the total binding (binding observed with cells pre-
treated with control vehicle). E, CHO-EPCR cells, pretreated with control vehi-
cle or EPCR blocking mAb, were incubated with '2°I-APC (10 nm) and varying
concentrations of CaCl, in the presence (@) or absence (O) of 25 um Zn?™.
After 3 h of incubation at 4 °C, '?*I-APC bound to EPCR was determined as
described above. Conc., concentration.

levels of Mg>* enhanced APC binding to EPCR (29). There-
fore, we next investigated the effect of Zn>" ions on protein
C and APC binding to EPCR in the absence and presence of
a physiological concentration of Mg®". As shown in Fig. 24,
Mg>" enhanced the binding of protein C to CHO-EPCR cells
by ~3-fold. Zn>* increased protein C binding to CHO-EPCR
cells to the same extent. The presence of both Mg®* and
Zn>" increased the binding of protein C to CHO-EPCR cells
slightly but significantly (» < 0.01) over that observed in the
presence of either Mg?"* or Zn** alone (Fig. 2A4). The effect
of Zn** is more pronounced on APC binding to EPCR. Mg*"
enhanced the binding of APC to CHO-EPCR cells by ~2-fold
(Fig. 2B). In the same experiment, physiological concentra-
tions of Zn>"* enhanced the binding of APC to CHO-EPCR
cells by ~7-fold. The addition of a physiological concentra-
tion of Mg>" did not further enhance APC binding to the
cells. Similar enhancing effects of Zn*>* and Mg®" on the
binding of APC and protein C were also noted with HUVEC,
but the amount of APC and protein C bound to HUVEC, as
expected, was much lower than that observed with CHO-
EPCR cells (data not shown).
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FIGURE 2. Effect of physiological concentrations of Zn>* and Mg>* on the
binding of activated protein C and protein C to EPCR. CHO-EPCR cells
pretreated with control vehicle or EPCR blocking mAb (10 wg/ml) for 30 min
at room temperature were incubated with '?*-protein C (A) or '?*I-APC (B)
(80 nm) for 15 min at 37 °C in the presence of buffer containing 1.1 or 5 mm
CaCl, = Zn?* (25 um) and/or Mg?™* (0.6 mm). The amount of APC and protein
C bound to the cells was determined as described under “Experimental Pro-
cedures.” The data shown in the graph represent EPCR-specific binding
(means = S.E,, n = 3-6 experiments). *, the value is significantly higher than
the value obtained in the reaction mixture containing the corresponding
concentration of Ca®" alone (p < 0.01). #, the value significantly differs from
the value obtained in the reaction mixture containing Mg?* (p < 0.01). 1, the
value significantly differs for the value obtained in reaction mixture contain-
ing either Mg?* or Zn** (p < 0.01).

The effect of Zn>" on the enhancement of protein C or APC
binding to EPCR on cell surfaces could be the result of increased
availability of EPCR receptors on cell surfaces upon exposure to
zinc ions or of increased avidity of protein C and APC with
bound Zn>" to EPCR. To distinguish between these two possi-
bilities, we first evaluated the effect of zinc ions on the binding
affinity of protein C and APC to HUVEC and CHO-EPCR cells.
Zinc ions markedly influenced the binding affinity of protein C
and APC to EPCR (Fig. 3). In the absence of zinc ions, both
protein C and APC bound relatively poorly to EPCR. The addi-
tion of zinc ions to the binding reaction mixture increased the
binding affinity of both protein C and APC to EPCR by 5-10-
fold. The effect of zinc on APC binding to EPCR, compared
with that on protein C binding to EPCR, is more pronounced
(K, for APC in the absence of zinc ions, 117 = 27 nm; K, for
APC in the presence of zinc ions, 9.3 = 3.3 nm; K, for protein C
in the absence of zinc ions, 96 * 26 nm; K, for protein C in the
presence of zinc ions, 21.4 = 6.6 nm). The B, of protein C and
APC binding to EPCR on endothelial cells did not differ signif-
icantly. Binding studies carried out with CHO-EPCR cells fur-
ther confirmed that Zn>" increases the affinity of protein C and
APC binding to EPCR. Data analysis showed a 4- and 8-fold
increase in the affinity of protein C and APC binding to EPCR,
respectively, in the presence of zinc (data not shown). We next
investigated the effect of zinc ions on EPCR mAb binding to
EPCR. No detectable differences were observed in EPCR mAb
binding to EPCR in the presence or absence of zinc ions. The
binding curves are hyperbolic and overlapping and yielded
essentially the same K, and B,,,, values (data not shown), sug-
gesting that Zn>" had no direct effect on EPCR on the cell
surface.
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FIGURE 3. Zinc ions increase the binding affinity of protein C and acti-
vated protein C to EPCR. HUVEC, preincubated with control vehicle or
EPCR blocking mAb, were incubated at 4 °C for 3 h with varying concen-
trations of '**I-protein C (A) or '?°I-APC (B) in the presence (@) or absence
(O) of 25 um Zn?*. All of the reaction mixtures contained 5 mm CaCl,. At
the end of 3 h, the amount of '?*|-protein C or '2°I-APC associated with the
cell surface EPCR was determined as described under “Experimental Pro-
cedures.” Conc., concentration.

We next examined whether the Zn>"-mediated increase in
APC and protein C binding to EPCR on cell surfaces leads to
increased internalization of the ligand. CHO-EPCR cells were
incubated with '**I-APC (10 nm) in the presence or absence of
25 um Zn** and/or 5 mm Ca*>™ at 37 °C for varying time peri-
ods. As expected, APC bound to CHO-EPCR in a time-depen-
dent and hyperbolic fashion. 4 —5-fold more APC was bound to
CHO-EPCR cells when both Ca®>* and Zn>** were present com-
pared with the amount of APC bound to the cells in the pres-
ence of calcium ions alone (Fig. 44). APC internalization
reflected the APC binding properties, i.e. internalization of
APC was increased in reaction mixtures containing both Ca**
and Zn>* in comparison with the reaction mixture that con-
tained either Ca®>* or Zn>* alone (Fig. 4B). Although Mg>™" also
enhanced the internalization of APC, it was significantly lower
than that noted with Zn>* (Fig. 4C). The presence of Mg>* with
Zn>** did not further increase the internalization of APC (Fig.
4C). Similar findings were noted with protein C internalization
(data not shown). The extent of Zn>*-mediated increase in
APC internalization correlates well with the amount of APC
bound to EPCR in the presence of Zn>" (compare Fig. 4C with
Fig. 2B), suggesting that the increased internalization of protein
C/APC in the presence of Zn>" stems from the increased asso-
ciation of protein C/APC to EPCR in the presence of Zn>" and
is not the result of an increase in the rate of internalization of
the bound ligand. Additional radioligand binding studies per-
formed with HUVEC confirmed the data obtained with CHO-
EPCR cells, i.e. significantly more APC was internalized in the
presence of Zn>" and Ca*>" compared with Ca®>" alone (data
not shown). The differences in the extent of APC internaliza-
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tion in HUVEC in the presence or absence of Zn>" was clearly
demonstrable by fluorescence confocal microscopy of HUVEC
exposed to APC tagged with a fluorescent dye (Fig. 4D).

Zinc Binding to APC and GD-APC—To characterize the
binding of zinc ions to APC, we first evaluated the effect of
Zn>* on the amidolytic activities of APC and GD-APC. As
shown in Fig. 54, zinc ions, in the absence of Ca®", inhibited the
amidolytic activity of APC with half-maximum at 100 pm.
However, in the presence of Ca**, the inhibitory effect of Zn*"
was attenuated significantly. Zinc ions also inhibited the
amidolytic activity of GD-APC in an almost identical fashion.
Moreover, as observed with APC, the presence of physiological
concentrations of Ca*>* substantially reduced the inhibitory
effect of Zn>* on the amidolytic activity of GD-APC. Ca*"
reversed the Zn>*-mediated inhibition of the amidolytic activ-
ities of APC and GD-APC with an identical concentration
dependence profile (Fig. 5B). In contrast to Ca>*, the presence
of Mg>" (0.6 mm) had no influence on Zn>" inhibition of the
amidolytic activity of protein C (data not shown).

Next, we measured Zn>" binding to APC and GD-APC by
equilibrium dialysis. As shown in Fig. 64, Zn>* bound to both
APC and GD-APC in a dose-dependent manner. Approxi-
mately 3—4-fold more Zn>" bound to APC compared with GD-
APC. Analysis of binding curves by curve fitting (GraphPad,
PRISM 4.0) revealed that Zn?" binds to both APC and GD-APC
with relatively high affinity (K, 70— 80 um). Determination of
the total number of binding sites from the B, ,, obtained from
the curve fitting predicted the presence of two zinc-binding
sites in GD-APC and ~8 —10 sites in the full-length APC. These
data suggest that zinc binds to both the Gla domain and
region(s) outside of the Gla domain. ®®Zn** binding to GD-
APC was decreased by ~50% in the presence of saturating con-
centrations of Ca*>"* (5 mwm) (Fig. 6B). Ca*>" also competed with
Zn>* binding to the full-length APC, but to a lesser extent.
Although part of this reduction reflects the competition
between Ca®>" and Zn?>" for sites in the protease domain, it does
not fully account for all of the inhibition, which suggests that at
least a few of the Zn>"-binding sites in the Gla domain must
also be common binding sites for both Ca®>" and Zn>". The
presence of physiological concentrations of Mg>" neither
enhances nor decreases the partial replacement of ®*Zn>* bind-
ing to APC observed in the presence of Ca®>* (Fig. 6B).

Zinc Induces Conformational Changes in Protein C and APC—
Changes in the intrinsic fluorescence reflect metal-induced
conformational changes in protein C (30-32). To investigate
whether zinc binding to the Gla domain and/or the protease
domain induces conformational changes in the protein, we
measured the quenching of intrinsic fluorescence intensity of
protein C, GD-protein C, APC, and GD-APC in the presence of
increasing concentrations of calcium or zinc ions. Both protein
C and APC underwent a saturable Ca*>"-dependent fluores-
cence quenching of ~25% (Fig. 7A). The fluorescence quench-
ing profiles of protein C and APC were very similar. Ca*>*-de-
pendent fluorescence quenching was also observed with
GD-protein C and GD-APC; however, the extent of fluores-
cence quenching was substantially lower compared with pro-
tein C and APC (Fig. 7A). When we examined the effect of
increasing concentrations of zinc ions on the intrinsic fluores-
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FIGURE 4. Effect of zinc ions on activated protein C binding and internalization. CHO-EPCR cells were incubated at 37 °C with '°I-APC (10 nwm) in a buffer
containing ZnCl,, 25 um (CJ), CaCl,, 5 mm (O), or both ZnCl, and CaCl, (@). At varying times, the amount of '?*I-APC bound to the cell surface (A) orinternalized
(B) was determined as described under “Experimental Procedures.” C, CHO-EPCR cells were incubated with '2°I-APC (80 nm) for 15 min at 37 °C in the presence
of one or more divalent cations, Ca?*, Mg?", or Zn?*, as indicated on the x axis of the figure. The amount of '?*|I-APC internalized was measured as described
under “Experimental Procedures.” The results are presented as the means = S.E. of three or more experiments. *, the values are significantly higher compared
with the values obtained in the reaction mixture containing Ca®>* alone (p < 0.05). #, the values are significantly higher (p < 0.05) compared with the values
obtained in the reaction mixture containing Ca>* and Mg?". D, HUVEC were incubated with AF546-APC (50 nm) for 1 h at 37 °C in the presence of one or more
divalent cations. The monolayers were fixed, and the fluorescence of AF546-APC was analyzed by confocal microscopy. The images shown are the composite
images of all z-stacks. Treatments were as follows: panel a, no salt; panel b, 25 um Zn>*; panel ¢, 0.6 mm Mg*; panel d, 1.1 mm Ca**; panel e, 1.1 mm Ca®" + 0.6
mm Mg?"; panel f, 1.1 mm Ca?* + 25 um Zn?*; panel g, 1.1 mm Ca®" + 0.6 mm Mg?* + 25 um Zn?",

cence of protein C and its derivatives, we observed an effect zinc titration. Protein C underwent a 15% decrease in the fluo-
similar to that seen with Ca?". Zn>" caused a substantial rescence emission, whereas APC underwent an approximately
decrease in the intrinsic fluorescence of protein C, APC, and 25% decrease. Differences in Zn>" binding to protein C and
their Gla domain-deleted derivatives (Fig. 7B). However, in APC were also evident with their Gla domain-deleted deriva-
contrast to that observed with Ca>* binding, the extent of the tives. We also investigated whether zinc ions induce further
decrease in fluorescence emission and the profile of fluores- conformational changes in Ca®>"-bound protein C and APC.
cence quenching differed between protein C and APC upon For these studies, first protein C and APC were preincubated
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FIGURE 6. *>Zn* binding measurements by equilibrium dialysis. A, APC
(O) or GD-APC (@) (7.5 um, 100 ul) were subjected to equilibrium dialysis
against varying concentrations of ®°Zn?* (2.5-200 um). B, displacement of
Zn** by Ca*" orMg?". APC or GD-APC (7.5 uM) were subjected to equilibrium
dialysis against >Zn" (100 um) * varying concentrations of Ca®" or physio-
logical concentrations of Ca?" and Mg?*. To demonstrate the specificity of
Zn?* binding to APC and GD-APC, 100-fold molar excess of unlabeled Zn>*
was used in the displacement. r on the y axis denotes mol of Zn?>* bound to
mol protein. Conc., concentration.

with 5 mm CaCl, for 5 min, and then fluorescence quenching
was measured following the addition of varying concentrations
of zinc ions. As shown in Fig. 7C, zinc ions induced further
fluorescence quenching, indicating that Zn>* binding to pro-
tein C/APC induces additional conformational changes to pro-
tein C/APC saturated with Ca®". Similarly, Zn>" also induced
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fluorescence quenching of protein C/APC in the presence
physiological amounts of both Ca®>* and Mg*" (data not
shown), suggesting that Zn>*-induced conformational changes
in the protein were different from those induced by Mg>".

Effect of Zinc on Protein C Activation—To investigate
whether the observed increase in protein C binding to EPCR in
the presence of zinc ions leads to increased protein C activation,
we measured EPCR-dependent protein C activation in HUVEC
in the presence of varying concentrations of ZnCl, (0.0-0.1
mm) * CaCl, (5 mm). Zinc ions enhanced the rate of thrombin-
mediated protein C activation in the presence of Ca®>". A phys-
iological concentration of Zn>* (~25 um) was sufficient
to increase protein C activation by ~2-fold (Fig. 84). The
presence of Ca>" was essential for Zn>" to enhance protein C
activation because Zn>" alone failed to support protein C acti-
vation. At higher concentrations, Zn>* slightly reduced protein
C activation. However, this could reflect Zn>*-mediated inhi-
bition of APC amidolytic activity rather than the direct inhibi-
tion of protein C activation. The zinc effect was observed both
at the physiological concentration of Ca>* (1.1 mm) as well as at
a saturating concentration of Ca>" (5 mm). However, the zinc
effect on protein C activation was evident only in the absence of
Mg?". Physiological concentrations of Mg®* enhanced protein
C activation by 3-fold, and Zn*" did not further increase the
rate of protein C activation (Fig. 8B, bottom panel). In fact,
Zn>" slightly reduced Mg>"-enhanced protein C activation.
Further analysis of Zn*"-dependent protein C activation on
endothelial cells revealed that the presence of physiological
amounts of either Mg>"* or Zn>" lowered the apparent K, of
protein C activation (Table 1). The presence of both Mg®" and
Zn>" together with Ca®" did not further lower the K, (Table
1). Overall these data suggest that although Zn>" is capable of
enhancing APC generation on HUVEC, it may not have any sig-
nificant effect on APC generation in the presence of physiological
concentrations of Ca®>" and Mg>". In additional studies, we inves-
tigated the effect of Zn>" on EPCR-independent but thrombin-
thrombomodulin-dependent protein C activation utilizing
recombinant soluble thrombomodulin (provided by Ray
Rezaie, St. Louis University, St. Louis, MO). The data of these
studies revealed that Zn>" had no effect on thrombin-throm-
bomodulin-mediated protein C activation (data not shown).

Zinc Does Not Alter the Anticoagulant Activity of APC—To
investigate whether Zn>* binding to APC alters the anticoagu-
lant activity of APC, we examined the effect of varying concen-
trations of Zn>" on APC inactivation of FVa. FVa activity was
measured by its ability to support FXa-catalyzed activation of
prothrombin on the endothelial cell surface. As shown in Fig. 9,
APC inhibited FVa-dependent prothrombinase activity in
HUVEC. Incubation of APC with Zn>* had no effect on APC
inactivation of Va.

Zinc Enhances APC-induced PAR1 Cleavage and p44/42
MAPK Activation—APC upon binding to EPCR was shown to
activate PARI1 (33). To investigate whether the enhanced bind-
ing of APC to EPCR in presence of zinc ions would enhance
APC-mediated PARI1 activation and subsequent cell signaling,
we measured the effect of Zn>" on APC cleavage of PAR1 and
APC-induced p44/42 MAPK activation in HUVEC. As shown
in Fig. 104, the presence of physiological concentrations of zinc
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Zn>* modulation of Gla domain-
mediated protein C/APC binding to
EPCR and the Gla domain-indepen-
dent APC amidolytic activity sug-
gest that Zn>™, like Ca®", may bind
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FIGURE 7. The influence of Zn?* on the intrinsic fluorescence of protein C, activated protein C, and
their Gla domain-less derivatives. A and B, protein C (O), APC ([J), GD-protein C (@), GD-APC (W), and
factor X (as a control; X) (1 uM) were titrated against varying concentrations of Ca®* (A) orZn?* (B), and the
intrinsic fluorescence was determined as described under “Experimental Procedures.” F and F, corre-
spond to the emission intensity with or without divalent cation present, respectively. C, same as in B
except that the proteins were saturated with Ca®" (5 mm) before they were titrated against Zn?". In a
separate experiment where we examined the reversibility of intrinsic fluorescence quenching by EDTA,
EDTA was found to reverse Ca?"- and Zn?"-mediated intrinsic fluorescence quenching by ~90%. Conc.,

concentration.

ions significantly enhanced APC cleavage of PARL. Mg*" also
slightly enhanced APC cleavage of PAR1, but the increase was
not statistically significant. Inclusion of Mg>* with Zn>" did
not further enhance APC cleavage of PAR1. Consistent with
PARI cleavage data, the presence of physiological concentrations
of zinc significantly enhanced APC-induced p44/42 MAPK acti-
vation (Fig. 10B). The observed increase in APC-mediated activa-
tion of PAR1 and p44/42 MAPK in the presence of Zn>" stems
from the increased number of EPCR-APC complexes formed on
cell surfaces in the presence of Zn®" rather than enhanced cata-
lytic function of APC.

DISCUSSION

Zinc is essential for growth, development, and the transmis-
sion of the genetic message (13, 35). Earlier studies have sug-
gested that zinc ions may also play a role in hemostasis by
modulating the activity of plasma clotting factors, platelet
aggregation, and platelet interaction with endothelial cells (11).
The current study describes the influence of zinc ions on the
protein C pathway. Our data show that zinc ions promote the
binding of protein C and activated protein C to their receptor,
EPCR. Zn>*-mediated enhancement of protein C/APC binding
to EPCR results in a net increase in internalization of the
ligands. The enhanced binding of APC to EPCR on the endo-
thelial cell surface in the presence of zinc ions may also enhance
APC-mediated PAR1 activation.

The Gla domain of protein C is responsible for much of the
binding energy and specificity of the protein C-EPCR interac-
tion. This binding is dependent on the divalent metal ion Ca**
(36). The data presented in this manuscript show that the pres-
ence of physiological concentrations of Zn>* (25 um) markedly
increases the Ca®*-dependent protein C and APC binding to
EPCR. Zn**, however, does not replace Ca®>" as a mandatory
cofactor for protein C/APC binding to EPCR. The presence
of physiological amounts of Mg>* had no effect on Zn*"-
mediated enhancement of protein C and APC binding to
EPCR. The kinetic analysis of protein C and APC binding to
EPCR suggests that Zn>" promotes protein C/APC binding
to EPCR by increasing the binding affinity (i.e. lowering K )
of protein C/APC for its receptor. The Zn>'-mediated
increase in protein C and APC binding to EPCR led to
increased endocytosis of protein C/APC, suggesting that
Zn>" may facilitate the clearance of protein C/APC.
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to the Gla domain as well as the pro-
tease domain of protein C. Data
from the equilibrium binding stud-
ies performed with ®°Zn>" provide
strong support for this hypothesis.
These data show that Zn>" binds to
both GD-APC and APC but that the
amount of Zn>* bound to full-
length APC was 3—4-fold higher
than the amount bound to GD-
APC. Kinetic analysis of equilibrium binding studies suggests
that two Zn>" atoms bind to APC outside the Gla domain with
relatively high affinity (~70 um). At least one of the Zn>"-bind-
ing sites may overlap with the Ca®>"-binding site because the
Zn>" binding to GD-APC was inhibited by ~50% in the pres-
ence of saturating concentrations of Ca>". These data were
consistent with earlier findings suggesting that Zn** probably
binds to a high affinity Ca?*-binding site in GD-protein C (37).
However, at present there is no direct evidence that Zn*>* and
Ca®"* may have overlapping sites on the protease domain. It is
possible that the two metal sites are energetically linked, and
thus Ca>* binding to the protease domain may allosterically
regulate Zn>" binding to the protease domain as observed with
sodium binding (38). Irrespective of the mechanism by which
Ca®" reduces Zn>"* binding to the protease domain, these data
suggest that at physiological concentrations of Ca>", only one
Zn>* atom may bind to the protease domain of APC. The sub-
stantially increased Zn>* binding to the full-length APC com-
pared with GD-APC suggests that the N terminus of the Gla
domain of protein C contains multiple Zn>"-binding sites.
Interestingly, Zn>" bound to full-length APC and GD-APC
with a similar affinity, suggesting that the Gla domain, as well
the protease domain, may contain relatively high affinity bind-
ing sites for Zn>". A majority of the Zn>"-binding sites in the
Gla domain appear to be distinct from the Ca>"-binding sites,
because less than 40% of Zn>" was replaced by Ca’>*. The
intrinsic fluorescence quenching of both GD-APC and APC
upon the addition of Zn>* suggests that Zn>* binding induces
conformational changes in protein C/APC. Overall our obser-
vations suggest that Zn>" binds to protein C/APC in both the
Gla and the protease domains. Zn?>" binding to the Gla domain
of protein C/APC stabilizes the conformation of the Gla
domain, thereby favoring its binding to EPCR, whereas Zn?"
binding to the protease domain destabilizes the catalytic triad
and thereby inhibits the amidolytic activity of APC. However,
the occupancy of the protease domain by Ca®" protects against
the destabilizing effect of Zn>™.

The locations of zinc coordination sites in protein C/APC are
uncertain at this time. An examination of the protein C/APC
primary structure revealed no consensus canonical zinc bind-
ing sequences homologous to other known zinc-binding pro-
teins. The most common amino acids found in coordination
sites for Zn>* are His, Glu, Asp, and Cys (39). Although the
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FIGURE 8. Zn?* promotes protein C activation. A, endothelial cells were
incubated with protein C (80 nm) and thrombin (2 nm) with varying concen-
trations (0-100 um) of ZnCl, in the presence (@) or absence (O) of CaCl, (5 mm)
at 37 °C for 2 h. At the end of 2 h, thrombin in the reaction mixture was
inhibited by adding hirudin (4 units/ml), and the amount of APC generated
was measured in an amidolytic activity assay using chromogenic substrate
S-2366 (500 um). B, endothelial cells were incubated with protein C (80 nm)
and thrombin (2 nm) for 1 h at 37 °Cin the presence of one or more divalent
cations as listed on the x axis. The amount of APC generated was measured as
described above. The results are presented as the means = S.E. of three or
more experiments. ¥, the values are statistically significantly higher compared
with the values obtained in the reaction mixture containing only Ca*" (p <
0.01). #, the values are statistically significantly lower compared with the val-
ues obtained in the reaction mixture containing Ca>* and Mg?* (p < 0.05).

protease domain of APC contains multiple His, Glu, Asp, and
Cys residues, they are not present in any significant abundance
compared with other amino acids. Recent crystallography stud-
ies of FVIla revealed that the Zn1 site involves the side chains of
His*'®, Glu*?*°, and Ser®??, and the Zn2 site involves the side
chains of His*>*?, Asp®'?, and Lys'®' (10). Interestingly, none of
these residues, except for Glu*?°, are conserved in APC. There-
fore, it seems unlikely that Zn>" binds to APC at the Ca®>* loop
as it does in FVIIa. However, as observed with FVIla, Ca®"
partly reverses the inhibitory effect of Zn>" on APC amidolytic
activity, raising the possibility that the Zn>*- and Ca>"-binding
sites in the protease domain are either overlapping or energet-
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TABLE 1
Effect of Zn2" on protein C activation
The values shown represent the means + S.E. (n = 3-5).

Divalent cations (Concentration) K, Vmax

M nm/h
Ca?* (1.1 mm) 0.70 = 0.06 13.4 *+ 0.48
Ca®" (1.1 mm) + Zn%" (25 um) 0.38 = 0.03* 109 = 0.33
Ca®" (1.1 mm) + Mg>* (0.6 mm) 0.18 = 0.01  12.4 +0.22
Ca®* (1.1 mm) + Zn** (25 um) + Mg?* (0.6 mm)  0.32 = 0.03**  10.5 + 0.31
Ca®" (5 mm) 0.43 = 0.03 10.8 + 0.25
Ca®" (5 mm) + Zn2" (25 um) 0.20 = 0.02¢ 8.6 = 0.29
Ca®" (5 mm) + Mg?" (0.6 mm) 0.15 = 0.02% 9.5 +0.32
Ca®* (5mm) + Zn>" (25 um) + Mg?™ (0.6 mm)  0.22 = 0.03%* 7.7 +0.29

“ The values significantly differ (p < 0.01) from the value obtained in the presence of
corresponding concentration of Ca** alone.

® The values do not significantly differ from the value obtained in the presence of
Ca”>* and Zn*>*.
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FIGURE 9.Zn?* does notinhibit APC anticoagulant activity. APC (200 nv) was
incubated in the presence of varying concentrations of Zn** (0-100 um) for 20
min, and then 2 nv of APC from the reaction mixture was added to HUVEC mono-
layers incubated with FVa (1 nm) for 5 min. APC was allowed to inactivate FVa for
30 min, and the remaining Va activity was measured by adding FXa (5 nm) and
prothrombin (1.4 um) and measuring the amount of thrombin generated in a
chromogenic assay. The rate of thrombin generation measured in the absence of
APCand Zn?" was taken as 100%. The data are presented as the means * S.E. of
five or six independent experiments. Conc, concentration.

ically linked. Analysis of the protein C sequence with a recently
developed program (PREDZINC) that predicts zinc-binding
sites from amino acid sequences by combining a support vector
machine (SVM) and homology-based predictions (40) identi-
fied one potential Zn>"-binding site in the protease domain
involving Cys'*', His**®, Cys®*!, and Asp®*” (analysis was per-
formed by Nanjiang Shu, Structural Chemistry, Stockholm
University, Stockholm, Sweden). Scanning the crystal structure of
GD-APC from the Protein Data Bank for zinc-binding sites using
the recently developed FEATURE algorithm yielded a cluster of
hits in the protease domain. Analysis of the cluster for potential
coordinating residues revealed that Zn*"-binding sites may
involve the side chains of Asp***, His*'?, Cys®!!, and Cys”®.
Although we expected Zn>" to bind to the Gla domain as it
modulated the Gla domain-dependent protein C/APC binding
to EPCR, it was surprising for us to find that the Gla domain of
protein C contains as many as six to eight Zn>"-binding sites.
Although this observation is unexpected, it is unlikely that this
is an experimental artifact because the data were reproduced
with two different batches of APC. Moreover, consistent with
earlier studies (8, 10), we noted only two Zn>" atoms binding to
full-length factor VIIa. Furthermore, 100-fold molar excess of
unlabeled zinc completely abrogated ®®Zn** binding to APC,
which confirms the specificity of the observed Zn>* binding.
Residues 1-41 of the Gla domain of protein C, a fragment that
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FIGURE 10. Effect of physiological concentrations of Zn>* and Mg>* on PAR1 cleavage of APC and down-
stream p44/42 MAPK activation. A, HUVEC monolayers were transduced with AP-PAR1 adenovirus (20 mul-
tiplicity of infection/cell) and allowed to grow for 48 h. HUVEC monolayers expressing AP-PAR1T were treated
with APC (80 nm) in the presence and absence of physiological concentrations of Ca®*, Mg?*, or Zn?* alone or
in combination. A small aliquot of the supernatant was removed immediately after adding APC and after 45
min, and AP activity in the supernatant was measured as described under “Experimental Procedures.” The basal
readings obtained at 0 min were subtracted from the readings obtained at 45 min. The data shown in the graph
represent the means = S.E. (n = 3). *, the value is significantly higher than the value obtained in the reaction
mixture containing the corresponding concentration of Ca®™ alone (p < 0.005). B, confluent monolayers of
HUVEC were serum-starved in the presence and absence of 25 um Zn** for 3 h in serum-free medium, which
contains near physiological concentrations of Ca®* (1.8 mm) and Mg?* (0.8 mm). Thereafter, APC (20 nm) was
added to the cells for 15 min. The cell lysates were subjected to SDS-PAGE and immunoblotted with MAPK
antibodies. The band intensities were calculated with Quantity One software of fourindependent experiments
and presented as the means = S.E. (n = 4). *, the value is significantly higher (p < 0.05) compared with the
corresponding value obtained in the absence of APC. #, APC-mediated p44/42 activation is significantly higher
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endothelial cell model system show
that Zn®"-mediated increase in
protein Cbinding to EPCR results in
increased APC generation. How-
ever, it is difficult to judge the phys-
iological significance of Zn>* effect
on APC generation because physio-
logical concentrations of Mg>" also
enhanced APC generation, and
Zn>" did not further enhance APC
generation in the presence of Mg>™".
Although Zn>" inhibits the amido-
lytic activity of APC, the physiological
concentrations of Zn>* will have no
significant effect on the anticoagu-
lant function of APC, because high
concentrations of zinc ions were
required to inhibit the amidolytic
activity of APC, and this inhibition
was attenuated by the presence of
physiological levels of Ca®>*. Con-
sistent with this, we found that
Zn*" had no effect on the anticoag-
ulant activity of APC. Recent studies
suggest that APC bound to EPCR
activates PAR1-mediated cell sig-
naling, and this may be responsible
for some of the nonhemostatic
functions of EPCR (28, 33, 34, 42).
Zn>" binding to APC could pro-
mote APC-induced cell signaling
because it increases the formation

(p < 0.05) in the presence of Zn*>" compared with in its absence.

was removed from APC by selective proteolysis with chymo-
trypsin, contain one His residue (His'®) and two Cys residues
(Cys'” and Cys®?), the two predominant residues that partici-
pate in zinc coordination. Both Cys'” and Cys* are predicted as
zinc-binding sites in protein C by the PREDZINC program (40).
One could speculate that other residues outside of the N-ter-
minal Gla domain region (residues 1-41) may contribute to
Zn>" binding. It is possible that the removal of amino acids
1-41 may change the conformation of the protein and abolish
the Zn>" binding to the region outside of the N terminus of the
Gla domain. It may be pertinent to note here that PREDZINC
identified several residues outside of the N-terminal Gla region
as putative zinc-binding residues with high binding score
(>0.45). They include His**, Cys®°, Cys®?, Cys®®, Cys®®, and
Cys'?®. FEATURE also recognized one or more of these resi-
dues as potential coordinating residues for zinc binding.
Although most of the zinc-binding sites are coordinated by
three or four amino acid residues, in rare cases zinc atoms could
be coordinated by only one or two amino acid residues (41). In
light of multiple Zn>" binding to the Gla domain of protein C, it
is likely that zinc binding to the Gla domain may be coordinated
by a single zinc-binding residue. Further studies are needed to
identify zinc-binding sites in protein C.

The full physiological significance of Zn>* binding to protein
C/APC remains to be elucidated. Our present data using the

JUNE 25, 2010+VOLUME 285+-NUMBER 26

of EPCR-APC complexes on cell
surfaces, which results in increased activation of PAR1.
Overall our present data show that Zn>" binds to protein
C/APC and induces conformational changes in the protein.
Zn>" binding to protein C/APC increases their affinity for
EPCR, which in turn may result in increased APC generation
and APC-mediated cell signaling. These observations suggest
that zinc ions may play an important and physiologically rele-
vant role in modulating the protein C/APC pathway. Further
studies are needed to map the specific Zn>"-binding sites in
protein C/APC and to elucidate the specific physiological func-
tions mediated by the interaction of Zn>" with protein C and
APC.
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