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Abstract

The zymogen, factor XI, and the enzyme, factor Xla, interact specifically with functional receptors
on the surface of activated platelets. The present studies were initiated to identify the molecular
subdomain within factor Xla that binds to activated platelets. Both factor Xla (K; ~1.4 nM) and a
chimeric factor Xla containing the Apple 3 domain of prekallikrein (K; ~2.7 nM) competed

with 125|-factor Xla for binding sites on activated platelets suggesting that the factor Xla binding
site for platelets is not located in the Apple 3 domain which mediates factor X1 binding to platelets.
The recombinant catalytic domain (11e370-Val897) inhibited the binding of 123|-factor Xla to the
platelets (K;j ~3.5 nM) whereas the recombinant factor XI heavy chain did not demonstrating that the
platelet binding site is located in the light chain of factor Xla. A conformationally constrained cyclic
peptide (Cys®2’-Cys®*2) containing a high-affinity (Kp ~86 nM) heparin-binding site within the
catalytic domain of factor Xla also displaced 12°I-factor Xla from the surface of activated platelets
(K; ~5.8 nM), whereas a scrambled peptide of identical composition was without effect suggesting
that the binding site in factor Xla that interacts with the platelet surface resides in the catalytic domain
near the heparin binding site of factor Xla. These data support the conclusion that a conformational
transition accompanies conversion of factor XI to factor Xla that conceals the Apple 3 domain factor
X1 (zymogen) platelet binding site and exposes the factor Xla (enzyme) platelet binding site within
the catalytic domain possibly comprising residues Cys®27-Cys®42,
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Factor XI (FXI)1 is a homodimeric plasma coagulation protein (1-4), deficiency of which
produces a mild hemostatic defect associated with trauma or surgery (5-8), in contrast to
deficiencies of the “contact factors” (Factor XII [FXII], prekallikrein [PK], and high molecular
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weight kininogen [HKT]), which lack a defined phenotype (9). This suggests that activation of
FXI to the protease (FXIa) proceeds physiologically by a mechanism that is independent of
FXII. This possibility was substantiated by the seminal observations of Naito and Fujikawa
(10) and Gailani and Broze (11) who demonstrated that FXI could be activated by thrombin
in the presence of dextran sulfate. Although the physiological surface that might potentiate
FXI-activation by thrombin has not been definitively identified, it has been demonstrated that
FXI binds to high-affinity (Kp ~10 nM), saturable, specific receptors (Bmax ~1,500 sites/
platelet) on activated platelets, in the presence of HK and ZnCl, or prothrombin and CaCl,
(12-15). It is hypothesized that the formation of the FXI/HK or FXI/prothrombin complex
leads to the exposure of residues within the Apple 3 (A3) domain that mediate FXI-binding
(12,15) to activated platelets where FXI can be cleaved to FXla by FXlla (16) and possibly
also by thrombin (17). In contrast, neither resting nor thrombin-activated human umbilical vein
endothelial cells have any capacity to bind FXI or promote its activation by thrombin (18). It
has been demonstrated that the platelet membrane receptor for FXI consists of the glycoprotein
Ib-1X-V complex (19).

FXIla recognizes its macromolecular substrate factor IX (FIX), which it cleaves at two scissile
bonds, Argl4>-Alal46 and Arg180-vall8l to generate factor 1Xa (F1Xa) (2). The substrate-
binding site on FXla for FIX is within either the A2 or A3 domain (20-22). Similar rates for
FIX activation by FXla in the presence and absence of activated platelets have been
demonstrated (23). Since FXIla binds to high-affinity (Kp ~1.7 nM) receptors on the activated
platelet surface (Bmax ~250 sites/platelet) (24,25) as does FIX (Kp ~2.5 nM; Byax ~250 sites/
platelet) (26) it is likely that the platelet surface provides a platform where FXla and FIX can
colocalize and FIX activation can efficiently occur. The regulation of soluble FXla is mediated
by the secretion from activated platelets of protease nexin 2 (PN2), a reversible, tight-binding
(K; ~500 pM) FXla inhibitor, whereas platelet-bound FXla is protected from inactivation by
PN2 (25,27,28). These results are consistent with the view that the initiation of the
consolidation phase of blood coagulation either by FXlla (16) or by thrombin generated by the
tissue factor pathway proceeds on the surface of activated platelets but not on the endothelium.
Activated platelets provide a protective nidus for FIX activation by platelet-bound dimeric
FXla while secreting PN2 which potently inhibits unbound FXla, thereby localizing blood
coagulation to the hemostatic thrombus and preventing disseminated intravascular coagulation
(28). The present study was initiated to identify the molecular domains within the enzyme,
FXla, that mediate its interaction with platelet receptors.

PK is a protein that is highly homologous to FXI, sharing 58% sequence identity and having
similar domain structure. Two chimeras were generated, rEXI/PKA3 and rFXIa/PKA3, in
which the A3 domain of FXI, the domain responsible for mediating the binding of FXI to the
activated platelet surface (12,14), was replaced with the A3 domain of PK in order to study the
binding of FXla to platelets. We have examined the ability of FXI and FXla as well as rFXI/
PKA3 and rFX1a/PKA3 chimeras to compete with 1251-FXla for binding to the activated
platelet surface. In addition, the isolated heavy chain (which contains the Apple domains) and
the isolated catalytic domain of FXla were examined to determine which domain was involved
in FXla binding to activate platelets. A number of peptides were designed for competition
assays in order to further identify the particular residues involved in this interaction. Our data
suggest that FXla binds to the surface of activated platelets through the catalytic domain and
that this domain is distinct from that which is involved in zymogen binding.

EXPERIMENTAL PROCEDURES

Reagents

The site-directed mutagenesis kit (Quikchange) was purchased from Strategene (La Jolla, CA).
Lipofectamine 2000 Reagent was from Invitrogen (Carlsbad, CA). The chromogenic substrate
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S-2366 (L-pyroglutamyl-L-prolyl-L-arginyl-p-nitroaniline hydrochloride) was purchased
from Chromogenix (Mdélndal, Sweden). Glutamine, penicillin/streptomycin, bovine serum
albumin, aprotinin, and cyanogen bromide-activated-sepharose 4B were purchased from
Sigma Chemical Co. (St. Louis, MO). Dulbecco’s modified Eagle’s Medium (DMEM) was
purchased from Mediatech (Herndon, VA). Geneticin (G-418) was purchased from Gibco
(Grand Island, NY). lodogen was obtained from Pierce (Rockford, IL). Nal251 was obtained
from GE Healthcare (Piscataway, NJ). All other reagents were of analytical grade and were
the best quality commercially available.

FXIlla, FXIla, and FXI purified from human plasma were purchased from Haematologic
Technologies, Inc. (Essex Junction, VT). rEXI/PKA3 and rFX1a/PKA3 chimeric proteins were
a kind gift from Dr. David Gailani (Vanderbilt University, Nashville, TN). Recombinant FXI
with cysteine 362 and cysteine 482 mutated to serine (rFXI1/C362S,C482S) was purified from
stably transfected 293 human embryonic kidney cells (293-HEK). The monoclonal antibody
5F7 (directed against the A1 domain located within the heavy chain of FXI) was initially
purified from the ascites fluids in a hybridoma cell line by Dr. Dipali Sinha (29) and now is
commercially available from Green Mountain Antibodies (Burlington, VT). Corn trypsin
inhibitor (coupled to Affi-Gel) columns were purchased from Enzyme Research Laboratories
(South Bend, IN). The following peptides were synthesized at the Protein Chemistry
Laboratory at the University of Pennsylvania (Dr. John Lambris, Director): the thrombin
receptor activating peptide (TRAP, SFLLRN-amide) and 8 peptides that comprise the regions
of greatest dissimilarity with PK, peptide 1 (333WQVTLHTTSPTQRHL3%7), peptide 2
(*15SFYGVESPKILRVYSG*29), peptide 3 (*33QSEIKEDTSFFGVQE*4), peptide 4
(“OIHDQYKMAESGYDIA%6), peptide 5 (*6’KLETTVNYTDSQRPI*8), peptide 6
(*%9GWGYRKLRDKIQNTL514), peptide 7 (*3’CQKRYRGHKITHKMIC542), which is the
catalytic domain heparin binding loop, and peptide 8 (°3’CKQRYHMKGHIRTIKC542), which
is a scrambled loop of identical amino acid composition as the heparin binding loop peptide
(peptide 7).

Factor XI Mutant Construct

The cDNA for the full-length FXI sequence inserted in pJVCMV vector (a gift from Dr. David
Gailani, Vanderbilt University, Nashville, TN) served as a template for the synthesis by PCR
of the cDNA construct of rFXI/C362S,C482S. The appropriate mutagenic primers were used
to incorporate the desired codon into the FXI cDNA sequence. The PCR products, containing
the new mutations, were propagated in XL1-Blue bacteria. Each purified plasmid DNA was
sequenced in the forward and reverse directions to verify that the appropriate mutation was
incorporated.

Protein Expression in 293-Human Embryonic Kidney Cells (293-HEK)

293-HEK were transfected with 40 pg of the pJVCMV vector containing inserts of the cDNA
sequence for rFXI1/C362S,C482S and 2 pug of pRSVneo vector (containing the gene that confers
resistance to neomycin and allows for the selection of positive clones) using Lipofectamine
2000. Positive clones were selected using Geneticin 418 (G-418) at a concentration of ~500
ug/ml and the expression levels were assessed by ELISA (described below). Cells were
expanded in 2L roller bottles in DMEM containing 10% fetal bovine serum, penicillin/
streptomycin, L-glutamine, and G-418 (~150 pg/ml final concentration) in a 5% CO, incubator,
37°C. After the cells reached confluency in the roller bottles, the medium was replaced with
serum free DMEM supplemented with penicillin/streptomycin, L-glutamine, G-418 (~150
pg/ml), insulin transferring selenium-A, 10 pg/ml of soya bean trypsin inhibitor, lima bean
trypsin inhibitor, and aprotinin. Conditioned media were collected after 48-72 hrs, centrifuged
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and filtered through an acetate filter (0.45 um pore size) to remove any cell debris, and made
5mM EDTA and 5 mM in benzamidine to prevent any nonspecific protease cleavage of the
protein and stored at —20°C until it was ready to be processed.

Enzyme Linked Immunosorbent Assay (ELISA)

A EXI-ELISA kit (Affinity Biologicals, Hamilton, Ontario, Canada) was used to determine
the level of expression of various FXI mutants. The capture antibody, an affinity-purified
polyclonal goat anti-human FXI 1gG, was applied to the wells of a microtiter plate and
incubated for 2 hours at 22°C. Each well was blocked with phosphate-buffered saline, 0.5%
BSA for 2 hours. Wells were washed extensively with phosphate-buffered saline-Tween (0.1%
Tween-20) before the addition of the detecting antibody, a peroxidase conjugated goat anti-
FXI 1gG. The wells were washed again with phosphate-buffered saline-Tween. O-
Phenylenediamine substrate was added to each well and color was allowed to develop for 5-
10 mins. 2.5 M H,SO4 was used to stop the color development reaction and the plate was read
at 490 nm.

Preparation of the 5F7 Monoclonal Antibody Columns

The antibody linked resin was prepared by incubation with cyanogen bromide activated
sepharose in 0.1 M NaHCO3 buffer containing 0.5 M NaCl, pH 8.4 (sodium bicarbonate
coupling buffer). Briefly, the 5F7 antibody (8-10 mg) was diluted in coupling buffer and
allowed to incubate overnight at 4°C under constant stirring with the cyanogen bromide
activated resin (3.5 mL). The resin was washed with additional coupling buffer in order to
remove any unreacted ligand. The resin was then blocked by incubation with 0.2 M glycine,
pH 8.0 for 2 hours at 25°C under constant stirring. In order to remove all of the blocking
solution, the resin was washed 4 times with alternating sodium acetate buffer (pH 4.0) and
sodium bicarbonate buffer (pH 8.4). The washing was continued until absorbance at 280 nm
was the same as that of the washing buffer. The 5F7-coupled resin was stored in 25 mM Tris-
HCI, 100 mM NaCl, 5 mM benzamidine, pH 7.4 buffer containing 0.02% azide.

Purification of Factor XI Mutants

Expressed protein from cell supernatant was applied to the 5F7 monoclonal antibody affinity-
column equilibrated in 25 mM Tris-HCI, 100 mM NaCl, and 5 mM benzamidine, pH 7.4. The
column was washed with equilibration buffer until the A,gq returned to base line. Adsorbed
protein was eluted with 2 M potassium thiocyanate made in the equilibration buffer. The
collected fractions were concentrated and dialyzed extensively against Tris-buffered saline,
pH 7.4. The purity of the fractions was assessed by SDS-PAGE before being pooled and
concentrated to 0.25 mL. Activation of FXI proteins was performed with the method described
below.

Activation and Preparation of Factor Xla Light Chain

rFX1/C362S,C482S was incubated overnight with plasma FXIla (10:1 molar ratio) at 37°C.
FXIla was removed from the activation mixture with corn trypsin inhibitor linked to Affi-gel
for 1 hour at 25°C. The supernatant was run on an SDS-PAGE gel to verify complete activation
and removal of FXIla. Following activation, the rFX1a/C362S,C482S mutant was further
purified using the 5F7 antibody coupled resin for 1 hour at 25°C in order to separate the heavy
chain and catalytic domain. The supernatant containing the catalytic domain of FXla was
removed from the incubation mixture. The heavy chain was eluted using 2M potassium
thiocyanate in 25 mM Tris-HCI, 100 mM NaCl, and 5 mM benzamidine, pH 7.4. The catalytic
domain and the heavy chain were run on an SDS-PAGE gel to verify the purity of the isolated
proteins.

Biochemistry. Author manuscript; available in PMC 2008 December 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Miller et al. Page 5

Clotting Assay

Clotting time was determined by a modified version of the kaolin-activated partial
thromboplastin time method. In brief, 25 pl of FXla or FXla mutant protein was added to 50
ul of FXI deficient plasma (George King Bio-Medical, Inc., Overland Park, KS). 25 pl of
activated partial thromboplastin time reagent (Sigma Diagnostics, Inc., Saint Louis, MO) was
added to the reaction mixture and allowed to incubate at 37°C for 2 min. Following this
incubation, 50 mM CacCl, (10 mM final concentration) was added to initiate clot formation
and the time was recorded using an Amelung KC 4A microcoagulometer (Sigma Diagnostics,
Inc., Saint Louis, MO). A standard curve was generated by titrating normal pooled plasma into
congenitally FXI-deficient plasma. Results for all unknowns were quantified by comparison
to the standard curve, which was generated on a logarithmic plot of clotting times versus
concentration of normal pooled plasma.

Determination of the Michaelis-Menten Constant

To determine the Michaelis-Menten constant for pFXla and rFX1a/C362S,C482S the
hydrolysis of substrate 2366 (S-2366) was measured. Increasing concentrations of S-2366 (0—
1.5 mM) were added to pFXla or the rFX1a/C362S,C482S mutant (6.7 nM final concentration)
and pNA generated was monitored by measuring absorbance at 405 nm in a Hewlett-Packard,
model 8452A, diode array spectrophotometer and the data were then analyzed on Kaleidograph
(Abelbeck Software, Reading, PA).

Radiolabeling with 125|

Plasma FXI and FXla catalytic domain (rFXlac) were radiolabeled with minor modifications
to the IODO-GEN method (30). In short, approximately 100 pg of protein was incubated with
~1 mCi of carrier-free Nal2%| for 20 minutes in a vial containing 15 ug/ml iodogen. The protein
mixture was gel filtered through a 1 ml Sephadex G-50 column (blocked with 0.5-1% BSA)
to separate the free iodine from the protein. Labeled proteins had specific activities of ~2 x
108 cpm/pg. The radiolabeled proteins retained >98% of their biological activity.

Measurement of Specific Radioactivity

Radiolabeled pFXI or rFXlac (1 ul) were added to 99 pl of 0.5 % BSA in Hepes buffered saline
and 100 ul of 40 % trichloroacetic acid. The solution was vortexed and immediately placed on
ice and incubated for 5 min. This mixture was then centrifuged for 5 min at 14,000 x g, and
100 pl was removed and put in a separate vial. Both vials, 100 ul of pellet (P) and 100 ul of
supernatant (S), were placed in a gamma counter (Perkin Elmer, Inc., Wellesley, MA) and
measured for y-emission. To determine the percent radioactivity bound (Eqg. 1) and specific
radioactivity (SRA, Eg. 2):

9% bound=(P — S)/(P+S) x 100 Eq. 1

SRA=(P+S)/(ug protein added)=cpm/ug Eq. 2

Generation of 125|-Factor Xla

1251.FX1a was generated by activation of radiolabeled pFXI as described previously (25).
Generally >98 % radioactivity was bound to the protein and the specific activity was ~2 x
108 cpm/ug. Radiolabeled FXI and rFXlac retained >90 % of the activity of non-labeled FXI.

Platelet Isolation

Platelets were prepared as described (31,32). Blood from a normal donor was collected in 50
mL tubes containing 5 mL of ACD buffer (25 g/L of trisodium citrate, 15 g/L of citric acid and
20 g/L of glucose) in order to prevent clotting. The ACD-treated whole blood was centrifuged
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at 200g to obtain the platelet rich plasma. Platelet rich plasma was gel-filtered through a 50 ml
Sepharose CL-2B column that was pre-equilibrated with HT buffer containing 2% BSA.
Platelet eluates were counted electronically using a particle counter (Coulter Electronics, LOC,
Hialeah, FL).

Platelet Activation

Platelets were activated using the thrombin receptor activation peptide (TRAP), with the
sequence SFLLRN amide. TRAP (5 uM) was added to gel-filtered platelets 5 min prior to the
addition of the radiolabeled protein (and competitor when described) reaction mixture.

Equilibrium Binding Assay

Increasing concentrations of 122|-rFXlac (0-50 nM) in Hepes Tyrode Buffer containing
CaCl, (2 mM) and ZnCl, (25 pM) were incubated with TRAP (25 uM) activated platelets (1-
2 x 108/ml) for 30 min at 37°C. Platelet bound radioactivity was separated from free proteins
by centrifugation through silicone oil as previously described (31).

Competition Assay

1251.FXIa (2 nM) was incubated in Hepes Tyrode Buffer containing CaCl, (2 mM) and
ZnCl, (25 uM) and TRAP (25 uM) activated platelets (1-2 x 108/ml) in the presence of
increasing concentrations of non-radiolabeled FXI, FXla, rFXI/PKA3, rFXIa/PKA3, or FXla
catalytic domain peptides for 30 min at 37°C. Platelet bound radioactivity was separated from
free proteins by centrifugation through silicone oil and counted.

RESULTS

Expression and Purification of rFXI/C362S,C482S

Full length FXI1 was stably expressed in 293-HEK cells and then activated to FXla with FXlla
by cleavage of the bond between Arg36? and 11e370. This cleavage reaction produced two
separate chains, the heavy and the light chain. In order to generate these separate chains, two
mutations were engineered at residues Cys362 and Cys*82 (the cysteines were mutated to
serines) so that the disulfide bond between the heavy and the light chain would not form. Thus
cleavage of the scissile bond at Arg369-11e370 generates heavy and light chains that are, unlike
those in FXla, free from each other. Purification via the 5F7 monoclonal antibody column
directed against the A1 domain of the heavy chain allowed not only for the purification of full-
length rEX1/C362S,C482S from the medium, but also for the subsequent purification of the
light chain from the heavy chain. The expression level was approximately 0.4 pg/ml for rEX1/
C362S,C482S and ~100 pg of FXIla light chain was obtained starting with ~400 pg of total
protein.

rEX1/C362S,C482S migrated at an M, ~160,000 Da on an SDS-PAGE gel (4-15 %) under
non-reducing conditions indicating that the protein was secreted as a dimer (data not shown).
Under reducing conditions (i.e. incubation with a reducing agent, f-mercaptoethanol) a band
at ~80,000 Da was observed which is the appropriate size of the monomer (Figure 1). After
activation, rFX1a/C362S,C482S was further purified to isolate the heavy chain from the
catalytic domain and the products were run on an SDS-PAGE gel under reducing conditions
(Figure 1). The heavy chain migrated at ~50,000 Da (lane 5) and the catalytic domain migrated
at ~30,000 Da (lane 6).

Characterization of Factor Xla Catalytic Domain (rFXlac)

Functional characterization of the purified catalytic domain obtained from rFXla/
C362S,C482S was carried out by measuring the amidolytic activity, clotting activity, and
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protein concentration (determined by bicinchoninic acid protein assay). A standard curve
generated using pFXla was used to calculate a specific activity for FXla of 416.6 moles of
pNA generated sec™1 mol~1. By comparison the isolated catalytic domain (rFXlac) had a
specific activity of 383.7 moles of pNA generated sec™ mol~1 from which it can be concluded
that the rFXlac retained >90 % of its functional active site concentration. Moreover when
equimolar concentrations of FXla and rFXlac were titrated with varying concentrations of
S-2366, the Ky, for pFXla (~339 uM) was very comparable to that for rFXlac (~389 uM)
showing that the isolated catalytic domain and the full-length enzyme have similar active site
architecture. In the activated partial thromboplastin time assay, however, the catalytic domain
had less than 1% of the clotting activity of either normal pooled plasma or pFXIa at the same
concentrations. This result is expected because the substrate binding site for FIX, the
macromolecular substrate of FXIla, resides on the heavy chain of FXla (20).

The Apple 3 Domain of Factor Xla does not Mediate the Binding of Factor Xla to Activated

Platelets

FXI when complexed with HK in the presence of ZnCl, or prothrombin in the presence of
CaCl, (13,14) binds to the activated platelet surface through the A3domain (12,15). It is
hypothesized that the formation of the FXI/HK or FXI/FII complex leads to the exposure of
residues within the A3 domain that mediate FXI-binding to platelets (14,15). FXla binds to
high-affinity receptors on the activated platelet surface that are distinct from the receptors for
FXI (24,25). 125]-FXla was shown to bind to saturable, specific, high-affinity (Kp~1.7 nM)
sites on TRAP (SFLLRN amide, 25 pM) activated platelets (n ~250 sites/platelet) in the
presence of 25 uM ZnCl, (25). FXla binding to activated platelets required ZnCl, but was not
affected by the presence of HK (25). To determine whether FXla utilizes its A3 domain, as
does the zymogen, FXI, to bind to activated platelets, we initially carried out competition
studies with wild-type FXI and FXla and with chimeric proteins in which the A3 domain of
PK replaced the A3 domain of FXI (rFXI/PKA3) or FXla (rFXla/PKA3). As shown in Figure
2A, neither FXI nor rEXI/PKA3 was able to compete with FXla for binding sites on TRAP-
activated platelets. In contrast, both FXla (K;~1.4 nM) and a chimeric FXlawith the A3 domain
of PK (rFXla/PKAS3, Kj ~2.7 nM) competed with 1251-FXIla for binding sites on activated
platelets. These results suggest that the FXla binding site for platelets is distinct from the
binding site for FXI and that this site resides outside of the A3 domain of FXla.

Factor Xla Binding to Activated Platelets is Mediated by the Catalytic Domain

To determine the location of molecular domains within FXla that mediate its interaction with
receptors exposed on the surface membrane of activated platelets, we prepared the heavy chain
and the catalytic domain of FXI as recombinant proteins. They were utilized in competition
studies examining the binding of 1251-FXla to TRAP-activated platelets in the presence of
ZnCly(25 pM). These competition binding studies (Figure 2B) revealed that the heavy chain
had no effect on the binding of 125|-FXla to the platelet surface, whereas the recombinant
catalytic domain (11e379-Val507) displaced 1251-FXla from binding sites on activated platelets
with a Kj =3.5 £ 0.42 nM demonstrating that the FXla platelet binding site is contained within
the light chain or catalytic domain of FXla.

Direct Binding Studies with the Catalytic Domain (rFXlac) of Factor Xla

To confirm the hypothesis that the FXla platelet-binding site is contained within the catalytic
domain of FXla, the recombinant catalytic domain of FXla (11e370-Val%07) was radiolabeled
to high specific activity (~2 x 108 cpm/ug protein) with 125] and utilized in direct binding
studies with TRAP-activated platelets in the presence of ZnCl, (25 uM). 125I-rFXlac was
shown to bind to high affinity sites (n = 270 £ 17 sites/platelet; Kp =8.1 £ 1.49 nM) in a
saturable manner (Figure 3). These values are similar to those reported earlier for FXla binding
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to platelets (n ~250 sites/platelets; Kp ~2 nM) (24,25). These results suggest that the totality
of the platelet-binding energy of FXla resides within the catalytic domain.

Displacement of rFXlac by Factor Xl and Factor Xla

FXI was unable to displace 1251-rFXlac from the surface of activated platelets whereas FXla
was able to displace 12°I-rFXlac (K;=1.3 nM) (Figure 4). This is similar to the K; value for
rEXlac inhibition of FXla binding to platelets (K; = 3.5 nM, Figure 2B), further confirming
that the catalytic domain is the only domain involved in the binding of the enzyme to the surface
of activated platelets.

Localization of the Platelet-Binding Site within Factor Xla Catalytic Domain

The major approach in localizing the platelet-binding site within the catalytic domain was to
compare the amino acid sequence of rFXlac with PK, another plasma protein that is unable to
bind platelets but is 58% homologous in amino acid composition (Figure 5). Based on this
comparison, the 7 subdomains with the greatest dissimilarities (boxed sequences in Figure 5)
were identified, and 8 different peptides (Table 1; Figure 5) were synthesized (the 8™ peptide
being a scrambled peptide). An alternative approach to identifying FXla residues that mediate
binding to activated platelets comes from previous studies carried out in our laboratory (33).
We previously have determined that the FXla catalytic domain contains a cysteine-constrained
o-helix—containing subdomain: 52’CQKRYRGHKITHKMIC®42, identified as a FXla
heparin-binding domain since a disulfide-constrained peptide comprising this sequence binds
to heparin with a Kp ~86 nM and competes with FXla in binding to heparin, K; ~240 nM
(33). FXI binds to heparin (via Lys252 and Lys253) and to platelets (via residues Arg2®°,
Lys2%5, Phe280, and GIn263) through overlapping amino acid sequences located in the A3
domain (12,15,34), and therefore it is possible that the region of FXIla that binds platelets is
also located within the heparin binding regions (comprising the same sequence as Peptide 7)
and/or a heparin binding consensus sequence (BXBBXBX, where B represents a basic residue
and X is a hydrophilic residue); comprising the same sequence as Peptide 6). As shown in
Figure 6A, 5 of the catalytic domain peptides (peptides 1, 2, 3, 5 and 6) were ineffective in
displacing FXla from the platelet surface. Peptide 4 was insoluble in deionized water or any
of other buffers tested and therefore was not used in the competition study. As shown in Figure
6B, the conformationally constrained cyclic peptide (Cys®27-Cys®42; peptide 7, Table 1)
containing a high-affinity (Kp ~86 nM) heparin-binding site within the catalytic domain of
FXla also displaced 1251-FXla from the surface of activated platelets (K; ~5.8 nM), whereas a
scrambled peptide (peptide 8) of identical composition was without effect suggesting that the
binding site in FXla that interacts with the platelet surface exists not in the A3 domain of FXla
but resides in the catalytic domain within a sequence of residues comprising the heparin binding
site of FXla (R7 in Figure 5).

DISCUSSION

Platelets circulate in the human vasculature in a dormant state until they encounter a blood
vessel injury whereupon platelets bind to the exposed subendothelial collagen via von
Willebrand factor. Platelets then become activated by a number of different agonists such as
collagen, thrombin, ADP, and thromboxane A,. The activated platelets release the contents of
their storage granules, such as ADP and fibrinogen, which promote platelet aggregation.
Activated platelets, also participate in the assembly of coagulation complexes leading to the
generation of sufficient quantities of thrombin to produce a hemostatic thrombus. This process
requires the presence and normal activation of FXI, a protein that participates in the intrinsic
phase of blood coagulation, as is evident from the fact that patients with FXI-deficiency have
a bleeding diathesis whereas individuals with deficiencies in one of the contact factors (FXlla,
PK, and HK) do not. FXI can be proteolytically activated to FXla by either FXlla (1,3,4), FXla
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or thrombin (10,11). Reaction rates of FXI-activation by FXlla are accelerated in the presence
of activated platelets (16), and it has been suggested that feedback activation of FXI by
thrombin is potentiated by activated platelets (17). However recent observations cast
considerable doubt on the conclusion that activated platelets can promote the feedback
activation of FXI by thrombin (35-37). Therefore, in a revised model of the interactions of
FXI and FXla with the activated platelet surface (Figure 7), dimeric FXI in complex with either
HK or prothrombin is shown to expose a site within the A3 domain that binds to glycoprotein
Iba on the activated platelet surface (12-15,19). Since this interaction has been demonstrated
to be reversible (13), and since it has not been rigorously demonstrated whether it is the platelet-
bound or soluble form of FXI that is converted to FXla, the activation of FXI by FXIla, FXla
or thrombin is shown in Figure 7 to occur in solution. PN2 is a potent FXla inhibitor that is
secreted from activated platelets (38-41). It has been shown that although soluble FXla is
rapidly inactivated by PN2, platelet-bound FXla is protected from inhibition (25). This is
potentially important physiologically since it could serve to localize the growing thrombus to
the site of vessel injury and prevent propagation of thrombus growth in solution. FIX, which
also binds to platelets (26), is believed to co-localize with FXla thereby promoting efficient
activation of FIX to FIXa, which is essential for the propagation of blood coagulation.

The focus of our present studies is to identify and characterize the molecular subdomain(s)
within FXla that interacts with activated platelets. We have previously shown that FXI binds
to the activated platelet surface through the A3 domain (12). In the present study we show that
FXIla binds to platelets utilizing residues that reside outside the A3 domain. FXI does not
compete with FXla for binding sites even though both proteins contain an identical amino acid
sequence within the A3 domain (Figure 2A). PK, which contains Apple domains with 58%
amino acid identity to FXI does not bind to activated platelets, and chimeric FXI proteins
containing the PK A3 domain did not compete with FXla for binding to the activated platelet
surface whereas when the rFXI/PKA3 was activated with FXlla it was able to compete with
FXIla suggesting that the A3 domain is not involved in FXla binding to platelets (Figure 2A).
Competition studies with the heavy chain and the catalytic domain of FXla (Figure 2B and 4)
as well as direct binding studies (Figure 3) show that the subdomain of FXla that binds to the
activated platelet surface is located exclusively within the catalytic domain and not within any
of the Apple domains. The modification of FXI that leads to enzymatic activity is proteolytic
cleavage at Arg369-11e370, This leads to a conformational change leading to active site
availability for substrate cleavage, and also to changes in the quaternary structure of the protein
involving the Apple domains and the catalytic domain. Our present studies indicate that the
cysteine-constrained loop Cys®27/-Cys®#2 in the catalytic domain, which has been implicated
in the binding of FXla to heparin (33), and not the A3 domain which mediates the binding of
FXI to both heparin and activated platelets (15) contains all of the binding energy required to
mediate FXla binding to the surface of activated platelets (Figure 6B).

Previously we have presented a model for FIX-activation by dimeric FXla on activated platelets
(42). These studies demonstrated that the dimeric structure of FXla is required for normal rates
of FIX-activation on the platelet surface. A monomeric form of FXla, prepared by introducing
the A4 domain of PK into chimeric FXI, was able to activate FIX in solution at rates comparable
to those achieved by dimeric FXla, whereas on the platelet surface only dimeric FXla could
activate FIX, and monomeric FXla was inert. Our present studies provide the experimental
basis for rationalizing these observations and revising our model for FIX activation on the
platelet surface (Figure 7). Since FXla binds to activated platelets through the catalytic domain
of one monomer, access to the substrate, FIX, would be precluded by ligation to the platelet
receptor whereas the catalytic domain of the other monomer, together with the substrate-
binding site within the A2 and/or A3 domain (20-22), would be free to bind and catalyze the
activation of FIX, either bound to the platelet surface or free in solution. The other inference
to be drawn from this model explains our previous observation that platelet-bound FXla is
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protected from inactivation by PN2, secreted at high concentration by activated platelets (25,
27,28), whereas unbound FXIla is potently inactivated by PN2. This monomeric FXla would
either be bound to platelets through its catalytic domain, thus preventing FIX-activation, or it
would be efficiently inhibited in free solution by PN2. In contrast, dimeric FXla would utilize
the catalytic domain of one subunit to bind to platelets and the heavy and light chains of the
other subunit to activate FIX in the vicinity of the platelet membrane where inactivation by
PN2 is precluded.

Our present studies must be interpreted within the context of very recent structural information
available for zymogen FXI (43), the catalytic domain of FXI in complex with the KPI domain
of PN2 (44), and the A4 domain of FXI (45,46). Shown in Figure 8 is the crystal structure of
the catalytic domain of FXI with the regions of dissimilarity compared with PK (see Figure 5)
highlighted in various colors and labeled R1 through R6. In addition, the platelet-binding
domain (Cys®2’-Cys®4?) identified in the present study is also highlighted (in orange). We have
also superimposed the catalytic domains of the zymogen FXI (PDB: 2F83) and the enzyme
FXla (PDB: 1ZJD) that demonstrates a close correspondence of the backbone structures of the
zymogen and the enzyme (Figure 9). Therefore, it can be concluded that the conversion of the
zymogen to the enzyme is not accompanied by any major discernible change in the secondary
or tertiary structure of the disulfide-constrained loop structure (Cys®27-Cys®#2) identified here
as the platelet-binding site in FXIla. In contrast, we have recently reported that the solution
structure of the isolated A4 domain exhibits a novel a-helix within the C-terminal strand
connecting the A4 domain to the catalytic domain (45,46). This striking conformational change
in the structure of the A4 domain is accompanied by a major change in shape of FXI when it
is converted to FXla. We postulate that this conformational change accounts for the exposure
of the catalytic domain platelet-binding site for the enzyme, FXIla, and obscures the A3 domain
platelet-binding site for the zymogen, FXI.

These studies support the conclusion that upon activation of FXI, sites within the A3 domain
become concealed and a cryptic site within the catalytic domain becomes exposed that is able
to mediate binding of FXla to the activated platelet surface. Either HK with ZnCl, (Kp ~10
nM) or prothrombin with CaCl, (Kp ~250 nM) binds to the A1 domain of FXI. Upon binding,
sites within the A3 domain become exposed which are then able to mediate FXI binding to the
platelet surface (Bmax ~1500 sites/platelet; Kp ~10 nM). FXI1 is then activated by FXIlla,
thrombin, or autoactivation by cleavage of the scissile bond between 11e36° and Arg370.
Cleavage at this site leads to a conformational change that conceals binding sites within the
A3 domain and exposes sites within the catalytic domain that now are able to mediate binding
of the enzyme to the platelet surface (Bmax ~250 sites/platelet; Kp ~1.7 nM). We have
previously presented data in support of the existence of an ordered, sequential mechanism for
FIX and FIXa binding to platelet receptors in the assembly of the FX-activating complex
(47), inwhich the reversible binding to platelets of the zymogen, FIX via its Gla domain, results
in FIX-activation by FXla to FIXa, which then assembles from solution via residues in the
EGF-2 domain into the FX-activating complex on the platelet surface. Such an ordered,
sequential mechanism may also exist for the interaction of the zymogen, FXI and the enzyme,
FXla, with the activated platelet surface, as displayed schematically in Figure 7.
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Fig. 1. SDS-PAGE of rFX1/C362S,C482S

Plasma FXI (150 ng) or rEX1/C362S,C482S (150 pg) was incubated with FXlla (~7.5 pg) for
~16 hrs at 37°C and fractionated on SDS-PAGE (4-15% Tris-HCI) under reducing conditions
and stained with Coomassie Blue. Lane 1, size markers (sizes denoted in the figure). Lane 2,
pFXI and lane 3, pFXIla. The upper band is unactivated FXI, the middle band is the 50kDa
heavy chain, and the lower band is the 30kDa catalytic domain. Lane 4 is a sample of the rFXla/
C362S,C482S mutant after activation by FXlla (FXIla was removed by passing the activation
mixture over a corn trypsin inhibitor column). Lane 5, the heavy chain and unactivated rFXI/
C362S,C482S eluted from a 5F7 antibody column. Lane 6 is the isolated catalytic domain after
purification with the 5F7 column.
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Fig. 2. Sites Within the Catalytic Domain but not the Heavy Chain Mediate the Binding of FXla to
Activated Platelets

1251.FX1a (2 nM) was incubated with platelets (1 x 108platelets/ml), TRAP (25 uM) in the
presence of CaCl, (2 mM) and ZnCl; (25 uM), and various concentrations of non-radiolabeled
protein for 30 min prior to centrifugation through silicone oil. A, FXI (m) and rFXI/PKA3 (o)
were unable to displace 1251-FXla from the activated platelet surface whereas both FXla (e)
and rFX1a/PKA3 (o) were able to inhibit 12°|-FXla binding with K; values of 1.4 + 0.28 nM
and 2.7 + 0.32 nM respectively. B, The heavy chain (m) was unable to compete with 12°]-FXla
for sites on the activated platelet whereas the catalytic domain (e) was effective in competing

Biochemistry. Author manuscript; available in PMC 2008 December 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Miller et al.

Page 16

with 125]-FXIa for binding sites on the activated platelet surface with a K;of 3.5 + 0.42 nM.
Values represent the mean + standard deviation of three determinations each done in triplicate.
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Fig 3. Direct Binding of rFXlac to the Activated Platelet Surface

Increasing concentrations of 125]-rFXlac were incubated with TRAP (25 uM) activated
platelets (1-2 x 108 platelets/ml) in the presence of CaCl, (2 mM) and ZnCl, (25 uM). Non-
specific binding was measured and subtracted from the total binding. Shown here is the specific
binding of rFXlac to activated platelets with a By 0f 270 + 17; Kp of 8.1 + 1.49 nM. Values
represent the mean + standard deviation of three determinations performed in triplicate.
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Fig 4. Displacement of rFXlac from the Activated Platelet Surface by FXI and FXla
125|_rFXlac was incubated with non-radiolabeled FXI and FXla and with platelets (1-2 x
108platelets/ml) and TRAP (25 pM) in the presence of CaCl, (2 mM) and ZnCl, (25 uM).
FXIla () and not FXI (m) was able to displace rFXlac from the platelet surface with a K; of
1.3£0.16 nM, similar to that of rFXlac displacement of FXla (K; = 3.5 £ 0.42 nM). The values
represent the mean + standard deviation of three independent experiments each done in
triplicate.
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Fig 5. Alignment of amino acid sequences of the catalytic domains of FXI and PK

Shown is an alignment of the primary amino acid sequence of FXI and PK. The diamonds
show the amino acids that are different. Based upon this alignment, synthetic peptides (labeled
R1-R7) have been designed for the use in competition binding experiments to localize the
region of FXla light chain that mediates binding to the activated platelet surface.
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Fig 6. Displacement of FXla from the Activated Platelet Surface by Catalytic Domain Peptides
1251.FXIa (2 nM) was incubated with platelets (1-2 x 108 platelets/ml) and TRAP (25 uM) in
the presence of CaCl, (2 mM) and ZnCl, (25 uM). Increasing concentrations of non-
radiolabeled peptides were added to each reaction. The reaction mixture was incubated for 30
min. prior to centrifugation through silicone oil to separate the platelets with bound peptide
from the free peptide. A, Peptide 1 (e), peptide 2 (m), peptide 3 (), peptide 5 (A ), and peptide
6 (') were unable to displace 1251-FXla from the activated platelet surface. B, Peptide 7 (e),
the cyclic heparin binding peptide was able to displace 12°1-FXla from the activated platelet
surface (K; =5.8 £ 0.78 nM), whereas peptide 8 (m), a scrambled peptide of identical
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composition was unable to displace 1251-FXla. Values in 6B represent the mean + standard
deviation of three experiments repeated in triplicate.
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Fig 7. A Model for Factor IX Activation by Dimeric Factor Xla on the Platelet Surface

Dimeric FXI, consisting of two identical polypeptides, each containing four Apple domains
(designated Al through A4) and one catalytic domain (designated XI in the zymogen, light
blue, or Xla in the enzyme, red), binds to ~1,500 sites (Kp ~10 nM) on the platelet membrane
(yellow bilayer) consisting of glycoprotein Iba. Zymogen FXI can be activated by thrombin
(a), FXlla (XIla) or FXla to generate the enzyme which binds to an unknown (?) platelet
receptor (~250 sites/platelet, Kp ~1.7 nM) via the catalytic domain of one subunit, leaving the
other subunit available to bind FIX (1X) via the substrate-binding site in the A2 and/or A3
domain and to utilize the active site within the FXla catalytic domain (Xla, red) to activate
zymogen FIX to the enzyme F1Xa in the presence of calcium ions (Ca2*). Whereas platelet-
bound FXla is protected from inhibition by protease nexin-2, secreted by activated platelets,
unbound FXla is efficiently inhibited, thereby localizing FIX-activation to the platelet surface.
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EXI Catalytic Domain Regions

Fig 8. X-Ray Crystal Structure of the Catalytic Domain of FXla

The isolated FXIla catalytic domain shown here is taken from the co-crystal structure of rFXlac
complexed with PN2KPI (PDB:1ZJD) (44). The structure is displayed in the same orientation
as that in which thrombin is conventionally shown. The residues comprising the catalytic triad
(amino acids His*13, Asp*62, and Ser®7 or His®’, Asp189, Serl9 chymotrypsin numbering)
are displayed in yellow, with the N-terminal isoleucine and the C-terminal valine shown in
white. The six distinct regions of dissimilarity with PK are color-coded and marked in reference
to those shown in Figure 5. Note the similarity of location and structure of region 3 (R3) to
that of thrombin exosite | and of region 4 (R4) to that of exosite Il of thrombin. Also the region
identified as R6 by comparison with PK corresponds to the Autolysis Loop of FXla, and the
a-helix-containing subdomain (Cys®27-Cys®#2, FXI numbering) contains the putative heparin-
and platelet-binding residues proposed for mutational and mechanistic analysis. The catalytic
domain numbering corresponds to 11e370-Val07 (mature plasma FXI) or 1le16-\Val245
(chymotrypsin numbering).
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Fig 9. Crystal Structure of the Protease Domains of FXI and FXla

The protease domain of FXIla is shown here superimposed onto the protease domain of the
zymogen, FXI. 11e370 (chymotrypsin 11e16) is shown in magenta for both molecules. For FXI,
Arg3%9 is also shown in gray. Upon activation, the scissile bond between Arg369-11e370 js
cleaved and a new N-terminal sequence (lle-Val-Gly-Gly) is formed. The new N-terminal
11e370 folds inward toward the catalytic triad and forms a salt bridge with Asp194. In the FXla
structure, the major conformational change is the positioning of 11e370, a movement of ~20A
from its placement in the zymogen structure. (PDB:2F83 for zymogen and PDB:1ZJD for
enzyme were used to create this model using Pymol software (DeLano Scientific LLC, Palo
Alto, CA)).
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Peptide

Sequence

TRP.LEU® (PEPTIDE 1)
PHE*5.GLY*?® (PEPTIDE 2)
GLN*3.GLU*T (PEPTIDE 3)
ILE*°-ALA%S (PEPTIDE 4)
LYS*".ILE*! (PEPTIDE 5)
GLY>®-LEU™ (PEPTIDE 6),
CYS*?-CYS*? (PEPTIDE 7)
CYS*'-CYS™2 (PEPTIDE 8)" | SCR

SBWQVTLHTTSPTQRHL’
“5EYGVESPKILRVYSG*®
433QSEIKEDTSFFGVQE*
SOHDQYKMAESGYDIA*®
YTKLETTVNYTDSQRPI!
S0GWGYRKLRDKIQNTL5
527CQKRYRGHKITHKMIC®*

527CKQRYHMKGHIRTIKC?

*

Denotes a cyclized peptide

7LSCR denotes a scrambled peptide
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Calculated K; values for Proteins and Peptides that Compete for Factor Xla Binding to the Activated Platelet Surface

Competitor K; (107° M)
FXla 1.4+0.28
FXI NE
rFX1a/PKA3 2.7+£0.32
rFXI/PKA3 NE
TRPislz—LEUigzz (peptide 1) NE
PHE433—GLY 447(peptl_de 2) NE
GLIEI50 'GL%G (peptide 3) NE
ILE™"-ALA™ (peptide 4) ND
LYS*7-1LE*! (peptide 5) NE
GLY®®-LEU™ (peptide 6)_ NE
CYS®?7-CYS™? (peptide 7) 5.8+0.78
CYS%27-CYS™2 (peptide 8) T scr NE
Heavy Chain NE
Catalytic Domain 35042

*
Denotes a cyclized peptide

fscr denotes scrambled peptide

NE denotes no effect of the ligand at concentrations of up to 200 nM for FXI and rFXI1/PKA3, up to 1 uM for the heavy chain, 100 uM for peptides 1-3,

5-6, and 1 uM for peptide 8.

ND denotes a value that was not determined.

Values represent the mean + standard deviation for three independently performed experiments each carried out in triplicate.
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