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Abstract

Background—Conversion of factor XI (FXI) to factor Xla (FXIa) is enhanced by polymers of
inorganic phosphate (polyP). This process requires FXI to bind to polyP. Each FXla subunit
contains anion-binding sites (ABSs) on the apple 3 (A3) and catalytic domains that are required
for normal heparin-mediated enhancement of FXla inhibition by antithrombin.

Objective—To determine the importance of FXI ABSs to polyP-enhancement of FXI activation.

Methods—Recombinant FXI variants lacking one or both ABSs were tested in polyP-dependent
purified protein systems, plasma clotting assays, and a murine thrombosis model.

Results—In the presence of polyP, activation rates for FXI lacking either ABS were reduced
compared to wild type FXI, and FXI lacking both sites had an even greater defect. In contrast to
heparin, polyP binding to FXla did not enhance inhibition by antithrombin, and did not interfere
with FXla activation of factor IX. FXI lacking one or both ABSs does not reconstitute FXI-
deficient plasma as well as wild type FXI when polyP was used to initiate coagulation. In FXI-
deficient mice, FXI lacking one or more ABSs was inferior to wild type FXI in supporting arterial
thrombus formation.

Conclusion—The ABSs on FXla that are required for expression of heparin’s cofactor activity
during protease inhibition by antithrombin are also required for expression of polyP cofactor
activity during FXI activation. These sites may contribute to FXI-dependent thrombotic processes.
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INTRODUCTION

Factor XI (FXI) is the zymogen of a protease, FXla, that contributes to blood coagulation by
activating factor IX (FIX) [1,2]. FXI is a 160 kDa protein with two subunits [3-5], each
containing four apple domains (Al to A4) and a catalytic domain. Each FXI subunit is
activated by cleavage of the Arg369-11e370 bond by factor Xlla (FXIla) or thrombin [5-7].
In vitro, rates for these reactions are low [7,8], suggesting that a cofactor is required in vivo.
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Choi and coworkers demonstrated that polyphosphates (polyP) released from platelets
enhance FXI activation by thrombin, and promote FXI activation by FXla, through a
mechanism requiring protease and substrate to bind polyP. [9]. Geng et al. showed that
polyP enhance FXI activation by a-thrombin and FXIla by ~3000 and ~30-fold respectively

[8].

PolyP are linear polymers of orthophosphate linked by phosphoanhydride bonds that are
widely distributed in nature [10]. PolyP in human platelets contain 60-100 phosphate
groups, and demonstrate procoagulant and pro-inflammatory properties [11-14]. FXI
binding to polyP appears to be integral to the mechanism for enhancement of FXI activation
[8,9]. Each FXI subunit has electropositive areas on the A3 and catalytic domains that are
required for heparin-mediated enhancement of FXla inhibition by antithrombin (AT)
[15,16]. Here we show that these anion-binding sites (ABSs) are required for polyP-
mediated enhancement of FXI activation, and contribute to FXI activity in a thrombosis
model.

EXPERIMENTAL PROCEDURES

Materials

Corn trypsin inhibitor (CTI), FXlla, -FXlla; Enzyme Research Laboratories. a-Thrombin,
B-thrombin, AT, FXI, FXIla, factor 1X; Hematologic Technologies. Dextran sulfate (avg
500,000 Daltons), heparin (avg. 12,000 Daltons), bovine serum albumin (BSA), polyP, and
diisopropylfluorophosphate (DIP); Sigma-Aldrich. PolyP of 70-85 phosphate units was
prepared by preparative polyacrylamide gel electrophoresis [8,14]. Previously, polyP
concentrations were given in total phosphate units [8,9,12-14]. Since the ternary mechanism
describe in this study requires polymers of >55 phosphate units [9], we use polymer
concentration based on an average size of 80 units to facilitate comparisons with heparin.

Recombinant FXI

In human FXI, Arg250, Lys252, Lys253 and Lys255 in the A3 domain comprise one ABS
[15], while Lys529, Arg530 and Arg532 form a second ABS on the catalytic domain [16]
(Fig. 1A). cDNAs for wild type FXIWT, FXI with alanine replacing Arg250, Lys252,
Lys253 and Lys255 (FXIABS-1), FXI with alanine replacing Lys529, Arg530 and Arg532
(FXIABS-2), or both sets of substitutions (FXIABS-1/2) were inserted into pJVCMV. FXI
was expressed in HEK293 cells and purified from media (Cellgro Complete, Mediatech)
using anti-FXI-1gG 1G5.12 [17]. Protein concentrations were determined by colorimetric
assay (BioRad) and purity by SDS-PAGE. FXI was incubated with 500 uM DIP on ice for 1
hr to inhibit traces FXla, followed by dialysis into 50 mM Tris-HCI pH 7.4, 100 mM NaCl
(TBS). FXI was activated with FXlla (20:1 FXI:FXIla) at 37 °C for 24 hrs.

Recombinant thrombin

Wild type a-thrombin (rllaWT) and a-thrombin with Arg89 replaced by Glu (rllaR89E)
were prepared as described [18]. Prothrombin forms of the proteins were expressed in BHK
cells, and purified from medium by barium sulfate precipitation and chromatography on
DEAE-Sephacel. a-Thrombin was generated by incubating Prothrombin with Oxyuranus
scutellatus venom, and purified by ion-exchange chromatography. Thrombin active sites
were titrated with hirudin.

FXI activation in the presence of polyanions

FXI (120 nM subunits) was incubated with dextran sulfate (1 pg/ml), heparin (400 nM), or
polyP (50 nM) in 30 mM HEPES, pH 7.4, 50 mM NacCl, 0.1% BSA (HBSA) at 37°C. At
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various times, 18 pul samples were mixed with 4 pg/ml Polybrene and 500 1M S-2366
(Pyroglutamyl-L-prolyl-L-arginine-p-nitroanilide [Diapharma]). Conversion of FXI to FXla
was determined by monitoring AOD 405 nm (0.3 cm path length) on a microplate reader,
and comparing results to a FXla standard curve.

FXI activation by a-thrombin or FXlla

In the absence of polyP, FXI (200 nM subunits) was incubated with FXlla (10 nM) or
thrombin (50 nM) in HBSA at 37 °C. Reactions in the presence of polyP (50 nM) contained
FXI (120 nM subunits) and 3 nM FXlla or thrombin. At various times, aliquots were
supplemented with 1.5 pM CTI (FXIla) or hirudin (thrombin), then mixed with equal
volumes of HBSA containing 1 mM S-2366. AOD 405 nm were monitored. Reactions with
polyP were terminated with a mixture of CTI or hirudin and 4 pg/ml Polybrene.

Factor IX activation by FXla

Factor 1X (100 nM) in 50 mM HEPES, pH 7.4, 125 mM NaCl, 5 mM CaCl,, 1 mg/ml
polyethylene glycol 8000 was incubated at RT with FXla (3 nM active sites) with vehicle,
1mg/ml dextran sulfate, 400 nM heparin, or 50 nM polyP. At various times, aliquots were
removed into non-reducing SDS-sample buffer, size fractionated on 17% polyacrylamide
gels, and stained with GelCode Blue (Pierce). Gels were imaged under infrared wavelengths,
and conversion of factor 1X to factor IXa and factor 1Xap was assessed by densitometry as
described [17].

Inhibition of FXla by antithrombin

FXla (6 nM active sites) was incubated with AT (130 nM), and heparin (10° to 104 nM) or
polyP (1073 to 104 nM) in TBS with 0.1% BSA (TBSA) at 37°C. At various times, 50 !
was removed into 50 pl TBSA containing 1 mM S2366 and 4 pg/ml Polybrene. FXla
activity was measured by monitoring AOD405 nm. Progress curves of residual FXla activity
(E/EQ) were analyzed by direct nonlinear least squares fitting to a first-order decay equation,
E/Eq = e kobstjn which kg is the first-order inactivation rate constant (s™1) and t is time (s).
The semi-logarithmic dependence of ky,g on [heparin] was analyzed with a model in which
heparin forms a ternary complex with FXla and AT [19]. The data for poly-P were analyzed

by a quadratic equation kobs:kobs,unc+F(kobs,lim_kobs,unc): where

([FXTaly+[Ply+ Ky, ) — o/ ([EXTal [Pl + Koy, ) 2—4[£XTa], [P],
2[fXTa],

Kobssunc 1S the rate constant for AT inactivation in the absence of poly-P, and kopg,jim is the
limiting rate constant at high poly-P concentration. [FXIa], and [P], are concentrations of
FXla active sites and polyP, and Kgxa,p i the apparent dissociation constant for poly-P
binding to the FXla subunit, assuming 1 binding site for the poly-P chain on each FXla
subunit.

FXI activity in plasma

FXI-deficient plasma (30 pl, George King) was mixed with 30 pl FXI (5 pg/ml) in TBSA.
Contact activation was initiated with 30 pul PTT-A reagent (Diagnostic Stago) or a mixture
of 40 pM phosphatidylcholine-phosphatidylserine [PC:PS 7:3] vesicles and 200 nM polyP.
After incubation at 37°C for 5 min, 30 pl CaCl, (25 mM) was added, and time to clot
formation was determined on an ST4 coagulometer (Diagnostica Stago). In separate
experiments, 30 pl FXI (5 pg/ml) in TBSA was mixed with 30 pl FXI-deficient plasma
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containing 8 M CTI, 40 pM PC/PS and 200 nM polyP. -thrombin (1.5 nM) was added and
incubated for 3 min at 37°C. Clotting was initiated with 30 pl of CaCl, (25 mM)5

Transient expression of human FXI in mice by hydrodynamic tail vein injection (HTI)

C57BI/6 FXI deficient (FX17~) mice [8,20] (25 gm) were anesthetized with pentobarbital
(50 mg/kg intraperitoneal). Lactated Ringer solution (2 ml) containing 15 pg pJVCMV/FXI
cDNA constructs were infused rapidly into the tail vein [8]. Plasma was prepared from
blood samples (50 pl) collected 24 hrs post-HTI, and FXI concentration was determined by
ELISA (Affinity Biologicals). Values were compared to dilutions of normal human plasma,
and purified human plasma FXI. Western blots of FXI in plasma were prepared using anti-
FXI 1gG 14E11 for detection [20].

Thrombosis model

Twenty-four hours post-HT1, mice were anesthetized. A Model 0.5 VB Doppler flow probe
(Transonic) was placed around the right common carotid artery. Thrombus formation was
induced by applying two 1 x 1.5-mm filter papers (GB0O03; Schleicher & Schuell) saturated
with 3.5% FeCls to opposite sides of the artery for 3 minutes, followed by rinsing with
saline [20]. Flow was monitored for 30 minutes. At the end of the experiment, blood was
collected for measurement of plasma FXI.

RESULTS

FXI activation by polyanions

Recombinant FXI migrated at the appropriate 160 (unreduced) and 80 (reduced) kDa
positions on SDS-PAGE (Fig. 1B). After conversion to FXla, the proteases cleaved the
substrate S-2366 with similar K, and kg4t (not shown) [15,16], indicating the active sites
were intact. Dextran sulfate-, heparin- or polyp-induced FXI activation requires FXI to bind
to the polyanion [7,8,21]. Activation is probably initiated by traces of FXla in the FXI. DFP-
treated FXI preparations cleave S2366 at a rate suggesting 120 nM zymogen contains ~0.3
pM FXla. During FXIWT activation with heparin (Fig. 2A), there is an initial lag phase
followed by accelerated activation. A similar response was obtained with polyP (Fig. 2B).
With heparin, FXIWT and FXIABS-2 were activated similarly, while FXIABS-1 and
FXIABS-1/2 showed activation defects (Fig. 2A). Comparable results were obtained with
dextran sulfate (not shown), indicating the A3 domain ABS, but not the catalytic domain
ABS, is required for polyanion binding. With polyP, FXIABS-1 and FXIABS-2 hoth
demonstrated longer lag phases than FXIWT, while FXIABS-1/2 failed to activate (Fig. 2B),
indicating polyP interacts with both ABSs to promote activation.

FXI activation by thrombin and FXlla

In the absence of a polyanion, second order rate constants for FXIWT activation by a-
thrombin (Fig. 3A, 240 M-1sec-1) or FXlla (Fig. 3B, 16,600 M-1sec-1) were roughly
comparable to those for FXI ABS mutants (Table 1). PolyP enhanced FXIWT activation by
a-thrombin ~3000-fold (Fig. 3C, 713,000 M-1sec-1) and by FXIla ~30-fold (Fig. 3D,
543,000 M-1sec-1). Rates were moderately reduced for FXIABS-1 activation by a-thrombin
(34%) and FXlla (42%). There were greater reductions for FXIABS-2 (5-fold for a-
thrombin, 3-fold for FXIla). With FXIABS-1/2, rate constants were ~20- and ~7-fold lower,
respectively, confirming the importance of both FXI ABSs to polyP enhancement of FXI
activation.

PolyP-dependences of FXI activation by a-thrombin (Fig. 4A) or FXlla (Fig. 4B) have bell-
shaped distributions, consistent with a ternary mechanism requiring protease and substrate to
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bind polyP. In the absence of polyP, FXI is activated comparably by rllaWT and a-thrombin
with a key residue in the heparin-binding site changed from Arg to Glu (rl1aR89E) (Fig. 4C.
177 and 124 M-1sec-1, respectively). With polyP (Fig. 4D), the rate constant for rllaR89E
(16,500 M-1sec-1) was ~35-fold lower than with rllaWT (573,000 M-1sec-1) demonstrating
the importance of a-thrombin binding to polyP [22]. B-FXIlla, a degradation product of
FXIla lacking the anion-binding heavy chain, activated FXI at ~40% of the rate of FXlla
(7,300 and 17,100 M-1sec-1, respectively) without polyP (Fig. 4E), but showed a more
profound defect with polyP (Fig. 4F. 13,600 and 293,000, respectively; a >20-fold
difference), consistent with the template mechanism requirement that FXlla bind to polyP.

Effects of polyP on FXla activity

Heparin reduces FXIaWT-mediated cleavage of the tripeptide S-2366, probably through an
allosteric effect (Fig. 5A). PolyP produces a similar, though less pronounced effect (Fig.
5B). This process requires the catalytic domain ABS, as polyanions do not affect S-2366
cleavage by FXIABS-2 or FXIABS-1/2. Lack of the A3 domain site (FXIABS-1) reduces
inhibition somewhat, perhaps by changing the manner in which polyanions bind to the
catalytic domain site. The results are consistent with the premise that heparin and polyP
engage both ABSs on FXla.

FXI1aWT activates factor IX by cleavage after Arg145 to produce factor IXa (Fig. 5C), then
after Arg180 to form factor 1Xap (Fig. 5D) [2,17]. The catalytic efficiency of the second
cleavage is greater than the first, so factor IXa accumulation is normally limited (Fig. 5C).
Key to this mechanism is a factor 1X binding site on the FXla A3 domain [17]. When factor
IX is activated by FXIaWT in the presence of heparin or dextran sulfate there is significant
factor 1Xa accumulation (Fig. 5C) and reduced rates of factor 1Xap formation (Fig. 5D),
indicating the polyanions interfere with factor 1X binding to the A3 exosite. PolyP, in
contrast, did not alter factor 1X activation, suggesting that it interacts differently with FXla
than dextran sulfate or heparin despite using the same binding sites.

Effects of polyanions on AT-mediated inhibition of FXla

AT is one of the plasma protease inhibitors that regulates FXla activity [15,16,23,24].
Heparin enhanced FXIla inhibition by AT 40-fold [15]. Heparin-dependence of AT
inhibition of FXla (Fig. 5E) is bell-shaped, indicating FXla and AT bind to heparin [15,19].
PolyP has little effect on AT inhibition of FXla (Fig. 5E). At polyP >1 nM a modest
saturable inhibition was seen (Fig. 5F), consistent with an allosteric effect due to polyP
binding to FXla. AT up to 6 pM did not bind polyP in surface plasmon resonance studies
(S.A. Smith and J.H. Morrissey, unpublished observation), consistent with results reported
by Church and coworkers [25].

FXI'in plasma assays

In a partial thromboplastin time (PTT) assay triggered by adding silica to FXI deficient
plasma, FXIWT and FXIABS-1 restored clotting times comparably, while FXIABS-2 and
FXIABS-1/2 gave slightly longer clotting times (1.2-1.35 times FXIWT) (Fig. 6A).
Replacing silica with polyP resulted in longer clotting times (Fig. 6B) because polyP of 80
units are relatively weak FXII activators [8]. With polyP, differences in clotting times
between plasma supplemented with the FXI variants are evident, and in line with results in
Fig. 3D. In Fig. 6C, FXlla activity is blocked with CTI, and FXI is activated in the presence
of polyP with B-thrombin. B-thrombin, a cleavage product of a-thrombin, has reduced
capacity to convert fibrinogen to fibrin because it lacks a properly formed anion-binding
exosite | [6]. Because it interacts weakly with fibrinogen, B-thrombin is a more potent FXI
activator in plasma than a-thrombin [6]. As with polyP-enhanced FXIla activation of FXI
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(Fig. 6B), polyP-dependent 3-thrombin activation of FXI in plasma is compromised by loss
of the FXI ABSs.

Thrombus formation in vivo

FXIWT [8] and FXI ABS mutants can be transiently expressed in FXI~/~ mice by HTI (Fig.
7A). Twenty-four hours post-HTI, plasma FXI concentration of ABS mutants are
comparable to normal human plasma (30 nM), while FXIWT was modestly lower (Fig. 7B).
Carotid arteries of wild type mice occlude within 15 minutes of exposure to 3.5% FeCls,
while FXI~/~ mice are resistant to occlusion [20,26]. All FX1~/~ mice expressing FXIWT
developed artery occlusion after FeCl3 exposure (Fig. 7C). However, despite plasma FXI
levels ~40% higher on average than FXIWT expressing mice, only about half of mice
expressing FXI lacking one or both ABSs developed occlusion (Fig. 7C).

DISCUSSION

Heparin enhances coagulation protease inhibition by AT through allosteric and ternary
(template) mechanisms [19,27]. The latter typically involves binding of the catalytic domain
to heparin through electrostatic interactions involving ABSs containing lysine and arginine
residues [2,18,35]. The a-thrombin heparin-binding site (anion binding exosite 1) is
comprised of Arg89, Arg98, Arg245, Lys248 and Lys252 (chymotrypsin numbering)
[2,16,36]. For FXla, Lys529, Arg530 and Arg532 on the catalytic domain 170-loop bind
heparin [16]. FXIla also has a novel heparin-binding site on its A3 domain (Arg250, Lys252,
Lys253 and Lys255) [15]. PolyP binds to a-thrombin through anion binding exosite 11 (K4
~5nM) [22]. As polyP-mediated enhancement of FXI activation by a-thrombin involves a
template mechanism [8,9], it follows that FXI also has sites that bind polyP. Here we
assessed the importance of the known FXI heparin-binding sites to the polyP interaction.

FXI is a homolog of a more ancient protease, prekallikrein (PK) [29]. Like FXI, PK contains
basic residues in the 170-loop (Fig. 5A) [30] and, similar to FXla, cleavage of a
chromogenic substrate by activated PK (a-kallikrein) is reduced by heparin [31]. However,
PK lacks an A3 domain ABS [30], suggesting this feature supports specific FXI functions.
The data presented here demonstrate that both FXI ABSs are required for optimal polyP
enhancement of FXI activation by thrombin, FXIla or autoactivation. The ABSs are
positioned on the FXI zymogen subunit in a manner that would allow a single polymer to
span both sites (Fig. 1A). An examination of the FXI structure does not immediately suggest
why heparin (which engages both ABSs [15,16]) or dextran sulfate only require the A3 ABS
to promote activation. This may reflect differences in the structures of the polyanions or
their affinities for FXI. Although it has the capacity to enhance FXI activation specifically,
and contact activation in general [32,33], heparin produces a net anticoagulant effect in
plasma because it serves as a cofactor for AT-mediated protease inhibition. PolyP does not
bind AT, and predictably lacks this activity (Fig. 5E), consistent with its proposed role as a
promoter of coagulation.

The FXla A3 and catalytic domains serve key roles in factor 1X activation [17], so it is not
surprising that heparin interferes with this reaction. In the normal mechanism for factor IX
activation by FXla, the rate of the initial cleavage after Arg145 is 7-fold slower than for the
second cleavage after Arg180, limiting accumulation of the intermediate factor IXa [17].
Disruption of factor IX binding to the A3 domain has a greater deleterious effect on the
second cleavage, leading to factor IXa accumulation. Heparin, and to an greater extent
dextran sulfate, reduce the rate of factor IX activation by FXla, with marked factor 1Xa
accumulation, possibly by sterically interfering with factor IX binding to the FXla. PolyP, in
contrast, did not inhibit factor 1X activation, consistent with the impression that polyP and
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heparin interact with FXla somewhat differently, and in support of the premise that polyP is,
on balance, a procoagulant.

PolyP appears to contribute to thrombus formation in the mouse model used in this study
[12]. The prothrombotic effect of FeCls-injury can be reduced by treating mice with alkaline
phosphatase to destroy polyP [12], or by administering compounds that neutralize polyP
[34,35]. RNA and DNA are polymers with phosphate backbones that also contribute to
thrombosis in animal models [36,37]. Chromatin released from activated neutrophils
(neutrophil extracellular traps - NETS) have been identified in thrombi [37,38], and it will be
interesting to see if this material enhances FXI activation. Based on the importance of the
FXI ABSs to interactions with polyanions, loss of one or both sites in vivo could result in (1)
enhanced sensitivity to FeCls-induced thrombosis because of reduced AT-mediated
inhibition, (2) decreased sensitivity to FeCls-induced thrombosis due to decreased FXI
activation, or (3) a combination of effects leading to an intermediate result. The results
presented here indicate, on balance, that loss of the FXI ABSs produces an antithrombotic
effect, supporting the notion that targeting the interaction between FXI and polyanions such
as polyP may be a useful antithrombotic strategy.

Acknowledgments

We are grateful to Drs. William Dupont and Dale Plummer for statistical analysis. The authors wish to
acknowledge support from awards HL81326 and HL58837 (D. Gailani) and HL080018 (I.M. Verhamme) from the
National Heart, Lung and Blood Institute. D. Gailani is a consultant, and receives consultant’s fees from several
pharmaceutical companies.

References

1. Brummel-Ziedens, K.; Mann, KG. Hematology: basic principles and practice. 6. Churchill
Livingstone-Elsevier; Philadelphia: 2013. Molecular basis of blood coagulation; p. 1821-1841.

2. Vadivel, K.; Schmidt, AE.; Marder, VJ.; Krishnaswamy, S.; Bajaj, SP. Hemostasis and Thrombosis:
basic principles and clinical practice. 6. Lippincott, Williams & Wilkins; Philadelphia: 2013.
Structure and function of vitamin K-dependent coagulation and anticoagulation proteins; p.
208-232.
3. Bouma BN, Griffin JH. Human blood coagulation factor XI. Purification, properties, and
mechanism of activation by activated factor XII. J Biol Chem. 1977; 252:6432-7. [PubMed:
893417]
4. McMullen BA, Fujikawa K, Davie EW. Location of the disulfide bonds in human coagulation factor
XI: the presence of tandem apple domains. Biochemistry. 1991; 30:2056—-60. [PubMed: 1998667]
5. Emsley J, McEwan PA, Gailani D. Structure and function of factor XI. Blood. 2010; 115:2569-77.
[PubMed: 20110423]
6. Matafonov A, Sarilla S, Sun MF, Sheehan JP, Serebrov V, Verhamme 1M, Gailani D. Activation of
factor XI by products of prothrombin activation. Blood. 2011; 118:437-45. [PubMed: 21527525]
7. Gailani D, Broze GJ. Factor Xl in a revised model of blood coagulation. Science. 1991; 253:909-12.
[PubMed: 1652157]
8. Geng Y, Verhamme I, Smith SB, Sun MF, Matafonov A, Cheng Q, Smith SA, Morrissey JH,
Gailani D. The dimeric structure of factor XI and zymogen activation. Blood. 2013; 121:3962-9.
[PubMed: 23515926]
9. Choi SH, Smith SA, Morrissey JH. Polyphosphate is a cofactor for the activation of factor XI by
thrombin. Blood. 2011; 118:6963-70. [PubMed: 21976677]
10. Kornberg A, Rao NN, Ault-Riché D. Inorganic phosphate: a molecule of many functions. Ann Rev
Biochem. 1999; 68:89-125. [PubMed: 10872445]

11. Ruiz FA, Lea CR, Oldfield E, Docampo R. Human platelet dense granules contain polyphosphate
and are similar to acidocalcisomes of bacteria and unicellular eukaryotes. J Biol Chem. 2004;
279:44250-7. [PubMed: 15308650]

J Thromb Haemost. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Geng etal.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 8

Miiller F, Mutch NJ, Schenk WA, Smith SA, Esterl L, Spronk HM, Schmidbauer S, Gahl WA,
Morrissey JH, Renné T. Platelet polyphosphates are proinflammatory and procoagulant mediators
in vivo. Cell. 2009; 139:1143-56. [PubMed: 20005807]

Smith SA, Morrissey JH. Polyphosphate as a general procoagulant substance. J Thromb Haemost.
2008; 6:1750-6. [PubMed: 18665922]

Smith SA, Choi SH, Davis-Harrison R, Huyck J, Boettcher J, Rienstra CM, Morrissey JH.
Polyphosphate exerts differential effects on blood clotting, depending on polymer size. Blood.
2010; 116:4353-9. [PubMed: 20709905]

Zhao M, Abdel-Razek T, Sun MF, Gailani D. Characterization of a heparin binding site on the
heavy chain of factor XI. J Biol Chem. 1998; 273:31153-9. [PubMed: 9813019]

Yang L, Sun MF, Gailani D, Rezaie AR. Characterization of a heparin-binding site on the catalytic
domain of factor Xla: Mechanism of heparin acceleration of factor Xla inhibition by the serpins
antithrombin and C1-inhibitor. Biochemistry. 2009; 48:1517-24. [PubMed: 19178150]

Geng Y, Verhamme IM, Messer A, Sun MF, Smith SB, Bajaj SP, Gailani D. A sequential
mechanism for exosite-mediated factor IX activation by factor Xla. J Biol Chem. 2012;
287:38200-9. [PubMed: 22961984]

Sheehan JP, Sadler JE. Molecular mapping of the heparin-binding exosite of thrombin. Proc Natl
Acad Sci USA. 1994; 91(12):5518-5522. [PubMed: 8202520]

Olson ST. Transient kinetics of heparin-catalyzed protease inactivation by antithrombin 111.
Linkage of protease-inhibitor-heparin interactions in the reaction with thrombin. J Biol Chem.
1988; 263:1698-708. [PubMed: 3338989]

Cheng Q, Tucker El, Pine MS, Sisler I, Matafonov A, Sun MF, White-Adams TC, Smith SA,
Hanson SR, McCarty OJ, Renné T, Gruber A, Gailani D. A role for factor XlIla-mediated factor XI
activation in thrombus formation in vivo. Blood. 2010; 116:3981-9. [PubMed: 20634381]

Wu W, Sinha D, Shikov S, Yip CK, Walz T, Billings PC, Lear JD, Walsh PN. Factor XI
homodimer structure is essential for normal proteolytic activation by factor Xlla, thrombin, and
factor Xla. J Biol Chem. 2008; 283:18655-64. [PubMed: 18441012]

Mutch NJ, Myles T, Leung LLK, Morrissey JH. Polyphosphate binds with high affinity to exosite
Il of thrombin. J Thromb Haemost. 2010; 8:548-55. [PubMed: 20002544]

Wauillemin WA, Hack CE, Bleeker WK, Biemond BJ, Levi M, ten Cate H. Inactivation of factor
Xla in vivo: studies in chimpanzees and humans. Thromb Haemost. 1996; 76:549-55. [PubMed:
8902995]

Huang X, Rezaie AR, Broze GJ Jr, Olson ST. Heparin is a major activator of the anticoagulant
serpin, protein Z-dependent protease inhibitor. J Biol Chem. 2011; 286:8740-51. [PubMed:
21220417]

Church FC, Pratt CW, Treanor RE, Whinna HC. Antithrombin action of phosvitin and other
phosphate-containing polyanions is mediated by heparin cofactor I1. FEBS Lett. 1988; 237:26-30.
[PubMed: 3169238]

Wang X, Cheng Q, Xu L, Feuerstein GZ, Hsu MY, Smith PL, Seiffert DA, Schumacher WA,
Ogletree ML, Gailani D. Effects of factor 1X or factor XI deficiency on ferric chloride-induced
carotid artery occlusion in mice. J Thromb Haemost. 2005; 3:695-702. [PubMed: 15733058]
Tollefsen, DM.; Zhang, L. Heparin and vascular glycosaminoglycans. In: Marder, VJ.; Aird, WC.;
Bennet, JS.; Schulman, S.; White, GC., editors. Hemostasis and Thrombosis: basic principles and
clinical practice. 6. Lippincott, Williams & Wilkins; Philadelphia: 2013. p. 585-597.

Chung, DW.; Xu, W.; Davie, EW. Hemostasis and Thrombosis: basic principles and clinical
practice. 6. Lippincott, Williams & Wilkins; Philadelphia: 2013. The blood coagulation factors and
inhibitors: their primary structure, complementary DNAs, Genes, and Expression; p. 110-14.
Ponczek MB, Gailani D, Doolittle RF. Evolution of the contact phase of vertebrate blood
coagulation. J Thromb Haemost. 2008; 6:1876-83. [PubMed: 18761718]

McMullen BA, Fujikawa K, Davie EW. Location of the disulfide bonds in human plasma
prekallikrein: the presence of four novel apple domains in the amino-terminal portion of the
molecule. Biochemistry. 1991; 30:2050-6. [PubMed: 1998666]

J Thromb Haemost. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Geng etal.

31.

32.

33.

34.

35.

36.

37.

38.

ADDENDUM

Page 9

Gozzo AJ, Nunes VA, Cruz-Silva I, Carmona AK, Nader HB, Faljoni-Alario A, Sampaio MU,
Aradjo MS. Heparin modulation of human plasma kallikrein on different substrates and inhibitors.
Biol Chem. 2006; 387:1129-38. [PubMed: 16895484]

Hojima Y, Cochrane CG, Wiggins RC, Austen KF, Stevens RL. In vitro activation of the contact
(Hageman factor ) system of plasma by heparin and chondroitin sulfate E. Blood. 1984; 63:1453—
9. [PubMed: 6202346]

Brunnée T, Reddigari SR, Shibayama Y, Kaplan AP, Silverberg M. Mast cell derived heparin
activates the contact system: a link to kinin generation in allergic reactions. Clin Exp Allergy.
1997; 27:653-63. [PubMed: 9208186]

Smith SA, Choi SH, Collins JN, Travers RJ, Cooley BC, Morrissey JH. Inhibition of
polyphosphate as a novel strategy for preventing thrombosis and inflammation. Blood. 2012;
120:5103-10. [PubMed: 22968458]

Jain S, Pitoc GA, Holl EK, Zhang Y, Borst L, Leong KW, Lee J, Sullenger BA. Nucleic acid
scavengers inhibit thrombosis without increasing bleeding. Proc Natl Acad Sci USA. 2012;
109:12938-43. [PubMed: 22837404]

Kannemeier C, Shibamiya A, Nakazawa F, Trusheim H, Ruppert C, Markart P, Song Y, Tzima E,
Kennerknecht E, Niepmann M, von Bruehl ML, Sedding D, Massberg S, Giinther A, Engelmann
B, Preissner KT. Extracellular RNA constitutes a natural procoagulant cofactor in blood
coagulation. Proc Natl Acad Sci U S A. 2007; 104:6388-93. [PubMed: 17405864]

Brill A, Fuchs TA, Savchenko AS, Thomas GM, Martinod K, De Meyer SF, Bhandari AA,
Wagner DD. Neutrophil extracellular traps promote deep vein thrombosis in mice. J Thromb
Haemost. 2012; 10:136-44. [PubMed: 22044575]

Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD, Wrobleski SK,
Wakefield TW, Hartwig JH, Wagner DD. Extracellular DNA traps promote thrombosis. Proc Natl
Acad Sci USA. 2010; 107:15880-5. [PubMed: 20798043]

Authorship: Y. Geng performed experiments on the effects of polyp on FXI activation and
wrote the manuscript. 1.M. Verhamme contributed to design of experiments of FXI
activation in vitro, performed kinetic analyses of data, and conducted some experiments on
AT inhibition of FXla. S.A Smith prepared and characterized poly-P, conducted studies of
AT binding to polyP, and contributed to experimental design. Q.C. conducted HTI
experiments. M-f. Sun prepared and characterized recombinant FXI/Xla and their inhibition
by AT. J.P. Sheehan prepared and characterized recombinant thrombin, and contributed to
experimental design. J.H. Morrissey contributed to experimental design, and to writing of
the final manuscript. D. Gailani was responsible for oversight of the project and preparation
of the manuscript.

J Thromb Haemost. Author manuscript; available in PMC 2014 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Geng et al. Page 10

WT 1 -2 -1[2 WT -1 -2 -1/2

1004 i ko 5 4 Z .‘ i g S

Figure 1. Recombinant FXI

(A) Space filling model of a FXI subunit (generated with PyMole) showing positions of
lysine and arginine residues (black) involved in polyanion binding. (B) Purified FXIWT,
FXIABS-1, FXIABS-2 and FXIABS-1/2 run under non-reducing (left) and reducing (right)
conditions on a 10% polyacrylamide-SDS gel. Positions of molecular mass standards in
kilodaltons are on the left.
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Figure 2. FXI activation in the presence of heparin or polyP
FXIWT (O), FXIABS-1 (»), FXIABS-2 (@) or FXIABS-1/2 (A) incubated with (A) 400
nM heparin or (B) 50 nM polyP. FXla generation was determined by chromogenic assay.
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Figure 3. FXI activation by a-thrombin or FXlla
(A and B) FXIWT (O), FXIABS-1 (&), FXIABS-2 (@) or FXIABS-1/2 (A), 200 nM
subunits, incubated with (A) 50 nM a-thrombin or (B) 5 nM FXlla. (C and D) Activation of
120 nM subunit of FXI (symbols same as in panels A and B) by 3 nM (C) a-thrombin or (D)
FXIla in the presence of 50 nM polyP. FXla was measured by chromogenic assay.
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Figure 4. FXI activation by thrombin or FXlla variants

(A and B) Concentration dependence of polyP-enhanced FXIWT (120 nM subunits)
activation by 3 nM (A) a-thrombin or (B) FXlla. (C) FXIWT (200 nM subunits) incubated
with 50 nM (O) rllaWT or (@) rllaR89E. (D) FXIWT (120 nM subunits) was activated by 3
nM (O) rllaWT or (@) rllaR89E in the presence of 50 nM polyP. (E) FXIWT (200 nM
subunits) incubated with 10 nM (O) FXlla or (@)p-FXlla. (F) FXIWT (120 nM subunits)
incubated with 3 nM (O) FXIlla or (@)B-FXlla in the presence of 50 nM polyP. FXla was

measured by chromogenic assay.
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Figure 5. Effects of polyanions on FXla activity

(A and B) FXIaWT (O), FXlaABS-1 (), FXlaABS-2 (@) or FX1aABS-1/2 (A), 6 nM
active sites, was supplemented with (A) heparin or (B) polyP, then tested for its ability to
hydrolyze S2366. (C and D) Factor IX (100 nM) was incubated in Assay Buffer at RT with
3 nM (active sites) FXIaWT with (O) vehicle, (@) 400 nM unfractionated heparin, (A) lug/
ml dextran sulfate or (A) 50 nM polyP. Samples were removed into nonreducing SDS-
sample buffer and size-fractionated on 17% polyacrylamide-SDS. Conversion of factor IX
to (C) factor IXa and (D) factor 1Xay was determined by densitometry of stained gels. (E
and F) FXIaWT (6 nM active sites) incubated n TBSA with antithrombin (130 nM) and (@)
unfractionated heparin or (O) polyP. kgps for each polyanion concentration was determined
as described under Experimental Procedures.
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Figure 6. Plasma clotting assays

(A) FXI-deficient plasma supplemented with 30 nM FXIaWT, FXIaABS-1, FXIaABS-2,
FXIaABS-1/2, or vehicle (C) incubated with a PTT reagent. After recalcification, time to
clot formation was determined. (B) Clotting times of FXI-deficient plasma supplemented
with FXI as in panel A incubated for 3 min with 50 nM polyP and 10 uM PC/PS vesicles.
(C) Clotting times of FXI-deficient plasma supplemented with FXI incubated for 3 min with
50 nM polyP, 10 uM PC/PS vesicles, and 1.5 nM p-thrombin. CTI (4 pM) was used to
inhibit FXlla. For all panels, proteins were tested in triplicate. Error bars represent one
standard deviation.
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Figure 7. FeCl3-induced carotid artery occlusion in FX17/~ mice expressing human FXI

(A) FXI western blot of mouse plasmas 24 hours post-HTI with constructs for FXIaWT,
FXlaABS-1, FXIaABS-2, FXlaABS-1/2 or empty vector (JV). Normal human plasma (NP)
and FXI-deficient mouse plasma (XIdP) serve as controls. Positions of molecular mass
standards (kDa) are shown on the left, and FXI is indicated on the right. (B) FXI
concentrations in mouse plasma 24 hours post-HTI. Error bars indicate 1 SD (n=10). (C)
FXI7/~ mice underwent HTI with FXI constructs (n=10 per construct). 24 hours post-HTI,
mice were tested in a model in which thrombus formation in the carotid artery is induced
with 3.5% FeCls. Bars indicate percent of mice with occluded arteries 30 min post-FeClg
application. Data were analyzed by y2-contingency analysis and a Fisher’s protected least
significant difference approach. Results for mice expressing empty vector (p<0.005),
FXlaABS-1 (p=0.01) and FXIaABS-1/2 (p=0.025) were significantly different than
FXIaWT. Differences between FXIaWT and mice expressing FXI1aABS-2 did not reach
statistical significance (p=0.06).
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