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Abstract

Background—A patient with factor XI (fXI) deficiency was reported with an Arg184Gly

substitution in the fXI A3 domain. The A3 domain contains an exosite required for binding of

factor IX (fIX) to activated fXI (fXIa).

Objective—To test the effects of the Arg184Gly substitution on fIX activation, and to

characterize the fIX binding site on fXIa.

Methods—Recombinant fXIa and fIX variants were used to identify residues involved in fIX

activation by fXIa. Analysis of the fXI structure was used to identify potential fIX binding sites.

Results—Km for fIX activation by fXIa-Gly184 is ∼3-fold higher than for fXIa, suggesting

Arg184 is part of the exosite. Arg184 and adjacent residues Ile183 and Asp185 contribute to

charged and hydrophobic areas that are not present in the fXI homolog prekallikrein (PK).

Replacing residues 183 to 185 with alanine abolished exosite activity, similar to replacement of

the entire A3 domain with A3 from PK (fXIa/PKA3). Reintroducing fXI residues 183-185 into

fXIa/PKA3 partially restored the exosite, while replacing residues 183-185 and 260-264

completely restored exosite function. FIX in which the Ω-loop (residues 4 to 11) is replaced with

the factor VII Ω-loop was activated poorly by fXIa, suggesting the fIX Ω-loop binds to fXIa.

Conclusion—The results support a model in which the Ω-loop of fIX binds to an area on fXIa

comprised of residues from the N- and C-termini of the A3 domain. These residues are buried in

zymogen fXI, and must be exposed upon conversion to fXIa to permit fIX binding.
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Introduction

Factor XI (fXI) is the zymogen of factor XIa (fXIa), a plasma protease that converts factor

IX (fIX) to factor IXaβ (fIXaβ) during blood coagulation [1,2]. FXI is a 160 kDa dimer of

identical subunits, each containing four apple domains (A1 to A4) and a trypsin-like

catalytic domain [3-7]. The apple domains form a disk-like structure on which the catalytic

domain rests in a “cup-and-saucer” arrangement [7]. Congenital fXI deficiency is associated

with a variable propensity for excessive trauma-induced bleeding [3,8,9]. The compact

nature of fXI may render relatively susceptible to mutation-induced misfolding. FXI

deficient patients typically have commensurate reductions in fXI activity and antigen (cross-

reactive material negative [CRM–] deficiency) [3,10], and most mutations causing fXI

deficiency compromise structure sufficiently to interfere with protein secretion in expression

studies [3,4]. Of the ∼150 missense mutations identified in the fXI genes of fXI deficient

patients, only twelve are associated with circulating dysfunctional protein (CRM+). Eight of

these involve the catalytic domain (www.factorxi.org) [3,4]. Thus, little structure-function

information on the apple domain disk has been gleaned from studying naturally occurring

fXI variants.

FIX is initially cleaved by fXIa at the Arg145-Ala146 peptide bond to form factor IXα

(fIXα), followed by cleavage of the Arg180-Val181 bond to form fIXaβ [2,11]. Substrate

specificities for coagulation protease-mediated reactions are governed by binding

interactions involving exosites on the protease that are distinct from the active site [12-14].

An exosite involved in fIX and fIXα binding is located within the fXIa A3 domain [11].

Replacement of the A3 domain results in a significant reduction in catalytic efficiency for

cleavage of both fIX and fIXα [11]. Guella et al. described a 24 year old woman with 10%

of the normal plasma fXI activity but with 50% of the normal antigen level [15]. This CRM

+ patient has a missense mutation resulting in a Gly substitution for Arg184 at the N-

terminus of the fXI A3 domain. Here we present a kinetic analysis of the functional

consequences of the Gly184 substitution to the interaction with fIX. Guided by the results,

we performed additional mutational analysis of the fXIa and fIX proteins. The results

suggest a model for the fIX binding interaction with the fXIa A3 domain.

Experimental Procedures

Recombinant proteins

HEK293 fibroblasts (ATCC-CRL1573) were transfected with 40 μg pJVCMV containing

human fXI [11,16,17] or fIX [18,19] cDNAs and 2 μg pRSVneo as described [11,16,17].

Protein was raised in serum-free medium (Cellgro Complete, Mediatech). For fIX, 10 μg/ml

vitamin K1 was added to media. FXI was purified by antibody affinity chromatography

[11,16,17]. In addition to wild type fXI (fXIWT), several variants were prepared. In fXI-

Gly184, Arg184 is replaced with Gly, while in fXI-Ala183-185 Ile183, Arg184, and Asp185

are replaced with alanine. In fXI/PKA3 the A3 domain (residues 182 to 265) is replaced

with the prekallikrein (PK) A3 domain [11,17]. Two modified forms of fXI/PKA3 were

prepared. In fXI/PKA3-A, fXI sequence is restored at amino acids 183 to 185. In fXI/PKA3-

B fXI sequence is restored at amino acids 183 to 185 and 260 to 264 [16]. FIX was purified

by antibody affinity chromatography [18,19]. In addition to wild type fIX (fIXWT), four
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chimeric proteins were prepared in which Gla-domain residues are replaced with

corresponding residues from human factor VII (fVII): (C1 – residues 4, 5, 9, 10 and 11; C2

– 13, 19 and 22; C3 – 30, 32, 33, and 34; and C4 – 41, 43, 44, and 46). Protein

concentrations were determined by colorimetric assay (Bio-Rad,), and confirmed by

densitometry on SDS-PAGE by comparison to standard plasma fXI or fIX preparations. FXI

was converted to fXIa by incubation with fXIIa (20:1 substrate:enzyme) at 37°C for 24 hrs

in 50 mM Tris-HCl pH 7.4, 100 mM NaCl (TBS). Complete activation was confirmed by

SDS-PAGE.

Plasma clotting assay

FXI activities were determined in a partial thromboplastin time (PTT) assay. FXI deficient

plasma (30 μl) was mixed with 30 μl fXI (0.3 to 30 nM) in TBS with 0.1% BSA (TBSA) and

30 μl PTT-A reagent (Diagnostica Stago). After incubation at 37°C for 5 min, 30 μl 25 mM

CaCl2 was added, and time to clot formation was determined on an ST4 fibrometer

(Diagnostica Stago). In a separate experiment, 30 μl of fXIa diluted in TBSA (0.3 to 30 nM)

was mixed with 30 μl fXI-deficient plasma and 30 μl rabbit brain cephalin (Sigma). After

incubation at 37 °C for 30 sec, 30 μl 25 mM CaCl2 was added, and time to clot formation

determined. Results were compared to standard curves prepared with fXIWT or fXIaWT

starting at 30 nM. Activities are percent of wild-type protein activity.

Hydrolysis of S-2366 by fXIa

FXIa (6 nM) was incubated with 50-2000 μM L-pyroglutamyl-L-prolyl-L-arginine p-

nitroaniline (S-2366, Diapharma) in TBS at RT. In separate experiments, FXIa (6 nM) was

incubated with 500 μM S-2366 and varying concentrations of fIXaβ (fIXaβ does not cleave

S-2366) in TBS with 5 mM CaCl2 at RT. Generation of free p-nitroaniline (pNA) was

followed by monitoring absorbance at 405 nm. Rates of pNA generation (nM/s) were

determined using an extinction coefficient of 9920 M-1.cm-1 (405 nm). Km, kcat and Ki for

S-2366 cleavage were determined by non-linear least squares fitting performed with

MicroMath Scientific Software [11].

FIX activation by fXIa

The method for activation of fIX and fIX/fVII chimeras was previously reported [11]. FIX

(50-3000 nM) in Assay Buffer (50 mM HEPES, pH 7.4, 125 mM NaCl, 5 mM CaCl2, 1

mg/ml PEG 8000) was incubated at RT with fXIa (1-500 nM active sites) in PEG 20,000-

coated tubes. At various times samples were size fractionated on non-reducing 17%

polyacrylamide-SDS gels, and stained with GelCode Blue (Pierce). Gels were imaged on an

Odyssey Infrared Imaging System (LI-COR Biosciences). Conversion of fIX to fIXα and

fIXaβ was assessed by densitometry. Full progress curves were constructed for

disappearance of fIX, and generation of fIXα and fIXaβ.

Kinetic analysis

Steady-state kinetic parameters Kd, Km, kcat and Ki for cleavage of fIX and fIXα were

obtained by numerical integration fitting of full progress curves of fIX depletion, and fIXα

and fIXaβ formation, at varying substrate concentrations; and by analysis of the initial rate
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dependence of substrate depletion as a function of substrate concentration. Rates of cleavage

of the fIX Arg145-Ala146 and Arg180-Val181 bonds were analyzed with KinTek Explorer

Version 2.5 software [11,20] using the following reaction mechanism:

IXα* denotes fIXα bound to fXIa in a favorable orientation for cleavage after Arg180. For

Kintek analysis, at least six data sets for fIX in the 25 to 3000 nM substrate concentration

range, were analyzed simultaneously. For published data for fXIaWT and fXIa/PKA3, Ki1

and Ki2 were constrained to values determined using surface plasmon resonance (SPR) [11].

No constraints were imposed for analysis of other fXIa species. Results of numerical

analyses were compared to those obtained by Michaelis-Menten analyses for cleavage after

Arg145. Initial velocities (v0) of cleavage after fIX Arg145 were determined by measuring

initial slopes of progress curves for disappearance of fIX, normalized to 1 nM fXIa active

sites. Values for v0 were analyzed with the Michaelis-Menten equation, and Km and kcat

were obtained from direct non-linear least squares analysis using Scientist Software.

Surface plasmon resonance (SPR)

Binding studies were performed on a Biacore T100 flow biosensor (Biacore, Uppsala,

Sweden) as described [11]. Briefly, plasma fXIa with the active site irreversibly blocked by

FPR-CMK was bound to CM5 sensorchips by standard amine coupling. Recombinant fIX

(1-2000 nM) was passed over the chips at 10 μl/min using a 6 min association time and 10

min dissociation time. Data were corrected for nonspecific binding by subtracting signals

obtained with analytes infused through a flow cell without coupled protein. Sensor-chips

were regenerated by washing with 30 mM EDTA. Binding was analyzed with

BIAevaluation software (Biacore) using a 1:1 binding model. Kd was calculated from the

quotient of the derived dissociation (kd) and association (ka) rate constant.

Results

FXIa-Gly184

On non-reducing SDS-PAGE, fXIWT and fXI-Gly184 migrate as 160 kDa dimers (Fig.1,

left panel). Conversion of a fXI subunit to fXIa requires cleavage of the Arg369-Ile370 bond

between the heavy chain (apple domains) and the catalytic domain (Fig.1, right panel) [4-6].

The tripeptide S-2366 was cleaved similarly by fXIaWT (Fig.2A, Km 185 ± 40 μM, kcat 41 ±

2 sec-1) and fXIa-Gly184 (Fig.2B, Km 200 ± 40 μM, kcat 45 ± 2 sec-1), indicating the Gly184

substitution did not alter the catalytic active site. Previously, we showed that fIXaβ inhibits

fXIa cleavage of S-2366 through a mixed mechanism involving interactions with the fXIa

active site and areas remote from the active site [21]. Ki for inhibition of fXIaWT cleavage

of S-2366 by fIXaβ (90 ± 20 nM, Fig.2C) was ∼2-fold lower than for fXIa-Gly184 (190 ±

30 nM, Fig.2D), indicating binding of fIXaβ to fXIa-Gly184 is modestly weaker than to
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fXIaWT. These values are in reasonable agreement with those determined by Kintek

analysis for the entire reaction (Table 1, discussed below). In a PTT assay, fXI-Gly184 had

∼25% of fXIWT. In a second assay, fXIaWT or fXIa-Gly184 was added to plasma,

bypassing the need for fXI activation. FXIa-Gly184 again displayed ∼25% of normal

activity, indicating reduced plasma activity is due largely to a defect in fIX activation. These

values are consistent with those reported by Guella et al. for the proband [15], who had

plasma fXI activity that was ∼20% of what would be predicted based on the fXI antigen

level.

Cleavage of fIX by fXIa-Gly184

FIX conversion to fIXaβ involves sequential cleavage of the Arg145-Ala146 and Arg180-

Val181 bonds [2,11]. We showed that catalytic efficiency for the Arg180-Val181 cleavage

by fXIaWT is ∼7-fold greater than for the Arg145-Ala146 cleavage (Table 1), preventing

fIXα accumulation (Fig.3A and 3B) [11]. Replacing the fXIa A3 domain with A3 from the

homolog PK results in a protease (fXIa/PKA3) lacking exosites required for normal fIX and

fIXα cleavage [11,17]. The PKA3 replacement markedly reduces catalytic efficiency for

both cleavages (Table 1), but the second cleavage is compromised to a greater extent,

leading to fIXα accumulation (Fig.3A). FXIa-Gly184 cleaves fIX more slowly than fXIaWT

(Fig.3A, 3C-3E and Table 1), with Kms for cleavage after Arg145 and Arg180 that are 3-

and 2-fold higher, respectively, than for fXIaWT (Table 1). As with fXIaWT, relatively little

fIXα accumulates during fIX activation by fXIa-Gly184 (Fig.3A and 3C). Michaelis-

Menten analyses of conversion of fIX to fIXα agree with the numerical analysis for

cleavage after Arg145 (Table 2). The results support the hypothesis that Arg184 is a

component of a fIX/fIXα binding site on the A3 domain. The magnitude in reductions in the

catalytic efficiencies for the two bond cleavages with fXIa-Gly184 are consistent with the

∼75% overall reduction in activity observed in clotting assays, and with the original

description of the discrepancy in fXI activity and antigen in the proband [15]. However, the

defect in is modest compared to that in fXIa/PKA3, indicating the exosite is not completely

disrupted.

Structure of the fXI A3 domain

To gain insight into the potential effects of the Arg184Gly mutation we examined the

structural context of Arg184 utilizing the fXI crystal structure [7]. The topology of the fXI

A3 domain (Fig.4A) shows the Arg184 side chain projecting upward on one face of the β-

sheet (yellow) adjacent to the Cys182-Cys265 disulfide bond connecting the N- and C-

termini of A3. The structural analysis software Metapocket [22], which utilizes eight

predictors to identify potential surface binding sites, identified three hydrophobic pockets on

the surface of fXI A3 (Fig.4B). The alkyl groups of the Arg184 and Arg210 side chains

contribute to pocket 1 with additional contributions from the side chains of Ile186, Leu262,

and Phe221, and Phe206 from the α-helix (Fig.4A and 4B). Modeling of the PK structure

was carried out previously utilizing the fXI crystal structure as a template (Fig.4C) [23]. The

model indicates that pocket 1 is not present in PK (Fig.4C and 4D). In fXI, residue 209 on

the α-helix is Gly (Fig.4A), while in PK it is Arg (Fig.4C). The PK Arg209 side chain is

predicted to interfere with formation of a hydrophobic pocket in this location (Fig.4C and

4D).
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Charged surface representations (Fig.4B and 4D) illustrate that Arg184 and Arg210

contribute to positively charged patches on either side of pocket 1. Arg184 and Asp185 run

along one side of pocket 1, with the other side formed primarily by the α-helix. Leu262 is in

proximity to residues 184 and 185 by virtue of the Cys182-Cys265 bond, and contributes to

the wall of pocket 1 (Fig.4A). The Gly184 substitution would likely lead to loss of a positive

charge that could contribute to electrostatic interactions with fIX, to the loss of hydrophobic

interactions with the alkyl group of the Arg184 side chain, and would introduce main chain

flexibility that could affect local loop conformation.

In fXI, Arg184 forms salt bridges with Asp488 and Asn566 from the catalytic domain [7].

As a result, Arg184 and hydrophobic pocket 1 are buried beneath the catalytic domain (Fig.

4E), and are not accessible for fIX binding. The observation that fIX and fIXα bind to fXIa,

but not to fXI [11,18], is consistent with the hypothesis that Arg184 and pocket 1 are part of

a fIX binding site that must be exposed during fXI conversion to fXIa through repositioning

of the catalytic domain relative to the A3 domain.

Hydrophobic pocket 2 is located on the opposite side of Phe206 from pocket 1 (Fig.4B left

panel), with Asn189, Phe223, Ser225, Gln226, and Glu227 contributing to its formation. It

would seem that this pocket is less likely to be a component of a fIX-binding site specific to

fXIa, as a similar pocket (with some substitutions) is also likely to be present on the PK A3

domain. Furthermore, pocket 2 is exposed to the aqueous phase in the zymogen structure.

Hydrophobic pocket 3, which is on the opposite side of A3 from pocket 1 (Fig.4B right

panel), is formed by Asp185, Phe187, Phe192, Leu246, Arg250 and Phe260. While not

predicted to be present in PK, this pocket is also unobstructed in zymogen fXI.

Cleavage of fIX by fXIa-Ala183-185

The kinetic data for fXIa-Gly184 are consistent with residue Arg184 contributing to a

binding site for fIX and fIXα on the fXIa A3 domain. In fXIa-Ala183-185, Arg184 and the

adjacent residues Ile183, and Asp185 are replaced with alanine. FXIa-Ala183-185 has <1%

of the activity of fXIaWT in a PTT assay. Cleavage patterns and kinetic parameters for fIX

activation by fXIa-Ala183-185 are shown in Fig.5A and in Tables 1 and 2. The protease

exhibits a defect in fIX activation that is comparable to the defect observed with fXIa/PKA3

(Tables 1) [11]. This shows that replacement of Ile183, Arg184 and Asp185 completely

disrupts the specific interaction between the A3 domain and fIX and fIXα, and suggests that

these residues in combination are a major component of the fIX-binding site.

Cleavage of fIX by gain-of-function variants of fXIa/PKA3

FXI/PKA3 was used as a scaffold to reintroduce fXI sequence to restore activity toward fIX.

The wild type PK sequence His183, Met184 and Asn185 in fXIa/PKA3 was replaced with

Ile183, Arg184 and Asp185 from the fXIa sequence to create fXIa/PKA3-A. FXIa/PKA3-A

has ∼5% of fXIaWT coagulant activity, with catalytic efficiencies for cleavage after Arg145

and Arg180 that are 4- and 10-fold greater, respectively, than for fXIa/PKA3 (Table 1).

However, these values remain considerably lower than those for fXIaWT, and accumulation

of fIXα confirms that the exosite and the activation mechanism are not completely restored

(Fig.5B).
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In the fXI A3 structure the Cys182-Cys265 bond brings amino acids at the N- (183-185) and

C- (residues 260-264) termini into proximity with each other (Fig.4A) [6,7]. Leu262 and

Phe260 contribute to formation of hydrophobic pockets 1 and 3, respectively. To determine

if the C-terminus of the A3 domain contributes to formation of the fIX-binding site, we

replaced the PK sequence Tyr260-Ser261-Leu262-Leu263-Thr264 in fXIa/PKA3-A with

Phe260-Ser261-Leu262-Gln263-Ser264 from fXI, creating fXIa/PKA3-B. Superimposing

these changes on the N-terminal changes at residues 183-185 restored normal fIX activation

(Fig.5C and 5D) to fXIa/PKA3. Indeed, fXIa/PKA3-B is a modestly more efficient activator

of fIX than fXIaWT (Tables 1 and 2), with catalytic efficiencies for the first and second

cleavages that are 3.3- and 1.5-fold greater, respectively, than for fXIaWT. As with

fXIaWT, cleavage of fIX by fXIa/PKA3-B was associated with little fIXα accumulation.

Thus, replacing six amino acids in the PKA3 domain (residues 183,184,185, 260, 263 and

264) with the corresponding fXI residues is sufficient to restore exosite activity and the

mechanism for fIX activation in fXIa/PKA3.

Cleavage of fIX/VII-Gla chimeras by fXIa

The fIX-Gla domain is required for fIX binding to fXIa [18]. Replacing the fIX Gla-domain

with the fVII Gla-domain results in a molecule (fIX-VIIGla) that retains activity in

phospholipid dependent reactions, but binds poorly to fXIa [18]. This indicates that fIX-

specific elements in the Gla-domain are required for binding to fXIa. The primary sequences

of the human fIX and fVII Gla-domains are shown in Fig.6A. Based on the comparison,

fIX/VII chimeras (C1 to C4) were prepared in which three to five residues of fIX sequence

are replaced with fVII sequence (Fig.6A and 6B). FXIa activated fIX-VIIGla significantly

more slowly than fIXWT (Fig.6C), with substantial accumulation of fIXα (Fig.6D). FIXWT

and chimeras C2, C3, and C4 were converted to fIXaβ at roughly comparable rates (Fig.6C),

with little fIXα accumulation (Fig.6D). Chimera C1 demonstrated a pronounced defect in

activation by fXIa (Fig.6C), with significant fIXα accumulation (Fig.6D). In surface

plasmon resonance studies, C1 bound poorly to immobilized fXIa (Kd >2000 nM),

compared to fIXWT (Kd 350 nM), C2 (Kd 400 nM), or C4 (Kd 350 nM). There was

insufficient C3 to conduct an SPR study. The substitutions in C1 are in the phospholipid

binding Ω-loop of the Gla-domain (Fig.4F) [1,2], indicating residues within this loop are

required for fIX binding to fXIa.

Discussion

The fXI substitution Arg184Gly is located within the A3 domain [6,7], an area implicated in

binding to heparin [24], platelet glycoprotein 1B [25], and fIX [11]. Recently, we presented

evidence that A3 contains an exosite that binds fIX and the activation intermediate fIXα that

is central to the mechanism of fIX activation by fXIa [11]. Consistent with the hypothesis

that Arg184 is a component of this exosite, our kinetic analysis shows that fIX and fIXα

have moderately reduced affinity for fXI-Gly184 compared to fXIaWT, consistent with the

∼4-fold lower fXI activity relative to antigen observed in the proband's plasma [15]. Arg184

is partially buried under the catalytic domain in fXI, and is not accessible for fIX binding

(Fig.4E), consistent with the observation that fIX does not bind fXI [11,18], and the

hypothesis that conformational changes must occur upon conversion to fXIa that exposes the
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fIX binding site. In fXI, the A3 domain forms contacts with the catalytic domain through

salt bridges between Arg184 and Asp488 and Asn566, and between Arg210 and Glu567

(Fig.4E) [7]. These bonds are probably disrupted upon fXI activation, as structures for

isolated fXIa catalytic domains show Asp488, Asn566 and Glu567 forming interactions

within the active catalytic domain that are not present in fXI [26,27]. Asp488, Asn566 and

Glu567 may function as a type of latch that keeps the fIX-binding exosite on A3 concealed,

and that is released after cleavage of the fXI Arg369-Ile370 bond generates fXIa.

The functional defect caused by the Gly184 substitution is modest compared to the defect

reported for fXIa/PKA3 [11,17], showing that residues in addition to Arg184 contribute to

fIX binding. On A3, Arg184 and adjacent residues form a ridge between two hydrophobic

pockets that are not predicted to be present in the homolog PK. Replacing residues 183 to

185 in fXIa eliminates exosite activity, while introducing fXI residues 183 to 185 into fXIa/

PKA3 (fXIa/PKA3-A) partially restores activity, indicating these residues form part of the

fIX binding exosite. The substitutions in fXIa-Ala183-185 could also disrupt the adjacent

hydrophobic pockets, one or both of which could be involved in fIX binding. Interestingly,

replacing PK residues Tyr260, Leu263, and Thr264 in the C-terminus of fXIa/PKA3-A with

Phe260, Gln263, and Ser264 from fXI results in a protease, fXIa/PKA3-B, with activity

toward fIX comparable to fXIaWT. Residues 260 to 265 run underneath the chain

containing 183-185 (Fig.4A), with Leu262 and Phe260 (Fig.4B) contributing to hydrophobic

pockets 1 and 3, respectively. Introducing the C-terminal sequence from fXI A3 in fXIa/

PKA3-B could restore fIX binding by supplying missing components of the binding site, or

by properly orienting structures such as residues 183 to 185 that are required for binding.

The topography of the A3 domain in the vicinity of Arg184 suggests that fIX binding may

involve charged and hydrophobic interactions. In this regard, it is interesting to note that the

phospholipid-binding Gla-domain of fIX is required for fIX binding to fXIa [18]. Replacing

the fIX Gla-domain with the Gla-domain from fVII [18] or protein C [28] reduces the

capacity of fXIa to bind to fIX, and to activate fIX, indicating structures specific to the fIX

Gla-domain mediate binding to fXIa. Replacing residues 4 to 11 in fIX (the Ω-loop) with

those from fVII, reduces fXIa-mediated fIX activation, and is associated with fIXα

accumulation, similar to what is observed during fIX activation by fXIa-Ala183-185. The

Gla-domain facilitates fIX binding to phosphatidylserine (PS)-rich surfaces in a Ca2+-

dependent manner through a combination of charged and hydrophobic interactions involving

the Ω-loop [2]. This interaction enhances fIX activation by the factor VIIa/tissue factor

complex, and factor X activation by fIXaβ, by reducing Km for the reactions [1,2]. Ca2+-

dependent binding of fIX to the fXIa A3 domain also determines Km for fIX activation [11],

suggesting the interaction serves a similar purpose to fIX binding to phospholipids during

activation by factor VIIa. The image of the fIX-Gla domain in Fig.4F is based on a structure

reported by Huang et al. for the Gla-domain in complex with the conformation-specific anti-

fIX IgG 10C12 [29]. The antibody contains a hydrophobic pocket that accommodates Leu6,

Phe9 and Val10 from the Gla-domain. Taken as a whole, the data are consistent with a

model in which residues in the Ω-loop of fIX and fIXα mediate binding to the fXIa A3

domain, through interactions involving residues at the N-terminus of A3, including Arg184,

and an adjacent hydrophobic pocket.
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The environments in which fXIa activates fIX during coagulation in vivo are not established.

Unlike many other protease-substrate interactions involved in hemostasis, fXIa activation of

fIX is not enhanced by phosphatidylserine-rich phospholipids, such as those found on the

surface of activated platelets [3]. However, fXI and fXIa do bind to the platelet receptors

glycoprotein 1b [25] and ApoER2' [30], suggesting fXIa-mediated fIX activation may occur

on the platelet surface. The resulting fIXaβ would then be in a position to participate in

factor X activation. Platelets also release polymers of inorganic phosphate upon activation

that enhance fXI activation [31]. We observed that other polyanions that enhance fXI

activation in vitro, such as dextran sulfate or heparin, have deleterious effects on fIX

activation by fXIa (unpublished observations). However, polyphosphate does not inhibit fIX

activation by fXIa, suggesting that fIX activation by polyphosphate-bound fXIa may occur

at sites of platelet activation.

The gene for fXI is the product of a duplication event involving the PK gene [32]. The fXI

subunit and PK (a monomeric protein) share identical domain structure, and are 58%

identical in amino acid sequence in humans [5-7,23,33]. Despite the similarities, the active

form of PK (α-kallikrein) is a poor fIX activator. The amino acid sequences at the N- and C-

termini of fXIa A3 implicated in fIX binding are highly conserved across mammalian

species [5,32], and are distinctly different from the corresponding sequence in PK,

consistent with this area of the domain contributing to a fXIa specific function. The data

presented here support the conclusion that residues 183-185 and 260-264 on fXIa are critical

to formation of a binding site for fIX and its activation intermediate fIXα that are required

for normal conversion of fIX to fIXaβ, and that the defect in the naturally occurring variant

fXI-Gly184 is related to an alteration in this binding site.
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Figure 1. FXI and fXIa
Left panel - Non-reducing SDS-PAGE stained with GelCode blue of recombinant fXIWT

(WT) and fXI-Gly184. Right panel – Reducing SDS–PAGE of the zymogen (XI) and

protease (XIa) forms of the proteins in the left hand panel. Positions of fXI zymogen (XI)

and the heavy chain (XIa-HC) and catalytic domain (XIa-CD) are shown to the right of the

panel. Positions of molecular mass standards for both gels are indicated on the left in

kilodaltons.
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Figure 2. S-2366 cleavage
(A & B) Shown are the rates of cleavage of the tripeptide substrate S-2366 by 6 nM (A)
fXIaWT or (B) fXI-Gly184. (C & D) Cleavage of S-2366 (500 nM) by 6 nM (C) fXIa

fXIWT or (D) fXI-Gly184 in the presence of varying concentrations of fIXaβ. For all panels,

data points represent averages of duplicate runs.
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Figure 3. FIX cleavage by fXIa
(A) Non-reducing 17% polyacrylamide-SDS gels of 100 nM fIX in Assay Buffer with Ca2+

incubated at RT with 3 nM active sites of fXIaWT (top), fXIa/PKA3 (middle) or, fXIa-

Gly184 (bottom). Positions of standards for fIX, fIXα and fIXaβ are indicated at the right of

each panel. (B & C) Progress curves of fIX disappearance (●), and fIXα (○) and fIXaβ (Δ)

generation for (B) fXIaWT or (C) fXI-Gly184 from panel A. Lines represent least-squares

fits to the data. (D) Initial rates of fIX disappearance for fXIaWT (●), fXIa-Gly184 (○) and

fXIa/PKA3 (Δ) determined over the first 10 min of activation from panel A. (E) Initial rates

of fIXaβ formation for fXIaWT (●), fXIa-Gly184 (○) and fXIa/PKA3 (Δ) determined over

the first 10 min of activation from panel A.
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Figure 4. The FXI A3 Domain and fIX Gla-domain
(A) Topological diagram showing the A3 domain of human fXI with the β-sheet indicated in

yellow and α-helix in grey. Side chains of residues in the locality of Arg184 are shown as

sticks. (B) Surface representations of the fXI A3 domain are shown with partial transparency

to highlight side chains of specific residues that are colored by atom type. Two rotations are

shown related by 180 degrees. The software program Metapocket identified three pockets on

the surface of A3 (shown as red balls) (C) Topological diagram of the human PK A3

domain model with side chains of non-conserved residues in the area of the pocket in fXI

shown as sticks. Note that the side chain of Arg209 in PK occupies the site of the

hydrophobic pocket in fXI. (D) Charged surface representations of fXI (left) and PK (right)

A3 domains. Blue indicates positive charge and red negative charge. Note the absence of

pocket 1 in the PK A3 domain model due to the Arg209 side chain. (E) Structure of the

zymogen fXI monomer showing the A3 domain as a charged surface representation, and the

A4 and catalytic domains as ribbon drawings. Note that Arg184 and the adjacent
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hydrophobic pocket 1 are covered by the catalytic domain. The inset shows specific

interactions between side chains of the protease domain and A3. (F) Topological diagram of

the human fIX Gla-domain with residues in the Ω-loop (4 to 11) that differ from the

corresponding region of the human fVII Gla-domain highlighted in magenta. Positions of

certain γ-carboxyglutamic acid residues are indicated by the symbol “γ”. Calcium ions in the

vicinity of the Ω-loop are represented by green spheres. The image is derived from a

structure for a complex between the human fIX Gla-domain and the antibody 10C12.29

Figures prepared with Pymol (The PyMOL Molecular Graphics System, Version 1.5.0.4

Schrödinger, LLC. http://www.pymol.org/citing).
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Figure 5. Progress curves of fIX activation by fXIa183-185 and fXIa/PKA3 gain-of-function
variants
Shown are progress curves of fIX disappearance (●), and fIXα (○) and fIXaβ (Δ) generation

for reactions containing 100 nM fIX and (A) 30 nM fXIa183-185, (B) 3 nM fXIa/PKA3-A,

and (C) 3 nM fXIa/PKA3-B. Note the different fXIa concentrations used in the three

reactions. FXIa concentrations represent the concentration of active subunits. (D) Initial

velocities of cleavage of fIX after Arg145 (conversion of fIX to fIXα) by fXIa183-185 (Δ),

fXIa/PKA3-A (●), and fXIa/PKA3-B (○) as a function of fIX concentration.
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Figure 6. Factor IX with fVII sequence in the Gla-domain
(A) Primary sequences of the human factor IX (fIX) and factor VII (fVII) Gla-domains. The

numbering system shown is for fIX. The symbol γ indicates the position of γ-

carboxyglutamic acid residues. Underlined sequences were changed from fIX sequence to

fVII sequence to generate chimeras C1, C2, C3 and C4. The amino acids changed in each

chimera are highlighted by the gray boxes. (B) Stained SDS-polyacrylamide gel of purified

plasma fIX (pIX), recombinant wild type fIX (WT), fIX/fVII chimeras (C1, C2, C3, and C4)

and fIX in which the Gla-domain from residues 1 through 46 are changed to fVII sequence

(fIX/VII-Gla - abbreviated VIIGla). The weaker band running underneath fIX C3 is

contaminating bovine serum albumin from conditioned media. (C and D) FXIa (2 nM) was

incubated with 250 nM fIXWT (○), C1 (●), C2 (□), C3 (■), C4 (Δ) and fIX/VII-Gla (▲)

(250 nM) in TBS with calcium, as described under methods. Shown are concentrations of

(C) fIXaβ and (D) fIXα at various times as determined by densitometry of SDS-

polyacrylamide gels.
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