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Chapter 642

Coagulation Factor Xa

DATABANKS

MEROPS name: coagulation factor Xa

MEROPS classification: clan PA, subclan PA(S), family

S1, subfamily S1A, peptidase S01.216

IUBMB: EC 3.4.21.6 (BRENDA)

Tertiary structure: Available

Species distribution: superclass Tetrapoda

Reference sequence from: Homo sapiens (UniProt:

P00742)
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Name and History

In the mid-1950s it was becoming evident that a coagula-

tion factor different from factors VII and IX was required

for the activation of prothrombin to thrombin [1]. In 1957

it was found that the coagulation properties of blood sam-

ples from patients thought to lack factor VII (then called

proconvertin) could be normalized by mixing the sam-

ples. This indicated that the disease was not a homoge-

neous entity. The new factor, ‘factor X’, was also called

Stuart’s factor or Prower’s factor. Factor X was found to

require vitamin K for normal biosynthesis, and treatment

of patients with vitamin K antagonists such as dicoumarol

or warfarin resulted in a decrease in its biological activity

[1]. It was first purified to homogeneity from bovine

plasma and later from human plasma [2,3].

Activity and Specificity

Factor X is the zymogen of a serine protease. The activated

enzyme (factor Xa) is an Arg-specific serine protease

related to trypsin, but has much narrower substrate specific-

ity. The N-terminal γ-carboxyglutamic acid (Gla) domain

bindsB8�10 calcium ions in a cooperative manner (aver-

age Kd B 0.5 mM) and mediates the interaction of factor

X/Xa with phospholipid membranes [4,5,6]. In the presence

of calcium ions, factor Xa forms a phospholipid-bound

complex with a cofactor, factor Va. This ‘prothrombinase’

complex activates prothrombin (Chapter 643) B300 000-

fold more rapidly than does free factor Xa. Studies of this

reaction have demonstrated that phospholipid reduces the

Km for prothrombin, whereas factor Va increases the Vmax

[5]. In vivo, the surface of activated platelets is the main site

at which the prothrombinase complex is assembled.

Factor Va is derived from factor V by specific proteo-

lytic cleavages mediated by thrombin or factor Xa.

Membrane-bound factor Va binds factor Xa with high

affinity (Kd B 1 nM), due at least in part to interactions

between the catalytic domain (residues 163�170 [7]) and

residues 499�505 of factor Va [8], but has no measurable

affinity for the zymogen [5]. In the absence of factor Va,

factor Xa binds to phospholipid membranes with a Kd of

B30�100 nM. In these reactions, the phospholipid can be

regarded as a means of reducing the ‘dimensionality’ of

the reaction, from three, to two dimensions, thereby

increasing the likelihood of a productive collision

between factor Xa and membrane-bound factor Va.

Effective binding of factor X/Xa to membranes requires

that phosphatidylserine is exposed on the outer surface, as

occurs in vesicles released from activated platelets: phos-

phatidylserine is translocated to the exterior by phospho-

lipid scramblase when the platelet is activated [9]. This

regulatory mechanism restricts binding of factor X/Xa to

discrete types of cells, according to their functional state.

Factor Xa activates prothrombin, a single-chain mole-

cule, by hydrolyzing two peptide bonds and the reaction

may thus proceed via two pathways [5,10]. In one

pathway, cleavage of the Arg320kIle321 bond yields an

intermediate, meizothrombin, which may then be cleaved

at the Arg271kThr272 bond to yield fragment 1-2 and

thrombin [11]. During both cleavages, prothrombin and

meizothrombin bind to the same exosite [12], and impair-

ing the structural shift that accompanies activation of

thrombin, prevents cleavage of meizothrombin [13].

Meizothrombin is inactive against fibrinogen but readily

activates protein C (Chapter 644). In a second pathway,

the initial cleavage occurs at the Arg271kThr272 bond

and the intermediates fragment 1�2 and prethrombin-2

are formed. Prethrombin-2 is enzymatically inactive and

is formed predominantly in the absence of factor Va [14].

Subsequent hydrolysis of the Arg320kIle321 bond in pre-

thrombin-2 yields thrombin. The Arg284kThr285 bond is

also susceptible to cleavage by factor Xa or thrombin

and, in plasma, this site may be preferred over the Arg

271-Ile 272 bond [15]. In vitro, factor Va and/or phospha-

tidylserine modulate the specificity of factor Xa so that

the meizothrombin pathway predominates [14,16]. This is

generally thought to be the most physiologically relevant

activation pathway. Factor Xa can also proteolytically

activate factors V and VIII, and factor VII (Chapter 641),

thus participating in positive feedback loops that amplify

the clotting process. Factor Xa also inactivates factor

VIIIa, by cleavage at Lys36 and Arg336 within the A1

subunit [17]. Several synthetic substrates are available

for factor Xa, including methoxycarbonyl-cyclohexylgly-

cyl-Gly-ArgkNHPhNO2 (Spectrozyme Xa), methanesul-

fonyl-D-Leu-Gly-ArgkNHPhNO2 (CBS 31.39), and

Bz-Ile-Glu-(piperidine amide)-Gly-ArgkNHPhNO2 (S2337).

Full activity of factor Xa towards these substrates requires

the presence of both Na1 and Ca21 ions, which modulate

the catalytic domain [18]. The subsite specificity has been

examined in detail using proteome-derived peptide librar-

ies [19], phage display [20], and fluorescence-quenched

substrates [21], revealing a preference for Arg in P1 and

Gly or Ala in P2; slight preferences for Pro in P4, a small

amino acid in P10 and Asp in P30; and aromatic or ali-

phatic residues (especially Phe, Leu or Tyr) in P20.
Free factor Xa in the bloodstream is rapidly inactivated

by serine protease inhibitors (serpins) such as antithrombin

and α1-protease inhibitor [22]. Cleavage of an exposed

loop on the serpin by factor Xa leads to formation of a

covalently-linked complex (1:1 stoichiometry) and inhibi-

tion of enzymatic activity. The rate of inactivation by anti-

thrombin is increased several thousand-fold by heparin/

heparin sulfate, shorter, heparin-based, synthetic oligosac-

charides, and a sulfated galactan from the red algae

Botryocladia occidentalis [23]. Another serpin, protein

Z-dependent protease inhibitor (ZPI), can inhibit factor Xa,
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although it is far less effective than antithrombin, because

it has an unfavorable P1 Tyr. Residues in factor Xa essen-

tial for inhibition by ZPI have been identified in the autoly-

sis loop and heparin binding exosite [24]. Protein Z

accelerates this inhibition, and its interaction with ZPI

requires association with the membrane, interaction

between the Gla domains in protein Z and ZPI, and Glu313

in the protein Z pseudoactive site [25]. Factor Xa is also

inhibited by non-serpin inhibitors such as tissue factor

pathway inhibitor (TFPI) and α2-macroglobulin. TFPI

consists of three tandem Kunitz-type domains, the second

of which interacts with the active site of factor Xa: the

complex then associates with tissue factor�factor VIIa to

form an inactive quaternary complex [22,26]. Heterologous

protein inhibitors of factor Xa include soy bean and corn

trypsin inhibitors, as well as some proteins in snake venom

[27]. Certain peptides, both naturally occurring (e.g. tick

anticoagulant peptide [28], ecotin [29] and the hookworm

NAP5 peptide) and synthetic (e.g. dansyl-Ile-Glu-Gly-Arg-

CH2Cl, or DEGR, and SEL2711) can directly inhibit factor

Xa. In addition, many specific organic inhibitors of factor

Xa have been identified, including DX-9065a [30], a pro-

panoic acid derivative, and benzamidine-based compounds.

Synthetic inhibitors have been developed as antithrombotic

agents, including biarylmethoxy isonipecotanilides [31],

thiophene-anthranilamides [32], quinoxalinones [33], and

Razaxaban, Apixaban, Rivaroxaban and Darexaban,

which can be taken orally [34�37]. The anticoagulant

NAPc2 from the nematode Ancylostoma caninum binds

first to a novel exosite on factor Xa, and inhibits factor

VIIa only when it is complexed with tissue factor and fac-

tor Xa [38]. Membrane-bound factor X/Xa can be inacti-

vated by plasmin. Cleavage of the Lys435kSer436 bond

generates factor Xaβ and further cleavage at the

Lys330kGly331 peptide bond generates factor Xa33/13,

which destroys clotting activity [39]. These cleavages

expose plasminogen binding sites that augment the gener-

ation of plasmin and thus seem to switch factor X/Xa

from a procoagulant to an anticoagulant role by stimulat-

ing fibrinolysis [40].

Structural Chemistry

The primary structure of human factor X has been deter-

mined by amino acid and DNA sequencing [41,42]. Factor

X sequences from several other vertebrate species are also

known. Human factor X is synthesized as a single poly-

peptide of 488 amino acids, including a 23-residue signal

peptide (amino acids 240 to 218) to direct its transloca-

tion into the lumen of the endoplasmic reticulum, and a

17-residue propeptide (amino acids 217 to 21), which

serves as a recognition site for γ-glutamyl carboxylase [4];

neither of these is found in the mature protein. Prior to

secretion, a tripeptide (Arg140-Lys141-Arg142) is excised

to yield a heterodimer linked by a disulfide bond between

Cys132 and Cys302. The molecular mass of the mature

zymogen is 58.9 kDa (sedimentation equilibrium). It con-

sists of a light chain of 139 amino acids and a glycosylated

heavy chain of 306 amino acids. When resolved by SDS-

PAGE, the chains have apparent masses of B17 and

B49 kDa. The N-terminus of the heavy chain (residues

143�194) constitutes an activation peptide which is not

found in the active enzyme. The N-terminus of the light

chain (amino acids 1�45) comprises the Gla domain,

including the so-called aromatic amino acid stack. Gla

residues reside at positions 6, 7, 14, 16, 19, 20, 25, 26, 29,

32 and 39. The aromatic stack is followed by two EGF-

like domains (residues 46�84 and 85�128).

The structure of factor Xa, lacking the Gla domain, has

been solved by X-ray crystallography atB2.2 Å resolution

[43,44]. Overall, the folding of the catalytic domain is sim-

ilar to that of chymotrypsin and thrombin. It contains three

disulfide bonds: Cys221-Cys237, Cys350-Cys364 and

Cys375-Cys403. His236, Asp282 and Ser379 constitute

the catalytic triad involved in hydrolyzing peptide bonds

in a substrate. The primary specificity (S1) pocket is

formed by two loops (residues 373�379 and 398�403)

that are joined by a disulfide bond (Cys375-Cys403). An

aspartyl residue (Asp373) sits at the base of the S1 pocket,

as is characteristic of trypsin-like proteases. The formation

of a salt bridge between Asp373 and Arg residues at the

P1 position in a substrate is an important interaction that

explains the enzyme’s preference for hydrolyzing sub-

strates on the C-terminal side of Arg residues. The

C-terminal EGF-like domain is in close contact with the

catalytic domain and, like the N-terminal one, has a fold

similar to that of other EGF-like domains. The fold is sup-

ported by three disulfide bonds that link the Cys residues

in the pattern 1�3, 2�4, 5�6. The three-dimensional

structure of the N-terminal EGF-like domain has been

determined both in the presence and absence of calcium

ions [44�46]. The calcium-bound structures revealed a

calcium-binding site that is unique to EGF-like domains,

with Gly47, Gln49, β-hydroxylated Asp63, Gly64, and

Leu65 identified as ligands for the calcium ion. However,

β-hydroxylation of Asp63 is not required for high affinity

calcium binding. NMR-based structures showed also that

the calcium ion locks the EGF-like domain in the proper

position relative to the Gla domain.

The structure of the Gla domain linked to the N-terminal

EGF-like domain has been determined in the absence

of calcium by NMR spectroscopy [47]. In contrast to a

model of the calcium-bound domain, the structure revealed

that, in the absence of calcium, Gla residues are exposed to

the solvent and three hydrophobic residues near the N-

terminus are folded into the interior of the domain. Thus,

binding of several calcium ions to the Gla domain pulls the

Gla residues to the interior and provides the energy required
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to expose the hydrophobic side chains to the solution.

Together with site-directed mutagenesis studies, this estab-

lished that the interaction between a Gla domain and a

phospholipid membrane includes associations of a hydro-

phobic nature.

Preparation

Factor X can be purified to homogeneity from plasma

using conventional methods. An initial precipitation based

on its affinity for insoluble barium salts is usually

employed. This is often followed by ammonium sulfate

precipitation and anion exchange chromatography. These

procedures are sufficient to obtain homogeneous bovine

factor X but purification of human factor X may require

additional chromatography steps [2,3]. Immunoaffinity

chromatography with monoclonal antibodies has also been

utilized with success [48�50]. Recently, recombinant fac-

tor X has been expressed in several mammalian cell lines.

However, at high expression levels, γ-carboxylation and

proteolytic processing are inefficient. Substitution of the

factor X propeptide with that from prothrombin improves

γ-carboxylation [51] and chromatography on hydroxyapa-

tite can effectively isolate fully γ-carboxylated factor X

[52]. Site-directed mutagenesis has been employed to

enhance cleavage of the propeptide [49], which can also

be removed by incubation with furin.

Biological Aspects

The factor X gene is located on chromosome 13 at position

q34, adjacent to the factor VII gene. It spansB27 kb and

has seven introns and eight exons. Exon I encodes the sig-

nal peptide, exon II the propeptide/Gla domain, exon III

the C-terminal part of the Gla domain and the aromatic

amino acid stack, exons IV and V the EGF-like domains,

exon VI the activation peptide region, and exons VII and

VIII the catalytic domain [42]. Factor X is synthesized

mainly in the liver but itsB1700-nucleotide mRNA and/or

protein has been detected in several other tissues. Factor X

is secreted into the blood (normal concentration,

5�10 μg ml21). The protein undergoes extensive post-

translational modification [53]. The signal peptide is

removed by signal peptidase during translocation into the

endoplasmic reticulum, where the 11 Glu residues in the

Gla domain are γ-carboxylated by γ-glutamyl carboxylase.

This is followed by proteolytic removal of the propeptide

by the subtilisin-like enzyme furin. Asp63 in the first

EGF-like domain is converted to erythro-β-hydroxyaspar-
tic acid by a dioxygenase [54,55]. In the activation pep-

tide, Thr159 and Thr171 are O-glycosylated and Asn181

and Asn191 are N-glycosylated. The O-linked carbohy-

drate moieties appear to be important for factor X to be

activated efficiently. The activation peptide of bovine

factor X contains a sulfate group O-esterified to Tyr160.

In the trans-Golgi apparatus, the factor X polypeptide is

cleaved at the Arg142kSer143 bond to yield a disulfide-

bonded dimer. The three C-terminal residues of the light

chain (Arg140-Lys141-Arg142) are somehow removed

either before secretion or in the plasma.

Activation of factor X to a serine protease occurs pre-

dominantly by hydrolysis of the Arg194kIle195 bond in

the heavy chain, which releases a 52-residue activation

peptide to form factor Xaα. The cleavage causes the new

N-terminus of the heavy-chain to rearrange so that Ile195

can participate in formation of the substrate binding

pocket by forming a salt bridge with Asp378 [56]. This

also contributes to the formation of the Na1 and factor

Va binding sites [57], and appears to cause the transition

from zymogen to active protease. A second cleavage,

plasmin-mediated or autocatalytic, at the Lys435kSer436
bond yields factor Xaβ [39]. The procoagulant activity of

both forms of factor Xa is similar.

Activation of factor X occurs via two principal path-

ways. It is activated by factor VII/VIIa in complex with a

non-enzymatic membrane-bound cofactor, tissue factor

(TF). This pathway is called the ‘extrinsic pathway’ and is

responsible for the initiation of coagulation, proceeding

mainly on the surface of damaged endothelial cells and

macrophages, but probably also on activated platelets

[58,59]. Alternatively, factor X is activated on the platelet

surface by a membrane-bound ‘tenase’ complex comprising

factor IXa, its cofactor factor VIIIa, and calcium ions,

which activates factor XB 106-fold more rapidly than fac-

tor IXa alone [5]. This ‘intrinsic pathway’ is responsible for

amplifying the coagulation process (see also Chapter 640)

and its importance is illustrated by the fact that hereditary

deficiency of factors IX or VIII causes hemophilia B and A,

respectively. Thus, factor X plays a pivotal role in blood

clotting at the point of convergence of the two coagulation

pathways. Accordingly, several rare mutations in the factor

X gene have been identified that give rise to bleeding ten-

dencies of variable severity (e.g. Chafa et al. [60], Bereczky

et al. [61]). Theoretically, injection of factor Xa into

patients with hemophilia should bypass the intrinsic path-

way and permit generation of thrombin, but this fails

because of the short half-life in plasma of factor Xa.

However, mutants in which Ile16 or Val17 are replaced

have a much longer half-life because they do not form com-

plexes with antithrombin III or tissue factor inhibitor in

hemophiliac plasma, yet still are able to activate prothrom-

bin and thus may be useful therapeutic agents [62,63].

Factor X can also be activated by an alternative path-

way which is initiated on the surface of leukocytes and

can trigger clotting. In this case the zymogen is bound by

the β2-integrin Mac-1 (CD11b) and activation occurs

through hydrolysis of the Leu177kLeu178 peptide

bond in the activation peptide; a cleavage effected by
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cathepsin G, which is secreted by stimulated leukocytes

[64,65]. Mac-1 binds factor X with high affinity

(KdB 30 nM) but has no affinity for factor Xa. Enzymes

present in venom from snakes (e.g. RVV-X; [66]) (Chapter

235) and other toxic animals can also activate factor X.

In addition to its direct involvement in blood coagula-

tion, factor Xa interacts with signalling receptors on the

surface of many types of cells. It can thus elicit a variety

of responses, including cell activation, gene expression

and mitogenesis. A factor Xa receptor termed effector

cell protease receptor-1 (EPR-1), with some structural

similarity to the light chain of factor V, has been cloned

[67]. EPR-1 does not bind factor X, whereas factor Xa

forms a protease�receptor complex that induces cytokine

gene expression and the release of platelet-derived growth

factor. In endothelial cells, factor Xa appears to exert its

effects by docking to EPR-1 and subsequently cleaving

and activating protease-activated receptor-2 (PAR-2) [68].

PAR-2 is a member of a family of G protein-coupled

receptors that are activated by cleavage of an N-terminal

peptide; the new N-terminus (a ‘tethered ligand’) then

inserts into the body of the receptor and activates it. There

is also evidence that factor Xa can induce cell signalling

in vascular wall cells by activating PAR-2 and/or PAR-1

by a mechanism that is independent of EPR-1 (e.g.

McLean et al. [69]). Factor Xa activates PAR-1 with the

effect that epithelial-derived tumor cells enter apoptosis

[70] and breast, colon and lung cancer cell migration is

inhibited [71]. In epithelial cells, signaling is via the extra-

cellular-signal regulated kinase (ERK) pathway, leading to

upregulation of Bim and caspase-3 activation [70]. In

breast cancer cells, the Rho/ROCK and Src/FAK/paxillin

pathways are activated leading to myosin light chain phos-

phorylation, LIMK1 activation, cofilin inactivation and

stabilization of actin filaments which are incompatible

with cell migration [72].

Factor Xa has other physiological and pathological

roles. It is expressed in bronchoalveolar lavage fluid macro-

phages from mouse models of asthma, where it induces

mucin production [73]. Factor Xa mediates the attachment

of adenovirus 5 to hepatocytes via the hexon protein, and

basic residues in the serine peptidase domain are essential

for this interaction [74]. In SARS coronavirus, the spike

protein, which binds to host receptors, is cleaved by factor

Xa into subunits, facilitating viral infection [75].

Distinguishing Features

Factor X is a liver-synthesized zymogen of a serine prote-

ase that requires vitamin K for normal biosynthesis. The

protein has the same domain structure as coagulation fac-

tors VII and IX, protein C (Chapter 644) and protein Z.

Although all are synthesized as single polypeptide chains,

factor X and protein C are cleaved to form dimers prior

to secretion. The proteins are easily distinguished by

SDS-PAGE under reducing conditions. Monoclonal and

polyclonal antibodies that can distinguish the proteins are

commercially available.

Further Reading

For a review, see James [76]. Menegatti & Peyvandi [77]

and Auerswald [78] have reviewed factor X deficiencies,

and Brown & Kouides [79] have reviewed their diagnosis

and treatment. Josic et al. [80] have reviewed methods of

preparations for all vitamin K-dependent peptidases,

including factor X.
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[6] Stenflo, J., Dahlbäck, B. (1994). Vitamin K-dependent proteins,

in: The Molecular Basis of Blood Diseases, Stamatoyannopoulos,

G., Nienhuis, A.W., Majerus, P.W., Varmus, H., eds., Philadelphia:

W. B. Saunders Co., pp. 565�598.

[7] Levigne, S., Thiec, F., Cherel, G., Irving, J.A., Fribourg, C.,

Christophe, O.D. (2007). Role of the alpha-helix 163�170 in factor

Xa catalytic activity. J. Biol. Chem. 282(43), 31569�31579.

[8] Gale, A.J., Yegneswaran, S., Xu, X., Pellequer, J.L., Griffin, J.H.

(2007). Characterization of a factor Xa binding site on factor Va

near the Arg-506 activated protein C cleavage site. J. Biol. Chem.

282(30), 21848�21855.

[9] Zhao, J., Zhou, Q., Wiedmer, T., Sims, P.J. (1998). Level of

expression of phospholipid scramblase regulates induced move-

ment of phosphatidylserine to the cell surface. J. Biol. Chem.

273(12), 6603�6606.

[10] Jackson, C.M. (1994). Physiology and Biochemistry of prothrom-

bin, in: Haemostasis and Thrombosis, Vol. 1, Bloom, A.L., Forbes,

C.D., Thomas, D.P., Tuddenham, E.G.D., eds., Edinburgh:

Churchill Livingstone, pp. 397�438.

[11] Brufatto, N., Nesheim, M.E. (2003). Analysis of the kinetics of

prothrombin activation and evidence that two equilibrating forms

of prothrombinase are involved in the process. J. Biol. Chem.

278(9), 6755�6764.

[12] Orcutt, S.J., Krishnaswamy, S. (2004). Binding of substrate in two

conformations to human prothrombinase drives consecutive cleavage

at two sites in prothrombin. J. Biol. Chem. 279(52), 54927�54936.

2912 Clan PA � S1 | 642. Coagulation Factor Xa



[13] Bianchini, E.P., Orcutt, S.J., Panizzi, P., Bock, P.E.,

Krishnaswamy, S. (2005). Ratcheting of the substrate from the

zymogen to proteinase conformations directs the sequential cleav-

age of prothrombin by prothrombinase. Proc. Natl. Acad. Sci. USA

102(29), 10099�10104.

[14] Krishnaswamy, S., Church, W.R., Nesheim, M.E., Mann, K.G.

(1987). Activation of human prothrombin by human prothrombi-

nase. Influence of factor Va on the reaction mechanism. J. Biol.

Chem. 262(7), 3291�3299.

[15] Rabiet, M.J., Blashill, A., Furie, B., Furie, B.C. (1986).

Prothrombin fragment 1 X 2 X 3, a major product of prothrombin

activation in human plasma. J. Biol. Chem. 261(28), 13210�13215.

[16] Banerjee, M., Majumder, R., Weinreb, G., Wang, J., Lentz, B.R.

(2002). Role of procoagulant lipids in human prothrombin activa-

tion. 2. Soluble phosphatidylserine upregulates and directs factor

Xa to appropriate peptide bonds in prothrombin. Biochemistry

41(3), 950�957.

[17] Nogami, K., Wakabayashi, H., Fay, P.J. (2003). Mechanisms of

factor Xa-catalyzed cleavage of the factor VIIIa A1 subunit result-

ing in cofactor inactivation. J. Biol. Chem. 278(19), 16502�16509.

[18] Underwood, M.C., Zhong, D., Mathur, A., Heyduk, T., Bajaj, S.P.

(2000). Thermodynamic linkage between the S1 site, the Na1 site,

and the Ca21 site in the protease domain of human coagulation

factor Xa. Studies on catalytic efficiency and inhibitor binding.

J. Biol. Chem. 275(47), 36876�36884.

[19] Schilling, O., dem Keller, U.A., Overall, C.M. (2011). Factor Xa

subsite mapping by proteome-derived peptide libraries improved

using WebPICS, a resource for proteomic identification of cleav-

age sites. Biol. Chem. 392(11), 1031�1037.

[20] Hsu, H.J., Tsai, K.C., Sun, Y.K., Chang, H.J., Huang, Y.J., Yu, H.M.,

Lin, C.H., Mao, S.S., Yang, A.S. (2008). Factor Xa active site sub-

strate specificity with substrate phage display and computational

molecular modeling. J. Biol. Chem. 283(18), 12343�12353.

[21] Ludeman, J.P., Pike, R.N., Bromfield, K.M., Duggan, P.J.,

Cianci, J., Le Bonniec, B., Whisstock, J.C., Bottomley, S.P.

(2003). Determination of the P10, P20 and P30 subsite-specificity of

factor Xa. Int. J. Biochem. Cell Biol. 35(2), 221�225.

[22] Broze, G.J.J., Tollefsen, D.M. (2001). Regulation of blood coagula-

tion by protease inhibitors, in: The Molecular Basis of Blood

Diseases, Stamatoyannopoulos, G., Majerus, P.W., Perlmutter, R.M.,

Varmus, H., eds., Philadelphia: W.B. Saunders Co., pp. 657�679.

[23] Glauser, B.F., Rezende, R.M., Melo, F.R., Pereira, M.S.,

Francischetti, I.M., Monteiro, R.Q., Rezaie, A.R., Mourao, P.A.

(2009). Anticoagulant activity of a sulfated galactan:

serpin-independent effect and specific interaction with factor Xa.

Thromb. Haemost. 102(6), 1183�1193.

[24] Rezaie, A.R., Manithody, C., Yang, L. (2005). Identification of

factor Xa residues critical for interaction with protein Z-dependent

protease inhibitor: both active site and exosite interactions are

required for inhibition. J. Biol. Chem. 280(38), 32722�32728.

[25] Huang, X., Dementiev, A., Olson, S.T., Gettins, P.G. (2010). Basis

for the specificity and activation of the serpin protein Z-dependent

proteinase inhibitor (ZPI) as an inhibitor of membrane-associated

factor Xa. J. Biol. Chem. 285(26), 20399�20409.

[26] Lee, C.J., Chandrasekaran, V., Wu, S., Duke, R.E., Pedersen, L.G.

(2010). Recent estimates of the structure of the factor VIIa

(FVIIa)/tissue factor (TF) and factor Xa (FXa) ternary complex.

Thromb. Res. 125(Suppl. 1), S7.

[27] Rai, R., Sprengeler, P.A., Elrod, K.C., Young, W.B. (2001).

Perspectives on factor Xa inhibition. Curr. Med. Chem. 8(2),

101�119.

[28] Rezaie, A.R. (2004). Kinetics of factor Xa inhibition by recombi-

nant tick anticoagulant peptide: both active site and exosite

interactions are required for a slow- and tight-binding inhibition

mechanism. Biochemistry 43(12), 3368�3375.

[29] Wang, S.X., Hur, E., Sousa, C.A., Brinen, L., Slivka, E.J.,

Fletterick, R.J. (2003). The extended interactions and Gla domain

of blood coagulation factor Xa. Biochemistry 42(26), 7959�7966.

[30] Becker, R.C., Alexander, J., Dyke, C.K., Harrington, R.A. (2004).

Development of DX-9065a, a novel direct factor Xa antagonist, in

cardiovascular disease. Thromb. Haemost. 92(6), 1182�1193.

[31] Lopopolo, G., Fiorella, F., de Candia, M., Nicolotti, O., Martel, S.,

Carrupt, P.A., Altomare, C. (2011). Biarylmethoxy isonipecotani-

lides as potent and selective inhibitors of blood coagulation factor

Xa. Eur. J. Pharm. Sci. 42(3), 180�191.

[32] Ye, B., Arnaiz, D.O., Chou, Y.L., Griedel, B.D., Karanjawala, R.,

Lee, W., Morrissey, M.M., Sacchi, K.L., Sakata, S.T., Shaw, K.J.,

Wu, S.C., Zhao, Z., Adler, M., Cheeseman, S., Dole, W.P., Ewing, J.,

Fitch, R., Lentz, D., Liang, A., Light, D., Morser, J., Post, J.,

Rumennik, G., Subramanyam, B., Sullivan, M.E., Vergona, R.,

Walters, J., Wang, Y.X., White, K.A., Whitlow, M., Kochanny, M.J.

(2007). Thiophene-anthranilamides as highly potent and orally avail-

able factor Xa inhibitors. J. Med. Chem. 50(13), 2967�2980.

[33] Willardsen, J.A., Dudley, D.A., Cody, W.L., Chi, L.,

McClanahan, T.B., Mertz, T.E., Potoczak, R.E., Narasimhan, L.S.,

Holland, D.R., Rapundalo, S.T., Edmunds, J.J. (2004). Design, syn-

thesis, and biological activity of potent and selective inhibitors of

blood coagulation factor Xa. J. Med. Chem. 47(16), 4089�4099.

[34] Hirayama, F., Koshio, H., Ishihara, T., Hachiya, S., Sugasawa, K.,

Koga, Y., Seki, N., Shiraki, R., Shigenaga, T., Iwatsuki, Y.,

Moritani, Y., Mori, K., Kadokura, T., Kawasaki, T.,

Matsumoto, Y., Sakamoto, S., Tsukamoto, S. (2011). Discovery of

N-[2-hydroxy-6-(4-methoxybenzamido)phenyl]-4-(4-methyl-1,4-

diazepan-1-yl)benzamide (Darexaban, YM150) as a potent and

orally available factor Xa inhibitor. J. Med. Chem. 54(23),

8051�8065.

[35] Graff, J., von Hentig, N., Misselwitz, F., Kubitza, D., Becka, M.,

Breddin, H.K., Harder, S. (2007). Effects of the oral, direct factor Xa

inhibitor rivaroxaban on platelet-induced thrombin generation and

prothrombinase activity. J. Clin. Pharmacol. 47(11), 1398�1407.

[36] Pinto, D.J., Orwat, M.J., Koch, S., Rossi, K.A., Alexander, R.S.,

Smallwood, A., Wong, P.C., Rendina, A.R., Luettgen, J.M.,

Knabb, R.M., He, K., Xin, B., Wexler, R.R., Lam, P.Y. (2007).

Discovery of 1-(4-methoxyphenyl)-7-oxo-6-(4-(2-oxopiperidin-1-

yl)phenyl)-4,5,6,7-tetrahydro-1H-pyrazolo[3,4�c]pyridine-3-car-

boxamide (Apixaban, BMS-562247), a highly potent, selective,

efficacious, and orally bioavailable inhibitor of blood coagula-

tion factor Xa. J. Med. Chem. 50(22), 5339�5356.

[37] Quan, M.L., Lam, P.Y., Han, Q., Pinto, D.J., He, M.Y., Li, R.,

Ellis, C.D., Clark, C.G., Teleha, C.A., Sun, J.H., Alexander, R.S.,

Bai, S., Luettgen, J.M., Knabb, R.M., Wong, P.C., Wexler, R.R.

(2005). Discovery of 1-(30-aminobenzisoxazol-50-yl)-3-trifluoro-
methyl-N-[2-fluoro-4-[(20-dimethylaminomethyl)imidazol-1-yl]phe-

nyl]-1H-pyrazole-5-carboxyamide hydrochloride (razaxaban), a

highly potent, selective, and orally bioavailable factor Xa inhibitor.

J. Med. Chem. 48(6), 1729�1744.

2913Clan PA � S1 | 642. Coagulation Factor Xa



[38] Murakami, M.T., Rios-Steiner, J., Weaver, S.E., Tulinsky, A.,

Geiger, J.H., Arni, R.K. (2007). Intermolecular interactions and

characterization of the novel factor Xa exosite involved in macro-

molecular recognition and inhibition: crystal structure of human

Gla-domainless factor Xa complexed with the anticoagulant

protein NAPc2 from the hematophagous nematode Ancylostoma

caninum. J. Mol. Biol. 366(2), 602�610.

[39] Grundy, J.E., Lavigne, N., Hirama, T., MacKenzie, C.R.,

Pryzdial, E.L. (2001). Binding of plasminogen and tissue plasmino-

gen activator to plasmin-modulated factor X and factor Xa.

Biochemistry 40(21), 6293�6302.

[40] Talbot, K., Meixner, S.C., Pryzdial, E.L. (2010). Enhanced fibrino-

lysis by proteolysed coagulation factor Xa. Biochim. Biophys. Acta

1804(4), 723�730.

[41] McMullen, B.A., Fujikawa, K., Kisiel, W., Sasagawa, T.,

Howald, W.N., Kwa, E.Y., Weinstein, B. (1983). Complete amino

acid sequence of the light chain of human blood coagulation factor

X: evidence for identification of residue 63 as beta-hydroxyaspartic

acid. Biochemistry 22, 2875�2884.

[42] Leytus, S.P., Foster, D.C., Kurachi, K., Davie, E.W. (1986). Gene

for human factor X: a blood coagulation factor whose gene organi-

zation is essentially identical with that of factor IX and protein C.

Biochemistry 25, 5098�5102.

[43] Padmanabhan, K., Padmanabhan, K.P., Tulinsky, A., Park, C.H.,

Bode, W., Huber, R., Blankenship, D.T., Cardin, A.D., Kisiel, W.

(1993). Structure of human des(1-45) factor Xa at 2.2 A resolution.

J. Mol. Biol. 232(3), 947�966.

[44] Kamata, K., Kawamoto, H., Honma, T., Iwama, T., Kim, S.H.

(1998). Structural basis for chemical inhibition of human blood coag-

ulation factor Xa. Proc. Natl. Acad. Sci. USA 95(12), 6630�6635.

[45] Selander-Sunnerhagen, M., Ullner, M., Persson, E., Teleman, O.,

Stenflo, J., Drakenberg, T. (1992). How an epidermal growth factor

(EGF)-like domain binds calcium. High resolution NMR structure

of the calcium form of the NH2-terminal EGF-like domain in

coagulation factor X. J. Biol. Chem. 267, 19642�19649.

[46] Sunnerhagen, M., Olah, G.A., Stenflo, J., Forsen, S.,

Drakenberg, T., Trewhella, J. (1996). The relative orientation of

Gla and EGF domains in coagulation factor X is altered by Ca21

binding to the first EGF domain. A combined NMR-small angle

X-ray scattering study. Biochemistry 35(36), 11547�11559.

[47] Sunnerhagen, M., Forsen, S., Hoffren, A.M., Drakenberg, T.,

Teleman, O., Stenflo, J. (1995). Structure of the Ca21 -free Gla

domain sheds light on membrane binding of blood coagulation pro-

teins. Nat. Struct. Biol. 2(6), 504�509.

[48] Church, W.R., Mann, K.G. (1985). A simple purification of human

factor X using a high affinity monoclonal antibody immunoadsor-

bant. Thromb. Res. 38(4), 417�424.

[49] Rudolph, A.E., Mullane, M.P., Porche-Sorbet, R., Miletich, J.P.

(1997). Expression, purification, and characterization of recombi-

nant human factor X. Protein Expr. Purif. 10(3), 373�378.

[50] Brown, M.A., Stenberg, L.M., Persson, U., Stenflo, J. (2000).

Identification and purification of vitamin K-dependent proteins and

peptides with monoclonal antibodies specific for gamma-carboxy-

glutamyl (Gla) residues. J. Biol. Chem. 275(26), 19795�19802.

[51] Camire, R.M., Larson, P.J., Stafford, D.W., High, K.A. (2000).

Enhanced gamma-carboxylation of recombinant factor X using a

chimeric construct containing the prothrombin propeptide.

Biochemistry 39(46), 14322�14329.

[52] Larson, P.J., Camire, R.M., Wong, D., Fasano, N.C.,

Monroe, D.M., Tracy, P.B., High, K.A. (1998). Structure/function

analyses of recombinant variants of human factor Xa: factor Xa

incorporation into prothrombinase on the thrombin-activated plate-

let surface is not mimicked by synthetic phospholipid vesicles.

Biochemistry 37(14), 5029�5038.

[53] Kaufman, R.J. (1998). Post-translational modifications required for

coagulation factor secretion and function. Thromb. Haemost. 79(6),

1068�1079.

[54] Fernlund, P., Stenflo, J. (1983). Beta-hydroxyaspartic acid in

vitamin K-dependent proteins. J. Biol. Chem. 258(20),

12509�12512.

[55] Stenflo, J., Holme, E., Lindstedt, S., Chandramouli, N.,

Huang, L.H., Tam, J.P., Merrifield, R.B. (1989). Hydroxylation of

aspartic acid in domains homologous to the epidermal growth fac-

tor precursor is catalyzed by a 2-oxoglutarate-dependent dioxygen-

ase. Proc. Natl. Acad. Sci. USA 86(2), 444�447.

[56] Bode, W., Brandstetter, H., Mather, T., Stubbs, M.T. (1997).

Comparative analysis of haemostatic proteinases: structural aspects

of thrombin, factor Xa, factor IXa and protein C. Thromb.

Haemost. 78(1), 501�511.

[57] Toso, R., Zhu, H., Camire, R.M. (2008). The conformational

switch from the factor X zymogen to protease state mediates

exosite expression and prothrombinase assembly. J. Biol. Chem.

283(27), 18627�18635.

[58] Rapaport, S.I., Rao, L.V. (1995). The tissue factor pathway: how it

has become a “prima ballerina”. Thromb. Haemost. 74(1), 7�17.

[59] Giesen, P.L., Rauch, U., Bohrmann, B., Kling, D., Roque, M.,

Fallon, J.T., Badimon, J.J., Himber, J., Riederer, M.A.,

Nemerson, Y. (1999). Blood-borne tissue factor: another view of

thrombosis. Proc. Natl. Acad. Sci. USA 96(5), 2311�2315.

[60] Chafa, O., Tagzirt, M., Tapon-Bretaudiere, J., Reghis, A.,

Fischer, A.M., LeBonniec, B.F. (2009). Characterization of a

homozygous Gly11Val mutation in the Gla domain of coagulation

factor X. Thromb. Res. 124(1), 144�148.

[61] Bereczky, Z., Bardos, H., Komaromi, I., Kiss, C., Haramura, G.,

Ajzner, E., Adany, R., Muszbek, L. (2008). Factor X Debrecen:

Gly204Arg mutation in factor X causes the synthesis of a non-

secretable protein and severe factor X deficiency. Haematologica

93(2), 299�302.

[62] Bunce, M.W., Toso, R., Camire, R.M. (2011). Zymogen-like factor

Xa variants restore thrombin generation and effectively bypass the

intrinsic pathway in vitro. Blood 117(1), 290�298.

[63] Ivanciu, L., Toso, R., Margaritis, P., Pavani, G., Kim, H.,

Schlachterman, A., Liu, J.H., Clerin, V., Pittman, D.D., Rose-

Miranda, R., Shields, K.M., Erbe, D.V., Tobin, J.F., Arruda, V.R.,

Camire, R.M. (2011). A zymogen-like factor Xa variant corrects

the coagulation defect in hemophilia. Nat. Biotechnol. 29(11),

1028�1033.

[64] Altieri, D.C., Morrissey, J.H., Edgington, T.S. (1988). Adhesive

receptor Mac-1 coordinates the activation of factor X on stimulated

cells of monocytic and myeloid differentiation: an alternative initi-

ation of the coagulation protease cascade. Proc. Natl. Acad. Sci.

USA 85(20), 7462�7466.

[65] Plescia, J., Altieri, D.C. (1996). Activation of Mac-1 (CD11b/

CD18)-bound factor X by released cathepsin G defines an alterna-

tive pathway of leucocyte initiation of coagulation. Biochem. J.

319, 873�879.

2914 Clan PA � S1 | 642. Coagulation Factor Xa



[66] Fujikawa, K., Legaz, M.E., Davie, E.W. (1972). Bovine factor X1

(Stuart factor). Mechanism of activation by protein from Russell’s

viper venom. Biochemistry 11, 4892�4899.

[67] Altieri, D.C. (1994). Molecular cloning of effector cell protease

receptor-1, a novel cell surface receptor for the protease factor Xa.

J. Biol. Chem. 269(5), 3139�3142.

[68] Bono, F., Schaeffer, P., Herault, J.P., Michaux, C., Nestor, A.L.,

Guillemot, J.C., Herbert, J.M. (2000). Factor Xa activates endothe-

lial cells by a receptor cascade between EPR-1 and PAR-2.

Arterioscler. Thromb. Vasc. Biol. 20(11), E107�E112.

[69] McLean, K., Schirm, S., Johns, A., Morser, J., Light, D.R. (2001).

FXa-induced responses in vascular wall cells are PAR-mediated

and inhibited by ZK-807834. Thromb. Res. 103(4), 281�297.

[70] Borensztajn, K.S., Bijlsma, M.F., Groot, A.P., Bruggemann, L.W.,

Versteeg, H.H., Reitsma, P.H., Peppelenbosch, M.P., Spek, C.A.

(2007). Coagulation factor Xa drives tumor cells into apoptosis

through BH3-only protein Bim up-regulation. Exp. Cell Res.

313(12), 2622�2633.

[71] Borensztajn, K., Bijlsma, M.F., Reitsma, P.H.,

Peppelenbosch, M.P., Spek, C.A. (2009). Coagulation factor Xa

inhibits cancer cell migration via protease-activated receptor-1

activation. Thromb. Res. 124(2), 219�225.

[72] Borensztajn, K., Peppelenbosch, M.P., Spek, C.A. (2010).

Coagulation factor Xa inhibits cancer cell migration via

LIMK1-mediated cofilin inactivation. Thromb. Res. 125(6),

e323�e328.

[73] Shinagawa, K., Martin, J.A., Ploplis, V.A., Castellino, F.J. (2007).

Coagulation factor Xa modulates airway remodeling in a murine

model of asthma. Am. J. Respir. Crit. Care Med. 175(2), 136�143.

[74] Duffy, M.R., Bradshaw, A.C., Parker, A.L., McVey, J.H.,

Baker, A.H. (2011). A cluster of basic amino acids in the factor X

serine protease mediates surface attachment of adenovirus/FX

complexes. J. Virol. 85(20), 10914�10919.

[75] Du, L., Kao, R.Y., Zhou, Y., He, Y., Zhao, G., Wong, C.,

Jiang, S., Yuen, K.Y., Jin, D.Y., Zheng, B.J. (2007). Cleavage of

spike protein of SARS coronavirus by protease factor Xa is associ-

ated with viral infectivity. Biochem. Biophys. Res. Commun.

359(1), 174�179.

[76] James, H.L. (1994). Physiology and Biochemistry of factor X,

in: Haemostasis and Thrombosis, Vol. 1, Bloom, A.L., Forbes, C.

D., Thomas, D.P., Tuddenham, E.G.D., eds., Edinburgh: Churchill

Livingstone, pp. 439�464.

[77] Menegatti, M., Peyvandi, F. (2009). Factor X deficiency. Semin.

Thromb. Hemost. 35(4), 407�415.

[78] Auerswald, G. (2006). Prophylaxis in rare coagulation disorders-

factor X deficiency. Thromb. Res. 118(Suppl. 1), S29�S31.

[79] Brown, D.L., Kouides, P.A. (2008). Diagnosis and treatment of

inherited factor X deficiency. Haemophilia 14(6), 1176�1182.

[80] Josic, D., Hoffer, L., Buchacher, A. (2003). Preparation of vitamin

K-dependent proteins, such as clotting factors II, VII, IX and X

and clotting inhibitor protein C. J. Chromatogr. B. Analyt.

Technol. Biomed. Life Sci. 790(1�2), 183�197.

Mark A. Brown
Lund University, Department of Clinical Chemistry, University Hospital, Malmö, Malmö, Sweden. Email: mark.brown@klkemi.mas.lu.se
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