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ABSTRACT

Blood coagulation factor IX plays a crucial role in the intrinsic pathway of coagulation by generating factor Xa, ultimately leading

to thrombin formation. Over the past 50years, extensive research has deepened our understanding of the biology, physiology,
pathology, biochemistry, and molecular genetics of factor IX. This wealth of knowledge has revealed how the factor IX gene and
protein evolved, how factor IX is regulated, how it functions within the coagulation cascade, and how structural changes affect

its function. In this review, we will summarize current knowledge on the biology of factor IX, with a focus on its structure-func-

tion relationships, gene structure, and regulation.

1 | Introduction

The blood coagulation response has evolved to rapidly form a
localized clot and prevent blood loss following vascular injury.
This finely regulated system consists of a network of serine pro-
teases, their cofactors, and inhibitors. Most coagulation proteins
circulate as inactive precursors that require limited proteolysis
to become active enzymes. For many, full catalytic activity is
only achieved when these enzymes assemble with their cofac-
tors on an anionic membrane surface, effectively localizing the
reaction to the site of injury [1, 2]. These proteins participate in
a cascade of sequential proteolytic reactions that ultimately con-
vert prothrombin into thrombin, the key effector of the coag-
ulation cascade. In addition, plasma inhibitors are essential to
downregulate these activated proteins once their function has
been fulfilled, ensuring tight control of the system [2].

Coagulation factor IX (FIX) is part of the vitamin K-dependent
family of coagulation factors—including prothrombin, factor
VII (FVID), factor X (FX), protein C (PC), protein S, and protein

Z—all of which share similar domain structures and significant
sequence homology. In plasma, FIX circulates as an inactive
zymogen and is activated to FIXa during coagulation. Unlike
most serine proteases in this family, FIXa on its own has limited
enzymatic activity. Its full catalytic potential is achieved upon
assembly with its cofactor, factor VIIIa (FVIIIa), on phospho-
lipid membranes, where it converts FX to FXa in the intrinsic
pathway [1]. Naturally occurring mutations that reduce FIX ac-
tivity or expression result in the bleeding disorder hemophilia B
(HB), while gain-of-function mutations, such as FIX-Padua, are
associated with an increased risk of thrombosis [3, 4].

2 | Historical Perspective

The first recognition of human hemophilia appears in 2nd-century
AD Jewish writings, though the clinical syndrome was not for-
mally defined until the 19th century. The term hemophilia (mean-
ing “love of blood”) was introduced in 1828 [5]. Hemophilia has
often been referred to as the “royal disease,” as Queen Victoria of
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England (1837-1901) was a known carrier of HB [6]. Until the early
1940s, the role of FIX in blood clotting was not understood. It was
only in the late 1940s (see Figure 1) that mixing studies demon-
strated that blood from one hemophilia patient could correct the
clotting deficiency of another, suggesting distinct types of hemo-
philia [7]. In 1952, using this approach, Biggs and colleagues iden-
tified a family with a condition clinically like hemophilia A but
distinguishable through mixing studies. This disorder was named
Christmas disease (HB), after the first patient described [8].

Throughout the 1950s and 1960s, research focused on elucidating
the role of FIX in coagulation and its relationship to HB. Due to
technological limitations, early studies relied on developing assays
and analyzing FIX in plasma. In the 1970s, researchers were able
to purify FIX from bovine and human plasma, leading to rapid
advances in understanding its structure, function, and amino acid
sequence [9]. By the 1980s, the human FIX cDNA was isolated and
sequenced, the FIX gene was cloned, and key biochemical proper-
ties were identified [10, 11]. These breakthroughs enabled the re-
combinant production of FIX, driving research into its molecular
structure, function, and the genetic causes of HB. Clinically, this
knowledge led to the approval of recombinant FIX as the second
recombinant clotting factor (after FVIII) in 1997 and culminated
in the approval of the first clotting-factor gene therapy product in
2022. Gene therapy for HB largely centers on strategies to achieve
therapeutically relevant FIX activity levels with the lowest possi-
ble vector dose. Factor IX-Padua, a variant that harbors a single
amino acid substitution (R338L), has approximately 8-fold in-
creased specific activity [12]. The use of this gain-of-function mu-
tant has led to major advances in gene therapy to treat HB, with
two FDA-approved AAV gene therapy products (Hemgenix, 2022
and Beqvez, 2024) now available to patients [13].

3 | FIX Structure

The F9 gene is 34kb in length and is located on the X chromo-
some at band Xq27.1 [10, 14]. It consists of 8 exons and 7 introns.
Exon 1 encodes the signal peptide; exon 2 encodes the propeptide
and the y-carboxyglutamic acid (Gla) domain; exon 3 encodes

the remainder of the Gla domain along with a short hydrophobic
sequence. Exons 4 and 5 encode the two epidermal growth fac-
tor (EGF) domains; exon 6 encodes the linker region, activation
peptide, and part of the catalytic domain; and exons 7 and 8 en-
code the remaining portions of the catalytic domain (Figure 2).

Factor IX is a vitamin K-dependent glycoprotein synthesized in
the liver [15]. It is produced as a 461-amino acid preproprotein
(prepro-FIX) that includes several distinct regions (Figure 2).
This structure consists of a 28-residue signal peptide, which di-
rects the nascent protein into the endoplasmic reticulum (ER),
and an 18-residue propeptide that facilitates interaction with vi-
tamin K-dependent y-glutamyl carboxylase [16, 17]. Maturation
of FIX requires the removal of both the signal peptide and pro-
peptide, along with multiple post-translational modifications.
These include y-carboxylation of 12 glutamic acid residues,
glycosylation, hydroxylation at residue 64, and phosphorylation
[17, 18].

The mature form of FIX present in plasma is a single-chain pro-
tein of 415 amino acids with a molecular mass of approximately
57,000 Da. It is composed of several domains: an N-terminal Gla
domain (amino acids 1-40), a short hydrophobic sequence (aa
41-46), two EGF domains (EGF-1: aa 47-83; EGF-2: aa 88-125),
a linker region (aa 126-145), an activation peptide (aa 146-180),
and a C-terminal serine protease domain (aa 181-415) (Figure 2).
Calcium (Ca?*) ions are essential for the proper folding of the
Gla and EGF domains, with well-characterized calcium-binding
sites [19, 20]. Additionally, 11 disulfide bonds stabilize the over-
all structure of the FIX molecule.

4 | Domain Structure of FIX

The three-dimensional structure of full-length porcine FIXai
(Figure 3) was first determined in 1995 [21]. Currently, more
than 25 structures of FIXa, primarily from human sources,
are available in the RCSB Protein Data Bank (rcsb.org).
Approximately half of these structures were deposited in 2010
or earlier.
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FIGURE1 | History of FIX characterization. Overview of key milestones in FIX biology, physiology, biochemistry, clinical assessment, and ther-

apeutic development.
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FIGURE2 | Structural organization of human F9 gene and FIX protein. The F9 gene comprises 8 exons and 7 introns and 34 kb long. The number
and length of each exon is provided and are color coded for each domain they encode. Pre-pro-FIX and mature FIX are shown with domains anno-
tated along with specific cleavage sites by physiological activators TF/FVIIa and FXIa. Starting from the N-terminus, the signal peptide (S), followed
by the propeptide (P), the GLA domain, and epidermal growth factor domains (EGF), linker connects the activation peptide (AP). The C-terminus
contains the serine protease domain. The legacy numbering system: The +1 codon refers to the first amino acid of the mature protein and the last
amino acid is 415.
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FIGURE3 | Factor IXa 3D structure. The surface rendered structure of porcine FIXa (1PFX) is shown with the active site inhibitor PPACK in the
active site. FIXa domains and their functional properties are shown: The Gla domain is colored purple, EGF1-pink, EGF2-green, linker-blue, and
the protease domain is colored grey. The FIXa inhibitor PPACK is colored yellow. A close-up view of the protease domain is shown on the right with
PPACK indicated and the rest of the molecule is out of view in the back.
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4.1 | The Gla Domain

The Gla domain of FIX (residues 1-40) contains 12 y-
carboxylated glutamic acid (Gla) residues. The first 11 Gla res-
idues are highly conserved among other vitamin K-dependent
proteins and are critical for function, while the last two appear
to have minimal functional significance [22]. y-Carboxylation
of these glutamic acid residues occurs in the ER, catalyzed by
a y-glutamyl carboxylase enzyme that recognizes and binds the
propeptide of FIX [16, 23]. Vitamin K acts as a cofactor in this
reaction, with vitamin K-epoxide reductase recycling vitamin
K to its active form. The Gla domain binds multiple Ca?* ions,
which are essential for proper domain folding and for enabling
interactions with phospholipid membranes [24]. Calcium bind-
ing is critical for FIX activity. In addition to membrane binding,
the Gla domain also contributes to interactions with the C2 do-
main of FVIIIa and with collagen IV [25-27].

4.2 | The EGF Domains

The EGF domains (EGF-1, residues 47-83; EGF-2, residues 88-125)
of FIX are characterized by a distinct disulfide bond pattern which
gives the domain considerable stability [28]. EGF1 binds Ca?* (res-
idues 47, 48, 50, 64 and 65) and also contains 3-hydroxyaspartic
acid at position 64 and an O-linked glycosylation site at positions
53 and 61 [19]. EGF domains play a structural role by enabling
space between the protease domain and membranes which is cru-
cial as FIXa needs to bind FX and FVIIIa, which are also bound
to the membranes. EGF domains also mediate protein—protein in-
teractions. Biochemical and molecular modeling studies support
a role for the EGF domains in binding to FVIIIa [27, 29, 30]. In
addition, EGF1 appears to mediate binding to the tissue factor-
factor VIIa (TF-FVIIa) with Gly48 playing an essential role in FIX
activation by the extrinsic pathway [29].

4.3 | The Linker Region

The linker region (residues 126-145) connects the second EGF
domain (EGF-2) to the activation peptide (Figure 2). In the
three-dimensional structure of FIXa (Figure 3), this linker is
positioned at the base of the protease domain. A key structural
feature of the linker is a disulfide bond formed between Cys132
in the linker and Cys289 in the protease domain, which helps
stabilize the protein structure. The final residue of the linker,
Argl45, serves as one of the two cleavage sites for activation by
factor XIa (FXIa) and TF-FVIIa complex; the other cleavage site
is Argl80, located within the activation peptide.

4.4 | The Activation Peptide

Although many coagulation zymogens—including prothrombin,
FIX, FX, FXI, and PC—contain activation peptides, the sequences
of these peptides are not conserved across proteins. The activation
peptide of FIX (residues 145-180) is 35 amino acids long, has a mo-
lecular mass of approximately 11kDa, and contains four glycosyla-
tion sites at residues 157, 159, 167, and 169 [31, 32]. Additionally, it
is sulfated at residue 155 and phosphorylated at residue 158, both
modifications enhancing protein recovery [17, 33]. The activation

peptide is cleaved and removed during proteolysis at two specific
sites: between residues 145-146 and 180-181, by the TF-FVIIa
complex and FXIa [31]. As a result, the activation peptide is not
present in the active form of the enzyme, FIXa.

4.5 | The Protease Domain

The protease domain of FIXa (also known as the catalytic do-
main) spans residues 181-415 and shares high sequence and
structural homology with other serine proteases (Figure 3). Its
primary function is to provide binding surfaces for the cofac-
tor FVIIIa and the substrate FX, and to catalyze cleavage of a
specific peptide bond in FX. Structurally, the protease domain
consists of two f3-barrels, each comprising roughly half of the
domain. The substrate-binding pocket and catalytic triad—com-
posed of His57-c, Aspl02-c, and Ser195-c in the chymotrypsin
numbering system, typically denoted with a “c” (corresponding
to His221, Asp269, and Ser365 in legacy numbering system)—
are located at the interface between these f3-barrels [34].

Asnoted earlier, Cys289 in the protease domain forms a disulfide
bond with Cys132 in the linker region, covalently linking these
two parts of the molecule. Beyond the active site, additional re-
gions of the protease domain, known as exosites, play crucial
roles in binding FX and FVIIIa. These exosites are primarily
located in flexible loops and include features such as the 126-c
helix, 162-c helix, and Asn178-c. The protease domain also con-
tains important ion-binding sites: a single Ca?* ion binds in the
exosite I region, while a Na* ion binds in the 186-c/220-c region.
Exosite II is known to bind heparin and may also contribute ad-
ditional binding surfaces for FVIIIa [29, 30, 35, 36].

5 | FIX Activation

FIX circulates in the blood as an inactive, single-chain zymogen,
not known to be bound to other proteins. During coagulation,
it is activated by physiological activators—TF/FVIIa complex
and FXITa—which cleave FIX at two specific sites: Argl45 and
Arg180. This cleavage produces the active, two-chain, disulfide-
linked enzyme FIXa [31, 37].

Similar to other coagulation zymogens, cleavage at the con-
served Argl80-Vall81 site (corresponding to Argl5c-Vall6e in
chymotrypsin numbering) unmasks a new N-terminus on the
heavy chain (Vall6c-Val-Gly-Gly19c) [38]. Initially, the cleaved
molecule exists in a “zymogen-like state”, but it rapidly tran-
sitions into the active protease form when the newly exposed
N-terminus inserts into the hydrophobic activation pocket.
There, the Vall6-c residue forms an internal salt bridge with
Aspl194-c [39-42]. This interaction triggers a well-defined con-
formational rearrangement that matures the active site, orga-
nizing the substrate-binding pocket (S1 specificity site) and the
adjacent oxyanion hole, both located near the catalytic residue
Ser195-c [41].

Although cleavage at Argl80 (Argl6-c in chymotrypsin num-
bering) is sufficient to produce an intermediate form of FIXa
capable of cleaving peptide substrates, full enzymatic activ-
ity requires a second cleavage at Argl45-Alal46. This second
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cleavage, unique to FIX, releases the 35-amino acid activation
peptide [43]. Mutations associated with HB have been reported
at both cleavage sites, underscoring the importance of both steps
in generating fully functional FIXa [3, 44, 45].

6 | Structure and Catalytic Properties of FIXa

FIXa is a two-chain protein (~45kDa) composed of a covalently
linked light chain (N-terminal; residues 1-145) and heavy chain
(C-terminal; residues 181-415). The light chain (~17kDa) con-
tains the Gla domain with 12 y-carboxylated glutamic acid (Gla)
residues, two EGF domains, and a linker region. The heavy
chain (~28kDa) contains the serine protease domain, which in-
cludes the catalytic triad (His57-c, Asp102-c, Ser195-c), known
as the active site cleft, and an oxyanion hole formed by Gly193-c
and Ser195-c [34].

Compared with other coagulation proteases such as FXa and
thrombin, FIXa exhibits relatively low catalytic activity and poorly
cleaves small peptide substrates (e.g., Glu-Gly-Arg-pNA) [36]. Its
activity can be enhanced by the binding of molecules like Ca?*,
Nat, and ethylene glycol, which induce conformational changes in
the protease domain that improve catalysis [35, 46].

The reduced activity of FIXa is thought to result from partial
obstruction of the active site entrance by residues Glu219-c,
Lys98-c, and Tyrl77-c, collectively referred to as the “99-loop.”
[47] Mutations in this loop have been used experimentally to in-
crease FIXa activity [35].

However, recent crystal structures of unbound (apo) FIXa and
ligand-bound FIXa complexes suggest that poor activity can-
not be fully explained by loop 99 alone [20]. These structures
revealed that the apo form of FIXa has a largely disordered ac-
tive site, due to flexibility in the 215-225 polypeptide segment.
Binding of an RNA aptamer (DTRI-177) to an exosite region
(comprising the 170-and 220-loops and residue Trp215) alloster-
ically distorts the active site, locking FIXa into a closed, inhib-
ited conformation. These studies demonstrate that FIXa exists
in multiple conformational states, with significant movements
of Trp215 controlling the opening and closure of the S1 pocket.
This exosite-mediated allosteric mechanism provides new in-
sights into the regulation of FIXa activity and offers potential
for therapeutic exploitation. In the presence of substrate, the S1
pocket opens, allowing improved catalytic function.

The physiological relevance of FIXa's low activity is incom-
pletely understood. One explanation could be that FIXa has
evolved to have limited activity as a negative regulatory mech-
anism against excessive coagulation. In support of this, several
studies have linked high plasma levels of FIX(a) with increased
risk of thrombosis [48].

7 | Factor IXa and Intrinsic Xase

FIXa activates FX to FXa in the intrinsic pathway through pro-
teolysis. However, FIXa alone is inefficient and requires addi-
tional components to effectively activate FX: Ca?*, negatively
charged membranes (such as those on activated cells), and

FVIIIa [1]. Membrane binding of FIXa and FVIIIa enhances
the catalytic rate (k_,,) of FX activation by at least 3000-fold and
reduces the reaction’s binding affinity (K, ) [1]. The assembly of
the intrinsic Xase complex depends on the binding of these com-
ponents to negatively charged membranes, with FIXa binding
mediated by its Gla domain [24].

The interaction between FIXa and FVIIIa has been studied ex-
tensively. The protease domain of FIXa is thought to primarily
mediate binding to FVIIIa, with additional contributions from
the EGF2 domain [29]. Recent work by Childers et al. [27] con-
firmed these findings through computational protein-protein
docking and small-angle X-ray scattering (SAXS), revealing that
the FIXa-FVIIIa complex also involves interactions between
the EGF1 domain of FIXa and the A1-A3 domains of FVIIIa.

The binding of FIXa to FVIIIa dramatically increases the rate of
FX activation by approximately 20,000-fold. In the context of the
complete intrinsic Xase complex (FIXa, FVIIIa, membranes),
the activity toward FX is enhanced by more than 1,000,000-
fold compared with F1Xa alone [36]. These interactions between
FIXa, membranes, FVIIIa, Ca’*, and FX together contribute to
the extraordinary specificity and efficiency of FIXa within the
intrinsic Xase complex, making it a key molecular engine in the
coagulation system.

8 | FIX and FIXa Clearance and Distribution

Clearance of FIX(a) from circulation occurs through multiple
pathways, including binding to extravascular proteins, cell sur-
face receptors, and endogenous inhibitors. In the bloodstream,
FIX circulates at a concentration of approximately 5ug/mL
(90nM) with a half-life of 18-24h [49]. In contrast, the ex vivo
half-life of FIXa in plasma is about 40 min—significantly longer
than that of FXa, which has an ex vivo half-life of less than 1 min
[50, 51].

9 | Extravascular FIX

In addition to circulating in the blood, FIX is also distributed
in the extravascular space, where it binds specifically to colla-
gen IV, a major component of basement membranes in all tis-
sues [49]. This binding explains the rapid disappearance of FIX
from circulation following infusion [52]. The amount of FIX in
the extravascular compartment is higher than in plasma, with
a rapid and reversible equilibrium existing between these two
compartments [49].

FIX binds to collagen IV with high specificity and affinity (Kd
~5nM), whereas other clotting factors—such as prothrombin,
FX, or FVII—do not bind to collagen I'V. The binding site, char-
acterized in the late 1990s, is located in the Gla domain of FIX,
specifically in the omega loop, with Lysine 5 (Lys5) playing a
key role [26]. Mutations at this residue affect binding affinity:
substitution with arginine increases binding, while substitution
with alanine decreases it [49].

Preclinical studies suggest that extravascular FIX is biologically
significant. For example, a knock-in mouse model with reduced
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collagen IV binding (FIX K5A mouse) exhibits mild bleeding
following tail transection and delayed vessel occlusion after fer-
ric chloride-induced injury of mesenteric arterioles—a model
that exposes collagen IV [53]. Importantly, FIX-K5A retains nor-
mal specific activity and phospholipid binding, indicating that
the bleeding phenotype is specifically due to reduced collagen
IV binding. Additional studies support the role of extravascular
FIX in hemostasis. However, thrombus formation in the micro-
circulation appeared unaffected in K5A mice compared with
wild-type, suggesting that the importance of extravascular FIX
may depend on the type of vessel and nature of the injury [53].

FIX is also able to bind collagen type I in vitro, suggesting a po-
tential role of collagen type I in the distribution of FIX in the
extravascular compartment [54]. However, experiments show
that FIX, which accumulated in the knee joints of HB mice after
multiple injections, colocalized mainly with collagen type IV
and not type I.

Overall, these findings indicate that in mice, collagen IV-bound
FIX plays a critical role in hemostasis, particularly in situations
where collagen IV is exposed. To date, the role of extravascu-
lar FIX in preventing bleeding in humans has not been fully
evaluated.

10 | Inhibition by Endogenous Anticoagulants

FIXa activity is primarily regulated by the serpin antithrombin
(AT), which targets the active site of FIXa [55, 56]. The conver-
sion of FIX from its zymogen form to the active enzyme (follow-
ing cleavage at Argl5c-Vall6c) is essential for interaction with
AT, as AT does not bind to the zymogen form. AT selectively
inhibits FIXa via a classic suicide inhibition mechanism [56].

Mechanistically, AT uses its substrate-like reactive center loop
(RCL) to form a stable complex with the S1 pocket of FIXa's active
site, with this interaction further stabilized by exosite contacts.
Proteolytic cleavage at the P1-P1’ bond (per Schechter and Berger
nomenclature [57]) within the RCL triggers a major conforma-
tional change in AT, driven by the insertion of the cleaved RCL
into B-sheet A of the serpin [58]. This structural rearrangement
displaces the protease to the opposite side of AT, leading to the de-
struction of key catalytic features in FIXa, including the Vall6c—
Aspl94c salt bridge and the oxyanion hole, effectively converting
FIXa back into an inactive, zymogen-like form [56, 58].

The rate of FIXa inhibition by AT is considerably slower than
for other coagulation proteases—approximately 40-fold slower
than FXa and 125-fold slower than thrombin [59, 60]. On the
intact endothelial surface, AT activity can be accelerated by gly-
cosaminoglycans such as heparan sulfates [61, 62]. Nevertheless,
due to these relatively slow inhibition kinetics, the contribution
of AT to FIXa regulation has historically been considered min-
imal in vivo.

However, our recent work [51] challenges this view. We identified
that mutations at residues 16 or 17 of FIXa can shift the protease
toward a more zymogen-like state. Notably, our zymogen-like
variant, FIXa-V16L-c (V181L), displayed a~20-fold reduction
in active site function [51]. Furthermore, FIXa-V16L-c was

resistant to inhibition by plasma active-site inhibitors such as
AT. Interestingly, this reduced activity could be thermodynam-
ically rescued through binding to FVIIIa on membrane sur-
faces. Using these zymogen-like variants, we demonstrated that
active-site inhibitor regulation of FIXa plays a critical role in he-
mostasis in vivo. In HB mouse models, FIXa-V16L-c showed a
significantly enhanced procoagulant response in several hemo-
static challenges. For example, total blood loss in tail bleeding
assays was significantly reduced over extended periods, and clot
formation was more durable following ferric chloride-induced
or laser-induced vascular injury. This represents the first in vivo
experimental evidence that AT-mediated inhibition of FIXa lim-
its clot formation—findings that suggest translational potential
for novel HB therapies.

While AT is the primary plasma inhibitor, other inhibitors
may also contribute to FIXa regulation. These include protein
Z-dependent protease inhibitor (ZPI) [63] and protease nexin
2 (PN2) [64], both of which can form inactive complexes with
FIXa. ZPI exerts its serpin inhibitory action through a mecha-
nism like AT, whereas PN-2 is presumed to target mainly the en-
zyme's active site. Additionally, FIXa activity may be modulated
by protein S; mutations that disrupt the interaction between
FIXa and protein S are associated with increased clot formation
in venous injury models [65, 66]. Although the specific intermo-
lecular contacts are not fully defined, the interaction may in-
volve the EGF-1 domain [65].

Lastly, FIXa catabolism in vitro is mediated by low-density lipo-
protein receptor-related protein 1 (LRP1), a clearance receptor
expressed on various cell types, including hepatocytes [67, 68].
Although LRP1 has been shown to bind FIXa both as a free en-
zyme and in complex with inhibitors, its physiological role in
FIXa clearance in vivo has yet to be confirmed [67-69].

11 | Concluding Remarks

Much effort has been directed towards elucidation of the bio-
chemistry and molecular genetics of FIX over the past five
decades. However, due to its critical role in the coagulation
cascade and its clinical importance, FIX will continue to re-
main the center of intense research in the future. New research
directions are expected to further elucidate the mechanisms
of FIXa activity modulation and its interactions with cofactor
FVIIIa or other proteins. Such knowledge will not only contrib-
ute to a fundamental understanding of the regulation of blood
coagulation but may also expand our clinical understanding of
bleeding and thrombosis and open new avenues for therapeutic
development.

Conflicts of Interest

Rodney M. Camire receives research support from Alnylam.
Lacramioara Ivanciu—no conflicts of interest.

References

1. K. G. Mann, M. E. Nesheim, W. R. Church, P. Haley, and S. Krish-
naswamy, “Surface-Dependent Reactions of the Vitamin K-Dependent
Enzyme Complexes,” Blood 76, no. 1 (1990): 1-16.

6 of 8

IUBMB Life, 2025



2. K. G. Mann, K. Brummel-Ziedins, T. Orfeo, and S. Butenas, “Mod-
els of Blood Coagulation,” Blood Cells, Molecules & Diseases 36, no. 2
(2006): 108-117.

3. P. M. Rallapalli, G. Kemball-Cook, E. G. Tuddenham, K. Gomez, and
S. J. Perkins, “An Interactive Mutation Database for Human Coagula-
tion Factor IX Provides Novel Insights Into the Phenotypes and Genet-
ics of Hemophilia B,” Journal of Thrombosis and Haemostasis 11, no. 7
(2013): 1329-1340.

4. P. Simioni, D. Tormene, G. Tognin, et al., “X-Linked Thrombophilia
With a Mutant Factor IX (Factor IX Padua),” New England Journal of
Medicine 361, no. 17 (2009): 1671-1675.

5. G. I. Ingram, “The History of Haemophilia,” Journal of Clinical Pa-
thology 29, no. 6 (1976): 469-479.

6. E. 1. Rogaev, A. P. Grigorenko, Y. K. Moliaka, et al., “Genomic Identi-
fication in the Historical Case of the Nicholas II Royal Family,” Proceed-
ings of the National Academy of Sciences of the United States of America
106, no. 13 (2009): 5258-5263.

7. A. Pavlovsky, “Contribution to the Pathogenesis of Hemophilia,”
Blood 2, no. 2 (1947): 185-191.

8. R. Biggs, A. S. Douglas, R. G. Macfarlane, J. V. Dacie, W. R. Pitney,
and C. Merskey, “Christmas Disease: A Condition Previously Mistaken
for Haemophilia,” British Medical Journal 2, no. 4799 (1952): 1378-1382.

9. E. W. Davie, K. Fujikawa, H. Kato, and M. E. Legaz, “Properties of
Bovine Factor IX (Christmas Factor),” Annals of the New York Academy
of Sciences 240 (1975): 34-42.

10. K. Kurachi and E. W. Davie, “Isolation and Characterization of a
cDNA Coding for Human Factor IX,” Proceedings of the National
Academy of Sciences of the United States of America 79, no. 21 (1982):
6461-6464.

11. S. Yoshitake, B. G. Schach, D. C. Foster, E. W. Davie, and K. Kura-
chi, “Nucleotide Sequence of the Gene for Human Factor IX (Antihemo-
philic Factor B),” Biochemistry 24, no. 14 (1985): 3736-3750.

12. B.J. Samelson-Jones, J. D. Finn, L. A. George, R. M. Camire, and V.
R. Arruda, “Hyperactivity of Factor IX Padua (R338L) Depends on Fac-
tor VIIIa Cofactor Activity,” JCI Insight 5, no. 14 (2019): 128683, https://
doi.org/10.1172/jci.insight.128683.

13. W. Miesbach, P. Batty, P. Chowdary, et al., “Adeno-Associated Virus-
Based Gene Therapy for Hemophilia-Addressing the Gaps,” Research
and Practice in Thrombosis and Haemostasis 9, no. 1 (2025): 102673.

14. K. H. Choo, K. G. Gould, D. J. Rees, and G. G. Brownlee, “Molecular
Cloning of the Gene for Human Anti-Haemophilic Factor IX,” Nature
299, no. 5879 (1982): 178-180.

15. K. Tatsumi, K. Ohashi, S. Mukobata, et al., “Hepatocyte Is a Sole
Cell Type Responsible for the Production of Coagulation Factor IX
In Vivo,” Cell Medicine 3, no. 1-3 (2012): 25-31.

16. S. M. Wu, W. F. Cheung, D. Frazier, and D. W. Stafford, “Cloning and
Expression of the cDNA for Human Gamma-Glutamyl Carboxylase,”
Science 254, no. 5038 (1991): 1634-1636, https://doi.org/10.1126/scien
ce.1749935.

17. R. J. Kaufman, “Post-Translational Modifications Required for Co-
agulation Factor Secretion and Function,” Thrombosis and Haemostasis
79, no. 6 (1998): 1068-1079.

18. K. Kurachi, S. Kurachi, M. Furukawa, and S. N. Yao, “Biology of
Factor IX,” Blood Coagulation & Fibrinolysis 4, no. 6 (1993): 953-973.

19.7. Stenflo, Y. Stenberg, and A. Muranyi, “Calcium-Binding EGF-
Like Modules in Coagulation Proteinases: Function of the Calcium Ion
in Module Interactions,” Biochimica et Biophysica Acta 1477, no. 1-2
(2000): 51-63.

20. V. N. Kolyadko, J. M. Layzer, K. Perry, B. A. Sullenger, and S. Krish-
naswamy, “An RNA Aptamer Exploits Exosite-Dependent Allostery to
Achieve Specific Inhibition of Coagulation Factor I1Xa,” Proceedings of

the National Academy of Sciences of the United States of America 121, no.
29 (2024): €2401136121.

21. H. Brandstetter, M. Bauer, R. Huber, P. Lollar, and W. Bode, “X-Ray
Structure of Clotting Factor IXa: Active Site and Module Structure Re-
lated to Xase Activity and Hemophilia B,” Proceedings of the National
Academy of Sciences of the United States of America 92, no. 21 (1995):
9796-9800.

22.S. Gillis, B. C. Furie, B. Furie, et al., “Gamma-Carboxyglutamic
Acids 36 and 40 Do Not Contribute to Human Factor IX Function,” Pro-
tein Science 6, no. 1 (1997): 185-196.

23. 7. Stenflo, P. Fernlund, W. Egan, and P. Roepstorff, “Vitamin K De-
pendent Modifications of Glutamic Acid Residues in Prothrombin,”
Proceedings of the National Academy of Sciences of the United States of
America 71, no. 7 (1974): 2730-2733.

24. M. Huang, A. C. Rigby, X. Morellj, et al., “Structural Basis of Mem-
brane Binding by Gla Domains of Vitamin K-Dependent Proteins,” Na-
ture Structural Biology 10, no. 9 (2003): 751-756.

25.T. Soeda, K. Nogami, K. Nishiya, et al., “The Factor VIIIa C2 Do-
main (Residues 2228-2240) Interacts With the Factor IXa Gla Domain
in the Factor Xase Complex,” Journal of Biological Chemistry 284, no. 6
(2009): 3379-3388.

26. A. S. Wolberg, D. W. Stafford, and D. A. Erie, “Human Factor IX
Binds to Specific Sites on the Collagenous Domain of Collagen I'V,” Jour-
nal of Biological Chemistry 272, no. 27 (1997): 16717-16720.

27.K. C. Childers, S. C. Peters, P. Lollar, H. T. Spencer, C. B. Doering,
and P. C. Spiegel, “SAXS Analysis of the Intrinsic Tenase Complex
Bound to a Lipid Nanodisc Highlights Intermolecular Contacts Be-
tween Factors VIIIa/IXa,” Blood Advances 6, no. 11 (2022): 3240-3254.

28. C. R. Savage, Jr., J. H. Hash, and S. Cohen, “Epidermal Growth Fac-
tor. Location of Disulfide Bonds,” Journal of Biological Chemistry 248,
no. 22 (1973): 7669-7672.

29. A. E. Schmidt and S. P. Bajaj, “Structure-Function Relationships in
Factor IX and Factor IXa,” Trends in Cardiovascular Medicine 13, no. 1
(2003): 39-45.

30. D. Venkateswarlu, “Structural Insights Into the Interaction of
Blood Coagulation Co-Factor VIIIa With Factor IXa: A Computational
Protein-Protein Docking and Molecular Dynamics Refinement Study,”
Biochemical and Biophysical Research Communications 452, no. 3
(2014): 408-414.

31. R. G. Di Scipio, K. Kurachi, and E. W. Davie, “Activation of Human
Factor IX (Christmas Factor),” Journal of Clinical Investigation 61, no. 6
(1978): 1528-1538.

32.Y. Makino, K. Omichi, N. Kuraya, et al., “Structural Analysis of N-
Linked Sugar Chains of Human Blood Clotting Factor IX,” Journal of
Biochemistry 128, no. 2 (2000): 175-180.

33.V. R. Arruda, J. N. Hagstrom, J. Deitch, et al., “Posttranslational
Modifications of Recombinant Myotube-Synthesized Human Factor
1X,” Blood 97, no. 1 (2001): 130-138.

34. L. Hedstrom, “Serine Protease Mechanism and Specificity,” Chemi-
cal Reviews 102, no. 12 (2002): 4501-4524.

35.T. Zogg and H. Brandstetter, “Structural Basis of the Cofactor-and
Substrate-Assisted Activation of Human Coagulation Factor IXa,”
Structure 17, no. 12 (2009): 1669-1678.

36. T. Zogg and H. Brandstetter, “Complex Assemblies of Factors IX and
X Regulate the Initiation, Maintenance, and Shutdown of Blood Coag-
ulation,” Progress in Molecular Biology and Translational Science 99
(2011): 51-103 Amsterdam, Elsevier.

37. B. Osterud and S. I. Rapaport, “Activation of Factor IX by the Reac-
tion Product of Tissue Factor and Factor VII: Additional Pathway for
Initiating Blood Coagulation,” Proceedings of the National Academy of
Sciences of the United States of America 74, no. 12 (1977): 5260-5264.

7 of 8


https://doi.org/10.1172/jci.insight.128683
https://doi.org/10.1172/jci.insight.128683
https://doi.org/10.1126/science.1749935
https://doi.org/10.1126/science.1749935

38. W. Bode, I. Mayr, U. Baumann, R. Huber, S. R. Stone, and J. Hof-
steenge, “The Refined 1.9 A Crystal Structure of Human Alpha-
Thrombin: Interaction With D-Phe-Pro-Arg Chloromethylketone and
Significance of the Tyr-Pro-Pro-Trp Insertion Segment,” EMBO Journal
8, no. 11 (1989): 3467-3475.

39. R. Huber and W. Bode, “Structural Basis of the Activation and Ac-
tion of Trypsin,” Accounts of Chemical Research 11 (1978): 114-122.

40. W. Bode, P. Schwager, and R. Huber, “The Transition of Bovine
Trypsinogen to a Trypsin-Like State Upon Strong Ligand Binding.
The Refined Crystal Structures of the Bovine Trypsinogen-Pancreatic
Trypsin Inhibitor Complex and of Its Ternary Complex With Ile-Val
at 1.9 A Resolution,” Journal of Molecular Biology 118, no. 1 (1978):
99-112.

41. W. Bode, “The Transition of Bovine Trypsinogen to a Trypsin-Like
State Upon Strong Ligand Binding. II. The Binding of the Pancreatic
Trypsin Inhibitor and of Isoleucine-Valine and of Sequentially Related
Peptides to Trypsinogen and to p-Guanidinobenzoate-Trypsinogen,”
Journal of Molecular Biology 127, no. 4 (1979): 357-374, https://doi.org/
10.1016/0022-2836(79)90227-4.

42.W. Bode and R. Huber, “Induction of the Bovine Trypsinogen-
Trypsin Transition by Peptides Sequentially Similar to the N-Terminus
of Trypsin,” FEBS Letters 68, no. 2 (1976): 231-236.

43.P. J. Lenting, H. ter Maat, P. P. Clijsters, M. J. Donath, J. A. van
Mourik, and K. Mertens, “Cleavage at Arginine 145 in Human Blood
Coagulation Factor IX Converts the Zymogen Into a Factor VIII Bind-
ing Enzyme,” Journal of Biological Chemistry 270, no. 25 (1995): 14884-
14890, https://doi.org/10.1074/jbc.270.25.14884.

44, R. M. Bertina, I. K. van der Linden, P. M. Mannucci, et al., “Muta-
tions in Hemophilia Bm Occur at the Argl80-Val Activation Site or in
the Catalytic Domain of Factor IX,” Journal of Biological Chemistry 265,
no. 19 (1990): 10876-10883.

45. A. Branchini, M. Morfini, B. Lunghi, et al., “F9 Missense Mutations
Impairing Factor IX Activation Are Associated With Pleiotropic Plasma
Phenotypes,” Journal of Thrombosis and Haemostasis 20, no. 1 (2022):
69-81.

46. J. Sturzebecher, E. Kopetzki, W. Bode, and K. P. Hopfner, “Dramatic
Enhancement of the Catalytic Activity of Coagulation Factor [Xa by Al-
cohols,” FEBS Letters 412, no. 2 (1997): 295-300.

47.K. P. Hopfner, A. Lang, A. Karcher, et al., “Coagulation Factor 1Xa:
The Relaxed Conformation of Tyr99 Blocks Substrate Binding,” Struc-
ture 7, no. 8 (1999): 989-996.

48.D. A. Smiley and R. C. Becker, “Factor IXa as a Target for Anticoagu-
lation in Thrombotic Disorders and Conditions,” Drug Discovery Today
19, no. 9 (2014): 1445-1453.

49.D. W. Stafford, “Extravascular FIX and Coagulation,” Thrombosis
Journal 14, no. Suppl 1 (2016): 35.

50. L. Ivanciu, R. Toso, P. Margaritis, et al., “A Zymogen-Like Factor Xa
Variant Corrects the Coagulation Defect in Hemophilia,” Nature Bio-
technology 29, no. 11 (2011): 1028-1033.

51. L. Ivanciu, V. R. Arruda, and R. M. Camire, “Factor IXa Variants
Resistant to Plasma Inhibitors Enhance Clot Formation In Vivo,” Blood
141, no. 16 (2023): 2022-2032.

52.D. M. Stern, G. Knitter, W. Kisiel, and P. P. Nawroth, “In Vivo Evi-
dence of Intravascular Binding Sites for Coagulation Factor IX,” British
Journal of Haematology 66, no. 2 (1987): 227-232.

53.T. Gui, A. Reheman, H. Ni, et al., “Abnormal Hemostasis in a
Knock-In Mouse Carrying a Variant of Factor IX With Impaired Bind-
ing to Collagen Type IV,” Journal of Thrombosis and Haemostasis 7, no.
11 (2009): 1843-1851.

54. A. Leuci, N. Enjolras, M. Marano, et al., “Extravascular Factor IX
Pool Fed by Prophylaxis Is a True Hemostatic Barrier Against Bleed-
ing,” Journal of Thrombosis and Haemostasis 22, no. 3 (2024): 700-708.

55.H. E. Fuchs, H. G. Trapp, M. J. Griffith, H. R. Roberts, and S. V.
Pizzo, “Regulation of Factor IXa In Vitro in Human and Mouse Plasma
and In Vivo in the Mouse. Role of the Endothelium and the Plasma
Proteinase Inhibitors,” Journal of Clinical Investigation 73, no. 6 (1984):
1696-1703.

56.J. A. Huntington, “Serpin Structure, Function and Dysfunction,”
Journal of Thrombosis and Haemostasis 9, no. Suppl 1 (2011): 26-34.

57. 1. Schechter and A. Berger, “On the Size of the Active Site in Prote-
ases. 1. Papain,” Biochemical and Biophysical Research Communications
27,no0. 2 (1967): 157-162.

58. D.J. Johnson, J. Langdown, and J. A. Huntington, “Molecular Basis
of Factor IXa Recognition by Heparin-Activated Antithrombin Re-
vealed by a 1.7-A Structure of the Ternary Complex,” Proceedings of the
National Academy of Sciences of the United States of America 107, no. 2
(2010): 645-650, https://doi.org/10.1073/pnas.0910144107.

59. G. Lu, G.J. Broze, Jr., and S. Krishnaswamy, “Formation of Factors
IXa and Xa by the Extrinsic Pathway: Differential Regulation by Tissue
Factor Pathway Inhibitor and Antithrombin II1,” Journal of Biological
Chemistry 279, no. 17 (2004): 17241-17249.

60. L. Yang, C. Manithody, S. H. Qureshi, and A. R. Rezaie, “Contribu-
tion of Exosite Occupancy by Heparin to the Regulation of Coagulation
Proteases by Antithrombin,” Thrombosis and Haemostasis 103, no. 2
(2010): 277-283, https://doi.org/10.1160/TH09-08-0585.

61.J. A. Marcum, J. B. McKenney, and R. D. Rosenberg, “Acceleration of
Thrombin-Antithrombin Complex Formation in Rat Hindquarters via
Heparinlike Molecules Bound to the Endothelium,” Journal of Clinical
Investigation 74, no. 2 (1984): 341-350.

62.J. A. Marcum and R. D. Rosenberg, “Anticoagulantly Active
Heparin-Like Molecules From Vascular Tissue,” Biochemistry 23, no.
8 (1984): 1730-1737.

63. M. J. Heeb, K. M. Cabral, and L. Ruan, “Down-Regulation of Factor
IXa in the Factor Xase Complex by Protein Z-Dependent Protease Inhib-
itor,” Journal of Biological Chemistry 280, no. 40 (2005): 33819-33825.

64. A. H. Schmaier, L. D. Dahl, A. J. Rozemuller, et al., “Protease Nex-
in-2/Amyloid Beta Protein Precursor. A Tight-Binding Inhibitor of Co-
agulation Factor IXa,” Journal of Clinical Investigation 92, no. 5 (1993):
2540-2545.

65. R. Chattopadhyay, T. Sengupta, and R. Majumder, “Inhibition of In-
trinsic Xase by Protein S: A Novel Regulatory Role of Protein S Indepen-
dent of Activated Protein C,” Arteriosclerosis, Thrombosis, and Vascular
Biology 32, no. 10 (2012): 2387-2393.

66. W. E. Plautz, V. S. Sekhar Pilli, B. C. Cooley, et al., “Anticoagulant
Protein S Targets the Factor IXa Heparin-Binding Exosite to Prevent
Thrombosis,” Arteriosclerosis, Thrombosis, and Vascular Biology 38, no.
4(2018): 816-828.

67.M. Z. Kounnas, F. C. Church, W. S. Argraves, and D. K. Strick-
land, “Cellular Internalization and Degradation of Antithrom-
bin III-Thrombin, Heparin Cofactor II-Thrombin, and Alpha
1-Antitrypsin-Trypsin Complexes Is Mediated by the Low Density Lipo-
protein Receptor-Related Protein,” Journal of Biological Chemistry 271,
no. 11 (1996): 6523-6529.

68.J. G. Neels, B. M. van Den Berg, K. Mertens, et al., “Activation of
Factor IX Zymogen Results in Exposure of a Binding Site for Low-
Density Lipoprotein Receptor-Related Protein,” Blood 96, no. 10 (2000):
3459-3465.

69. M. Z. Kounnas, R. D. Moir, G. W. Rebeck, et al., “LDL Receptor-
Related Protein, a Multifunctional ApoE Receptor, Binds Secreted Beta-
Amyloid Precursor Protein and Mediates Its Degradation,” Cell 82, no.
2(1995): 331-340.

8 of 8

IUBMB Life, 2025


https://doi.org/10.1016/0022-2836(79)90227-4
https://doi.org/10.1016/0022-2836(79)90227-4
https://doi.org/10.1074/jbc.270.25.14884
https://doi.org/10.1073/pnas.0910144107
https://doi.org/10.1160/TH09-08-0585

	Blood Coagulation Factor IX: Structure, Function, and Regulation
	ABSTRACT
	1   |   Introduction
	2   |   Historical Perspective
	3   |   FIX Structure
	4   |   Domain Structure of FIX
	4.1   |   The Gla Domain
	4.2   |   The EGF Domains
	4.3   |   The Linker Region
	4.4   |   The Activation Peptide
	4.5   |   The Protease Domain

	5   |   FIX Activation
	6   |   Structure and Catalytic Properties of FIXa
	7   |   Factor IXa and Intrinsic Xase
	8   |   FIX and FIXa Clearance and Distribution
	9   |   Extravascular FIX
	10   |   Inhibition by Endogenous Anticoagulants
	11   |   Concluding Remarks
	Conflicts of Interest
	References


