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Abbreviations

α2M α2-macroglobulin
CH3-SO2-LGR-pNA CH3-SO2-D-leucyl-L-glycyl-L-arginyl-p-nitroanilide
EGF epidermal growth factor
FIX factor IX
FIXa activated factor IX
FV factor V
FVa activated factor V
FVII factor VII
FVIIa activated FVII
FVIII factor VIII
FVIIIa activated factor VIII
FX factor X
FXa activated factor X
FXI factor XI
FXIa activated factor XI
FXIII factor XIII
FXIIIa activated factor XIII
Gla γ-carboxyglutamic acid
GST glutathione-S-transferase
HSA human serum albumin
LDL low density lipoprotein
LMW-heparin low molecular weight heparin
LRP low density lipoprotein receptor-related protein
PABA p-aminobenzamidine
PAR protease-activated receptor
pNA p-nitroanilide
RAP receptor-associated protein
SDS sodium dodecyl sulfate
sLRP soluble low density lipoprotein receptor-related protein
SPR surface plasmon resonance
TAFI thrombin-activatable fibrinolysis inhibitor
TF tissue factor
vWF von Willebrand factor
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BLOOD COAGULATION
Correct functioning of hemostasis is essential for healthy life. It must ensure unobstructed

blood flow within the vasculature, while preventing serious blood loss upon vascular injury. The
protective mechanisms initiated in response to vascular injury include vasoconstriction, platelet
deposition and formation of a fibrin network (1). The fibrin network, stabilizing a platelet-based
primary hemostatic plug, is a product of a sequence of amplifying enzymatic reactions, also referred
to as the blood coagulation cascade. The reactions within the coagulation cascade are driven by
enzymes from the serine protease family. In contrast to other serine proteases such as trypsin or
elastase, coagulation enzymes are characterized by narrow substrate specificity and tight regulation.
This regulation involves two essential steps: conversion of an inactive zymogen into an active
enzyme and assembly of the active enzyme into a membrane bound complex with an (activated)
cofactor (Fig. 1) (2,3). Additionally, protease activity in blood is also controlled by several protease
inhibitors such as antithrombin and tissue factor pathway inhibitor.

The presence of inhibitors and the absence of activated enzymes, cofactors and a suitable
reaction surface ensures that the coagulation is not triggered prematurely. When the vessel wall is
compromised, however, the blood comes into contact with tissue factor (TF), a membrane-bound
protein expressed on cells that are normally separated from the blood flow. TF serves as a cofactor
for factor VII (FVII), which circulates in blood as a mixture of non-activated and activated form in
a ratio of 100:1. This is possible because the free activated FVII (FVIIa) is remarkably inert towards
its physiological substrates and inhibitors. Both activated and non-activated FVII bind to the newly
exposed TF, which is followed by rapid conversion of the bound non-activated FVII to FVIIa by a
mechanism that is not yet fully understood. TF increases the enzymatic activity of FVIIa by several
orders of magnitude and allows it to activate its physiological substrates factors X (FX) and IX
(FIX) with high efficiency (4). Activated FX (FXa) generates low amounts of thrombin, but at the
same time allows the tissue factor pathway inhibitor to inactivate the FVIIa·TF complex,
dampening the initiation stage of the coagulation cascade (5).

Thrombin initially generated by FXa starts converting fibrinogen to fibrin, marking the
beginning of the formation of the insoluble fibrin network. To provide it with extra strength, fibrin
is further cross-linked by thrombin-activated factor XIII (FXIIIa) (6,7). Importantly, thrombin also
enhances its own production by a positive feedback mechanism in two ways. Firstly, low initial
levels of thrombin are sufficient to induce platelet activation via protease-activated receptors
(PARs) 1 and 4, and by removal of glycoprotein V from the glycoprotein Ib·V·IX complex (8).
Activated platelets, besides forming the primary hemostatic plug, provide a suitable surface for the
coagulation reactions of the thrombin feedback loop. Secondly, thrombin proteolytically activates
factor XI (FXI) and protein cofactors factors VIII and V (FVIII, FV). The function of activated FXI
(FXIa) is to convert more FIX zymogen into activated FIX (FIXa) (9). FIXa then forms a
membrane bound complex with activated FVIII (FVIIIa), which increases the activity of the
enzyme by several orders of magnitude and accelerates conversion of its substrate FX into FXa
(10). In an analogous way, the activity of FXa is enhanced by assembly of a membrane bound
complex with activated FV (FVa), which closes the circle and leads to rapid thrombin generation
(11). Interestingly, the formation of thrombin continues long after most of the fibrinogen has been
removed form the fluid phase and incorporated into the insoluble fibrin network (12). The free
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thrombin produced readily associates with its cofactor thrombomodulin, a membrane-bound protein
expressed abundantly on the surface of endothelial cells. Complex formation of thrombin with
thrombomodulin alters enzyme’s specificity and instead of activating PAR receptors and fibrinogen,
thrombin now shows dramatically increased efficiency in activation of thrombin-activatable
fibrinolysis inhibitor (TAFI) and protein C (13). TAFI is a carboxypeptidase that attenuates
fibrinolysis by removing from fibrin COOH-terminal lysine residues contributing to the activation
of plasmin and its protection from inhibition (14). Activated protein C, aided by its cofactor protein
S and non-activated FV, mediates limited proteolysis of membrane bound FVIIIa and FVa,
disrupting their cofactor function and switching off the thrombin feedback loop (15). This
constitutes the termination stage of blood coagulation.

A complex system like the blood coagulation cascade, involving many enzymes and
cofactors, requires proper functionality of all its components to reliably maintain blood hemostasis.
If some of these components are missing, the result can be a serious disruption of the whole system.
FIX, one of the participants in the feedback loop responsible for enhanced thrombin generation,
exemplifies this rather well, as the absence of functional FIX protein is associated with a bleeding
disorder hemophilia B (16).

FACTOR IX
Hemophilia B affects 1 in every 30000 to 50000 males (16). Based on the level of remaining

FIX clotting activity, it is often classified into three groups: severe (less than 1%), moderate (2-5%)

FVIITF

FVII·TF

FVIIa·TF

Vascular injury
FIX

FIXa

FX FXa

FIXa·FVIIIa

FXa·FVa

FVa

Prothrombin Thrombin

FVIIIa FVIII·vWF

FXIa FXI

FV

Fibrinogen Fibrin
FXIII

FXIIIa

Cross-linked fibrin

FIG. 1. Simplified scheme of the blood coagulation cascade. The left side of the scheme shows the initiation events,
while the right side represents the propagation stage. FIXa, the focus of this thesis, assembles with FVIIIa into a
membrane bound complex shown here in gray. The figure does not include the termination stage of the coagulation
cascade. vWF – von Willebrand factor, a carrier protein of non-activated FVIII
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and mild (6-30% of normal). The inheritance follows a typical X-linked pattern, which is due to the
location of FIX gene in region Xq27 near the tip of the long arm of the X chromosome (17,18). The
34 kb long FIX gene contains 7 exons and 8 introns and its transcription results in a 2.8 kb long
mRNA  (19,20). Translation of the mRNA gives rise to a 461 amino acid long immature protein.
This nascent protein is further processed by two intracellular proteolytic cleavages, the first one
removing a 12 amino acid long signal peptide and the second one an 18 amino acid long propeptide.
Between the first and second cleavage, FIX undergoes a number of post-translational modifications,
the most typical of them being the γ-carboxylation of 12 glutamate residues into so called Gla-
residues by a vitamin K dependent carboxylase (21). Additionally, it also receives up to 4 O-linked
(residues Ser53, Ser61, Thr159 and Thr169) and 2 N-linked (residues Asn157 and Asn167)
oligosaccharides and undergoes partial hydroxylation of residue Asp64 (22-26).

The mature FIX circulates in blood as a single-chain 415 amino acid long zymogen with a
molecular weight of 56 kDa (27). Upon initiation of blood coagulation, FIX is converted into
activated FIX by limited proteolysis mediated by the FVIIa·TF complex or FXIa. The activation is a
two-step process involving sequential cleavages at positions Arg145 and Arg180 (Fig. 2) (28). The
first cleavage gives rise to FIXα, a transient intermediate that is unable to convert FX, but
displays activity, albeit reduced, towards small peptide substrates and binding to the light chain of
FVIII that is indistinguishable from that of fully active FIXa (29). The second cleavage liberates the
activation peptide and produces fully active FIXa, which is able to convert FX to FXa and bind
FVIIIa with high affinity. FIXa is thus a two-chain molecule comprising an 18 kDa NH2-terminal
light chain and a 28 kDa COOH-terminal heavy chain, with both chains connected via a disulfide
bridge. FIXa possesses a distinct domain organization (Fig. 3) (20,30). First from theNH2-terminus
of the light chain is the Gla domain containing all 12 Gla-residues. Binding of metal

Gla EGF 1 EGF 2 Activation
peptide Protease domain

Factor IX zymogen

Gla EGF 1 EGF 2 Protease domain

Light chain Heavy chain
Factor IXa

Factor IXα

Gla EGF 1 EGF 2 Activation
peptide Protease domain

Arg145

Arg180

FIG. 2. Proteolytic activation of coagulation FIX.  The two stages in FIX activation are shown. The first proteolytic
cleavage at Arg145 yields FIXα, an intermediate with reduced activity, but normal FVIIIa binding. The second cleavage at
Arg180 produces fully active FIXa.
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cations to the Gla residues ensures the correct tertiary structure necessary for interaction with the
plasma membrane (31-33). Evidence exists that this domain also participates in the interaction with
FVIIIa (34). The Gla domain is followed by a pair of domains with a considerable homology to
epidermal growth factor (EGF). The first EGF domain contains a high-affinity calcium binding site
and is required for proper FIX activation and binding to FVIIIa (35-37). The linker region
connecting the two EGF domains and the second EGF domain itself contribute to FVIIIa binding
and assembly of the FX activating complex (38-40). The heavy chain of FIXa, which will receive
particular attention in this thesis, carries the enzymatic activity of the enzyme. The heavy chain is
formed solely by the protease domain that possesses structural features that are common to all
enzymes of the serine protease family (Fig. 4). The common architecture comprises two
interconnected antiparallel β-barrels with an active site located in a cleft formed between them (30).
In the active site, the three residues of the catalytic triad (His211, Asp269 and Ser365 corresponding to
positions 57, 102 and 195 in chymotrypsin numbering) are strictly conserved in all trypsin-like
serine proteases. However, these conserved regions are interconnected by a number of flexible
loops that are specific for FIX and contribute to substrate recognition following the exposure of the
active site upon activation (Fig. 4) (41). The protease domain of activated FIX has been shown to
interact with FVIIIa, FX and antithrombin (42-47). Interestingly, activation of FIXa not only
exposes the active site, but also increases the affinity of FIX for FVIIIa, the binding site of which
has been mapped to surface helix 333-339 (c165-c169) located at some distance from the active site

Gla domain

EGF 1 domain

EGF 2 domain

Protease domain

FIG. 3. Domain organization
of coagulation FIXa. The
figure represents the crystal
structure of porcine FIXa
(30). Positions and names of
individual domains are
indicated. The black moiety
on top of the protease domain
is the active site blocking
inhibitor D-Phe-Pro-Arg-
chloromethyl ketone.
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itself (29,43,46). This suggests that the removal of the activation peptide may result in a general
rearrangement of the protease domain. In this respect it is of interest that a recent paper from our
laboratory identified another protein, a multifunctional endocytic receptor called low density
lipoprotein receptor-related protein (LRP), that also shows a marked preference for binding to
activated FIX (48).

LOW DENSITY LIPOPROTEIN RECEPTOR-RELATED PROTEIN
LRP, also known as α2-macroglobulin receptor or CD91, is a large endocytic receptor, a

member of the low density lipoprotein receptor family (49). Transcription and translation of the
92 kb long LRP gene produces a 600 kDa single-chain immature protein. During translocation
through the endoplasmic reticulum the immature LRP molecule interacts with the receptor-
associated protein (RAP), an intracellular chaperone that prevents premature ligand binding and
ensures efficient surface expression (50-52). Further processing in the trans-Golgi network by the
endoprotease furin gives rise to a two-chain molecule comprising a fully extracellular NH2-terminal
515 kDa α-chain and a membrane-spanning 85 kDa β-chain, with both chains associated in a tight

256-268

340-347

235-246

223-229

199-204

312-322

389-394
354-358

NH2-terminus

FIG. 4. Ribbon representation of the protease domain of porcine FIXa. The view into the active site of FIXa with the
covalently bound inhibitor D-Phe-Pro-Arg-chlormethyl ketone shows surrounding surface loops that participate in the
interactions with macromolecular substrates. The FVIIIa binding helix is located at lower left. The NH2-terminus of the heavy
chain, inserted near the active site, can be found towards lower right. The position of the light chain would be “behind” the
protease domain.
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non-covalent fashion (53,54). The intracellular portion of the β-chain contains two NPxY motifs
that are specific for endocytosis (55). However, the intracellular part of the β-chain may also play a
role in cell signaling, because it can interact with a number of intracellular proteins such as Dab-1
and FE65, or even be cleaved off by γ-secretase and released into the cytoplasm (56-58). The
extracellular α-chain is responsible for ligand binding and consists of several repetitive modules
that include class A cysteine-rich ligand binding repeats also known as complement-type repeats,
EGF-like domains and YWTD repeats. Complement-type repeats cluster in four distinct regions
referred to as clusters I, II, III and IV (Fig. 5) (59). Of these, clusters II and IV have been shown to
be important for ligand binding (60). The YWTD repeats, positioned around the cluster regions,
seem to play a role in the release of bound ligands in the low pH environment of the lysosome (61).

LRP is characterized by its broad ligand specificity and cellular distribution. It is expressed
on a wide variety of cells including parenchymal cells, Kupffer cells, neurons, astrocytes,
monocytes, smooth muscle cells, adipocytes and fibroblasts (62). In an organism, LRP is most
prominently present in the liver, brain, lung and placenta. The various structurally and functionally
unrelated ligands LRP can bind and endocytose include lipases, lipoproteins, matrix proteins,

II

IV

III

COOH

NH2
I Complement-type repeat

YWTD repeats

EGF domain

Transmembrane domain

NPxY motif

I

II

III

IV

FIG. 5. Domain organization of LRP.  The repetitive modular
composition of the LRP molecule clearly shows in this figure.
The most conspicuous feature is the concentration of
complement-type repeats into four tight clusters, indicated by
Roman numerals. Clusters II and IV are important for ligand
binding (60).
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proteases and protease/inhibitor complexes, Kunitz-type inhibitors and several others. Most of the
LRP ligands are targeted to the lysosome, but some of them are able to escape the degradation
pathway and are directed into the cytoplasm (endotoxin A of Pseudomonas Aureginosa) or to the
cell nucleus (transactivator protein from human immunodeficiency virus type 1, HIV-1 TAT
protein) (63,64). The broad ligand specificity and wide cellular distribution suggest that LRP
participates in many processes such as lipoprotein and protease metabolism, activation of lysosomal
enzymes, and cellular entry of viruses and toxins (65). LRP also seems to contribute to the transport
of amyloid-β peptide across the blood-brain barrier, suggesting it may play some role in
transcytosis (66). Besides its function as an endocytic receptor, LRP also controls a number of
processes by participating in cell signaling. Acting as a co-receptor of platelet-derived growth factor
(PDGF) receptor, LRP is involved in the regulation of vascular smooth muscle cell proliferation
(67,68). In neurons it regulates synaptic plasticity by controlling the influx of Ca2+-ions in a
concerted action with N-methyl-D-aspartate (NMDA) receptor and, by another mechanism, it has
an effect on changes in long term potentiation, a parameter that describes long term memory
formation and storage (69,70). Evidence is also emerging of its role in regulating the permeability
of the blood-brain barrier (71). Apart from the endocytosis and cell signaling, there may be yet
another mechanism by which LRP could influence certain physiological processes. This mechanism
would involve the soluble form of LRP that circulates in plasma (72). Soluble LRP, released form
the cell surface by a yet unidentified metalloprotease, consists of the complete α-chain with its
ligand binding properties, and a 20 kDa long section of the extracellular portion of the β-chain (73).
It is possible that a blood-resident system, such as the coagulation cascade with certain components
capable of LRP binding, could be a target for modulation by soluble LRP.

SCOPE OF THIS THESIS
Recently, FIXa, but not non-activated FIX zymogen, was identified as one of these LRP-

interacting components of the blood coagulation cascade (48). The studies described in this
dissertation were initiated to unravel the mechanism of FIXa-LRP interaction on the molecular as
well as functional level. FIXa is an enzyme that requires assistance from its cofactor FVIIIa to
achieve its full enzymatic potential. As such, FIXa may be rather susceptible to modulation of its
enzymatic activity by LRP binding, should this binding occur in one of its extensive functionally
important regions. Questions relevant to the whole issue of FIXa activity and LRP interaction were
therefore addressed in the individual chapters of the thesis:

Chapter II: What is the location of the LRP interactive site(s) within the FIXa molecule, and
what is the effect of LRP binding on FIXa activity and complex assembly with FVIIIa?
Chapter III: What is the functional significance of the LRP interactive region(s) identified in
Chapter II in terms of FIXa enzymatic activity and its stimulation by FVIIIa?
Chapter IV: What is the relationship between the LRP and heparin binding sites and how is
it possible that heparin interferes with FIXa·LRP complex assembly, when heparin binds
both activated FIX and FIX zymogen, while LRP binds only FIXa? Is the heparin binding
site also activation dependent?
Chapter V: What is the contribution of the positively charged amino acid residues in the
heparin/LRP interactive region to FIXa activity and FVIIIa stimulation?
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Chapter VI: Which complement-type repeats are involved in the interaction between FIXa
and LRP clusters II and IV, and how FIXa in this respect differs form other established LRP
ligands such α2-macroglobulin and receptor-associated protein?
Finally, Chapter VII discusses findings obtained in the experimental chapters. A special

attention is given to the nature of the LRP, heparin and FVIIIa binding regions and to the possible
modulation of these regions during proteolytic activation of FIX.
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SUMMARY
When blood coagulation factor IX is converted to activated factor IX (factor IXa), it

develops enzymatic activity and exposes the binding sites for both activated factor VIII and the
endocytic receptor low density lipoprotein receptor-related protein (LRP). In the present study we
investigated the interaction between factor IXa and LRP in more detail, using an affinity-purified
soluble form of LRP (sLRP). Purified sLRP and full-length LRP displayed similar binding to factor
IXa. An anti-factor IX monoclonal antibody CLB-FIX 13 inhibited factor IXa·sLRP complex
formation. Both the antibody and a soluble recombinant fragment of LRP (i.e. cluster IV) interfered
with factor IXa amidolytic activity, suggesting that the antibody and LRP share similar binding
regions near the active site of factor IXa. Next, a panel of recombinant factor IXa variants with
amino acid replacements in the surface loops bordering the active site was tested for binding to
antibody CLB-FIX 13 and sLRP in a solid phase binding assay. Factor IXa variants with mutations
in region Phe342-Asn346, located between the active site of factor IXa and factor VIII binding helix,
showed reduced binding to both antibody CLB-FIX 13 and sLRP. Surface plasmon resonance
analysis revealed that the variant with Asn346 replaced by Asp displayed slower association to
sLRP, whereas the variant with residues Phe342-Tyr345 replaced by the corresponding residues of
thrombin showed faster dissociation. Recombinant soluble LRP fragment cluster IV inhibited factor
IXa-mediated activation of factor X with IC50 values of 5 and 40 nM in the presence and absence of
factor VIII, respectively. This inhibition thus seems to occur via two mechanisms: by interference
with factor IXa·factor VIIIa complex assembly and by direct inhibition of factor IXa enzymatic
activity. Accordingly, we propose that LRP may function as a regulator of blood coagulation.

INTRODUCTION
Factor IX (FIX) is a vitamin K dependent serine protease precursor which, upon activation,

participates in the blood coagulation process (1). Its relevance for hemostasis is demonstrated by the
fact that the absence of functional FIX is associated with severe hemophilia B. FIX circulates in
plasma as a 56 kDa single-chain zymogen. Upon initiation of blood coagulation, FIX is converted
into its active form FIXa by means of limited proteolysis mediated by factor VIIa·tissue factor
complex or factor XIa (2). During this process, the activation peptide is cleaved off resulting in a
two-chain molecule comprising covalently linked light and heavy chains. The NH2-terminal light
chain (18 kDa) is composed of a γ-carboxyglutamic acid (gla)-containing domain and two
epidermal growth factor-like domains (3,4). The COOH-terminal heavy chain (28 kDa) contains a
trypsin-like protease domain that carries the enzymatic activity of FIXa (5). Upon activation, FIXa
forms a complex with activated factor VIII (FVIIIa). This complex then catalyzes FX activation in
the presence of Ca2+ ions and phospholipid surface, which leads to further propagation of blood
coagulation (6,7). Various mechanisms have been proposed to control FIXa activity. First, FIXa
may be inactivated via limited proteolysis mediated by elastase or plasmin (8-10). Second, FIXa
may form a complex with the serine protease inhibitors antithrombin or protease nexin-2 (11-13).  It
has been reported that the FIXa·protease nexin-2 complex is recognized and internalized by the low
density lipoprotein receptor-related protein (LRP) (14). Moreover, we have recently demonstrated
that the FIXa enzyme itself is a ligand for LRP as well (15).
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LRP, also known as α2-macroglobulin receptor or CD91, is a member of the low density
lipoprotein receptor family of transmembrane glycoproteins (16,17). LRP consists of two non-
covalently associated chains: the NH2-terminal extracellular α-chain (515 kDa) and the COOH-
terminal transmembrane β-chain (85 kDa). The cytoplasmic part of the β-chain contains the
endocytosis-specific signal motif, while the α-chain contains 4 regions enriched in complement-
type repeats, also called LRP clusters I, II, III and IV (18). LRP clusters II and IV have been
identified to be predominant in terms of ligand binding (19). LRP exhibits a remarkable ability to
bind a broad range of structurally and functionally unrelated ligands (16,17). This implies that LRP
may participate in a number of processes that include lipoprotein metabolism, cell growth and
migration, neuronal regeneration, fibrinolysis and blood coagulation. LRP is most prominently
present in the brain, liver, lung and placenta. The many cell types that express LRP are, among
others, parenchymal cells, Kupffer cells, neurones, astrocytes, smooth muscle cells, monocytes,
adipocytes and fibroblasts (20). A truncated form of LRP, referred to as soluble LRP or sLRP,
circulates in plasma (21). It comprises the complete ligand binding α-chain and the NH2-terminal
portion of the β-chain (22).

It has been shown that low molecular weight heparin effectively interferes with the binding
of FIXa to LRP (15). Since FIXa binds heparin with high affinity (23), this suggests that heparin
and LRP might require the same structural determinants for their interaction with FIXa.
Nevertheless, FIX zymogen also exhibits high affinity heparin binding (24), yet it fails to bind to
LRP. Clearly, additional regions that become available upon FIX activation must participate in
FIXa interaction with LRP.

The aim of the present study was to identify regions within the FIXa molecule that
contribute to the interaction with LRP. By using monoclonal anti-FIX antibodies and recombinant
FIXa chimeric molecules, we have found that the FIXa surface region Phe342-Asn346 contributes to
the interaction between FIXa and LRP. Moreover, we show that LRP binding affects the enzymatic
function of FIXa.

EXPERIMENTAL PROCEDURES
Materials- CNBr-Sepharose 4B, Q-Sepharose FF, Glutathione-Sepharose and Protein A-Sepharose were from

Amersham Biosciences (Roosendaal, The Netherlands). Heparin (grade A-1), vitamin K1 and benzamidine were
obtained from Sigma. Low molecular weight heparin (LMW) was from Pharmacia and Upjohn (Woerden, The
Netherlands). 4-(2-aminoethyl)-benzenesulfonyl fluoride (Pefabloc) was from Roche Molecular Diagnostics (Almere,
The Netherlands).  Pfu-polymerase was from Stratagene (Cambridge, U.K.). Oligonucleotide primers, restriction
enzymes, DNA modifying enzymes, Dulbecco’s modified Eagle’s medium, Geneticin and Fungizone were purchased
from Invitrogen (Breda, The Netherlands). Penicillin/streptomycin and fetal calf serum were from BioWhittaker
(Verviers, Belgium). CH3-SO2-D-leucyl-L-glycyl-L-arginyl-p-nitroanilide (CH3-SO2-LGR-pNA), product name CBS
31.39 was from Diagnostica Stago (Asnières, France). Pefachrome Xa was from Pentapharm AG, Basel, Switzerland.
Microtiter plates were from Dynatech (Plockingen, Germany) or, for FIXa amidolytic activity tests, FX activation assay
and antithrombin titration, from Corning (Badhoevedorp, The Netherlands). Cell factories (6000 cm2) were from Nunc
A/S (Roskilde, Denmark). BIAcoreTM-2000 and -3000 biosensor system and reagents (amino-coupling kit and CM5-
sensorchips) were from Biacore AB, (Uppsala, Sweden).

sLRP Purification- sLRP was purified from human plasma by affinity chromatography employing receptor-
associated protein fused to glutathione-S-transferase (GST-RAP) being coupled to sepharose, with 1 mg GST-RAP (see
the following section) coupled per ml CNBr-Sepharose 4B according to manufacturer’s instructions. Plasma was
centrifuged and the supernatant filtrated through a 0.4 µm filter. The filtrate was supplemented with 10 mM CaCl2,
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10 mM Benzamidine, 50 units/ml heparin, 25 mM Hepes (pH 7.4) by the addition of 10 times concentrated buffer.
400 ml of filtrate was then loaded onto a RAP-Sepharose column (20 ml). The column was extensively washed with
buffer containing 150 mM NaCl, 10 mM CaCl2, 10 mM Benzamidine, 5% (v/v) glycerol, 25 mM Hepes (pH 7.4) and
bound sLRP was subsequently eluted using the same buffer, but then with CaCl2 replaced by 20 mM EDTA. Remaining
contaminants were removed by ion-exchange chromatography on a Q-Sepharose column employing a gradient from
0.025 to 1 M NaCl in 5 % (v/v) glycerol, 25 mM Hepes (pH 8.0). Purified sLRP was subsequently concentrated on the
same column by elution with 1 M NaCl in the presence of 10 mM Pefablock. Concentrated sLRP was extensively
dialyzed against the buffer containing 100 mM NaCl, 5 mM CaCl2, 50 mM Tris (pH 7.4).

Other Proteins- GST-RAP fusion protein was expressed in E. coli DH5α as described previously (25). GST-
RAP was purified employing Glutathione-Sepharose according to the manufacturer’s instructions. Since the GST-tag
does not interfere with binding properties of RAP (25), GST-RAP was used in the present study. Full-length human
LRP was generously provided by Dr. S. Moestrup, University of Aarhus, Aarhus, Denmark. Transfected baby hamster
kidney cell lines (a kind gift of Dr. H. Pannekoek, Academic Medical Center, University of Amsterdam, Amsterdam,
The Netherlands) were used to produce recombinant LRP clusters II and IV. Both LRP clusters were purified by affinity
chromatography employing Sepharose-coupled GST-RAP (19). Monoclonal antibodies CLB-FIX 11 (26) and CLB-FIX
14 (27) have been described previously. Mouse monoclonal antibodies CLB-FIX 12 and CLB-FIX 13 were prepared as
described (28). Polyclonal anti-FIX antibodies were obtained by immunizing rabbits and were immunopurified by
Sepharose-coupled human FIX (28). All monoclonal antibodies were purified employing Protein A-Sepharose as
recommended by the manufacturer. Horseradish-conjugated antibodies were prepared as described (29). FX was
obtained by conventional chromatography techniques as described (30). Normal human plasma FIX was purified by
immunoaffinity chromatography using monoclonal antibody CLB-FIX D4 (26). Factor XIa was purchased from
Enzyme Research Laboratories (South Bend, IN). FVIII light chain was obtained from human plasma FVIII by EDTA
dissociation followed by immunoaffinity chromatography (28). Antithrombin and human serum albumin (HSA) were
from the Sanquin Plasma Products Division.

Construction of Expression Vectors Encoding Recombinant FIX Variants- FIXdes(N264,K265), FIXK265A and
FIX199-204/FII  were described previously (31,32). FIX258-267/FX, FIXN346D and FIX342-345/FII were constructed using
mammalian expression plasmid pKG5 containing human FIX cDNA (33) as a template for the PCR-based mutagenesis
(34), employing partially overlapping oligonucleotide primers: 5’-TTC ACA AAG GAG ACC TAT GAC CAT GAC
ATT GCC CTT CTG-3’ (sense) and 5’-ATA GGT CTC CTT TGT GAA CCG GTG GTG AGG AAT AAT TGC-3’
(antisense) for FIX258-267/FX; 5’-TTC TGT GCC GGC TTC CAT GAA GGA-3’ (sense), 5’-ATG GAA GCC GGC
ACA GAA CAT GTT GTT AGT GAT TCT GAT CTT TGT AGA TCG AAG-3’ (antisense) for FIX342-345/FII and 5’-
ATG GAA GCC GGC ACA GAA CAT GTT GTC ATA GAT GGT-5’ (antisense) for FIXN346D. The mutated full-
length cDNA was digested with restriction enzymes BamHI and HindIII and subsequently ligated into the
corresponding restriction sites in pKG5. The final FIX constructs were verified by DNA sequence analyses. Table II
shows changes in the amino acid sequence for all recombinant FIX variants as opposed to FIX wild type.

Recombinant FIX- Stable cell lines producing FIX variants were obtained by calcium phosphate co-
precipitation method and selection with geneticin  (32). As reported previously, the expression system used in this study
yields recombinant FIX molecules with normal calcium-dependent properties and similar activities for recombinant
wild type and plasma derived FIXa (26,33,35) with an average Gla-content of 11 mol Gla per mol of protein (36).
Recombinant FIX was purified by affinity chromatography employing anti-FIX monoclonal antibody CLB-FIX 14 from
concentrated medium obtained by culturing cell lines producing FIX in 1 liter cell factories (35). FIX was converted
into FIXa by limited factor XIa-mediated proteolysis as described (26). FIXa was purified from the activation mixture
employing anion exchange chromatography (26).

Protein Concentrations- Protein concentrations were determined by the method of Bradford (37), using HSA
as a standard. FIX antigen levels were determined by enzyme-linked immunosorbent assay employing a previously
described method (26). FIXa concentrations were determined by active-site titration with antithrombin in the presence
of heparin (26).

Amidolytic Activity of FIXa- FIXa amidolytic activity was measured as described previously (26). Shortly, the
conversion of 2.5 mM CH3-SO2-LGR-pNA by FIXa was determined in 96 well microtiter plate (Costar) in 100 mM
NaCl, 10 mM CaCl2, 0.2% (w/v) HSA, 50 mM Tris, (pH 7.4 or 8.4) by measuring the absorbance at 405 nM.
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FX Activation Assay- FX activation was performed in the presence of phospholipid vesicles (phophatidylserine
and phosphatidylcholine in 1 to 1 molar ratio), essentially as previously described (30). Phospholipid vesicles (100 µM)
and calcium ions were preincubated in siliconized glass tubes for 10 min in a buffer containing 100 mM NaCl, 10 mM
CaCl2, 0.5% (w/v) ovalbumin, 50 mM Tris, pH 7.4. After that FIXa (15 nM) with or without the LRP clusters II or IV
(also preincubated for 10 min) was added. The reaction was started by addition of FX (200 nM). When FX activation
was measured in the presence of FVIII, FVIII (0.3 nM) and thrombin (5 nM) were added 1 minute before the reaction
was started. FIXa concentration was then 0.3 nM. Sub-samples were drawn in time and the reaction was terminated in
buffer containing EDTA and 1 U/ml hirudin. The amount of FXa generated was determined spectrophotometrically at
405 nm, employing Pefachrome Xa substrate as previously described (30).

Surface Plasmon Resonance Analysis- Studies were performed using the BIAcoreTM biosensor system, based
on surface plasmon resonance (SPR) technology. SPR analysis was performed essentially as described previously (38).
Proteins were immobilized onto CM5-sensorchips using the amine coupling method according to the manufacturer’s
instructions. Routinely, a control channel was activated and blocked in the absence of protein. Binding to coated
channels was corrected for binding to non-coated channel (< 5 % of binding to coated channel). SPR analysis was
performed in 150 mM NaCl, 2 mM CaCl2, 0.005% (v/v) Tween-20, 20 mM Hepes (pH 7.4) at 25 ºC with a flow of
20 µl/min. The sensorchips were regenerated by incubating with 100 mM H3PO4 for 30 seconds at a flow of 20 µl/min.
For quantitative measurements of FIXa binding to LRP or sLRP, experiments were performed using 7 different
concentrations (6-110 nM) of FIXa. BIAevaluation 3.1 software (Biacore AB, Uppsala, Sweden) was used to analyze
the association and dissociation curves of the sensorgrams. Interaction constants were determined by performing non-
linear global fitting of data corrected for bulk refractive index changes. Data were fitted according to various models
available within the software. A model describing the interaction between FIXa and 2 independent binding sites
(heterologous ligand, parallel reactions) was found to provide the best fit of the experimental data for both sLRP and
full-length LRP. This same model was previously used by us to describe the interaction between FIXa and full-length
LRP (15).

Binding of FIXa to Immobilized sLRP in a Solid-phase Binding Assay- Purified sLRP was adsorbed onto
microtiter wells  (88 fmol/well) in 50 mM NaHCO3 (pH 9.5) for 16 hours at 4 ºC in a volume of 50 µl/well. The wells
were then blocked with 2 % (w/v) HSA in 150 mM NaCl, 5 mM CaCl2, 25 mM Hepes (pH 7.4) for 2 hours at 37 ºC in a
volume of 100 µl. After washing, 50 µl of FIXa was added in 150 mM NaCl, 5 mM CaCl2, 0.1% (v/v) Tween-12,
0.1% (w/v) HSA, 25 mM Hepes (pH 7.4). Bound FIXa was detected by incubating with peroxidase-labeled monoclonal
antibody CLB-FIX 11 for 15 min at 37 ºC in a volume of 50 µl.

Binding of Recombinant FIXa Variants to Immobilized Monoclonal Antibodies- Monoclonal antibodies CLB-
FIX 13 or CLB-FIX 14 were adsorbed onto the microtiter wells (3.3 pmol/well and 0.33 pmol/well respectively) in
50 mM NaHCO3 (pH 9.5) for 16 hours at 4 ºC in a volume of 50 µl/well. The wells were blocked with 2% (w/v) HSA
in 150 mM NaCl, 5 mM CaCl2, 25 mM Hepes (pH 7.4) for 2 hours at 37 ºC in a volume of 100 µl. After washing, 50 µl
of FIXa in concentrations between 0 and 10 nM was added in 150 mM NaCl, 5 mM CaCl2, 0.1% (v/v) Tween-12,
0.1% (w/v) HSA, 25 mM Hepes (pH 7.4). Bound FIXa was detected by incubating with 50 µl of peroxidase-labeled
monoclonal antibody CLB-FIX 11 for 1 hour at 37 ºC.

Inhibition of FIXa Activity by Antithrombin in the Presence of LMW-heparin- Experiments were performed
under pseudo first-order rate conditions essentially as previously described (39). Briefly, 150 nM FIXa was incubated
with 1.5 µM antithrombin and 400 nM of LMW-heparin at 37 °C in 100nM NaCl, 10 mM CaCl2, 0.2 % HSA, 50 mM
Tris, pH 7.4. Subsamples of 50 µl were drawn in regular intervals between 10 sec and 5 min and pipetted into a 96 well
microtiter plate containing Polybrene (1 mg/ml final concentration) to stop the action of heparin immediately.
Chromogenic substrate CBS 31.39 was added at a final concentration of 1.5 mM and residual FIXa activity was
measured at 405 nM. The time-dependent inhibition of FIXa activity was fitted to a first-order rate equation to obtain
values for the apparent pseudo first-order rate constant.

RESULTS
Soluble and Full-length LRP Display Similar Ligand Binding- To study FIXa-LRP

interaction we made use of the truncated soluble form of LRP (sLRP) (21). sLRP was purified from
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human plasma employing RAP-GST based affinity chromatography. The product obtained was
homogeneous as determined by SDS-polyacrylamide gel electrophoresis. In addition, sLRP
efficiently bound GST-RAP, FVIII light chain and FIXa (data not shown), all of which are
established ligands for LRP. The interaction between FIXa and both full-length LRP and sLRP was
analyzed in more detail by assessing the association and dissociation rate constants. For both LRP
species, the experimental data displayed a faster and a slower phase in FIXa binding and could be
adequately described employing a heterologous two-site binding model, indicating the presence of
(i) an interaction site with fast binding and somewhat lower affinity and (ii) an interaction site with
slower binding but high affinity for FIXa (class 1 and class 2 binding site, respectively). The
calculated association (kon) and dissociation (koff) rate constants that followed from this model were
similar for full-length LRP and sLRP (Table I), indicating that sLRP and full-length LRP are
indistinguishable in terms of FIXa binding.

FIXa but not FIX Zymogen Binds to Immobilized sLRP- Binding of FIXa to sLRP was
further analyzed in an immunosorbent assay by incubating immobilized sLRP with FIXa in various
concentrations. Bound FIXa was detected using monoclonal anti-FIX antibody CLB-FIX 11, which
is directed against the Gla-domain of FIXa (40). As shown in Fig. 1A, FIXa bound to immobilized
sLRP in a dose-dependent and saturable manner with half-maximal binding at 45 nM FIXa. In
contrast, no binding of FIX zymogen to immobilized sLRP could be detected. This is consistent
with our previous observation in which no binding of FIX zymogen to immobilized full-length LRP
was observed using SPR analysis (15). The specificity of the interaction between FIXa and sLRP
was further characterized in competition experiments using sLRP in solution. Whereas FIXa bound
efficiently to immobilized sLRP in the absence of sLRP in solution, binding was inhibited in a
dose-dependent manner in its presence (Fig. 1B). Half maximum inhibition was observed at 8 nM
of sLRP. We further tested the ability of recombinant LRP fragments cluster II and IV to interfere

TABLE I. Kinetics of pd-FIXa Binding to Immobilized LRP and sLRP in SPR. Association and dissociation between pd-
FIXa and both LRP and sLRP immobilized onto CM5-sensorchip (surface density 13 fmol/mm2 for both LRP species) was
investigated by passing 7 different concentrations (6-110 nM) over the LRP or sLRP coated channels for 120 seconds. Data
were analyzed by performing nonlinear global fitting of data corrected for bulk refractive index changes to calculate
association (kon) and dissociation (koff) rate constants employing a two-site binding model. Each binding site is referred to as 1
and 2, respectively. Data represent average values (±SD) of multiple experiments.

Immobilized
protein kon koff KD

M-1·s-1 s-1 M
LRP

1
2

(3.0 ± 0.9) x 106

(2.3 ± 0.3) x 105
(8.8 ± 3.8) x 10-2

(2.1 ± 0.8) x 10-3
(2.9 ± 1.6) x 10-8

(9.1 ± 3.7) x 10-9

sLRP
1
2

(2.8 ± 0.5) x 106

(1.9 ± 0.3) x 105
(1.1 ± 0.4) x 10-1

(2.4 ± 0.4) x 10-3
(4.1 ± 1.7) x 10-8

(1.3 ± 0.5) x 10-8



Chapter II

28

with binding of FIXa to immobilized sLRP. Both recombinant fragments inhibited binding of FIXa
to sLRP, albeit with different efficiencies (Fig. 1C). Half maximum inhibition was obtained at
18 nM and 4 nM for clusters II and IV, respectively. In addition, binding of FIXa to cluster II was
blocked in the presence of cluster IV (Fig. 1D). These results demonstrate that sLRP, like full-
length LRP, interacts exclusively with the activated form of FIX and that LRP cluster II and IV
share overlapping binding sites in FIXa

FIG. 2. Effect of anti-FIX monoclonal antibodies on FIXa
binding to immobilized sLRP. FIXa (25 nM) was incubated
with immobilized sLRP as described in “Experimental
procedures” in the presence of various concentrations (0-100
nM) of monoclonal anti-FIX antibodies CLB-FIX 14 (squares),
CLB-FIX 12 (triangles) and CLB-FIX 13 (circles). Binding is
expressed as the percentage of binding in the absence of
monoclonal antibodies. Data represent the mean (± SD) of three
independent experiments.

FIG. 1. Analysis of FIX and FIXa binding to
immobilized sLRP and LRP cluster II. A,
binding of FIX(a) to sLRP. FIX or FIXa in
various concentrations were incubated with
immobilized sLRP (88 fmol/well) in the
solid-phase binding assay as described in
“Experimental procedures”. Factor IX(a) is
expressed as the percentage of maximal
binding. B, competition of sLRP in solution
for FIXa binding to sLRP. FIXa (25nM) was
incubated with immobilized sLRP as
described above in the presence of various
concentrations of sLRP in solution. C,
competition of LRP cluster II and IV for FIXa
binding to sLRP. FIXa (25 nM) was
incubated with immobilized sLRP as
described above in the presence of various
concentrations of LRP cluster II (open
circles) or LRP cluster IV (closed circles). D,
competition of LRP cluster IV for FIXa
binding to cluster II. FIXa (25nM) was
incubated with immobilized LRP cluster II
(890 fmol/well) in the presence of increasing
concentrations of LRP cluster IV. The bound
FIXa was detected as described in
“Experimental procedures”. For panels B-D,
binding is expressed as the percentage of
binding in the absence of competitors. Data
represent mean (±SD) of 3 independent
experiments.
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Monoclonal Anti-FIX Antibody CLB-FIX 13 Interferes with FIXa·sLRP Complex
Formation- To gain insight into the location of LRP interactive sites within the FIXa molecule,
several monoclonal antibodies directed against FIX were analyzed for their ability to inhibit the
FIXa-sLRP interaction. Binding of FIXa to immobilized sLRP was assessed in the presence of
monoclonal anti-FIX antibodies in various concentrations. As shown in Fig. 2, antibodies CLB-FIX
12 and CLB-FIX 14 did not inhibit the binding of FIXa to sLRP. In contrast, antibody CLB-FIX 13
inhibited binding of FIXa to sLRP in a dose-dependent manner, although the inhibition was
incomplete (Fig. 2). Apparently, antibody CLB-FIX 13 impairs the formation and/or the stability of
the FIXa·sLRP complex. This suggests that this particular antibody and sLRP share overlapping
binding regions within the FIXa molecule.

Both Antibody CLB-FIX 13 and LRP
Interfere with FIXa Amidolytic Activity- If sLRP and
antibody CLB-FIX 13 bind to the same region in
FIXa, they should have a similar effect on FIXa
enzymatic function. As for antibody CLB-FIX 13, it
interferes with FIXa-mediated FX activation in both
the presence and absence of FVIII (results not
shown). Further, the effect of this antibody on FIXa-
mediated hydrolysis of the synthetic substrate CH3-SO2-LGR-pNA was examined. Whereas in the
presence of monoclonal anti-FIX antibody CLB-FIX 14 the rate of hydrolysis remained unchanged,
the addition of CLB-FIX 13 resulted in a dose dependent inhibition of substrate hydrolysis
(Fig. 3A). Next, the effect of recombinant LRP clusters II and IV on FIXa-mediated hydrolysis of
the same substrate was investigated. The addition of LRP cluster II did not affect FIXa activity. In
contrast, LRP cluster IV inhibited substrate hydrolysis in a dose dependent manner (Fig. 3B)
indicating that LRP clusters II and IV bind FIXa in a different manner. Collectively, these data
suggest that CLB-FIX 13 and LRP interact with the same region, which is located close to the
active site of FIXa. Identification of the epitope of antibody CLB-FIX 13 should therefore help to
locate the interactive region for LRP.

FIG. 3. Effect of LRP and anti-FIXa monoclonal antibody
CLB-FIX 13 on FIXa amidolytic activity. A, hydrolysis of the
substrate CH3-SO2-LGR-pNA (2.5 mM) by FIXa (150 nM) in
100 mM NaCl, 10 mM CaCl2, 0.2% (w/v) HSA, 50 mM Tris,
(pH 8.4) was assessed in the presence of increasing
concentrations (0-500 nM) of anti-FIXa antibodies CLB-FIX 13
(closed circles) and CLB-FIX 14 (open circles). B, hydrolysis of
the substrate CH3-SO2-LGR-pNA (2.5 mM) by FIXa (75 nM) in
100 mM NaCl, 10 mM CaCl2, 0.2% (w/v) HSA, 50 mM Tris,
(pH 7.4) was assessed in the presence of increasing
concentrations (0-250 nM) of recombinant LRP clusters II (open
circles) and IV (closed circles). Data represent the mean (± SD)
of three independent experiments.



Chapter II

30

FIXaN346D

FIXa342-345/FII

FIXa256-267/FX

FIXaK256A

FIXades(N255, K256)

FIXa199-204/FII

TABLE II. Amino Acid Substitutions and Binding of Antibodies CLB-FIX 13 and CLB-FIX 14 for Individual
Recombinant FIX Variants. Changes introduced in amino acid sequence are shown in bold. FIX amino acid numbering is
used. Values of half maximal binding (± SD) for interaction of FIXa variants with antibodies CLB-FIX 13 and CLB-FIX 14
were derived from the solid phase binding assay. Experiments were performed in triplicate as indicated in “Experimental
procedures”.

 Half max. binding  ± SD (nM)
FIXa loop FIXa variant Amino acid sequence

CLB-FIX 13 CLB-FIX 14

256-268 wt-FIXa 256HHNYNAAINKYNH268 0.9 ± 0.3 0.6 ± 0.3

FIXa258-267/FX  258RFTKET--YD267 > 500 0.6 ± 0.3

FIXades(N264,K265)  258NYNAAI--YN267 10.8 ± 2.1 0.7 ± 0.4

FIXaK265A  258NYNAAINAYN267 1.6 ± 0.5 0.7 ± 0.4

199-204 wt-FIXa 199NGK--VDA204 0.9 ± 0.3 0.6 ± 0.3

FIXa199-204/FII 199FRKSPQEL204 1.1 ± 0.3 0.6 ± 0.4

340-347 wt-FIXa 340TKFTIYNN347 0.9 ± 0.3 0.6 ± 0.3

FIXa342-345/FII 342IRIT345 > 500 0.9 ± 0.3

FIXaN346D 340TKFTIYDN347 > 500 0.7 ± 0.3

FIG. 4. Representation of the protease domain of porcine FIXa.  FIXa regions 199-204, 258-267 and 342-346 are
shown in black. Positions of the mutations are indicated. The covalently bound inhibitor D-Phe-Pro-Arg-chloromethyl
ketone is also shown (61).
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FIXa Regions Asn258-Asn267 and Phe342-Asn346 Are Involved in Binding of Monoclonal
Antibody CLB-FIX 13- Surface loops Asn199-Ala204, His256-His268 and Thr340-Asn347, bordering the
active site of FIXa, are implicated in the recognition of macromolecular substrates (31,32,41). To
locate its interactive site in the FIXa molecule, the binding of antibody CLB-FIX 13 to a panel of
recombinant FIXa variants with alterations in these three loops was investigated in a solid phase
binding assay (see Table II and Fig. 4). All FIXa variants bound the control antibody CLB-FIX 14
in a manner similar to recombinant wild-type FIXa (Table II). With regard to CLB-FIX 13,
however, only variants FIXa199-204/FII and FIXaK265A were similar to wild-type FIXa in binding to
this antibody. In contrast, deletion of residues Asn264-Lys265 resulted in 10-fold decrease in half
maximal binding (Table II). Moreover, replacement of the sequence Asn258-Asn267 by the
corresponding residues of FX was associated with a complete loss of binding to antibody CLB-FIX
13 (Table II). A severe interactive defect was also observed for FIXa variants FIXa342-345/FII and for
FIXaN346D (Table II). Thus, surface regions Asn258-Asn267 and Phe342-Asn346 both contribute to the
binding of antibody CLB-FIX 13.

FIXa Region Thr340-Asn347 Contributes to FIXa·sLRP Complex Formation- The
observations that (i) antibody CLB-FIX 13 can inhibit FIXa·sLRP complex formation and (ii)
surface regions His256-His268 and Thr340-Asn347 are involved in the interaction of FIXa with
antibody CLB-FIX 13 suggest that the same regions contribute to LRP binding as well. Therefore,
the set of recombinant FIXa variants described in the previous section was investigated for sLRP
binding. To this end, FIXa variants in various concentrations were incubated with sLRP
immobilized onto a microtiter plate (Fig. 5A). FIXa
variants FIXa199-204/FII, FIXa258-267/FX, FIXaK265A

and FIXades(N264,K265) bound sLRP similarly to wild
type recombinant FIXa. In contrast, FIXa variants
FIXaN346D and FIXa342-345/FII displayed markedly
reduced binding. To distinguish between defects in

FIG. 5. Analysis of binding of recombinant FIXa variants to
immobilized sLRP. A, binding of recombinant FIXa variants (0-
100 nM) to sLRP immobilized on a microtiter plate (88
fmol/well) was assessed as described in “Experimental
procedures”. Data represent the mean of three independent
experiments. Standard deviation was 15% on average. Wild type
recombinant FIXa (closed circles), FIXa258-267/FX (open circles),
FIXaK265A (open squares), FIXades(N264, K265) (closed triangles),
FIXaN346D (open triangles), FIXa342-345/FII (closed squares),
FIXa199-204/FII (inverted open triangles). B, SPR analysis of
binding of recombinant FIXa variants to immobilized sLRP. 80
nM of wild type FIXa (I), FIXa-342-345/FII (II) and FIXaN3346D (III)
were passed over sLRP immobilized on a CM5-sensorchip at a
density of 12 fmol/mm2 as described in “Experimental
Procedures”. Association and dissociation were monitored for
975 seconds. Data represent a typical experiment.
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association and dissociation, the two FIXa variants with reduced LRP binding were further analyzed
by surface plasmon resonance (Fig. 5B). For these mutants, reduced sLRP binding was particularly
apparent in the second, slower phase of association and dissociation. Under the conditions of
Fig. 5B, the FIXaN346D variants displayed 5-fold slower association than wild type FIXa, whereas
FIXa342-345/FII displayed 2-fold faster dissociation. Full kinetic analysis employing multiple FIXa
concentrations (40-100 nM) revealed that KD2 (mean ± SD) was 19 ± 5 nM for wild type FIXa,
while KD2 was 120 ± 10 nM for FIXaN346D and 44 ± 9 nM for FIXa342-345/FII. Thus, the surface loop
Thr340-Asn346 contributes to the affinity of FIXa for sLRP.

We have previously reported that LMW-heparin inhibits the binding of FIXa to LRP,
suggesting that part of the LRP-interactive site overlaps that of heparin. It was of interest therefore
to compare FIXa to FIXaN346D and FIXa342-345/FII for their interaction with LMW-heparin. This
interaction was examined by the ability of LMW-heparin to enhance inhibition of amidolytic
activity of these proteases by antithrombin (see also “Experimental Procedures”). As expected,
inhibition of FIXa activity by antithrombin was enhanced by LMW-heparin, and the pseudo first-
rate constant of this reaction was (1.1 ± 0.2) × 10-2 s-1. A similar rate constant was obtained for
FIXa342-345/FII (e.g. (1.1 ± 0.2) × 10-2 s-1), whereas it was reduced for FIXaN346D (4.6 ± 0.2) ×
10-3 s-1. This suggests that FIXaN346D but not FIXa342-345/FII displays impaired interaction with
LMW-heparin. It seems conceivable therefore that the interactive regions for LMW-heparin and
LRP partially overlap.

Recombinant LRP Clusters II and IV Interfere with FIXa-mediated FX Activation both in the
Absence and Presence of FVIII- Surface loop Thr340-Asn346 is located in a crucial position between
FVIIIa interactive helix (residues 333-339) and the entry to the substrate binding cleft of FIXa. The
possibility was therefore considered that LRP interferes with the enzymatic activity of FIXa. To
address this issue, FIXa-mediated activation of FX was examined in the presence of phospholipids,
Ca2+-ions and recombinant LRP clusters II and IV in various concentrations. In the absence of
protein cofactor FVIIIa, the addition of LRP clusters resulted in a decrease in the rate of FXa
generation by FIXa in a dose dependent fashion, with half maximal inhibition at 1000 and 40 nM
for cluster II and IV, respectively (Fig. 6A). The effect of both LRP clusters II and IV was also
examined under conditions where FIXa activity was enhanced by the presence of FVIIIa. In this
situation, addition of both LRP clusters II and IV also led to reduced FXa formation, with half
maximal inhibition at 200 and 5 nM, respectively (Fig. 6B). It appears that LRP clusters II and IV
are able to inhibit FIXa-mediated activation of FX both in the absence and presence of FVIII with
cluster IV being a more potent inhibitor under both conditions.

DISCUSSION
Most serine proteases of the hemostatic system bind LRP only when they are complexed

with serpins or other macromolecular protease inhibitors (reviewed in ref. 17). FIXa is one of the
few serine proteases, along with tissue-type plasminogen activator and urokinase, that have the
potential to associate with LRP as free enzymes (15,42,43). However, FIXa is unique in that only
the activated form, but not the FIX zymogen, interacts with LRP (15). This suggests that binding
involves structural elements that become exposed upon conversion of FIX into its enzymatically
active derivative. During this process, the activation peptide is released, which leads to apparent
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rearrangement of the surface loops that conceal the
active site and limit the accessibility thereof in the
proenzyme (44). These loops have previously been
shown to modulate interactions with
macromolecular substrates and inhibitors
(31,32,41,45). The present study therefore addresses
the possibility that the same surface loops also
contribute to LRP binding. Using anti-FIX
monoclonal antibodies (Fig. 3) and a panel of
recombinant FIXa variants (Table II) we show that
one of these loops is indeed involved in LRP binding
(Fig. 5). This interaction is inhibitory for FIXa
enzymatic activity and the assembly of the FX
activating complex (Figs. 3B and 6).

The data presented in this study indicate that
the interaction of FIXa with LRP involves surface
loop Thr340-Asp347, and region Phe342-Asn346 in
particular. This is supported by multiple lines of
evidence. First, region Phe342-Asn346 forms a part of
the binding epitope for anti-FIXa monoclonal
antibody CLB-FIXa 13 (Table II), which efficiently
interferes with FIXa-LRP complex assembly
(Fig. 2). Second, recombinant FIXa variants with
amino acid replacements within region Phe342-Asn346

have reduced interaction with LRP. This reduction is
particularly manifest in the solid-phase assay system
(Fig. 5A), presumably because the multiple washing
steps in this system may amplify association or
dissociation defects. Real time kinetic analysis
revealed that effects of both mutations are more
subtle. In comparison with wt-FIXa, variant
FIXaN346D shows slower association to LRP,
whereas variant FIXa342-345/FII displays faster
dissociation from LRP (Fig. 5B). The abnormality in
LRP interaction is more pronounced for the
FIXaN346D variant (Fig. 5B). The difference between
the two variants is interesting, since their
substitutions are located within the same exposed
structural element (46). Apparently, the NH2-terminal and COOH-terminal portions of this region
play dissimilar roles in LRP interaction. How residues Phe342-Asn346 contribute to the interaction
with LRP remains unclear. The FIXa residue Asn346 itself may be directly involved in LRP binding.
Another possibility is that the introduction of a negatively charged Asp residue has an adverse

FIG. 6. Effect of LRP clusters II and IV on
FIXa-mediated FXa generation. A, FIXa (15
nM) was incubated with increasing concentrations
of LRP clusters II (open circles), concentration
range 0-1 µM, or LRP cluster IV (closed circles),
concentration range 0-100 nM. Subsequently, the
FX activation assay was performed in the presence
of phospholipids (100 µM) Ca2+-ions and FX
(200 nM), as described under “Experimental
procedures”. B, FIXa (0.3 nM) was incubated with
LRP clusters II (open circles), or LRP IV (closed
circles). FX activation assay was performed in the
presence of phospholipids (100 µM), Ca2+-ions,
FVIII (0.3 nM), thrombin (5 nM) and FX
(200 nM), as described under “Experimental
procedures”. Data represent the mean (± SD) of
multiple independent experiments.
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effect on LRP interaction with other residues that are in the vicinity of position 346. Previously,
positively charged residues have been shown to play a role in the interaction of LRP with some of
its other ligands (47-52). In this respect it is interesting that certain positively charged residues, in
particular Arg333 and Arg403, are located within 3.3 and 4.4 Å of Asn346 in the three dimensional
structure of the protease domain of human FIXa (46). Corresponding residues to those in the
vicinity of FIXa position 346 (178 in chymotrypsin numbering) are known to contribute to heparin
binding in the homologous serine proteases thrombin and FXa (39,53-55). Moreover, the mutation
at position 346 itself led to a decreased sensitivity of FIXaN346D variant for the inactivation by
antithrombin in the presence of LMW-heparin, whereas no such effect was observed for
FIXa342-345/FII variant. This suggests that LRP and heparin interactive regions in FIXa are not
identical, but overlap to a limited extent. This is compatible with our previous observation that
although both FIX and FIXa bind heparin, only FIXa comprises the full requirements for LRP
binding (Fig. 1A, ref. 15). It seems conceivable therefore that LRP binding involves positively
charged residues that are located in the vicinity of FIXa position 346, and which are part of a more
extended binding site. This view is in line with the observation that replacement of FIX residues
Phe342-Thr343-Ile344-Tyr345 by residues Ile-Arg-Ile-Thr of thrombin or Asn346 by Asp (Fig. 5B)
affects KD by only 6-fold, and as such has limited impact on the binding energy of the FIXa-LRP
interaction.

FIXa surface region Phe342-Asn346 is located in a crucial position between the FVIIIa
interactive helix and the active site cleft of FIXa (Fig. 4) (56-58). The region itself also appears to
contribute to the interactions of FIXa with both FVIIIa and FX (41,59). In particular, FIXN346D is a
known hemophilia B variant (59). Patients with this variant suffer from a mild form of the disease.
If a region important for FIXa activity participates in LRP binding, one would expect that LRP
could interfere with the enzymatic function of FIXa. Previously we showed that FIXa binds to two
ligand binding regions in LRP, called clusters II and IV, the latter having five times higher affinity
for FIXa (15). Indeed, cluster IV proved more effective than cluster II in inhibiting FIXa activity
towards a tripeptide substrate (Fig. 3B). Since the contact area between such a small substrate and
FIXa will be limited to the immediate vicinity of the active site (Fig. 4), it seems reasonable to
assume that regions proximal to the active site are affected by LRP binding. In the situation when
FIXa mediated the hydrolysis of its physiological substrate FX, both LRP clusters interfered with its
activity, although cluster IV with higher efficiency than cluster II (Fig. 6A). This is again consistent
with the fact that cluster IV displays higher affinity towards FIXa than cluster II. In the presence of
the protein cofactor FVIIIa, we observed an increase in the rate of inhibition of FX activation for
both cluster IV and cluster II (Fig. 6B). With an IC50 value of 5 nM, cluster IV was the more
efficient inhibitor. Accounting for the importance of residue 346 in the enhancement of FIXa
activity by FVIIIa, we suggest that LRP prevents the proper assembly of FIXa·FVIIIa complex by
interfering with the binding of the A2 domain of FVIII to the protease domain of FIXa. This issue
may be more complex, however. Not only FIXa, but also both the heavy and light chain of FVIIIa,
contain binding sites for LRP (38,52,60). It is conceivable therefore that LRP or its recombinant
derivatives clusters II and IV interfere with FX activation by binding to both protein components of
the FX activation complex.
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In view of these observations we propose that LRP serves a dual role in the downregulation
of FIXa/FVIIIa dependent activation of FX at the sites of vascular injury. Membrane bound LRP,
and possibly other proteins containing complement-type repeats, could interfere with substrate
binding and induce dissociation of FIXa from its complex with FVIIIa. The individual components
then could be removed from the circulation via LRP-mediated endocytosis. In addition, not only
membrane bound LRP, but also its soluble form that circulates in plasma could participate in this
process. The concentration of soluble LRP has been reported to be in the range of 2-10 nM (21,22).
This is close to the value of half maximal inhibition that we found for isolated LRP cluster IV
(Fig. 6B). Accordingly, sLRP may play a role as an inhibitor of FIXa activity in plasma. This would
constitute a novel mechanism controlling the prothrombotic effects of FIXa.
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SUMMARY
Residues 340-347 in the factor IXa (FIXa) protease domain constitute a surface loop that is

located between the substrate-binding groove and the cofactor-interactive helix 333-339. Within this
loop, which corresponds to the 170-loop in chymotrypsin, residues 342-346 contribute to the
interaction with the endocytic receptor low density lipoprotein receptor-related protein (LRP). This
study addresses the role of the loop 340-347 in FIXa functions other than LRP binding. Residues
342-345 and 346 were replaced by their thrombin counterparts, and the purified FIXa variants were
analyzed for enzymatic activity and interaction with factor VIIIa (FVIIIa). Asn346 to Asp substitution
did not affect hydrolysis of the substrate CH3SO2-Leu-Gly-Arg-p-nitroanilide, heparin-independent
inhibition by antithrombin, or activation of factor X (FX) in the absence of FVIIIa. In the presence
of FVIIIa, however, FX activation by the FIXaN346D variant was 50% reduced. Surface Plasmon
Resonance (SPR) studies revealed a major defect in the interaction with the FVIII A2 domain. In
contrast to the Asn346 substitution, the replacement of residues 342-345 impaired FIXa activity
towards both synthetic substrate and FX, while inhibition by antithrombin was normal. Surprisingly,
the enzymatic defect was largely overcome by FVIIIa, resulting in half-normal FX activation. SPR
revealed that the thrombin residues in positions 342-345 facilitated the association with the FVIII
A2 domain. These data suggest that loop region 342-345 interacts with substrates in a highly
cofactor-dependent manner. We propose that the surface loop 340-347 serves multiple roles. Apart
from LRP binding, it also modulates cofactor binding and substrate recognition within the FIXa
molecule.

INTRODUCTION
The activation of factor X (FX) in the blood coagulation cascade is driven by the assembly

of activated serine proteases with membrane-bound cofactors. In the initial phase of coagulation,
FX is activated by the complex of activated factor VII (FVIIa) and tissue factor (TF). In the
subsequent propagation phase, the FVIIa·TF complex is downregulated, and FX activation is taken
over by the complex of the activated forms of factor IX (FIX) and factor VIII (FVIII) (1). FIX is the
zymogen form of a serine protease that, once activated by either factor XIa or by the FVIIa·TF
complex, assembles with its non-enzymatic cofactor activated factor VIII (FVIIIa) (2,3).
Dysfunction of the FVIIIa·FIXa complex results in the bleeding disorder hemophilia, which can be
due to a defect in both FVIII (hemophilia A) and FIX (hemophilia B) (2,4).

FVIII circulates as a heterodimer of a heavy chain comprising the domains A1-A2-B, and a
light chain of the domains A3-C1-C2 (3). FVIII cofactor function requires limited proteolysis at
specific sites in the heavy and light chain, which can be catalyzed by thrombin or activated factor X
(FXa). The resulting FVIIIa is a labile heterotrimer, which easily looses its cofactor activity when
the A2 domain dissociates from the A1/A3-C1-C2 heterodimer (3,5). While the FVIIIa light chain
comprises a high-affinity site for assembly with FIXa (6-8), it is the A2 subunit that stimulates FIXa
catalytic activity towards FX (8,9).

FIX activation requires limited proteolysis of the single chain zymogen of 415 amino acids
in two particular positions, resulting in the release of an activation peptide and the formation of the
two-chain, disulphide-linked protease FIXa (2). The NH2-terminal light chain consists of a domain
rich in γ-carboxyglutamic acid (Gla), which is essential for the assembly with membrane surfaces,
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followed by a short hydrophobic sequence and two epidermal growth factor-like domains (10). The
COOH-terminal heavy chain comprises the serine protease domain with the catalytic center. One
intriguing question is why FIXa alone exhibits such extremely low proteolytic activity toward its
natural substrate FX. Another question is how complex formation with FVIIIa overcomes this
limitation and increases the kcat of FX activation dramatically (1,3). Previous studies have indicated
that assembly of the FIXa·FVIIIa complex is accompanied by structural rearrangements in surface
loops bordering FIXa’s active site cleft (11-14). These cofactor-dependent rearrangements may
facilitate the alignment of the FX cleavage site with respect to the catalytic center, thereby
enhancing the FIXa-catalyzed FX activation. Previously, region 301-303 (c132-c134)
(chymotrypsin numbering in brackets) and α-helix 333-339 (c165-c171) in the FIXa protease
domain have been implicated in FVIIIa binding (15-17).

The FIXa crystal structure (14,18) reveals that the FVIIIa interactive helix 333-339 is
directly connected to one of the typical solvent-exposed loops in the FIXa catalytic domain,
comprising residues 340-347 (c172-c179). This loop, which is also referred to as the 170-loop, is
located opposite to another surface loop, comprising residues 256-268 (c91-c101), which is also
called the 99-loop. We recently reported that these two loops together comprise the epitope of the
anti-FIX monoclonal antibody CLB-FIX 13, which inhibits (i) the interaction of FIXa with small
peptide substrates and (ii) the binding of FIXa to the endocytic receptor low density lipoprotein
receptor-related protein (LRP) (19). As for substrate interaction, it is known that loop 256-268
restricts the enzymatic activity towards FX in the absence, but not in the presence of FVIIIa (13),
and that this presumably involves a molecular interplay between loops 256-268 and 340-347 (20).
As for LRP binding, mutagenesis studies demonstrated that this is mediated by loop 340-347, but
not loop 256-268 (19). Within loop 340-347, in particular the substitution of Asn346 (c178) to Asp
affects LRP binding (19), while the same substitution introduces a defect in FVIIIa-dependent FX
activation and is associated with hemophilia B (21). These observations point towards a major role
of surface loop 340-347 in FIXa function, although its molecular basis remains unresolved.

In the present study, we address the role of surface loop 340-347 in FIXa interactions other
than with LRP. Employing recombinant FIXa variants in which residues in loop 340-347 were
exchanged for the corresponding residues of thrombin, we particularly addressed its putative
involvement in FIXa catalytic activity and FVIIIa binding. Our data suggest that loop 340-347
serves multiple functions, including LRP binding, substrate interaction, and assembly with the
FVIII A2 domain.

EXPERIMENTAL PROCEDURES
Materials- L-α-Phosphatidyl-L-serine, L-α-phosphatidylcholine, heparin (grade 1-A) were obtained from

Sigma (St. Louis, MO, USA). CH3SO2-D-Leu-Gly-Arg-pNA (CH3SO2-LGR-pNA), product name CBS 31.39, was
purchased from Diagnostica Stago (Asnières, France). Low molecular weight heparin (Fragmin®) was obtained from
Pharmacia and Upjohn (Woerden, The Netherlands). The chromogenic substrate S-2222 and Coatest FVIII reagents
were from Chromogenix/Instrumentation Laboratories (Milano, Italy). The chromatographic matrix Mono S was from
Amersham Biosciences (Roosendaal, The Netherlands). Other chemicals were of the highest grade available.

Proteins- FX was purified as described (22). Factor XIa was obtained from Enzyme Research Laboratories
(South Bend, IN, USA). Plasma-derived FIX was purified as described elsewhere (23). Antithrombin and human serum
albumin (HSA) were obtained from Sanquin Plasma Products (Amsterdam, The Netherlands). The monoclonal anti-FIX
antibody CLB-FIX 14 has been described previously (7). Polyclonal antibodies against FIX were obtained as described
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(6). Human FVIII was purified as outlined previously (6). FVIII (650 nM) was converted to FVIIIa by incubation with
thrombin (130 nM) in 10 mM CaCl2 / 0.1 M NaCl / 0.05 M Tris, pH 7.4 for 15 min, and the FVIIIa A2 subunit was then
isolated from the activation mixture employing Mono S chromatography (24).

Protein Concentrations- Protein concentrations were determined by the method of Bradford (25) using HSA as
standard. FVIII cofactor activity was measured by a spectrophotometric assay using bovine coagulation factors (Coatest
FVIII). The amount of FVIII activity present in 1 ml of pooled human plasma (1 unit/ml) was assumed to correspond to
0.35 nM. FIXa concentrations were determined by active-site titration with antithrombin in the presence of heparin (23).

Recombinant FIX Variants- The expression plasmid pKG5 containing human FIX cDNA was used as a
template for PCR-based mutagenesis to generate cDNAs encoding FIXN346D and FIX342-345/FII as described previously
(19). Stable cell lines producing FIX variants were obtained as described (12). As reported previously, this expression
system yields recombinant FIX molecules with normal Ca2+-dependent properties and similar activities for recombinant
wild-type and plasma-derived FIXa (26), with an average Gla content 11 mol of Gla/mol of protein (27). Recombinant
FIX was purified from concentrated medium by immunoaffinity chromatography employing the anti-FIX antibody
CLB-FIX 14 (26). Activation of mutant and normal FIX by Factor XIa and isolation of IXa from the activation mixture
were performed as described (19).

Hydrolysis of CH3SO2-LGR-pNA- Cleavage of CH3SO2-LGR-pNA was assayed as described elsewhere (23).
The catalytic efficiency (kcat/Km) of CH3SO2-LGR-pNA hydrolysis was determined in the absence of ethylene glycol, in
a buffer containing 0.2 mg/ml HSA / 0.1 M NaCl / 5 mM CaCl2 / 0.05 M Tris, pH 7.4 using substrate concentrations
between 0 and 5 mM.

FX Activation- FX activation in the absence of FVIIIa was measured as described elsewhere (12). In these
experiments phospholipid vesicles (phosphatidylserine/phosphatidylcholine, 1:1 molar ratio) and Ca2+-ions were
preincubated for 10 min at 37°C. Subsequently FX was added and after 1 min the reaction was initiated by the addition
of FIXa. Subsamples were drawn in time, and FXa formation was stopped by addition of EDTA (10 mM final
concentration). FXa was then quantified employing the chromogenic substrate S-2222 (22). In experiments using
varying FVIIIa concentrations (0-1.75 nM), thrombin (5 nM) was added to the reaction mixture containing, FIXa
(0.1 nM), unactivated FVIII and phospholipid vesicles (0.1 mM). After 1 min of incubation FX activation was started
by addition of FX (0.2 µM), and initial rates of FXa formation were determined as described (19).

Interaction with Antithrombin- The interaction of normal and mutant FIXa with antithrombin was measured by
the slow-binding inhibition kinetics, as outlined previously (12, 28). Briefly, a series of inhibition progress curves was
generated at 37°C using 10 nM FIXa, 2.5 mM CH3SO2-LGR-pNA and various concentrations of antithrombin (0-1 µM)
in a buffer containing 5 mM CaCl2 / 0.1 M NaCl / 0.2 mg/ml HSA / 0.05 M Tris, pH 7.4. The experimental data were
fitted by non-linear regression analysis to the integrated rate equation for slow binding (28). Fitting generated values for
k' (apparent first-order rate constant) for each progress curve. A plot of k' versus the inhibitor concentration was used to
calculate the association and dissociation rate constants (kass and kdis), as described previously (12). The effect of
heparin on FIXa inhibition was determined under pseudo first-order conditions, employing 150 nM FIXa, 1.5 µM
antithrombin and 400 nM low molecular weight heparin (Fragmin®) in 10 mM CaCl2 / 0.1 M NaCl / 0.2 mg/ml HSA /
0.05 M Tris, pH 7.4 at 37°C. At regular intervals during the initial 5 min, subsamples were drawn and assayed for
residual FIXa activity as described (19).

Surface Plasmon Resonance Studies- The interaction between FIXa and the isolated FVIII A2 domain was
assessed by SPR employing a BIAcore™3000 biosensor system (Biacore AB, Uppsala, Sweden). Purified FVIII A2
domain was immobilized at a density of 36 fmol/mm2. FIXa variants were applied in varying concentrations at a flow
rate of 20 µl/min in a buffer containing 0.005% (v/v) Tween 20 / 2 mM CaCl2 / 150 mM NaCl / 20 mM Hepes, pH 7.4
at 25 °C. Experimental details have been described elsewhere (27).

RESULTS
Recombinant FIX Variants- To investigate the functional role of surface loop 340-347, we

replaced the hydrophobic segment 342-345 (Phe342-Thr343-Ile344-Tyr345) by the corresponding
region of prothrombin (Ile499-Arg500-Ile501-Thr502). In this chimeric FIX variant, which will be
referred to as FIX342-345/FII, the FIX specific and exposed residues Phe342, Thr343 and Tyr345 are
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mutated, while the buried residue Ile344, which is also
present in several other serine proteases, is preserved.
Furthermore, we constructed the mutant FIXN346D in
which residue Asn346 was replaced by its prothrombin
counterpart (Asp503). This point mutation was
introduced separately because this single substitution
is associated with hemophilia B (27). The mutant FIX
molecules were produced in Madin-Darby canine
kidney cells, purified to homogeneity by
immunoaffinity chromatography and subsequently
activated using Factor XIa as described in
“Experimental Procedures”.

Amidolytic Activity- FIXa and its derivatives
FIXaN346D and FIXa342-345/FII were tested for their
ability to hydrolyze the amide substrate CH3SO2-
LGR-pNA. Initial rates of p-nitroanilide formation at
various substrate concentrations were used to
calculate the catalytic efficiency (kcat/Km). The
amidolytic activity of the FIXaN346D variant was
similar to that of normal FIXa, with kcat/Km values
(mean ± SD) of (1.6 ± 0.1) × 102 and (1.9 ± 0.2) × 102

M-1·s-1, respectively. In contrast, the FIXa342-345/FII
chimera displayed 3-fold lower catalytic efficiency
activity, kcat/Km being (0.6 ± 0.1) × 102 M-1·s-1. This
demonstrates that residues in loop 340-347 contribute
to the reactivity of FIXa towards the tripeptide
substrate CH3SO2-LGR-pNA. However, substituting
Asn346 to Asp in this loop has little or no effect.

Inhibition by Antithrombin- To determine whether surface loop 340-347 is involved in the
interaction of FIXa with antithrombin, the principal physiological inhibitor of FIXa, slow-binding
inhibition experiments were performed (see “Experimental Procedures”). In these experiments
FIXa342-345/FII, FIXaN346D and normal FIXa were incubated with various concentrations of
antithrombin and a competing chromogenic substrate. In Fig. 1 the apparent first-order rate constant
(k') obtained at each antithrombin concentration is plotted versus the inhibitor concentration. These
were used to estimate kass and kdis as described previously (12). The kass and kdis values for normal
FIXa were (5.7 ± 0.3) × 103 M-1·min-1 and (2.7 ± 0.2) × 10-3 min-1, respectively. For FIXa342-345/FII
kass was (4.3 ± 0.4) × 103 M-1·min-1, while kdis was (2.4 ± 0.3) × 10-3 min-1. FIXaN346D displayed
essentially the same kinetics, with kass and kdis being (4.9 ± 0.3) × 103 M-1·min-1, and (2.8 ± 0.2) ×
10-3 min-1. Apparently, FIXa342-345/FII and FIXaN346D are similar in that their replacement by
prothrombin counterparts has little or no effect on the interaction of FIXa with antithrombin. In the
presence of heparin, however, inhibition of FIXaN346D was slower than of FIXa342-345/FII or normal
FIXa (see Fig. 1, inset), with a pseudo first-order rate constant of (4.6 ± 0.2) × 10-3 s-1 instead of

FIG. 1 Inhibition of FIXa342-345/FII, FIXaN346D

and normal FIXa by antithrombin. Plot of k'
versus the antithrombin concentration for
FIXa342-345/FII (closed circles), FIXaN346D (open
squares) or normal FIXa (open circles). Data
from slow-binding inhibition curves were fitted
to the integrated rate equation for slow binding
(26) and values for k' were obtained at each
inhibitor concentration. Values for kass and kdis

were calculated from the slope and y intercept,
respectively. The inset shows time courses of
FIXa inhibition by antithrombin in the presence
of low molecular weight heparin (see
“Experimental Procedures”).
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(1.1 ± 0.2) × 10-2 s-1. The slower inhibition in the presence, but not in the absence of heparin
indicates that the Asn346 to Asp substitution affects the interaction with heparin rather than with the
macromolecular inhibitor antithrombin.

FX Activation in the Absence and Presence of FVIIIa- The importance of loop 340-347 in
macromolecular substrate interaction was further explored by evaluating the enzymatic activity
towards the natural substrate FX. To this end, FXa formation was analyzed using normal and
variant FIXa in the presence of phospholipid vesicles, Ca2+-ions and varying concentrations of FX.
As shown in Fig. 2A, FX activation by FIXa342-345/FII was significantly reduced. The heterogeneity
of this system comprising phospholipid-bound and free reactants precludes the application of
regular Michaelis-Menten kinetics, as Km is predominantly dependent on the availability of lipid
surface (29). However, the apparent kcat seems a useful parameter to compare the activity of FIXa
variants. Under the conditions of Fig. 2A the apparent kcat for the FIXa342-345/FII chimera was
approximately 9 × 10-3 min-1, which is 8-fold lower than for normal FIXa or for FIXaN346D. This
indicates that the residues 342-345 in loop 340-347 contribute to FIXa proteolytic activity, whereas
the Asn346 to Asp substitution has no effect under these conditions.

Fig. 2B shows similar experiments in the presence of FVIIIa. For normal FIXa, the presence
of 0.35 nM FVIIIa resulted in a 1000-fold increase of the apparent kcat to a value of 50 min-1. For
the FIXaN346D variant, the apparent kcat was approximately 28 min-1. This implies that, while FVIIIa
does significantly stimulate the enzymatic activity of this mutant, the extent of stimulation is 50%
of normal. Surprisingly, the FIXa342-345/FII chimera displayed an apparent kcat similar to that of
FIXaN346D. In other words, the defect observed in the absence of FVIIIa (Fig. 2A) is largely
overcome by the presence of 0.35 nM of FVIIIa, resulting in a 4000-fold stimulation of enzymatic

FIG. 2  FX activation by normal and mutant FIXa in the absence and presence of FVIIIa. A, FX activation in the
absence of FVIIIa was assessed by incubation of 30 nM FIXaN346D (open squares), FIXa342-345/FII (closed circles) or normal
FIXa (open circles) in 0.2 mg/ml HSA / 0.1 M NaCl / 5 mM CaCl2 / 0.05 M Tris, pH 7.4 with various concentrations of FX
(0-0.5 µM) in the presence of 100 µM phospholipids. B, FVIII-dependent activation of FX was evaluated by incubation of
various concentrations of FX (0-0.3 µM) with 0.1 nM FIXaN346D (open squares), FIXa342-345/FII (closed circles) or normal
FIXa (open circles) in the same buffer in the presence of 100 µM phospholipids and 0.35 nM FVIIIa. FXa formation was
determined as described under “Experimental Procedures”. Data represent the mean of three independent experiments.
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activity. This demonstrates that the adverse effect of substitutions in loop 340-347 can be
counteracted by FVIIIa.

The functional properties of the FIXa variants were further explored by measuring FXa
formation in the presence of FVIIIa in increasing concentrations. It is evident that none of the FIXa
species was saturated with its cofactor at the physiological FVIIIa concentration of 0.35 nM (Fig.
2B). Fig. 3 shows that FVIIIa enhanced FX activation by normal and mutant FIXa in a saturable and
dose-dependent manner. These data were used to estimate the apparent dissociation constant (KD)
for FVIIIa binding. Apparent KD values (± SD) were 2.0 (± 0.1), 1.0 (± 0.1) and 0.7 (± 0.1) nM for
FIXaN346D, FIXa342-345/FII and normal FIXa, respectively. Thus, the mild reduction in FVIIIa-
dependent activity of FIXaN346D is associated with a slight increase in the apparent KD for FVIIIa
binding. In contrast, substitution of residues 342-345 had limited effect, if any, on the apparent
affinity for FVIIIa.

Interaction of FIXa Variants with the Isolated FVIII A2 Domain- It has been well
established that the rate enhancement of FIXa by FVIIIa originates from the interaction of the FIXa
catalytic domain with the FVIIIa A2 domain (3,5,9). While the FIXaN346D variant displayed lower
stimulation than normal FIXa, supranormal stimulation was observed for the FIXa342-345/FII
chimera. This raised the question whether or not the replacements in the FIXa 340-347 loop
affected the assembly with the FVIIIa A2 domain. This was addressed in SPR experiments using
immobilized purified A2 domain. The results are shown in Fig. 4. Normal FIXa bound to the FVIII

A2 domain in a dose-dependent and reversible
manner, with an apparent KD (± SD) of 184 (± 3)
nM. The FIXa342-345/FII chimera assembled with A2
domain with a somewhat higher affinity, the

FIG. 3 Comparison of the apparent affinity of mutant and
normal FIXa for FVIIIa. FVIIIa (0-1.75 nM) was incubated in
0.2 mg/ml HSA / 0.1 M NaCl / 5 mM CaCl2 / 0.05 M Tris, pH 7.4
with 0.1 nM FIXaN346D (open squares), FIXa342-345/FII (closed
circles) or normal FIXa (open circles) in the presence of 0.2 µM
FX and 100 µM phospholipids. FXa formation was quantified as
described under “Experimental Procedures”. The apparent KD

values were 2.0 ± 0.2, 1.0 ± 0.2 and 0.7 ± 0.1 nM for FIXaN346D,
FIXa342-345/FII and normal FIXa, respectively. Mean values of
three independent experiments are shown.

FIG. 4 Binding of mutant and normal FIXa to isolated FVIII
A2 domain. FIXaN346D (open squares), FIXa342-345/FII (closed
circles) and normal FIXa (open circles) were incubated at varying
concentrations (0-300 nM) with FVIII A2 domain-immobilized
on a CM5-sensorchip in a BIAcore ™ 3000 biosensor system (see
“Experimental Procedures”). Association was monitored, and
bound FIXa was expressed as the amount of FIXa associated after
120 seconds.
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apparent KD being 91 (± 5) nM. This suggests that substitution of FIXa residues 342-345 by their
prothrombin counterparts facilitates the interaction with the FVIII A2 domain. This is in contrast
with the Asn346 to Asp substitution, which caused a major defect in A2 domain binding. The low
extent of binding only allowed a rough estimate of the apparent KD, which is > 4 µM (see Fig. 4).
Apparently, FIXaN346D displays a major defect in A2 domain binding. As such, this defect is more
pronounced than suggested by the FX activation studies in the presence of the complete FVIIIa
heterotrimer (Figs. 3B and 4). While it would be interesting to compare the isolated A2 domain with
the FVIIIa heterotrimer with respect to FIXaN346D binding, the inherent instability of FVIIIa
precludes its use in SPR studies as those in Fig. 4. It is evident, however, that residues within the
surface loop 340-347 modulate the affinity for the FVIIIa A2 domain, and that this particularly
involves residue 346.

DISCUSSION
The present study addresses the role of surface loop 340-347 (c172-c179) in FIXa function.

This loop, which is also called the 170-loop, is located in a strategic position between the FVIIIa
interactive helix 333-339 (c165-c171) in the FIXa protease domain and the 99-loop of residues 256-
268 (c91-c101) that restrict accessibility of the substrate-binding groove (Fig. 5). Residues in loop
340-347 were replaced by their counterparts of thrombin in order to probe their role in FIXa
activity. The two mutants in this study, carrying substitutions of residues 342-345 and 346,
displayed functional alterations that were totally different. The mutant FIXaN346D had normal
interaction with a tripeptide amide substrate, the natural inhibitor antithrombin (Fig. 1), and the

Arg333

Asn346

Tyr345

Asn264

Lys265

Tyr266

FIG. 5  Residues in the 99-loop and the 170-loop in the human FIXa catalytic domain. The catalytic domain of human
FIXa is depicted in its complex with p-aminobenzamidine (14). Tyr345 (c177) limits the accessibility of the S2 site in the
substrate binding pocket, together with the residues Asn264 (c97), Lys265 (c98) and Tyr266 (c99). Asn346 (c178) protrudes out of
the catalytic domain and approaches the side chain of Arg333 (c165) in the FVIIIa-interactive helix.
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natural substrate FX (Fig. 2A), but displayed a major defect in association with the FVIIIa A2
domain (Fig. 4). In contrast, the chimera FIXa342-345/FII had reduced reactivity toward the synthetic
peptide substrate and the natural substrate FX (Fig. 2A), suggesting that residues 342-345 contribute
to substrate binding. The interaction with antithrombin, however, was normal for this mutant
(Fig. 2), and the affinity for the FVIIIa A2 domain proved slightly higher than normal (Fig. 4). One
may tend to conclude from these data that the 342-345 section of loop 340-347 interacts with
substrates, and residue 346 with the cofactor FVIIIa. This seems an oversimplification, however.

With regard to the chimera FIXa342-345/FII, the thrombin residues within the 170-loop have
an adverse effect on FX activation (Fig. 2A), but do not affect antithrombin binding (Fig. 1). It has
previously been proposed that within the 170-loop, Tyr345 (c177) locks the juxtaposed 99-loop in an
inactive, zymogen-like conformation, which is released by the cofactor FVIIIa (14,20). The lock on
the reactive site may involve, apart from Tyr345, the residues Asn264 (c97), Lys265 (c98) and Tyr266

(c99) (see Fig. 5), which together limit the accessibility of the S2 site in the substrate binding
pocket (13,14,20). Because the chimera FIXa342-345/FII carries the smaller residue Thr in position
345 (c177) one might expect that the Tyr345 to Thr substitution would partially release the 99-loop,
and thus facilitate substrate binding (20). Surprisingly, the chimera FIXa342-345/FII displays lower
instead of higher amidolytic activity and reactivity toward FX (Fig. 2A). It seems possible that FIXa
activity is further restricted by the additional mutations in the 170 loop, which are the substitutions
Phe342 to Ile and Thr343 to Arg. How could these residues interfere with reactivity towards peptide
substrates and FX, but not antithrombin? Besides a direct role in substrate binding, the 170-loop
could also play an indirect role, in shifting the equilibrium of the FIXa catalytic domain between a
dominant zymogen-like conformation and a more active enzyme-like conformation. As for the FIXa
homologue FVIIa, it has been reported that mutations in the 170-loop do reduce enzymatic activity
to some extent, but without any apparent shift to the zymogen-like conformation (30). Moreover, an
extensive Ala-scanning study reported that mutation of residues in the 170-loop had only minor
effect on FVIIa activity and on TF binding (31) This provides support to the view that in FVIIa the
170-loop represents an allosteric link between the TF binding site and the catalytic center (30-32).
Such a mechanism, however, does not explain the lower activity of the chimera FIXa342-345/FII in
the absence of FVIIIa (Fig. 2A). Moreover, it remains to be explained why the presence of
prothrombin residues in FIXa342-345/FII facilitates assembly with the FVIIIa A2 domain. One
possibility could be that replacements in the 170-loop promote the exposure of critical residues in
the FVIIIa-binding helix 333-338 (15-17). As such, the 170-loop may be involved in FVIIIa-
dependent FIXa activity without being a primary FVIIIa interactive site.

The issue of FVIIIa binding also applies to FIXaN346D. This variant, in spite of its major
defect in A2 domain binding (Fig. 4), has half-normal activity in FX activation in the presence of
FVIIIa (Fig. 2B). Also FVIIIa titration experiments (Fig. 3) suggest an interaction defect that is
much milder than that observed for the isolated A2 domain. The FIXaN346D variant has previously
been isolated from the plasma of a patient with mild hemophilia B (21). Interestingly, that study,
like ours, also reported normal activity in the absence of FVIIIa, and mildly reduced activity in its
presence, suggesting a FVIIIa binding defect (21). This raises the question how the interaction of
FIXa with the FVIIIa heterotrimer can be only mildly reduced, whereas A2 domain binding is
severely defective. One explanation might be that the A2 binding defect is masked by the other
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domains in the complete FVIIIa heterotrimer. This may stem from a synergistic contribution of the
A1 subunit to FIXa catalytic activity (33). Moreover, FVIIIa·FIXa complex assembly is likely to be
driven by the high-affinity interaction with the FVIIIa A3-C1-C2 subunit (3,6-8). This could make
the affinity of the free A2 domain for FIXa of secondary importance, and may still allow the A2-
domain-driven enhancement of FIXa activity toward FX (9). Another possibility is that the A2
domain binding defect is partially compensated by the presence of the substrate FX. Since FX
interacts with the acidic region 337-372 at the COOH-terminal end of the A1 domain in FVIIIa
(34,35), it seems conceivable that this facilitates alignment of the FX scissile bond in the active site
groove of FIXa even when assembly with the A2 domain is suboptimal. Such a mechanism would
fit in the concept of substrate-assisted catalysis as has been proposed for the FVIIa·TF complex
(36).

While it is evident that residue 346 (c178) within the 170-loop is involved in FVIIIa A2
domain binding, the underlying mechanism seems complex. From FVIIIa-FIXa interface modeling,
Bajaj et al. concluded that Asn346 might have direct contact with the A2 domain residues Glu445 and
Lys570 (17). On the other hand, Asn346 seems no prerequisite for A2 domain binding, because
bovine and porcine FIX have Ser in position 346 (21,37). It therefore seems plausible that the defect
of the FIXaN346D variant is due to the presence of Asp as residue 346 rather than to the lack of Asn
in this position. In this regard it is interesting that in the crystal structure of human FIXa (14) the
side chain of Asn346 is protruding into the direction of the FVIIIa-interactive helix 333-339,
approaching the side chain of Arg333 by 2.1 Å (see Fig. 5). It seems possible that replacement of
Asn346 by Asp introduces a salt bridge with Arg333, which could disorder the A2 domain-binding
helix 333-338. It is further remarkable that the FIXaN346D variant, apart from being defective in A2
domain binding, also displays reduced interaction with the endocytic receptor LRP (19) and with
heparin (Fig. 1). Heparin is known to interact with an extended cationic exosite on the FIXa
protease domain (38, J. Rohlena et al., unpublished work), in which residue Asn346 holds a central
position (19). We propose that the 170-loop in FIXa not only modulates substrate binding, but also
contributes to the exposure of the cationic exosite that binds multiple macromolecular ligands,
including LRP, heparin, and the FVIII A2 domain.
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SUMMARY
The interaction between coagulation factor IXa (FIXa) and low density lipoprotein receptor-

related protein (LRP) is inhibited by low molecular weight (LMW)-heparin. Because the LRP-
interactive surface loop Phe342-Asn346 in FIXa is surrounded by multiple basic residues, the role
thereof has been examined. Eight mutants were constructed, all of which displayed normal
amidolytic activity. Binding to LRP was found to involve two classes of binding sites for wt-FIXa
(apparent KD1 = 126 nM and KD2 = 51 nM). With regard to the mutants, three types could be
distinguished: (1) FIXaK265A and FIXaR333Q were similar to wt-FIXa; (2) FIXaR338A and FIXaK341A

had a 2-fold increased apparent KD2; and (3) FIXaK293A, FIXaK400A, and FIXaR403A had a 2-4 fold
increased apparent KD1 and KD2. Indeed, LRP fragment cluster IV interfered less efficiently with
FIXaR403A activity compared to wt-FIXa (IC50 = 34 nM and 21 nM (p<0.0001), respectively),
confirming the contribution of basic residues to LRP binding. FIXaK293A and FIXaR403A also showed
strongly reduced binding to heparin (KD > 1 µM), suggesting an overlap between the heparin and
LRP interactive sites. While LRP recognizes FIXa but not FIX, heparin binds both. We therefore
explored the possibility that FIX activation may affect heparin binding. Steady-state binding
analysis showed that FIXa and FIX bound to LMW-heparin with similar affinity. However, the
stoichiometry of binding to FIX was 7-fold reduced (2 mol FIXa/mol LMW-heparin and 0.3 mol
FIX/mol LMW-heparin, respectively). This suggests that the heparin-binding site is partially buried
in the zymogen, and becomes fully exposed upon activation.

INTRODUCTION
Coagulation factor IX (FIX) is a plasma protein critical to the hemostatic process. Its

functional absence is associated with a severe bleeding tendency, known as Hemophilia B (for a
review see ref. 1). FIX belongs to the family of vitamin K-dependent serine protease precursors,
which also includes prothrombin and factor X (FX). These zymogens share a common domain
structure, which is characterized by an amino-terminal Gla-domain, followed by a spacer region and
an activation peptide that connects the protease domain (2). Conversion of the precursors into their
enzymatic derivatives involves limited proteolysis that results in removal of the activation peptide,
and rearrangement of the protease domain. The structural homology between these enzymes is
illustrated by the notion that the protease domains contain patches of positively charged amino
acids, which are located at similar positions (3-5). These patches mediate the interaction with
negatively-charged glycosaminoglycans, such as heparin, although the affinity may differ
significantly between proteases (6-8). These differences allow for instance the chromatographic
separation of the various vitamin K-dependent proteins using immobilized heparin (9). Zymogen
activation is further associated with the exposure of specific regions that are involved in the
interactions with cofactor proteins. In turn, these cofactors may modulate the activity and specificity
of the proteases. Interestingly, the non-homologous character of the cofactor-binding regions
endows each protease with specificity for its own cofactor, e.g. thrombomodulin assembles with
thrombin, factor V with FXa, and factor VIII with FIXa (2).

Another example of specificity is the ability of FIXa to interact directly with the clearance
receptor low density lipoprotein receptor-related protein (LRP), whereas thrombin and FXa bind
LRP only when in complex with serine-protease inhibitors such as antithrombin or α2-
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macroglobulin (10-12). We have previously reported that LRP binding inhibits FIXa activity and as
such may play a regulatory role in FX activation (13). Interestingly, LRP recognizes FIXa but not
its inactive precursor FIX, while the LRP binding site is located in the FIXa protease domain
(12,13). This suggests that activation-dependent rearrangement of the protease domain results in
exposure of a LRP-binding region. This interactive site involves the surface-loop Phe342-Asn346, and
in particular amino acid Asn346 seems critical for binding (13). In the three-dimensional structure,
Asn346 is surrounded by various positively charged amino acids (14). For instance, Arg333 and
Arg403 are located within 3.3 Å and 4.4 Å of Asn346. Interestingly, Arg403 is conserved in the
corresponding position within the homologous proteases thrombin and FXa, and is known to
mediate the interaction of these proteases with heparin (6-8). In view of our observation that heparin
interferes with complex formation between FIXa and LRP, and of the notion that positively charged
amino acids play a role in the interaction between LRP and some of its ligands (15-19), the
following questions were addressed in the present study: (i) are positively charged amino acids
located in the vicinity of Asn346 involved in the interaction between FIXa and LRP or heparin, and
(ii) if heparin binds to a site that overlaps with the LRP-binding site, is the exposure of this heparin-
binding site also activation-dependent?

By using an experimental approach that included a series of mutated FIX variants, we found
that the binding sites for LRP and heparin are not identical, but overlap to a significant extent.
Moreover, our data point to a model in which the heparin-binding site becomes fully exposed only
upon FIX activation. Such activation-dependent exposure seems to be shared with the serine
proteases FXa and thrombin, suggesting a general mechanism that regulates the interaction between
heparin and these vitamin K-dependent proteases.

EXPERIMENTAL PROCEDURES
Materials- CNBr-Sepharose 4B, Q-Sepharose FF, Glutathione-Sepharose and Protein A-Sepharose were from

Amersham Biosciences (Roosendaal, The Netherlands). Heparin (grade A-1), vitamin K1, biotin and benzamidine were
purchased from Sigma. Biotinylated low molecular weight (LMW)-heparin was from Celsus Laboratories (Cincinnati,
Ohio, USA). LMW-heparin was from Pharmacia and Upjohn (Woerden, The Netherlands). Pfu-polymerase and
pBluescript vector were from Stratagene (Cambridge, U.K.). Oligonucleotide primers, restriction enzymes, DNA
modifying enzymes, pcDNA 3.1(-) vector, DMRIE-C reagent, Dulbecco’s modified Eagle’s medium, Geneticin and
Fungizone were obtained from Invitrogen (Breda, The Netherlands). Penicillin/streptomycin, DMEM/F12 medium, and
fetal calf serum were from BioWhittaker (Verviers, Belgium). CH3-SO2-D-leucyl-L-glycyl-L-arginyl-p-nitroanilide
(CH3-SO2-LGR-pNA), product name CBS 31.39 was from Diagnostica Stago (Asnières, France). Pefachrome Xa was
from Pentapharm AG, Basel, Switzerland. Microtiter plates were from Corning (Badhoevedorp, The Netherlands). Cell
factories (6000 cm2) were purchased from Nunc A/S (Roskilde, Denmark). BIAcoreTM-3000 biosensor system and
reagents (amino-coupling kit, CM5 and SA biosensor chips) were from Biacore AB, (Uppsala, Sweden).

Proteins- Anti-FIX monoclonal antibodies CLB-FIX D4 and CLB-FIX 11 were described previously (20).
Antibodies were purified on Protein A-Sepharose as recommended by the manufacturer. Polyclonal anti-human FIX
antibodies were raised by immunizing rabbits and purified by affinity chromatography on human FIX immobilized to
CNBr-Sepharose 4B (21). Normal human plasma FIX was purified by immunoaffinity chromatography using
monoclonal antibody CLB-FIX D4 (20). Factor XIa and FXa were purchased from Enzyme Research Laboratories
(South Bend, IN). FX and prothrombin were purified by conventional chromatography techniques (22). Soluble LRP
(sLRP) was obtained from human plasma by affinity chromatography employing CNBr-Sepharose 4B-coupled receptor
associated protein as previously described (13). Antithrombin and human serum albumin (HSA) were from Sanquin
Plasma Products, Amsterdam, The Netherlands.
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Construction of Recombinant FIX Variants- The following FIX variants were used in the present study:
FIXK293A (c126), FIXR333Q (c165), FIXR338A (c170), FIXK341A (c173), FIXN346D (c178), FIXK400A (c230) and FIXR403A

(c233). FIXN346D and FIXR333Q were described previously (13,23). Other FIX variants were constructed using the
Quickchange™ protocol, employing the following oligonucleotide primers: 5’-TGC ATT GCT GAC GCG GAA TAC
ACG AAC-3’ (sense) and 5’-GTT CGT GTA TTC CGC GTC AGC AAT GCA-3’ (antisense) for FIXK293A, 5’-GCC
ACA TGT CTT GCA TCT ACA AAG TTC-3’ (sense) and 5’-GAA CTT TGT AGA TGC AAG ACA TGT GGC-3’
(antisense) for FIXR338A, 5’-CTT CGA TCT ACA GCG TTC ACC ATC TAT-3’ (sense) and 5’-ATA GAT GGT GAA
CGC TGT AGA TCG AAG-3’(antisense) for FIXK341A, 5’-GGA ATA TAT ACC GCG GTA TCC CGG TAT-3’
(sense) and 5’-ATA CCG GGA TAC CGC GGT ATA TAT TCC-3’ (antisense) for FIXK400A, 5’-ACC AAG GTA TCC
GCG TAT GTC AAC TGG-3’ (sense) and 5’-CCA GTT GAC ATA CGC GGA TAC CTT GGT-3’ (antisense) for
FIXR403A. Human FIX cDNA in pBluescript vector was used as a template for the Quickchange reaction. The clones
containing desired mutations were digested with BamHI and HindIII restriction enzymes and ligated into the
corresponding restriction sites in mammalian expression vector pKG5 (24) or pcDNA3.1(-). The final FIX constructs
were verified by DNA sequence analysis.

Recombinant FIX- Recombinant FIX variants were produced in Madin-Darby Canine Kidney cells or in
human 293 cells. Canine cells were transfected by the calcium phosphate co-precipitation method, while 293 cells were
transfected by lipofection using DMRIE-C reagent. Conditions for selection of clones of canine cells were as previously
described (25), while clones of 293 cell lines were selected with 500 µg/ml geneticin in DMEM/F12 medium
supplemented with 10% fetal calf serum, 100 units/ml penicillin and 100µg/ml streptomycin. Large scale production of
FIX protein in canine cells was achieved in 1 liter cell factories as previously described (26), while human cells were
grown in DMEM/F12 medium supplemented with 2.5-10% fetal calf serum and antibiotics. FIX was purified from
concentrated medium by affinity chromatography employing anti-FIX monoclonal antibody CLB-FIX 11, and purified
FIX was converted into FIXa by limited factor XIa-mediated proteolysis as described (20). FIXa was purified from the
activation mixture by anion exchange chromatography (20). Wild type FIXa produced in both cell lines displayed
similar binding to sLRP and LMW-heparin. Also the amidolytic activity towards the chromogenic substrate CH3-SO2-
LGR-pNA and FX activation in the presence and absence of factor VIII were identical.

Protein Concentrations- Protein concentrations were determined by the method of Bradford (27) using HSA as
a standard. FIX antigen levels were determined by enzyme-linked immunosorbent assay employing a previously
described method (20). FIXa concentrations were determined by active-site titration with antithrombin in the presence
of heparin (20). FIXa traces in non-activated FIX preparations were quantified by FX activation in the presence of
activated factor VIII, Ca2+ and phospholipids as described elsewhere (20).

Amidolytic Activity of FIXa- FIXa amidolytic activity was measured essentially as described (20). Briefly, 150
nM of FIXa was incubated in a 96-well plate with chromogenic substrate CH3-SO2-LGR-pNA in concentrations
between 0.5 and 5 mM in 15 % (v/v) ethylene glycol, 100 mM NaCl, 10 mM CaCl2, 0.2% (w/v) HSA, 50 mM Tris (pH
7.4). The rate of substrate conversion was determined by measuring the absorbance at 405 nm.

FX Activation Assay- FX activation was measured in the presence of phospholipid vesicles (phophatidylserine
and phosphatidylcholine in 1:1 molar ratio) as previously described (22). Briefly, phospholipid vesicles (100 µM) and
Ca2+-ions were preincubated in siliconized glass tubes for 10 min in a buffer containing 100 mM NaCl, 10 mM CaCl2,
0.5% (w/v) ovalbumin, 50 mM Tris, pH 7.4. Subsequently FIXa (15 nM) with or without LRP cluster IV (also
preincubated for 10 min) was added. The reaction was started by addition of FX (200 nM). Subsamples were drawn in
time and the reaction was terminated by adding EDTA-containing buffer. The amount of FXa formed was determined
spectrophotometrically at 405 nm, employing Pefachrome Xa as substrate.

Surface Plasmon Resonance Analysis- The BIAcoreTM3000 biosensor system was employed for surface
plasmon resonance (SPR) studies as described previously (13). sLRP was immobilized onto CM5-sensorchips at a
density of 20 fmol/mm2 using the amine coupling method according to the manufacturer’s instructions. Routinely, a
control channel was activated and blocked in the absence of protein. In the experiments addressing heparin binding,
streptavidin-coated SA-biosensor chips were used to immobilize 100 Response Units of biotinylated LMW-heparin
(20 fmol/mm2). The control channel was treated with biotin only. In all cases, binding to coated channels was corrected
for binding to the non-coated channel (less then 5 % of binding to coated channels). SPR analysis was performed in
150 mM NaCl, 2 mM CaCl2, 0.005% (v/v) Tween-20, 20 mM Hepes (pH 7.4) at 25 ºC with a flow of 20 µl/min
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(30 µl/min for heparin). The sensorchips were regenerated by incubating with 1M NaCl, 20 mM EDTA, 50 mM Tris
(pH 7.4) for sLRP chips or 1M NaCl, 20 mM Hepes (pH 7.4) for heparin chips for two times 30 seconds at a flow of
20 µl/min. For quantitative measurements, experiments were performed using 5 different concentrations (25-400 nM) of
FIXa. BIAevaluation 3.1 software (Biacore AB, Uppsala, Sweden) was used to analyze the association and dissociation
curves of the sensorgrams.

RESULTS
Recombinant Proteins- In order to study the contribution of basic amino acids within the

protease domain of FIXa to the interaction with LRP, a series of FIX mutants was constructed. In
particular, basic residues in the vicinity of the Phe342-Asn346 surface loop were mutated, because this
loop was previously found to be involved in LRP binding (Fig. 1). As a control, mutant FIXN346D

was used, which binds to LRP in a suboptimal manner (13). FIX mutants were expressed in
eukaryotic cell lines and purified to homogeneity by immuno-affinity chromatography employing
the Gla-domain directed antibody CLB-FIX 11 (28). Factor XIa was used to convert purified FIX
proteins into their active forms. Activated mutants were subsequently compared to wt-FIXa for their
ability to hydrolyze the chromogenic substrate CH3SO2-LGR-pNA in the presence of 15 % ethylene
glycol. As summarized in Table I, pd-FIXa and recombinant wt-FIXa were equally efficient in
hydrolyzing this substrate. Apart from mutant FIXaK265A, which was previously reported to display
enhanced amidolytic activity (29), all mutants displayed kcat/Km values close to that of wt-FIXa,
varying between 4.2 × 102 and 8.4 × 102 M-1·s-1 (Table I). This indicates that the introduced
mutations leave the basic enzymatic function of the protease domain intact.

K293

R403

K400
R333

R338

K341

N346
342-345

K265
FIG. 1. Amino acid substitutions in
the protease domain of FIXa. In
this view of the protease domain of
human FIXa (14), the positively
charged residues replaced by site-
directed mutagenesis are shown in
ball-and-stick representation. Region
342-345 and the residue Asp346 are
shown in dark color. The active site
with the inhibitor p-
aminobenzamidine is towards the
right side of the structure and the
FVIIIa interactive helix is at the
bottom.
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Interaction Between LRP and FIXa Mutants- To address the effect of the various mutations
in the FIXa protease domain on LRP binding, association of wt-FIXa and its mutant derivatives to
immobilized sLRP was assessed using SPR analysis. Binding of FIXa to immobilized sLRP
involves an initial rapid phase and a secondary slower phase (Fig. 2, see also 12,13). Each phase is
represented by a distinct affinity constant (KD1 and KD2 for the rapid and slow phase, respectively),
which are indicated in Table II. For wt-FIXa, KD1 was calculated to be approximately 130 nM,
whereas KD2 was approximately 50 nM. With regard to the mutants, three groups could be
distinguished, and for each group a representative sensorgram is depicted in Fig. 2. The first group,
comprising FIXaK265A and FIXaR333Q, was similar to wt-FIXa in terms of affinity. The second group,
consisting of mutants FIXaR338A and FIXaK341A, showed a moderately reduced affinity for LRP. For
these mutants, the affinity constant KD1 was virtually unaffected, whereas KD2 was increased
almost 2-fold (Table II). Finally, the third group that comprises mutants FIXaK293A, FIXaN346D,
FIXaK400A and FIXaR403A, was least efficient in binding to sLRP, with KD1 and KD2 values up to
336 nM and 188 nM, respectively. Thus, the interaction between FIXa and LRP appears to involve
a number of positively charged amino acids.

LRP Cluster IV Displays Distinct Inhibition of FX Activation by wt-FIXa and FIXaR403A-
The effect of mutations on LRP binding was further examined by an alternative approach based on
the ability of the recombinant LRP fragment cluster IV to interfere with FVIIIa-independent FX
activation (13). To this end, FX activation by wt-FIXa or FIXaR403A was assessed in the presence of
various concentrations of LRP cluster IV (0-100 nM). In the absence of LRP cluster IV, the rate of
FX activation was 11 ± 2 mmol FXa/mol FIXa·min and 7 ± 1 mmol FXa/mol FIXa·min for wt-FIXa

TABLE I. Amidolytic activity of recombinant FIXa variants. Hydrolysis of the synthetic substrate CH3SO2-LGR-pNA
(0.5-5 mM) by pd-FIXa, wt-FIXa and recombinant FIXa variants was measured in the presence of 15 % ethylene glycol as
described under “Experimental Procedures”. The values of kcat/Km were obtained at a FIXa concentration of 150 nM. Data
represent mean ± S.D. of multiple independent experiments.

FIXa variant 10-2 × kcat/Km

M-1·s1

pd-FIXa
wt-FIXa

FIXaK265A

FIXaK293A

FIXaR333Q

FIXaR338A

FIXaK341A

FIXaN346D

FIXaK400A

   FIXaR403A

6.7 ± 0.1
7.0 ± 0.1

              16.7 ± 1.0
7.0 ± 0.3
4.7 ± 0.1
8.4 ± 0.2
5.1 ± 0.1
6.0 ± 0.1
4.4 ± 0.2
4.2 ± 0.1
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and FIXaR403A, respectively. This supports the view that
the Arg403 to Ala substitution leaves the enzymatic
function of FIXa largely unaffected. As expected, FX
activation by wt-FIXa was efficiently inhibited in the
presence of LRP cluster IV (Fig. 3). Half-maximal
inhibition was observed at a concentration of 21 nM
cluster IV (95 % CI 19-23 nM). The mutant FIXaR403A

was inhibited less efficiently by cluster IV, with a
calculated half maximum inhibition at 34 nM (95 % CI
31-38 nM; p<0.0001), which is compatible suboptimal
LRP binding of this mutant (Table II).

Impaired Binding of FIXa Mutants to LMW-
Heparin- Since complex formation between FIXa and LRP is inhibited by heparin, and both LRP
and heparin are known to recognize patches of positively charges amino acids, we further addressed
the effect of the mutations on heparin binding. Therefore, wt-FIXa and FIXa mutants were perfused
in varying concentrations (25-400 nM) over immobilized LMW-heparin (20 fmol/mm2). SPR
analysis demonstrated that wt-FIXa associates with LMW-heparin in a reversible and dose-
dependent manner (Fig 4A). Binding isotherms using the responses at equilibrium were used to
calculate the apparent dissociation constant (apparent KD), which revealed a value of 77 ± 8 nM
(Fig. 5B, Table III). The stoichiometry for this interaction was calculated to be 2.0 ± 0.1 mol
FIXa/mol of LMW-heparin (Fig. 5B). With regard to the interaction between LMW-heparin and

FIXa mutants, again three groups could be
distinguished, and from each group a representative
sensorgram is shown in Fig. 4B. Replacement of Lys265

or Lys341 by Ala had no effect on the affinity for LMW-
heparin (Table III). Mutation at positions Arg333, Arg338

FIG. 2. SPR analysis of binding of recombinant FIXa variants to
immobilized sLRP. A, wt-FIXa was passed over immobilized sLRP
at concentrations between 25 and 200 nM. The flow rate was 20
µl/min and association and dissociation were monitored for 120
seconds as described under “Experimental Procedures”. B, 100 nM of
recombinant FIXa variants were analyzed under the same conditions
as in A. I (thick line), II, III and IV refer to wt-FIXa, FIXaK265A,
FIXaK341A and FIXaK293A, respectively. Data represent typical
experiments.

FIG. 3. The effect of LRP cluster IV on FX activation by FIXa in
the absence of factor VIII. LRP fragment cluster IV in increasing
concentrations was preincubated with 15 nM of wt-FIXa (closed
circles) or FIXaR403A (open circles), and assayed for residual FX
activation in the presence of phospholipids, Ca2+  and FX as described
under “Experimental Procedures”. Data represent the mean (± S.D.) of
multiple independent experiments.
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or Lys400 affected the affinity for LMW-heparin to a minor extent, with KD values between 150 nM
and 200 nM (Table III). A major effect on LMW-heparin binding was observed for the mutants
FIXaK293A, FIXaN346D or FIXaK403A, the KD values of which were exceeding 1 µM (Table III).
Mutation of these amino acids also severely impaired LRP binding, suggesting that part of the
residues critical for binding are shared by LRP and LMW-heparin.

FIX Zymogen and FIXa are Dissimilar in their Interaction with Heparin- In view of the
observation that heparin and LRP share overlapping binding regions in the FIXa protease domain, it
is surprising that LRP binds selectively FIXa, whereas heparin is recognized by both FIXa and its
inactive precursor FIX. Hence, the possibility exists that heparin binding to FIX is also modulated
upon its conversion into its active derivative. Therefore, FIX and FIXa were compared for binding
to immobilized LMW-heparin by SPR analysis. For both FIXa and FIX zymogen, a dose-dependent
and reversible binding to LMW-heparin was observed (Figs. 4A and 5A, respectively). However, a
strikingly lower response was observed for the FIX zymogen compared to the FIXa protease: for
instance, 0.16 mol FIX/mol LMW-heparin versus 1.3 mol FIXa/mol LMW-heparin could be
detected when 300 nM of either FIX derivative was perfused (Figs. 4A and 5A). Steady-state
binding analysis (Fig. 5B) showed that FIX and FIXa bind to LMW-heparin with similar affinity,
the apparent KD being 110 ± 32 nM and 77 ± 8 nM for FIX and FIXa, respectively. In contrast, the

TABLE II. Dissociation constants for the interaction between sLRP and FIXa variants. The affinity of the interaction between
recombinant FIXa variants and sLRP immobilized onto a CM5-sensorchip (20 fmol/mm2) was assessed by perfusing 5 different
concentrations of FIXa (25-200 nM) over sLRP-coated channels for 120 seconds. Upon replacement of ligand-solution by washing
buffer, dissociation was followed for 120 seconds. Data were analyzed by performing non-linear global fitting of the data corrected
for binding to non-coated channels and bulk refractive index changes. Apparent dissociation constants KD1 and KD2 were calculated
using a model describing heterologous interactions. KD1 and KD2 represent the initial rapid phase and secondary slow phase,
respectively. Data represent mean values ± S.D.

Effect of mutation on
LRP binding FIXa variant KD1 KD2

nM nM

None

Minor

Major

wt-FIXa
FIXaK265A

FIXaR333Q

FIXaR338A

FIXaK341A

FIXaK293A

FIXaN346D

FIXaK400A

FIXaR403A

126 ± 21
148 ± 43
136 ± 40

176 ± 47
163 ± 46

320 ± 37
327 ± 19
289 ± 23
336 ± 52

51 ± 7
39 ± 8
55 ± 6

93 ± 4
97 ± 5

188 ± 27
126 ± 12
186 ± 23
131 ± 13
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stoichiometry was reduced 7-fold for the FIX zymogen (0.27 ± 0.03 mol FIX/mol LMW-heparin
versus 2.0 ± 0.1 mol FIXa/mol LMW-heparin). In an alternative approach to determine the affinity
for LMW-heparin, the binding of FIXa and FIX to immobilized LMW-heparin was examined in the
presence of varying concentrations of LMW-heparin in solution. LMW-heparin interfered with the
binding of FIX and FIXa to immobilized LMW-heparin to the same extent (Fig. 5C), with
calculated Ki values of 32.9 nM (95 % CI 5.4-63.9 nM) and 53.5 nM (95 % CI 29.7-79.7 nM; p>
0.05) for FIX and FIXa, respectively. We considered the possibility that FIX binding to LMW-
heparin was mediated by traces of FIXa in the FIX preparation. FIXa analysis, however, revealed a
contamination of less than 0.2 % (mol/mol). In addition, no FIXa could be detected by western blot
analysis (data not shown). This led us to conclude that FIX and FIXa bind LMW-heparin with a
similar affinity. However, it seems that the number of FIX molecules exposing the heparin-binding
site is much lower than in FIXa.

Activation-dependent Exposure of the Heparin-binding Site in Prothrombin and FX- The
location of the heparin-binding elements in the protease domain of FIXa is similar to those in the
homologous proteases FXa and thrombin (6). It was of interest therefore to compare thrombin and
FXa to their inactive precursors for binding to LMW-heparin using SPR analysis. For both
prothrombin and FX, little response was observed when they were applied to immobilized LMW-
heparin, even when concentrations up to 4 µM were used (Fig. 6A). However, when converted into
their active forms, efficient association to immobilized LMW-heparin was observed for both FXa

TABLE III. Dissociation constants for the interaction between LMW-heparin and FIXa variants. Complex formation
between recombinant FIXa variants and immobilized LMW-heparin was examined by SPR steady-state analysis. Response
at equilibrium was plotted against concentration (0-400 nM), and nonlinear regression analysis was performed to obtain the
apparent dissociation constants (KD). Each analysis was based on the response of 5 different concentrations. Values
represent calculated KD ± S.D.

Effect of mutation on
LMW-heparin binding

FIXa variant KD

nM

None

Minor

Major

wt-FIXa
FIXaK265A

FIXaK341A

FIXaR333Q

FIXaR338A

FIXaK400A

FIXaK293A

FIXaN346D

FIXaR403A

77 ± 8
104 ± 35
74 ± 14

191 ± 22
154 ± 5

156 ± 50

> 1000
> 1000
> 1000
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and thrombin (Fig. 6B). This demonstrates that FX and prothrombin are similar to FIX in that the
binding site for heparin becomes exposed upon conversion of the zymogen into the active protease.

FIG. 4. SPR analysis of binding of recombinant FIXa to
immobilized LMW-heparin. A, wt-FIXa was passed over
immobilized LMW-heparin at concentrations between 25 and 400
nM. The flow rate was 30 µl/min and association and dissociation
were monitored for 120 seconds as described under “Experimental
Procedures”. B, 300 nM of recombinant FIXa variants were analyzed
under the same conditions as in A. I (thick line), II, III and IV refer to
wt-FIXa, FIXaK341A, FIXaR333Q and FIXaR403A, respectively. Data
represent typical experiments.

FIG. 5. Interaction of FIX and FIXa with immobilized LMW-heparin. A, Non-activated wt-FIX was passed over
immobilized LMW-heparin at concentrations between 25 and 400 nM. Association and dissociation were recorded for 120
seconds under a buffer flow of 30 µl per minute. Data represent typical experiments. B, Steady-state binding of FIXa (closed
circles) and FIX zymogen (open circles) to immobilized LMW-heparin. Experiments were performed as in panel A, with the
exception that association curves were extrapolated in order to determine maximal, steady state binding. C, Competition by
LMW-heparin in solution for binding of FIXa (closed circles) and FIX zymogen (open circles) to immobilized LMW-
heparin. Recombinant FIXa or FIX zymogen (200 nM) was preincubated with increasing concentrations of LMW-heparin in
solution prior to passage over 100 Response Units of immobilized LMW-heparin in the SPR system (see “Experimental
Procedures”). The amount of protein bound after 115 seconds of association was determined and plotted as a percentage of
binding in the absence of soluble LMW-heparin. Data represent the mean (± S.D.) of multiple experiments.
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DISCUSSION
Coagulation factors IX and X as well as prothrombin comprise extended surface regions that

mediate the interaction with other proteins. These non-homologous regions are important for the
specificity of the proteases, and may become exposed selectively upon activation of the zymogen,
and thus when needed only. On the other hand, these coagulation factors share regions that are
homologous in structure and composition. It is not surprising therefore that these homologous
regions particularly mediate the interaction with components that are recognized by FIX, FX as well
as prothrombin. One common ligand is heparin, a negatively-charged glycosaminoglycan that
recognizes patches of basic amino acids.

In the present study, a series of FIX mutants was used to identify residues critical for the
interaction with heparin. Our experiments revealed that the single replacement of positively-charged
residues Lys293 or Arg403 by Ala increased the dissociation constant for LMW-heparin from 77 nM
to over 1 µM, demonstrating that these residues are essential for the interaction with heparin. Also
residues Arg333, Arg338 and Lys400 contribute to this interaction, although to a lesser extent (2-3 fold
increase in apparent KD). In contrast, replacement of residues Lys265 or Lys341 left the affinity for
heparin unaffected. These data are consistent with those previously reported by Yang et al., who
also identified Arg403 as being important for heparin binding (30). In contrast, we found that Lys293

contributes to heparin binding to a much larger extent than Arg333 and Lys400. It should be noted that
Yang and colleagues (30) used not only an experimental system that was different from ours, but
also employed FIXa variants lacking the amino-terminal Gla-domain. For the FIXa homologues
FXa and activated protein C, the Ca2+-binding Gla-domain is known to modulate the interaction

with heparin (31,32). It seems conceivable, therefore,
that different Ca2+-binding contributes to apparent
discrepancies with our present data.

Irrespective of their relative contribution to
heparin binding, the spatial location of residues Lys293,
Arg333, Lys400 and Arg403 within the FIXa protease
domain is similar to the heparin-binding residues within
the protease domains of thrombin and FXa (4,5,14).
These proteases further have in common that a striking
increase in binding occurs upon conversion of the
inactive zymogen into the active protease (Figs. 4A, 5A
and 6). Apparently, exposure of the heparin-binding site
is at least in part activation-dependent. With regard to

FIG. 6. Activation of FX and prothrombin increases binding to
immobilized LMW-heparin. A, 4 µM of FX (I) and prothrombin (II)
or B, 300 nM of D-Phe-Pro-Arg-chloromethyl ketone-inhibited FXa
(I) and thrombin (II) were passed over immobilized LMW-heparin as
described under “Experimental Procedures”. Association and
dissociation were monitored for 120 seconds at a flow rate of 30 µl
per minute. Data represent typical experiments.
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FIXa, we examined the interaction with heparin in more detail to determine whether increased
binding was induced: by an increase in affinity, an increase in number of binding sites or both.
Analysis of the binding isotherms revealed that both FIX and FIXa bind to heparin with similar
affinities. Indeed, in solution-based competition assays LMW-heparin interfered with binding of
FIX and FIXa to immobilized LMW-heparin to the same extent (Fig. 5C). In contrast, FIXa and
FIX were dissimilar in the interaction with LMW-heparin with regard to the number of binding
sites. For FIXa we observed a ratio of 2 mol FIXa/mol LMW-heparin, whereas this was
approximately 7-fold lower for the FIX zymogen. One explanation could be that binding observed
using the FIX preparations in fact is mediated by contaminating amounts of FIXa. However, the
small traces of FIXa present (less than 0.2 % mol/mol) are clearly insufficient to mediate the
observed binding responses. This implies that binding originates from the FIX zymogen. A similar
affinity in combination with a reduced number of binding sites mimics the so-called non-
competitive mechanism, as is observed in enzyme inhibition kinetics. Such a mechanism is
compatible with the heparin-binding site in FIX being in equilibrium between exposed and non-
exposed, in which the equilibrium is predominantly on the non-exposed state. Activation of FIX is
subsequently associated with shifting the equilibrium to the exposed state. The elimination of the
intrinsic inhibitory effect could arise from conformation changes within the protease domain, or
alternatively, from removal of the FIX activation peptide. The activation peptide is a flexible
structure, and contains several residues that are glycosylated, phosphorylated or sulfated (1). These
negatively charged moieties could interfere with the access of heparin to its positively charged
binding patch. A similar mechanism has been described for prothrombin, in which crystal structure
analysis revealed that the kringle domain of prothrombin covers the heparin-binding site in the
protease domain (33).

The basic amino acids that we identified to be involved in heparin binding also contribute to
the interaction with LRP (Tables II and III), suggesting a significant overlap between the interactive
sites for LRP and heparin. On the other hand, however, replacement of Lys293 and Arg403 by Ala
almost completely abolished heparin binding, whereas the effect on LRP binding is more limited. In
addition, mutation of Lys341 did not affect heparin binding at all, but did affect LRP binding, while
mutation of Arg333 had the opposite effect. Apparently, the structural requirements for heparin and
LRP binding do overlap, but are not identical. This view is supported by the observation that FIXa
and FIX display similar affinity for heparin, whereas FIXa but not FIX is able to bind LRP.
Moreover, while FIXa shares its ability to bind heparin with thrombin and FXa by conserved
patches of basic amino acids, LRP binding is restricted to FIXa. This suggests that other structural
elements in the FIXa protease domain are involved in the interaction with LRP as well. In this
respect it should be mentioned that we have recently reported that optimal LRP binding requires
residues Phe342-Trp345, a partially hydrophobic region that does not contribute to heparin binding
(13). The involvement of hydrophobic residues in LRP binding is supported by our observation that
at high ionic strength (i.e. in the presence of 500 mM NaCl) FIXa still binds LRP, whereas heparin
binding is completely abolished (data not shown).

Residue Asn346 appears to play an interesting role in protease-domain related interactions.
First, replacement of this residue by Asp results in reduced LRP binding (Table II, ref 13). Second,
this mutation has previously been associated with defective binding to factor VIII (34). Finally, we
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now show that the Asn346 to Asp substitution results in strongly reduced heparin binding (Table III).
The effect of this mutation on heparin binding may seem surprising because Asn is not a negatively
charged, but a neutral polar residue. Examination of the FIXa crystal structure reveals that Asn346

not only forms an H-bond with the amino acid side chain of residue Arg333, but is also in close
proximity of residue Arg403 (14). It seems conceivable therefore that replacement of Asn346 by the
positively charged Asp affects ionic interactions with the neighboring residues Arg333 and Arg403,
resulting in increased rigidity and distortion of this surface-exposed region. This would explain why
this single mutation may have a detrimental effect of in the interaction with multiple FIXa ligands,
including factor VIII, heparin and LRP
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 SUMMARY
Both low density lipoprotein receptor-related protein (LRP) and low molecular weight

heparin inhibit the enzymatic activity of activated factor IX (FIXa) and its enhancement by
activated factor VIII (FVIIIa). FVIIIa interaction with FIXa is known to involve the regions
301-302 and 333-339 in the FIXa protease domain. However, the cationic exosite that binds LRP
and heparin may contribute to FVIIIa binding as well. We therefore examined the contribution of
the exosite to FIXa enzymatic activity and FVIIIa interaction by replacing a number of positively
charged residues by either Ala or Gln. With regard to amidolytic activity, most FIXa variants
hydrolyzed the chromogenic substrate CBS 31.39 similarly to wild-type FIXa. Only variants
FIXaR333A and FIXaR333A/R403A were approximately 4 times less efficient. A similar phenotype was
found using factor X as the natural substrate, with FIXaR333A and FIXaR333A/R403A again being
approximately 4 times less effective than wild-type. However, the differences among individual
FIXa variants became more prominent in the presence of FVIIIa. Compared to wild-type FIXa,
FIXaR338A and FIXaK341A were stimulated more efficiently by FVIIIa in factor X activation assay. In
contrast, the stimulation of FIXaK293A and FIXaR403A was reduced. The Arg333 variants were nearly
insensitive to FVIIIa stimulation. All variants with defective stimulation by FVIIIa also showed
reduced binding to the A2 domain of FVIIIa, ranking from the least to the most defective ones as
follows: FIXaR333Q, FIXaK293A>FIXR333A>FIXaR403A>FIXaR333A/R403A. No A2 domain binding could
be detected for the double mutant. Remarkably, the substitution of Arg333 by Ala was more
detrimental to A2 domain binding than the Gln containing variant. These data indicate that the
interface interacting with the A2 domain extends beyond the regions 301-302 and 333-339, and also
involves residues Arg403 and Lys293 of the cationic exosite.

INTRODUCTION
The generation of activated coagulation factor X (FXa) by the Ca2+-dependent, membrane-

bound intrinsic factor X activating complex plays a central role during the propagation stage of
blood coagulation (1,2). The complex is formed by the enzyme activated factor IX (FIXa)
associated with its protein cofactor activated factor VIII (FVIIIa). Inactive precursors of these
proteins, factors IX and VIII (FIX, FVIII), circulate in blood: FIX as a single chain zymogen and
FVIII as a heterodimer associated with its carrier protein von Willebrand factor (3-5). Limited
proteolysis by thrombin or FXa liberates FVIII from von Willebrand factor and results in unstable
heterotrimeric FVIIIa, consisting of a phospholipid-binding light chain A3-C1-C2 associated with
A1 and A2 subunit (3,6,7). The intrinsic instability of FVIIIa stems from the loose, non-covalent
association of the A2 subunit with the relatively stable A1·A3-C1-C2 heterodimer (7,8). In contrast,
FIX zymogen is activated by limited proteolysis mediated either by factor XIa or by factor
VIIa·tissue factor complex. During this process the activation peptide of FIX is released, giving rise
to a disulfide-linked two-chain molecule of FIXa (4,9). The NH2-terminal light chain is responsible
for phospholipid binding, whereas the heavy chain comprises the trypsin-like serine protease
domain (10,11).

Unlike other serine proteases such as trypsin or elastase, FIXa needs assistance from its
cofactor FVIIIa to develop fully its catalytic potential. The association with FVIIIa results in a more
than several-hundred-fold increase in catalytic efficiency towards the substrate factor X (FX)
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(12,13). The mechanism of this stimulation remains largely unexplained. However, FVIIIa binding
is apparently able to rearrange the active site of FIXa and surrounding surface loops (14-17).
Previous research identified two distinct interactions between FIXa and FVIIIa: one with high
affinity (KD approx. 15 nM) involving the light chains of FIXa and FVIIIa, and one with lower
affinity (KD 100-300 nM) between the protease domain of FIXa and the A2 domain of FVIIIa
(18-22). It seems that the light chain interaction drives the overall affinity between the two proteins,
whereas the interaction in the protease domain accounts for the enhancement of FIXa enzymatic
activity (19). As for the protease domain, two regions have been described that are important for the
stimulation of FIXa by FVIIIa and for binding to the A2 domain. The first one involves residues
301-302 (c132-c133, chymotrypsin numbering in parentheses) and the second one comprises
surface helix 333-339 (c165-c171) (23,24). Interestingly, the helix is part of an extended cationic
exosite that binds heparin and low density lipoprotein receptor-related protein (LRP) (25). As both
LRP and low molecular weight (LMW)-heparin effectively interfere with FVIIIa-mediated
stimulation of FIXa (26,27), it is possible that their binding regions also participate in A2 domain
interaction.

The aim of the current study was to elucidate the role of the cationic exosite in the
stimulation of FIXa activity by FVIIIa and in A2 domain binding. To this end we investigated
recombinant FIXa variants with replacements of positively charged residues within the exosite in
terms of FIXa enzymatic activity, stimulation by FVIIIa, and binding to the isolated A2 domain.
The results indicate that the interface interacting with the A2 domain extends beyond the 301-302
region and 333-339 helix, and also involves another part of the exosite, including residues Arg403

and Lys293.

EXPERIMENTAL PROCEDURES
Materials- CNBr-Sepharose 4B, Source S, Q-Sepharose FF and Protein A-Sepharose were obtained from

Amersham Biosciences (Roosendaal, The Netherlands). Heparin (grade A-1), vitamin K1 and benzamidine were from
Sigma. Pfu-polymerase and pBluescript vector were from Stratagene (Cambridge, U.K.). Oligonucleotide primers,
restriction enzymes, DNA modifying enzymes, expression vector pcDNA3.1(-), DMRIE-C reagent, Dulbecco’s
modified Eagle’s medium, Geneticin and Fungizone were supplied by Invitrogen (Breda, The Netherlands).
DMEM/F12 medium, penicillin/streptomycin and fetal calf serum were from BioWhittaker (Verviers, Belgium). CH3-
SO2-D-leucyl-L-glycyl-L-arginyl-p-nitroanilide (CH3-SO2-LGR-pNA), product name CBS 31.39, was obtained from
Diagnostica Stago (Asnières, France). Pefachrome Xa was from Pentapharm AG (Basel, Switzerland). Microtiter plates
were from Corning (Badhoevedorp, The Netherlands). Cell factories (6000 cm2) were purchased from Nunc A/S
(Roskilde, Denmark). BIAcoreTM-3000 biosensor system and reagents (amino-coupling kit, certified grade CM5-
sensorchips) were from Biacore AB, (Uppsala, Sweden).

Proteins- Anti-FIX monoclonal antibodies CLB-FIX D4 and CLB-FIX 11 were described previously (28). All
antibodies were purified on Protein A-Sepharose as recommended by the manufacturer. Polyclonal anti-human FIX
antibodies were produced by immunizing rabbits and purified by affinity chromatography on human FIX immobilized
to CNBr-Sepharose 4B (18). Normal human plasma FIX was purified by immunoaffinity chromatography using
monoclonal antibody CLB-FIX D4 (28). Human FX and prothrombin were purified by conventional chromatography
techniques, and prothrombin was converted to α-thrombin as described (29). FVIII was purified by anti-light chain
affinity chromatography (18). The A2 domain of FVIII was isolated from thrombin-activated FVIII by ion-exchange
chromatography as described in Celie et al. (30), with the exception that a Source S column was used instead of a Mono
S column. Factor XIa was purchased from Enzyme Research Laboratories (South Bend, IN). Antithrombin and human
serum albumin (HSA) were from Sanquin Plasma Products (Amsterdam, The Netherlands).
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Recombinant FIX Variants- FIXK293A (c126), FIXR333Q (c165), FIXR338A (c170), FIXK341A (c173), FIXK400A

(c230) and FIXR403A (c233) were described previously (23,25). Variant FIXR333A was constructed using a previously
described protocol (25), using primers 5’-CCA CTT GTT GAC GCA GCC ACA TGT CTT-3’ (sense) and 5’-AAG
ACA TGT GGC TGC GTC AAC AAG TGG-3’ (antisense). The double mutant FIXaR333A/R403A was then generated by
subjecting DNA of FIXR333A in the Bluescript vector to the second round of mutagenesis with primers designed to create
FIXR403A variant (25).  Selected clones were digested with BamHI and HindIII restriction enzymes and ligated into the
corresponding restriction sites in mammalian expression vector pcDNA3.1(-). Final FIX constructs were checked by
DNA sequence analysis.

Recombinant FIX Protein Production- Recombinant FIX variants were produced in Madin-Darby Canine
Kidney (MDCK) cells or in human 293 cells. The 293 cells were transfected by lipofection with DMRIE-C reagent,
while MDCK cells were transfected by calcium phosphate co-precipitation method. Stable expression was achieved by
selection with geneticin as previously described (25). Cell lines producing FIX were cultured in 1 liter cell factories (25)
and the harvested medium was concentrated. Recombinant FIX was purified from the concentrated medium by affinity
chromatography employing the Ca2+-dependent anti-FIX monoclonal antibody CLB-FIX 11. The purified FIX was
converted into FIXa by factor XIa-mediated limited proteolysis as described (28). FIXa was purified from the activation
mixture by anion exchange chromatography (28). Wild-type FIXa proteins produced in either cell line were
indistinguishable with respect to amidolytic activity, FX activation and binding to the A2 domain of FVIIIa.

Protein Concentrations- Protein concentrations were determined by the method of Bradford (31) using HSA as
a standard. FIX antigen levels were determined by enzyme-linked immunosorbent assay employing a previously
described method (28). FIXa concentrations were determined by active-site titration with antithrombin in the presence
of heparin (28).

Amidolytic Activity of FIXa- FIXa amidolytic activity was measured essentially as previously described (28).
Shortly, 150 nM of FIXa was incubated in a 96-well plate with chromogenic substrate CH3-SO2-LGR-pNA in
concentrations between 0.5 and 5 mM in 15 % (v/v) ethylene glycol, 100 mM NaCl, 10 mM CaCl2, 0.2% (w/v) HSA,
50 mM Tris, (pH 7.4). The rate of substrate conversion was determined by measuring the absorbance at 405 nm.

FX Activation Assay- FX activation was measured in the presence of phospholipid vesicles (phophatidylserine
and phosphatidylcholine in 1 to 1 molar ratio), essentially as previously described (29). Phospholipid vesicles (100 µM)
were preincubated in siliconized glass tubes for 10 min in a buffer containing 100 mM NaCl, 10 mM CaCl2, 0.5% (w/v)
ovalbumin, 50 mM Tris, pH 7.4. Next, FIXa (30 nM) was pipetted in the tubes and the reaction was started by addition
of FX in various concentrations between 25 and 500 nM. In experiments with FVIII, FVIII (0.3 nM) and thrombin
(5 nM) were added to the mixture of phospholipid, Ca2+ and FIXa (0.3 nM), followed by 1 minute incubation to activate
FVIII. The reaction was started by addition of FX in various concentrations between 10 and 100 nM. Sub-samples were
drawn in time and the amount of FXa generated was determined spectrophotometrically as described (26).

Binding of FIXa Variants to Isolated A2 domain- The experiments were done in surface plasmon resonance
(SPR) technology-based BIAcoreTM3000 biosensor system. SPR analysis was performed essentially as described
previously (30). The isolated A2 domain was immobilized onto CM5-sensorchips at a density of 178 fmol/mm2 using
the amine coupling method according to the manufacturer’s instructions. Routinely, a control channel was activated and
blocked in the absence of protein. In all cases, binding to coated channels was corrected for binding to the non-coated
channel. SPR analysis was performed in 150 mM NaCl, 2 mM CaCl2, 0.005% (v/v) Tween-20, 20 mM Hepes (pH 7.4)
at 25 ºC with a flow of 20 µl/min. The sensorchips were regenerated by incubating with 1M NaCl, 20 mM EDTA,
50 mM Tris (pH 7.4) for two times 30 seconds at a flow of 20 µl/min. BIAevaluation 3.1 software (Biacore AB,
Uppsala, Sweden) was used to analyze the association and dissociation curves of the sensorgrams.

RESULTS AND DISCUSSION
Recombinant Proteins- In order to assess the role of cationic residues in the protease domain

of FIXa in FVIIIa stimulation of FIXa enzymatic activity and in A2 domain binding, we generated
recombinant FIXa variants with replacements of several positively charged residues in the extended
exosite (Fig. 1). With the exception of the double mutant FIXaR333A/R403A, each of these FIXa
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variants had a single Lys to Ala substitution at positions 293 (c126), 341 (c173) or 400 (c230), or a
single Arg to Ala substitution at positions 338 (c169), or 403 (c233). The last mutated residue,
Arg333 (c165), was substituted either by Ala or by Gln. These substitutions were selected because
we previously found these particular positively charged residues to contribute to LRP or LMW-
heparin binding. For LRP these were residues 293, 403, 400, 338 and 341, and for heparin residues
293, 403, 333 and 338 (25). The variant FIX proteins were expressed in mammalian cell lines and
purified to homogeneity by immunoaffinity chromatography using the Ca2+-dependent Gla domain
directed antibody CLB-FIX 11 (32), followed by factor XIa-mediated conversion into their active
derivatives. As shown in Table I, the most recombinant proteins hydrolyzed the chromogenic
substrate CH3-SO2-LGR-pNA with catalytic efficiency similar to wt-FIXa (7.0 × 102 M-1·s-1), or
slightly lower. The actual catalytic efficiency values for these mutants ranged from the highest one
of 8.4 × 102 M-1·s-1 for FIXaR338A to the lowest one of 4.2 × 102 M-1·s-1 for FIXaR403A. Interestingly,
the FIXa variants with Ala instead of Arg at position 333 converted the chromogenic substrate
markedly slower, resulting in catalytic efficiency values of 2.9 × 102 M-1·s-1 and 2.4 × 102 M-1·s-1 for
FIXaR333A and the double mutant FIXaR333A/R403A, respectively. This reduction seemed to be

K293

R403

K400

R333

R338

K341

340-347Helix 293-301

COOH-terminal helix

Helix 333-339

FIG. 1. Positively charged residues in the protease domain of FIXa replaced by site-directed mutagenesis. In this three-
dimensional representation of the protease domain of human FIXa (36), the mutated positively charged residues are shown in
ball-and-stick representation. The 333-339 helix is at the bottom, and the cationic exosite extends towards the top of the
picture. Surface loop 340-347 is shown in dark. Location of helix 293-301 as well as the COOH-terminal helix is also
indicated. The S1 pocket of the active site is occupied by the reversible inhibitor p-aminobenzamidine.
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specifically associated with Ala at position 333, as the replacement of Arg333 by Gln led, in
agreement with our previous findings, to a more moderate effect on substrate hydrolysis (23).
Hence, it seems that the Arg333 to Ala substitution affects the cleavage of the peptide substrate in the
active site, either directly or indirectly. To a lesser extent, the same could be true for Arg403 and
Lys400, because the substitution of these residues led to reduced amidolytic activity as well.

FX Activation in the Absence of FVIII- When compared to the chromogenic substrate, the
physiological substrate FX probably interacts with FIXa by a larger surface area. To investigate
whether the mutated residues affect the hydrolysis of both substrates in a similar manner, FX
activation by individual FIXa variants was determined in the presence of phospholipids, Ca2+-ions
and various concentrations of FX. As shown in Fig. 2, most of the recombinant FIXa variants
showed FXa generation rates somewhat lower than wt-FIXa. For the residues outside the 333 helix,
the most pronounced reduction in FXa generation was observed for variant FIXaK341A (Fig. 2A).
This is probably related to the proximity of the mutated residue to the FIXa surface loop region
Phe342-Tyr345, which was previously found to be essential for the interaction with substrates in the
S2-S4 binding pocket of FIXa (33). Overall, the replacements of residue 333 resulted in the most
prominent defect of FXa generation (Fig. 2B). In line with our previously published data (23), Gln
for Arg substitution at this position was associated with reduced FXa generation rates. This
reduction became even more pronounced, when the Arg was replaced by Ala (Fig. 2B).
Furthermore, the Ala residues at positions 333 and 403 appeared to have an additive effect, as the
double mutant FIXaR333A/R403A displayed a more prominent defect than either single mutant alone
(Fig. 2B). Overall, the relative levels of FXa generation by individual FIXa variants seem to follow
a pattern similar to that observed for the chromogenic substrate, with the same mutations associated

TABLE I. Amidolytic activity of recombinant FIXa variants. Hydrolysis of the synthetic substrate CH3SO2-LGR-pNA
(0.5-5 mM) by wt-FIXa and FIXa variants was measured in the presence of 15 % ethylene glycol as described under
“Experimental Procedures”. The values of the catalytic efficiency kcat/Km were obtained at a FIXa concentration of 150 nM.
Data represent the mean ± S.D. of multiple independent experiments.

FIXa variant 10-2 × kcat/Km

M-1·s-1

wt-FIXa 7.0 ± 0.1
FIXaK293A 7.0 ± 0.3
FIXaR333Q 4.7 ± 0.1
FIXaR333A 2.9 ± 0.1
FIXaR338A 8.4 ± 0.2
FIXaK341A 5.1 ± 0.1
FIXaK400A 4.4 ± 0.2
FIXaR403A 4.2 ± 0.1

FIXaR333A/R403A 2.4 ± 0.1
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with the most prominent defects in FIXa activity.
Accordingly, the same mechanism may be responsible
for reduced FIXa-mediated hydrolysis of both the
chromogenic substrate and FX, indicating that the
mutations do not cause an additional FX binding defect.

FX Activation in the Presence of FVIII- The
effect of mutations on FIXa enzymatic function was
further examined in the presence of the protein cofactor
FVIIIa. To this end, FIXa was incubated with Ca2+-
ions, phospholipids, FVIIIa and FX in various

concentrations. As expected, the cofactor accelerated considerably the rate of FXa generation by
wt-FIXa (Fig. 3). In agreement with the previous findings, variant FIXaR338A displayed
approximately two times higher FX activation rate as compared to wt-FIXa (Fig. 3A) (34). In
contrast, other FIXa variants showed FXa generation that ranged from similar to wt-FIXa
(FIXaK341A), to moderately reduced (FIXaR403A) (Fig. 3B). Interestingly, the FX activation defect of
FIXaK341A was partially restored in the presence of FVIIIa (Fig. 3B). This is significant in view of
the position of Lys341 in the structure between Arg338 and region Phe342-Tyr345 (Fig. 1), as the
substitution of the latter region was previously found to be associated with improved stimulation by
FVIIIa as well (33). It is therefore possible that the FIXa surface loop 340-347, which connects the
COOH-terminal part of helix 333 to the active site, rearranges in the presence of FVIIIa, a process
that may be facilitated by the mutations introduced. Contrary to FIXaR341A, variants FIXaK293A and
FIXaR403A were more defective in FX activation in the presence than in the absence of FVIIIa.
These residues may therefore participate in the interaction with FVIIIa either directly, or via an
allosteric mechanism. This would account for the association of Lys293 to Glu and Arg403 to Trp or
Gln mutations with mild hemophilia B (35). Finally, a distinct group of mutants included FIXa
variants with substitutions of Arg333. As shown in Fig. 3C, stimulation of FIXa activity was
severely reduced for all 333 variants. Moreover, in contrast to FIXa variants depicted in Figs. 3A
and B, the addition of more FX actually led to less FXa being generated, which is consistent with
substrate inhibition, a phenomenon that occurs under conditions that do not favor FIXa·FVIIIa
complex assembly (12). It thus seems that Arg333 plays a particularly important role in the
stimulation of FIXa activity by FVIIIa, as replacement of this residue not only with Gln as
previously shown (23,24), but also with Ala abolished the FVIIIa activation effect. Furthermore,

FIG. 2. FX activation by recombinant FIXa variants in the
absence of FVIIIa. The activation of FX by 30 nM of FIXa was
measured in the presence of phospholipid and Ca2+-ions as described
under “Experimental Procedures”. A, wt-FIXa, closed circles;
FIXaR338A, closed squares; FIXaR400A, closed inverted triangles;
FIXaK293A, closed diamonds; FIXaK341A, closed triangles.
B, FIXaR403A, open circles; FIXaR333Q, open squares; FIXaR333A, open
diamonds; FIXaR333A/R403A, open triangles. Data represent the mean of
multiple independent experiments. Standard deviation was 10% on
average.
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simultaneous substitution of Arg403 and Arg333 resulted
in a FXa generation rates even lower than for Arg333

substitution alone, suggesting that Arg403 indeed
contributes to FVIIIa-mediated stimulation of FIXa
activity, albeit to a lesser extent than Arg333.

Binding of FIXa Variants to Isolated FVIIIa A2
Domain- If the lower efficiency of FVIIIa-mediated
stimulation of these FIXa variants were a consequence
of aberrant interaction with FVIIIa, then these FIXa
variants should display a defect in binding to the A2
domain of FVIIIa. Therefore, FIXa variants that
displayed reduced stimulation by FVIIIa were assessed
for binding to the isolated A2 domain of FVIIIa by
surface plasmon resonance (SPR). The A2 domain was
immobilized onto a sensorchip surface at a density of
178 fmol/mm2 and perfused with FIXa variants in
various concentrations. Consistent with our previous findings (30), FIXa showed reversible and
dose-dependent A2 domain binding. With regard to the variant proteins, binding sensorgrams
presented in Fig. 4 indicate that indeed mutations at position 333, which resulted in a severe
stimulation defect, led to a 3-5 times reduced A2 domain binding. Surprisingly, a similar or even

greater decrease was observed for the substitutions at
positions 293 and 403, even though the effect of those
substitutions on the stimulation of FIXa activity by
FVIIIa was smaller than that of Arg333 replacements. As

FIG. 3. FX activation by recombinant FIXa variants in the presence
of FVIIIa. The activation of FX by 0.3 nM recombinant FIXa variants
was assessed in the presence of 0.3 nM FVIII, phospholipid and
Ca2+-ions, as described under “Experimental Procedures”. A, wt-FIXa,
closed circles; FIXaR338A, closed squares. B, wt-FIXa, closed circles;
FIXaR400A, closed inverted triangles; FIXaK293A, closed diamonds;
FIXaK341A, closed triangles; FIXaR403A, open circles. C, FIXaR333Q, open
squares; FIXaR333A, open diamonds; FIXaR333A/R403A, open triangles.
Data represent the mean of multiple independent experiments. Standard
deviation was 11 % on average with the exception of panel C, where it
was 50 %.

FIG. 4. Binding of recombinant FIXa variants to isolated A2
domain. 400 nM of recombinant FIXa variants was passed over the A2
domain immobilized onto a CM5-sensorchip at a density of
178 fmol/mm2. The buffer flow was 20 µl/min and the association and
dissociation were followed for 120 s. I (thick line), II, III (broken line),
IV, V, VI refer to wt-FIXa, FIXaR333Q, FIXaK293A, FIXaR333A, FIXaR403A,
and FIXaR333A/R403A, respectively. Data represent a typical experiment.
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the replacement of Arg333 also affected the hydrolysis of both the small peptide substrate and FX in
the absence of FVIIIa (see above), the possibility must be considered that Arg333 participates in an
allosteric link between the active site of FIXa and the cationic exosite. Participation of the other
residues in this link may be much more limited. Furthermore, both residues 333 and 403 seem to
contribute to the A2 domain interaction independently, as indicated by the measurements with the
double mutant FIXaR333A/R403A, which failed to show any A2 domain binding even at a
concentrations of 400 nM (Fig. 4). Residues 333 and 403 belong to distinct structural elements
within FIXa, and their mutual distance is about 7 Å and 10 Å in the crystal structure of human and
porcine FIXa, respectively (Fig. 1) (11,36). As such, they are unlikely to contact a single structural
element within the A2 moiety. Instead, they may each interact with a distinct surface region in the
A2 domain. This notion is supported by the fact that two discrete FIXa interactive regions have
been identified in the A2 domain of FVIIIa as well (21,22,37). Accordingly, the A2 domain-binding
interface in FIXa appears not to be limited to the 333 helix, but also to extend to the region
comprising the FIXa residues Arg403 and Lys293.
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SUMMARY
Low density lipoprotein receptor-related protein (LRP) is a multifunctional receptor that

binds a range of functionally distinct ligands. Binding of these ligands to the receptor is mediated
by compact domains known as complement-type repeats. These domains consist of about 40 amino
acids and are clustered in four distinct regions within the LRP molecule. The second cluster of 8
repeats and the fourth cluster of 11 repeats have been implicated in binding of many of the
identified ligands. How these clusters can bind such a multitude of ligands is unclear. In the present
study, we systematically evaluated the binding of overlapping triplicate repeat fragments from both
clusters to the LRP ligands receptor associated protein (RAP), α2-macroglobulin (α2M), factor IXa,
and factor VIII light chain. Employing surface plasmon resonance, we show that the binding is not
mediated by a single specific complement-type repeat since multiple triplicate repeat fragments
bind the investigated ligands. The most efficient ligand binding is displayed by repeats 4 through 8
in cluster II, and 24 through 28 in cluster IV. Factor VIII light chain and α2M preferably interact
with the NH2-terminal repeats from both regions whereas factor IXa seems to specifically bind to
the combination of repeats 6-7-8 and 26-27-28 at the COOH-terminal side. RAP, which is the
antagonist of all ligands for interaction with LRP, can effectively bind all these complement-type
repeats. Taken together, the data show that there is an internal functional duplication of ligand-
binding domains within LRP leading to clusters of complement-type repeats that bind the same
ligands.

INTRODUCTION
The endocytic receptor low density lipoprotein receptor-related protein (LRP) is known for

binding of a diverse range of ligands. Until now, more than 35 ligands have been identified
including activated α2-macroglubulin (α2M), proteinase-α2M complexes, lipoprotein containing
particles, plasminogen activator-plasminogen activator inhibitor complexes, and the coagulation
factors VIII (FVIII) and activated IX (FIXa) (1-4). Besides its role in ligand catabolism, LRP
participates in several intracellular signaling pathways. Collectively, this multifunctional receptor is
involved in a multitude of physiological processes ranging from cell signaling, lipoprotein
metabolism, and scavenging obsolete protease-inhibitor complexes (1, 5, 6). Recently, a role in
regulating coagulation FVIII plasma levels has been demonstrated in a mouse model of inducible
LRP-deficiency (7).

LRP is member of the low density lipoprotein (LDL) receptor gene family that includes the
very low density lipoprotein receptor, low-density lipoprotein receptor, apoE receptor 2, and
megalin/gp330 (1). This group of related mosaic cell surface receptors is of similar structure and
protein domain organization i.e. a) a cytoplasmatic tail containing a signaling domain for
endocytosis, b) a transmembrane anchoring domain, c) epidermal growth factor domains, d) β-
propeller domains, e) and clusters of complement-type repeats. For normal processing of the LDL
receptor gene family, the presence of the intracellular chaperone receptor-associated protein (RAP)
is required (8). By competing for all know ligands of these receptors, RAP is thought to prevent
premature ligand binding during biosynthesis and translocation to the plasma membrane.

LRP is one of the largest of the LDL receptor gene family, and is expressed in a variety of
tissues, including liver, lung, placenta, and brain (9). The receptor consists of an extracellular
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515 kDa α-chain, which is non-covalently linked to a transmembrane 85 kDa β-chain (10). The α-
chain contains four clusters of complement-type repeats that are referred to as clusters I to IV.
Clusters II and IV have been implicated in binding of many of the identified ligands. How these
clusters can bind such a multitude of ligands remains, however, unclear.

The crystal and/or NMR structure of several individual complement-type repeats, as well as
repeat pairs, and the crystal structure of the entire ectodomain of the LDL receptor show that the
ligands binding modules share a similar tertiary fold (11-19). Each repeat contains about 40 amino
acids, which in part fold around a single bound calcium ion. In conjunction with the calcium ion,
coordinated by highly conserved acidic amino acid residues, three disulfide bridges stabilize the
structure. An important role for direct interaction with ligands has been suggested for those amino
acid residues that coordinate the calcium atom with their backbone carbonyl atom (Fig. 1) (20).

By identifying the repeats involved in binding to the ligands, valuable information is
obtained as to how LRP clusters can bind so many distinct ligands. In this study, we therefore focus
on the ligands RAP and α2M that bind with high affinity to LRP, and the coagulation factors VIII
and IXa that interact with LRP with a much lower affinity. All these ligands have been
demonstrated to bind LRP clusters II and IV (3, 21). For RAP and α2M, the binding region within
LRP cluster II has been previously investigated employing duplicate repeats expressed by
Escherichia coli. From these studies followed that the 5th and 6th repeat of cluster II are involved in
binding RAP (20). Tandem-binding modules containing repeat number 4 have been designated to
interact with α2M (22). The cluster IV repeats involved in the interaction with these ligands remain
to be identified. For the FVIII light chain and FIXa, limited information is available as to which
complement-type repeats are involved in binding. In the present study, we therefore employ
purified triplicate repeats of clusters II and IV expressed by eukaryotic cells to identify the
complement-type repeats involved in the interaction with RAP, α2M, FVIII light chain, and FIXa.

EXPERIMENTAL PROCEDURES
Materials- Fine chemicals employed in this study were all from Merck (Darmstadt, Germany) unless otherwise

stated. Fetal calf serum, Dulbecco's modified Eagle's medium F12 and Penicillin/Streptomycin required for culturing of
cells were from BioWhitaker (Alkmaar, The Netherlands). Optimem medium for culturing in cell factories was
purchased from Invitrogen (Breda, The Netherlands). The culture flasks and cell factories (6320 cm2) were in turn from
Nunc (Roskilde, Denmark). The column materials CNBr-Sepharose 4B and Q-Sepharose employed in purification of
proteins were from Amersham Biosciences (Roosendaal, The Netherlands).

Proteins- Endoglycosidase F and N-glycosidase F were from Roche (Almere, The Netherlands). The bacterial
vector encoding gluthatione S-transferase-fused RAP was kindly provided by Dr. J. Kuiper (Leiden University, Leiden,
The Netherlands). The RAP fusion protein was expressed in Escherichia coli strain DH5α and purified employing
gluthatione-Sepharose essentially as described (23). Thymidine-kinase deficient baby hamster kidney cells (BHK-570)
expressing recombinant LRP clusters II and IV, as well as the triplet 5r7 (repeats 5 until 7), and 8r10 have been
described previously (3, 23, 24), and were kindly provided by Prof. Dr. H. Pannekoek (Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands). The purification of plasma-derived factor IX is outlined in
Lenting et al. (25). Factor IX was converted into FIXa by limited proteolysis catalyzed by activated factor XI (Enzyme
Research Laboratory, South Bend, IN) as previously described (25). Human FVIII light chain was obtained from
purified plasma FVIII by EDTA dissociation followed by immunoaffinity chromatography (25). Human α2M was
purchased from Research Diagnostics Inc. (Flanders, NJ, USA), and was activated with methylamine (Sigma,
Zwijndrecht, The Netherlands) essentially as described in Neels et al. (3). Activated α2M was stored at -20°C in 150
mM NaCl, 50% (v/v) glycerol, and 50 mM Tris-HCl (pH 7.4). All protein preparations in this study were quantified by
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TABLE I. Oligonucleotides employed in PCR to obtain the triplicate repeat fragments. R3F was the forward primer used
for the construction of the fragment containing repeats 3, 4, and 5. As a reverse primer oligonucleotide R5R was employed.
The other overlapping triplicate repeat fragments of cluster II and IV were constructed in a similar way.

               Cluster II forward primers
R3F 5'-ATTCTCGAGCAGTGCCAGCCAGGCGAG-3'

R4F 5'-ATTCTCGAGCACACCTGCCCCTCGGAC-3'

R6F 5'-ATTCTCGAGCCCACCTGCTTCCCCCTG-3'

R7F 5'-ATTCTCGAGTCCTGTTCTAGCACCCAG-3'

              Cluster II reverse primers
R5R 5'-TAAACTAGTATAGGCACACGAAGCAGA-3'

R6R 5'-TAAACTAGTGTGGCTGCAGCCGGCTTC-3'

R8R 5'-TAAACTAGTTCCCTCACAGCTCTTCTC-3'

R9R 5'-TAAACTAGTGGACTCGCAGTTCTCCTC-3'

              Cluster IV forward primers
R21F 5'-ATTCTCGAGTCCAACTGCACGGCTAGC-3'

R22F 5'-ATTCTCGAGTTCAAGTGCCGGCCCGGA-3'

R23F 5'-ATTCTCGAGCACGTCTGCTTGCCCAGT-3'

R24F 5'-ATTCTCGAGGTGACCTGCGCCCCCAAC-3'

R25F 5'-ATTCTCGAGATGACCTGTGGTGTGGAC-3'

R26F 5'-ATTCTCGAGCGCACCTGTGAGCCATAC-3'

R27F 5'-ATTCTCGAGCGGCCCTGCTCCGAGAGT-3'

R28F 5'-ATTCTCGAGCCCCGCTGTGACATGGAC-3'

R29F 5'-ATTCTCGAGCGGACCTGCCCCCTGGAC-3'

              Cluster IV reverse primers
R23R 5'-TAAACTAGTCTCGGGGCAGTCCCTCTC-3'

R24R 5'-TAAACTAGTCTGGGTGCAGTTGGCGGG-3'

R25R 5'-TAAACTAGTTTCATCACACTCTTCCTT-3'

R26R 5'-TAAACTAGTAGGGGTGCAGCTCTCTTC-3'

R27R 5'-TAAACTAGTGGTGCAGTCTTTCTCGTC-3'

R28R 5'-TAAACTAGTAGTGCCGCAGGCCTCCTC-3'

R29R 5'-TAAACTAGTCCGGGCACACTCCTCGGG-3'

R30R 5'-TAAACTAGTGGGCTCACAGTCCTCTTC-3'

R31R 5'-TAAACTAGTGATGCTGCAGTCCTCCTC-3'
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the method of Bradford (26), using human serum albumin (Sanquin Plasma Products, Amsterdam, The Netherlands) as
a standard.

Construction of Recombinant LRP Fragments- Plasmids encoding LRP cluster II and IV fused to a 16 amino-
acid ‘tag’, which contains the antigenic determinant of the anti-factor VIII monoclonal antibody CLB-CAg 69, were
used as a template to construct the three repeat spanning cluster fragments (Fig. 1), essentially as described in Neels et
al. (3). The DNA fragments of the triplicate repeats, obtained by polymerase chain reaction, were flanked by a XhoI and
a SpeI restriction site. The oligonucleotides (Invitrogen) used in the PCR reaction are shown in Table I. Cluster IV DNA
was removed from the plasmid by digesting with XhoI and SpeI. The XhoI/SpeI-digested fragments of cluster II or
cluster IV were subsequently ligated into this plasmid. Baby hamster kidney cells were transfected with 20 µg DNA
using the calcium precipitation method as described (27). The cells were subsequently grown in the presence of 1
µM methotrexate (Amethopterin, Sigma) to select clones containing the plasmid. Expression of the individual clones
was tested employing a solid-phase binding assay with immobilized RAP and peroxidase labeled antibody CLB-CAg
69.

Expression and Purification of Recombinant LRP Fragments- In the following steps, the cells were grown for
several days in cell factories, and conditioned media were harvested every 48 hours. The fragments were purified from
the media employing Sepharose-coupled CLB-CAg 69. Fragments bound to the column were washed with 100 mM
NaCl, 50 mM Hepes (pH 7.4) and eluted by employing a salt gradient containing 100-2000 mM NaCl and 50 mM
Hepes (pH 7.4). The eluted fragments were transferred to a Q-Sepharose column equilibrated with 100 mM NaCl and
50 mM Hepes (pH 7.4). The bound proteins were washed with the same buffer and eluted with a salt gradient
containing 100-2000 mM NaCl and 50 mM Hepes (pH 7.4). The now pure cluster fragments were stored at -20°C after
dialysis against 150 mM NaCl, 5 mM CaCl2, 50% (v/v) glycerol, and 50 mM Hepes (pH 7.4).

Surface Plasmon Resonance Experiments- The interactions between LRP cluster fragments and the FVIII light
chain, α2M, FIXa and RAP was determined by surface plasmon resonance analysis (SPR) employing a BIAcoreTM3000
biosensor system (Biacore Int, Uppsala, Sweden). FVIII light chain (162 fmol/mm2), α2M (17 fmol/mm2), RAP (55
fmol/mm2), or FIXa (244 fmol/mm2) were covalently coupled to the dextran surface of an activated CM5-sensorchip via
primary amino groups, using the amine-coupling kit as prescribed by the supplier. The control flow-channel was
activated and blocked in the absence of protein. Association of analyte was assessed in 150 mM NaCl, 2 mM CaCl2,
0.005% (v/v) Tween 20, and 20 mM Hepes (pH 7.4) at a flow rate of 20 µl/min for 2 min at 25 °C. Dissociation was
allowed for 2 min in the same buffer flow. Sensor-chips were regenerated using several pulses of 20 mM EDTA, 1 M
NaCl, and 50 mM Hepes (pH 7.4) at a flow rate of 20 µl/min. The apparent equilibrium dissociation constant of cluster
fragments or intact cluster for the ligands was estimated by plotting the maximal response (Req) per concentration as a
function of the concentration. Req at each cluster concentration was obtained by fitting the data to a hyperbola using
non-linear regression. Half maximal binding reflects the apparent equilibrium dissociation constant of the interaction
between the LRP clusters and the investigated ligands.

RESULTS
The Interaction Between α2M and LRP Cluster II and IV-  It has previously been established

that RAP, FVIII light chain and FIXa bind LRP cluster II and IV (2, 3, 7, 21). Whether or not α2M
binds cluster II and/or cluster IV is still debated because of conflicting conclusions from several
reports (3, 22, 28, 29). We therefore examined the interaction between purified α2M and clusters II
or IV employing SPR analysis. Fig. 2 shows a time-dependent association and dissociation between
immobilized α2M and the LRP clusters. Increasing the amount of immobilized α2M resulted in
higher responses for both clusters indicating that the interactions are dose dependent (not shown).
The apparent equilibrium dissociation constant (KD) for the interaction between α2M and LRP
clusters II/IV was estimated by plotting the Req as a function of the cluster concentration. This
resulted in an apparent KD of about 63 nM for cluster II and 88 nM for cluster IV. The same method
was then used to calculate apparent KDs for the interaction between the LRP clusters and RAP,
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FVIII light chain and FIXa (Table II). The obtained apparent KD values were in agreement
with the previously published data demonstrating the validity of this approach. The
above-mentioned observations show that α2M binds both LRP clusters but with a slight
preference for LRP cluster II.

Purification of Cluster Fragments- To identify the complement-type repeats mediating the
binding with RAP, α2M, FVIII and FIXa, cluster II and IV derivatives were constructed that
contained three successive complement-type repeats (Fig. 1). The fragment comprising repeats 3
until 5 will be referred to as 3r5. This nomenclature will be used for all fragments mentioned in this
study. The cluster fragments were expressed in the eukaryotic baby hamster kidney cells instead of
the prokaryotic Escherichia coli cells to avoid refolding procedures of the purified cluster
fragments. This approach has already been successfully employed in two previous studies (3, 24).
In agreement with those studies, most purified cluster fragments showed a reduced mobility on a
non-reducing SDS-polyacrylamide gel when taking the calculated theoretical molecular mass of the
various cluster fragments into account (between 15 and 16 kDa) (Fig. 3). Deglycosylation of the
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Repeat 3              PQCQPGE-FACAN--S-RCIQERWKCDGDNDCLDNSDEAPALCHQ 
Repeat 4*             HTCPSDR-FKCEN--N-RCIPNRWLCDGDNDCGNSEDESNATCSA 
Repeat 5              RTCPPNQ-FSCAS--G-RCIPISWTCDLDDDCGDRSDES-ASCAY 
Repeat 6              PTCFPLTQFTCNN---GRCININWRCDNDNDCGDNSDEA--GCSH 
Repeat 7              HSCSSTQ-FKCNS--G-RCIPEHWTCDGDNDCGDYSDETHANCTN 
Repeat 8              GGCHTDE-FQCRL--DGLCIPLRWRCDGDTDCMDSSDE--KSCEG 
Repeat 9              HVCDPSVKFGCKDS--ARCISKAWVCDGDNDCEDNSDEE--NCES 
Repeat 10             LACRPPS-HPCAN-NTSVCLPPDKLCDGNDDCGDGSDEGEL-C-- 
 
Repeat 21             SNCTASQ-FVCKN--D-KCIPFWWKCDTEDDCGDHSDEPPD-CPE 
Repeat 22             FKCRPG-QFQCST---GICTNPAFICDGDNDCQDNSDEA--NCDI 
Repeat 23*            HVCLPSQ-FKCTN--TNRCIPGIFRCNGQDNCGDGEDERD--CPE 
Repeat 24             VTCAPNQ-FQCSI--TKRCIPRVWVCDRDNDCVDGSDEP-ANCTQ 
Repeat 25             MTCGVDE-FRCKD--SGRCIPARWKCDGEDDCGDGSDEPKEECDE 
Repeat 26             RTCEPYQ-FRCKN--N-RCVPGRWQCDYDNDCGDNSDE--ESCTP 
Repeat 27             RPCSESE-FSCAN--G-RCIAGRWKCDGDHDCADGSDEKD--CTP 
Repeat 28             PRCDMDQ-FQCK---SGHCIPLRWRCDADADCMDGSDE--EACGT 
Repeat 29             RTCPLDE-FQCNN--T-LCKPLAWKCDGEDDCGDNSDENPEECAR 
Repeat 30*            FVCPPNRPFRCKN--DRVCLWIGRQCDGDDNCGDGTDEED--CEP 
Repeat 31*            THCKDKKEFLCRN---QRCLSSSLRCMFD-DCGDGSDEE--DCSI 
 

FIG. 1. Schematic representation of triplicate repeats derived from LRP cluster II and IV. Next to each cluster are
indicated the triplicate repeat fragments that were employed in this study. Gray rectangles represent complement-type repeats
with potential N-glycosylation sites (Swiss-Prot # Q07954). The numbering of the complement-type repeats is included
within the rectangles. Bottom: Multiple sequence alignment of the cluster II and IV repeats employing clustal W (36).
Indicated in bold are the amino acid residues that have been suggested to coordinate the Ca2+-atom with their side chain. The
amino acid residues in italic represent the residues that coordinate the Ca2+-atom with their backbone carbonyl atom
(11,13,14,29). Repeats with a star may have a compromised tertiary structure because of imperfect calcium coordination.
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fragments via proteolytic digestion demonstrated that
this higher mass is consistent with the presence of N-
linked glycosylated residues within the fragments
containing repeat 4, 7, or 10 of cluster II and 21, 24 or
29 of cluster IV. This demonstrates that all potential
glycosylation sites as reported in the Swiss-Prot
database (30) (LRP accession code: Q07954) can be N-
glycosylated by baby hamster kidney cells.

Mapping the Binding Site on LRP Cluster II for
RAP and α2M- Several studies addressed the role of
cluster II fragments in binding RAP and α2M (3, 20, 22,

24). Employing SPR analysis, we systematically evaluated the binding efficiency of purified cluster
II fragments to immobilized RAP and α2M. Fig. 4 shows a bar representation of the equilibrium
association constant (KA = 1/KD) per cluster II fragment to optimally compare the binding efficiency
between these fragments and the ligands. Close inspection of the data reveals that all LRP cluster II
fragments are able to bind RAP and α2M. In agreement with previously reported data, fragments
containing repeat 5 and 6 most efficiently bind RAP (20, 24, 31). For α2M, it has been suggested
that cluster fragments containing repeat 4 exhibit the highest binding efficiency (22). Our data show
that indeed cluster II fragment 4r6 is the most important mediator for the interaction with α2M. The
binding of fragment 5r7 represented by the equilibrium association constant is more than 50%
reduced as compared to fragments 4r6. 3r5 is even less efficient in the interaction with α2M. These
results indicate that LRP cluster fragment containing repeat 4, 5 and 6 are most efficient in the
interaction with α2M whereas only repeat 5 and 6 are required for optimal binding to RAP.

Mapping the Binding Site in LRP Cluster II for FVIII Light Chain and FIXa- The repeats
involved in the interaction between the FVIII light chain and FIXa remained to be identified. Neels
et al. demonstrated that an LRP cluster fragment containing repeats 3 until 7 binds the FVIII light
chain (3). In agreement with this observation, we found that cluster fragments containing repeat 6
(4r6, 5r7 and 6r8) are most efficient in binding FVIII light chain (Fig. 4B). The data show that there
is a preference for the combination of repeat 5-6 or 6-7 in this interaction. The binding site of
cluster II for FIXa seems to be confined within fragment 6r8. The higher binding efficiency of 6r8
is mainly caused by a slow dissociation rate (see inset Fig. 4B). Surprisingly, none of the
overlapping fragments (5r7 and 7r9) show such a slow dissociation rate. This indicates that the

FIG. 2. Binding of recombinant LRP cluster II and IV to
immobilized α2M. SPR sensorgrams of the interaction between
increasing concentrations (6.3, 12.5, 25, 50, 75, 100 and 200 nM) of
(A) cluster II or (B) cluster IV and α2M, which was immobilized on a
CM5-sensorchip to a density of 17 fmol/mm2. Association and
dissociation were assessed in 150 mM NaCl, 2 mM CaCl2, 0.005%
(v/v) Tween 20, and 20 mM Hepes (pH 7.4) for 2 min at a flow rate
of 20 µl/min at 25 °C. Response is indicated in Response Units (RU).
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TABLE II. Estimated apparent equilibrium dissociation constant for the interaction between LRP cluster II or IV and
FVIII light chain, RAP, and α2M. Binding of LRP cluster II and IV (6.3, 12.5, 25, 50, 75, 100 and 200 nM) to immobilized
FVIII light chain, RAP and  α2M was assessed employing surface plasmon resonance studies. Association and dissociation
were assessed in 150 mM NaCl, 2 mM CaCl2, 0.005% (v/v) Tween 20, and 20 mM Hepes (pH 7.4) for 2 min at a flow rate of
20 µl/min at 25 °C. The Req for all evaluated concentration was determined via curve fitting to a hyperbola. The apparent
equilibrium dissociation constant was estimated by plotting Req as a function of the cluster concentration. The previously
published equilibrium dissociation constants are indicated in parentheses (3, 21)

KD for cluster II KD for cluster IV

nM nM

     α2M 63 ± 5         ( -- )             88 ± 4         ( -- )

     RAP   12 ± 2      (13 ± 1) 23 ± 1      (18 ± 4)

      FVIII light chain   157 ± 7    (121 ± 19) 126 ± 18    (88 ± 14)

      FIXa    150 ± 44  (227 ± 55 )    30 ± 10    (53 ± 6.5)

FIG. 3. Analysis of purified N-glycosylated and deglycosylated recombinant cluster fragments by SDS-palyacrylamide
gel electrophoresis. left: Non-reduced samples (1 µg/lane) of recombinant cluster II (A) and IV (B) fragments subjected to
electrophoresis on a 12.5% (w/v) SDS-polyacrylamide gel. Proteins were visualized by silver staining. The name of the
cluster fragment is indicated below the gel, for example 3r5 represents a cluster fragment containing repeats 3, 4 and 5. The
first lane represents the marker (M) showing 10, 15, 20, 25, and 30 kDa protein bands. right: Non-reduced samples of
recombinant cluster II (A) and IV (B) fragments subjected to electrophoresis on a 12.5% (w/v) SDS-polyacrylamide gel after
incubation with endoglycosidase F (4 mU/ml), N-glycosidase F (20 U/ml), 45 mM EDTA for 2 hours at 37°C.

A

B
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specific combination of repeats 6, 7 and 8 is responsible for this phenomenon. Taken together,
FVIII light chain preferentially binds to fragments containing repeats 6 and 7. The binding site for
FIXa appears to be confined to the specific combination of repeats 6, 7 and 8.

Mapping the Binding Site in LRP Cluster IV for RAP, α2M, FVIII Light Chain and FIXa- In
contrast to cluster II, there is hardly any information about the interaction of cluster IV repeats and
the LRP ligands RAP, α2M, FVIII light chain and FIXa. Using an enhanced chemiluminescence
detection method, it was previously shown that RAP binds to a cluster IV fragment containing
repeat 21 until 26 and a fragment of repeat 27 until 31 (32). We therefore employed SPR analysis to
quantify the interaction between cluster IV fragments and RAP in more detail. Fig. 5A shows that
fragments 24r26, 25r27 and 26r28 efficiently interact with RAP whereas the interaction between
RAP and the other fragments is markedly less favorable. This indicates that fragments containing
repeats 25-26 and 26-27 are most effective in binding RAP. With respect to α2M, the most
important binder is 24r26 and to a lesser extent 25r27. It therefore seems that repeats 25 and 26 are
suitable for binding to α2M, but the presence of repeat 24 is required for the highest binding
efficiency. The same result was obtained for the binding between FVIII light chain and the repeat
fragments (Fig. 5B). Although on the whole less efficient as compared to the interaction with α2M,
the cluster fragment containing repeat 24, 25 and 26 shows a higher preference for binding FVIII
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FIG. 4. Estimated apparent equilibrium association constants for the binding of cluster II fragments to α2M, RAP,
FVIII light chain or FIXa. Purified cluster II fragments were passed over a CM5-sensorchip with (A) α2M (17 fmol/mm2,
white bars), RAP (55 fmol/mm2, gray bars), (B) immobilized FVIII light chain (162 fmol/mm2, gray bars), or FIXa (244
fmol/mm2, white bars). The association and dissociation were assessed in 150 mM NaCl, 2 mM CaCl2, 0.005% (v/v) Tween
20, and 20 mM Hepes (pH 7.4) for 2 min at a flow rate of 20 µl/min at 25 °C. The apparent equilibrium dissociation constant
was estimated by plotting the Req of a specific concentration of cluster fragment as a function of the concentration. The figures
show KA =1/KD for optimal comparison between the cluster fragments in interaction with the investigated ligands. Below left;
Sensorgrams of 330 nM of 4r6 (solid line), 5r7 (broken line) and 6r8 (dotted line) in interaction with (1) α2M and (2) RAP.
Below right; Sensorgrams of 1330 nM of 4r6 (solid line), 5r7 (broken line) and 6r8 (dotted line) in interaction with (1) FIXa
and (2) FVIII light chain.



Ligand binding to complement-type repeats of LRP

85

light chain as compared to the other fragments. Finally, for the interaction with FIXa, there is a
striking similarity between the SPR sensorgrams of the best binding fragments derived from cluster
II and IV. 26r28 exhibits, like 6r8, a typical slow dissociation phase, which is not observed for the
other fragments. In analogy with 6r8, this demonstrates that the combination of repeats 26, 27 and
28 is required for the higher binding efficiency. Taken together, the area in cluster IV spanning
repeat 24 until 28 is important for binding the investigated ligands. The FVIII light chain and α2M
bind to the NH2-terminal side of this region whereas FIXa requires repeats on the COOH-terminal
side of this region. In contrast, RAP has no specific preference for either the NH2- or COOH-
terminal side of the cluster IV region including repeat 24 until 28.

DISCUSSION
In the present study, we employed SPR analysis to systematically evaluate the binding of

RAP, α2M, FVIII light chain or FIXa to LRP cluster II and IV fragments spanning three successive
repeats (Fig. 1). We demonstrate that there is no specific interaction between a particular
complement-type repeat and the investigated ligands. Instead, the most effective ligand interaction
was observed for repeats 4 until 8 of cluster II and 24 until 28 of cluster IV. The complement-type
repeats 5 and 6 of cluster II are involved in binding FVIII light chain, α2M and RAP whereas
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FIG. 5. Estimated apparent equilibrium association constants for the binding of cluster IV fragments to α2M, RAP,
FVIII light chain or FIXa. Purified cluster IV fragments were guided over a CM5-sensorchip with (A) α2M (17 fmol/mm2,
white bars), RAP (55 fmol/mm2, gray bars), (B) immobilized FVIII light chain (162 fmol/mm2, gray bars), or FIXa (244
fmol/mm2, white bars). The association and dissociation was assessed in 150 mM NaCl, 2 mM CaCl2, 0.005% (v/v) Tween
20, and 20 mM Hepes (pH 7.4) for 2 min at a flow rate of 20 µl/min at 25 °C. The apparent equilibrium dissociation constant
was estimated by plotting the Req of a specific concentration of cluster fragment as a function of the concentration. The figures
show KA =1/KD for optimal comparison between the cluster fragments in interaction with the investigated ligands. Below left;
Sensorgrams of 330 nM of 24r26 (solid line), and 435 nM 25r27 (broken line) and 26r28 (dotted line) in interaction with (1)
α2M and (2) RAP. Below right; Sensorgrams of 1330 nM of 24r26 (solid line), and 1740 nM 25r27 (broken line) and 26r28
(dotted line) in interaction with (1) FIXa and (2) FVIII light chain.
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repeats 6, 7 and 8 are required to most effectively bind FIXa. This requirement of three repeats is
also observed for cluster IV fragments interaction with FVIII light chain, α2M and FIXa. RAP is,
however, effective in binding several cluster IV repeats between repeat 24 and 28. The results are
summarized in Table III, which shows an overview of the repeats that are important for the
interaction with the RAP, α2M, FVIII light chain and FIXa.

An alignment of cluster II region 4r8 and the full length LRP shows that the highest
similarity to this cluster II region can be found in cluster IV region 24r28 (53% identical residues).
This high sequence similarity may in part explain why these regions are most efficient in binding to
the investigated ligands. However, there are various factors that may affect the binding efficiency of
cluster fragments to the LRP ligands. Of importance are those amino acids that directly interact with
the ligands. In a study using cluster fragments containing two complement-type repeats, Anderson
et al. suggested that Trp and Asp residues (both coordinating the Ca2+-ion with their backbone
carbonyl atoms) of two adjacent repeats are important for efficient interaction with RAP (20). If so,
this would explain the low binding efficiencies of the fragments 21r23, 22r24 and 29r31 for RAP.
However, all other fragments have Trp and Asp residues at the proposed positions in two
consecutive repeats. Yet, there is a strong variation in binding efficiencies. This shows that the
presence or absence of these residues can not fully explain why certain sets of repeats bind better
than others.

Another factor that may contribute to the binding efficiency of the triplicate repeat
fragments is the structural integrity of the individual repeats. The single Ca2+-ion within a
complement-type repeat is coordinated by the side chains of four acidic amino acid residues (D/E),
and by the carbonyl backbone of two amino acids (B). The calcium binding consensus sequence is
BxxDxBxDxxxxxDE. The structure of the repeat is further stabilized by three disulfide bridges (11,
13, 14). Any compromise in this organization of amino acids may therefore affect the binding
efficiency of a single repeat. This may in turn lead to poorer binding efficiencies of triplicate repeat
fragments with such a defective repeat in the middle. Close examination of the primary sequence of
the repeats reveals that repeats 23, 30 and 31 do not meet the requirements for proper Ca2+-ion
coordination (see Fig. 1). Both the first and the second Asp residue (D1 and D2) are replaced by a

TABLE III. Complement-type repeats involved in the interaction with RAP, α2M, FVIII light chain and FIXa.

Cluster II repeats      Cluster IV repeats

     α2M 4-5-6 24-25-26

     RAP 5-6 25-26, 26-27

     FVIII light chain 5-6, 6-7 24-25-26

     FIXa 6-7-8 26-27-28



Ligand binding to complement-type repeats of LRP

87

neutral Asn residue in repeat 23. Repeat 30 also has an Asp at position D2, and repeat 31 contains a
Met at position D1. These replacements may explain why 22r24, 29r31 are such poor binders to the
investigated ligands. Recently, Guo et al. proposed that a fifth acidic amino acid (located two amino
acids upstream of D2) is involved in maintaining structural integrity via Ca2+ coordination (33).
This would compromise the structure of repeat 4 because it lacks this acidic residue. Although this
would explain our findings that fragment 3r5 is less efficient binder to the investigated ligands,
Andersen et al. showed that tandem modules containing repeat 4 do bind to α2M (22). The role of
the fifth amino acid, therefore, requires further investigation.

Besides a function in endocytosis and cell signaling, LRP may have a role in regulation of
blood coagulation. We previously demonstrated that LRP clusters may interfere with the
FVIIIa·FIXa complex assembly and/or may directly inhibit the FIXa enzymatic activity. Cluster IV
in particular proved to be an effective inhibitor. In the presence of FVIII, half-maximal inhibition
(IC50) of factor Xa generation was reached at 4 nM cluster IV whereas IC50 for cluster II was about
200 nM (2). Since the cluster II and IV binding site on FIXa overlaps, this stronger inhibition by
cluster IV may be ascribed to the higher binding affinity of cluster IV for FIXa (Table II). In this
study, we can deduce from Fig. 5B and 6B that the binding regions in cluster IV for FVIII light
chain and FIXa are further apart than in cluster II. One cluster IV fragment may thus simultaneously
bind both coagulation factors leading to highly efficient interaction with the constituents of the
factor Xa generating complex. This interaction may not only interfere with the complex assembly
but may also lead to the efficient removal of the complex from the cell surface via endocytosis.
Thus, besides direct inhibition of the complex assembly, LRP may also regulate factor Xa
generation via rapid endocytosis of the complex from the membrane.

Previously, direct binding studies between α2M and LRP clusters, and cellular degradation
experiments led to different interpretations as to which cluster is important for binding. It was first
demonstrated that α2M binds to LRP cluster II (34). Neels et al. later reported that both cluster II
and IV contain α2M binding sites (3). The interaction between α2M and cluster II has recently also
been demonstrated employing a pull down assay using LRP cluster II expressed in Pichia pastoris
(29). It should be noted that these authors were unable to detect interaction between α2M and
cluster IV in this experimental setup. In the present study, we show that cluster IV does bind α2M
albeit with a slightly lower affinity as compared to cluster II. However, employing model cell lines
expressing various LRP mini-receptors in cellular degradation experiments, it was reported LRP
cluster II and IV were unable to degrade 125I-α2M (28, 35). These results suggest that binding to the
receptor, and endocytosis of ligands by the same receptor are different mechanisms.

A mechanism of endocytosis has recently been proposed after the availability of the crystal
structure of the LDL receptor (12). After binding of the ligands to the receptor and the subsequent
internalization, the internal β-propeller domains compete with the ligands for binding to the
complement-type repeats. The ligand then dissociated from the receptor which in turn recycles to
the cell surface. This process is mediated by the lowering of the pH within the endosome. This
suggests that the domain composition (LRP clusters and specific β-propellers) of a mini-receptor is
of principal importance for a complete endocytosis cycle. In line with this observation, Mikhailenko
et al. showed that a mini-receptor containing cluster I and the first 3 repeats of cluster II with in
between the EGF and β-propeller domains was able to degrade 125I-α2M (28). The future challenge
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is to establish which β-propeller interacts with which complement-type repeat. If this would be
known it might become feasible to construct highly efficient mini-receptors that bind and degrade a
spectrum of different ligands.
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LIGAND INTERACTIONS OF COAGULATION ENZYMES
Serine proteases of the blood coagulation system display common characteristics determined

largely by the particular requirements of their environment. Thus, these proteases are synthesized as
non-active zymogens, and, upon the initiation of blood coagulation, are proteolytically activated by
one or two cleavages that produce active enzymes. With the exception of thrombin, these are
composed of two polypeptide chains (1,2). The light chain of these coagulation proteases contains a
phospholipid recognition site that facilitates correct formation of the membrane bound complex
with the appropriate cofactor (3). The heavy chain is formed by the protease domain that contains
the molecular machinery responsible for proteolysis. The catalytic domains of individual serine
proteases display a high degree of structural homology (4). This homology in fact allows the use of
a universal numbering system based on the sequences of trypsin and chymotrypsin. The typical
trypsin-like fold of protease domains of coagulation enzymes comprises two six-stranded
antiparallel β-barrels, together forming a deep cleft containing the active site (5-9). The residues of
the active site triad Hisc57, Aspc102 and Serc195 (c denotes the chymotrypsin numbering) are strictly
conserved, and so is Aspc189 that determines the acidic environment of the S1 pocket suitable for
docking of Arg residues in position P1. Hence, the common elements of the trypsin-like fold and
similar active site environment cannot be at the basis of narrow substrate specificity of coagulation
enzymes. Indeed, their specificity is in part conferred by the active site cleft surrounded by number
of unique surface loops that ensure recognition of specific substrate sequences both NH2-terminal
and COOH-terminal of the scissile bond (4,10). In addition to the active site cleft, the specificity of
protease domain interactions is also afforded by the so called exosites. These are regions located
distant from the active site that are suited for binding of substrates, cofactors and inhibitors.
Exosites perform multiple functions. First, they provide anchoring points for initial tethering of
macromolecular substrates to the protease prior to the scissile bond cleavage (11,12). Second, they
mediate interactions with protein cofactors that result in acceleration of the catalytic rate or even
alterations in substrate specificity of the enzyme (3,13-15). Third, binding of specific or non-
specific exosite-directed inhibitors leads to effective downregulation of enzyme activity (16-18). In
thrombin, one of the best studied coagulation proteases, two major exosites have been described,
designated anion-biding exosites I and II (19). Exosite I is involved in interactions with substrates
fibrinogen, protease-activated receptors (PARs), factor V (FV), factor VIII (FVIII) and factor XI,
cofactor thrombomodulin, and inhibitors hirudin and heparin-cofactor II (14,18,20-31). Exosite II
then binds heparin, glycoprotein Ib, substrates FV, FVIII and a particular form of fibrinogen
(23,24,28,31-34). Hence, it is not unusual if multiple ligands interact with a single exosite.

The exosites in FIXa are less well-defined than those in thrombin. In recent years, however,
the surface helix 333-339 (c165-c171), located away from the active site, has been identified as an
interactive site for the cofactor activated FVIII (FVIIIa) (35,36). Interestingly, this helix forms a
part of an extended positively charged surface patch, located in a structurally similar position to the
anion-binding exosite II of thrombin and the equivalent region in FXa (5-7). This surface patch can
be subdivided into three distinct sections: the 333 helix 333-339, surface loop 340-347 (c172-c179)
and the “inter-helix region”, defined by the NH2-terminal parts of two helixes, the 293 helix
(293-302, c126-c133) and the COOH-terminal helix (401-411, c231-c241), along with the COOH-
terminal part of loop 340-347, with residue Asn346(c178) in particular (Fig. 1). Positively charged
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residues within the exosite include Arg333(c165) and Arg338(c170) in the 333 helix, Lys341(c173) in
the 340-347 loop and Lys293(c126), Lys400(c230) and Arg403(c233) in the inter-helix region (Fig. 1).
This concentration of positive charge makes the surface patch a likely candidate for interaction with
various ligands that prefer association with cationic exosites.

CONTRIBUTION OF INDIVIDUAL SECTIONS OF THE FIXa CATIONIC EXOSITE TO
LIGAND INTERACTIONS

Research presented in this thesis demonstrates that besides FVIIIa (Chapters II and V), two
other ligands interact with this exosite. These are the low density lipoprotein receptor-related
protein (LRP) (Chapters II and IV) and the anionic glycosaminoglycan heparin (Chapter IV). These
ligands, however, show considerable differences in interaction with the individual sections of the
exosite. In agreement with previous findings, the most important sections for FVIIIa binding are
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FIG. 1. Cationic exosite of FIXa. The figure represents the three dimensional structure of the protease domain of human
FIXa (42), rotated 90 degrees counter-clockwise along the vertical axis as compared to the standard orientation (Fig. 3),
which places the active site with the inhibitor p-aminobenzamidine (PABA) to the right of the molecule. The positively
charged residues within the exosite substituted by site-directed mutagenesis are indicated in light gray. Region
Phe342-Tyr345, replaced by the corresponding sequence of prothrombin, and residue Asn346, substituted by Asp, are shown
in dark. The positions of individual sections, helix 333, loop 340-347 and the inter-helix region, are also shown.



General discussion

93

helix 333 and the inter-helix region (Chapters III and V, ref. 36,37,38). LRP, on the other hand,
interacts most strongly with the inter-helix region and loop 340-347. Low molecular weight
(LMW)-heparin binds the inter-helix region and, less strongly, the 333 helix. Interestingly, the same
regions were identified as essential for heparin interaction by an experimental approach different
from ours (39). Thus, it seems that all three ligands interact with partially overlapping sections of
the exosite. This overlap of interactive regions must be at the basis of ligands’ ability to interfere
with each other’s binding, accounting for interference of both LRP and heparin with the FVIIIa-
mediated stimulation of FIXa enzymatic activity and inhibition of FIXa·LRP complex formation by
heparin (Chapter II, ref. 40,41).

Segment Phe342-Tyr345 of loop 340-347 assumes a unique position within the exosite in that
it forms a link between the exosite and the active site cleft of FIXa. Consistent with its location,
substitution of this region by the corresponding sequence of prothrombin led to defects in FIXa-
mediated hydrolysis of small peptide substrates as well as FX in the absence of FVIIIa
(Chapter III). The residues in this region line the lower edge of the S2-S4 pocket and seem to
contact tripeptide chromogenic substrates and FX residues NH2-terminal of the scissile bond (6,42).
As such, they probably provide a direct link between the exosite and the active site of FIXa.

SPATIAL ASPECTS OF INTERACTION WITH LRP, HEPARIN AND FVIIIa
The question arises whether observations concerning binding of individual ligands are in

agreement with geometric and spatial characteristics of the exosite. The exosite is roughly triangular
or trapezoidal in shape with the 333 helix at the base and the inter-helix region at the apex (Fig. 1).
The height and width are approximately 30 Å and 20 Å, as measured between Arg338 and Lys293,
and between Arg333 and Tyr345 in the crystal structure of human FIXa (42). Ligand binding to the
exosite should therefore conform to these spatial constrains.

 The first ligand, LRP, is a large molecule of 600 kDa, but its basic ligand-binding
constituent called complement-type repeat is a compact unit measuring approximately 20x20x27 Å
and displaying a distinct negative surface potential (43). The largely positively charged exosite
could therefore provide an appropriate binding surface. Given the size of the exosite, it could
accommodate one or two complement-type repeats (Fig. 2). It has been determined that for
α2-macroglobulin binding to the complement-type repeat CR3, which is a medium efficiency α2-
macroglobulin binder, the interactive interface runs across the surface of the repeat, forming an
interface of various residues (43). Negatively charged residues at the bottom of the repeat are 20 Å
distant from the non-polar ones located towards the top. Interestingly, in FIXa the distance between
the positively charged residues of the inter-helix region and the non-polar ones of the Phe342-Tyr345

segment is also close to 20 Å, providing a suitable complementary surface for interaction with one
complement-type repeat. However, more than one complement type repeat may be necessary for
efficient binding. Chapter VI of this thesis shows that a combination of 3 specific repeats is required
in case of FIXa, but the precise mechanism of the interaction still remains unclear. The interaction
may be mediated by the central repeat, with the two end repeats helping to stabilize it at the exosite.
Conversely, it is also possible that only the end repeats contact the exosite, owing to the flexibility
of connecting spacers. As not only FIXa, but also other LRP ligands require multiple complement-
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type repeats for effective binding, this appears to be a general pattern in LRP interactions (Chapter
VI, ref. 44,45,46).

Heparin, the second exosite ligand, is a linear anionic polysaccharide formed by repetitive
disaccharide units containing two hexose sugars, uronic acid and D-glucosamine, joined by an
α(1-4) glycosidic bond. Sulfated hydroxyl groups of these hexose sugars confer the net negative
charge of the polysaccharide and determine the largely electrostatic nature of heparin interaction.
The basic disaccharide unit is approximately 8 Å long (47).  It is therefore reasonable to propose
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FIG. 2. Cationic exosite of FIXa and its ligands. The protease domain of FIXa (42) in the space-filling representation is
depicted in the same orientation as in Fig. 1, with individual positively charged residues indicated by dark color. Residue
Asn346 is shown in black. CR7 refers to the complement-type repeat CR7 from LRP cluster II (crystal structure, ref. 68).
Heparin stands for the pentasaccharide fragment of heparin (coordinates obtained from the crystal structure of its complex
with the serpin antithrombin, ref. 69), and A2 for the A2 domain of FVIII (model, ref. 48). In the A2 domain, region 558-
565 and amino acids Glu633 and Asp712 are shown in dark gray, while Lys570, Glu445 and His444 are depicted in black. The bar
represents 20 Å.
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that a polysaccharide containing two of these units, i.e. four hexose sugars, should comfortably fit
the exosite, forming salt bridges with individual positively charged residues in the inter-helix region
and in the 333 helix (Fig. 2). This notion is supported by a recent report that a relatively short
heparin fragment containing eight hexose sugars bound FIXa with affinity similar to that of much
longer heparin chains (41). The crucial role of electrostatic interactions in heparin binding is then
demonstrated by the observation that the replacement of positively charged residues in the inter-
helix regions affected binding to heparin to a greater extent than binding to LRP, the interaction of
which with the Phe342-Tyr345 region also involves a hydrophobic binding component (Chapters II,
IV). Given the electrostatic nature of heparin interactions, the possibility must be considered that
binding to the exosite is non-specific, solely driven by the electrostatic attraction between the net
positive charge of the exosite and the net negative charge of heparin. Should this be the case, then
removal of any positively charged residue leading to a decrease in the net positive charge of the
exosite would result in an identical effect on heparin binding. However, we observed different
effects for individual residues on heparin binding, consistent with the specific contribution of each
residue to the interaction (Chapter IV).

The structural organization of FVIIIa differs from LRP or heparin in that it does not possess
the linear modular architecture of the other two ligands. Instead, the A2 domain, the FVIIIa subunit
that contacts the protease domain of FIXa, is a globular structure of 42 kDa, measuring 50x30x50 Å
(Fig. 2). The side of the domain that is most likely to interact with FIXa measures at least 50x30 Å,
as determined from the model of membrane-bound FVIII (48). As such it is larger than the exosite
itself, suggesting multiple surface contacts with the protease domain. Indeed, FIXa region 301-302
(c132-c133), located outside the exosite, was previously found to participate in FVIIIa stimulation
of FIXa enzymatic activity (35). Most of the exosite seems to participate in A2 domain binding too,
as demonstrated by the observation that mutations both in the 333 helix and in the inter-helix region
lead to defective interaction with the isolated A2 domain (Chapters III, V). This is consistent with
the findings of Bajaj et al., who concluded from mutational and peptide experiments that the FIXa
helix 333 interacts directly with the A2 domain region 558-565 (49). Furthermore, their computer
simulation of the FIXa-A2 domain interface suggests that besides the 333 helix and 301-302 region,
also residues of the inter-helix region contact the A2 domain; Arg403 and Lys293 of FIXa come close
to Glu633 and Asp712 of the A2 domain, and Asn346 of FIXa to the A2 domain residues Lys570 and
Glu445 (Fig. 2) (49). Additionally, hydrophobic and polar uncharged interactions have been
predicted between FIXa residues Thr344 and Tyr345, and His444 of the A2 domain. Interestingly,
replacement of these FIXa residues by their prothrombin counterparts led to somewhat increased
A2 domain binding in our experiments (Chapter III). The question remains why, even though
substitutions in both helix 333 and the inter-helix region led to a similar reduction in binding to the
isolated A2 domain, the latter region seems to play a less important role in the stimulation of FIXa
activity (Chapter V). Two alternative explanations are possible for this observation. First, with
respect to FVIIIa, in the presence of complete FVIIIa and phospholipid surface, additional
interaction in the light chain (50,51) may re-position the A2 domain in a slightly different
orientation at the contact interface with the protease domain. Independent of the light chain
interactions, the A1 domain of FVIIIa may also modify the interactive interface of A2 domain, as
the isolated A1 subunit is able to augment A2-mediated enhancement of FIXa enzymatic activity
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(52). Second, with respect to FIXa, it may be that the 333 helix constitutes the major allosteric
regulatory element within the protease domain of FIXa and the residues in the vicinity only help to
stabilize the interaction.

MODULATION OF THE ENZYMATIC ACTIVITY OF FIXa BY LIGAND BINDING
The notion that LRP, heparin and FVIIIa interact with the same FIXa exosite in their own

characteristic manner is supported by the observation that each of these ligands modulates the
enzymatic activity in a unique way. In terms of FX activation, FVIIIa stands out for being able to
exert a stimulatory effect, whereas binding of both LRP and LMW-heparin results in inhibition
(Chapter II, ref. 41,53). This could be explained by the strong interaction of FVIIIa with the
333 helix and especially with residue Arg333, which appears to be of particular importance for the
allosteric activation of FIXa (Chapter V). The interaction of Arg333 with either heparin or LRP is
weaker (Chapter IV), possibly insufficient for the stimulation to occur. In addition, with interactions
occurring throughout the protease domain and in the light chain, FVIIIa contacts FIXa in a manner
far more complex than LRP and heparin do. This may not only place the A2 domain in the most
favorable orientation for interaction with the 333 helix, but also facilitate free access of substrates to
the active site cleft. LRP and heparin do not have the benefit of these fine-tuned interactions, and as
long, linear moieties could easily obstruct the active site. The non-competitive manner of LMW-
heparin inhibition of FX activation in the absence of FVIIIa is compatible with this notion (41), as
binding of the FX scissile bond to the active site cleft is not likely to drive the affinity of FIXa for
its substrate (54).

The differences between LRP and the other two ligands are also evident from the effects of
LRP on the amidolytic activity of FIXa. Amidolytic activity, i.e. hydrolysis of a small peptide
substrate, is only inhibited by LRP, whereas heparin or FVIIIa have no effect at all (Chapter II, ref.
41,55,56). The explanation could be provided by region Phe342-Tyr345 of loop 340-347, since LRP is
the only ligand that interacts with this region to a considerable degree. The region itself contributes
to FIXa amidolytic activity and binding of LRP may thus lead to a conformational change with a
detrimental effect, or to direct interference with substrate binding. Consistent with that, anti-FIXa
monoclonal antibody CLB-FIX 13, the epitope of which also contains region Phe342-Tyr345, inhibits
amidolytic activity of FIXa similarly to LRP (Chapter II).

FIX ACTIVATION AND THE LINK BETWEEN THE CATIONIC EXOSITE AND THE
ACTIVE SITE

The unique characteristics of exosite interactions with LRP and heparin are apparent not
only for activated FIX, but also for FIX zymogen. For FIX zymogen this is manifested by the
absence of LRP binding, as opposed to the retention of binding, albeit reduced, of heparin. This
suggests (i) that some differences for LRP and heparin discussed above are still present in non-
activated FIX and (ii) that the cationic exosite is modulated upon proteolytic activation of FIXa.
During activation, the low-binding “non-active” FIX exosite seems to be transformed into an
“active” state that facilitates interactions with both LRP and heparin. However, these kinds of
activation-dependent changes in FIX molecule are difficult to study due to the absence of suitable
crystallographic information. FIX is a notoriously difficult protein to crystallize and the only two
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X-ray structures available today are both of incomplete, active site inhibited FIXa (6,42). Flexibility
of the zymogen conformation may be the cause of difficulties in crystallographic studies. Indeed, it
has been reported that the anisotropy of tryptophan fluorescence of FIX, a parameter inversely
correlated with a degree of rotational freedom of tryptophan residues, increases in the sequence
FIX<FIXa<FIXa·FVIIIa complex, indicating that both the proteolytic activation and complex
formation with FVIIIa decrease the flexibility of FIX molecule (57). Thus, FIX may represent the
inactive, flexible FIX conformation, while the fully active, ordered FIXa would be represented by
the FIXa·FVIIIa complex. FIXa in the absence of FVIIIa could be in an intermediate state, with the
ability to assume both conformations. A similar mechanism has been suggested for FVIIa, where
only after tissue factor binding all enzyme molecules may assume the canonical active
conformation with the NH2-terminus of the heavy chain fully inserted (58).

The burial of the NH2-terminus is a characteristic feature of enzymatically active serine
protease (59,60). It leads to the reorganization of the second β-barrel of the protease domain and

340-347

354-358

NH2-terminus

312-322

333 helix

9
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FIG. 3.  Hypothetical allosteric interplay in the second β-barrel of FIXa.  In this representation of porcine FIXa (6), the
second β-barrel forms the lower half of the protease domain below the active site with the covalently bound inhibitor D-Phe-
Pro-Arg-chloromethyl ketone. Numbers 9 and 10 designate the β-sheet strands connecting the loops in the neighborhood of
the NH2-terminus of the heavy chain with helix 333 and region 342-347 in the cationic exosite. The structure of porcine FIXa
was used because the larger inhibitor indicates the position of the active site and the S1-S3 pocket more clearly than the p-
aminobenzamidine in the human structure.
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stabilization of the active site. In FIXa, this occurs in the immediate vicinity of loops 312-322
(c143-c154) and 354-358 (c185-c188). These loops are connected directly by strands 9 and 10 of
the second β-barrel with elements of the cationic exosite, specifically with the 333 helix and
340-347 loop (Fig. 3). It is conceivable therefore that occupancy of the exosite could allosterically
modulate the second β-barrel and vice versa (61-64). Hence, if the second β-barrel of FIXa exists in
two possible conformations, a stable one characterized by the fully inserted NH2-terminus and an
unstable one with the NH2-terminus partially exposed, the same may be true for the cationic exosite.
Selective interaction of FVIIIa with the “active” conformation of the exosite would then push the
equilibrium towards the active conformation of the enzyme. In contrast, the equilibrium of FIX
zymogen could be in favor of the “non-active” exosite conformation.

LIGAND BINDING TO THE CATIONIC EXOSITE IN FIX ZYMOGEN
The above mentioned theory is supported by our observation that LMW-heparin binds with

similar affinities to both FIXa and FIX zymogen, whereas the stoichiometry of the interaction is
five times lower for FIX zymogen as compared to FIXa. It appears, therefore, that only a fraction of
the zymogen molecules possesses the “active” exosite conformation that is able to bind heparin.
Heparin binding could in fact stabilize this “active” conformation, leading to relatively high affinity
of FIX zymogen for heparin, which is exploited during the purification of FIX zymogen from
mixtures with other coagulation serine protease precursors by affinity chromatography on heparin
sepharose columns (65). The primary importance of the inter-helix region for heparin binding could
then explain dissimilarities with LRP with regard to FIX zymogen. The differences between the
“active” and “non-active” conformation of the exosite may be less prominent in the inter-helix
region than in the 340-347 loop, which participates in LRP interaction but does not contribute
significantly to heparin binding. As for FVIIIa interaction with the protease domain of FIX, data are
scarce, but it seems that there is some residual binding of FIX zymogen to the isolated A2 domain
(66). It may be that the situation is similar to that of heparin, with little difference in affinity for
activated FIX and FIX zymogen. A similar observation was reported for FVIIa, where similar
affinities were found for the interaction of both FVIIa and FVII with tissue factor (67). In summary,
our findings are in favor of a model in which the cationic exosite in the protease domain of FIX is
exposed only in a fraction of the zymogen molecules, and becomes more prominently exposed after
proteolytic activation into FIXa. Whether in FIXa all molecules actually display the “active”
conformation of the exosite, and to what extent exosite occupancy shifts the equilibrium towards to
“active” state, are outstanding issues for further study.

SIGNIFICANCE OF RESULTS AND DIRECTIONS OF FURTHER RESEARCH
The work presented in this thesis sheds light on the nature of the cationic exosite of FIXa, a

region that is essential to FIXa enzymatic function. From studying molecular mechanisms of FIXa-
LRP interactions, we now understand that LRP has the potential to interfere with FIXa function. We
elucidated the mechanism of LRP interference, and that of heparin, with FVIIIa-mediated
stimulation of FIXa and clarified why heparin competes for FIXa binding to LRP. We also know
more about relative contributions of individual parts of the exosite to FVIIIa, LRP and heparin
binding and stimulation or inhibition of FIXa enzymatic activity. Furthermore, our research
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identified surface loop 340-347 as one of the possible routes for the propagation of FVIIIa
stimulatory signal from the exosite into the neighborhood of the active site, and confirmed the
crucial role of the NH2-terminal part of the 333 helix in FIXa stimulation. Last but not least, we
provided some evidence that the proteolytic activation of FIXa and the stimulation by FVIIIa are
two stages of the same conformational process. It would be fascinating to learn more about the
transmission of allosteric signal from the exosite to the neighborhood of the active site, and
contribution of individual structural elements to this process. The prime candidates would be
surface loop 342-347, the disulfide bridge beneath the 333 helix, β-strands 8 and 9 in the second
β-barrel and the amino acids contacting the bottom of the 333 helix. Detailed study of these
elements could also yield information pertinent to the activation-dependent transition from FIX
zymogen to FIXa.

It is perhaps not surprising that fundamental research into basic molecular mechanism of
FIX-LRP interaction did not yield immediate practical applications. However, it is possible that in
the future LRP fragments could provide instruments capable of selectively inhibiting the FX
activating complex, offering a better target specificity than current anti-thrombotic agents such as
heparin. To our knowledge, LRP does not bind any other enzyme of the blood coagulation system
in its free form, but only when in complex with specific inhibitors. Owing to the multifunctionality
of the LRP protein, however, comprehensive study into effects of such compounds on other
physiological processes would be imperative.
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SUMMARY
Factor IX (FIX) is an essential component of the blood coagulation system. Its significance

is underscored by the fact that the absence of functional FIX is associated with the severe bleeding
disorder hemophilia B. The function of FIX is to activate factor X (FX), which ultimately leads to
the generation of thrombin, the pivotal enzyme of blood coagulation. For effective FX activation,
the single-chain FIX zymogen must be converted by limited proteolysis into the two-chain serine
protease, activated factor IX (FIXa), followed by assembly into a membrane-bound, calcium-
dependent complex with the cofactor activated factor VIII (FVIIIa). In this complex, the otherwise
limited rate of FX activation by FIXa alone increases by several orders of magnitude. Interestingly,
FVIIIa preferentially binds to the activated form of FIX, a preference that is shared by another
protein, the endocytic receptor low density lipoprotein receptor-related protein (LRP). This suggests
that LRP and FVIIIa might bind FIXa at similar regions, which would give LRP the potential to
regulate FIXa enzymatic activity. Characterization of these activation-dependent binding regions
could also shed some light on poorly defined structural changes during FIX activation.

Chapter II of this thesis therefore dissects the interaction between FIXa and LRP on a
molecular as well as functional level. First it was established that both full-length and soluble LRP
bind FIXa in an identical manner, allowing the use of soluble instead of full-length LRP to study
FIXa-LRP interaction. Next, by screening a panel of anti-FIX monoclonal antibodies, an antibody
designated CLB-FIX 13 was identified that inhibited FIXa·LRP complex formation. This antibody
also interfered with the amidolytic activity of FIXa in a fashion similar to recombinant LRP
fragment cluster IV, indicating that the antibody and LRP share similar binding regions in the
protease domain near the active site of FIXa. Next, a panel of recombinant FIXa variants with
mutations in various surface loops bordering the active site was investigated for binding to antibody
CLB-FIX 13 and LRP in a solid phase binding assay. Of these, variants with altered surface loop
342-346, located between the active site of FIXa and the FVIIIa binding helix 333-339, showed
defective binding to both the antibody and LRP. Further analysis by surface plasmon resonance
(SPR) revealed that the FIXa variant with replacement of Asn346 by Asp displayed slower
association to immobilized LRP, while the variant with residues Phe342-Tyr345 replaced by the
corresponding residues of prothrombin showed faster dissociation. Consistent with the location of
LRP binding region in a functionally important part of FIXa, recombinant LRP fragments clusters II
and IV interfered with FIXa-mediated activation of FX with respective IC50 values of 40 and 1000
nM in the absence, and 5 and 200 nM in the presence of FVIIIa. It thus appears that LRP interferes
with the enzymatic function of FIXa via two mechanisms: by inhibiting the intrinsic FIXa activity
and by disrupting the FIXa·FVIIIa complex.

The contribution of the LRP interactive region Phe342-Asn346 to the enzymatic activity of
FIXa was further examined in Chapter III. The replacement of residues Phe342-Tyr345 by their
prothrombin counterparts led to a defect in amidolytic activity and FX activation in the absence of
FVIIIa. In the presence of the cofactor, however, the defect was partially overcome. In contrast,
normal amidolytic activity and FX activation in the absence of FVIIIa was observed when Asn346

was replaced by Asp. After addition of FVIIIa, however, this mutant displayed suboptimal FX
activation. Examination by SPR revealed that the replacement of region Phe342-Tyr345 did not lead
to a defect in binding to the A2 domain of FVIIIa, whereas mutation at position 346 resulted in a
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strongly reduced complex formation. These results indicate that the whole Phe342-Asn346 region may
be subdivided into two discrete sections. Consistent with its location at the edge of the substrate-
binding groove and proximity to substrates in the S2-S4 pocket, the Phe342-Tyr345 segment appears
to be crucial for basic enzymatic functions of FIXa. In contrast, Asn346 is mainly involved in the
interaction with the cofactor FVIIIa and its stimulation of FIXa activity.

Chapter IV expands on the observation that low molecular weight (LMW)-heparin
effectively interferes with FIXa-LRP interaction. As the LRP interactive region Phe342-Asn346 is in
close proximity to several positively charged residues, the contribution of these residues to LRP and
LMW-heparin binding was investigated by SPR. With regard to LRP interaction, FIXa variants
with substituted residues Arg338 and Lys341 showed somewhat reduced LRP binding, while
mutations at Lys293, Lys400 and Arg403 caused the most prominent binding defect. In line with these
results, replacement of Arg403 was associated with lower susceptibility of FX activation by FIXa to
cluster IV interference. These data indicate that LRP interactive site indeed extends to the positively
charged residues beyond the Phe342-Asn346 region. Interestingly, substitutions of residues 293 and
403 also resulted in the most prominent LMW-heparin binding defect, indicating that LRP and
heparin binding sites overlap. That explains why heparin inhibits FIXa·LRP complex formation. In
addition, suboptimal LMW-heparin binding was observed for mutations at FIXa positions 333, 338
and 400, suggesting that LRP and heparin binding regions, while partially overlapping, are not fully
identical. As LRP binds preferentially activated FIX, the interaction of heparin with both activated
and zymogen FIX was next compared. Both SPR and solution based competition assays indicated
that LMW-heparin binds both activated and zymogen FIX with similar affinity, while the SPR
analysis suggested 7 fold higher stoichiometry for the interaction with FIXa as compared to FIX
zymogen. It thus seems that the heparin binding region is partially buried in the FIX zymogen, and
becomes exposed upon activation.

Consistent with their partially overlapping binding sites, both LRP and LMW-heparin
interfere with the stimulation of FIXa activity by FVIIIa. The contribution of positively charged
FIXa residues involved in heparin and LRP binding to this stimulation and to binding to the isolated
A2 domain of factor VIII was therefore examined in Chapter V. Indeed, the initial data indicate
that in the presence of FVIIIa, FX stimulation was most reduced for mutations at FIXa position 333,
followed by those at positions 403 and 293. This was accompanied by less efficient A2 domain
binding for 333 and 403 substitutions, while no binding was detectable for the FIXaR333A/R403A

double mutant. It thus seems that the A2 domain binding region extends beyond the previously
identified 333 helix towards the FIXa residue Arg403. In contrast, higher FVIIIa-mediated
stimulation of FX activation was observed after replacement of Arg338 or Lys341. This points
towards a possible role of the COOH-terminal part of the 333 helix and FIXa surface loop 340-347
in the FVIIIa dependent rearrangement of the protease domain of FIXa.

The findings presented in Chapters II and IV of this dissertation, along with previously
published data, indicate that LRP interacts with positively charged residues not only in FIXa, but
also in other ligands. This indicates that within LRP, binding sites for FIXa and those for other
ligands may comprise the same complement-type repeats. In order to characterize complement type
repeats involved in binding to FIXa and other ligands, Chapter VI examined the binding patterns
of FIXa, FVIII light chain, α2-macroglobulin (α2M) and receptor associated protein (RAP) in LRP
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clusters II and IV. To that end, overlapping cluster fragments each containing three consecutive
complement-type repeats were generated and scrutinized for binding to individual ligands. The
results indicate that repeats 5 through 8 and 25 through 28 constitute the primary ligand binding
regions in LRP clusters II and IV, respectively. Interestingly, these regions show striking
similarities in their primary structure. However, binding patterns of individual ligands differ.
Whereas RAP, α2M or FVIII light chain prefer binding to NH2-terminal or central repeats of these
regions, FIXa binding occurs selectively at the COOH-terminus, with fragment 6-7-8 of cluster II
and fragment 26-27-28 of cluster IV being the most effective FIXa binders. Accordingly, a
combination of particular repeats seems to be required for efficient binding of FIXa and other LRP
ligands.

In Chapter VII the major conclusions of this dissertations are discussed with respect to
structure and function of the protease domain of FIXa. The main focus is on various aspects of
FVIIIa, LRP and heparin interaction with the FIXa cationic exosite and on possible ways in which
the exosite may be modulated during the proteolytic activation of FIX.
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SAMENVATTING
Het plasma-eiwit factor IX (FIX) is een onmisbaar onderdeel van het bloedstollingsysteem.

Dit blijkt uit het feit dat de afwezigheid van functioneel FIX geassocieerd is met een ernstige
bloedingneiging die bekend staat als hemofilie B. FIX functioneert in het bloedstollingsysteem als
activator van factor X (FX). Deze functie kan FIX alleen uitvoeren als het zelf ook in actieve vorm
is. Activering van FIX verloopt via proteolyse op twee specifieke posities in het eiwit, wat leidt tot
de omzetting van het inactieve zymogeen in de enzymatische vorm, FIXa. FIXa participeert
vervolgens in een membraangebonden complex, dat verder bestaat uit calciumionen en het cofactor
eiwit geactiveerd factor VIII (FVIIIa). De vorming van dit complex is essentieel voor het optimaal
functioneren van FIXa; zonder FVIIIa en het membraanoppervlak blijkt FIXa een uitermate slecht
functionerend enzym te zijn. Alleen de aanwezigheid van de andere componenten stelt FIXa in staat
voldoende hoeveelheden FXa te genereren. Eén van de mechanismen die de vorming van het
complex reguleren is de binding aan FVIIIa, waartoe alleen de geactiveerde vorm van FIX in staat
is. Uniek voor de geactiveerde vorm van FIX is ook dat deze bindt aan een structureel en
functioneel volstrekt ongerelateerd eiwit, de endocytose receptor low density lipoprotein receptor-
related protein (LRP). Dit suggereert dat LRP en FVIIIa mogelijk aan vergelijkbare gebieden in
FIXa binden. Wanneer dit het geval is, is het waarschijnlijk dat LRP net als FVIIIa de functie van
FIXa zou kunnen moduleren. Het primaire doel van dit proefschrift was dan ook om
bindingplaatsen voor LRP die ontstaan bij activering van FIX nader te identificeren.

Hoofdstuk II van dit proefschrift ontleedt de interactie tussen FIXa en LRP op zowel
moleculair als functioneel niveau. In een panel van monoclonale antistoffen gericht tegen FIX bleek
één enkele antistof (aangeduid als CLB-FIX 13) aanwezig te zijn die in staat was de
complexvorming tussen FIXa en LRP te blokkeren. Ook de amidolytische activiteit van FIXa was
ernstig verminderd in aanwezigheid van antistof CLB-FIX 13. Opmerkelijk genoeg werd deze
activiteit op dezelfde wijze geremd in aanwezigheid van een recombinant LRP fragment, cluster IV.
Dit suggereert dat de antistof en LRP waarschijnlijk overeenkomstige, of zelfs identieke delen van
het FIXa eiwit herkennen. Om dit te testen zijn een aantal FIXa varianten ontwikkeld waarin
specifieke zogenaamde “surface loops” gebieden die zich aan het oppervlak van het molecuul
bevinden zijn gemuteerd. Deze mutanten zijn vervolgens getest op hun capaciteit om de antistof en
LRP te binden. Bij varianten met een mutatie in “surface loop” 342-346, die gesitueerd is tussen het
actieve centrum van FIXa en de FVIIIa bindende helix 333-339, werd een verstoorde interactie met
zowel de antistof als met LRP waargenomen. Verdere analyse met behulp van de Surface Plasmon
Resonance (SPR) techniek liet zien dat de FIXa variant met Asp in plaats van Asn op positie 346
langzamer associeerde met geïmmobiliseerd LRP. Dit terwijl de variant waarin residuen
Phe342-Tyr345 zijn vervangen door protrombine residuen sneller dissocieerde. Hieruit blijkt dat de
aminozuurregio Phe342-Asn346 is betrokken bij de interactie met LRP. Aangezien dit gebied zich in
een functioneel belangrijk deel van FIXa bevindt, werd het effect van LRP op de door FIXa-
gemedieerde activering van FX bestudeerd. In aanwezigheid van de recombinante LRP fragmenten
cluster II en IV werd de activering geremd. Daarbij vonden we IC50 waarden van 40 en 1000 nM in
de afwezigheid van FVIIIa en 5 en 200nM in de aanwezigheid van FVIIIa, voor respectievelijk
cluster II en IV. Deze studie suggereert dat LRP de enzymatische functie van FIXa verstoort via
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twee mechanismen: door inhibitie van de intrinsieke FIXa activiteit en door verstoring van het
FIXa·FVIIIa complex.

Hoofdstuk III beschrijft onderzoek naar de bijdrage van de aminozuurregio Phe342-Asn346

aan de enzymatische functie van FIXa. Vervanging van residuen Phe342-Tyr345 door protrombine
residuen leidde tot zowel een defect in amidolytische activiteit als een defect in activering van FX
in afwezigheid van FVIIIa. Echter, de aanwezigheid van de cofactor onderving het defect
gedeeltelijk. In tegenstelling tot de vorige observatie werd er na mutatie van Asn346 in Asp normale
amidolytische activiteit en normale FX activering in afwezigheid van FVIIIa waargenomen.
Toevoeging van FVIIIa resulteerde echter in een afname in FX activering in aanwezigheid van deze
mutant ten opzichte van ongemuteerd FIXa. SPR analyse wees uit dat vervanging van de
Phe342-Tyr345 regio in FIXa door de protrombine sequentie géén negatieve consequenties had voor
binding aan het A2 domein van FVIIIa, terwijl de mutatie op positie 346 juist een sterk negatief
effect had. Deze resultaten suggereren dat de Phe342-Asn346 regio misschien als twee afzonderlijke
gedeelten zou kunnen worden beschouwd. De Phe342-Tyr345 regio bevindt zich aan de rand van de
substraatbindende groef, wat het blijkbaar onmisbaar maakt voor het correct functioneren van FIXa.
Aan de andere kant lijkt Asn346 vooral betrokken te zijn bij de interactie met de cofactor FVIIIa en
met stimulatie van de FIXa activiteit.

In Hoofdstuk IV staat de waarneming centraal dat laag moleculair gewicht (LMW)-
heparine de interactie tussen FIXa en LRP verstoort. De LRP-bindende regio Phe342-Asn346 ligt
dichtbij verschillende positief geladen residuen die potentieel aan LMW-heparine zouden kunnen
binden. Daarom is de invloed van deze residuen op de interactie van FIXa met LRP en LMW-
heparine onderzocht. SPR toonde aan dat mutatie van aminozuren Lys293, Lys400 en Arg403 de
binding van FIXa aan LRP het meest verminderde en dat ook mutaties van Lys341 en Arg338 een
negatief effect hadden, zij het in mindere mate. Dit suggereert dat positief geladen aminozuren
buiten de Phe342-Asn346 regio eveneens bijdragen aan de interactie met LRP. De observatie dat de
FIXaR403A variant minder gevoelig lijkt te zijn voor remming van FX activering door LRP cluster
IV ondersteunt deze waarneming. De mutaties van residuen Lys293 en Arg403 hadden niet alleen het
grootste effect op LRP binding, maar ook op de binding van FIXa aan LMW-heparine, wat zou
kunnen verklaren waarom LMW-heparine de binding van FIXa aan LRP remt. Andere residuen die
in mindere mate aan de interactie van FIXa met LMW-heparine bijdragen zijn Arg338, Arg333 en
Lys400. Dit betekent dat de LRP en LMW-heparine bindende gebieden in FIXa wel met elkaar
overlappen, maar niet helemaal identiek zijn. Aangezien LRP alleen aan geactiveerd FIX bindt is de
interactie van LMW-heparine met zowel geactiveerd als zymogeen FIX ook nader bestudeerd. Het
bleek dat LMW-heparine met vergelijkbare affiniteit aan geactiveerd én zymogeen FIX bindt,
terwijl de stoichiometrie voor de FIXa-LMW-heparine zeven maal hoger was vergeleken met de
binding van FIX aan LMW-heparine. Dit wijst erop dat het heparine bindende gebied in FIX
zymogeen gedeeltelijk afgeschermd is en dat het geëxposeerd word tijdens activering.

Aangezien de LRP en LMW-heparine bindingplaatsen met elkaar overlappen, verstoort niet
alleen LRP, maar ook heparine de FVIIIa-afhankelijke stimulatie van FIXa activiteit door binding
aan positief geladen residuen rondom  de Phe342-Asn346 regio van FIXa. De individuele bijdrage van
deze residuen aan de FVIIIa-afhankelijke stimulatie en aan binding aan het A2 domein van factor
VIII zijn onderzocht in Hoofdstuk V. De resultaten wijzen erop dat in de aanwezigheid van FVIIIa
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de stimulatie van FX activering inderdaad verminderd is door mutaties van Arg333, Arg403 en Lys293.
Dezelfde mutaties leidden ook tot minder efficiënte binding van FIXa aan het A2 domein van
FVIIIa. Bovendien kon voor de dubbelmutant FIXaR333A/R403A in het geheel geen binding
gedetecteerd worden. Blijkbaar draagt niet alleen de 333 helix, maar ook de regio rond FIXa residu
Arg403 bij aan de interactie met FVIIIa. Vervanging van Arg338 en Lys341 resulteerde verrassend
genoeg in verhoogde FVIIIa-afhankelijke stimulatie van FX activering. Dit suggereert dat de 333
helix en de 340-347 “loop” structurele veranderingen ondergaan als gevolg van FVIIIa binding aan
FIXa.

De bevindingen in hoofdstukken II en IV van dit proefschrift tonen samen met andere,
eerder gepubliceerde data aan dat positief geladen aminozuren in verschillende liganden van LRP
belangrijk zijn voor de interactie met deze receptor. Om dit algemene bindingpatroon nader te
bestuderen is in Hoofdstuk VI gekeken of FIXa en andere LRP liganden, zoals α2-macroglobuline
(α2M), receptor-associated protein (RAP) en FVIII lichte keten aan dezelfde of verschillende
gebieden van LRP binden. Hiertoe werden overlappende fragmenten met drie opeenvolgende
zogenaamde “complement-type repeats” gegenereerd en onderzocht op binding aan afzonderlijke
liganden. De resultaten suggereren dat “repeats” 5 tot en met 8 van LRP cluster II en 25 tot en met
28 van LRP cluster IV de primaire ligand bindende regio’s zijn. Interessant is dat deze regio’s
opvallende overeenkomsten vertonen in hun primaire structuur en ligand binding. Terwijl RAP,
α2M of FVIII lichte keten voorkeur hebben voor binding aan NH2-terminale of centrale “repeats”
van deze regio’s, vindt FIXa binding selectief plaats aan de COOH-terminus, waarbij fragment
6-7-8 van cluster II en fragment 26-27-28 van cluster IV het beste aan FIXa binden. Een specifieke
combinatie van “complement-type repeats” lijkt dus noodzakelijk te zijn voor efficiënte binding van
LRP aan FIXa en andere liganden.

Tot slot worden de belangrijkste bevindingen uit dit proefschrift bediscussieerd in
Hoofdstuk VII. De meeste aandacht wordt besteed aan het vergelijken van FVIIIa, LRP en
heparine met betrekking tot binding aan het protease domein van FIXa en de functionele
consequenties daarvan. Extra nadruk wordt ook gelegd op de veranderingen die optreden in de
gezamenlijke FVIIIa, LRP en heparine bindende regio’s in FIXa tijdens de proteolytische activatie
van FIX.
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