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General introduction

Chapter 1

Scope of this thesis
Factor VIII (FVIII) is a critical protein in the blood coagulation cascade in which it acts
as a cofactor for the serine protease activated factor IX (FIXa) during the proteolytic
activation of factor X (FX). Functional absence of FVIII is associated with the bleeding
disorder haemophilia A underlining the importance of FVIII for bleeding arrest at sites
of injury. The bleeding tendency of haemophilia A patients can be markedly reduced by
substitution therapy with either plasma derived FVIII or recombinant FVIII. Yet, effective
treatment is severely hampered by a particularly effective cellular uptake mechanism
that removes FVIII from the circulation. In addition, about 30% of the treated individuals
develop inhibitory antibodies against FVIII via a molecular process that involves the
uptake of FVIII by antigen presenting cells. The recently solved crystal structures of
FVIII have greatly assisted in increasing our insight into cofactor function, as well as the
cellular uptake mechanisms of FVIII. However, these structures exhibit a poor resolution
and do not represent FVIII in its activated state. Therefore, limited information is
available about the structural elements that are exposed to the protein surface in FVIII
and especially in activated FVIII (FVIIIa). To address these issues, in the present study we
employed novel mass spectrometry approaches to identify functional regions on FVIII
that contribute to cofactor function and to the cellular uptake of FVIII. In a chemical foot
printing approach, we used lysine directed tandem mass tags to address differentially
exposed amino acid regions on FVIII upon activation of the cofactor. In addition, we used
hydrogen/deuterium exchange mass spectrometry to identify critical regions in FVIII that
contribute to phospholipid binding, antibody binding, as well as to the cellular uptake of
FVIII. In the following paragraphs our current knowledge on the structure and function
of FVIII, as well as the latest developments in mass spectrometry are described in more
detail.

1

The life cycle of Factor VIII
Factor VIII (FVIII) is a 330 kDa protein composed of 2332 amino acids and circulates in the
bloodstream at a concentration of about 0.3 nM. In plasma, FVIII is tightly bound to von
Willebrand factor (VWF), which protects FVIII from premature ligand binding and rapid
clearance from the circulation1. It has been shown that the liver is an important source
for FVIII synthesis1. However, there is increasing evidence that FVIII is also synthesized
by endothelial cells in which FVIII may be co-stored with VWF in specific secretory
organelles, the Weibel-Palade-bodies2.
FVIII is critical for proper functioning of the coagulation cascade in which an interplay
between cofactors and their enzymes leads to effective blood clot formation. Upon
vascular injury, the cascade is initiated by complex formation between the cofactor
tissue factor (TF) and the serine protease activated factor VII (FVIIa). This complex is
responsible for generating minute amounts of activated factor IX (FIXa) and activated
factor X (FXa), which eventually leads to the formation of a small amount of thrombin.
8
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Via activation of factor XI, thrombin generates additional FIXa, and directly activates FVIII
leading to dissociation of the FVIII-VWF complex. FVIIIa forms the FXa generating (FXase)
complex by assembling with FIXa on pro-coagulant membranes. The large amount of
newly generated FXa assembles with thrombin-activated factor V resulting in a boost
in the formation of thrombin. Finally, thrombin cleaves fibrinogen into fibrin ultimately
leading to the formation of an insoluble clot3.
FVIII activity is rapidly lost after its activation due to specific protease-induced
cleavages within FVIII4-9. Activated protein C (APC) is thought to play a major role in
this process although spontaneous dissociation of the A2-domain from FVIIIa has been
suggested to contribute to the inactivation as well1,10-12. The resulting FVIIIa fragments
are subsequently cleared from the bloodstream via a process which may involve the
endocytic receptor low-density lipoprotein receptor-related protein (LRP)13,14. This
receptor has also been demonstrated to directly contribute to the clearance of nonactivated FVIII from the bloodstream via a particularly effective but poorly understood
process15,16.

1

Figure 1. Linear domain organization of FVIII at different stages in its life cycle. FVIII is synthesized
as single chain molecule, consisting of three A-domains, neighbored by small acidic regions
(depicted in italic letters), a B-domain and two C-domains. Before secretion into the blood stream,
FVIII is cleaved into a heterodimer, which is linked via its A1- and A3-domain. This interaction
requires the presence of metal ions. Activation of FVIII by thrombin cleaves off the B-domain and
the a3 region. In addition, it bisects the A1- and A2-domain. Upon activation, the A2-domain is
only loosely associated to the rest of the heterotrimer21.
9
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Structural characteristics of FVIII
FVIII is synthesized as single chain protein comprising three A-domains, a B-domain
and two C-domains. The A-domains are homologous to those of cerruloplasmin, the
C-domains to the discoidin-like domains17-19, and the B-domain is unique to FVIII19. At
the C-terminus of the A1- and A2-domain and at the N-terminus of the A3-domain, short
regions have been identified that are rich in acidic amino acid residues. These a1, a2, and
a3 regions are further striking in that they comprise sulfated tyrosine residues20. Overall,
this leads to the following domain organization A1-a1-A2-a2-B-a3-A3-C1-C221. Prior to
secretion into the plasma, FVIII is cleaved into a dimer composed of a heavy chain (A1-a1A2-a2-B) and a light chain (a3-A3-C1-C2). Additional limited proteolysis of the B-domain
leads to a circulating FVIII protein that is highly heterogeneous in size (Figure 1)1,20.
In 2008, two groups independently published the 3-dimensional structure of
FVIII22,23. Both crystals have been obtained from recombinant FVIII lacking a large part
of the B-domain. This is, however, not a limitation as removal of the B-domain has been
demonstrated to not affect the cofactor function of FVIII24. However, it has been proposed
that the heavily glycosylated B-domain does assist in the intracellular processing and
trafficking of FVIII25. The crystal structures revealed the same 3-dimensional organization
of the domains. The three A-domains form a triangular structure to which the C-domains
are attached in a parallelly aligned manner (Figure 2). The entire C2-domain may have a
high rotational freedom as it is loosely tethered to the A3- and C1-domain. In contrast,
the C1-domain is firmly bound to the A3-domain via extensive hydrophobic interactions.
The A1-a1-A2-a2/a3-A3-C1-C2 dimer requires the presence of metal ions to form a
stable complex. At first, it has been thought that these ions are positioned between the
heavy and light chain26. However, the crystal structures have changed this view. At least
three bivalent metal-ions are present in FVIII and their binding sites are located within
the A1-, A2- and A3-domains itself22,23. Yet, the amino acids that coordinate these metal
ions are located near the binding interface of the heavy and light chain. Therefore, it is
suggested that these ions are involved in maintaining a proper local conformation of
the A-domains near the interface, thereby supporting effective interaction between the
heavy and light chain.
Factor V (FV) is highly homologous to FVIII and also contains three A-domains, a
B-domain and two C-domains27. Although the A2-domain is absent in the crystal structure
of APC-cleaved activated bovine FV, the structure reveals that FVIII and FV share the same
tertiary structure (Figure 2)28. Overall, the crystal structures of FVIII and FV have greatly
assisted in increasing our understanding in the molecular mechanisms that contribute
to the biology of FVIII and FV. Yet, the structures have a poor resolution, and do not
represent the dynamic active form of the cofactors. Therefore, detailed information is
still lacking about the exposed surface loops of FVIII and the changes therein that occur
upon the activation of FVIII.

1
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1

Figure 2. 3-dimensional structures of FVIII and its homologue FV. The left panel shows the
crystal structure of FVIII (3cdz.pdb) and the right panel the crystal structure of the APC-inactived
FVa, which lacks the A2-domain and part of the A1-domain (1sdd.pdb)22,28. The heavy chains are
depicted in grey and the light chains in blue.

Multiple interaction sites involved in VWF-FVIII complex formation
VWF is a 220 kDa protein that interacts with multiple sites on FVIII. Several of these
sites are located within the C-domains of FVIII. Jacquemin et al. demonstrated that
haemophilic C1-domain variants Ile2098Ser, Ser2119Tyr and Arg2150His exhibit an 8-,
80- and 3-fold decrease in VWF affinity29. Because of these reduced affinities, VWF is less
effective in protecting FVIII from rapid clearance from the circulation thereby explaining
the haemophilia A phenotype of these variants. In another study, Gilbert et al. showed
that four hydrophobic amino acids at the β-hairpin loops of the C2-domain, i.e. M2199/
F2200 and L2251/L2252, also contribute to VWF binding30. Recently, two sites at the
β-hairpin loops of the C1-domain, i.e. R2159 and Q2042/Y2043, were suggested to
be involved in VWF binding as well. The combined mutation of Q2042/Y2043 into Ala
resulted in a 2.5-fold decreased VWF affinity and substitution of R2159 for an Ala even
induced a 50-fold reduction in VWF binding31. However, the major binding site for VWF is
attributed to the acidic a3 region of FVIII20,32. Loss of this small acidic region completely
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abolishes the capability of FVIII to interact with VWF20. It has been shown that the sulfated
tyrosine at position 1680 within this region is crucial for FVIII-VWF complex assembly33.
No binding regions for VWF have, so far, been identified in the FVIII heavy chain. Yet,
the affinity of the VWF-FVIII light chain complex is markedly reduced compared to the
complex between VWF and the FVIII heterodimer34. This shows that the mechanism of
binding between FVIII and VWF requires further investigation.

1

Activation of FVIII
Activation is required for FVIII to perform its role in the blood coagulation cascade
and involves limited proteolysis of the heavy and the light chain. FVIII can be activated
by thrombin and activated FX (FXa), which both cleave FVIII in the heavy chain at the
positions Arg372 and Arg740, and in the light chain at position Arg1689. Cleavage at
Arg372 bisects the A1- and A2-domains, whereas cleavage at Arg740 leads to the removal
of the B-domain from the protein. Proteolysis at Arg1689 results in the loss of the acidic
a3 region leading to dissociation of the VWF-FVIII complex. In contrast to thrombin, FXa
can also cleave the light chain at Arg172120.
FXa and thrombin have been shown to first cleave FVIII at position Arg740, which
subsequently facilitates the cleavage at Arg1689 and Arg372. Even though activation
of FVIII is initiated by proteolysis at Arg740, this cleavage contributes the least to the
increase in FVIII activity. Full cofactor function is achieved by the selective and rate
limiting cleavage at Arg3721. Intriguingly, a higher level of cofactor activity can be obtained
when FVIII is activated by thrombin. This is explained by the observation that FXa also
inactivates FVIIIa via additional proteolytic cleavages within the FVIII heavy chain1.
Although FXa can activate FVIII, several studies have suggested that thrombin is the
physiological relevant protease for FVIII in this process27. A limited number of studies
have been focused on the interaction between thrombin and FVIII. A study by Nogami
et al. showed that the light chain, the isolated C2-domain, and the A2-domain interact
with thrombin35. In another study, they have suggested that there is a direct interaction
between thrombin and the isolated A1-domain of FVIII. Further investigation using
peptide competition studies confined the interaction sites to regions 385-395 of the A1domain and region 719-740 of the A2-domain36. In addition, another group identified a
critical role for the sulphated tyrosine residues within the acidic regions of FVIII for the
interaction with thrombin37. The relative importance of all the identified sites remains to
be established.

Multiple interaction sites involved in FIXa – FVIIIa complex
formation
The affinity of FVIII for FIXa increases significantly upon activation of FVIII38. Apparently,
binding sites for FIXa are induced in FVIII during activation by thrombin. Many studies
have been focused on unraveling these. It has been shown that regions in the FVIII
light chain mediate high affinity binding to FIXa, whereas the A2-domain of the FVIII
12
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heavy chain has been demonstrated to interact with FIXa with a low affinity21. Yet, the
interaction of the A2-domain with FIXa is highly important as it promotes the catalytic
activity of FIXa39.
Fay et al. identified a role for the A2-domain region 558-565 in FIXa binding using
synthetic peptides and site-directed mutagenesis of this region40,41. In this study, they
have shown that the apparent affinity of the FVIII variants for FIXa is similar to that of
wild-type FVIII, whereas the catalytic efficiency of the FXase complex is markedly reduced.
Therefore, they concluded that surface loop 558-565 is mainly critical for modulating the
FIXa activity. In addition, regions 484-509 and region 698-712 of the A2-domain have
been proposed to contribute to the interaction with FIXa42-45. The exact role of these
regions for supporting the catalytic activity of FIXa remains to be established1,46.
Within the light chain, also multiple binding regions for FIXa have been identified.
Using peptide based studies Soeda et al. has proposed that C2-domain region 22282240 contributes to FIXa binding47. A role for the C1-domain in FIXa binding has been
suggested employing site directed mutagenesis studies on the residues Q2042/Y2043 or
R2090/Q209131. Finally, utilizing synthetic peptides in enzyme kinetic studies, we have
demonstrated that A3-domain region 1811-1818 is involved in complex formation with
FIXa48.
Although several interaction sites for FIXa have been identified, it remains unclear how
activation of FVIII increases its affinity for FIXa. In addition, the value of linear synthetic
peptides and the usage of bulky antibodies as a probe to scan for FIXa binding sites may
be overrated. Possibly, FVIII activation leads to local conformational changes that expose
the binding regions for FIXa at the FVIII surface. However, this remains to be established.

1

FX binding to the FXase complex
It has been shown that the affinity of FX for FIXa is enhanced in the presence of FVIIIa. It
has therefore been proposed that FX interacts with not only FIXa but also with FVIIIa20.
In a recent study, it has been demonstrated that FX cleavage by FIXa in absence of FVIIIa
proceeds more effectively by the addition of a bispecific antibody capable of binding
both FIXa and FX49. This observation reinforces the view that FVIII may also support FIXa
activity by assisting in the binding of FX to the FXase complex.
Only a few studies have been performed to identify FX binding sites in FVIII. In 1997
Lapan and Fay have shown that FX is capable of binding the isolated A1-domain50. The
FX binding site within the A1-domain has been pinpointed to region 336-372 employing
competition studies with synthetic peptides. This conclusion has been confirmed by
the observation that FX can inhibit APC cleavage at Arg336 in FVIIIa50. In another study,
the same group performed cross-linking studies to narrow down the binding site to
the residues 349-37251. Although limited information is available, it seems that binding
regions for FX expose in the A1-domain upon activation of FVIII20.
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Sites within the C-domains that contribute to phospholipid
membrane binding
Activation of FVIII not only leads to enhanced affinity for FIXa and FX but also for the
phosphatidyl-serine (PS) comprising phospholipid membranes52. It has been shown
that binding of FVIII to these membranes is mediated by the C-domains. Each C-domain
contains four characteristic β-hairpin loops, referred to as spikes, which are thought to
fulfil this function. Initially, only the C2-domain loops comprising residues M2199/F2200
and L2251/L2252 have been demonstrated to interact with phospholipids30. Employing
a small molecule inhibitor that binds FVIII to the β-strand including the residues 2313 to
2315, a role for phospholipid binding has been suggested for this C2-domain region as
well53.
We have recently established that antibody KM33, which is directed to C1-domain
spike 2092-2093, effectively blocks the binding of FVIII to phospholipid membranes54.
Analysis of FVIII variants in which the residues K2092 and/or F2093 are replaced by alanine
residues demonstrate a reduction in the interaction with phospholipids. Intriguingly,
identical to results obtained with the C2-domain mutants M2199A/F2200A and L2251A/
L2252A, this reduction is dependent on the concentration of PS in the membrane. Lü
et al. has recently suggested that all β-hairpin loops of the C1-domain may contribute
to the membrane binding mechanism of FVIII31. The observation that the C1-domain is
important therein is further illustrated by a FVIII variant that lacks the C2-domain. This
FVIII variant still displays a residual FVIII cofactor activity of about 60%55.
Interestingly, several of the phospholipid binding spikes in the C-domains have also
been implicated in VWF binding, i.e. Q2042/Y2043, R2159, M2199/F2200 and L2251/
L225230,31. This may explain why VWF is particularly effective in blocking the interaction
of FVIII with the phospholipid membranes. Another remarkable observation is that the
spikes of the C-domains of FV that correspond to the above-mentioned membrane
binding spikes of FVIII also contribute to phospholipid binding of FV30,54. This observation
signifies the strong structure-function relationship between FVIII and FV.
A major role of the C2-domain for interaction of FVIII with the membrane has
recently been questioned employing phospholipid binding studies with the isolated C2domain. The interaction of the isolated domain does not reflect the membrane binding
characteristics of the intact FVIII heterodimer56. However, this observation does not
explain why mutations in the C2-domain spikes do affect the cofactor function of FVIII.
This demonstrates that the mechanism of membrane binding of FVIII and the relative
contribution of the C-domains therein is still not fully understood.

1
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Inactivation of FVIII
Within FVIIIa, the A2-domain is only loosely associated to the rest of the heterodimer,
whereas the A1-domain exhibits a tight interaction with the light chain. It has been
demonstrated that inactivation of FVIIIa can occur spontaneously, induced by the
dissociation of the A2-domain from the cofactor10-12. Alternatively, it has been suggested
that the inactivation of FVIIIa requires proteolytic cleavages mediated by specific
proteases including activated protein C (APC), FIXa, FXa and plasmin6-9. It has been shown
that these proteases cleave FVIII at Arg336 resulting in the removal of the acidic a1region4,6,8,9. Absence of this region results in the loss of the putative FX binding site in
FVIIIa50. A second APC-mediated cleavage in FVIIIa at position Arg562 is thought to only
occur in the presence of protein S, which is the cofactor of APC4. In absence of protein S,
FIXa has been shown to protect FVIIIa from cleavage at this site57. FXa and plasmin have
been proposed to further accelerate the inactivation of FVIIIa by cleaving the A1-domain
at positions Lys369,58.
Remarkably, the cleavages performed by either one of these proteases almost all lead
to an increased dissociation of the A2-domain from FVIIIa. Cleavage at Arg336 is thought
to alter the interaction between the A1- and A2-domain, thereby inducing A2-domain
dissociation4,5. Proteolysis at Lys36 has been suggested to result in a conformational
change of the A1-domain leading to a reduced interaction between the A1- and the
A2-domain as well59. However, the physiological relevant mechanism that mediates
the inactivation of FVIIIa remains to be established. To date, most research has been
focused on the role of APC in this process4,6,20. Irrespective of the involved protease,
all mechanisms have in common that A2-domain dissociation from FVIIIa drives the
inactivation of the cofactor20.

1

FVIII Clearance
FVIII is removed from the bloodstream via a particularly fast mechanism. The low-density
lipoprotein receptor (LDLR) and LRP have been shown to play a role in the clearance
mechanism of FVIII16. Both receptors are members of the LDLR family consisting of a set
of endocytic receptors. All members of this family harbor one or more clusters of small
compact ligand-binding domains, which are referred to as complement-type repeats.
LDLR consists of one cluster of complement-type repeats, and LRP comprises four of
these ligand-binding clusters.
The second and fourth cluster of LRP have been demonstrated to mediate the binding
to FVIII60. The LRP-dependent uptake of FVIII involves, however, a two-step mechanism.
First, FVIII is pre-concentrated on the surface of the cell via a yet to be identified cellular
component. In the second step, FVIII is transferred to LRP for effective internalization61,62.
Although the cell surface binding step remains to be unraveled, the same residues within
FVIII seem to be involved in LRP and cell surface binding63.
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Receptor associated protein (RAP), which binds LRP with high affinity, has been studied
to assess the ligand-binding mechanisms of LRP. RAP is a chaperone of LRP that prevents
premature intracellular binding of ligands. Because of this feature, purified RAP has also
been employed in competitions studies to identify novel ligands of LRP or related LDL
receptors64,65. RAP consists of three similarly sized domains, of which the third domain
(D3) exhibits the highest binding affinity for LRP66. Crystal structure analysis and sitedirected mutagenesis studies of the RAP D3 domain have revealed that a specific lysine
residue couple, i.e. Lys256 and Lys270, is involved in this interaction67-69. Intriguingly, it
has been proposed that every LRP ligand may require a specific lysine couple to mediate
effective receptor binding68-70.

1

Figure 3. Putative sites of FVIII involved in ligand binding. In the picture all suggested ligand
binding sites in FVIII are given for the following ligands: thrombin (IIa), VWF, FIXa, FX, phospholipids
(PL), and LRP. On the left and on the right, the FVIII domains are schematically represented. An “x”
indicates which ligand(s) bind to the depicted residues/region.
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For FVIII, no such lysine couple has been identified so far. However, several FVIII
regions have been implicated to bind LRP. Our group has suggested a major role for the
light chain of FVIII in LRP binding61. We first established that the C2-domain comprises
a low affinity binding region for LRP61. We have later suggested that A3-domain region
1811-1818 and C1-domain region 2092-2093 contribute to the high affinity interaction
with LRP63-71. An LRP binding site has also been identified in the A2-domain region 48450915. We have demonstrated, however, that this region is only exposed for interaction
with LRP after activation of FVIII13. Surprisingly, regions 1811-1818 and 484-509 have
previously been implicated in antibody formation and FIXa binding42,48,72,73. This implies
that there are specific hot-spot regions on FVIII that perform a multi-functional role in
FVIII biology.

1

Haemophilia A
The absence of functional FVIII is associated with the bleeding disorder haemophilia A,
which demonstrates the critical importance of FVIII within the coagulation cascade. A
large number of mutations in FVIII have been identified that are associated with this
bleeding disorder74. Some of these mutations introduce a stop codon in the FVIII gene,
which can either lead to a complete absence of FVIII or to a non-functional truncated FVIII
variant. Other mutations result in the replacement of a single amino acid residue. Most
of these amino acids are located within the protein core of FVIII. These are therefore
likely to cause misfolding of the protein. A few mutations have been identified in putative
binding regions for FIXa or involve substitutions of the arginine residues at the thrombin
activation sites. One example involves replacement of amino acids within the FIXa binding
region 556-565. Jenkins et al. have established that these mutations, i.e. Ser558Phe,
Val559Ala, Asp560Ala and Gln565Arg, cause a defect in stimulating FIXa activity41.
Amino acid replacements in FVIII that result in a defective VWF binding are also
linked to an increased bleeding tendency. A well-known example involves the mutation
of the sulfated tyrosine residue at position 1680, which is crucial for VWF binding33. The
haemophilic mutation at the C1-domain spike that includes Arg2159 has been implicated
to cause a reduced VWF binding as well31,75. Due to the binding defect, VWF is unable to
protect FVIII from rapid clearance from the circulation resulting in low plasma levels of
FVIII.
Finally, replacement of amino acids that contribute to the interaction with the A2domain in FVIIIa can cause increased bleeding. Several haemophilia A mutations show a
discrepancy between the one-stage and second-stage clotting assays that are employed
to assess the FVIII concentration in plasma of patients. For several FVIII variants, it
has been established that these discrepancies are the consequence of an increased
dissociation rate of the A2-domain from FVIIIa76-80.
Despite the progress made in the field, the functional consequence of most mutations
for the biology of FVIII has remained poorly understood. Therefore, additional biochemical
studies are required to unravel the functional sites within FVIII in more detail.
17
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Mass spectrometry to unravel binding sites
Protein labeling approaches in combination with mass spectrometry have been
employed to identify interaction sites that contribute to protein complex formation.
Examples include oxidative footprinting, lysine residue specific biotinylation, and
hydrogen/deuterium exchange (HDX) mass spectrometry81-84. All these techniques are
based on the principle that regions within a protein are more effectively modified if
they are exposed at the protein surface. Upon complex formation, regions involved in
protein-protein interaction will have a decreased surface exposure and consequently a
decreased labeling efficiency. Mass spectrometry is particularly suitable to identify this
differential labeling of the critical regions.
Using oxidative footprinting, almost all exposed side chains of the amino acid residues
can be oxidized. Therefore, the change in surface exposure of nearly any amino acid
residue can be determined. A disadvantage of this technique is that the hydroxyl radicals,
which are used for the oxidative footprinting, can also induce cleavage of the peptide
bond or induce a cross-linking between amino acid residues. Furthermore, due to the
vast amount of different labeling possibilities, the false-discovery rate of the modified
peptides is increased during the identification thereof81. Using N-hydroxysuccinimide
(NHS) biotin, lysine residues are selectively labeled thereby significantly reducing the
false discovery rate83. In addition, the introduced biotin enables effective selection of the
modified peptides using Streptavadin-based pull down techniques.
Finally, H/D exchange of the protein backbone amides can be employed to probe
functional regions in proteins84. Reduced H/D exchange upon dissolving a protein complex
in deuterated water suggests that the involved protein region contributes to protein
binding. A challenge to overcome is the hydrogen/deuterium back-exchange during the
processing of the proteins prior to analysis in the mass spectrometer. Fast proteolytic
digestion at a low pH and temperature is required to reduce this phenomenon. This in
turn may, however, lead to a lack of sequence coverage of critical regions of the proteins.
An issue with all chemical footprinting techniques may be the so called “molecular
breathing” of protein complexes85. The equilibrium between the bound and unbound
states of protein complexes enables modification of sites that are directly involved
in complex formation. Quantifying the difference in labeling efficiency with mass
spectrometry requires specialized analysis protocols that are particularly time consuming.
In conclusion, development of new, more quantitative, methods to identify interactions
sites would assist progress in the chemical footprinting approaches.

1

18

General introduction
Questions addressed in this thesis
In the present study, we have applied novel mass spectrometry methods which are
particularly suitable to identify the structural elements in FVIII and FVIIIa that are critical
for the molecular mechanisms involved in FVIII biology.
In chapter 2, we describe a novel method to identify lysine residues involved in
protein complex formation. We address the question whether or not tandem mass
tags (TMT), which are originally designed to assess a differential protein expression in
cells, can be utilized to unravel binding sites involved in protein complex formation. To
validate the method, we studied the complex assembly between LRP and RAP. In chapter
3, we apply this method on FVIII to identify functional regions in FVIII. We address which
amino acid regions contribute to A2-domain retention in FVIIIa. In chapter 4, we focus
on the putative binding regions for FIXa. Questions addressed in this chapter are: Do
these amino acid regions expose to the surface upon activation of FVIIIa? And if so, what
is the exact function of these regions? Finally, in chapter 5 we employ H/D exchange
mass spectrometry to address the binding site of antibody KM33 which is particularly
effective in blocking endocytosis, and cofactor function of FVIII. We tried to find answers
to the questions: What is the binding site of KM33 on FVIII? Is this binding region also
involved in endocytosis of FVIII? And, what is the function of the binding epitope for
phospholipid binding? Finally, in chapter 6 we provide a general view about the use of
chemical footprinting in combination with mass spectrometry for the identification of
functional sites. In addition, the obtained results will be discussed for their implications
in FVIII cofactor function.
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Chapter 2
Abstract
Tandem mass tags (TMTs) were utilized in a novel chemical foot printing approach to
identify lysine residues that are critical for the interaction between receptor-associatedprotein (RAP) and cluster II of LDL receptor-related protein (LRP). The unbound isolated
D3 domain of RAP was modified with TMT-126 and the D3 domain-cluster II complex
with TMT-127. Nano-LC mass spectrometry analysis revealed a significantly reduced
modification with TMT-127 of peptides including Lys256 and Lys270. Employing full length
RAP, we observed that also peptides comprising Lys60 of the D1 domain incorporate
markedly less TMT-127. This finding implies that these three lysine residues are critical
for RAP-cluster II complex formation. This agrees with results from previous NMR and
crystallography studies on the isolated D1 or D3 domain in complex with cluster II
fragments. However, our findings also demonstrate that Lys306, Lys191, Lys63 and/or
Lys73 of RAP contribute to the interaction with cluster II as well. We therefore did not
only validate the approach. We also gained novel insight into LRP-RAP complex assembly.
Collectively, TMTs can be utilized to identify lysine residues critical for protein complex
formation. The method allows for screening of proteins for binding sites of ligands that
require lysine residues for interaction.

2

Introduction
The assembly of a protein complex is a key event in almost all biological processes. To
gain insight into these mechanisms and defects therein, it is of critical importance to
understand how proteins interact. Yet, identification of protein interaction sites has
remained a continuous challenge1. An evolving technology for the identification of
interactive regions on proteins involves chemical modification of amino acid regions
of unbound and bound proteins2-4. The amino acid residues that contribute to complex
assembly are expected to be protected from chemical modification.
A major issue to overcome using a chemical foot printing approach is that the
equilibrium between bound and unbound states of proteins will also allow for unintended
chemical modification of residues that are critical for the interaction. Especially for
proteins that bind with low affinity, the specific protection from chemical modification
may be hardly, or not at all, observed. To overcome this issue, foot printing approaches
have been developed that rely on fast modification of protein complexes. These methods
include, for instance, hydroxyl radical oxidation of amino acid regions of a protein
complex3.
In the present study, we explore the potential of a novel chemical foot printing
approach in which we aim to identify lysine residues that directly contribute to complex
formation. In the approach, we make use of the isobaric tandem mass tags TMT-126
and TMT-127, which can specifically modify lysine residues exposed on the protein
surface. Modification of the lysine residues of assembled proteins with TMT-127 and
the unbound proteins with TMT-126 is expected to lead to a reduced incorporation with
26
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TMT-127 in amino acid regions comprising lysine residues that contribute to complex
formation. Taking maximum advantage of the fact that TMT-126 and TMT-127 exhibit a
different isotope distribution, MS/MS fragmentation of modified peptides derived from
these regions allows for relative quantification of the incorporation with TMT-126 and
TMT-1275. As a model system, we employ the complex between receptor-associatedprotein (RAP) and cluster II of the ligand-binding domains of LDL receptor-related protein
(LRP). This complex is particularly suitable for this study as (i) lysine residues have shown
to mediate complex formation6-8, (ii) the identity of three critical lysine residues of RAP
has been established from crystallography and NMR studies6,9, and (iii) the contribution
of additional lysine residues remains to be assessed.
LRP is a member of the LDL receptor (LDLR) family, and has been implicated to play
a role in a range of biological processes including cell migration, vascular permeability,
and the catabolism of coagulation proteins10. The physiological role of RAP is to assist in
the proper intracellular folding of the LDLR family members, and to prevent premature
intracellular ligand-binding11. Because of the latter characteristic, RAP has been frequently
employed as an antagonist to identify novel binding partners of LRP12. In addition, the
complex between RAP and ligand-binding domains has been studied to gain insight into
the mechanism of complex assembly between LRP and its ligands13.
RAP comprises three homologous D domains each of which has been demonstrated
to bind LDLR and LRP. However, it has been shown that the isolated D3 domain binds
markedly more effective to the LRP/LDLR ligand-binding domains than the isolated D1
and D2 domains9,14. The ligand-binding domains of the LDLR-like proteins are, in turn,
small compact domains that are clustered in distinct regions within the protein. LDLR
comprises a single cluster containing 8 of these so-called complement type repeats,
whereas LRP contains four of these specialized ligand-binding regions15. Crystal structure
analysis of the RAP D3 domain in complex with two repeats from LDLR revealed that Lys256
and Lys270 of the D3 domain are critical for the interaction6. The structure reveals that
each of these lysine residues is inserted into an “acidic necklace” of negatively charged
residues of a single complement-type repeat6,13. We and others have demonstrated that
an arginine residue cannot replace the lysine residue in this binding mechanism6,8,9,16.
NMR analysis of the RAP D1 domain in interaction with two complement-type repeats
from LRP revealed that Lys60 may specifically interact with an acidic necklace of a
complement-type repeat9. Whether other lysine residues of the D1 domain are involved
in binding cluster II remains to be established. In addition, no information is available at
all about the lysine residues of the D2 domain that contribute to the binding interaction
with LRP.
Using our novel approach, we confirmed that Lys60, Lys256, Lys270 contribute to the
binding of RAP to LRP cluster II. However, we also identified other critical lysine residues
for LRP binding. We therefore provide novel insight into the ligand binding mechanism
of LRP. We propose that our method can be employed to effectively screen for the
involvement of lysine residues that contribute to protein complex formation.
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Materials and Methods
Proteins – Human RAP-D3 was purified from DH5α cells as described8,17. Full length
rat glutathione-S-transferase (GST) RAP was expressed and purified as described8,12. LRP1
cluster II was expressed in Baby Hamster Kidney (BHK) cells and purified as described18.
TMT modification – Human RAP-D3 or full length RAP was incubated in presence or
absence of a one or a ten fold molar excess of LRP cluster II for 15 minutes at 37 °C in
50 mM HEPES pH 7.4, 150 mM NaCl, 5 mM CaCl2. The protein mixtures were incubated
with a 10.000-fold molar excess of TMT-126 or TMT-127 for 15 minutes at 37 °C. The
TMT-labeling reaction was terminated by the addition of 150-fold molar excess of
hydroxylamine over the TMTs. Protein mixtures were pooled at a one-to-one ratio,
and the cysteines were alkylated as described19. Proteins were proteolysed by either
chymotrypsin, Glu-C or Asp-N according to the instructions of the manufacturer (Thermo
Fisher Scientific Inc, Bremen, Germany). Obtained peptides were desalted employing a
C18 Ziptip (Millipore Corporation, Billerica, USA) according to the instructions of the
manufacturer.
Mass spectrometry analysis – Peptides were separated by reverse-phase chromatography and sprayed into a LTQ OrbitrapXL mass spectrometer (Thermo Fisher Scientific Inc,
Bremen, Germany) essentially as described19,20. During reverse-phase chromatography,
we utilized a 40-minute gradient from 0% to 35% (v/v) acetonitrile with 0.5% (v/v) acetic
acid. Collision-induced dissociation (CID) spectra and higher energy collision-induced
dissociation (HCD) spectra were acquired as described in Dayon et al.5 The three most
intense precursor ions in the full scan (300-2000 m/z, resolving power 30.000) with a
charge state of 2+ or higher were selected for CID using an isolation width of 2 Da, a 35%
normalized collision energy, and an activation time of 30 ms. The same precursor ions
were subjected to HCD with a normalized collision energy of 60%, which allows for the
identification of the reporter group from the TMT label.
Identification of the peptides as well as the TMT-127/TMT-126 ratio thereof – The
identification of the peptides and determination of their TMT-127/TMT-126 ratio were
assessed employing Proteome Discoverer software 1.2. The SEQUEST search algorithm
was used employing the protein database 25.H_sapiens.fasta including the amino acid
sequence human RAP D3 or a database comprising RAP from the rat and other non-related
proteins. The following selection criteria were used: (i) all lysine residues are modified
by a TMT-label, (ii) all cysteine residues are alkylated, (iii) all methionine residues may
be oxidated, and (iv) a maximum false discovery rate of 5% was accepted. The TMT-ratio
of the identified peptides was normalized to the average TMT-ratio obtained within that
experiment.
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Results
Work flow of the chemical foot printing based mass spectrometry approach using
the RAP D3 domain - LRP cluster II complex as model – As crystal structure analysis and
mutagenesis studies revealed that the lysine residues 256 and 270 of the D3 domain
of RAP bind directly to two complement-type repeats6-8, we employed this domain to
validate our approach. To this end, the lysine residues of the D3 domain were modified
with an excess of TMT-126 in the absence of LRP cluster II, and with TMT-127 in the
presence of LRP cluster II. The modification of the lysine residues was allowed for
15 minutes at 37 °C and the reaction was stopped with hydroxylamine. The proteins
were subsequently pooled in equal molar ratios based on the concentration of RAP.
Pooled proteins were alkylated and divided into three fractions to enable proteolysis
by chymotrypsin, Asp-N, and Glu-C. The resulting peptides were desalted and analyzed
employing a nano-LC LTQ OrbitrapXL mass spectrometer. Collision induced dissociation
(CID) of the peptide ions was employed to identify the peptides. Higher Energy CID (HCD)
fragmentation of the same peptide was utilized to detect the reporter groups from
TMT-126 and TMT-1275.Protection of a lysine residue from chemical modification in the
presence of LRP cluster II is expected to result in a decreased TMT-127/TMT-126 ratio.
Figure 1 shows a schematic overview of the work flow.
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Figure 1. Work flow of the chemical foot printing approach. The isolated RAP D3 domain was
modified with TMT-126 in the absence of cluster II and with TMT-127 in the presence of cluster II.
Proteins were pooled in a one-to-one molar ratio and proteolyzed by chymotrypsin, Asp-N or
Glu-C. Peptides were subsequently analyzed on a nano-LC Orbitrap XL mass spectrometer.
29

Chapter 2
Identification of lysine residues of the RAP D3 domain that contribute to receptor
binding – The peptide mixtures obtained from proteolysis of the proteins by the proteases
were analyzed by mass spectrometry. The three most abundant peptide ions between
300 m/z and 2000 m/z in each full scan were subjected to CID and HCD. In total, 27
unique peptides of the D3 domain were identified covering the complete sequence of this
domain (Table S1). Figure 2 shows part of the HCD spectra of the TMT-modified peptides
251-EAKIEKHNHY-260, 256-KHNHYQKQLE-265, and 266-IAHEKLRHAE-275. The result
shows that these peptides, which include Lys256 or Lys270, exhibit a decreased intensity
of TMT-127 as compared to that of TMT-126. This suggests enhanced protection of these
residues from modification by TMT-127 in the presence of cluster II implying that Lys256
and Lys270 contribute to the binding interaction. This is in full agreement with the crystal
structure that shows that these residues contribute directly to the interaction with two
complement-type repeats6. The results demonstrate that the employed approach is
particularly suitable to identify lysine residues that contribute to receptor binding.

2

Figure 2. Peptides including Lys256 and
Lys270 exhibit reduced incorporation
with TMT-127. The RAP D3 domain was
modified with TMT-126 is the absence of
cluster II and with TMT-127 in the presence
of cluster II. Proteins were mixed in a oneto-one molar ratio and analyzed by mass
spectrometry. CID and HCD spectra are
obtained of the TMT modified peptide
ions derived from the RAP D3 domain as
described in materials and methods. Shown
is part of HCD spectra that comprise the
mass reported groups derived from TMT126 and TMT-127 of the indicated peptides.
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Lysine residue 305 and/or 306 of the D3 domain contribute to cluster II binding – The
chemical foot printing approach was repeated employing one-to-one and one-to-ten
molar ratios of the RAP D3 domain and cluster II. However, this did not affect the outcome
of the experiments (not shown). Figure 3 shows the average TMT-127/TMT-126 ratio
obtained from at least six experiments. The data revealed a marked decrease in the ratio
for the peptides including the lysine residues 256 and/or 270. However, we found that
the peptides that include the lysine residues 305 and 306 exhibit a significant decrease
in the TMT-127/TMT-126 ratio as well. This implies that either Lys305, Lys306 or both
also contributes to the direct interaction with LRP cluster II. Remarkably, the peptides
including the lysine residues 238 and 289 show a marked increase in the incorporation
of TMT-127. This suggests that these residues have an increased surface exposure in the
presence of cluster II. Taken together, next to Lys256 and Lys270 also the lysine residues
at 305 and/or 306 mediate RAP D3 domain binding to LRP cluster II.
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Figure 3: Average TMT-127/TMT-126
ratio of the identified lysine containing
peptides of the RAP D3 domain. (A) The
RAP D3 domain was modified with TMT126 in the absence of cluster II and with
TMT-127 in the presence of cluster II.
Based on the concentration of the D3
domains, proteins were mixed in a oneto-one molar ratio, cleaved into peptides,
and analyzed by mass spectrometry. The
average TMT-127/TMT-126 ratio obtained
from at least six independent experiments
of peptides comprising the same lysine
residues is displayed. Lysine residue
numbers are indicated on the x-axis. (B)
Two orientations of the crystal structure
of the RAP D3 domain (in grey) in complex
with two complement-type repeats LDL
receptor (in blue) (2FCW.pdb)6. Indicated
in red is Lys256 and in blue Lys270. Lys305
is shown in light green and Lys306 in dark
green. The black spheres are calcium atoms
that are critical for the structural integrity
of the repeats27.
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Identification of critical LRP binding lysine residues within the D3 domain of full length
RAP – We next evaluated whether we can identify the critical lysine residues of the
D3 domain employing full length RAP from rat. The RAP D3 domain of human and rat
origin share 81% sequence identity and 92% sequence similarity. All lysine residues of
the human RAP D3 domain are conserved in RAP from rat. Full length RAP of human
and rat origin share 75% sequence identity and 87% sequence similarity (Figure S1)21.
A total of 87 peptides of RAP were identified covering 83% of the total sequence of the
protein. The TMT modified peptides included 34 out 37 lysine residues of RAP (Table S2).
The obtained average TMT-127/TMT-126 ratio of the lysine containing peptides is shown
in figure 4C. The enhanced modification with TMT-127 of the lysine residues 238 and
289, which was observed for the isolated D3 domain in complex with cluster II (Figure
3A), is not found employing the full length RAP-cluster II complex. However, the result
does again reveal that Lys256 and Lys270 exhibit a reduced incorporation of TMT-127. In
addition, the peptide including Lys305 and Lys306 also shows a decreased TMT-127/TMT126 ratio. This finding demonstrates that the residues of the D3 domain that contribute
to LRP binding can be reliably identified by our approach in both the isolated D3 domain
as well as in full length RAP.
Identification of novel LRP binding sites within the D1 and D2 domain of RAP – NMR
studies have revealed that Lys60 of the human RAP D1 domain contributes to the
interaction with LRP9. The role of other lysine residues within the D1 domain for complex
assembly remained to be identified. In addition, no information is available at all about
the lysine residues of the D2 domain that contribute to cluster II binding. In complete
agreement with the NMR study, figure 4A reveals a reduced incorporation of TMT-127
for the peptides including Lys60 of full length RAP from the rat. A modest decrease in
the TMT ratio was also observed for the peptide including the lysine residues 63 and 73.
For the D2 domain, only the peptides including Lys191 showed a decreased TMT-127/
TMT-126 ratio. Our data strongly suggest a previously unidentified role for LRP binding of
Lys191 of the D2 domain and Lys63 and/or 73 of the D1 domain.
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Discussion
TMTs have originally been designed to assess the differential expression of proteins in
cellular systems5,22. The present study demonstrates that TMTs can also be employed
to successfully identify lysine residues that are critical for complex formation between
proteins. Application of this novel approach on RAP in complex with the second cluster
of the ligand-binding domains of LRP confirms the earlier established critical role of
Lys60, Lys256, and Lys270 (Figs. 2-4). We further show that the additional lysine residues
Lys63, Lys73 and Lys191 of RAP contribute to complex formation as well (Fig. 4). Next
to a validation of our approach, our study therefore also provides novel insight into the
mechanism of ligand binding to LRP.
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Figure 4: Average TMT-127/TMT-126 ratio of the identified lysine containing peptides of full
length RAP. Full length RAP was modified with TMT-126 in the absence of cluster II and with TMT127 in the presence of cluster II. Proteins were mixed in a one-to-one molar ratio, cleaved into
peptides and analyzed by mass spectrometry. The average TMT-127/TMT-126 ratio obtained from
at least six independent experiments of peptides comprising the same lysine residues is displayed.
Lysine residue numbers are indicated on the x-axis. The top panel shows the lysine residues from
the D1 domain of RAP, the middle panel the lysine residues from the D2 domain and the bottom
panel the lysine residues from the D3 domain. Shown on the left are the NMR structures of the
individual domains of RAP (2PO3.pdb)23. The lysine residues with a decreased TMT-127/TMT-126
ratio are indicated in the structures. In panel A, Lys60 is displaced in red, Lys63 in light blue and
Lys73 in dark blue. In panel B, Lys191 is displaced in red. In panel C, Lys256 is displaced in red,
Lys270 in blue and Lys303, 305 and 306 in light, middle and dark green, respectively.

Chemical foot printing studies can be severely hampered by dissociation and reassociation kinetics of a protein complex in solution. Critical residues can therefore be
modified in the dissociated complex, which may further shift the equilibrium towards
the unbound state of the proteins. It is therefore not surprising that the residues Lys256,
Lys270, and Lys60 are also modified with TMT-127 in spite of the presence of cluster II
(Figs. 2-4). Yet, the difference in chemical modification with TMT-126 and TMT-127 is
sufficiently large to successfully identify these critical lysine residues.
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The results show that peptides including Lys238 or Lys289 in the isolated human
D3 domain of RAP exhibit an increased TMT-127/TMT-126 ratio upon cluster II binding
(Fig. 3). This implies that these residues are more exposed to the protein surface in the
protein complex. Our finding can be explained if these lysine residues would exhibit an
intermolecular interaction in the D3 domain in the absence of cluster II. Upon binding
of cluster II, this interaction may be displaced leading to an increased exposure of the
lysine residues to the surrounding solvent. Although both lysine residues are conserved
in human and rat RAP, this increase is not observed upon cluster II binding to full length
RAP from the rat (Fig. S1, Fig. 4). This may be related to a difference in local structure
of the D3 domain from rat and human origin. Alternatively, it can not be excluded that
Lys238 and Lys289 contribute to intra-domain interactions in full length RAP upon
complex formation with cluster II. If so, this will then not lead to an increased solvent
exposure after cluster II binding.
The data reveal that either Lys305 and/or Lys306 of the D3 domain is involved in
cluster II binding as well (Figs. 3, 4C). The crystal structure of RAP in complex with two
complement-type repeats from LDLR as well as the NMR structure of the isolated D3
domain shows that Lys306 but not Lys305 is at the same side of the D3 domain as Lys256
and Lys2706,23. It is therefore tempting to conclude that Lys306 is the critical residue
that contributes to the interaction with the complement-type repeats. This opens the
possibility that three consecutive complement-type repeats of cluster II interact with
the D3 domain of RAP. The presence of three contact sites may explain the high affinity
interaction between the D3 domain and cluster II. The requirement of three complementtype repeats to mediate high affinity binding has also been proposed for the complex
between cluster II and alpha-2-macroglobulin24.
For the human D1 domain of RAP, Lys60 has been identified to contribute to complex
formation in the present and previous studies (Fig. 4A)9. However, next to Lys60, Lys63
and/or Lys73 of the rat D1 domain also revealed a reduced incorporation of TMT-127 in
presence of cluster II. This suggests that these residues are involved in the interaction
as well. Lys60, Lys63 and Lys73, which are conserved in rat and human RAP, are in close
proximity implying that these residues can only interact with a single complementtype repeat. We therefore propose that Lys60 is inserted into the acidic necklace of a
complement-type repeat. Lys63 and Lys73 may support this interaction by forming a saltbridge with the acidic residues that surround Lys60.
For the D2 domain, we identified one conserved critical lysine residue (i.e. Lys191)
suggesting that also only one complement-type repeat exhibits a specific interaction with
this domain (Fig. 4B). The contribution of only a single repeat for specific binding to the
D1 and D2 domain may explain the low affinity by which the isolated D1 and D2 domains
bind cluster II9,14. Yet, in full length RAP, a single cluster of complement-type repeats of
LRP can simultaneously bind all critical lysine residues of the D1, D2 and D3 domain. This
may then result in a high affinity interaction between cluster II and full length RAP. In this
tight complex, no free complement-type repeats may be available for interaction with
other LRP ligands. If so, this would explain why RAP is such an effective LRP antagonist.
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The employed chemical foot printing approach can be applied to any protein complex
assembly that involves critical lysine residues. The interaction of CUB domains with
protein binding partners has, for instance, been suggested to involve lysine residues25.
The identity of these lysine residues can now be reliably identified with the described
approach. Next to lysine residues, the method can also be employed to identify the
differential solvent exposure of N-termini of proteins. Activation of serine proteases leads,
for instance, to insertion of a newly formed N-terminus into the catalytic domain of these
proteases26. We predict that our approach can be employed to assess the activation state
of these proteases. Taken together, we have developed a powerful approach to identify
critical lysine residues for effective complex formation between proteins.
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SUPPLEMENTAL DATA
This manuscript includes one supplemental figures and two supplemental tables.

2

Supplemental figure 1: Sequence alignment of full length RAP of human and rat origin. The
primary sequence of rat and human RAP were retrieved and compared employing the Uniprot
online tools21. Indicated in red are the critical lysine residues that were identified.
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Supplemental table S1: Identified peptides derived from the D3 domain of RAP. Peptides of the D3 domain of RAP with the best Xcorr are
displayed. Shown is amino acid numbering, Xcorr, charge state, mass/charge (m/z), protonated mass (MH+), mass deviation from the theoretical
mass (ΔM) and retention time (RT).
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Supplemental table S2: Overview of all identified rat RAP peptides. All identified peptides from full length rat RAP are given, similar to described for
the human RAP D3 peptides. The D1 domain is defined from 1-112, the D2 domain from 113-218 and the D3 domain from 219-323. Lysine residues
5 and 13 were not recovered. TMT-data is missing from lysine residue 94.
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Chapter 3
Abstract
The A2 domain rapidly dissociates from activated factor VIII (FVIII) resulting in a dampening
of the activity of the activated factor X generating complex. The amino acid residues that
affect A2 domain dissociation are therefore critical for FVIII cofactor function. We have
now employed chemical footprinting in conjunction with mass spectrometry to identify
lysine residues that contribute to the stability of activated FVIII. We hypothesized that
lysine residues, which are buried in FVIII and surface-exposed in dissociated activated
FVIII (dis-FVIIIa), may contribute to inter-domain interactions. Mass spectrometry
analysis revealed that residues Lys1967 and Lys1968 of region Thr1964-Tyr1971 are
buried in FVIII and exposed to the surface in dis-FVIIIa. This result combined with the
observation that the FVIII variant Lys1967Ile is associated with haemophilia A suggests
that these residues contribute to the stability of activated FVIII. Kinetic analysis revealed
that the FVIII variants Lys1967Ala and Lys1967Ile exhibit an almost normal cofactor
activity. However, these variants also showed an increased loss in cofactor activity over
time as compared to that of FVIII WT. Remarkably, the cofactor activity of a Lys1968Ala
variant was enhanced and sustained for a prolonged time relative to that of FVIII WT.
Surface plasmon resonance analysis demonstrated that A2 domain dissociation from
activated FVIII was reduced for Lys1968Ala and enhanced for Lys1967Ala. In conclusion,
mass spectrometry analysis combined with site-directed mutagenesis studies revealed
that the lysine couple Lys1967-Lys1968 within region Thr1964-Tyr1971 has an opposite
contribution to the stability of FVIIIa.
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Keywords: Factor VIII, Enzyme kinetics, Mass spectrometry (MS), Protein stability, Protein
structure, Surface plasmon resonance (SPR)

Background: Activated FVIII (FVIIIa) stability is critical for cofactor function.
Results: Mass spectrometry analysis reveals that Lys1967 and/or Lys1968 are buried
in factor VIII, and surface-exposed in dissociated FVIIIa. Lys1967/Lys1968 variants
differentially affect FVIIIa activity over time.
Conclusions: Lys1967 and Lys1968 have an opposite contribution to FVIIIa stability.
Significance: Insight is increased about how FVIIIa activity is controlled to prevent
thrombosis or bleeding.

44

Lys1967 and Lys1968 are critical for FVIIIa stability
Introduction
Factor VIII (FVIII) serves its role in the coagulation cascade as a cofactor for activated
factor IX (FIXa) during the proteolytic conversion of factor X (FX) into activated FX1. To
perform this role, FVIII comprises multiple domains that are grouped in a heavy chain
(domains A1-a1-A2-a2-B) and a light chain (domains a3-A3-C1-C2)2. The A domains are
homologous to the A domains of ceruloplasmin, the C domains to those of discoidin, and
the B domain is unique to FVIII. a1, a2 and a3 are spacer regions that are rich in acidic
amino acid residues3. Because of limited proteolysis of the B domain, FVIII circulates in
plasma as a heterogeneous protein of which the light chain is non-covalently linked to
the heavy chain1.
FVIII is found in plasma in a tight complex with its carrier protein von Willebrand factor
(VWF)4. The role of VWF is to protect FVIII from rapid clearance from the circulation and
to prevent premature binding of FVIII to its ligands5,6. Proteolytic cleavage between a3
and the A3 domain by thrombin results in the dissociation of the FVIII-VWF complex4.
Additional cleavages by thrombin between a1 and the A2 domain, and between a2 and
the B domain are required to convert FVIII into the activated heterotrimeric protein
(FVIIIa)7,8. FVIIIa subsequently binds via its C1 domain and C2 domain to phosphatidylserine
containing procoagulant surfaces thereby forming a platform for high affinity interaction
with FIXa1,9,10.
FVIIIa is rapidly inactivated to prevent the unlimited production of activated FX
(FXa). Several mechanisms have been proposed that may drive this inactivation. One
mechanism involves proteolytic cleavage of FVIIIa by activated protein C (APC). It has
been proposed that APC inactivates FVIIIa through proteolytic cleavages in the A1 and A2
domain11-13. It has also been shown that FIXa, FXa and plasmin are able to cleave FVIIIa
inducing inactivation of the cofactor13-16.
Apart from protease assisted inactivation of the cofactor, spontaneous dissociation
of the A2-a2 domain from the A1-a1/A3-C1-C2 dimer also leads to dampening of the
activity of the FXa generating complex17-19. It has been demonstrated that residues that
control the dissociation rate of the A2-a2 domain from A1-a1/A3-C1-C2 dimer, and as
such affect the stability of FVIIIa, are of critical importance for cofactor function20,21. For
a number of haemophilia A variants carrying single amino acid substitutions, it has been
suggested that a decreased stability of FVIIIa is the cause for the bleeding disorder21,22.
Employing molecular modelling studies on the available FVIII structures in combination
with site-directed mutagenesis, Fay and co-workers have now successfully identified
several amino acid residues that enhance or decrease the stability of FVIII21,23-25.
The recently solved crystal structures of FVIII have also assisted the biochemical
studies addressing FVIIIa stability26,27. They have for instance served as a basis for
molecular dynamics studies from which conclusions have been drawn about the critical
contacts between the individual FVIII domains28. Yet, a limitation of the crystal structures
is their relatively low resolution.
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We have now employed chemical footprinting in conjunction with mass spectrometry
to identify lysine residues that contribute to FVIIIa stability. We hypothesized that those
lysine residues, which are buried in FVIII and not in dissociated FVIIIa (dis-FVIIIa), may
contribute to the interaction between the A2-a2 domain and the A1-a1/A3-C1-C2 dimer.
To identify these residues, we took advantage of the notion that buried lysine residues
are less prone to chemical modification than those that are exposed to the protein
surface29. The lysines with the largest change in surface exposure upon FVIIIa dissociation
were therefore evaluated for their contribution to the stability of FVIIIa.

Experimental procedures
Materials – HEPES was from SERVA (Heidelberg, Germany), NaCl was from FAGRON
(Rotterdam, The Netherlands) and Tris-HCl from Invitrogen (Breda, The Netherlands). All
other fine chemicals were from Merck (Darmstadt, Germany).
Proteins - Monoclonal antibodies EL14, KM33, and CLB-CAg 9 have been described
previously30-32. B domain-deleted FVIII and the FVIII variants thereof have been
constructed and purified as described10,33 with the exception that FVIII was stored in 50
mM HEPES (pH 7.4), 0.8 M NaCl, 5 mM CaCl2 and 50% glycerol. Plasma-derived FVIII was
purified from Aafact (Sanquin, The Netherlands) according to the same procedure. To
this end, Aafact was taken up in 50 mM Imidazole (pH 6.7), 50 mM CaCl2 and 0.8 M NaCl
prior to purification. The purification of FX, FIXa and thrombin are described in Mertens
et al.34. FXa was from Enzyme Research (South Bend, USA).
Chemical modification of FVIII and FVIIIa – 70 nM plasma-derived FVIII was incubated
with 2 nM thrombin in 50 mM HEPES (pH 7.4), 150 mM NaCl and 5 mM CaCl2 for 2 hours at 37ºC to
ensure dissociation. Thrombin activation was terminated by the addition of 1.6 U/ml hirudin. FVIII
was chemically modified by TMT-127 for 2 hours at 37 ºC (Thermo Fisher Scientific Inc., Bremen,
Germany) according to instructions of the manufacturer for labelling whole proteins.
100 mM lysine dissolved in 140 mM Tris-HCl was employed to stop the reaction. To label
non-activated FVIII with TMT-126, FVIII was first incubated with hirudin and then with thrombin
prior to the addition of TMT-126. The TMT labelled proteins were pooled in a one-to-one
molar ratio and the free cysteines were alkylated employing 2.5 mM dithiothreiol for 15
minutes at 50˚C followed by a 30 minutes incubation at 37˚C with 15 mM iodoacetamide
in a buffer containing 50 mM ammonium bicarbonate and 2 mM CaCl2. Finally, the sample
was cleaved by the addition of 0.1 µg chymotrypsin for an overnight incubation at 37
˚C. Obtained peptides were concentrated and washed employing a C18 Ziptip (Millipore
Corporation, Billerica, USA) according to the instructions of the manufacturer.
Mass spectrometry analysis – FVIII peptides were separated by reverse-phase
chromatography and sprayed in a LTQ OrbitrapXL mass spectrometer (Thermo Fisher
Scientific Inc, Bremen, Germany) essentially as described35. During reverse-phase
chromatography, we employed a 40-minute gradient form 0% to 35% (v/v) acetonitrile
with 0.05% (v/v) acetic acid. Collision-induced dissociation (CID) spectra and higher
energy collision-induced dissociation (HCD) spectra were acquired as described in Dayon

3

46

Lys1967 and Lys1968 are critical for FVIIIa stability
et al.36. The three most intense precursor ions in the full scan (300-2000 m/z, resolving
power 30.000) with a charge state of 2+ or higher were selected for CID using an isolation
width of 2 Da, a 35% normalized collision energy, and an activation time of 30 ms. The
same precursor ions were subjected to HCD with a normalized collision energy of 60%,
which allows for the identification of the reporter group from the TMT label.
Peptide identification and selection – The identity of the peptides including TMT
labeled lysine residues, and the TMT-127/TMT-126 ratio thereof were assessed employing
Proteome discoverer 1.1 software (Thermo Fisher Scientific, Bremen, Germany). The
SEQUEST search algorithm and protein database 25.H_sapiens.fasta were used to
identify the peptides. The presence of the TMT label on peptides generates additional ion
fragments in the MS/MS spectra that negatively influence the SEQUEST Xcorr score37. We
therefore employed the following peptide selection criteria (i) The peptide is identified
in three out of four independent experiments, (ii) The peptide is identified from both the
CID and the HCD spectrum, (iii) Lysine residues within the peptide are all modified by a
TMT label (+225.1558 Da) and the cysteines are alkylated (iv) Peptides that included (or
are close to) a thrombin cleavage site were excluded from the analysis. TMT ratios were
normalized to the average ratio obtained for all peptides within one experiment.
FXa generating assay – Factor Xase activity measurement and the preparation of
phospholipid vesicles has been performed as described before30. Briefly, 25 µM sonicated
phospholipid vesicles comprising 15% PS, 20% PE and 65% PC were mixed with 0.3 nM
FVIII, 200 nM FX and 0 to 16 nM FIXa in a buffer containing 40 mM Tris-HCl (pH 7.8), 150
mM NaCl, 0.2% (w/v) bovine serum albumin (BSA) (Merck, Darmstadt, Germany). The
reaction was started with the addition of 1.5 mM CaCl2 and 1 nM thrombin. The amount
of generated FXa per minute was subsequently assessed as described30. For the FVIIIa
stability analysis, the FVIII variants were first incubated at varying time intervals with 2
nM thrombin and 1.5 mM CaCl2 in the presence and absence of increasing concentrations
of FIXa (0-16 nM) at 25°C in 40 mM Tris-HCl (pH 7.8), 150 mM NaCl, 0.2% (w/v) BSA and
25 µM phospholipid vesicles. The generated amount of FXa was assessed as described30. Residual
FVIII activity was derived from the initial rate of FXa formation as a function of the FIXa
concentration. This residual FVIIIa activity was assessed 2, 5, 7.5, 12.5, 20 and 40 minutes
after thrombin activation of at least three independent experiments. The inactivation
rate constant, kinact, was estimated by fitting the mean data to a one-phase exponential
decay equation24 by non-linear least square regression analysis using GraphPad Prism 5
(GraphPad Software Inc., USA).
Surface Plasmon Resonance analysis – Surface Plasmon Resonance (SPR) analysis was
performed on a BIAcoreTM3000 system (Uppsala, Sweden) essentially as described10,33.
EL14 was first coupled to a CM5 chip (GE Healthcare Bio Sciences, Uppsala, Sweden) to
a density of 5000 response units (RU) employing the amide coupling kit as prescribed
by the manufactures. FVIII WT, Lys1967Ala and Lys1968Ala were bound to immobilized
EL14 by passing the proteins over EL14 at a flow rate of 20 µl/min 20 mM HEPES (pH 7.4),
150 mM NaCl, 5 mM CaCl2 and 0.005% Tween 20. After thrombin activation on the chip,
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the remaining FVIII light chain and/or A2 domain was assessed by passing either 100 nM
KM33 or 100 nM CLB-CAg 9 over the immobilized proteins at a flow rate of 20 µl/min in
the same buffer as described above.

Results
Lysine residues within region Thr1964-Tyr1971 are buried in FVIII and not in dissociated
FVIIIa – To identify FVIII lysine residues that are less prone to chemical modification in
FVIII than in dissociated FVIIIa (dis-FVIIIa), we labelled the lysine residues in plasmaderived FVIII with tandem mass tag (TMT)-126 and those in dis-FVIIIa with TMT-127.
Labelled FVIII and dis-FVIIIa were subsequently pooled and cleaved into peptides by
chymotrypsin. A unique property of the TMT labels is that the same peptide ions carrying
a TMT-126 or a TMT-127 exhibit an identical mass. However, fragmentation of these ions
employing higher energy collision dissociation (HCD) generates a reporter ion from the
TMT label as well as a mass spectrum of the peptide. The intensity of the signals of
the reporter ions within each mass spectrum allows for calculating the TMT-127/TMT126 ratio of the lysine containing peptides36,38. As such, it can be assessed whether a
lysine residue is more readily labelled in dis-FVIIIa or in FVIII (Fig. S1). To facilitate peptide
identification, we also performed collision induced dissociation (CID) of the peptide ions.
The above-mentioned approach was employed on plasma-derived FVIII. Figure 1A
shows the identified peptides that comprise TMT modified lysine residues. Peptide
identification scores are shown in the Table S1. The average TMT-127/TMT-126 ratio
obtained from peptides comprising the same TMT modified lysine residues are displayed
in figure 1B. The result reveals that most of the identified peptides exhibit an increased
TMT-127/TMT-126 ratio. However, region Thr1964-Tyr1971 comprising the residues
Lys1967 and Lys1968 was most prone to chemical modification in dis-FVIIIa. This finding
implies that Lys1967 and Lys1968 are buried within the protein core in FVIII and not in
dis-FVIIIa.
Lys1968Ala exhibits enhanced cofactor function – The mass spectrometry results
suggest that the lysine residues 1967 and 1968 may contribute to the stability of FVIIIa.
Intriguingly, replacement of Lys1967 with an isoleucine has been associated with mild
haemophilia A implying that this lysine may also directly contribute to cofactor activity22.
Replacement of Lys1967 by an alanine in FVIII, however, did not result in a marked
change in the specific one-stage clotting activity and the specific two-stage chromogenic
activity. In addition, the relative specific activities of a Lys1967Ile FVIII variant were still
70% of FVIII WT. Surprisingly, a Lys1968Ala variant revealed a moderate (if any) increase
in the specific chromogenic activity and a two-fold increase in specific clotting activity
(Table S2). To assess FVIII activity under more defined experimental conditions, we next
evaluated the FVIII variants for their ability to enhance the activity of the FXa-generating
complex employing purified proteins. To this end, FXa generation was assessed at
increasing concentrations of FIXa in the presence of the activated FVIII variants (Fig.
2). The results showed that there was only a small difference in the efficiency of FXa
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Figure 1. Surface exposure of amino acid regions upon dissociation of FVIIIa. (A) The TMT labelled
FVIII peptides are shown that were identified by mass spectrometry as described in experimental
procedures. Indicated are the identification number of the peptide (ID), the peptide sequence and
the identity of the modified lysine residue. The non-capitalized letter k indicates that this residue
was modified with a TMT label. (B) Average TMT-127/TMT-126 ratio is shown of the peptides that
include the same labelled lysine residues. The ID number of the peptides from which the TMT
ratio is calculated is indicated on the x-axis. TMT ratios that deviate from 1 (dashed line) suggest
that the involved lysine residues within the peptide are more exposed to the protein surface in
dis-FVIIIa. Data represent the mean +/- SD of the TMT-127/TMT-126 ratios obtained from all the
HCD spectra that belong to the indicated peptides.
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Figure 2. FX activation by FIXa in the presence of recombinant FVIII variants. Activation of FX
was assessed by increasing concentration of FIXa (0-16 nM) in the presence of phospholipids,
Ca2+-ions and 0.3 nM FVIII WT and variants thereof as described in the experimental procedures.
Shown is the amount of FXa generated per minute for FVIII WT (circles), Lys1967Ile (triangles),
Lys1967Ala (squares) and Lys1968Ala (diamonds). Data represent mean +/- SD of at least three
independent experiments.

3

generation for Lys1967Ile and Lys1967Ala as compared to that of FVIII WT. However,
Lys1968Ala displayed a markedly more effective FXa generation relative to FVIII WT. This
was reflected by an almost two fold decrease in the apparent affinity constant (KD) for FIXa
binding (KD = 2 nM for FVIII WT and 1.2 nM for Lys1968Ala) and an increased maximum
rate of FXa generation.
Lys1967 and Lys1968 exhibit an opposite effect on FVIIIa activity over time – The
finding that the haemophilic Lys1967Ile variant displays almost normal cofactor function
suggests that Lys1967 may indeed contribute to the stability of FVIIIa. As A2 domain
dissociation from FVIIIa inactivates the cofactor, we addressed whether or not mutation
of the residues 1967 and 1968 affects the activity of FVIIIa over time. To this end, we
activated FVIII WT and variants thereof with thrombin and we measured the timedependent decrease in cofactor activity at increasing FIXa concentrations. As expected,
the results showed that there was a decline in cofactor activity over time for FVIII WT
(Fig. 3). However, the rate of inactivation was about 3-fold increased for Lys1967Ile and
2-fold for Lys1967Ala. Strikingly, Lys1968Ala showed an about 3-fold decrease in the
rate of inactivation relative to that of activated FVIII WT (Fig. 3E). This finding suggests
that there is a decreased stability of activated Lys1967Ile and Lys1967Ala. In contrast,
activated Lys1968Ala has an enhanced stability as compared to activated FVIII WT.
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Figure 3. Lysine residues 1967 and 1968 have a differential effect on the activity of FVIIIa over
time. 0.3 nM FVIII WT and the variants thereof were activated by thrombin as described in the
experimental procedures. FXa generation was allowed for 1 minute in the presence of increasing
concentrations of FIXa (0-16 nM), phospholipids and Ca2+-ions (A) 2 minutes (B) 5 minutes (C)
20 minutes or (D) 40 minutes after thrombin activation. FVIII WT is displayed in black circles,
Lys1967Ile in blue triangles, Lys1967Ala in green squares and Lys1968Ala in red diamonds. Data
represent mean +/- SD of at least three independent experiments. Panel E displays the normalized
decrease in residual FVIIIa activity over time for FVIII WT and the FVIII variants. The inactivation
rate constants, kinact, were assessed as described in the experimental procedures. The SDs were
within 15% of the obtain values for kinact.
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FVIIIa stability assessed by SPR analysis – Replacement of the lysine residues 1967 and
1968 may exhibit a differential effect on A2-a2 domain dissociation from the A1-a1/A3C1-C2 dimer. To this end, we assessed dissociation of the A2 domain from FVIIIa employing
SPR analysis essentially as employed by Pipe et al.39. We first perfused 200 nM thrombin
or buffer over FVIII that was bound via its C2 domain to the immobilized monoclonal
antibody EL14. A rapid decline in response units (RU) was observed indicative for A2a2 domain dissociation from the A1-a1/A3-C1-C2 dimer (not shown). We subsequently
passed anti-A2 domain antibody CLB-CAg 9 and anti-C1 domain antibody KM33 over
thrombin-activated FVIII and over non-activated FVIII. The result shows that there was
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Figure 4. Replacement of Lys1967 or Lys1968 exhibits a differential effect on A2-a2 domain
dissociation from the A1-a1/A3-C1-C2 dimer. (A) 200 nM thrombin or buffer was perfused for
60 seconds over FVIII WT that was immobilized to a density of 1500 RU on the surface of a CM5
sensor chip via anti-C2 domain antibody EL14. The left panel shows the association of 100 nM
anti-A2 domain antibody CLB-CAg 9 to FVIII (solid line) or thrombin-activated FVIII (dashed line).
The right panel shows the association of 100 nM anti-C1 domain antibody KM33 to FVIII (solid
line) or thrombin-activated FVIII (dashed line). (B) FVIII WT, Lys1967Ala, and Lys1968Ala were
immobilized via EL14 to the surface of a CM5 sensor chip to a density of 1500 RU. Left panel:
2 nM thrombin (IIa) was perfused for 60 seconds over the immobilized FVIII variants. The decay
in response units was subsequently followed in time for FVIII WT (solid line), Lys1967Ala (dashed
line) and Lys1968Ala (dotted line). The right panel shows the association of KM33 to thrombinactivated FVIII WT (solid line), Lys1967Ala (dashed line) and Lys1968Ala (dotted line).
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hardly any association of CLB-CAg 9 to FVIIIa whereas this antibody readily bound nonactivated FVIII. In contrast, KM33 was equally effective in binding FVIIIa and FVIII (Fig.
4A). This finding suggests that the A2 domain is indeed rapidly lost from FVIIIa. We next
perfused 2 nM thrombin over immobilized FVIII WT, Lys1967Ala, and Lys1968Ala (Fig. 4B).
The result revealed that there is an increased decay in RU for Lys1967Ala relative to that of
FVIII WT. However, this decrease in RU was reduced for the Lys1968Ala variant. When we
subsequently perfused KM33 over the immobilized proteins, an almost identical increase
in RU was observed for all the variants. This suggests that the differential decrease in RU
is caused by an altered dissociation rate of the A2-a2 domain from the A1-a1/A3-C1-C2
dimer. Taken together, the data imply that the lysine residues 1967 and 1968 play an
opposite role in the interaction between the A2-a2 domain and A1-a1/A3-C1-C2 dimer.
FIXa enhances the stability of activated FVIII WT and the variants thereof – It has
been proposed that binding of FVIIIa to FIXa leads to a decreased rate of A2 domain
dissociation from FVIIIa40,41. We now assessed the effect of FIXa on the time-dependent
activity of the FVIII variants. To this end, we activated FVIII in the presence of increasing
concentrations of FIXa and the time-dependent residual activity of the FVIII variants was
established. The data revealed a decreased cofactor function over time for FVIII WT and
its variants (Fig. 5). Both Lys1967Ala and Lys1967Ile displayed again a 2-fold and a 3-fold
increase in the rate of inactivation relative to that of activated FVIII WT. Furthermore,
the Lys1968Ala variant showed again a prolonged activity over time (Fig. 5E). However,
comparison of the observations in figures 3E and 5E also reveals that the rate of FVIIIa
inactivation of the FVIII variants is decreased when these variants are activated in the
presence of FIXa. The activated Lys1968Ala variant was the least (if at all) affected by the
presence and absence of FIXa. These findings together imply that FIXa can still reduce
the rate of A2 domain dissociation from the FVIII variants. This suggests that the lysine
residues 1967 and 1968 do not directly contribute to factor IXa binding. Collectively, the
results of our study show that Lys1967 and Lys1968 have an opposite contribution to
FVIIIa stability.
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Discussion
Lysine amino acid residues that are buried within the protein core of FVIII are expected
to be completely protected from chemical modification by TMT-126. The same is true for
lysine residues that form an inter-domain salt bridge with a negatively charged amino acid
residue. When these regions are only exposed to the protein surface in dis-FVIIIa, these
regions should then only carry the TMT-127 modification. However, the high internal
dynamics of the structural core of FVIII in solution will allow for penetrations of the TMT126 labels inside FVIII. Because of this “molecular breathing”, part of the inaccessible
lysine residues will be chemically modified by TMT-126 after all. This explains why there
are no FVIII regions identified that completely lack TMT-126. An increased TMT-127/
TMT-126 ratio does, however, imply that at least the lysines of the involved FVIII regions
are buried in FVIII and surface-exposed in dis-FVIIIa.
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Figure 5. FIXa enhances the stability of FVIII WT and the variants thereof. 0.3 nM FVIII WT and
the variants thereof were activated by 2 nM thombin in the presence of increasing concentrations
of FIXa (0-16 nM) as described in the experimental procedures. FXa generation was allowed for 1
minute in the presence of phospholipids and Ca2+ions (A) 2 minutes, (B) 5 minutes, (C) 20 minutes
and (D) 40 minutes after thrombin activation. FXa generation in the presence of FVIII WT is
displayed in black circles, Lys1967Ile in blue triangles, Lys1967Ala in green squares and Lys1968Ala
in red diamonds. Data represent mean +/- SD of at least three independent experiments. Panel
E displays the normalized decrease in residual FVIIIa activity over time for FVIII WT and the FVIII
variants. The inactivation rate constants, kinact, were assessed as described in the experimental
procedures. The SDs were within 15% of the obtain values for kinact.
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The highest TMT-127/TMT-126 ratio is observed for peptide Thr1964-Tyr1971
which includes the residues Lys1967 and Lys1968 (Fig. 1). In agreement with our initial
hypothesis, this observation is compatible with our finding that these residues contribute
to the stability of FVIIIa (Fig. 3-5). Intriguingly, the crystal structure of Ngo et al. shows
that Lys1887 and Lys1804 are directed with their side chain towards the A2 domain26.
Our data shows that these lysine residues are also partially protected from chemical
modification in FVIII (Fig. 1). This suggests that these lysine residues may contribute to
the interaction between the A1-a1/A3-C1-C2 dimer and the A2 domain as well.
Peptides with a relatively high incorporation level of TMT-127 are almost all derived
from the first 500 residues of the B domain of FVIII (Fig. 1). However, the B domain
is removed from FVIII upon activation and plays therefore no role in maintaining the
stability of FVIIIa. This result does suggest that the identified lysines of these B domain
regions are buried in FVIII and not in the released B domain. The most likely explanation
for this observation is that the B domain changes its conformation upon its release
from FVIII. However, this finding also opens the possibility that the identified lysines
are involved in shielding functional sites on FVIII similar to what has been proposed for
a positively charged region within the B domain of factor V8,42. Yet, B domain-deleted
FVIII shows, unlike B domain-deleted factor V, no cofactor activity43. On the other hand,
FVIII requires additional cleavages by thrombin to obtain full cofactor function. This
suggests that additional changes in FVIII are necessary to enhance the activity of the
FXa generating complex1,7,8. It can therefore not be fully excluded that the B domain
contributes to shielding functional regions in FVIII after all.
Other identified peptides from the A1 and A3 domains show a modest but decreased
protection from chemical modification of their lysine residues after dissociation of FVIIIa
(Fig. 2). The significance thereof remains to be established. Some of these lysine residues
may contribute to the stability of the A1-a1/A3-C1-C2 dimer itself. It is of interest to
mention that the side chain of Lys206 is situated close to the side chain of Glu2004 in
both reported structures of FVIII26,27. This suggests that these residues may form an inter
domain salt bridge between the A3 and A1 domain. Our finding that lysine 206 is partially
protected from chemical modification in FVIII agrees with this observation (Fig. 1). A
similar level of protection from chemical modification was observed for the FVIII peptide
including the residues Lys1808 and Lys1813. These lysine residues are, however, not in
close proximity to residues from the A2 domain or the A1 domain. Previously, we have
demonstrated that FVIII peptides comprising these residues (i.e. Lys1804-Lys1818 and
Glu1811-Gln1820) inhibit FIXa binding to the FVIII light chain6. From this observation,
we have concluded that these peptides include a FIXa binding region. The findings of
the present study suggest that this FIXa binding region is more surface-exposed in the
A3 domain of dis-FVIIIa. It is tempting to speculate that this is also the case for intact
FVIIIa. If so, this implies that the FIXa binding region is only optimally exposed to the
protein surface after activation of FVIII. This may then, in part, explain the observation
that only FVIIIa can enhance the activity FIXa7. This aspect is, therefore, a subject for
further investigation.
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The available crystal structures of FVIII reveal that A2 domain region 661-665 is in
close proximity to region Thr1964-Tyr197126,27. Notably, in the crystal structure by
Shen et al., Val663 is positioned between the lysine residues 1967 and 1968. In both
structures, the side chain of Lys1967 is directed towards the inside of the FVIII molecule,
whereas Lys1968 is exposed to the surface (Fig. S3). Employing molecular dynamics
studies on these structures, Venkateswarlu et al. proposed a refined structure of FVIII in
which the side chain of Lys1967 has a direct interaction with the side chain of Glu665 of
the A2 domain28. This suggestion is compatible with our observation that replacement
of Lys1967 by an alanine increases the dissociation rate of the A2-a2 domain from
the A1-a1/A3-C1-C2 dimer (Fig. 5). However, Fay and co-workers demonstrated that
replacement of residue Glu665 for a valine or an alanine increases the stability of FVIIIa24.
This finding is in disagreement with the suggestion that interaction between Lys1967 and
Glu665 contributes to the binding of the A2-a2 domain to the A1-a1/A3-C1-C2 dimer.
Although it is speculation, Glu665 may in fact interact with Lys1968 instead of Lys1967,
resulting into destabilization of FVIIIa. Replacement of either Lys1968 or Glu665 by a
hydrophobic amino acid residue would then prevent this interaction, thereby increasing
the stability of FVIIIa. Even though it seems likely that there is an interaction between
the A2 domain residues 661-665 and the A3 domain residues 1964-1971, the abovementioned observations demonstrate that a high resolution structure of FVIII, and if
possible at all of FVIIIa, is required to gain insight into the interactions within FVIII at the
level of individual amino acid residues.
The physiological relevance of Lys1967 and Lys1968 for cofactor functions remains to
be established. However, Lys1967 seems to be required for stabilizing FVIIIa sufficiently
long to mediate effective blood coagulation. This provides an explanation for the
observation that Lys1967Ile is associated with haemophilia A. The same explanation
has previously been proposed for other haemophilia A FVIII variants21,22. Lys1968 may,
on the other hand, be critical to prevent prolonged cofactor function. Patients with an
elevated risk for thrombosis that are a carrier of a Lys1968 mutation have, however,
not yet been identified. In conclusion, employing mass spectrometry analysis combined
with functional studies, we have identified a lysine couple in FVIII with a remarkable
opposite function in the biology of FVIII. Our findings provide novel insight about how
FVIIIa activity is controlled to prevent thrombosis or bleeding.
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Supplemental data
This manuscript includes three supplemental figures and two supplemental tables.

3

Figure S1. Workflow of the mass spectrometry approach. Lysine residues in FVIII are chemically
modified by TMT-126 and the lysine residues in dis-FVIIIa with TMT-127. Labelled FVIII and disFVIIIa are pooled in an equal molar ratio and the proteins are cleaved by chymotrypsin. CID and
HCD spectra of the peptide ions are subsequently acquired on a nanoLC-LTQ Orbitrap XL mass
spectrometer. Both CID and HCD spectra of the same peptide ion allows for identification of the
peptides. HCD spectra include the intensities of the TMT-126 and TMT-127 reporter groups. The
TMT-127/TMT-126 ratio between these intensities reveals whether a peptide is more prone to
chemical modification in dis-FVIIIa or in FVIII36,38.
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Figure S2. Annotated HCD and CID spectra of TMT labeled peptide Thr1964-Tyr1971 (ID = 1, see
Table S1 and Fig. 1), which exhibited the highest TMT-127/TMT-126 ratio.

3

Figure S3. Positioning of Lys1967 (green) and Lys1968 (red) in a zoomed-in section of the crystal
structure of FVIII as reported by (A) Shen et al. and (B) Ngo et al.27,26.
Val 663 of the A2 domain is displayed in red. The A3 domain of the FVIII light chain is shown as a
grey ribbon. The heavy chain including the A1 domain and the A2 domain is displayed as a black
ribbon.
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Table S1. Identified peptides that were obtained employing the workflow shown in figure S1 on plasma-derived FVIII. The non-capitalized letter
k within a peptide sequence indicates that this residue was modified with a TMT label. The CID and HCD spectra of the peptide Thr1964-Tyr1971
(TVRkkEEY) are shown in figure S2.
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Table S2. Specific two-stage and one-stage activities of the FVIII variants relative to FVIII WT. The
FVIII antigen concentration and two-stage chromogenic activity were assessed as described in van
den Biggelaar et al.33 with the exception that anti-heavy chain antibody CLB-CAg9 was employed
to assess the antigen concentration instead of CLB-CAg12. In the one-stage clotting assay, FVIII WT
and variants thereof were reconstituted in FVIII deficient plasma (Siemens Healthcare Diagnostics,
Marburg, Germany). The clotting time was assessed on a Sysmex CA-1500 Coagulation Analyzer
(Sysmex Corporation, Kobe, Japan) employing Actin-FSL (Siemens Healthcare Diagnostics,
Marburg, Germany). Specific activities were obtained by dividing the results of the one-stage and
two-stage assays with the antigen concentration.
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Abstract
A recent chemical foot printing study in our laboratory suggested that region 1803-1818
might contribute to A2 domain retention in activated factor VIII (FVIIIa). This site has,
however, also been implicated to interact with activated factor IX (FIXa). Asn1810 further
comprises an N-linked glycan, which seems incompatible with a role of the amino acids
1803-1818 in the direct binding to either FIXa or the A2 domain. To assess the poorly
understood function of region 1803-1818, FVIIIa stability and FIXa binding was evaluated
of a FVIII-N1810C variant, and two FVIII variants in which the residues 1803-1810 and
1811-1818 are replaced by the corresponding residues of homologous factor V (FV).
Enzyme kinetic studies revealed that only FVIII/FV 1811-1818 has a decreased apparent
binding affinity for FIXa. This finding was confirmed by flow cytometry analysis, which
showed that fluorescent FIXa exhibits impaired complex formation with only FVIII/FV
1811-1818 on lipospheres. To evaluate FVIIIa stability, FVIII variants were activated by
thrombin and the decline in cofactor function was followed over time. FVIII/FV 18031810 and FVIII/FV 1811-1818 but not FVIII-N1810C revealed a decreased FVIIIa half-life.
However, when the FVIII variants were activated in presence of FIXa, only FVIII/FV 18111818 exhibited an enhanced decline in cofactor function. The results demonstrate that
the glycan at 1810 is not involved in FVIII cofactor function, and that region 1811-1818
is critical for FIXa binding. Both regions 1803-1810 and 1811-1818 contribute to the
stability of FVIIIa.

4

Introduction
Haemophilia A is a bleeding disorder that is associated with a functional absence of blood
coagulation factor VIII (FVIII). The function of FVIII is to markedly enhance the proteolytic
activity of activated factor IX (FIXa) in the activated factor X (FXa)-generating membranebound complex1. Circulating FVIII consists of a light chain that is non-covalently linked
to a heterogeneous heavy chain2. The light chain comprises the domains a3-A2-C1-C2
and the heavy chain the domains A1-a1-A2-a2-B. a1, a2 and a3 represent short spacer
regions that are rich in acidic amino acid residues. The heterogeneity of the heavy chain
is the consequence of limited proteolysis of the B-domain3.
FVIII is homologous to factor V (FV), which also comprises three A-domains, a
B-domain, and two C-domains3. FV serves its role in the coagulation cascade as a cofactor
for FXa during the proteolytic conversion of prothrombin to thrombin. From the crystal
structures of FVIII and inactivated FV can be deduced that both proteins have a highly
similar 3-dimensional structure4-6. A functional relationship between these proteins is
demonstrated by the observation that the A domains seem to comprise the main binding
regions for the proteases, and that the C domains are critical for the direct interaction
of the proteins with the phospholipid membrane. Taking maximum advantage of the
homology between FV and FVIII, amino acids of FVIII have been replaced in previous
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studies for the corresponding residues of FV to gain insight into the role of the exchanged
regions for cofactor function7.
FVIII requires activation by thrombin to perform its role as a cofactor. Upon activation,
the B-domain and the acidic a3 region are removed from FVIII and the A1 and A2 domains
are bisected. The resulting activated FVIII (FVIIIa) is a trimeric protein which binds with
high affinity to phospholipid membranes comprising phosphatydylserine in the outer
leaflet. Phospholipid membrane binding of FVIIIa is the initial event in the formation of
the FXa generating complex8-10.
After activation, FVIIIa rapidly loses its activity to prevent unlimited FXa generation.
Loss of activity is mediated by spontaneous dissociation of the A2 domain from FVIIIa11-13.
In addition, it has been suggested that activated protein C, FIXa and FXa inactivate FVIIIa
by proteolytic cleavage in the A1 and A2 domains. These cleavages have been suggested
to induce an accelerated dissociation of the A2 domain from FVIIIa14-18. In a recent study,
we employed a novel chemical foot printing approach to identify amino acid regions that
contribute to the retention of the A2 domain in FVIIIa. With this approach, we established
that lysine residues 1967 and 1968 are more surface exposed in dissociated FVIIIa than
in intact FVIII. Site-directed mutagenesis revealed that these residues have an opposite
contribution to the stability of FVIIIa19.
Activation of FVIII is also crucial for the exposure of interaction sites for FIXa9. It
has been suggested that regions 484-509 and 558-565 in the A2 domain contribute to
enhancing the proteolytic activity of FIXa20-22. Within the FVIII light chain, our laboratory
has previously established that two peptides including the amino acid residues 18041818 and 1811-1820 effectively compete with FVIIIa for binding to FIXa23. From this
finding, it has been concluded that the overlapping region, i.e. residues 1811-1818,
constitutes a FIXa binding site.
The chemical footprinting approach has also revealed that the lysine residues in
region 1803-1818 are more surface exposed in dissociated FVIIIa than in intact FVIII19.
This suggests that this region might contribute to the direct interaction with the A2
domain in FVIIIa. An N-linked glycan has further been identified at position 1810, which
is close to this putative FIXa or A2 domain interactive region. The presence of a bulky
glycan at this site might seem incompatible with a role of this region for effective FIXa or
A2 binding. These observations show that function of amino acid residues 1803-1818 is
completely unclear.
We now assessed the role of region 1803-1818 and the glycan at position 1810 for
the cofactor function of FVIII. To this end, we employed FVIII/FV chimera in which either
residues 1803-1810 or 1811-1818 are replaced by the corresponding residues of FV. In
addition, we utilized a FVIII-N1810C variant that lacks the glycan at position 1810. Our
findings show that the glycan does not play a role in the cofactor function at all. Region
1811-1818, however, does contribute directly to FIXa binding. In addition, both regions
1803-1810 and 1811-1818 are involved in A2 domain retention in FVIIIa.
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Experimental procedures
Materials – All fine chemicals were from Merck (Darmstadt, Germany), unless stated
otherwise. HEPES was from SERVA (Heidelberg, Germany), NaCl was from FAGRON
(Rotterdam, The Netherlands) and Tris-HCL from Invitrogen. Glass beads (1.6μm) were
from Duke Scientific (Palo Alto, California). Fluorescein EGR-ck was from Haematologic
Technologies Inc (Essex Junction, VT). Phosphatidylserine (PS), phosphatidylethanolamine
(PE), and phosphatidylcholine (PC) were from Avanti Polar lipids (Alabaster, USA).
Proteins – B-domain deleted FVIII (wt-FVIII) and variants thereof have been constructed
and purified as described19,24,25. For the FVIII/FV 1803-1810 chimera, region 1803-1810
has been replaced by region 1668-1675 of FV. For FVIII/FV 1811-1818, region 1811-1818
has been replaced by FV region 1676-1683. The purification of FX, FIXa and thrombin are
described by Mertens and Bertina26-28. FXa was from Enzyme Research (South Bend, IN).
Bovine serum albumin was from Merck (Darmstadt, Germany). Antibody KM33 has been
described in Meems et al.29.
Fluorescein labeling of FIXa – FIXa was dialyzed against 50 mM Tris-HCl (pH 7.5), 150
mM NaCl. Labeling of the active site in FIXa was performed in the dark by incubating FIXa
with a 3-fold molar excess of fluorescein EGR-ck for 6 hours at room temperature followed
by an overnight incubation at 4°C. Unbound label is removed employing extensive dialysis
against 50 mM Tris-HCl (pH 7.5), 150 mM NaCl. The 100% labeling efficiency of FIXa was
verified by measuring the residual proteolytic activity of FIXa towards the substrate FX in
the presence of FVIIIa19.
Cofactor function of the FVIII variants – FVIII concentration is determined by an enzymelinked immunosorbent assay as described in van den Biggelaar et al. with the exception
that anti-C1 domain antibody KM33 was employed as capturing antibody instead of CLBCAg1224,25. Factor Xase activity of the FVIII variants was assessed as described before19.
Briefly, FXa generation was followed in time at 25 °C in 1.5 mM CaCl2, 40 mM Tris-HCl (pH
7.8), 150 mM NaCl, 0.2% (w/v) bovine serum albumin (BSA) employing 0.3 nM FVIII and
25 μM phospholipid vesicles comprising 15% PS/ 20% PE/ 65% PC. The mixture further
contained either 16 nM FIXa and varying concentration of (0-900 nM) FX, or 200 nM FXa
and varying concentration of (0-16 nM) FIXa. FVIII was activated by 1 nM thrombin. The
amount of generated FX was assessed as described19.
FVIIIa-FIXa assembly on liposheres – Glass beads coated with phospholipids
(lipospheres) were obtained as described29,30. 250.000 lipospheres/ml were incubated
with 6 nM fluorescein-labeled FIXa and 0-3 nM wt-FVIII or its variants in a buffer
comprising TBS, 0.1% fatty acid free BSA and 1.5 mM CaCl2. FVIII was activated by the
addition of 2 nM thrombin and complex formation was allowed for 2 minutes at room
temperature. Mean fluorescence intensity present on the lipospheres was measured by
flow cytometry employing a FACS LSRII (BD Biosciences, Uppsala, Sweden) as indicated
in Meems et al.29.
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Stability of the FVIIIa variants – Assessment of the decline in FVIIIa cofactor function
over time has been described in Bloem et al.19. Briefly, 0.3 nM FVIII was activated by 2
nM thrombin in presence of 25 μM phospholipid vesicles comprising 15% PS/ 20% PE/
65% PC, 1.5 mM CaCl2, 40 mM Tris-HCl (pH 7.8), 150 mM NaCl, and 0.2% (w/v) BSA. At
increasing time intervals, FXa generation was allowed for 1 minute by the addition of
16 nM FIXa and 200 nM FX to FVIIIa. To test the influence of FIXa on the activity decay,
FVIII was incubated with 16 nM FIXa during the activation of FVIII. FXa generation was
measured as described before19.

Figure 1: SDS-PAGE of wt-FVIII, FVIII-N1810C, FVIII/FV 1803-1810 and FVIII/FV 1811-1818.
(A) The indicated FVIII variants were separated on a 7.5% polyacrylamide gel under reducing
conditions. Silver staining was employed to visualize the proteins. The top protein band in each
lane represents the 90 kDa heavy chain of FVIII. The 80 kDa FVIII light chain appears as a doublet
on the gel. (B) Sequence alignment of FVIII region 1803-1818 and FV region 1668-1683. The
underlined sequence is the N-linked glycosylation motif in FVIII and FV. The * marks the residues
that are changed.

4

Results
The FVIII/FV chimeras and FVIII-N1810C support FXa generation – The FVIII variants
FVIII/FV 1803-1810, FVIII/FV 1811-1818 and FVIII-N1810C were purified and analyzed
by SDS-PAGE (Fig. 1). The light chains of the FVIII/FV chimera did not show an increased
mobility on the SDS-gel compared to that of the light chain of wt-FVIII. This implies that
the light chains of both chimeras have retained the glycan at position 1810. Compatible
with the absence of the glycan in FVIII-N1810C, the light chain of this FVIII variant
revealed an increased mobility on the SDS-gel. FVIII activity was assessed to establish
whether the variants support FXa generation by FIXa (Fig. 2). The results showed effective
FXa generation by all FVIII variants. This demonstrates that the FVIII variants effectively
support FXa generation by FIXa up to the physiological FX concentration of about 136 nM.
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Figure 2: FXa generation of the FVIII
variants as a function of the FX
concentration. FXa generation of the
indicated FVIII variants as a function
of FX was evaluated by incubating
0.3 nM FVIII with 16 nM FIXa, and
varying concentrations of FX. The
activity was assessed employing 25 μM
phospholipid vesicles comprising 15%
PS/20% PE/65% PC. Data represent
mean ± S.D. of at least four independent
experiments.

The FVIII/FV chimeras but not FVIII-N1810C show an opposite effect on apparent
FIXa binding affinity – To investigate the effect of the mutations on the apparent binding
affinity for FIXa, the cofactor activity of the FVIII variants was assessed employing
increasing concentrations of FIXa (Fig. 3). FXa generation as a function of the employed
FIXa concentration was indistinguishable for wt-FVIII and FVIII-N1810C (apparent KD of
1.3 ± 0.1 nM and 1.2 ± 0.1 nM, respectively). This implies that the glycan at position 1810
or the introduced cysteine at this position does not affect FIXa binding at all. Activity
analysis of the FVIII/FV 1803-1810 chimera revealed a slight decrease in apparent KD (0.8
± 0.2 nM) for FIXa, whereas FVIII/FV 1811-1818 chimera showed an increase in apparent
KD (2.4 ± 0.1 nM). As the apparent KD reflects the binding affinity of FVIIIa for FIXa, these
findings imply a modest but significant FIXa binding defect of the FVIII/FV 1811-1818
chimera.

4

Figure 3: FXa generation of the FVIII
variants as a function of the FIXa
concentration. FXa generation of the
indicated FVIII variants as a function
of FIXa was evaluated by incubating
0.3 nM FVIII with 200 nM FX and
varying concentrations of FIXa. The
activity was assessed employing 25
μM phospholipid vesicles comprising
15% PS/20% PE/65% PC. Data
represent mean ± S.D. of at least three
independent experiments.
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FVIII region 1811-1818 contributes to FIXa binding – To gain additional insight into
the direct FIXa binding to the FVIII variants, we assessed FIXa-FVIIIa complex assembly
on lipospheres employing a flow cytometry study. To this end, increasing concentrations
of FVIII and variants thereof were incubated with fluorescent FIXa and lipospheres. No
fluorescent FIXa was detected on the lipospheres when FIXa was incubated with FVIIIa
for more than 15 minutes prior to flow cytometry analysis. This observation may be
related to the notion that FVIIIa rapidly dissociates after its activation11-13. FIXa may be
unable to effectively bind dissociated FVIIIa. Therefore, the mean fluorescence intensity
(MFI) of FIXa bound to these liposheres was assessed after a two minute activation time
of FVIII by thrombin. The results revealed an almost indistinguishable increase in MFI
as a function of the employed concentration of wt-FVIII, FVIII/FV 1803-1810, and FVIIIN1810C (Fig. 4). This finding suggests that there is no change in FIXa binding for these
FVIII variants. The data further showed hardly any increase in MFI upon incubation of
the fluorescent FIXa with increasing concentrations of the activated FVIII/FV 1811-1818
chimera (Fig. 4). This demonstrates that there is a major defect in the capacity of FVIII/FV
1811-1818 to pull FIXa to the surface of phospholipid membranes. These findings show
that region 1811-1818 directly contributes to FIXa binding.
Figure
4:
FVIIIa-FIXa
complex
assembly on lipospheres is markedly
reduced for FVIII/FV 1811-1818.
Lipospheres comprising 15% PS/20%
PE/65% PC were incubated with 0-3
nM of the indicated FVIII variant
and 6 nM fluorescently labeled FIXa.
The FVIII variants were activated by
thrombin and the mean fluorescence
intensity (MFI) of FIXa bound to the
lipospheres was assessed by flow
cytometry as described in materials
and methods. Data represent mean of
two representative experiments. Error
bars represent the spread between the
obtained values.
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Region 1803-1818 but not the N-linked glycan at 1810 is involved in A2 domain
retention in FVIIIa – To investigate the stability of FVIIIa and derivatives thereof, we
followed the activity of these variants over time. To this end, the FVIII variants were
activated with thrombin in presence of 25 μM 15% PS containing phospholipid vesicles.
Residual FVIII activity over time was assessed by the addition of FIXa and FX at increasing
time points (Fig. 5A). The results showed that all variants loose the capacity to support
FXa generation over time. However, the decline in activity progressed faster for both
chimeras compared to that of wt-FVIII and the FVIII-N1810C variant. The half-life of the
activity of the FVIII/FV 1803-1810 chimera was about 3-fold decreased compared to that
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of wt-FVIIIa. The FVIII/FV 1811-1818 chimera showed, in turn, a more than 4-fold decline
in the half-life of cofactor function (Fig. 5A). These findings suggest that FVIII region
1803-1810 and 1811-1818 but not the glycan at 1810 contribute to the stability of FVIIIa.
Binding of FIXa to FVIIIa can recover the increased activity decay observed for the 18031810 variant – It has been demonstrated that FIXa increases the stability of FVIIIa31,32. To
investigate whether or not FIXa can stabilize the FVIII variants to the same extent, we
activated the FVIII variants by thrombin in the presence of FIXa, and we assessed the
residual FVIIIa activity over time (Fig. 5B). The results displayed an increased half-life of
FVIIIa activity for all FVIII variants as compared to the condition where FVIII was activated
in the absence of FIXa (Fig. 5A). Intriguingly, next to FVIII-N1810C, the FVIII/FV 1803-1810
chimera now also showed a wt-FVIII-like decline in activity over time. However, the FVIII/
FV 1811-1818 chimera still exhibited an increased loss of activity compared to the other
FVIII variants. This finding is compatible with the observation that replacement of region
1811-1818 results in a FIXa binding defect. This impairs the ability of FIXa to optimally
stabilize FVIIIa.

4
Figure 5: FVIII region 1803-1810 and 1811-1818 contribute to A2 domain retention in FVIIIa. (A)
0.3 nM FVIII is activated by 2 nM thrombin in the presence of 25 μM phospholipids comprising
15% PS/20% PE/65% PC. At the indicated time points, FXa generation was allowed for 1 minute
by the addition of 16 nM FIXa and 200 nM FX. (B) 0.3 nM FVIII is activated by 2 nM thrombin in
the presence of 16 nM FIXa and 25 μM phospholipids comprising 15% PS/20% PE/65% PC. At the
indicated time points, FXa generation was allowed for 1 minute by the addition of 200 nM FX.
Data represent mean ± S.D. of at least six experiments.
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Discussion
We have previously established that the FVIII peptides 1804-1818 and 1811-1820
effectively block the interaction between FIXa and FVIIIa23. Employing FVIII/FV chimeras,
we now show that FVIII region 1811-1818 but not region 1803-1810 contributes to FIXa
binding. First, kinetic analysis revealed a small but significant increase in the apparent KD
for the interaction between FIXa and the FVIII/FV 1811-1818 chimera (Fig. 3). Second,
there is a markedly reduced binding of fluorescent FIXa to the FVIII/FV 1811-1818
chimera on lipospheres (Fig. 4). Next to this finding, we have established that amino acid
regions 1803-1810 and 1811-1818 both contribute to the stability of FVIIIa (Fig. 5). In
addition, it has been shown that FIXa can increase the stability of FVIIIa by binding amino
acid regions in the A2 and A3 domain31,32. Compatible with our finding that FIXa requires
region 1811-1818 for optimal binding to the A3 domain, we found that FIXa was unable
to effectively increase the stability of the FVIII/FV 1811-1818 chimera (Fig. 5).
Previously, Steen et al. made use of N-linked glycans to identify binding regions in FVa
for FXa33. Introduction of a glycan at position His1683 of FV resulted in a defective FXa
binding. This suggests that the region surrounding His1683 contributes to the interaction
between FVa and FXa. Intriguingly, primary sequence comparison between FVIII and FV
reveals that Lys1818 of FVIII corresponds to His1683 of FV (Fig. 1). This notion illustrates
the strong structure-function relationship between FV and FVIII. Not only does the
A3 domain of FVIII and FV comprise the interactive sites for FIXa and FXa, it appears
that corresponding regions in the A3 domain of FVIII and FV interact with their serine
protease counterparts. Yet, we did not introduce a new major independent FXa binding
site in the FVIII/FV chimeras. The presence of a new FXa binding site would result in
effective competition between FIXa and the newly generated FXa in the FVIII activity
analysis of the FVIII/FV chimeras. This would be reflected by a reduction of the amount of
FXa generated per minute as a function of the employed FX concentration. However, no
significant decrease in FXa generation is observed for both FVIII/FV chimeras (Fig. 2). In
contrast, a slight reduction FXa generation at elevated FX concentrations is displayed by
wt-FVIII and FVIII-N1810C. It seems therefore that region 1803-1818 of FVIII itself affects
the binding of FX or its product FXa to FVIIIa at supraphysiological concentrations of FX.
It does seem remarkable that an N-linked carbohydrate is positioned close to a region
that is critical for the cofactor function of FVIII. Yet, the presence or absence of the glycan
does not affect FIXa binding or the stability of FVIIIa at all (Figs. 3-5). As can be observed
in the crystal structures of FVIII, N1810 is located at the tip of a V-shaped loop, which
comprises the residues 1803-1818 (Fig. 6)4,5. Apparently, the glycan moiety protrudes out
of the protein surface away from the FIXa binding region. This provides an explanation for
the complete lack of interference of the N-linked glycan for the cofactor function of FVIII.
The biological role of the glycan, if any, remains therefore unclear. It has been suggested
that the carbohydrates of the B domain of FVIII assist in an effective exit of FVIII from the
endoplasmatic reticulum during biosynthesis of FVIII34. The glycan at position 1810 may
play a similar role in the biosynthetic pathway of FVIII.
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We have previously demonstrated that the FVIII light chain remains bound to the
phospholipids after dissociation of the A2 domain from the A1/A3-C1-C2 dimer35.
Our observations suggest that FIXa may be unable to bind dissociated FVIIIa on the
lipospheres. This suggests that the presence of the A2 domain is required for effective
binding of FIXa to FVIIIa. However, it has been shown that FIXa binds the isolated A2
domain with moderate affinity and the FVIII light chain with high affinity1. Apparently,
high affinity FIXa binding requires the presence of the complete FIXa binding interface
on FVIII.

4

Figure 6: The V-shaped A3 domain 1803-1818 region. Shown is part of the structure of FVIII (3cdz.
psb)5. The heavy chain is shown in grey and the light chain in blue. Region 1804-1810 is depicted
in red, region 1811-1818 in green and Asn1810 in yellow.

The results of the present study show that the previously published chemical foot
printing approach is of great value for the identification of important regions within FVIII.
We found that the lysine residue couple with the highest increase in surface exposure
(i.e. residues 1967 and 1968) upon A2 domain dissociation from FVIIIa contributes to A2
domain retention19. We now show that the regions 1803-1810 and 1811-1818, which
have a less prominent increase in surface exposure, are also involved in retention of the
A2 domain in FVIIIa (Fig. 5). For region 1803-1810, this can easily be understood as the
crystal structure reveals that this region is in close proximity of A2 domain4,5. Although
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the FIXa binding region 1811-1818 is more distant from the A2 domain, it is feasible
that amino acid residues in the V-shaped region 1803-1818 exhibit intermolecular
interactions. Replacement of residues in region 1811-1818 would then affect the local
conformation of the V-shaped region thereby affecting a stabilizing interaction of region
1803-1810 with the A2 domain in FVIIIa. If so, this implies that region 1803-1810 exhibits
a direct interaction with the A2 domain whereas region 1811-1818 indirectly contributes
to the retention of the A2 domain in FVIIIa. Further studies are required to assess which
residues in region 1811-1818 contribute directly to FIXa binding, and which residue
contribute to the allosteric interaction with the V-shaped region.
The increase in surface exposure of region 1811-1818 upon FVIII activation and A2
domain dissociation can not only be explained by the loss of the A2 domain from FVIIIa.
A selective exposure of the FIXa binding region 1811-1818 during activation can explain
this observation as well. The latter possibility will be compatible with the finding that
FIXa binds only with high affinity to FVIIIa and not to FVIII9. Collectively, we may have
provided first evidence that the FIXa binding region 1811-1818 selectively exposes to the
protein surface upon activation of FVIII.
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Chapter 5
Abstract
The C1-domain of factor VIII (FVIII) has been implicated in binding to multiple constituents,
including phospholipids, von Willebrand factor (VWF), and Low density lipoprotein
Receptor-related Protein (LRP). We have previously described a human monoclonal
antibody, called KM33, which blocks these interactions, as well as cellular uptake by LRPexpressing cells. To unambiguously identify the apparent “hot-spot” on FVIII to which
this antibody binds, we have employed hydrogen-deuterium exchange (HDX) mass
spectrometry. The results showed that KM33 protects the FVIII regions 2091-2104 and
2157-2162 from HDX. These comprise the two C1-domain spikes 2092-2093 and 21582159. Spike 2092-2093 has recently been demonstrated to contribute to assembly with
lipid membranes with low phosphatidyl serine (PS) content. Therefore, spike 2158-2159
might serve a similar role. This was assessed by replacement of Arg2159 for Asn, which
introduces a motif for N-linked glycosylation. Binding studies revealed that the purified,
glycosylated R2159N variant had lost its interaction with antibody KM33, but retained
substantial binding to VWF and LRP. Cellular uptake of the R2159N variant was reduced,
both by LRP-expressing U87-MG cells and by human monocyte-derived dendritic cells.
FVIII activity was virtually normal on membranes containing 15% PS, but reduced at low
PS content. These findings suggest that the C1-domain spikes 2092-2093 and 2158-2159
together modulate FVIII-membrane assembly by a subtle, PS-dependent mechanism.
These findings contribute evidence in favour of an increasingly important role of the C1domain in FVIII biology.

Introduction
Activated coagulation factor VIII (FVIIIa) is a cofactor that assembles with activated factor
IX (FIXa) on lipid membranes that expose phosphatidylserine (PS) in the outer leaflet1. This
complex effectively generates activated factor X (FXa), ultimately leading to blood clot
formation at sites of vascular injury. Current treatment of haemophilia A patients, which
lack functional factor VIII (FVIII), involves intravenous infusion with either recombinant
or plasma-derived FVIII2. This treatment is, however, limited by the particularly effective
clearance of FVIII from the circulation. Moreover, about 20% of the patients develop
antibodies against FVIII3. The molecular determinants that drive the assembly of FVIII
with membranes, including those of cells involved in clearance and immune response,
remain incompletely understood.
FVIII is a multi-domain protein that comprises a heavy chain (domains A1-A2-B)
that is non-covalently linked to a light chain (domains A3-C1-C2)1. The recently solved
crystal structures of B-domain deleted FVIII have revealed that the three A-domains are
organized as a compact trimer, in which the A1- and A3-domains form the base that
carries the A2-domain on top. The trimer is supported by the two C-domains which
are aligned in parallel4,5. As such, the structure of FVIII is highly homologous to that
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of coagulation factor V (FV), the cofactor of activated factor X in the prothrombinase
complex6-8. Both in FVIII and FV, the two C-domains each display two characteristic
β-hairpin loops, generally referred to as fatty feet or spikes9,10. Initially, FVIII interaction
with membranes has mainly been attributed to the C2-domain10-13. However, the tandem
orientation of the two C-domains in the crystal structures suggests that also the C1domain could mediate membrane binding. Indeed, mutagenesis studies provided direct
evidence that the C1-domain contributes to phospholipid binding as well, and that this
particularly involves the spike containing residues Lys2092-Phe209314,15.
Besides lipid binding, the C1-domain residues 2092-2093 also contribute to the
uptake of FVIII by cells that express Low density lipoprotein Receptor-related Protein
(LRP), and by monocyte-derived dendritic cells16,17. Moreover, the same spike contributes
to FVIII immunogenicity in a murine model of haemophilia A17. The same membranebinding spike also contributes to the interaction of FVIII with the antibody KM3314,17.
This anti-C1-domain antibody has been derived from the immune repertoire of a patient
with severe haemophilia A18, and is of particular interest because it inhibits besides FVIII
activity also the interaction with von Willebrand factor (VWF) and LRP, cellular uptake,
and immunogenicity16,17,19. Apparently, the epitope of this antibody provides a “hot-spot”
for multiple macromolecular interactions and biological processes involving FVIII. While
the affinity of the KM33 antibody for FVIII is greatly dependent on the C1-domain spike
2092-209314, it seems unlikely that this putative hot-spot would be limited to merely
these two amino acids.
In the present study, we have employed hydrogen-deuterium exchange mass
spectrometry (HDX-MS) to characterize the binding epitope of antibody KM33. This
technology exploits the characteristic that HD exchange in a protein can be followed by
mass spectrometry upon replacement of H2O by D2O in the aqueous solvent20. Sites on
FVIII that contribute to antibody binding should display reduced HD exchange in the FVIIIantibody complex. This approach revealed that the epitope of antibody KM33 comprises,
besides the spike 2092-2093, the second C1-domain spike of residues 2158-2159 as well.
We therefore explored the role of this spike by introducing a glycan in position 2159.
The purified R2159N substitution variant was analysed for a variety of FVIII interactions
with particular focus on those interactions that are known to be inhibited by the KM33
antibody. The presence of the glycan in position 2159 proved predominantly apparent in
assembly of the presence of membranes with low PS content.

5

Materials and Methods
Materials – DMEM-F12 was from Lonza (Walkersville, MD, USA). Fetal calf serum
(FCS) was from HyClone (Thermo Fisher Scientific, Rockford, IL, USA). Chicken egg L-αPhosphatidylcholine (PC), L-α-Phosphatidylethanolamine (transphosphatidylated)
(PE) and porcine brain L-α-Phosphatidylserine (PS) were from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). Tris (2-carboxyethyl)-phosphine hydrochloride (TCEP) was from
Calbiochem, EMD Millipore Chemicals, USA. The FXa substrate S-2765, containing the
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thrombin inhibitor I-2581, was from Chromogenix (Milano, Italy). All other chemicals
were from Merck (Darmstadt, Germany).
Proteins – Monoclonal antibodies CLB-EL14 (EL14), CLB-KM33 (KM33), CLBCAg12, CLB-CAg9 and CLB-CAg117 have been described before14,21,22. ESH4 was
obtained from American Diagnostica (Greenwich, CT, USA). The construct of FVIII
lacking the B-domain residues 746–1639 (referred to as “wild-type” or FVIII-WT
throughout this paper) in the pcDNA3.1(+) vector has been described previously22. The
substitution R2159N was introduced by Quick Change mutagenesis™ using forward
primer 5’-CCAACTCATTATAGCATTAATAGCACTCTTCGCATGGAG-3’ and reverse primer
5’-CTCCATGCGAAGAGTGCTATTAATGCTATAATGAGTTGG-3’. The coding regions of the
constructs were verified by sequence analysis. Sequence reactions were performed with
BigDye Terminator Sequencing kit (Applied Biosystems, Foster City, CA, USA). HEK293 celllines stably expressing B-domain deleted FVIII and the R2159N variant were produced as
described23 and grown in DMEM-F12 medium supplemented with 10% FCS. Recombinant
FVIII-WT and the R2159N variant were purified and analyzed as described using CLBVK34 IgG1 coupled to CNBr-Sepharose 4B as an affinity matrix16,24. Recombinant VWF
was prepared as described previously25. LRP cluster II was expressed in Baby Hamster
Kidney (BHK) cells and purified as described26. Human FX, FIXa and thrombin were
purified and active-site titrated as described27-29. Bovine Serum Albumin (BSA) was from
Merck (Darmstadt, Germany).
HDX-mass spectrometry – HDX-MS was performed as described before with minor
adjustments30. For these studies, recombinant factor VIII (FVIII) Turoctocog alfa (previously
named N8) was produced in Chinese hamster ovary (CHO) cells as previously described31.
The molecule consists of a heavy chain of 88 kDa including a 21 amino acid residue
truncated B-domain and a light chain of 79 kDa, it contains four N-glycosylation sites
of which two are complex bi-antennary glycans and two are high mannose structures31.
FVIII and KM33 were dialyzed to a buffer comprising 20 mM Imidazole (pH 7.3), 10 mM
CaCl2, 150 mM NaCl and the proteins were kept at 2°C until the start of the experiment.
HDX was initiated by incubating 3 μM FVIII in the absence or presence of 4.5 μM KM33
in the same buffer in 98% D2O instead of H2O. At 4 time intervals, i.e., 10, 100, 1000, and
10.000 sec, HDX was quenched by the addition of an equal volume of ice-cold quenching
buffer containing 1.35 M TCEP, resulting in a final pH of 2.6. Samples were analysed using
the Waters SYNAPT G2 HDMS in combination with the nanoACQUITY UPLC with HDX
Technology. The analytical column was an ACQUITY UPLC BEH C18 1.7 µm (1.0 x 100
mm), with a 9 min gradient of 8−40% CH3CN. The trap column was an ACQUITY VanGuard
Pre-column, BEH C18 1.7 µm (2.1 x 5 mm). Online pepsin digestion was performed using
a 2.1 x 30 mm immobilized pepsin column (Applied Biosystems Inc., USA). MSE data
were collected for all analyses. Undeuterated analyses were processed using ProteinLynx
Global Server (PLGS) 2.5 with IdentityE informatics generating a peptic peptide map of
FVIII based on retention time, mobility drift time, intensity, fragment ions, and mass
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accuracy. DynamX was used to measure the deuterium uptake of each peptide as a
function of deuterium exposure time. The deuterium uptake curves were plotted in a
function of time for comparative analysis of FVIII in the absence and presence of KM33
antibody.
Surface plasmon resonance analysis – Surface Plasmon Resonance (SPR) analysis was
performed using a BIAcore 3000 biosensor (Biacore AB, Uppsala, Sweden) essentially as
described32. For assessment of FVIII-VWF interaction, recombinant VWF (9 fmol/mm2)
was immobilized onto a CM5 sensor chip using the amine coupling method according
to the manufacturer’s instructions. FVIII-WT or FVIII-R2159N were passed over the chip
at varying concentrations (0.4-240 nM) for 240 seconds in a buffer containing 150 mM
NaCl, 5 mM CaCl2, 0.005% (v/v) Tween 20 and 20 mM Hepes (pH 7.4) at 25 °C with a
flow rate of 20 µL/min. The sensor chip surface was regenerated three times after each
experiment using the same buffer containing 1 M NaCl. Binding to VWF was corrected
for binding in absence of VWF. Binding data during the association phase were fitted in a
one-phase exponential association model, and response at equilibrium (Req) was plotted
as a function of the FVIII concentration. For FVIII-LRP or antibody binding studies, FVIIIWT and FVIII-R2159N were bound at a density of 9 fmol/mm2 to the immobilized anti-C2domain antibody EL14 IgG4 (39 fmol/mm2). Antibodies KM33, CLB-CAg9, CLB-CAg12 and
ESH4 (100 nM) were passed over immobilized FVIII-WT or FVIII-R2159N at a flow rate of
20 µL/min in a buffer containing 20 mM Hepes (pH 7.4), 150 mM NaCl, 5 mM CaCl2 and
0.005% (v/v) Tween 20 at 25 °C. Receptor binding was assessed by passing LRP cluster
II at varying concentrations (0.2-200 nM) over the immobilized FVIII. Association was
fitted in a one-phase exponential model, and Req was plotted against the LRP Cluster II
concentration as described32.
FVIII cellular uptake by U87-MG cells and dendritic cells – The cellular uptake of FVIII
and the R2159N variant was studied in U87-MG cells16 and human monocyte-derived
dendritic cells17 essentially as described. U87-MG cells (HTB-14, ATCC) were cultured on
collagen type-I coated surface in DMEM-F12 medium containing 10% FCS. Cells were
washed with 150 mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4 and 10 mM Hepes
(pH 7.4), and subsequently incubated with FVIII-WT or FVIII-R2159N (0-200 nM) in the
same buffer for 30 minutes at 37 °C. After washing with ice-cold Tris-buffered saline (TBS)
containing 0.5% (w/v) BSA, cells were trypsinized and collected in TBS/10% FCS, and
subsequently fixed using 0.37% paraformaldehyde in phosphate buffered saline (PBS) for
15 min at room temperature. FVIII was detected employing the anti-C2-domain antibody
EL14 that had been labelled with DyLight 549 (ThermoFisher Scientific, Rockford, IL,
USA). Cells were permeabilized employing 0.25% saponin in TBS containing 1% (w/v)
BSA, and incubated with labelled EL14 antibody. Cells were washed twice with TBS/0.5%
(w/v) BSA and analyzed by flow cytometry using a Becton Dickinson LSR II flow cytometer
as described16,17.
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Factor X activation studies – FX activation was assessed in the presence of phospholipid
vesicles of varying PS content. These contained PS/PE/PC in a molar ratio of 15/20/65
(15 % PS) or 5/20/85 (5 % PS), and were prepared by sonication in 40 mM Tris-HCl (pH
7.8), 150 mM NaCl. FX was incubated with FIXa and FVIII-WT or FVIII-R2159N (0.3 nM) in
the presence of thrombin (1 nM) and phospholipids in a buffer containing 40 mM TrisHCl (pH 7.8), 150 mM NaCl, 1.5 mM CaCl2 and 0.2% (w/v) BSA at 25 °C in a final volume
of 40 µL. After varying time points (1-3 min) the reaction was terminated by adding 50
µL of the same buffer containing 16 mM EDTA, and finally 10 µL of 1.8 mM S-2765 was
added to quantify FXa14,24.
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Figure 1: FVIII peptides 2076-2094 and 2149-2162, but not 2076-2090, exhibit reduced HD
exchange in the presence of antibody KM33. (A) Mass over charge ratio of the FVIII peptic
peptides covering the residues 2076-2094 and 2149-2162 that were dissolved in H2O in the
absence of KM33 (black spectra, top panel), in D2O (cyan spectra, middle panel) or in D2O in
presence of KM33 (red spectra, bottom panel). (B) Relative level of deuterium incorporation (Da)
of the FVIII peptides 2076-2090, 2076-2094 and 2149-2162 as a function of the incubation time
in D2O in presence (red lines and circles) or absence (cyan lines and squares) of KM33. (C) The
obtained peptic peptides mapped onto the crystal structure of FVIII (PDB accession code 2R7E).
Grey areas are uncovered by the peptide map. The deuterium incorporation level upon KM33
binding was identified to be unchanged for cyan areas and reduced for red areas. The insert
zooms in on the FVIII C1-domain.
84

Funtional role for C1-domain spike 2158-2159
Results
FVIII regions that contribute to antibody KM33 binding – HDX-MS was employed to
identify the epitope of KM33 on FVIII. After digestion of FVIII by pepsin, a total of 482
peptides were identified. These covered 95% of the FVIII primary sequence with 88%
sequence coverage of the C1-domain. HDX of FVIII in the presence and absence of KM33
was first allowed for 10 seconds. Of these peptides, 98% displayed an exchange pattern
that was unaffected by the binding of KM33, suggesting that amino acid residues within
these regions do not contribute to KM33 binding. In contrast, a limited number of peptides
did show protection from HDX in the presence of KM33. As an example, Fig. 1A shows
the isotope distribution of the peptides 2076-2090, 2076-2094 and 2149-2162. These
displayed the typical shift in m/z value after 10 seconds of incubation of FVIII with D2O in
the absence of KM33. For the latter two however, this was markedly less pronounced in
the presence of the antibody. HDX was subsequently followed at prolonged time intervals,
i.e. 100, 1,000, and 10,000 seconds. Fig. 1B shows the time-dependent deuterium
incorporation for the peptides 2076-2090, 2076-2094 and 2149-2162. In contrast to the
first peptide, the other two did display time-dependent protection from HDX. In total,
the FVIII region that displayed prolonged protection from deuterium incorporation in the
presence of antibody KM33 included 10 peptic peptides that clustered on two distinct
regions in the C1-domain. One cluster comprised the partially overlapping peptides
2075-2095, 2076-2094, 2077-2095, 2078-2095, 2081-2096 and 2090-2105, whereas
the other comprised peptides 2148-2161, 2148-2162, 2149-2162 and 2152-2162. The
cluster comprising residues 2075-2105 could be further confined because two partially
overlapping peptides did not show any change in deuterium incorporation level in the
presence of KM33. These were peptide 2076-2090 (see Figs. 1A,B) and 2102-2113 (not
shown). Taking into account that deuterium atoms attached in the first two residues
may be lost during protein processing and peptide separation33, the latter peptide
allows exclusion of residues 2105-2113. Together this delineates the residues that are
protected by KM33 to amino acid residues 2091-2104. Similarly, the cluster spanning
residues 2148-2162 could be confined to residues 2157-2162, because the overlapping
peptide 2149-2156 did not display any change in deuterium incorporation (not shown).
In conclusion, the residues protected by HD exchange comprise amino acids 2091-2104
and 2157-2162, which are located in two loops at the bottom of the FVIII C1-domain (see
Fig. 1C).
Glycosylation at FVIII position 2159 completely abolishes the interaction with KM33 –
The regions 2091-2104 and 2157-2162 comprise residues that are located on opposite
sides of the cylindrically shaped C1-domain (Fig. 2A). Therefore, it seems unlikely that
all individual residues in these regions contribute to KM33 binding. Within the regions
2091-2104, the C1-domain spike 2092-2093 provides a major contribution to KM33
binding14. Within the region 2157-2162, the residues 2158-2159 constitute a second
spike of the C1-domain. As both spikes are at the same side of the C1-domain, this
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opens the possibility that KM33 requires both spikes for effective FVIII binding (Fig.
2A). This was addressed by replacing Arg2159 for Asn. This substitution introduces an
N-linked glycosylation motif. FVIII-R2159N was expressed in human 293 cells, and SDSPAGE analysis of the purified variant revealed a reduced mobility of the FVIII light chain,
corresponding with an increased apparent molecular weight of approximately 3 kDa
(Fig 2B). SPR analysis revealed that glycosylation at position 2159 had fully eliminated
binding to antibody KM33, while the association with control antibodies CLB-CAg9 (antiA2-domain), CLB-CAg12 (anti-A3-domain), ESH4 (anti-C2-domain) remained unaffected
(Fig. 1C). This suggests that KM33 has a discontinuous epitope that comprises not only
C1-domain spike 2092-2093, but also spike 2158-2159.

5
Figure 2: Glycosylation in C1-domain spike 2158-2159 abolishes the interaction with KM33. (A)
The peptides 2076-2094 (turquoise) and 2149-2162 (blue) are located at opposite sites of the
C1-domain of FVIII (from PDB entry 2R7E). The C1-domain spikes 2092-2093 and 2158-2159 are
shown in yellow and red, respectively. (B) FVIII-WT and the R2159N variant separated by 7.5%
SDS-PAGE under reducing conditions. Protein was visualized by silver staining. The light chain of
FVIII appears on the gel as a doublet of approx. 80 kDa. (C) SPR analysis of antibody binding to
FVIII-R2159N and FVIII-WT. Antibodies included CLB-CAg9 (anti-A2-domain), CLB-CAg12 (anti-A3domain), ESH4 (anti-C2-domain) and KM33. SPR analysis was performed as described in Materials
and Methods.
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Glycosylation at FVIII position 2159 retains VWF interaction – We previously observed
that FVIII binding to VWF is effectively inhibited by antibody KM3319. Within its epitope,
Arg2159 has previously been implicated in VWF interaction15. We therefore analysed the
interaction of FVIII-R2159N by SPR. As shown in Fig. 3, the R2159N variant did bind to
VWF, although the extent of association was approx. 50% reduced. Neither for normal
FVIII, nor for the R2159N variant, association displayed a satisfactory fit into a single
exponential association model. Consequently, its remains difficult to conclude whether
or not the apparent equilibrium dissociation constant (KD) is affected by glycosylation at
position 2159 (see Fig. 3, inset). It seems evident, however, that the R2159N variant has
retained substantial VWF binding.

Figure 3. Effect of glycosylation at FVIII position 2159 on VWF binding. (A) FVIII-WT or (B) FVIIIR2159N were passed over immobilized VWF on a CM5 sensor chip as described in Materials and
Methods. (Inset) Binding response at equilibrium (Req) was plotted as a function of the FVIII-WT
(closed circles) and FVIII-R2159N (open circles) concentration.

Glycosylation at FVIII position 2159 reduces LRP binding – We have previously
established that the C1-domain residues 2092-2093 contribute to the LRP-dependent
endocytosis of FVIII16. We now employed SPR analysis to assess the interaction between
R2159N and LRP ligand binding cluster II, which mediates the binding of LRP to FVIII34,35.
To this end, LRP cluster II was passed over immobilized FVIII-WT and R2159N (Fig. 4A,B).
The results reveal that cluster II binding of the R2159N variant is reduced. The apparent
KD was estimated from a plot of Req against the LRP cluster II concentration (inset Fig 3B),
and was 41 ± 3 nM (mean ± SD) for FVIII-WT, and 6-fold higher (263 ± 21 nM) for FVIIIR2159N. Apparently, the introduction of a glycan in one of the KM33-binding loops in the
C1-domain reduces the affinity for LRP.
Glycosylation at FVIII position 2159 reduces cellular uptake – We previously observed
that antibody KM33 effectively inhibits FVIII uptake by LRP-expressing U87-MG cells16 and
by dendritic cells36. We therefore investigated whether the elimination of KM33 binding
by glycosylation at position 2159 would affect cellular uptake. FVIII-WT and the R2159N
variant were incubated with U87-MG cells for 30 minutes, and uptake was estimated
by flow cytometry. In comparison with FVIII-WT, uptake of FVIII-R2159N was reduced
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by approximately 35% (Fig. 5A). A similar effect was observed for dendritic cells, which
displayed a more pronounced reduction of FVIII-R2159N uptake (Fig. 5B). These data
suggest that C1-domain spike 2158-2159 contributes to cellular uptake of FVIII.

Figure 4: Effect of glycosylation at FVIII position 2159 on LRP binding. (A) FVIII-WT or (B) FVIIIR2159N were immobilized via the anti-C2-domain antibody EL14 on a CM5 sensor chip, and LRP
cluster II was passed over as described in Materials and Methods. (Inset) Binding response at
equilibrium (Req) was plotted as a function of the FVIII-WT (closed circles) and FVIII-R2159N (open
circles) concentration.

5
Figure 5: Effect of glycosylation at FVIII position 2159 on cellular uptake. FVIII-WT and FVIIIR2159N were incubated with (A) U87-MG cells and (B) dendritic cells for 30 minutes at 37 °C,
and cellular uptake was analyzed as described in Materials and Methods. FVIII-WT is represented
by closed circles and FVIII-R2159N by open circles. Data are shown as mean ± SD from three
experiments.

FVIII-R2159N retains FVIII cofactor activity – Antibody KM33 has been established
as being a strong inhibitor of FVIII biological activity18. Inserting a glycan in part of its
epitope therefore might interfere with FVIII function. This was tested using purified
proteins and phospholipid vesicles of varying PS content. On membranes containing
15% PS, FVIII-R2159N proved virtually normal, with only a slight reduction of Vmax and
similar Km (Fig. 6A). In agreement with these data, FIXa titration curves reflected that
FVIII-R2159N displays a normal affinity for FIXa in assembling the FX activating complex
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(Fig. 6C). On membranes containing 5% PS, however, Km proved 3-fold increased and Vmax
5-fold reduced (Fig. 6B). Moreover, the apparent affinity for FIXa on these membranes
was 4-fold reduced (Fig. 6D). These data suggest that the presence of the glycan in the
C1-domain spike 2158-2159 does not affect FVIII activity per se, but makes FVIII more
dependent on the PS content of the membrane whereon it assembles with FIXa to
activate FX.

5

Figure 6: Effect of glycosylation at FVIII position 2159 on FX activation. (A, B) FX (25-450 nM)
was incubated with FVIII (0.3 nM), thrombin (1 nM), FIXa (16 nM) and phospholipid vesicles (25
µM) containing 15% PS (A) or 5% PS (B) as described in Materials and Methods. Closed circles
refer to FVIII-WT and open circles to FVIII-R2159N. Calculated values for Km and Vmax were derived
assuming standard Michaelis-Menten kinetics. (C, D) FX (200 nM) was activated by FIXa (1-32 nM)
in the presence of FVIII (0.3 nM), thrombin (1 nM) and phospholipid vesicles (25 µM) comprising
15% PS (C) or 5% PS (D). Closed circles refer to FVIII-WT and open circles to FVIII-R2159N. Apparent
KD and Vmax were obtained by fitting the data to a hyperbola. Data represent mean ± SD from at
least three experiments.
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Glycosylation at position 2159 increases PS-dependence of FVIII cofactor activity –
The lipid-dependence of FVIII-R2159N was further investigated at limiting phospholipid
concentrations. Lipid titration experiment using vesicles containing 15% PS demonstrated
that half-maximal FX activation occurred at approximately 1 µM phospholipids, whereas
3 µM was required for FVIII-R2159N (Fig. 7A). These apparent KD values cannot be
taken to represent “true” KD values for FVIII-lipid interaction because of the low FVIII
concentration (0.3 nM) in these experiments, and the presence of FIXa and FX which
compete for binding to the same surface. Nevertheless, these data reflect that assembly
of the FX activating complex at limiting lipid concentrations is slightly hindered by
the presence of the glycan at position 2159. This became much more prominent on
membranes containing 5% PS (Fig. 7B). Apparently, the glycan in the C1-domain spike
2158-2159 interferes with assembly of the FX activating complex on membranes with
low PS content, while leaving complex assembly at higher PS content virtually unaffected.

5

Figure 7: Lipid-dependence of FX activation in the presence of normal FVIII and FVIII-R2159N.
FVIII-WT (0.3 nM, closed circles) or FVIII-R2159N (0.3 nM, open circles) was pre-incubated with
thrombin (1 nM), FIXa (16 nM) and phospholipid vesicles (0-20 µM) comprising 15% PS (A) or 5%
PS (B). After 2 min the reaction was started by the addition of FX (200 nM final concentration),
and FXa formation was monitored as described in Materials and Methods. Apparent KD and Vmax
values were obtained by fitting the data to a hyperbola. Data represent mean ± SD from at least
three experiments.
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Discussion
In the present study, we have used HDX-MS to map the epitope of the anti-C1-domain
antibody KM33. This was of particular interest because this antibody is known to interfere
with multiple FVIII functional interactions, including VWF binding, LRP interaction,
cellular uptake, and FVIII cofactor activity in the activation of FX by FIXa16,17,19. The
epitope was found to be discontinuous, comprising two loops in the C1-domain (Fig. 1).
We obtained evidence that the core of this epitope is composed of the two spikes at the
bottom of these loops, which contain residues 2092-2093 and 2158-2159, respectively
(Fig. 2). Previously, we found spike Lys2092-Phe2093 to be involved in binding to LRP,
in cellular uptake, and in FVIII activity on membranes of low PS content14,16. We now
observed that spike Ile2158-Arg2159 serves a similar role. These findings are based on
the functional properties of the FVIII-R2159N variant, which carries a glycan in position
2159 (Fig. 2). Interestingly, the presence of this glycan interferes in the same interactions
as the antibody KM33 does. This particularly applies to interaction with VWF (Fig. 3),
LRP cluster II (Fig. 4), and cellular uptake by U87-MG cells and dendritic cells (Fig. 5).
However, the effect of the glycan is less pronounced than that of the antibody bound
to the same part of the C1-domain. This is not surprising in view of the size difference
between the antibody and a glycan of approximately 3 kDa (Fig. 2). Nevertheless, our
findings suggest that the bottom of the C1-domain contributes to a number of FVIII
functional interactions.
It is remarkable that while the KM33 antibody is a strong inhibitor of FVIII activity,
the introduction of the glycan in position 2159 did not inhibit FVIII activity per se (Figs.
6A,C and 7A). The glycan, however, did increase the PS-dependence of this variant, as
has previously been found for FVIII variants with amino acid substitutions in the other
spike in the C1-domain, in positions 2092-209314,15. Apparently, both spikes serve
similar functions in the assembly of FVIII with PS-containing lipid membranes. At low PS
content, membrane assembly was significantly impaired (Figs. 6B,D and 7B), suggesting
that membrane binding cannot be fully mediated by the C2-domain alone under these
conditions of limiting PS exposure. This supports the view that both C-domains support
membrane interaction in a cooperative manner15, and is also compatible with the finding
that a FVIII deletion mutant lacking the C2-domain still displays substantial FVIII cofactor
activity37. It is further striking that human FV has been found to be partially glycosylated
at Asn2181, which is in one of the two membrane-binding spikes of the C2-domain38,39.
The glycosylated FV variant displays lower affinity for PS-containing membranes, and
reduced FV activity. This provides additional evidence that both in FV and FVIII the two
C-domains together support membrane interaction, and that each C-domain contributes
therein by two membrane-binding spikes. In the presence of sufficient PS, however,
individual spikes may be dispensable for full cofactor function.
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With regard to FVIII cellular uptake, it remains unclear whether or not the
glycosylated spike 2158-2159 reduces assembly with the endocytic receptor LRP on the
cell membrane. While the R2159N variant displays reduced binding to LRP cluster II in
our SPR studies, it remains questionable whether this is really due to a difference in
affinity (Fig. 3). The interaction of FVIII with LRP is thought to involve a pattern of specific
Lys residues distributed over the A3-C1 region of FVIII40. It therefore seems possible that
our binding data merely reflect some sterical hindrance by the glycan at position 2159 in
LRP assembly (Fig. 4) and cellular uptake (Fig. 5). The precise mechanism of FVIII uptake
by LRP-expressing cells and dendritic cells remains to be identified. Possibly, assembly
on the cell membrane involves a mechanism similar to that on membranes of low PS
content (Fig. 7), for instance as an initial step preceding the assembly with LRP or other
endocytic receptors.
One major question is whether the phenotype of FVIII-R2159N is due to steric
effects due to the glycan of approximately 3 kDa, or specifically to the lack of Arg in
position 2159. In this regard, it is interesting that Gilbert et al. described that a R2159A
substitution variant displays nearly normal FX activation kinetics, but strongly reduced
VWF binding15. Moreover, the haemophilia A database reports R2159 substitutions that
are associated with reduced levels of FVIII and with mild haemophilia A, thus being
compatible with reduced VWF interaction41. This may seem at variance with our SPR
studies, in which FVIII-R2159N retained substantial VWF binding (Fig. 3). If the glycan in
this position would sterically block macromolecular interactions in the C1-domain, one
might expect a more severe phenotype than for a point mutation at position 2159. The
fact that we observed the opposite might be due to methodological differences, because
our SPR analysis (Fig. 3) is notably different from the competition studies with normal
FVIII as reported by Gilbert and colleagues15. It is further interesting that those authors
did not observe the same PS-dependence for the R2159A variant as for substitutions
in positions 2092-209314,15, and for the glycan-carrying R2159N variant (Figs. 6,7). One
explanation for these findings might be that the glycan effectively shields the 2092-2093
spike, and thereby causes the typical PS-dependence associated with this spike. In this
regard it would be interesting to have more information on the structure and, more
importantly, the orientation of the glycan at position 2159. A typical 3 kDa bi-antennary
glycan could protrude towards the membrane surface, but may also fold aside toward
the C2-domain. As such, it may disturb the parallel orientation of the two C-domains
as seen in the apparently rigid crystal structure4,5, and thereby affect the cooperative
membrane binding by the spikes of the two C-domains. Structural studies using protein
dynamics will be needed to unravel this subtle PS-dependent process in more detail.
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The function of factor VIII (FVIII) has been extensively investigated by researchers in the
field, because the absence thereof is associated with the blood coagulation disorder
haemophilia A. Although much progress has been made, the biochemical mechanisms
behind the cofactor function as well as the cellular processes involved in the catabolism
of FVIII are still poorly understood. A major source of confusion is the large amount
of identified putative interactive sites for the individual binding partners of FVIII that
have been reported in literature (see Introduction, Figure 3). In addition, although crystal
structures of FVIII are available, we have limited insight in the surface exposed structural
elements of FVIII in solution, and how these elements change upon activation of FVIII. To
enhance the field in understanding FVIII biology, novel research approaches are required
to unravel these molecular mechanisms. Therefore, in this thesis we employ the latest
mass spectrometry approaches to study the cofactor function and the cellular uptake of
FVIII. The major findings will be discussed in this chapter and the future directions are
addressed.

Identification of functional lysine residues employing chemical
footprinting
In chapter 2, we describe a novel mass spectrometry approach to specifically identify
lysine residues that are critical for protein complex formation. To this end, we make use
of the isobaric tandem-mass-tag (TMT)-126 and TMT-127, which have been originally
designed to assess a differential protein expression in cellular systems1,2. In the
experimental setup, we modify the lysine residues of unbound proteins with TMT-126,
and the lysine residues of the bound proteins with TMT-127. Because of the differential
isotope distribution within TMT-126 and TMT-127, fragmentation of the peptides of the
pooled proteins in a mass spectrometer directly allows for assessing the TMT-127/TMT126 ratio of the lysine containing peptides. Lysine residues that comprise an increased
level of modification with TMT-126 relative to TMT-127 are protected from chemical
modification in the protein complex. These residues are therefore expected to directly
contribute to protein complex formation.
Using the above-mentioned approach, we successfully identify the lysine residues
that contribute to the interaction between receptor-associated-protein (RAP) and the
second ligand-binding domain of the endocytic receptor LDL receptor-related protein
(LRP) 3,4. We further show in chapter 3 that the lysine residues 1967 and 1968 contribute
to A2-domain retention in activated FVIII (FVIIIa) by modifying FVIII with TMT-126 and
dissociated FVIIIa with TMT-1275. In this study, we have excluded peptides comprising
thrombin activation sites from the analysis. These peptides are modified almost
exclusively with TMT-126 (Table 1). This is not surprising as these peptides are cleaved
in FVIIIa5,6. Yet, this observation does imply that the method can also be employed for
the identification of novel cleavage sites in proteins. Modification with TMT labels of
proteins before and after activation enables effective screening of activation sites within
these proteins.
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Table 1: TMT-modified peptides that include or are close to a thrombin activation site exhibit a
low TMT-127/TMT-126 ratio. The left column shows the identified peptide. The thrombin cleavage
sites are Arg372, Arg740 and Arg1689. The second column displays the amino acid number of the
modified lysine residues. The third and fourth column shows the average TMT-127/TMT-126 ratio
of at least three independent experiments and the standard deviation.

The chymotryptic peptide Gln1692-Phe1699 comprising the lysine residues 1693 and
1694 also shows a markedly decreased TMT-127/TMT-126 ratio (Table 1). On first sight,
this finding suggests that both lysine residues are specifically protected from chemical
modification in FVIIIa. However, we have also excluded this peptide from the analysis
as there is a thrombin cleavage site (i.e. Arg1689) only two amino acids upstream in
the primary sequence. The proteolytic efficiency of chymotrypsin to cleave at Phe1691
may be therefore reduced in FVIIIa compared to that in FVIII. As a consequence, the
decreased incorporation with TMT-127 in peptide Gln1692-Phe1699 may be caused by an
altered efficiency of chymotrypsin to process FVIIIa rather than by a decrease in surface
exposure of both lysine residues. However, we cannot fully exclude the possibility that
an alternative mechanism explains the reduced incorporation with TMT-127. Proteolytic
activation of serine proteases leads to a newly formed N-terminus that stabilizes the
protease in the activated state by folding back into the protein7. This N-terminus is
therefore not accessible for chemical modification in the activated protease. The same
mechanism might also apply to the light chain of FVIII. The lysine residues 1693-1694 at
the new N-terminus after thrombin cleavage may directly interact with FVIIIa, thereby
stabilizing the FVIII light chain in an active conformation. If so, this would then lead to a
decreased surface exposure of the lysine residues explaining the reduced incorporation
with TMT-127.
To verify the above-mentioned hypothesis, we can make use of the finding that
only activated FVIII effectively binds activated factor IX (FIXa) on phospholipid surfaces
(Chapter 4). A synthetic peptide comprising the N-terminus of the activated FVIII light
chain in combination with an Arg1689Ala FVIII variant can possibly be employed in a FIXa
binding study. In presence of the peptide, the affinity of the FVIII light chain for FIXa may
be significantly increased without the need for thrombin activation of the light chain.
For the protease activating receptor-1 (PAR1) receptor, this methodology has often
been applied to activate this receptor. PAR1 normally requires activation by thrombin to
induce a signaling pathway inside the platelet. However, a synthetic peptide that mimics
the newly formed N-terminus after thrombin activation also activates the PAR1 receptor
in absence of thrombin8. Alternatively, it might be possible to acquire a crystal structure
of the isolated activated FVIII light chain. A crystal structure of FVIIIa has, so far, not been
obtained due to the instability of the activated cofactor. The isolated activated FVIII light
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chain might be stable enough to acquire structural information. The structure of the
FVIIIa light chain may then reveal whether there is a tight intermolecular interaction of
the newly formed N-terminus with the A3-domain.
The purified plasma-derived FVIII that is employed in the chemical footprinting
approach in chapter 3 still comprises a trace amount of von Willebrand factor (VWF). This
is the consequence of the particularly high affinity by which VWF binds FVIII. Activated
FVIII does, however, not bind VWF6. Intriguingly, in the footprinting approach we also
identify TMT modified peptides of VWF. A peptide comprising the N-terminus of VWF
is identified, i.e. Ser764-Arg782, that exhibits a markedly increased incorporation with
TMT-127 relative to TMT-126 after activation of FVIII. Both the N-terminus as well as
Lys773 are modified with TMT within this peptide. This finding suggests that these sites
are protected by FVIII from chemical modification. Employing site directed mutagenesis
of VWF, we have recently shown that the N-terminus of VWF is indeed involved in the
direct binding to FVIII9.
In conclusion, the newly developed chemical footprinting approach proves to be
particularly relevant for the identification of interaction sites that contribute to inter- and
intra-molecular interactions.

The molecular mechanism of region 1966-RKKEE-1970 mediating
A2-domain retention
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In chapter 3, we demonstrate that lysine residue 1967 is critical for stabilizing the
interaction with the A2-domain in FVIIIa. Replacement of this residue for an alanine
leads to an increased dissociation rate of the A2-domain from FVIIIa. The 3-dimensional
structures of FVIII reveal that Lys1967 is directed towards the A2-domain (Figure 1)10,11.
This is compatible with the finding that Lys1967 contributes to the interaction with the
A2-domain. In contrast, replacement of Lys1968 by an alanine results into a prolonged
activity of FVIIIa and a reduced dissociation rate of the A2-domain from FVIIIa5. This
suggests that Lys1968 destabilizes the interaction with the A2-domain.
The amino acid residue of the A2-domain that interacts with Lys1967 remains to be
identified. Replacement of Lys1967 by a bulky hydrophobic leucine residue, which has
been associated with haemophilia A, or the small alanine shows the same dissociation
rate of the A2-domain from FVIIIa (Chapter 3, Figure 3)12. This suggests that the positive
charge of the side chain of Lys1967 is required for the interaction with the A2-domain.
This implies that the counter part of Lys1967 might be a negatively charged amino
acid or an aromatic residue, thereby forming either a stable salt bridge or an effective
cation-pi interaction. In line with this view, Venkateswarlu proposed that Lys1967 forms
a salt bridge with the negatively charged Glu66513. However, mutation of Glu665 into a
hydrophobic side chain results in an increased FVIIIa stability, whereas a decrease would
be expected if Glu665 forms a critical salt bridge with Lys196714. These contradicting
results imply that not Glu665, but another residue interacts with Lys1967.

General discussion

Figure 1: Position of 1966-RKKEE-1970 loop. Shown is a FVIII crystal structure (3cdz.pdb)10, with
the heavy chain in grey and the light chain in blue. Arg1966 is depicted in red, Lys1967 in orange,
Lys1968 in yellow, Glu1969 in green and Glu1970 in blue. The right panels show two orientations
of a zoomed-in section of the structure that includes region 1966-RKKEE-1970.

Notably, Lys1967 and Lys1968 are part of a surface loop that is rich in charged amino
acid residues. Next to both lysine residues, it comprises an arginine residue at position
1966 and two glutamic acid residues at the positions 1969 and 1970 (Figure 1). It can
therefore not be excluded that extensive electrostatic interactions within the loop itself
positions this region in an optimal conformation to facilitate the interaction with the
A2-domain. Modifications in the loop may alter the conformation, thereby inducing an
increased dissociation rate of the A2-domain from FVIIIa. Interestingly, in addition to
Lys1967Ile, also Arg1966Gln has been associated with haemophilia A12. We therefore
assessed whether this is the consequence of a decrease in stability of FVIIIa as well.
Analysis of the activity over time shows that Arg1966Gln and Lys1967Ile have a similar
effect on the FVIIIa stability (Figure 2B,C). SPR analysis of the Arg1966Gln variant confirms
the role of Arg1966 in A2-domain retention within FVIIIa (Figure 2D). This observation
shows that both positively charged residues Arg1966 and Lys1967 within surface loop
1966-1970 contribute to the stability of FVIIIa.

6

101

Chapter 6

6

102

Figure 2: Arg1966Gln and Lys1967Ile display
reduced stability of FVIIIa over time.
(A) Cofactor function of the haemophilia
A variants Arg1966Gln and Lys1967Ile.
Activation of FX was assessed by increasing
concentration of FIXa (0-16 nM) in the
presence of phospholipids, IIa, Ca2+-ions
and 0.3 nM FVIII and variants thereof, as
described in the experimental procedures
of chapter 3. Shown is the amount of FXa
generated per minute for wild-type FVIII
(WT) (closed circles), Arg1966Gln (open
triangles), and Lys1967Ile (open squares).
Data represent mean +/- SD of at least three
independent experiments. The panels B and
C show the cofactor function (B) 2 minutes
(C) and 20 minutes after activation. Data
represent mean +/- SD of at least three
independent experiments. (D) wild-type
FVIII, Arg1966Gln, and Lys1967Ile were
immobilized via EL14 to the surface of a CM5
sensor chip to a density of 1500 RU. 2 nM
thrombin (IIa) was perfused for 60 seconds
over the immobilized FVIII variants. The
decay in response units was subsequently
followed in time for wild-type FVIII (solid
line), Arg1966Gln (dashed line), and
Lys1967Ile (dotted line).

General discussion
The critical role of electrostatic interactions for the correct conformation of the 19661970 loop may also explain the destabilizing role of Lys1968 in FVIIIa. There may be
an internal competition between Lys1968 and Arg1966 and/or Lys1967 for interacting
with the glutamic amino acid residues 1969 and 1970. The interaction between Lys1968
and either one of the glutamic amino acid residues may alter the conformation of the
1966-1970 loop thereby inducing an increased dissociation rate of the A2-domain from
FVIIIa. Replacement of Lys1968 for an alanine may therefore shift the conformation of
the 1966-1970 loop in favor of an increased stability of FVIIIa. In conclusion, we propose
that there is a balance between stabilizing and destabilizing electrostatic interactions in
surface loop 1966-1970 that modulate the stability of FVIIIa over time.

A basic necklace at the base of the A2-domain: critical for A2domain retention?

Figure 3: Lysine residues with an increased surface exposure in dissociated FVIIIa form a basic
necklace around the A2-domain. The lysine residues with an increased surface exposure upon
FVIII activation and A2-domain dissociation from FVIIIa are shown (see Chapter 3, Figure 1). The
lysine residues are displayed in the indicated colors in a crystal structure of FVIII (3cdz.pdb)10. The
heavy chain is depicted in grey, and the light chain in blue.
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Next to the lysine residue couple at position 1967 and 1968, several other lysine residues
are identified in chapter 3 that show increased surface exposure in dissociated FVIIIa
compared to that in FVIII. This finding implies that these residues may also contribute to
the stability of FVIIIa. A closer look at the identified lysine residues reveals that most of
these residues form a basic necklace at the base of the A2-domain (Figure 3). Whereas
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crystal structure analysis shows that the residues 1804, 1808, 1827, 1887, 1967, and 1968
may directly interact with the A2-domain, most of the other residues (e.g. 47, 48, 63,
206, 186, 188, 1813 and 1818) seem to participate in interdomain interactions within the
A-domains close to the A1-A2 and A2-A3 domain interface. The identified lysine residues
may therefore contribute to the stability of FVIIIa via allosteric interactions. Interestingly,
the same molecular mechanism has been proposed for the role of the metal ions that
contribute to the interaction between the FVIII light chain and heavy chain10,11.
Two lysine residues that exhibit an increased surface exposure in dissociated FVIIIa,
i.e. Lys142 and Lys1992, are not part of the basic necklace (Figure 3). Based on crystal
structure analysis, these residues seem to directly participate in the intradomain
interaction between the A1- and A3-domain. It seems therefore that dissociation of the
A2-domain from FVIIIa may affect the interaction between the A1- and A3-domain as
well. Interestingly, it cannot be excluded that an altered interaction between the A1- and
A3-domain may initiate A2-domain dissociation. Further studies are required to verify
the role of A1-A3 domain interaction in the retention of the A2-domain within FVIIIa.

A multifunctional role of amino acid region 1803-1818
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FVIII region 1803-1818 seems to play an important role in the biology of FVIII, as many
functions have been ascribed to this region. For example, data shown in chapter 4 reveal
that region 1811-1818 directly contributes to FIXa binding. In addition, both region 18031810 and region 1811-1818 are involved in A2-domain retention in FVIIIa. As we discuss
in chapter 3, a direct role of region 1811-1818 in A2-domain retention seems unlikely as
only region 1803-1810 is in close proximity of the A2-domain (Chapter 4, Figure 6). Yet,
intermolecular interaction in the V-shaped 1803-1818 loop may contribute to the correct
conformation of this region, thereby supporting its interaction with the A2-domain.
Based on the results of chapters 3 and 4, we cannot assess whether the increased
surface exposure of region 1811-1818 is the consequence of A2-domain dissociation
from FVIIIa or the selective exposure of a FIXa binding site. For FV, it has been proposed
that the B-domain blocks the activated FX (FXa) binding site prior to activation of this
cofactor15. Also the B-domain of FVIII may sterically block 1811-1818 prior to activation.
Yet, B-domain deleted recombinant FVIII also requires activation to bind FIXa with
high affinity16. A role for the B-domain in blocking FIXa binding sites seems therefore
unlikely. Alternatively, the acidic region a3 at the N-terminal side of the A3-domain is
also removed from FVIII upon its activation6. This region has not been identified in the
crystal structures of FVIII but it may directly interact with the positively charged residues
in region 1811-181810,11. Chemical footprinting of the FVIII light chain, and the activated
FVIII light chain may reveal whether the acidic region contributes to a decreased surface
exposure of region 1811-1818 prior to the activation of FVIII.
FVIII region 1803-1818 has also been identified as a target epitope for inhibitory
antibodies of haemophilia A patients17,18. Antibodies against FVIII develop in about 30% of
the severe haemophilia A patients that are treated with plasma-derived or recombinant

General discussion
FVIII19. Based on the results described in chapter 4, the antibodies may directly interfere
with the binding of FVIIIa to FIXa. The question remains why in particular this region plays
such a prominent role in the immunogenicity of FVIII. Possibly, the antibody response
against FVIII is triggered by activated FVIII or the dissociated fragments thereof. The
exposure of the reactive region 1803-1818 after activation of FVIII may contribute to the
immunogenicity of FVIII.
We have further established that region 1811-1818 contributes to the binding of FVIII
to the clearance receptor LRP20. This indicates that this region is of high importance for
maintaining proper FVIII levels21. Interestingly, we have also established that activation
of FVIII exposes an additional binding site for LRP in the heavy chain of FVIII22. LRP may
therefore contribute to the clearance of activated FVIII or the dissociated fragments
thereof as well. Our observation that 1811-1818 is selectively exposed in FVIIIa or
dissociated FVIIIa opens the possibility that region 1811-1818 mainly plays a role in a
mechanism that contributes to the removal of (dissociated) activated FVIII from the
circulation rather than modulating the plasma level of non-activated FVIII.
Taken together, our observations show that region 1803-1818 is of critical importance
for FVIII biology. It contributes to cofactor function, the immunogenicity of FVIII, and the
clearance of FVIII and/or FVIIIa from the circulation.

Molecular mechanisms for enhanced affinity of FVIIIa for
phospholipids
Activation of FVIII induces an increase in FIXa affinity23. In addition, it has been proposed
that activation results in an increase in the affinity of FVIII for phospholid membranes
as well24. Next to the exposure of functional FIXa binding regions, these observations
suggest that phospholipid interactive regions are also induced upon FVIII activation. As
described in chapter 5, phospholipid binding of FVIII is mediated by the β-hairpin loops
of the FVIII C-domains25-28. Unfortunately, the chemical footprinting approach shown
in chapter 3 does not yield full sequence coverage in these regions of the C-domains.
Critical information about the differential surface exposure of the β-hairpins is therefore
lacking.
The lysine residues at positions 2136 of the C1-domain and 2183 of the C2-domain do
show a small increase in surface exposure upon FVIII activation followed by A2-domain
dissociation (Chapter 3). These residues are not part of the β-hairpins located at the
bottom of the C-domains but are positioned in the middle of the cylindrical shaped
domains. Given the spatial position of the C-domains relative to the A2-domain (see
Figure 3) it seems unlikely that the change in solvent exposure is caused by A2-domain
dissociation. This implies that the lysine residues already exhibit an increased surface
exposure in FVIIIa independent of A2-domain dissociation. Yet, both lysine residues are
already directed towards the water phase in the crystal structures of FVIII. It is therefore
difficult to envision how these residues exhibit an even further increase in solvent
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exposure upon activation of FVIII. However, the C2-domain is loosely tethered in the
crystal structure suggesting that the C2-domain may adopt a different orientation under
physiological conditions10,11. Possibly both lysine residues contribute to intradomain
interaction between both C-domains prior to activation of FVIII. These interactions
may participate in positioning the C-domains in a configuration that exhibits a reduced
affinity for phospholipid membranes. This challenging possibility is a subject for further
investigations.

HDX-MS reveals a multifunctional epitope on the FVIII C1-domain
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To gain additional insight into the phospholipid binding mechanism of FVIII, we employ
hydrogen/deuterium exchange mass spectrometry (HDX-MS) studies on FVIII in complex
with antibody KM3329. This anti-C1-domain antibody requires the β-hairpin spike 20922093 for binding, and effectively blocks the interaction of FVIII with membranes as well
as the endocytic uptake by cellular systems26,30. The advantage of HDX is that information
about the backbone of all amino acids can be obtained. A reduced HDX at specific regions
in the protein suggests that these regions contribute to antibody binding. In chapter 5,
we show that KM33 binds a functional epitope on FVIII, which comprises the residues
2092-2093 and 2158-2159.
Similar to antibody KM33, anti-C2-domain antibody BO2C11 has also been
demonstrated to be particularly effective in blocking phosholipid binding of FVIII26,27.
The crystal structure of BO2C11 in complex with the C2-domain of FVIII reveals a tight
interaction between the β-hairpins of the C2-domain and BO2C11 (Figure 4)31. In this
manner, the antibody has been suggested to effectively prevent the binding of FVIII to
phospholipid membranes. The observation that KM33 requires the β-hairpin spikes 20922093 and 2158-2159 for effective binding to the C1-domain suggests that both antibodies
may inhibit phospholipid binding via a similar mechanism (Figure 5). This finding stresses
the importance of both C-domains for effective interaction with the membrane.
In the circulation FVIII is tightly bound to its carrier protein VWF6. Like the inhibitory
antibodies KM33 and BO2C11, VWF apparently blocks phospholipid binding of FVIII
by interacting with the lipid binding regions in the C1- and C2-domain32. Remarkably,
despite the strong binding of VWF to the C-domains, antibodies can be formed against
FVIII regions that are covered by VWF during treatment of haemophilia A patients33,34.
Because of the high affinity of FVIII for VWF, it is expected that the infused recombinant
or plasma-derived FVIII effectively associates to the circulating VWF. Yet, upon activation
of FVIII, the FVIII-VWF complex dissociates, thereby fully exposing the antigenic
phospholipid binding regions. In addition, as mentioned above, activation will also lead
to the exposure of the antigenic region 1811-1818 in the A3-domain of FVIII. Together,
these notions imply that activation of FVIII may be an important determinant in the
antibody formation against FVIII.

General discussion
Figure 4: BO2C11 and KM33 reveal a
similar mode of binding to a C-domain
of FVIII. The C1-domain (left) and C2domain (right) are depicted in blue. In
red, the amino acid residues, Lys2092,
Phe2093, Ile2158 and Arg2159 within
the C1-domain and Leu2251, Leu2251,
His2315 and Gln2316 within the C2domain are displayed. Part of the
antibody BO2C11 is depicted in gray31.

A study performed by the group of Lollar investigated the effect of VWF on antibody
formation directed against FVIII employing FVIII-/- and FVIII-/-/VWF-/- mice35. To this end,
a FVIII variant has been employed that lacks the thrombin cleavage sites Arg372 and
Arg1689. This precludes FVIII-VWF complex dissociation in the FVIII-/- mice induced by
proteolysis with enzymes like thrombin. This variant did reveal a significant decrease in
FVIII inhibitor formation in FVIII-/- mice, but not in FVIII-/-/VWF-/- mice. This finding is fully
compatible with our hypothesis that VWF shields the antigenic regions in FVIII and that
activation of FVIII may be required to enhance the antibody formation against FVIII.

Future directions and concluding remarks
In the present thesis, we have employed mass spectrometry studies to gain insight into
the structural elements that are exposed to the surface in FVIII and FVIIIa. We have
shown that a TMT-based chemical footprinting approach provides critical novel insight
into exposed amino acid regions in FVIII that contribute to cofactor function. Besides
this approach, HDX mass spectrometry proves to be particularly powerful in identifying
interactions sites of FVIII. This technology opens the possibility to unravel binding
regions of not only antibodies but also other FVIII ligands, like FIXa, FX, LRP and VWF. In
addition, it may even provide insight into the interactive regions that contribute to cell
surface binding prior to the endocytosis of FVIII. We feel that novel mass spectrometry
approaches will set the stage for future studies directed to identify the molecular
mechanisms involved in FVIII biology.
The findings of our thesis further show that the mechanism of A2-domain retention in
FVIIIa may go beyond the interaction between the A2-domain and the other A-domains
of FVIII. We observed that Lys142 and Lys1992, which are at the interface between the
A1- and A3-domains, become surface-exposed after dissociation of the A2-domain from
FVIIIa. This dissociation may induce an alteration in the A1-A3 domain binding interface
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leading to the increased exposure of Lys142 and Lys1992. However, as it stands, it cannot
be excluded that changes in the A1-A3 domain interface drive A2-domain dissociation
from FVIII. Therefore, exploring the role of residues at the A1-A3 domain interface may
provide novel insight into the mechanism of A2-domain retention. We further found
evidence that the C1-C2 domain interface may be altered in FVIIIa relative to that in
FVIII. We hypothesize that the lysine residues 2136 and 2183 contribute to intra-domain
interactions, and thereby to the positioning of the C-domains in FVIII. We feel that
addressing this possibility in future studies may resolve the question why FVIIIa binds
with higher affinity to membranes than FVIII. Site directed mutagenesis of the involved
lysine residues can be employed to assess the role of the lysine residues for phosholipid
binding of FVIII.
The findings obtained in this thesis may also serve as the basis for the development
of novel FVIII products for the treatment of haemophilia A. A FVIII variant with increased
FVIIIa stability might be markedly more effective in supporting blood clot formation than
the current FVIII products. If so, this may lead to a reduction in the infusion frequency of
FVIII for effective treatment. However, meticulous care should be taken with the adverse
effects that may occur employing FVIII variants with an increased FVIIIa stability. A
prolonged cofactor activity might also induce too high levels of FXa, which may increase
the risk for thrombosis. In conclusion, additional research is required to investigate if
these longer acting FVIIIa variants are indeed suitable for haemophilia A treatment
without increasing the risk for thrombosis.
Taken together, the results of this thesis have provided a contribution in unraveling
critical regions for the function of FVIII. Furthermore, mass spectrometry approaches
show their value for gaining insight into the molecular mechanisms of complex proteins
and in the identification of protein interaction sites.
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Appendices
Factor VIII (FVIII) plays an important role in the blood coagulation cascade. In this
cascade, FVIII acts as a cofactor for activated factor IX in the activated factor X generating
membrane bound (FXase) complex. Haemophilia A patients, which have a functional
absence of FVIII, can be treated by frequent intravenous infusions with purified FVIII to
reduce the risk for bleedings. The mechanism behind the defect in cofactor function is,
however, incompletely understood. In addition, the replacement treatment is hampered
by an effective, largely unknown, mechanism by which FVIII is removed from the
circulation. In the present thesis, we employ the latest mass spectrometry approaches to
gain novel insight into the molecular mechanisms behind the biology of FVIII.
CHAPTER 1 provides a general overview about the current knowledge on FVIII, which
comprises a heavy chain (domains: A1-A2-B) and a light chain (domains: A3-C1-C2). The
3-dimensional structure of FVIII and current knowledge about ligand binding to FVIII are
described. These ligands include von Willebrand factor, which forms a tight protective
complex with FVIII in the circulation, the constituents of the FXase complex, and the
endocytic clearance receptor of FVIII. We further address the mechanisms of FVIII
activation required to perform its function, and the mechanism of inactivation induced
by proteolytic cleavages and/or dissociation of the A2-domain from activated FVIII
(FVIIIa). Finally, chemical foot printing technologies combined with mass spectrometry
approaches are introduced that are directed to identify molecular changes in proteins
upon protein complex formation, protein activation and inactivation.
In CHAPTER 2, we take advantage of a chemical foot printing approach to identify
lysine residues involved in protein complex formation. The mass spectrometry-based
method makes use of isobaric tandem mass tags (TMT) that have originally been
developed to assess a differential protein expression in cells. The lysine residues of bound
proteins are specifically labeled with TMT-126 and of unbound proteins with TMT-127.
The differential isotope distribution within the labels allows for the direct quantification
of TMT-incorporation differences of lysine residue containing peptides. The findings
presented in chapter 2 reveal that lysine residues that directly contribute to protein
complex formation do exhibit a reduced incorporation with TMT-126. For validation of
the approach, the complex between receptor associated protein (RAP) and the ligand
binding domain cluster II of LDL receptor-related protein (LRP) is employed as a model
system. Using our method, we successfully identify all established lysine residues as well
as novel lysine residues that contribute to complex formation.
In CHAPTER 3, the chemical foot printing approach is utilized to identify lysine residues
that contribute to A2-domain retention in FVIIIa. The results show that Lys1967 and
Lys1968 at the interface of the A1-A2-A3 domains exhibit an increased exposure to the
solvent after dissociation of the A2-domain. Site-directed mutagenesis of these residues
in combination with surface plasmon resonance analysis and enzyme kinetic studies
reveal that both residues have an opposite contribution to A2-domain retention. In the
analysis, we include a Lys1967Ile variant of FVIII, which is associated with haemophilia A,
and show that the functional defect in FVIII is most likely caused by markedly decreased
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stability of FVIIIa.
The residues Lys1804, Lys1808, Lys1813 and Lys1818 also show increased surface
exposure after A2-domain dissociation. These residues were previously suggested to
play a role in FIXa binding. In CHAPTER 4, region 1803-1810 and region 1811-1818 are
replaced by the corresponding region of FVIII’s homologue factor V (FV) to assess the
function of these regions for cofactor function. In addition, the glycan present at Asn1810
is addressed employing an Asn1810Cys FVIII variant. Enzyme kinetic analysis reveals
that region 1803-1810 and 1811-1818, but not the glycan at 1810 contribute to FVIIIa
stability. In addition to enzyme kinetic analysis, flow cytometry studies of fluorescent
FIXa binding to FVIIIa on lipospheres are used to exclusively confirm region 1811-1818 to
be a FIXa binding region.
In CHAPTER 5, the binding site on FVIII of antibody KM33 is identified by hydrogendeuterium exchange (HDX) mass spectrometry. This antibody effectively blocks
phospholipid binding of FVIII as well as the cellular uptake of FVIII by LRP expressing cells
and dendritic cells. It has previously been shown that the LRP dependent uptake of FVIII
contributes to the clearance of the cofactor, whereas the uptake of FVIII by dendritic
cells plays a role in the immune response against FVIII. Utilizing HDX, we show that the
lipid binding regions of the FVIII C1-domain, i.e. residues 2092-2093 and 2158-2159,
contribute to KM33 binding. Introduction of a glycan in region 2158-2159 reveals that
this region not only contributes to phospholipid binding but also to the cellular uptake of
FVIII by LRP expressing cells and dendritic cells.
Finally, in CHAPTER 6, we discuss the major findings of this thesis and provide directions
for future research. The value of the new chemical foot printing technique for the
identification of protein-protein and inter-domain interactions is addressed. Moreover,
the important role for the identified functional regions, including lysine residues 1804,
1808, 1813, 1818, 1967, and 1968, is put in perspective. In addition, we propose an
alternative mechanism that may contribute to the stability of FVIIIa. Finally, we discuss
the multiple roles of the C-domains and the exposure thereof upon FVIII activation.
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Factor VIII (FVIII) speelt een belangrijke rol in de bloedstollingscascade. Hierin fungeert
FVIII als cofactor voor het enzym geactiveerd factor IX (FIXa) tijdens de activering van
factor X (FX) op een (cel)membraanoppervlak. Hemofilie A patiënten, die functioneel
FVIII missen, kunnen behandeld worden door intraveneuze infusies met gezuiverd FVIII
om het risico op bloedingen te verlagen. De effectiviteit van deze therapie wordt echter
beperkt doordat FVIII relatief snel uit de circulatie wordt verwijderd. Het mechanisme
hiervan is nog grotendeels onbegrepen. Dat geldt ook voor de moleculaire interacties
die een rol spelen in de cofactor functie van FVIII in het FX activerend complex (“FXase”),
en defecten daarin die voorkomen bij hemofilie. In dit proefschrift hebben wij gebruik
gemaakt van nieuwe, op massaspectrometrie gebaseerde technieken om meer inzicht te
verkrijgen in de functionele delen binnen het FVIII eiwit die betrokken zijn bij de vorming
van het FXase complex en bij opname van FVIII door cellulaire systemen.
HOOFDSTUK 1 geeft een algemeen overzicht met de reeds aanwezige kennis
over FVIII. De 3-dimensionale structuur van FVIII, welke bestaat uit een zware keten
(domeinen: A1-A2-B) en een lichte keten (domeinen: A3-C1-C2), staat beschreven.
Daarnaast wordt ingegaan op de interactie van FVIII met zijn bindingspartners. Hieronder
vallen von Willebrand factor, dat met FVIII in de circulatie een hecht beschermend
complex vormt, de componenten van het FXase complex en cellulaire receptoren die bij
opname van FVIII betrokken zijn. Verder gaan we in op de mechanismen die leiden tot
activering van FVIII en op de inactivering van geactiveerd FVIII (FVIIIa) ten gevolge van de
dissociatie van het A2-domein. Hiervoor is gebruik gemaakt van massaspectrometrische
chemische “footprinting” technieken, die gericht zijn op het identificeren van
moleculaire veranderingen in eiwitten die optreden bij binding aan een ander eiwit, of
bij proteolytische activering en inactivering.
In HOOFDSTUK 2 maken wij gebruik van een chemische footprinting methode die
ontwikkeld is om lysine residuen te identificeren die betrokken zijn bij de vorming eiwiteiwit complexen. Deze op massaspectrometrie gebaseerde methode maakt gebruik van
isobare “tandem mass tags” (TMTs) die van origine ontwikkeld zijn voor de detectie
van verschillen in eiwitexpressie in de cel. De lysine residuen van die geëxposeerd zijn
in eiwitcomplexen werden specifiek gelabeld met TMT-126 en die van de vrije, nietgebonden eiwitten met TMT-127. Met behulp van massaspectrometrie wordt de mate
vastgesteld waarin de lysine residuen zijn gemodificeerd met TMT-126 en TMT-127. De
bevindingen in hoofdstuk 2 laten zien dat lysine residuen die direct betrokken zijn bij
de complexvorming van eiwitten een reductie laten zien in modificatie met TMT-126.
Het complex tussen Receptor Associated Protein (RAP) en het ligand bindende domein
cluster II van LDL receptor-related protein (LRP) is hiervoor gebruikt als model systeem.
Met behulp van deze aanpak hebben wij ook lysine residuen geïdentificeerd waarvan
nog niet eerder was vastgesteld dat deze betrokken zijn bij complexvorming tussen RAP
and cluster II.
In HOOFDSTUK 3 is dezelfde chemische footprinting techniek gebruikt voor de
identificatie van lysine residuen die bijdragen aan A2-domein retentie in FVIIIa. De
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resultaten geven weer dat Lys1967 en Lys1968 op het raakvlak van de A1-, A2- en A3domeinen meer geëxposeerd zijn aan het eiwitoppervlak na de dissociatie van het
A2-domein. Aminozuur-specifieke mutagenese in combinatie met “surface plasmon
resonance” analyses en enzym-kinetisch onderzoek liet zien dat deze residuen een
tegenovergestelde rol spelen in A2-domein retentie. In deze analyse hebben wij ook de
met hemofilie A geassocieerde Lys1967Ile variant onderzocht. De resultaten laten zien
dat het functionele defect van deze variant waarschijnlijk wordt veroorzaakt door een
aanzienlijk versnelde dissociatie van het A2-domein van FVIIIa.
De residuen Lys1804, Lys1808, Lys1813 en Lys1818 zijn ook meer geëxposeerd aan
het eiwitoppervlak na de dissociatie van het A2-domein. Voor deze residuen is eerder
een rol in FIXa binding gesuggereerd. In HOOFDSTUK 4 is de rol van aminozuursequentie
1803-1818 in cofactor functie nader onderzocht. Hiervoor zijn sequentie 1803-1810 en
1811-1818 vervangen door de corresponderende sequenties van het homologe factor
V (FV). Daarnaast is de rol van de glycosylering van Asn1810 bestudeerd door middel
van een Asn1810Cys FVIII variant. Enzym-kinetische analyse laat zien dat sequenties
1803-1810 en 1811-1818, maar niet de suiker op 1810, bijdragen aan de stabiliteit van
FVIIIa. Daarnaast hebben wij de binding van fluorescerend FIXa aan FVIIIa op liposferen
geanalyseerd met behulp van flow cytometrie, om daarmee de rol van sequentie 18111818 in de interactie met FIXa te bevestigen.
In HOOFDSTUK 5 is de bindingsplaats van antilichaam KM33 op FVIII bepaald met
behulp van hydrogen-deuterium exchange (HDX) massaspectrometrie. Dit antilichaam
blokkeert zowel de binding van FVIII aan fosfolipiden als de cellulaire opname van FVIII door
cellen die LRP aan het oppervlak tot expressie brengen. De LRP-afhankelijke endocytose
van FVIII draagt bij aan de klaring van de cofactor uit de circulatie. Daarnaast hebben wij
de opname van FVIII door dendritische cellen onderzocht. Dit proces is belangrijk voor
de vorming van antistoffen tegen FVIII, een bijwerking van FVIII substitutietherapie die
bij veel hemofiliepatiënten optreedt. Door gebruik te maken van HDX vonden wij dat
de residuen 2092-2093 en 2158-2159 van het C1-domein van FVIII bijdragen aan KM33
binding. De rol van de 2158-2159 sequentie hebben wij onderzocht door daarin een
glycosyleringsplaats aan te brengen. Op die manier vonden wij dat dit gebied niet alleen
bijdraagt aan fosfolipide-binding, maar ook aan cellulaire opname van FVIII.
Ten slotte bediscussiëren we in HOOFDSTUK 6 de belangrijkste bevindingen van dit
proefschrift en geven we de richting aan voor toekomstig onderzoek. De waarde van de
chemische foottprinting benadering voor de identificatie van eiwit-eiwit en interdomein
interacties wordt geëevalueerd. Tevens wordt het belang van de nieuw-geïdentificeerde
functionele elementen in FVIII in perspectief geplaatst. Op basis hiervan beschrijven wij
een alternatief mechanisme dat misschien bijdraagt aan de stabiliteit van FVIIIa. Tenslotte
beschrijven wij de verschillende taken die tot nu toe voor de C-domeinen gevonden zijn,
met nadruk op de rol die proteolytische activering van FVIII daarbij speelt.
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En dan zijn er natuurlijk nog veel mensen die ik hier wil bedanken voor hun hulp bij
het succesvol afronden van dit proefschrift.
Als eerste wil ik degene bedanken die het meeste heeft bijgedragen aan dit onderzoek
en het opschrijven ervan: Sander. Ik heb veel gehad aan je enorme enthousiasme, je
talloze goede en soms gekke ideeën, je altijd aanwezige bereidheid tot brainstormen
en/of discussiëren en je vertrouwen in mijn kunnen. Ik heb heel veel van je geleerd en
daar zal de komende tijd zeker nog meer bijkomen. Mede door jouw grote inzet is mijn
proefschrift geworden wat het nu is. Kortom, heel erg bedankt voor alles!
Daarnaast wil ik natuurlijk mijn promotor bedanken, zonder wie dit proefschrift er
ook niet geweest zou zijn. Koen, naar mate het einde in zicht kwam werd jouw rol in
mijn onderzoek en het opschrijven daarvan steeds groter. Dankzij onze grote overlap in
onderzoeksterrein heb ik veel van je geleerd.
En dan volgt mijn tweede co-promoter, Maartje. Ik wil jou graag bedanken voor je
vertrouwen in mijn experimenten, je kritische kijk op mijn onderzoek en je hulp bij het
kloneren. En daarnaast natuurlijk voor de samenwerking die geleid heeft tot mijn laatste
hoofdstuk.
Over mijn paranimfen hoefde ik gelukkig uiteindelijk niet lang na te denken. Al vanaf
het begin leek het me erg leuk als jij, Karien, mijn paranimf werd. Gelukkig was jij zelf
vergeten dat je ooit gezegd had dat je niet wist of je dat wel wilde, om de zenuwen te
vermijden voor als je daar zelf ook nog moest staan. Ik vind het namelijk heel erg fijn om
jou naast me te hebben staan op deze belangrijke dag. Om het toe te kunnen voegen aan
de al lange lijst van kleine en grote dingen die wij in het leven tot nu toe hebben gedeeld.
Daarnaast weten we allebei dat dit boekje er ook niet gekomen was zonder jou. Door
onze grote overlap in beroepskeuze kan ik altijd een luisterend - en begrijpend - oor bij
jou vinden voor alle werk-gerelateerde problemen. Maar daar blijft het niet bij. Jij staat
altijd voor me klaar wanneer ik dat nodig heb en dat is het afgelopen jaar wel gebleken.
Helaas was 2012 niet het makkelijkste jaar voor mij. Maar dankzij al jouw hulp, jouw
eindeloze geduld en liefde kon ik zo af en toe ook nog lachen. Kortom Kien, heel erg
bedankt voor alles wat je voor me gedaan hebt! Ik hoop en ga er vanuit dat we die lijst
met gezamenlijke dingen nog heel lang gaan maken. Heel veel succes nog met de laatste
loodjes naar jouw promotie!
En voor een paranimf binnen Sanquin was ik ook snel klaar. Bieuwke, mede door
jou waren de vele uren die ik in het lab heb gesleten een stuk gezelliger. Ik vind het
leuk dat we bijna gelijktijdig ons promotietraject doorliepen. Hoewel onze onderzoeken
niet echt overlappen, hebben we er toch veel over gebrainstormd. Daarnaast wisselden
we vanzelfsprekend ook van gedachten over dingen die buiten de muren van Sanquin
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plaatsvonden. Ik vind het leuk dat we niet alleen op het lab, maar ook daar buiten veel
dingen samen hebben gedaan. Toegegeven, vaak dankzij jouw geregel. En zeker het
laatste jaar is wel gebleken wat voor goede vriendin je bent. De door jou geregelde uitjes
werden opgeschroefd en ik kon altijd mijn ei bij je kwijt. Daar wil ik je heel erg voor
bedanken! En die uitjes zullen we ook zeker doorzetten. Rest me nog jou natuurlijk ook
nog even heel veel succes te wensen met de laatste loodjes!
Qua onderzoek heb ik ook heel veel hulp gehad van jou, Henriët. Je nam me meteen
onder je hoede toen ik binnenkwam en ik heb enorm veel van je geleerd. Ik vond het
leuk jouw dankwoord te lezen. Hoewel de mijne een stuk minder origineel is, ben ik het
compleet met je eens dat het leuk was ideeën, proeven en een labtafel met je te delen.
Wie weet kruisen onze wegen elkaar nog eens. En hier wil ik ook Carmen, Jacqueline
en Mariette bedanken. Jij, Carmen, voor het delen van de mass spec overname tijdens
het sabbatical van Jacqueline, je vele tips, gedeelde doelen en natuurlijk voor je vele
helpende handjes. Vooral als ik weer eens geveld werd door een virusje na het inzetten
van een groot experiment. Jacqueline voor het leren besturen van de mass spec en
andere erg nuttige tips en Mariette voor de input tijdens jouw deelname aan de groep
van Sander het laatste jaar van mijn promotie.
Not always work-related, but I would also like to point my thanks towards all the nice
colleagues I had over the years. To start with, of course, Nicoletta. You often infected me
with your enthusiasm for research and many other things in live. Thanks a lot for that!
The fact that you are always there for everybody to help with no matter what makes
you a more than great friend. But for now only think about yourself and put together a
fantastic thesis. Lydia, as the other new PhD in the group of Sander, already more than 4
years ago, we spend a lot of time and impressions together. Thanks for all the nice talks in
and outside of the lab. Claudia and Aleksandra, thanks for the very nice holiday together
and all the other nights going out. En Dorothee, door jouw drukke sociale leven buiten
Sanquin ben je niet altijd bij alle last-minute georganiseerde borrels, maar het is altijd
erg gezellig als je er wel bent. And then, a thanks to all my other colleagues, including
those who already left Sanquin or just started. This for your help inside the lab, small or
big, and for all the nice laughter we had, still have and will have in the future. A special
thanks for Magdalena for giving me an Indesign start-up to be able to do the lay-out of
this thesis myself. And Eduard for the “pymol for dummies” course and borrowing his
computer to be able to make the cover.
Vanuit het thuisfront heb ik ook nog enkele personen die ik wil bedanken. Pap en mam,
ook al ligt het onderzoek waar ik me de afgelopen vier jaar mee bezig heb gehouden ver
van jullie bed, toch waren jullie altijd geïnteresseerd in het hoe en wat. Jullie luisterden
geduldig naar alle ups en downs en stonden altijd in de startblokken om te helpen waar
jullie maar konden. Heel erg bedankt daarvoor! Ik ben er erg trots op jullie dochter te
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zijn. En dan Wouter, jij kreeg er opeens een bijna full-time eter bij, die ook nog eens in 90
procent van de gevallen achter Kariens mening stond. Ik vind het erg leuk dat je me bleef
uitnodigen (en dat nog steeds doet) en wil je bedanken voor de vele malen dat je me
hebt laten lachen. Erik, onze spreekfrequentie varieert nogal, maar ik weet dat ik altijd bij
je terecht kan voor wat dan ook en dat waardeer ik erg. Ook je pogingen echt te snappen
waar ik mee bezig was stel ik erg op prijs. Ook jullie, Marjolein en Dirk, zie ik eigenlijk
veel te weinig, zeker nu Finnian en Féline er zijn, zou ik vaker even mijn neus willen laten
zien. Want ik weet dat jullie deur altijd open staat, of het nu voor een luisterend oor
of gezelligheid gaat. Binnenkort hoop ik daar weer meer gebruik van te maken! En als
laatste Martijn. Bedankt dat jouw deur ook altijd open staat en je altijd bereid bent te
helpen met van alles. Op naar nog vele geslaagde kolonistenavondjes en andere uitjes!
Kortom, iedereen (ook degene die ik misschien ben vergeten) heel erg bedankt voor
het tot stand brengen van dit boekje, in welke vorm dan ook!
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